
This chapter presents an overview of thermistor-based calorimetric measurements. Bioanaly-
tical applications are emphasized from both the chemical and biomedical points of view. The
introductory section elucidates the principles involved in the thermometric measurements.
The following section describes in detail the evolution of the various versions of enzyme-ther-
mistor devices. Special emphasis is laid on the description of modern “mini” and “miniatur-
ized” versions of enzyme thermistors. Hybrid devices are also introduced in this section. In
the sections on applications, the clinical/biomedical areas are dealt with separately, followed
by other applications. Mention is also made of miscellaneous applications.A special section is
devoted to future developments, wherein novel concepts of telemedicine and home diag-
nostics are highlighted. The role of communication and information technology in telemedi-
cine is also mentioned. In the concluding sections, an attempt is made to incorporate the 
most recent references on specific topics based on enzyme-thermistor systems.
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1
Introduction

1.1
Fundamentals of Calorimetric Devices

Life is made up of lifeless molecules, but when the molecules react with each
other there is an exchange of several forms of energy. One well-known form of
energy is heat. The merits of measuring heat (calorimetry) were identified
several decades ago. Almost all effects, either physical, chemical or biological
involve exchange of heat. Specifically, biological reactions involving enzyme
catalysis are associated with rather large enthalpy changes. Based on the nature
of the catalytic reaction, either a single enzyme or a combination of enzymes
can be employed for generating a detectable thermal signal.

In earlier investigations a wider application of calorimetry, especially in
routine analysis, was limited due to the need for sophisticated instrumentation,
the relatively slow response and the high costs [1]. Several simple calorimetric
devices based on immobilized enzymes were introduced in the early 1970s that
combined the general detection principle of calorimetry with enzyme catalysis
[2]. The advantages of these instruments were reusability of the biocatalyst, the
possibility of continuous flow operation, inertness to optical and electrochemi-
cal interference, and simple operating procedures. Several of these concepts,
developed in the following years, culminated in the development of the enzyme
thermistor (ET) designed in our laboratory. The technique drew immediate
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attention in the area of biosensors and has been successfully exploited in the last
two decades. The initial biosensing applications focused on the determination of
glucose and urea, and has subsequently been applied in the determination of a
wide variety of molecules [3].

Development of simple, low-cost calorimeters for routine analysis, called
thermal enzyme probes (TEP), has been attempted by several groups. These are
fabricated by attaching the enzyme directly to a thermistor [4, 5]. However, in
this configuration, most of the heat evolved in the enzymic reaction is lost to the
surrounding, resulting in lower sensitivity. The concept of TEP was essentially
designed for batch operation, in which the enzyme is attached to a thin alumi-
num foil placed on the surface of the Peltier element that acts as a temperature
sensor [6].

Although in later designs [7, 8], the sensitivity of TEP was improved, con-
siderable enhancement in detection efficiency was achieved by employing a
small column, with the enzyme immobilized on a suitable support. In this case,
the heat is transported by the circulating liquid passing through the column to
a temperature sensor mounted at the top of the column. Several models of this
configuration were developed in the mid-1970s, including the enzyme thermi-
stor and the immobilized enzyme flow-enthalpimetric analyzer [9, 10]. Further-
more, a commercial flow-enthalpimeter combined with an immobilized enzyme
column has also been described [11].

Recently, several miniaturized prototypes have been fabricated, e.g., a thermal
probe for glucose, designed as an integrated circuit, called a biocalorimetric
sensor, with total dimensions of only 1¥1¥0.3 mm [12]. In a different model, a
small thermoelectric glucose sensor employing a thin-film thermopile to mea-
sure the evolved heat was described.These devices were reported to be less affect-
ed by external thermal effects compared to thermistor based calorimetric sen-
sors and could be operated without environmental temperature control [13].
Active work is in progress in the authors’ laboratory to construct a miniaturized
portable biothermal flow-injection system suitable for on-line monitoring. An
instrument with 0.1–0.2 mm (ID) flow channels and a flow rate of 25–30 ml/min
with sample volumes of 1–10 ml is being evaluated at present.A 1¥5 mm enzyme
column allows determination of glucose concentrations down to 0.1 mM.Recent-
ly a device equipped with thin-film temperature sensors of thermistor type (0.1¥
0.1 mm or smaller) for glucose measurements has also been developed [14].

1.2
Principle of Calorimetric Measurement

The total heat evolution is proportional to the molar enthalpy and to the total
number of product molecules created in the reaction.

Q = –np(DH)

where Q = total heat, np= moles of product, and DH = molar enthalpy change. It
is also dependent on the heat capacity Cp of the system, including the solvent:

Q = Cp(DT)
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The change in temperature (DT) recorded by the ET is thus directly proportional
to the enthalpy change and inversely proportional to the heat capacity of the
reaction.

DT = –DH np/Cp

As the heat capacity of most organic solvents is two or three times lower than
that of water, enhanced sensitivity is expected in organic solvents. This is the
case, provided that DH remains unaltered. This area of investigation is dealt with
in detail in a later section.

Table 1 presents a list of the molar enthalpy changes in a few enzyme-catalyz-
ed reactions. A thermometric measurement is based on the sum of all enthalpy
changes in the reaction mixture. Thus, it is favorable to co-immobilize oxidases
with catalase, which results in doubling the sensitivity, nullifying the deleterious
effects of hydrogen peroxide, and simultaneously reducing the oxygen con-
sumption. As indicated in Table 1, the high protonation enthalpy of buffer ions
like Tris can be utilized to enhance the total enthalpy of proton-producing reac-
tions. A notable increase in the sensitivity can also be obtained in substrate- or
coenzyme-recycling enzyme systems, in which the net enthalpy change of each
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Table 1. Linear concentration ranges of substances measured with calorimetric sensors using
immobilized enzymes

Analyte Enzyme(s) used Linear range Enthalpy change 
(mM) (–kJ/mol)

Ascorbic acid Ascorbate oxidase 0.01–0.6
ATP (or ADP) Pyruvate kinase + hexokinase 10 nM a

Cellobiose b-Glucosidase + glucose 0.05–5
oxidase/catalase

Cholesterol Cholesterol oxidase/catalase 0.01–3 53 + 100
Creatinine Creatinine iminohydrolase 0.01–10
Ethanol Alcohol oxidase 0.0005–1
Glucose Hexokinase 0.01–25 28 (75 b)
Glucose Glucose oxidase/catalase 0.0002–1 80 + 100

–75 c

L-Lactate Lactate-2-mono-oxygenase 0.005–2
L-Lactate Lactate oxidase/catalase 0.0002–1
L-Lactate Lactate oxidase/catalase + 10 nMa ca. 225
(or pyruvate) lactate dehydrogenase
Oxalate Oxalate oxidase 0.005–0.5
Penicillin G b-Lactamase 0.002–200 67 (115 b)
Pyruvate Lactate dehydrogenase 0.01–10 47 (15 b)
Sucrose Invertase 0.05–100
Urea Urease 0.005–200 61

a With substrate recycling. b In Tris buffer, c With benzoquinone as electron acceptor.



turn in the cycle adds to the overall enthalpy change [15]. A later section pro-
vides further details on chemical and enzymatic amplification.

An inherent disadvantage of calorimetry is the lack of specificity: All enthalpy
changes in the reaction mixture contribute to the final measurement. It is there-
fore essential to avoid nonspecific enthalpy changes due to dilution or solvation
effects. In most cases this is not a serious problem. An efficient way of coping
with nonspecific effects in a differential determination is the incorporation of a
reference column with an inactive filling [16].

The flow injection technique is usually employed for an ET assay. The sample
volumes employed are too small to produce a thermal steady state, but generate
a temperature peak. This is traced by a recorder. The peak height of the thermo-
metric recording is proportional to the enthalpy change corresponding to a speci-
fic substrate concentration. In most instances, the area under the peak and the
ascending slope of the peak have also been found to vary linearly with the sub-
strate concentration [17]. A sample introduction of sufficient duration (several
minutes) leads to a thermal steady state resulting in a temperature change, pro-
portional to the enthalpy change up to a certain substrate concentration [62].

1.3
The Transducer

The instrumentation for fabrication of the ET normally employs a thermistor as
a temperature transducer. Thermistors are resistors with a very high negative
temperature coefficient of resistance. These resistors are ceramic semiconduc-
tors, made by sintering mixtures of metal oxides from manganese, nickel, cobalt,
copper, iron and uranium. They can be obtained from the manufacturers in
many different configurations, sizes (down to 0.1–0.3 mm beads) and with
varying resistance values The best empirical expression to date describing the
resistance-temperature relationship is the Steinhart-Hart equation:

1/T = A + B (ln R) + C (ln R) 3

where T = temperature (K); ln R = the natural logarithm of the resitance, and A,
B and C are derived coefficients. For narrow temperature ranges the above rela-
tionship can be approximated by the equation:

RT= RTo eb(1/T–1/To)

where RT and RTo are the zero-power resistances at the absolute temperatures 
T and T0, respectively, and b is a material constant that ranges between 4000 
and 5000 K for most thermistor materials. This yields a temperature coefficient
of resistance between –3 and –5.7% per °C. In our ET devices resistances of
2–100 kW have been used. Other temperature transducers employed in enzyme
calorimetric analyzers include Peltier elements, Darlington transistors, and
thermopiles. Of these, the thermistor is the most sensitive of the common 
temperature transducers.
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2
Description of Instrumentation and Procedures

2.1
Conventional System

The earlier investigations employed several different types of plexiglas con-
structions containing the immobilized enzyme column. These devices were
thermostated in a water bath, and the temperature at the point of exit from the
column was monitored with a thermistor connected to a commercial Wheat-
stone bridge. The latter was constructed for general temperature measurements
and osmometry. Later, we developed more sensitive instruments for tempera-
ture monitoring indigenously: the water bath was replaced by a carefully tem-
perature-controlled metal block, which contained the enzyme column. The
enzyme thermistor concept has been patented in several major countries.

Such simple plexiglas devices were extremely useful and could be employed
for determinations down to 0.01 mM. An example of such a simple device will
therefore be described here in some detail. (Fig. 1). The plastic column, which
can hold up to 1 ml of the immobilized enzyme preparation, was mounted into
a plexiglas holder, leaving an insulating airspace around the column. The heat
exchanger consisted of acid-proof steel tubing (ID 0.8–1 mm and about 50 cm
long) coiled and placed in a water-filled cup. The whole device was placed in a
water bath with a temperature stability of at least 0.01°C. The cap surrounding
the heat exchanger reduced the temperature fluctuations considerably and
improved the baseline.

6 B. Xie et al.

Fig. 1. Cross section of a conventional ET system (see text for detailed description)



The temperature was measured at the top of the column with a thermistor 
(10 kW at 25 °C, 1.5¥6 mm, or equivalent) epoxied at the tip of a 2 mm (OD)
acid-proof steel tube. The temperature was measured as an unbalance signal of
a sensitive Wheatstone bridge. At the most sensitive setting, the recorder output
produced 100 mV at a temperature change of 0.01°C. Placing the temperature
probe at the very top of the column, rather than in the effluent outside the
column, reduced the turbulence around the thermistor and gave a more stable
temperature recording.

The solution was pumped through the system at a flow rate of 1 ml/min with
a peristaltic pump. The sample (0.1–1 ml) was introduced with a three-way 
valve or a chromatographic sample loop valve. The height of the resulting tem-
perature peak was used as a measure of the substrate concentration and was
found to be linear with substrate concentration over a wide range. Typically it
was 0.01–100 mM, if not limited by the amount of enzyme or deficiency in any
of the reactants.

For example, this type of instrument was adequate for the determination of
urea in clinical samples. The sensitivity was high enough to permit a 10-fold
dilution of the samples, which eliminates problems of nonspecific heat. The
resolution was consequently about 0.1 mM, and up to 30 samples could be mea-
sured per hour.

In order to achieve more sensitive determinations, we developed a two-chan-
nel instrument, in which the water bath was replaced by a carefully thermostated
metal block. A specially designed Wheatstone bridge permits temperature
determinations with a sensitivity resolution of 100 mV/0.001°C. The calorime-
ter was placed in a container insulated by polyurethane foam. It consists of an
outer aluminum cylinder which can be thermostated at 25, 30 or 37 °C with a sta-
bility of at least ±0.01°C. Inside is a second aluminum cylinder with channels
for two columns and a pocket for a reference thermistor. The solution passes
through a thin-walled acid-proof steel tube (ID 0.8 mm) before entering the
column. Two-thirds of this tubing acts as a coarse heat exchanger in contact with
the outer cylinder, while the remaining third is in contact with the inner cylin-
der. This has a higher heat capacity and is separated from the thermostated
jacket by an airspace. Consequently, the column is held at a very constant tem-
perature, and the temperature fluctuations of the solution become exceedingly
small.

The columns were attached to the end of the plastic tubes by which they are
inserted into the calorimeter. Columns could therefore be readily changed with
a minimum disturbance of the temperature equilibrium. Inside the plastic tube
were the effluent tubing and the leads to the thermistor were fastened to a short
piece of gold capillary with heat-conducting, electrically insulating epoxy resin.
Veco Type A 395 thermistors (16 kW at 25°C, temperature coefficient 3.9%/°C)
were used. These are very small, dual-bead isotherm thermistors with 1% ac-
curacy; as such, they were interconvertible, comparatively well matched, and 
follow the same temperature response curve (within 1%). An identical ther-
mistor was also mounted in the reference probe.

The Wheatstone bridge was built with precision resistors that have a low tem-
perature coefficient (0.1%; temperature coefficient 3 ppm) and was equipped
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with a chopper-stabilized operational amplifier. This bridge produced a maxi-
mum change of 100 mV in the recorder signal for a temperature change of
0.001 °C. However, the lowest practically useful temperature range was, limited
mainly by temperature fluctuations caused by friction and turbulence in the
column: typically 0.005–0.01°C. Differential temperature recordings were made
against a reference thermistor that was inserted in a pocket in the inner alumi-
num block or against an identical thermistor probe with an inactive reference
column. The latter arrangement was useful when nonspecific heat effects (e.g.,
due to heat of solvation or dilution) were encountered. The sample was then split
equally between the enzyme column and the reference column [18]. Alterna-
tively, the second channel could be reserved for another enzyme preparation,
permitting a quick change of enzymatic analysis. Some instruments were even
equipped with a dual Wheatstone bridge, enabling two different, independent
analyses to be carried out simultaneously. In such conventional systems it is an
advantage to replace used-up enzyme columns quickly, although the fresh
column requires about 20–30 min to achieve thermal equilibrium with the cir-
culating buffer. In total, over 30 instruments of the newer type have been assem-
bled at the work-shop of our centre for use in industry and in research institutes.

A major drawback has been the unwillingness of the public to accept an
uncommon technique, resulting in fewer developments. The common mode re-
jection (detection is non specific), non discriminative, compared to spectroscop-
ic (wherein specific wavelength is used) and electrochemical (wherein specific
potential is used) for detection. In addition the technique is not very sensitive.
The theoretical sensitivity is 0.1 mM using the GOX/catalase system.

There are other more sensitive techniques, such as amperometry chemilumi-
nescence and fiber fluorimetry, that have recently been developed in our labor-
atory which are not as robust as the ET. The high concentration of enzyme
employed in the column may be treated both as an advantage and disadvantage.
This increases the operational stability of the column to over a couple of years,
compared to a few months with lower enzyme loads.The transducer (thermistor)
has no fouling or drift, thus making the calibration extremely simple. Such an
approach is useful for bioprocess monitoring and scaling up or down is simple.
The general approach can be used for a multiple enzyme system with thermistors
at the inlet and outlet of each enzyme block,and the carry-over heat – if any – can
be subtracted for each enzyme/substrate combination. Oxygen (for oxidase reac-
tions) can be regenerated by electrolysis of water, with the use of platinum elec-
trodes, directly in the flow stream in the vicinity of the enzyme. Similar approa-
ches had already been demonstrated by us. The pH changes – if any – are negli-
gible and well within the buffering capacity of the circulating buffer, and do not
pose a major problem while using multiple enzymes.

2.2
Minisystem

The design of mini and micro systems calls for a multidisciplinary approach
involving engineering, materials science, electronics and chemistry. With the
advances in integrated circuit technology and micromachining of liquid filters,
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transducers, microvalves and micropumps on chips, practically useful micro-
system technology has become a reality [19].

A compact sensor of greatly reduced dimensions (outer diameter ¥ length:
36¥46 mm) has been constructed and is shown in Fig. 2. In order to conveni-
ently accommodate enzyme columns and to ensure isolation from ambient
temperature fluctuations, a cylindrical copper heat sink was included. An outer
Delrin jacket further improved the insulation. The enzyme column (inner dia-
meter ¥ length: 3¥4 mm), constructed of Delrin, was held tightly against the
inner terminals of the copper core. Short pieces of well-insulated gold capillaries
(outer diameter/inner diameter: 0.3/0.2 mm) were placed next to the enzyme
column as temperature-sensitive elements. Microbead thermistors were moun-
ted on the capillaries with a heat-conducting epoxy. Two types of mini system
has been constructed as discussed below.

2.2.1
Plastic Chip Sensor

The chip sensor (27¥7¥6 mm) was constructed of Plexiglas (see Fig. 3). The
rectangular enzyme cell (5¥3¥0.5 mm) and the inlet and outlet parts were
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milled into the plastic base to a depth of 0.5 mm. Electrically-insulated thermi-
stors in direct contact with flow stream were placed outside the enzyme cell after
the porous polyethylene filters. The enzyme cell was charged with the enzyme
preparation prior to compaction. Ready access to the enzyme compartment
makes replacement of enzymes possible.

2.2.2
Microcolumn Sensor

The microcolumn sensor (inner diameter x length: 0.6¥15 mm) was construct-
ed of stainless-steel tubing and is free of auxiliary components (see Fig. 4).
Microbead thermistors (thermistors shaped like a bead) were directly moun-
ted in the reference and measurement probes on the outer surface of the inlet
and outlet gold tubings, using heat-conducting epoxy. Both the length (about
200 mm) and inner diameter (0.15 mm) of the inlet tubing between the sample
valve and the column were minimized, in order to reduce sample dispersion
during transport in the flow system. Similarly, in order to reduce heat loss,
simple and short connections between the column and the inlet or outlet
tubings were required.

2.3
Microsystems

A planar substrate, such as silicon wafer, could be micromachined by a sequen-
ce of deposition and etching processes. This results in three-dimensional micro-
structures which can be implemented in cavities, grooves, holes, diaphragms,
cantilever beams etc. The process referred to as silicon micromachining often
employs anisotropic etchants such as potassium hydroxide and ethylene diamine
pyrocatechol. The crystallographic orientation is important as the above-men-
tioned etchants show an etch-rate anisotropy. The ratio for the (100)-, (110)- and
(111)- planes is typically 100 : 16 : 1. The technique of electrochemical etch stop
could be applied for control of the microstructural dimensions. An alternative
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technique is surface micromachining, in which a sacrificial layer is selectively
etched from below an etch-resistant thin film. Static and dynamic micromecha-
nical structures have been fabricated by applying these processes in combina-
tion with low-pressure chemical vapour deposition on polysilicon. Such
systems, i.e. that have the electronic properties of semiconductors, are compara-
ble with thermistors, where there is a change in resistance as a function of tem-
perature, or a thermopile based on the Seebeck effect or the p-n junction for the
diode and transistor. In addition, integrated thermistors and thermopiles can be
designed by doping boron into polysilicon, in order to achieve a temperature
dependent change in resistance or to form a thermocouple in the presence of
aluminium or gold.

An additional advantage of the integrated circuit technology is the ability to
integrate the various components, such as the transducer, reactor, valve, pump
etc., within the electronic system, forming refined flow-analysis systems on
silicon wafers. Several approaches, such as electrostatic, electromagnetic, piezo-
electric, thermopneumatic and thermoelectric can be employed for force trans-
duction in the microvalves, these are also applicable to micropumps. Based on
these approaches, two versions of micropumps have been developed. These are
connected in parallel; the first pump (dual pump) is activated with periodic two-
phase voltage, while the second pump (the buffer pump) is driven by two piezo-
electric actuators. Microsensors of two kinds are described below: a thermopile
based- and a thermistor based microbiosensor.

2.3.1
Thermopile-Based Microbiosensor

The thermopile-based microbiosensor (Fig. 5) is fabricated on a quartz chip. Its
functioning is based on the Seebeck effect:DV=n a ab DT, where DV is the voltage
output of one thermocouple; n stands for the number of thermocouples, DT is
the temperature difference between the hot junction and the cold junction, and
aab is the relative Seebeck coefficient, which is dependent on the composition of
the material and on the working temperature. For small temperature ranges, the
Seebeck coefficient aab can be considered to be constant. Thus, the voltage
output of the thermocouple is proportional to the temperature difference, DT
between the hot and the cold junctions. A thermopile was constructed by
connecting a number of thermocouples in series. The thermopile has a much
larger voltage output than a single thermocouple for the same temperature
difference, since the output from the thermopile is equal to the sum of the out-
puts from each thermocouple. When the cold junction is maintained at a con-
stant temperature and the hot junction is placed proximally to the exothermic
enzyme reaction, the detection of the output voltage from the thermopile is
directly related to the substrate concentration.

The integrated thermopile (1.6¥10 mm) was manufactured by the following
method. A quartz chip (25.2¥14.8¥0.6 mm) was used as a substrate instead of
a silicon wafer, in order to reduce the heat conductivity of the chip. A 0.5 mm
thick layer of polysilicon was deposited using LPCVD (low-pressure chemical
vapour deposition) onto the quartz substrate. The layer was boron-doped using
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ion implantation and then annealed in nitrogen at 950 °C for 30 min. Next, the
layer was patterned by wet chemical etching, using negative photoresist as an
etch mask. Metalization was accomplished through aluminum vapour deposi-
tion and an additional photolithographic patterning procedure. As a final step,
the chip was annealed at 200 °C for 30 min. The surface of the chip was covered
by a 30 mm thick layer of polyimide membrane to insulate the transducer
electrically from flow liquid. The voltage output per degree of the integrated
thermopile was about 2 mV/K at 22 °C.

On the chip,a silicone rubber membrane (0.32 mm thick was used to form the
microchannel (17.5¥3.6¥0.32 mm) and to serve as a seal between the chip and
the plexiglass cover. The inlet and outlet stainless steel tubing, as well as the elec-
trical connectors, were mounted on the cover. The entire unit was held together
with a screw-mounted delrin holder. This rather bulky construction was re-
quired in order to facilitate repeated access to the sensor chip. The CPG beads
were charged into the microchannel by sucking them in from the outlet end. The
beads were stopped at the hot junction using a filter made from a tiny piece of
kleenex tissue. Two thirds of the channel from the hot junction were filled with
the enzyme-containing beads. The remaining third was filled with similar beads
without any enzyme, in order to reduce carryover of heat to the cold junction.

2.3.2
Thermistor-Based Microbiosensor

The thermistor-based device (Fig. 6), is composed of a transducer chip
(21¥9¥0.57 mm), a spacer, and electrical and liquid flow connections. Five
thermistors (T0–T4) with a temperature coefficient of 1.7% per degree (25 °C)
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Fig. 5. Schematic diagram of the thermal microbiosensor based on an integrated thermopile
fabricated on a quartz chip. Glucose oxidase immobilized on CPG beads was charged into the
channel



were fabricated on the quartz chip along the microchannel with a spacing of
3.5 mm by doping in polysilicon and etching.

The thermistors were electrically insulated by depositing a layer of silicon
oxide (low temperature oxide). The thermistors were then paired in two inde-
pendent groups, T0 with T1 and T2 with T3 corresponding to the enzyme reac-
tions in region E1 and E2 respectively. A silicone-rubber membrane (0.32 mm
thick) formed the reactive channel (17.5¥0.8¥0.32 mm) and was also used 
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Fig. 6. a Schematic diagram of the sensor construction. T0 to T4 represent the film thermistors
0 to 4, respectively. E1 and E2 contain enzyme matrices 1 and 2. E0 represents the region
containing the same carrier beads as the other regions but without immobilized enzymes.
b Calibration curves for the simultaneous responses of glucose, urea and penicillin in a mix-
ture. Oxygen was electrocatalytically generated in the buffer stream for the glucose oxidase
reactions
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for sealing the device. In order to determine two substrates simultaneously, the
enzyme regions E1 and E2 were charged with two different enzymes, which had
been covalently immobilized on NHS-activated (N-hydroxy succinimide) agarose
beads (13 mm in diameter, Pharmacia Biotech, Sweden). The E0 region was
charged with similar beads without any enzymes, in order to damp the thermal
carryover downstream at region E2. In this scheme, T1/T3 and T0/T2 were
employed as the measurement- and the reference thermistor, respectively. The
agarose beads were held in place, using a filter made of a tiny piece of kleenex
tissue.A plexiglas cover, on which the inlet and outlet stainless-steel tubings and
electrical connectors were mounted, was used to seal the holder. This design was
rather bulky but was required in order to facilitate repeated access to the sensor
chip. A typical example of multisensing of penicllin, glucose and urea is shown
in Figure 6b.

2.4
Multisensing Devices

An important area in clinical diagnosis is the simultaneous determination of
multiple analytes. This approach could be extended to personal healthcare, bio-
process control, and sequential enzyme reactions. In particular, it is essential in
the realization of a personal healthcare system, as the information from multi-
ple metabolites improves the reliability of the clinical diagnosis. Immense
efforts have been made to develop biosensors for the determination of multiple
analytes. Many of these employ multi-channel or split-flow systems, combined
with electrochemical detection. A requisite of the multi-channel scheme lies in
avoiding interference from other reactions. Nevertheless, uniformity of the flow
rate in these multichannel systems (Fig. 7), especially in microchannels, is yet to
be improved. Earlier attempts made use of a single flow channel in multianalyte
determination. In applications involving electrochemical and optical detection,
the system must be suitably regulated, in order to minimize the interference that
can arise due to change in pH, ionic strength, electrocatalytic species, or chro-
mophores produced during the reaction. In addition, the specificity of the elec-
trode or the optical detector for the compound being measured is intrinsically
dependent on the applied potential or the wavelength. The number of analytes,
especially in whole blood, as well as the nature of the detection system, usually
govern the detection conditions. Apart from methods in biosensing, multiple
discrete samples [20] have also been measured by a centrifugal blood analyzer
method based on a rotating sampling distributor. However, the inherent com-
plexity of the latter technique prevents its routine application in delocalized cli-
nical diagnosis.

In the recent past, multianalyte determination has found increased applica-
tions, i.e. specific and multiple reactions favor a system that allows the specific
determination of each reaction, using the same principal measurement me-
thods, detectors and conditions. In keeping with this idea, a flow injection
thermometric method based on an enzyme reaction and an integrated sensor
device was proposed for the determination of multiple analytes. In principle the
technique relies on the specificity of enzyme catalysis and the universality of
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thermal detection. In this technique, a single microchannel column is serially
partitioned into several discrete detection regions. Each of the regions, corre-
sponding to the detection of one analyte, contains the corresponding enzyme
and a pair of film thermistors. Each thermistor placed after the enzyme matrix,
functions as the measurement transducer, whereas the other, placed before the
enzyme, serves as the reference. As a substrate mixture flows through this reac-
tion channel, multiple thermal signals generated from individual enzyme reac-
tions are detected nearly simultaneously. One advantage of this design is that all
determinations are performed under essentially identical conditions, such as
flow rate, sample volume, pressure, and working temperature. Additionally, the
effect of by-products of one enzyme reaction on the performance of other enzy-
mes in the series has been found to be minimal.

The feasibility of this approach was demonstrated in dual analytes such as
urea/penicillin and urea/glucose. In these investigations each detection region
was charged with a different enzyme-agarose bead conjugate (13 mm in dia-
meter). The rest of the channel was charged with a similar bead but without the
immobilized enzyme. Complete filling of the channel is necessary to keep down
the residence time of the samples within the reactor, as they pass through it.
Consequently, determination of multiple analytes could be achieved nearly
simultaneously. The error in measurement in such system was primarily caused
by thermal carryover.This thermal effect,however,could be minimized by intro-
ducing a mini heat-sink between the reaction regions,using silicon or aluminum
strips connected with the chip. According to this principle, it would be possible
to determine even more analytes by this method, if additional thermal trans-
ducers are fabricated. In reactions where different reaction conditions of pH,
ionic strength and cofactors are required for the various groups of enzymes/ 
analytes, multi-channels can be supplied. In the case of whole blood and crude
samples, large bead size is preferred, in order to prevent clogging and to reduce
the back pressure in the flow channel. In addition, direct immobilization of
enzymes on a chip surface with extended coupling area would be a better choice
if adequate enlargement of surface area could be achieved. It is also possible to
employ an integrated thermopile as an alternative to the integrated thermistors
in this system. In this case, each thermopile relates to one enzyme. Its one junc-
tion (hot junction) is placed downstream of the enzyme matrix to determine the
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Fig. 7. Schematic illustration of the thermal micro-biosensor fabricated onto a silicon chip



temperature change relative to the other junction (cold junction) maintained
upstream at a constant temperature. The advantage of employing thermopiles
for the determination of multiple analytes derives from its high rejection ratio
of the common-mode thermal noise, and elimination of an additional element
for the reference temperature, as is the case in thermistor based sensors.

The integrated system, including transducer and enzyme reactor, provides
improved reliability and stability in multianalyte determinations, as compared
with discrete thermal sensor systems. In addition, application of micromachin-
ing and IC technologies is of benefit for the manufacture of uniform, cheap
thermal transducers with flexible shape, size, and resistance, as well as delicate
microstructure on the chips. The good thermal insulation of the transducers
from the flow stream eliminates interference from the reactants on the trans-
ducers, and the intrinsic stability of the transducers obviates the need for
frequent recalibration of the sensors.

2.5
Hybrid Biosensors

As the name indicates, hybrid biosensors are an integration of two or more mea-
surement principles for efficient detection of a specific analyte. In general, each
type of biosensor has its merits and shortcomings. Electrochemical biosensors
demonstrate good selectivity and can be regenerated electrochemically by using
electron transfer mediators and/or cofactors. However, while analyzing sample
mixtures, electrochemical measurements often suffer from interference by
molecules other than the electroactive species being measured. The interference
also depends on the applied potential. Although optical techniques have high
sensitivity and selectivity, they may be affected by interfering chromophores
and fluorophores, present or formed during the reactions. In the case of enzy-
me-based thermal biosensors, nonspecific heat has to be avoided or balanced by
differential measurement. On the other hand, since the thermal transducers are
insulated from reactants and buffer, the direct interference with the thermal
transducer by chemical compounds in the solution can be eliminated. This
enables the determination of complex samples, such as blood using thermal bio-
sensors.

A pioneering hybrid biosensor (Fig. 8a) was designed and demonstrated in
our group [21]. This sensor scheme utilizes electrochemical regeneration of the
electron mediator in combination with thermal detection, in order to extend
the linear range for glucose and catechol measurements (Fig. 8b). Such electro-
chemical methods had been applied previously in fiber-optic biosensors where
the indicator reagent was regenerated electrochemically. In principle, these
approaches could be applied for the development of hybrid biosensors based
on any oxidase or dehydrogenase. In addition, light-assisted regeneration of
NADH may also be of interest in the creation of an optically assisted hybrid bio-
sensor.
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3
Applications

3.1
General Applications

The metabolites determined using ET devices include alcohols, glucose, and
lactate using alcohol oxidase [22], glucose oxidase [23] and lactate oxidase re-
spectively. The detection limit for these compounds in pure solutions was in the
submicromolar region. The normal procedure was to co-immobilize the oxida-
ses with catalase in order to increase the total heat production, reduce the oxy-
gen consumption, and eliminate the hydrogen peroxide. Cellobiose was mea-
sured by using b-glucosidase in combination with glucose oxidase and catalase.
Determination of cholesterol and cholesterol esters was accomplished using
cholesterol oxidase and cholesterol esterase, and of triglycerides by using lipase.
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Fig. 8. a Schematic of the set-up for simultaneous electrochemical and thermometric deter-
mination of analytes (for a detailed explanation, see text). b Optimization of catechol detec-
tion using hybrid (electrochemical and thermometric sensing) for oxygen concentration and
its effect on sensitivity of thermal detection [30]

a

b



Typical sample matrices are blood, serum and fermentation broth. Oxalate in
urine was also measured using oxalate oxidase [24]. Substrate recycling offered
routes for highly sensitive measurements. An example was lactate (or pyruvate)
determination with a co-immobilized LDH/LOD (lactate dehydrogenase/lactate
oxidase) column that repeatedly oxidizes lactate to pyruvate and reduces pyru-
vate to lactate. Each cycle produces a considerable amount of heat [15]. A simi-
lar approach was employed for the determination of NAD+/NADH by co-enzy-
me recycling by using lactate dehydrogenase plus glucose-6-phosphate dehy-
drogenase, and of ATP/ADP by coupling pyruvate kinase with hexokinase as the
recycling enzymes. By operating at excessive glucose supply, a hexokinase
column was used for indirect assay of ATP with micromolar sensitivity.A multi-
plicative effect could be attained by coupling the recycling systems of pyruvate
kinase and of LDH/LOD [25].

Monitoring of specific proteins eluted from chromatographic columns was
demonstrated using the ET as a direct online monitor for purification of pro-
teins/enzymes. As an example, LDH was recovered from a solution by affinity
binding of N6-(6-aminohexyl)-AMP-Sepharose gel, and the signal from the ET
was used to regulate the addition of the AMP-Sepharose suspension to the LDH
solution [26, 27].

3.2
Industrial and Process Monitoring

For bioprocess monitoring, the ET was employed in the assay of penicillin in
fermentation broth, using b-lactamase or penicillin acylase [28]. Also, ethanol
generated in alcohol fermentation by yeast was monitored using alcohol oxida-
se. Other metabolites that were monitored during fermentations include lactate,
glycerol, acetaldehyde, sucrose and glutamine [29].

3.3
Clinical Applications

Metabolites in human blood are closely associated with the state of an individ-
ual’s health. Determination of metabolites is critical in clinical diagnosis, since
they can serve as a criterion for judging the severity of the sickness. Of these
metabolites, glucose, lactate and urea are most frequently determined. Special
attention to determination of glucose in blood is due to the fact that diabetes is
well known as a dangerous and widespread disease that results in a high glucose
concentration in the blood. Some other effects of metabolites, such as urea and
lactate, on shock, respiratory insufficiency, and heart and kidney diseases are
understood to some extent.

3.3.1
In-Vitro Monitoring

For determination of the metabolites in human blood, samples were collected
from veins into heparinized or EDTA containing tubes. For glucose analysis, NaF
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preservative was also included in the tubes. For lactate, this preservative does
not stabilize the concentration and may inhibit enzyme activity [21, 30]. Urea
(Fig. 9) was relatively stable for several hours after withdrawal. Using the
thermal biosensors, the blood samples were directly analyzed without any addi-
tional treatment. The sampling rate in this case was from 12 to 90 assays per
hour. Meanwhile, the same samples were determined with the reference
methods. In the UV reference method, it is necessary to deproteinize the blood
in order to stop the metabolism of several unstable analytes, since this method
takes much longer than the biosensor method. This was achieved by adding per-
chloric acid to the blood at the start of the thermometric determination, in order
to reduce the measurement error due to the concentration change in the sample.
Higher concentrations of blood metabolites for comparison were achieved by
adding small volumes of high concentration standards into the native blood
samples. The results of the determination of glucose, urea and lactate [31] in
whole blood are summarized in Table 2.
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Fig. 9. The linear range for urea detection using a miniaturized thermometric system

Table 2. Determination of glucose, urea, and lactate in undiluted blood using miniaturized
thermal sensors

Metabolite Linear range CV (%) Sample Correlation Reference 
(mM) volume (ml) coefficient method

Glucose 0.5–20 3.7a 1 0.980 c Reflolux-S
Urea 0.2–50 4.1 b 1 0.989 d UV
Lactate 0.2–14 1 0.984 d UV

a For 100 samples, b For 50 samples, c For 37 samples, d For 30 samples.



The results indicate that the linear ranges of glucose and lactate (oxidase
reactions) in whole blood correspond well with those of the same metabolites in
buffers. The sensor methods and the reference methods were in good correla-
tion for all analytes. The precision for the standards in buffers was always better
(about 2 – 3%) than that of the blood samples. This was ascribed in part to the
instability of the metabolite concentrations in blood, particularly that of lactate.
In addition, the blood viscosity and the nonspecific heat in the reaction can also
affect the final results.

The primary features of this method are its general principle, a uniform mea-
surement system, the use of untreated blood samples, minute sample volumes,
no fouling of the transducers, no electrochemical or optical interference, simple
procedures, rapid response, and low cost. According to the working principle,
other metabolites associated with enzyme reactions – in addition to glucose,
urea and lactate – can be analyzed in a similar way. Unlike electrochemical and
optical detection, where the potential or wavelength must be adapted to a speci-
fic analyte, no modification is needed for this measurement system other than
replacement of the enzyme matrix or column. Isolation of the thermal trans-
ducers from the reactants avoids fouling from blood samples, and facilitates the
stability and long-term operation of the sensors. The requirement of small
amounts of enzyme and sample, as well as the capability of more than 100 blood
assays per enzyme column, made the determination cheap and convenient, for
instance by using capillary blood taken from the finger. Recently cholesterol
determination was revisited, and a procedure was developed that allows estima-
tion of free and esterified LDL/HDL cholesterol [32].

A miniaturized thermal biosensor was evaluated [33] as part of a flow-injec-
tion analysis system for the determination of glucose in whole blood. Glucose
was determined by measuring the heat evolved when samples containing glu-
cose passed through a small column containing immobilized glucose oxidase
and catalase. Samples of whole blood (1 ml) were measured directly, without any
pretreatment. The correlation between the response of the thermal biosensor
and other devices, i.e. the portable Reflolux S meter (Boehringer Mannheim,
Fig. 10a), the colorimetric Granutest 100 glucose test kit (Merck Diagnostica)
and the Ektachem (Kodak) instrument (Fig. 10b), was evaluated. The influence
of the hematocrit value and of possible interference was reported. The corre-
lation measurements showed that the thermal biosensor generally give lower
values than the reference methods when aqueous buffer standards were made
for calibration of the ET. Mean negative biases range from 0.53 to 1.16 mM.
Differences in sample treatment clearly complicated the comparisons and the
proper choice of reference method. There was no influence from substances
such as ascorbic acid (0.11 mM), uric acid (0.48 mM), urea (4.3 mM) and aceta-
minophen (0.17 mM), on the response to 5 mM glucose. The hematocrit value
did not influence the glucose determination, for hematocrit values between 13
and 53%.
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3.3.2
In-Vivo Monitoring

A miniaturized thermal flow-injection analysis biosensor was coupled with a
microdialysis probe for continuous subcutaneous monitoring of glucose [34].
The system (Scheme 1) consisted of a miniaturized thermal biosensor with a
small column containing co-immobilized glucose oxidase and catalase. The
analysis buffer passed through the column at a flow rate of 60 ml/min via a 1-ml
sample loop connected to a microdialysis probe (Fig. 11).
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Fig. 10. a Correlation of glucose measurement in whole blood, measured by micro-thermo-
metric biosensor and by the Reflolux-S blood glucose analyser. b Correlation of glucose mea-
surement in whole blood measured by micro-thermometric biosensor and by the Ektachem
blood glucose analyzer
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Scheme 1. Setup for simultaneous thermometric and blood-glucose analyser measurements,
using a micro-dialysis in-vivo probe on a human volunteer

Fig. 11. In-vivo glucose load with a healthy volunteer. Points plotted on the graph (+) are the
glucose concentrations measured with a blood glucose analyser and (–) are the peaks of tem-
perature change. The dialysis fiber (10 mm) was inserted subcutaneously. The perfusion rate
was 3 ml/min
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3.3.3
Bedside Monitoring

A prototype for a bedside monitoring system was developed for semi-con-
tinuous monitoring of blood-glucose concentration, requiring only one calibra-
tion point [35]. This was made possible by using the special advantage of the
thermometric sensing technique in combination with the adjustment of flow.
The glucose concentration was determined from the difference between the
sensor response and an estimated background signal. Using standard addition
technique, calibration factors for background and sensitivity were set and
remained unchanged during the monitoring. Recovery in whole blood was
90–98% with an injection interval of 3 min and the precision of the sensor was
< 3% over more than 100 blood samples. Response time was about 60 s. The cal-
culated glucose values correlated well with a YSI glucose analyser over a range of
2–20 mmol/l.

3.3.4
Multianalyte Determination

Multiple analytes were determined simultaneously by a flow injection thermal
micro-biosensor. The biosensor consisted of five or more thin film thermistors
located along a single microchannel. The device was fabricated on a quartz chip
by micromachining. The feasibility of employing this system for the detection of
two independent enzyme reactions was demonstrated using two different pairs
of enzymes, urease/penicillinase and urease/glucose oxidase [37]. The enzymes
were immobilized on agarose beads which were then sequentially packed into
distinct regions of the microchannel. Using this method, samples containing
urea mixed with penicillin-V or with glucose were determined simultaneously.
The sensor was capable of analysing 25 samples/hour. This study was followed
by three and four analyte measurements [19].

3.3.5
Hybrid Sensors; Enzyme Substrate Recycling

A combination of calorimetric and electrochemical detection principles led to
the creation of a novel biosensor [38] that retained the principal advantages of
both techniques. In order to demonstrate the feasibility of such an approach, a
ferrocene-mediated thermal flow-injection glucose sensor was fabricated and
tested (see Scheme 2). The electrochemical reaction was accomplished by ap-
plying a voltage between a platinum column (working electrode), in contact with
a crushed reticulated vitreous carbon RVC matrix onto which glucose oxidase
was immobilized; and platinum wires (counter electrode) were located at the
inlet and outlet of the column. For detection, the thermal signal generated by the
glucose oxidation reaction was measured in conjunction with the electrochemi-
cal signal. By using this method, a linear range of glucose concentration upto 
20 mmol/l was achieved, independent of the oxygen concentration in the buffer.

In a similar approach catechol was measured using tyrosinase [30]. The
enzyme column was constructed of a platinum foil in electrical contact with a
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poly(pyrrole)-coated reticulated vitreous carbon (RVC) matrix onto which tyro-
sinase was immobilized. The column functioned as enzyme reactor, working
electrode and thermally sensitive element together with the thermistors. Cate-
chol was oxidized by tyrosinase to form 1,2-benzoquinone, which was subse-
quently regenerated electrochemically on the electrode surface.The primary heat
production developed by the enzyme reaction could be measured calorimetri-
cally. Simultaneously, the electrochemical reduction of 1,2-benzoquinone gener-
ated a current that was detected by the working electrode. Such hybrid sensors
provide a useful tool for comparative studies of complex reaction schemes.

3.4
Other Applications

3.4.1
Enzyme-Activity Measurement

Significant interest has been generated in monitoring enzyme activity and
metabolite concentration in non-aqueous solvents [39, 40]. For example, the
reactions of immobilized lipoprotein lipase with tributyrin in a buffer-detergent
system and cyclohexane were compared using an ET. Also it was demonstrated
that horseradish peroxidase produced a considerably higher temperature signal
in toluene than in water. Furthermore, addition of diethyl ether in small 
amounts was found to enhance this effect. In an analogous approach, the reac-
tion of chymotrypsin in 10% DMF for hydrolysis (exothermic) and synthesis
(endothermic) of peptide bonds was monitored using the ET.

3.4.2
Food

Several metabolites found in food samples have been estimated using the
thermometric approach. These include glucose, cellobiose, lactose, maltose,
galactose, lactate, oxalate, phopholipids, ascorbic acid, ethanol, urea [18],
xanthine and hypoxanthine [41, 42]. Glucose was estimated by co-immobilizing
glucose oxidase and catalase [43]. The presence of catalase doubled the thermal
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Scheme 2. Principle of the ferrocene-mediated thermal glucose biosensor, Dq indicates the
heat produced in the reaction
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response as it restored half the oxygen consumed in the GOX reaction. It also
eliminated the H2O2 formed in the GOX reaction. Linearity up to 0.7–1.0 mM
could be achieved by this technique. The limit of detection was about 1 mM.
Glucose in blood plasma and serum were determined by this method [3]. The
use of this system has also been extended to the detection of glucose in hydroly-
sates of cellobiose, lactose and maltose. This approach was advantageous, as low
enthalpy changes made it difficult to monitor the hydrolysis directly due to low
enthalpy changes [44–46].

Employing L-ascorbate oxidase, vitamin C (ascrobic acid) was determined in
food samples between 0.05–0.6 mM [44]. In order to measure ethanol in bever-
ages and blood samples, alcohol oxidase from Candida boidinii had been
employed. Linearity was obtained between 0.01 and 1 mM. These measurements
were also found to be useful in monitoring fermentation [47, 48].

L-lactate and oxalate were also tested with lactate-2-monoxygenase and oxalate
decarboxylase and excellent results were obtained. CPG columns were employed
in both instances. Good linearity was obtained between 0.005–1 mM for L-lac-
tate [3] and between 0.1–3 mM for oxalate [24]. Similarly, urea was measured
with a precision better than 1% in the linearity range 0.01–200 mM using Jack
bean urease. The reaction of urea with ethanol to produce ethylcarbamate is of
interest in fermentation monitoring.

Lipids such as triglycerides were determined with lipoprotein lipase and
phospholipids with phospholipase D. In the case of triglycerides, good linearity
between 0.05–10 mM (tributyrin) and 0.1–5 mM (triolein) was obtained, whe-
reas for phospholipids linearity was obtained between 0.03–0.19 mM [41].

3.4.3
Environmental

Two different concepts were employed for this purpose: substance-specific ana-
lysis using enzymes (substrate or inhibition) and more general measurements
applying whole cells.ET was successfully applied [49] to the monitoring of heavy
metal (Hg2+, Cu+2 and Ag+) toxicity in the environment by measuring the in-
hibition of urease activity down to ppb levels of the metal ions. Restoration of
activity was also tested upon chelation of the metal ions with strong chelating
agents. In the recent past, a study of Cu(II) determination was carried out using
acid urease [50]. In addition, Satoh et al. [51, 52] described flow injection micro-
determinations using enzyme thermistors with different immobilized enzymes
for the detection of heavy metal ions. The heavy metal ions were detected due to
their reactivating effect on apoenzymes.

In another configuration [53] two different approaches for pesticide analysis
were employed. A crude enzyme solution capable of hydrolyzing organophos-
phate insecticides was prepared. The enzyme was coupled to controlled-pore
glass with glutaraldehyde. The insecticides, e.g., parathion, cyanophos, and dia-
zinon, were dissolved in a perfusion buffer (Tris pH 8.9, 1% Triton X-100) and
injected as a 10 min pulse into an ET in split-flow mode. The instrument mea-
sured the heat output due to insecticide hydrolysis and consecutive buffer pro-
tonization. For parathion, the detection limit was approximately 10 ppm.
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The second approach [54] was based on the inhibition of acetylcholine
esterase. One unit of acetylcholine esterase was reversibly immobilized via lec-
tin binding to Con A-Sepharose and could be rinsed off with a pulse of 0.2 M gly-
cine-HCl, pH 2.2. Reversible immobilization of enzymes and whole cells in the
enzyme thermistor column, utilising specific lectin-glucoprotein interactions,
had been introduced earlier and was especially useful for inhibition studies,
where the enzyme had to be replaced very often. Enzyme activity was deter-
mined with 10 mM butyrylcholine as a substrate. A 5–10 min pulse of pesticide
solution was introduced into the flow buffer, followed by a second substrate
pulse. The decrease in activity was proportional to the amount of pesticide, with
a detection limit below 1 ppm.

In order to adapt the system to on-line monitoring, in wastewater control, for
example, the occurrence of pesticide in a flow buffer was investigated. It was
found possible to differentiate between reversible and irreversible inhibition
and to quantify a reversible inhibitor. Since it was possible with the calorimetric
method to use the natural substrate acetylcholine to assay cholinesterase,
instead of the commoly used thiocholines, this methodology might be useful in
medical research as well.

Whole cells were employed [55] as the monitoring element in which Pseudo-
monas capacia capable of metabolizing aromatic compounds were immobilized
in Ca+2-alginate beads and their response to aromatic substances, e.g., salicylate,
was monitored with an enzyme thermistor.

3.4.4
Fluoride Sensing

More recently, it was demonstrated that the thermistor approach could be used
to monitor specific interactions of fluoride ions with silica-packed columns in
the flow injection mode. A thermometric method for detection of fluoride [56]
was developed that relies on the specific interaction of fluoride with hydroxy-
apatite. The detection principle is based on the measurement of the enthalpy
change upon adsorption of fluoride onto ceramic hydroxyapatite, by tempera-
ture monitoring with a thermistor-based flow injection calorimeter. The detec-
tion limit for fluoride was 0.1 ppm, which is in the same range as that of a com-
mercial ion-selective electrode. The method could be applied to fluoride in
aqueous solution as well as in cosmetic preparations. The system yielded highly
reproducible results over at least 6 months, without the need of replacing or
regenerating the ceramic hydroxyapatite column. The ease of operation of
thermal sensing and the ability to couple the system to flow injection analysis
provided a versatile, low-cost, and rapid detection method for fluoride.

3.4.5
Cellular Metabolism

The effects of ampicillin-induced spheroplast formation on the production of
molecular hydrogen by Escherichia coli carrying out fermentation in a lactose-
peptone broth with an osmolality of 342 mosmol/l was investigated previously
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[57]. The effects were most pronounced during the transformation of bac-
terial cells to spheroplasts. It was shown that the lower production rate of
molecular hydrogen by spheroplastic cells was due not only to a suggested
decrease in mixed-acid fermentation, but to a reduction in hydrogen lyase
activity as well.

The production of molecular hydrogen was measured in the effluent gas of
seven fermentations [58]. The aim of this primary investigation was to study the
use of a H2-sensitive metal-oxide-semiconductor structure in physiological
studies of Escherichia coli. In order to yield more information, the metabolic
heat was measured with a flow microcalorimeter in parallel with the determina-
tion of molecular hydrogen.

3.5
Miscellaneous Applications

The characterization of immobilized invertase was carried out, and the techni-
que was successfully coupled to the catalytic activity determination of immobil-
ized cells [59]. Similarly, the results of this technique were useful in the selection
of Trigonopsis variabilis strains for high cephalosporin-transforming activity
[60]. Also, the cephalosporin-transforming activity of D-amino acid oxidase
isolated from yeast was identified in a similar manner. The thermometric signal
was proportional to the number of cells as well as the amount of D-amino acid
oxidase immobilized in the ET microcolumn. The ET was also coupled to a
thermometric ELISA procedure (TELISA) for the determination of hormones,
antibodies and other biomolecules generated during the fermentation process
[61]. Genetically engineered enzyme conjugates, e.g. human proinsulin-alkaline
phosphatase conjugate, were used for the determination of insulin or proinsulin.
Alkaline phosphatase was used predominantly as the enzyme label for such an
assay [62]. In another instance TELISA was employed for monitoring insulin
separation [63]. The expense of the conjugate for such automated procedures
was found to be negligible compared to the higher costs of the non-automated
procedures. In addition these techniques are easily set-up in an industrial envi-
ronment and have already been tested in several instances, e.g. monitoring of
fermentation.

Enzyme thermistors have also found applications in more research-related
topics, such as the direct estimation of the intrinsic kinetics of immobilized bio-
catalysts [64]. Here, the enzyme thermistor offered a rapid and direct method
for the determination of kinetic constants (Ki , Km and Vm) for immobilized
enzymes. For the system being investigated, saccharose and immobilized inver-
tase, the results obtained with the enzyme thermistor and with an independent
differential reactor system were in very good correlation, within a flow-rate
range of 1 to 1.5 ml/min.

Determination of ADP and ATP by multiple enzymes in recycling systems:
pyruvate kinase and hexokinase co-immobilized on aminopropyl CPG, was
demonstrated by Kirstein et al. [25]. In addition, a second reactor,with L-lactate
dehydrogenase, lactate oxidase, and catalase, was used to increase the sensitivity
from 6¥10–5 M with no recycling, to 2¥10–6 M in the kinase bienzyme reactor,
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and – finally – to 1¥10–8 M with the dual recycling system, corresponding to an
overall 1700-fold multiplication.

The use of an enzyme thermistor as a specific detector for monitoring diffe-
rent enzymes [17, 63, 45] in the eluents from chromatographic procedures had
the advantage of being applicable in optically dense solutions, where spectro-
photometric methods fail, and of being able to operate on-line for discrete
samples.

In 1988, Flygare et al. [39] made use of the ability of enzymes to function as
catalysts in organic solvents. Performing the biosensor analysis in these solvents
with improved substrate and product solubilities sometimes changed the sub-
strate specificity of the enzyme to a specific substrate, or even led to new by-pro-
ducts. A specific advantage for thermal analysis in organic solvents was their
lower heat capacity and higher thermal expansion coefficient, leading to a large
gain in sensitivity [65].

Flygare et al. [40] also used the enzyme thermistor for the control of an
affinity purification. Here, lactate dehydrogenase (LDH) was recovered from a
solution by binding to a special Sepharose gel (AMT-sepharose). The addition of
the gel to the solution was controlled by a PID controller or a desktop computer,
according to the amount of unbound LDH detected with the enzyme thermistor.
Both systems enabled rapid and accurate assessment of the correct addition of
the adsorbent.

4
Future Developments

4.1
Telemedicine

The rapid advances in microelectronic technology have resulted in revolution-
izing the field of information technology. Today, computers and communication
facilities offer a number of possibilities for upgrading our everyday life and
work. It may also affect our life with respect to healthcare. Such advances in
information technology can be intelligently utilized in tele-medical monitoring
and in diagnostic systems for decentralized use.

These systems would be able to fulfil functions, such as health monitoring,
routine check-up, clinical diagnosis, and to provide medical advice. They could
take over a role in the primary healthcare of humans and make it convenient for
medical practitioners to assess and treat the diseases instantly. As patients can
be easily linked to a central diagnostic and monitoring facility through the tele-
communication network, they can avail themselves of it either at home or during
travel. This technology is of strategic importance, as it can reduce the cost of
healthcare, and improve the quality of life by creating a more secure and healthy
environment.

This technology has been launched in some countries, where physiological
parameters are at present being collected by physicians from remote locations.
In general, telemedicine is a broad concept that includes not only transfer of
medical documents, such as X-ray film, but – more importantly – connection
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between the human body with the physicians through a “biomedical interface”
that collects the biomedical information from the body for data processing and
communication. For healthcare in the home, however, the tele-medical system,
relies extensively on the development of an “interface” between the human 
body and the computer/communication facilities. In contrast to the highly de-
veloped information processing and transfer technology and established clinical
diagnostic criteria, the acquisition of biomedical information (physiological
and biochemical parameters) is an active area being pursued in our group.

As compared with the electrochemical and optical biosensors mentioned
above, thermal biosensors are intrinsically insensitive to the optical and elec-
trochemical properties of the samples, and do not require frequent calibration
of the transducers, since the transducers are highly stable and are normally iso-
lated from the buffer and sample fluids. Recently, highly sensitive integrated
thermal biosensors have been developed in our group. As discussed above, they
employ micromachining and semiconductor technology as well as control soft-
ware of computer data for simultaneous determination of multianalytes (up to
four) in mixed samples [19]. Glucose, lactate and urea in1 mL whole blood sam-
ples could be directly determined with a miniaturized sensor without any pre-
treatment of the samples. These achievements show promise for further devel-
opment of a fully integrated analytical system based on a thermal biosensor
array and microchannel fluid handling. This system will eventually be incorpo-
rated with computer and telecommunication facilities to accomplish the tele-
medical monitoring and diagnostic system for home healthcare.

4.2
Home Diagnostics

Immense progress in the field of glucose analysis, which is of special signifi-
cance for diabetes patients, was achieved with integrated silicon thermopiles,
miniaturised enzyme thermistors, and new calorimetric microbiosensors. Some
years ago, our group [36] started development of microbiosensors that could be
produced by micromachining. As an intermediary step, miniaturised enzyme
thermistor models were produced which were found to perform unexpectedly
well, in spite of their relatively simple design. With respect to sensitivity, pre-
cision, physical dimensions, and column longevity (cost per assay), these devi-
ces were quite competitive with instruments currently being used for home
measurements of blood glucose in diabetics. This could be improved provided a
suitable pump and sample injection valve could be developed [21]. Carefully
selected enzyme support materials made it possible to run untreated whole-
blood samples directly through the immobilised enzyme column.

4.3
Other Developments

The feasibility of miniaturizing thermal biosensors in different constructions,
sizes and materials, by employing conventional machining and micromachining
technologies could be further exploited in several directions. The miniaturiza-
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tion has led to the improvement of the sensor’s sensitivity and response time.
These developments are promising for the direct analysis of physiological sam-
ples, e.g. undiluted whole blood. The feasibility of microreactor fabrication on
the surface of silicon coupled to thermal detection using immobilized enzymes
is also trend-setting. The efficiency in such systems was much better when the
amount of immobilized enzyme was compared to the gain in sensitivity. In addi-
tion, integration of thin-film thermistors/ thermopiles permitted simultaneous
determination of multiple analytes. At present, four separate analytes have been
discriminated, and additional efforts to extend the range to the detection of
several analytes is in progress. Furthermore, the suitability of the construction
for small volume measurements, i.e. < 1 ml, has resulted in an increased linear
range, for example in glucose sensing with glucose oxidase.

Application of the miniaturized biosensors for metabolite estimation in
whole blood is another important concept for future development. The impro-
vement in sensitivity, linear range and response time was achieved by miniatur-
ization of the sensors and has been proven in the case of whole-blood glucose,
urea and lactate. A useful feature of miniaturization is that the smaller the flow
channel, the smaller are the dispersion and dilution effects, favouring whole
blood measurement with minimum error. In the case of clinical estimations,
the results of the measurement on miniaturized thermal biosensor are more
reliable.

The concept of “the home doctor” is a multi-disciplinary project integrating
expertise from several areas of scientific research. It would include the develop-
ments in miniaturized biosensors coupled to communication technology. Addi-
tional help would be essential from computer scientists and clinical chemists. In
this regard it would be imperative to enhance the sensitivity of thermal bio-
sensors in order to make them more reliable and reproducible. This factor is
mainly governed by improvement in integrated circuit technology and reduc-
tion of the heat capacity of reactors. In addition, for such devices, optimizing the
doping concentration or the manufacturing process would improve the signal-
to-noise ratio of the thermistors. Moreover, the output of thermopiles could be
enhanced by integration of several thermocouples, especially in the case of mul-
tiple metabolite determination which requires larger transducer arrays to
decrease the thermal interference. This could be achieved by introducing a
micro-heat sink constructed of silicon or aluminium into the device, thus
immensely decreasing the thermal carry-over. Integrating the amplifier with the
thermopile on chips would further improve the stability of the thermal signal.
Diaphragm structures fabricated on crystal chips would also further improve
the reactor heat capacity.

Metabolites other than glucose, urea and lactate, can be monitored using the
thermometric technique. In the case of metabolites that cannot be estimated
enzymatically, other techniques, such as electrochemical and optical methods,
would have to be integrated in tandem with thermal sensing. Following ther-
mometric sensing, the clinical interpretation of the results is equally important.
This could be accomplished using data-processing systems, according to which
the clinical status and the correlation between the metabolites and various
disease states could be evaluated.
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A hybrid biosensor combining principles of electrochemistry, flow injection
analysis, and calorimetry has also been proposed and developed by us. The con-
cept per se is extremely vital and could be extended to other combinations such
as opto-thermal, etc. An algorithm for other forms of hybrid biosensors is pre-
sently being designed within the group, essentially aimed at extending the ran-
ge of detectable analytes in combination with improved sensitivity and linear
range.The impact of hybrid biosensors,created by interdisciplinary cooperation
would have an immense potential on the developmental success of biosensor
applications. As it has been already demonstrated in the case of thermal and
electrochemical biosensors, it should be possible to extend this application to
other oxidases and dehydrogenases. In addition, this concept is of interest for
developing other hybrid biosensors, such as photoassisted biosensors (light
regeneration of NAD+) wherein different configurations of the reaction cell for
photochemical reactions could be employed in conjunction with thermometric
sensing.

5
Conclusions

Based on the plethora of applications of thermistor/thermopile based devices, it
can be concluded that the field of thermometric sensing offers several avenues
of progress in materials science, process monitoring, process control, molecular
level detection, characterization of biocatalysts, hybrid sensing and multisens-
ing devices, as well as in telemedicine and other areas of biomedical analysis.
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The application of enzyme thermistor devices for the continuous monitoring of enzymatic
processes is described. Different hardware concepts are presented and discussed, practical
results are also given. These devices were used to analyze the enantiomeric excess in bio-
transformation processes and for thermal immunoanalysis. In addition, the biosensors were
applied for the monitoring and control of an L-ornithine producing process and for the appli-
cation in hemodialysis monitoring. A review section discusses the use of thermal biosensors
for monitoring biotechnological processes in general.

Keywords: Biosensors, Enzyme thermistor, Process monitoring, Enzyme Technology, Biotrans-
formation.
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1
Introduction

Over the last two decades, great enthusiasm has been observed in biosensor
research. A key position for biosensors was predicted in analytical sciences
allowing a sensitive, selective and, above all, a comparatively cheap determina-
tion of nearly all interesting substances. Therefore, Prognos AG, Basel, expected
world-wide sales of about 2.3 Million DM in the year 2000, and many investors
promoted R & D on a large-scale. Nowadays, the enthusiastic discussion has
mostly disappeared caused by disillusionment due to technical problems like
biosensors long-term stability and economical aspects like the convincing bene-
fits of biosensors. In most cases, a considerable need for R & D was realised in
order to fulfil customers requirements.

In the last five years, electrodes and optrodes have found wide-spread use in
biosensorics and seemed to be the most promising and successful transducer
techniques. Electrodes were predicted as having an especially good future, and
several companies have developed biosensors on the basis of electrochemical
transducers (e.g., Anasyscon GmbH, Hannover, Germany; Biometra GmbH,
Göttingen, Germany, and Ismatec AG, Glattbrugg, Switzerland). The main
reason for the use of electrodes has been the long experience and knowledge in
producing them even in miniaturized size, bulk quantity and good reproduci-
bility. Nowadays, electrodes are comparatively cheap bulk products.

Thermal biosensors have attracted less consideration. Moreover, adverse
comments like complicated thermostating, very weak sensitivity or non-specific
heating effects have resulted in a poor reputation. Actually, this trend is sur-
prising because thermal biosensors have influenced the whole of biosensor re-
search over and over again (Mosbach, 1991). Especially the enzyme thermistor
(ET) has enriched our knowledge about immobilized multi-enzyme systems for
signal amplification, the use of immobilized coenzymes and different immobi-
lization techniques. Moreover, ET basic research was decisive for immunosenso-
rics or concanavalin-A-based reversible biosensors. Thermal biosensors have
multiple advantages:

– Due to there being no chemical contact between transducer and sample, ther-
mistors have very good long-term stability.

– Thermistors are cheap bulk products.
– Measurements are not disturbed by varying optical or ionic sample charac-

teristics.
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– In some cases, thermal biosensors work without complicated and interference-
prone multi-enzyme systems, e.g., disaccharide analysis.

– Thermal biosensors have found multiple applications.

In this article, we would like to review the principles and applications of thermal
biosensors. Especially, the newest results of ET research and trends in hardware
developments are pointed out. Thermal biosensors will probably have a pro-
mising future in biotechnology.

2
Thermal Biosensors: Principles and State of the Art

Nearly all biochemical reactions are of exothermic character, i.e., an enzymatic
conversion of a substrate is accompanied by heat production. The first law of
thermodynamics decribes a proportional relationship between the heat produ-
ced and amount of molar enthalpy:

Q = –npS DH

Due to heat production, a local temperature shift DT is observed that depends
on the heat capacity Cs of the surrounding system:

Q       npS DH
DT = 5 = – 931Cs Cs

Enzymatic reaction enthalpies are in the range of –10 to –100 kJ/mol and cause
local temperature changes of a few mK. In the last twenty years, many ex-
periments were described in literature using thermistors for measuring in the
mK range. Thermistors are ceramic semiconductor resistances with high Ohm
data and strong negative temperature coefficient (between –3 and –6%/K).
Therefore, thermistors are called NTC-resistances (negative temperature co-
efficient). The universal detection principle to link a nonspecific detection of
heat with a highly specific enzymatic reaction rose in a number of different
applications.

In the initial experiments, very simple devices were used. Partly, they had
unfavourable response-times, a complicated thermostating, small sample fre-
quencies and an irregular baseline. The thermistor was fixed at the tip of a flow
through coil (cartridge or tube with immobilized enzyme). The enzymatic reac-
tion takes places in the coil and is accompanied by heat production. The flowing
medium transports the resulting temperature gradient to the fixed thermistor
that detects the local temperature change. Therefore, the thermistor data are lin-
ked with the enzymatic conversion. Several authors have described arrange-
ments of this kind (Mosbach and Danielsson, 1974; Cannings and Carr, 1975;
Schmidt et al., 1976).

At the University of Lund in Sweden, Mosbach and Danielsson (1981) devel-
oped the first operational ET systems. These are still being supplied in small
series by Thermometric Co, Järfalla, Sweden or ABT, Lund. Figure 1 schemati-
cally shows the ET setup. It consists of an external aluminium cylinder that is
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thermostated via a proportional controller at physiological temperatures (25, 30
or 37 °C±0.01°C). An inner aluminium cylinder contains two fastenings for a
measuring and reference thermistor. A box filled with polyurethane foam insu-
lates the aluminum cylinders. Samples are injected via the FIA-principle and
pumped to the ET. Here, the aluminium cylinder thermostats the buffer stream
that flows through thin-faced steel tubes (0.8 mm inner diameter). The tubes are
connected with gold capillaries (good heat exchange) with fixed thermistors
(type: GB42JM65, 16 kW at 25 °C; Fenwal Electronics, Framingham, MA, USA)
and interchangeable columns containing the immobilized enzyme. After an
enzymatic conversion, the heated sample flows through the gold capillary and
reduces thermistor resistance. A Wheatstone bridge registers the signal, and a
chopper stabilized amplifier (MP221, Analogic Corp.) indicates a voltage. The
ET registers about 80% of the heat produced. In order to minimize the effect of
mixing enthalpies, a two channel version is obvious: one channel with immobi-
lized biocatalyst, and a second reference channel with an inactive column.

Sauerbrei (1988) developed a multi channel calorimeter for the determina-
tion of up to three different analytes. A two point controller grossly thermostats
the aluminium cylinder to a desired temperature, and a PI controller ensures
fine tuning. A multiple bridge is connected with an amplifier and an 8-bit A/D
board, and a microprocessor takes care of data acquisition and analysis (peak
height and area).

Based on experiences with the Lund-ET, Hundeck et al. (1992) continued the
development of multi channel ET and constructed a stand-alone version for the
simultaneous determination of up to four analytes (Fig. 2). Here, thermistors
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were fixed at the cartridge inlet and outlet. The difference method enables a
finer measurement. The design allows a fast interchange of exhausted enzymes.
A 22-bit A/D board completely covers the range of the wheatstone bridges.
Therefore, manual equalizing is not necessary. Additionaly, the system allows us
to acquire up to eight different sensor signals (e.g., pO2- or pCO2 data), and con-
trols up to twelve valves or pumps.

The multi channel ET sucessfully managed a fully automated bioprocess
monitoring and control. Hundeck et al. (1992) used it in several bioprocesses for
monitoring different sugars simultaneously (glucose, maltose, sucrose and lac-
tose). Moreover, the system was used for enantioselective monitoring of amino-
acid esters, and detailed investigations were performed with immobilized
microorganisms. Nevertheless, the system is very unwieldy, the operation soft-
ware too complicated and the electronic modules outdated.

In the last five years, hardware development has been focused more on minia-
turization and new sensor concepts. Due to customers requirements, a need for
simpler operation was realized as well.

3
Applications of Enzyme Thermistors – A Review

On the basis of a universal detection principle, the ET has attracted wide atten-
tion for several analytical procedures. In this section, applications are pointed
out that have been of great interest in the last decade and explains ETs’ attrac-
tion in bioanalytical sciences.
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3.1
Clinical Analysis

Worldwide, about 12 to 15 billion US$ per annum are spent for analytical
purposes. Nearly 50 million US$ of this sum is devoted to enzymes. In clinical
chemistry, several metabolites and their concentrations give important in-
formation about patients’ health (see Table 1).

Due to the development of new immobilization techniques, the routine use of
enzymes in clinical analysis was given a tremendous fresh impetus. Immobilized
enzymes enable multiple applications, simple operation and an essential simpli-
fication of analyzers. Thus, biosensors including the ET were predicted to hold a
predominant position in clinical chemistry.

Most clinical analysis deals with blood or urine metabolites in the micro- and
millimolar range. Table 2 shows a collection of low molecular weight analytes
that were successfully determined with the ET. So far, its use is limited to a few
research laboratories. On account of the high expenditure and relatively low
measuring frequency (about 12 analyses per hour), a wider acceptance has been
difficult (Scheller and Schubert, 1989). Moreover, economical aspects have to be
taken into account. Especially in medical analysis, biosensors have to compete
with the well-established test strips. Companies like Boehringer Mannheim
(Mannheim, Germany), Bayer Diagnostics (Munich, Germany) or Merck
(Darmstadt, Germany) supply disposable tests with a complete enzyme chem-
istry including simple-to-operate pocket devices.Although these tests have only
moderate precision, they fulfil a good marketing strategy due to high unit costs.
Thus, disposable tests are of interest for patients to be able test themselves and
for small clinical laboratories. Due to these aspects, biosensors for clinical ana-
lysis – including the ET – will probably only be applied where high sampling
frequencies or on-line-analysis are of interest (e.g., bed-side monitoring).

3.2
Immunoanalysis

In biochemistry, non-enzymatic proteins are analyzed by immunochemical
methods. Especially the popular enzyme-linked immunosorbent assay (ELISA)
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Table 1. Important clinical analytes and normal ranges in blood (Pschyrembel, 1993)

Analyte Diagnostical use Range [mmol/l]

cholesterol arteriosclerosis 2.62–7.62
creatinine kidney diseases 0.05–0.11
glucose diabetes mellitus 3.60–5.60
uric acid arthritis urica (gout) 0.12–0.40
urea kidney diseases 3.60–5.40
lactate liver diseases 1.00–1.78
triglycerides arteriosclerosis 0.45–1.70



have attracted great interest. Here, antibody specificity to an antigen is used for
protein analysis. Due to its time-consuming nature, bioengineers require fully
automized systems for process monitoring of special proteins like monoclonal
antibodies or recombinant t-PA.Automated immunoanalyzers allow a real-time
process control whereas the well established ELISA kits only perform a process
documentation.

On the basis of an enzyme thermistor, Mattiasson et al. (1977) developed one
of the first immunosensors. Immobilized antibodies against albumin are placed
in a column and set into an ET. After injection of an albumin-sample and a
known amount of enzyme-labeled albumin, both are separated from the sample
matrix by antibody-antigen-interaction.After injection of a substrate, the chan-
ge in heat is a measure of analyte concentration. The less heat produced means
that more albumin has been bound. An elution step regenerates the ELISA. Due
to its thermal detection principle, the procedure is called TELISA (thermome-
tric enzyme-linked immunosorbent assay). Figure 3 shows the principle of the
TELISA procedure in its sandwich configuration.

Table 3 illustrates the various proteins that have so far been determined using
a TELISA. Nevertheless, the TELISA competes with recently developed fluores-
cence assays. The latter are cheaper, more sensitive and faster due to not need-
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Table 2. Enzyme thermistors for clinical chemistry

Analyte Immobilized Concentration Reference
enzyme range [mmol/l]

ascorbic acid ascorbate oxidase 0.05 – 0.6 Mattiasson et al. 1982
ATP apyrase 1–8 Mosbach/

Danielsson 1981
cholesterol cholesterol oxidase 0.03–0.15 Danielsson et al. 1981a
cholesterol ester cholestrol oxidase + 0.03–0.15 Danielsson et al. 1981a

cholestol esterase
creatine creatinase + sarcosin 0.1–5 Lammers 1996

oxidase + catalase
creatinine creatinine iminohydrolase 0.01–10 Danielsson et al. 1981a
ethanol alcohol oxidase + catalase 0.01–2 Guilbault et al. 1983
glucose glucose oxidase + catalase 0.002–0.8 Schmidt et al. 1976 

hexokinase 0.5–25 Bowers and Carr 1976
lactate lactate-2-monooxygenase 0.01–1 Danielsson et al. 1981a

lactate oxidase+catalase 0.005–2 Danielsson 1994
oxalic acid oxalate oxidase 0.005–0.5 Winquist et al. 1985

oxalate decarboxylase 0.1–3 Danielsson et al. 1981a
pyrophosphate pyrophosphatase 0.1–20 Satoh et al. 1988
triglycerides lipoproteine lipase 0.1–5 Satoh et al. 1981
urea urease 0.01–500 Danielsson et al. 1988
uric acid uricase 0.05–4 Danielsson et al. 1981a



ing of conjugates.But basic research on TELISA systems has been of tremendous
importance for future immunosensors including fluorescence assays.

3.3
Determination of Enzyme Activities

In bioprocess monitoring, medicine and downstream processing, the analysis of
enzyme activities is of tremendous importance. In mammalian cell cultures,
lactate dehydrogenase activity informs us about the state of the cell; enzyme
activities in blood, inform physicians about the patient’s health; and in down-
stream processing, several biochromatographic procedures are monitored via
enzyme activity analysis. After a simple modification, the ET can be adapted for
these applications. Here, sample aliquots are mixed directly in front of the
thermistor with a buffer containing substrate .Again, the resulting heat provides
information about the concentration (i.e. enzyme activity). The technique can
be used for enzyme activities up to 0.01 units/ml (Danielsson and Larsson,
1990). Danielsson et al. (1981b) demonstrated this procedure by monitoring
chromatographic purifications of enzymes. Here, enzyme activity is measured
at the efflux of a chromatographic column. Experiments were carried out with
ionic-, gel-, and affinity chromatography to separate lactate dehydrogenase,
glucose-6-phosphate dehydrogenase and hexokinase (see Table 4).

In another procedure, substrate or product concentration is analyzed after an
enzymatic conversion has taken place. The method extends the possibilities of
analysing enzyme activities. For instance, arginase cleaves buffer-containing
arginine to urea and ornithine.Therefore, the ET determines arginases activity
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Fig. 3. Principle of a sandwich TELISA



via urea release. Figure 4 shows schematically a set-up for arginase monitoring
during its chromatographic FPLC purification. The computer-controlled system
facilitates a fast fraction-wise allocation of arginase activities.

Flygare et al. (1990) demonstrated ET monitoring of an affinity-adsorption
procedure. Lactate dehydrogenase (LDH) was recovered from a crude solution
by affinity binding to a N6–(6-aminohexyl)-AMP-sepharose gel. The LDH activi-
ty signal from the ET was used in a PID controller to regulate the addition of
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Table 3. TELISA systems

Analyte Immobilized Concentration range Reference
compound [mg/ml]

albumin immobilized antibody > 10–10 mmol/l Mattiasson et al. 1977
gentamicin and enzyme-labeled > 0.1 Danielsson et al. 1981a
insulin antigen 0.1–50 Birnbaum et al. 1986;

Mecklenburg et al. 1993
human IgG protein A 50–500 Lammers 1996
(polyclonal) protein G 50–600 Lammers 1996
rabbit IgG protein A 10–150 Lammers 1996
(polyclonal) protein G 20–1000 Lammers 1996

anti-rabbit-IgG 10–200 Grau 1993
mouse IgG protein A 100–2000 Brandes 1992
(monoclonal) anti-mouse-IgG 5–200 Lammers 1996
rt-PA anti-rt-PA-IgG 5–50 Lammers 1996

Table 4. Enzyme activities determined with an ET

Enzyme Mixed with Concentration  Reference
range [units/ml]

acetylcholine esterase no mixing; 0.2–4 Lammers 1996
immobilized choline 
oxidase + catalase

arginase no mixing; 0.39–100 Lammers 1996
immobilized urease

catalase H2O2 20–60 Sauerbrei 1988
b-galactosidase lactose 0.5–4 Hundeck 1988
glucose oxidase no mixing; 0.29–80 Lammers 1996

immobilized catalase
glucose-6-phosphate glucose-6-phosphate 0.2–3.0 Danielsson et al. 1981b
hydrogenase + NAD+

hexokinase glucose + ATP 0.1–2.5 Danielsson et al. 1981b
lactate dehydrogenase pyruvate + NADH 0–20 Flygare et al. 1990
peroxidase H2O2 0.2–4 Hundeck 1988
urease urea 0.1–100 Danielsson 1979



AMP-sepharose suspension to the LDH solution. Both examples, arginase and
lactate dehydrogenase monitoring, might be attractive in industrial scale purifi-
cation of enzymes.

Due to their limited stability, the use of immobilized enzymes might be pro-
blematic for monitoring enzyme production (e.g., urease for arginase monitor-
ing). Optical methods which do not need immobilized biocompounds should be
more profitable in long-term procedures. Nevertheless, special dyes or sub-
strates with varying optical characteristics after an enzymatic conversion must
have at one’s disposal.

On-line-monitoring of enzyme production during industrial fermentation
processes are problematic because sampling probes are still not adequate for
long-term use. In particular, clogging falsifies the real enzyme activity. More-
over, a lot of enzymes are produced intracellularly and complicate a simple
monitoring procedure. Therefore, this kind of monitoring is still under devel-
opment.

3.4
Process Monitoring

The ET has been employed in several biotechnological processes. This section
focuses on selected experiments shown in Table 5.

Mattiasson et al. (1983) used the ET for monitoring and control of a cultiva-
tion of immobilized Saccharomyces cerevisiae. Here, sucrose and ethanol were
monitored on-line, and the data were used for computer-controlled sucrose feed.
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Fig. 4. Purification of arginase via FPLC and ET analysis



Hundeck et al. (1992) employed a four channel ET for on-line-monitoring of
glucose, maltose and sucrose during cultivation of Bacillus licheniformis. In this
process, microorganisms produce subtilisin, a serine protease added to washing
powders to improve washing efficiency. In fed-batch cultivations of Bacillus
licheniformis, sucrose feed is a very important parameter because sucrose con-
centration correlates with subtilisin production. Optimal enzyme production is
achieved only within a defined sucrose range. Therefore, ET sucrose data were
used for maintaining a defined concentration range.

Figure 5 shows on-line-data of sucrose concentrations and the enzyme pro-
duction rate obtained during a fed-batch cultivation. Obviously, sucrose con-
centration and enzyme activity correlate. Due to growth of the microorganisms,
sucrose concentration decreases in the first five hours. After a lag, subtilisin is
produced at an optimum rate. The enzyme activity decreases after that because
the sucrose concentration is too low of a limited. Thus, sucrose is fed to the
medium and subtilisin production increases again.

In addition, the response time of immobilized yeast to different sugars was
used for monitoring and control of Bacillus licheniformis cultures (Hundeck et
al. 1992). Specificity is not a characteristic of cell-based sensors; rather, they are
characterized by their ability to react in an integrated way to various stimuli.
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Table 5. ET applications for process control

Analyte Immobilized Concentration Reference
compound [mmol/l]

acetaldehyde aldehyde dehydrogenase not mentioned Rank et al. 1995
cellobiose b-glucosidase + glucose 0.05–5 Danielsson et al. 1981a 

oxidase + catalase
cephalosporin cephalosporinase 0.005–10 Danielsson et al. 1981a
ethanol alcohol oxidase + catalase 0.002–1 Rank et al. 1995
galactose galactose oxidase 0.01–1 Mattiasson et al. 1982
L-glutamine glutaminase + glutamate 0.5–50 Lammers 1996

decarboxylase
glycerol glycerokinase not mentioned Rank et al. 1995
L -lactate lactate oxidase + catalase 0.05–2 Danielsson et al. 1994
lactose lactase + glucose 0.05–10 Mattiasson et al. 1982

oxidase + catalase
maltose a-glucosidase + 0.15–6 Hundeck et al. 1992

glucose oxidase
monoclonal anti-mouse-IgG 5–200 mg/ml Lammers 1996
antibodies
penicillin G b-lactamase 0.05–500 Mattiasson et al. 1981
penicillin V penicillin acylase 0.5–150 Rank et al. 1993
proinsulin anti-proinsulin-IgG 0.1–50 mg/ml Birnbaum et al. 1986
sucrose invertase 0.1–100 Hundeck et al. 1992
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Fig. 5. Fed-batch cultivation of Bacillus licheniformis

Fig. 6. Bacillus licheniformis cultivation. The ET with immobilized Saccharomyces cerevisiae
was used for monitoring metabolizable sugars



This property allows us to monitor some parameters such as metabolizable
sugars. Obviously, the parameter closely correlates with the oxygen transfer rate
(OTR; Fig. 6). Sugars are metabolized with consumption of oxygen. Thus, the
OTR increases with decreasing sugar concentrations.

Rank et al. (1992) used an ET in several industrial fermentation processes at
Novo Nordisk, Denmark. The production of penicillin V in a 160-m3 bioreactor
was monitored on-line using an enzyme column with penicillin V acylase. In
comparison to b-lactamase, the enzyme has a superior substrate specificity. Off-
line samples were analyzed via liquid chromatography and correlated very well
with on-line ET data (Fig. 7).

Several 500 l fed batch cultivations with Saccharomyces cerevisiae were moni-
tored in the pilot-plant at Novo Nordisk as well (Rank et al. 1995). Here, ethanol
was monitored using coimmobilized alcohol oxidase and catalase, acetaldehyde
by aldehyde dehydrogenase and glycerol by glycerokinase. Acetaldehyde and
glycerol analysis had to be performed with the cosubstrates b-NAD and ATP,
respectively. Therefore, the monitoring was comparatively expensive. Never-
theless, ET data gave an interesting insight into yeast behavior during an in-
dustrial cultivation process.

Industrial plants are characterized by high humidity, ambient temperatures
up to 40 °C, large temperature variations, water and steam outlets, and con-
tinuous vibration. The complex composition of fermentation broth and high
and variable concentrations of certain components are additional problems.
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Fig. 7. On-line monitoring of a penicillin V fermentation (Rank)
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Therefore, Rank et al. (1995) constructed an automated ET for process moni-
toring. The equipment was installed inside a steel cabinet with cool, filtered air
to keep the temperature sufficiently constant. The enzyme column had to be
protected against microbial growth by adding sodium azide to the buffer solu-
tion. These facts show an obvious strong difference between biosensor employ-
ment in research laboratories and industrial plants.

TELISA systems for on-line-monitoring of proteins have not been applied so
far. Nevertheless, several TELISAs have been applied for off-line analysis of
cultivation samples.Birnbaum et al. (1986) used a competitive TELISA for human
proinsulin analysis produced from recombinant Escherichia coli. Lammers
(1996) describes a sandwich TELISA for monitoring monoclonal mouse anti-
bodies. Here, real samples of a hybridoma cell cultivation (Dr. Karl Thomae,
Germany) were analyzed and correlated well with conventional ELISA data. A
whole measuring cycle including incubation,detection and reequilibration needs
18 minutes. Due to the long cultivation time (two weeks and more) for mamm-
alian cells, it would be sufficient for on-line monitoring. But TELISAs have other
decisive disadvantages.Enzyme-labeled antibodies or antigens are expensive and
need a complicated monitoring performance. Thus, procedures working without
conjugates like fluorescence immunoanalysis might be more attractive.

In conclusion, ET employment is possible for on-line monitoring of industrial
fermentation processes under real conditions. Nevertheless, each process has its
own characteristics and needs a special monitoring concept. In special cases,
sensors other than the ET might be better for monitoring and control.

3.5
Environmental Analysis

Microorganisms are universal sensors for pollutant analysis. Toxins influence
the microorganisms’ metabolism and are recognized via monitoring the state of
the cells. In comparison to specific biosensors, the unspecific response of the
microorganisms to different substances is a crucial advantage for toxicological
studies. Nevertheless, simple operation with immobilized microorganisms is of
tremendous importance for employing these kinds of toxiticy tests. Microbial
sensors might be attractive for domestic and industrial waste-water monitoring.

Sudden changes in metabolism bring about a fast response in temperature.
Thus, the ET has good prerequisites for use as a toxin guard system. Hundeck
(1991) investigated the response behavior of immobilized Saccharomyces cere-
visiae to different inhibitors (azide, Hg2+, cyanide, arsenate, 2,4-dinitrophenol).
Here, inhibitors were mixed with glucose, and after substrate injection, the com-
bined substrate-inhibitor-solution was used. Increasing inhibitor concentration
caused decreasing temperature signals. The inhibitors azide, cyanide and arse-
nate allowed multiple determinations to be made whereas Hg2+ irreversibly
damage the cells. The substance 2,4-dinitrophenol (2,4-DNP) increases the
temperature signals by decoupling the respiration chain (i.e.oxidation of NADH
and decoupling of ATP production).

Some different examples showing relevance to environmental monitoring are
listed in Table 6. In addition to microbial systems, immobilized enzymes that are
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inhibited by special analytes are shown. Due to reversibility problems, inhibition
of enzymes is a difficult procedure (Schmidt et al. 1995). Thus, microorganisms
would be a better choice.

3.6
Enzymatic Amplification

Efficient working of ET depends on enzymatic reactions accompanied by high
reaction enthalpies.A reaction with low enthalpy is often amplified by a sequen-
tial or cycling system. In a sequential system, a product of the first or subsequent
reaction is converted by a coimmobilized enzyme with a high enthalpy effect.
For instance, several oxidases produce hydrogen peroxide. Due to low reaction
enthalpies of oxidases, coimmobilized catalase effects an amplification in a
sequential step (DH = –100.7 kJ/mol). Another example is arginase analysis.
Here, an enzyme column with coimmobilized arginase and urease is employed.
Arginase cleaves arginine to ornithine and urea whereas urease converts the
latter with a high enthalpy effect to ammonia and carbon dioxide. A column
without urease gives much lower thermometric signals.

The enzymatic cycling systems are characterized by a combination of enzy-
mes (mostly oxidases and dehydrogenases) that are capable of a multiple rege-
neration of a substrate. Here, a repeated regeneration of the substrate causes an
accumulation of heat and amplifies the signals. Enzymatic cycling systems have
an important requisite, namely the analyte concentration has to be well below its
Michaelis-Menten-value KM. Otherwise, the reaction speed is not proportional
to the analyte concentration (Bergmeyer, 1983).

The combination of cycling systems gives very high amplification factors. The
latter describes the ratio of amplified and non-amplified signal in the linear
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Table 6. ET as toxing guard system

Analyte Immobilized Concentration Reference
compound [mmol/l]

amines monoamine oxidase 0.001–0.7 Svensson et al. 1979
azide Saccharomyces cerevisiae 10–100 mg/l Hundeck 1991
Cu2+ urease 0.1 Mattiasson et al. 1977b
cyanide rhodanase + injectase 0.02–1 Mattiasson et al. 1977a

Saccharomyces cerevisiae 10–100 mg/l Hundeck 1991
peroxidase 20–100 ppm Fischer 1989

2,4-DNP Saccharomyces cerevisiae 1–20 mg/l Hundeck 1991
Hg2+ urease 0.01 Mattiasson et al. 1977b

Saccharomyces cerevisiae 10–100 mg/l Hundeck 1991
insecticides acetyl choline esterase < 0.0034 Mattiasson et al. 1979
organophosphate hydrolytic enzymes > 0.03 Mattiasson et al. 1979
sulfide peroxidase 10–1000 ppm Fischer 1989
Zn2+ alkaline phospatase 0.01–1 Satoh 1991a



range. Kirstein et al. (1989) describe an ET analyzing ATP with a detection limit
of 10 nmol/l. The enzymatic cycling system causes an amplifiction factor about
1700. Another amplification system uses a combination of lactate oxidase,
lactate dehydrogenase and catalase (LOD/LDH/CAT-system; Fig. 8). Due to evo-
lution of hydrogen peroxide from the cycling reaction, a coimmobilisation of
catalase effects an additional amplification.

The cycle represents an oxidation of NADH with oxygen accompanied by
a very high enthalpy (DH = –255 kJ/mol). The value agrees with the sum of
enthalpies taking part in the cycle (Scheller et al.1985).Mecklenburg et al. (1993)
used the LOD/LDH/CAT-system for an insulin-TELISA. Here, an amplification
factor of about 10 was observed. Nevertheless, the cycling system is expensive,
complicated and difficult to reproduce (Lammers, 1996). Especially for TELISA
procedures, an optimized substrate for peroxidase labeled antibodies was devel-
oped. The substrate (2 mmol/l H2O2 and 2 mmol/l aminoantipyrine) causes a
similar TELISA sensivity to that of the LOD/LDH/CAT cycle but is much easier
to use, cheaper and very reproducible (Lammers, 1996).

4
New Fields for Enzyme Thermistors

4.1
Enantiomeric Analysis

In the pharmaceutical industry, the production of enantiomerically pure sub-
stances is of tremendous importance because the same compounds but of oppo-
site chirality often have extremly different therapeutic effects. Thus, enantiome-
ric analysis is of special importance. Nowadays, enantioselective syntheses are
monitored via time-consuming, expensive and complicated procedures (e.g.,
chiral GC and HPLC). Biosensors might be an interesting alternative or a sup-
plement to existing techniques. Here, immobilized enzymes with different enan-
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Fig. 8. Amplification system of lactate oxidase (LOD), lactate dehydrogenase (LDH) and
catalase (CAT)



tiospecifities can be used to analyze the ratio of enantiomers. Figure 9 shows the
principle of two different enantioselective biosensors. In the first method, one
sensor specifically detects a D-enantiomer whereas the second one analyzes the
concentration of a L-enantiomer. Method 2 shows a combination of an unspeci-
fic and a specific working sensor. Here, a comparison of both sensor signals allo-
ws a fast determination of the ratio of enantiomers.

Hundeck et al. (1993) showed the ET analyzing racemates of DL-phenylalanine-
methyl ester. Here, unspecific pig liver esterase cleaves both antipodes whereas
a-chymotrypsin converts only the L-enantiomer (Fig. 10). Both reactions re-
lease protons that are easily detected by tris/HCl-buffer (enthalpy of protonation:
DH = –47 kJ/mol).

Lammers (1996) extended the esterase/a-chymotrypsin system with DL-tryp-
tophan-, DL-tyrosine-, DL-methionine- and DL-phenylglycinemethyl ester. All
substances give very good signals with immobilized esterase and tris/HCl-
buffer. Immobilized a-chymotrypsin converts L-tryptophan- and L-tyrosine-
methylester with very good signals whereas L-methionine- and L-phenylglycine-
methylester effect only a few or give no heat. In contrast, the L-phenylglycine-
methylester seems to be too small for a-chymotrypsin, and L-methionine-
methylester is too hydrophilic due to its side chain (Lammers, 1996).

4.2
Aminoacid Analysis

Aminoacid monitoring is of tremendous importance in biotechnology. In this
section, three different ET for L-arginine, L-asparagine and L-glutamine are
presented. The aminoacid L-arginine is required for an optimal growth and pre-
servation of nitrogen equilibrium. Moreover, L-arginine is important in hormone
producing processes (Alonso et al. 1995). Thus, media for mammalian cell cul-
tivation such as Coon’s F12 containing the aminoacids in relatively high con-
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Fig. 9. Principles of enantiomeric analysis



centrations (2 mmol/l and higher). The analysis of L-arginine is performed
using coimmobilized arginase (1000 units) and urease (250 units) in 0.1 M
potassium phosphate buffer pH 9.5. Due to the instability of urease, the buffer
contains 2 mm L-cysteine as well. Arginase cleaves the aminoacid to L-ornithine
and urea. Consequently, urease converts the urea to ammonia and carbon di-
oxide. The sequential amplification reaction showed a broad detection range
(0.1–100 mmol/l) similar to immobilized urease columns. This might be ex-
plained by similar Michaelis-Menten-values (arginase: KM = 11.6 mmol/l; urease:
KM= 10.5 mmol/l). The amplification factor is about fourteen.

The aminoacid L-asparagine is used as a nitrogen source in different cultiva-
tion processes. Especially, the aminoacid L-asparagine has found application in
fermentation processes of ergotamine-producing Claviceps purpurea. Here,
medium concentrations up to 10 g/l are used (Amici et al. 1967). The ET is set up
for L-asparagine analysis by columns of immobilized aparagine (200 units).
Asparagine deaminates the aminoacid and give good signals in the range 
0.5 and 100 mmol/l. The best signals were obtained in 0.1 M potassium phos-
phate buffer at pH 8.6. Nevertheless, the system works in 0.05 M Tris/HCl as well.
The latter might be interesting for samples with high magnesium content. In this
case, potassium phosphate buffer is not suitable because magnesium phosphate
causes problems in FIA-systems.

Especially in mammalian cell cultivations, the aminoacid L-glutamine and
glucose represent the most important energy sources. The aminoacid is carbon
and nitrogen source for the syntheses of aminoacids, fats, proteins, antibodies,
nucleotides, purines and pyrimidines (Jeong and Wang, 1995). Thus, monitoring
of L-glutamine is a desirable task. An ET employment is possible with coimmo-
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Fig. 10. Enantiomeric analysis of DL-phenylalaninemethylester



bilized glutaminase (50 units) and glutamate decarboxylase (100 units). Glut-
aminase deaminates L-glutamine with release of L-glutamate. The latter inhibits
the deaminating enzyme and reduces its maximum production. Thus, glutamate
decarboxylase is coimmobilized in order to remove the inhibitor. The biosensor
response substantially depends on the buffer’s pH (Fig. 11). Even at 100 mmol/l
L-glutamine, no signal is observed with a buffer of pH 7.0. On the other hand,
acid buffer (pH 4.9) cause very good signals. Thus, cultivation samples have to
be imperatively acidified before analysis. This is automatically mastered in a
computer controlled FIA system (Lammers, 1996).

4.3
Medical Monitoring

Due to requirements for individual medical treatment, on-line medical or bed-
side monitoring is one of the most promising tasks for biosensors. Especially, in
hemodialysis treatment. Here, patient’s blood is purified by removing enriched
urea using a dialysis cell. The procedure requires about four to seven hours.
A shorter hemodialysis time might be harmful whereas a long purification
restricts the patient’s quality of life. Thus, an individual monitoring of the purifi-
cation progress is very desirable.

In hemodialysis devices, urea analysis makes it possible to monitor the effect
of the medical treatment continuously. For this purpose, the ET feasibility in
urea monitoring was investigated. In comparison to other transducers, the ET
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Fig. 11. Analysis of L-glutamine at pH 7.0 and pH 4.9
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has a tremendous advantage in that there is no electrical contact between pa-
tient and analyzer. In the case of enzyme exhaustion, the column is removed and
a fresh one installed. Thus, urease columns are cheap throw-away articles. Urea
analysis is performed in the dialysis buffer and not in the patient’s blood.
Therefore, sterile conditions are not necessary.

Figure 12 shows a possible set-up for hemodialysis monitoring. Patients
blood is pumped through a dialysis cell, and low molecular weight substances
including urea are removed by a semipermeable membrane (cut off: 10 kD) and
dialysis buffer. The urea enriched dialysate passes through an injection valve
and enters a waste container. Due to switching the valve, a defined sample
volume is pumped to the ET. Here, enzymatic conversion takes place via immo-
bilized urease and provides information about the current urea concentration.
Thus, the hemodialysis effect is automatically monitored via urea analysis and
makes an individual treatment possible.

The set-up of a hemodialysis simulation is shown in Figure 13 (Lammers,
1996). Here, typical changes of urea concentrations in the dialysis buffer were
monitored. Within 5.2 h a urea standard of 12 mmol/l was diluted to 2 mmol/l.
The dilution process was monitored by a computer-controlled FIA system in-
cluding an ET. Figure 14 shows the result of a simulation experiment. Obviously
the ET is suitable for recording the whole concentration range. Danielsson (1995)
observed similar curve shapes in measurements that were performed in real-
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Fig. 12. Hemodialysis set-up
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Fig. 13. Set-up of a Hemodialysis simulation

Fig. 14. On-line-data of a hemodialysis experiment
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time measurements at hospitals. Moreover, patients individual urea level and
ureases long term stability encourages one to employ the method in routine
treatment.

4.4
Kinetic Characterization of Immobilized Biocatalysts

Immobilized enzymes are not restricted to bioanalytical applications. Increas-
ingly they attract a huge amount of interest in industrial organic chemistry due
to their excellent stereo- and enantioselectivity. Moreover, they work under mild
conditions of temperature, pH and pressure. Therefore, the determination of
kinetic constants is of great interest. They allow quantitative characterization 
of immobilized biocatalyst preparations and facilitate comparisons between 
different materials and procedures for biocatalyst immobilization.

Stefuca et al. (1990) proposed an ET method offering a rapid, convenient, and
general approach to determine kinetic constants of immobilized biocatalysts.
Here, a differential reactor (DR) was used for the measurement of the initial
reaction rate of sucrose hydrolysis (Vallat et al. 1986). The enzyme column of the
ET has been considered as a differential packed-bed reactor, and with a mathe-
matical model, intrinsic kinetic constants of immobilized invertase were calcu-
lated from experimental DR and ET data.

Recently, the method was used to estimate kinetic constants of immobilized
invertase in a column with different conjugates of concanavalin A (Docolo-
mansky et al. 1994). The immobilization is based on a strong biospecific glyco-
protein-lectin interaction. Due to its reversibility, this immobilization procedure
is of huge interest in enzyme technology. Exhausted glycoenzymes are easy to
exchange by fresh biocatalysts (Saleemuddin and Husain, 1991).

Gemeiner et al. (1993) presented a similar method for the direct determinati-
on of catalytic properties of immobilized cells. Cephalosporin C transforming
Trigonopsis variabilis were immobilized by three different methods, filled into a
column and set into the ET. After thermal equilibration, Cephalosporin C solu-
tions (0.1–50 mmol/l) were continously pumped through the ET until steady-
state heat production was obtained.Again, the ET was shown to be suitable for a
rapid and simple estimation of the kinetic properties of immobilized cells.
Microkinetic factors such as mass transfer were taken into account (Stefuca et al.
1994). Thus, ET measurements allow us to  obtain intrinsic data, even from
immobilized cells. Moreover, the data can be applied to optimize biocatalyst
design and bioreactor models (Gemeiner et al. 1996).

4.5
Monitoring of Enzyme Catalyzed Syntheses

During the last decade, the role of enzyme catalysis in organic chemistry has
increased tremendously. The availability of a huge variety of enzymes, the
willingness of chemists to use them even in non-aqueous reaction phases and
progress in immobilization techniques and bioreactor design led to a number of
applications in bioorganic chemistry. Biosensors might be an interesting moni-
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toring tool for enzyme catalyzed processes. The common criticism that bio-
sensors are not stable enough for on-line monitoring, is not convincing in the
field of biotransformations, because the enzymes for synthesis also have a lim-
ited process stability. On the contrary, the non-complex biotransformation
media should increase their process stability.

Recently, the ET was presented as an on-line monitor for biotransformation
processes (Lammers and Scheper, 1996). Here, three different enzyme-catalyzed
processes of industrial interest were investigated. In the  first example, the enzy-
matic production of L-ornithine was monitored via urea analysis. In this pro-
cess, arginase hydrolyzes L-arginine with the release of urea and L-ornithine.
Immobilized urease was set into the ET in order to monitor urea release, and 
on-line data informed us of the progress of production. Moreover, a computer-
controlled set-up (Fig. 15) allowed us to remove the product at a nominal value
and to add fresh substrate (Fig. 16).

In further experiments, the ET was shown to monitor enzymatic L-methioni-
ne synthesis via amino acylase. Here, decreasing starting material data (N-
acetyl-DL-methionine) were of interest. The process was compared with native
and immobilized biocatalyst (Fig. 17).

In a third example, the production of fructose was obtained. Here, the starting
material sucrose was hydrolyzed via invertase to fructose and glucose. The pro-
gress in hydolysis was monitored with an ET containing coimmobilized glucose
oxidase and catalase. Following the addition of glucose isomerase, it caused a
shift of ingredients to fructose (Fig. 18). In summary, the connection of enzyme
and (calorimetric) biosensor technology might be very effective for a number of
enzyme catalyzed processes.
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Fig. 15. Computer controlled set-up for on-line monitoring of enzyme catalyzed processes
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Fig. 16. Enzymatic production of L-ornithine

Fig. 17. Production of L-methionine via native or immobilized amino acylase
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4.6
Monitoring in Food Technology

In several European countries and the USA, the sterilization of milk is perfor-
med by addition of 0.1% H2O2 as a preservative. Catalase is an ingredient of milk
and decomposes H2O2 . However, Novo Nordisk, Baegsvard, supplies catalase
especially for this procedure, and Boehringer Mannheim GmbH, Mannheim,
developed sensors to control remains of H2O2. The treatment of milk with H2O2
prevents “cooking flavour” which is often obtained after pasteurisation processes.
Recently, Akertek and Tarhan (1995) showed that H2O2-sterilization has no nega-
tive effect on nutrients such as amino acids, proteins, vitamins, sugars or fats.

The ET is suitable for on-line monitoring of the raw milk sterilization pro-
cess. Here, immobilized catalase is inserted into the ET, raw milk samples with
H2O2 are automatically diluted within a FIA-system and continuously analyzed.
Figure 19 shows on-line data of a H2O2 decomposition experiment. After addi-
tion of 0.1% H2O2 to raw milk, the ET signal increases tremendously whereas
addition of catalase obviously causes H2O2 decomposition. Thus, raw milk’s own
catalase seems to have a too low activity.

Aspartame monitoring represents a second interesting task for the ET. Immo-
bilized a-chymotrypsin hydrolyzes the artificial sweetener under release of pro-
tons which are easily detected via a tris/HCl-buffer due to its high protonation
enthalpy. The immobilized enzyme unfortunately causes an unspecific conver-
sion. However, the procedure might be interesting for monitoring aspartame
during its industrial production within the Tosoh-process.
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Fig. 18. Enzymatic hydolysis of sucrose following isomerization of glucose to fructose
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5
New Hardware Concepts

Biosensors for clinical analysis will probably have the most economic value.
Simple operating systems are required for personal home-monitoring and for
small medical laboratories instead of time-consuming and expensive manual
assays. The most decisive precconditions for this special kind of biosensor are
miniaturized production methods, ease of operation and the possibility of
using small sample volumes. Moreover, the analyzers must have convincing
benefits to compete with existing dip-stick sensors. Thus, the development of
microbiosensors is an active field of research. During the 1990s several re-
searchers have investigated new methods to miniaturize thermal biosensors.
Especially in basic research, new microsystem technologies have been of great
interest. In this section, we would like to review these investigations and re-
present current trends in thermal biosensor development.

5.1
High Resolution Thin-Film Thermistors

As previously shown, thermistors exhibit high sensitivities for monitoring enzy-
matic conversions. Nevertheless, matched thermistor pairs for microbiosensors
are not readily available from industrial suppliers which is limiting for their
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Fig. 19. On-line monitoring of milk sterilization via H2O2
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industrial application. Thus, Urban et al. (1991) developed a new thermal bio-
sensor using thin-film thermistor arrays and immobilized enzymes. The minia-
turized thermistor arrays were produced on glass substrates and exhibit a
temperature dependence of conductivity of 2%/K, a temperature resolution 
of 0.1 mK and a response-time of 3 ms. The experimental set-up for glucose
monitoring consists of a 3¥2.5¥5-cm Plexiglas block containing a flow through
channel, a column with immobilized glucose oxidase and two thermistor arrays,
inserted in a Peltier-thermostated aluminium block. The whole device has
dimensions of 25¥25¥25 cm, and the thermostat has a stability of 1 mK. Thus,
miniaturization has to be improved. Nevertheless, a very interesting point of this
study is the high reproducibility of the thermistor characteristics due to the high
level of development of thin-film technology.

5.2
Miniaturized Enzyme Thermistors

Xie et al. (1992) have developed very promising thermal biosensors produced on
silicon wafers (Fig. 20). Here, a small reactor cell (5¥1¥0.014 mm) was pre-
pared on a silicon chip (14¥6¥0.4 cm) with minimal heat capacity. The cell
consists of 33 parallel channels and has a total volume of 0.02 ml. Microbead
thermistors were fixed on gold tubes at the inlet and at the outlet of the silicon
chip. The immobilization of enzymes are performed via glutaraldehyde activa-
tion of the silicon chip. Enzyme solutions are layered over the channel section
and dried at room temperature. The whole preparation has a glass cover
attached by a thin layer of silicon rubber glue. Due to the very small reactor cell
volume, the residence time of samples in the microchannels is short. Thus, heat
leakage from the cell is reduced. Nevertheless, the sensor has to be placed in an
aluminium box filled with polyurethane foam. Moreover, huge Wheatstone-
bridge equipment is necessary. In comparison to the commonly used ET, the
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Fig. 20. Miniaturized ET-chip



miniaturized thermal biosensor needs much lower sample volumes, about 20 ml,
making it very attractive for clinical use.

5.3
Integrated Thermopiles

Thermocouples are alternative transducers for converting the heat produced by
a corresponding enzymatic reaction into an electrical signal. Here, the temper-
ature difference between the ends of a pair of dissimilar metal wires is deduced
from a measurement of the difference in the thermoelectric potentials develo-
ped along the wires (Seebeck effect). A temperature gradient in a metal or alloy
leads to an electrical potential gradient being set up along the temperature
gradient. For small temperature differences, the thermoelectric potential gra-
dient DV is proportional to the temperature gradient DT and strongly dependent
on the materials which are used to form the junction. The proportional factor is
the relative Seebeck coefficient aAB between materials A and B. Thermocouples
have a high rejection ratio for common-mode thermal noise. Moreover, they do
not require a well-matched reference, as thermistor based systems. As a con-
sequence, they are not large and suitable for miniaturization.

Bataillard et al. (1993) described the integration of a series of thermocouples
(thermopiles) on a silicon chip in order to increase the voltage output. The chip
consists of an array of p-type silicon/aluminium thermocouples, connected in
series and integrated in a n-type silicon epoxy layer grown on the silicon wafer.
The overall size of the chip is only 5¥5 mm. Several enzymes are immobilized
on the array, and the chips are inserted into a FIA system. Glucose is monitored
with coimmobilized glucose oxidase and catalase ranging from 2 to 100 mmol/l,
urea (1–1000 mmol/l) with immobilized urease and penicillin (1–1000 mmol/l)
with immobilized b-lactamase.

Xie et al. (1994) manufactured a microbiosensor with an integrated thermo-
pile on a quartz chip because of the lower heat conductivity of quartz compared
to silicon. The size of the whole sensor  was 25.2¥14.8¥0.6 mm, and immobi-
lized enzymes (CPG beads) were were placed in the chips microchannels. The
sensor was applied to glucose analysis in the 2 to 25 mmol/l range, using only 
1 ml samples. Due to clinical analysis requirements, the sensor might be inte-
resting for blood glucose measurements.

Nevertheless, some problems have to be considered. First of all, it is very
difficult to obtain non-clogging immobilization materials. Moreover, the sen-
sitivity is strongly limited by electrical noise due to the high impedance of the
integrated thermopile. Thus, further research and development is necessary,
especially as far as the electronics are concerned.

5.4
Bio-Thermochips

Recently, a new ET system was presented which does not require a precise
thermostat (Shimohigoshi et al. 1995). The “bio-thermochip” consists of a bead
thermistor directly surrounded by an enzyme immobilization support to reduce
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the heat loss to the surroundings, to enhance the enzyme loading, and to physi-
cally protect the enzyme layer (Fig. 21). Nonspecific temperature changes are
obtained via a reference thermistor. Complicated thermostating procedures are
not necessary. Bio-thermochips with coimmobilized glucose oxidase and cata-
lase were placed in a polystyrene insulated box, and after 5 minutes of tempera-
ture equilibration, glucose solutions of 1 to 4 mmol/l were injected through a
sample inlet.

The most interesting point of the study is the possibility of not needing
thermo-stats due to direct contact between the enzyme and the thermistor bead.
However, the insulation box is still very large – 300¥260¥175 mm. Moreover,
direct enzyme immobilization on thermistors is very expensive because the
whole sensing part has to be exchanged after the utilization of the enzymes.

5.5
Compact Multichannel Enzyme Thermistors

Miniaturization of biosensors is of great importance in the field of clinical
analysis. However, in the case of bioprocess monitoring and control, small 
set-ups are not necessary. What bioprocess engineers need are robust devices
within stable boxes, simple operating methods and data transfer protection.
Moreover, there must be the possibility of exchanging exhausted enzymes very
quickly. Within this scope, we continued the development on the whole success-
ful multi-channel ET. The system consists of a 19≤-box for industrial applica-
tions containing a thermostated aluminium cylinder, an A/D-board for data
acquisition and a microcontroller for coordination of the electronic modules.
Thermistors resistances are measured via a multiplexer and constant current
supply. Thus, the drifting wheatstone bridges are not needed. The compact ET is
easily programmed via three buttons and a LED display. The digital data are
transferred via RS232 to a PC where complex analysis is performed. Due to digi-
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Fig. 21. Sensing part of the bio-thermochip
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tal data transfer, the analysis is protected against interference such as that cau-
sed by voltage spikes.

Although exhausted enzymes can be replaced quickly, the compact device
does not solve the problems of enzyme instability or complex thermostating. Its
construction is more practically orientated. The major aim of the study was the
transformation of an ET into a more practical useful arrangement.

6
Conclusions

In summary, thermal biosensors are still attracting great interest in several areas
of biotechnology due to their wide applications. They will surely not solve all
bioanalytical problems. In particular, the TELISA systems are in strong com-
petition with the better working fluorescence assays. Of course, this is not just a
reason of the transducer technique but depends on the necessary and expensive
conjugate preparations. Nevertheless, in special areas thermal biosensors still
have superior characteristics in comparison to other transducer types. When
miniaturized, they might be very interesting for clinical glucose monitoring due
to their functioning without interference from ascorbic acid. The latter is a big
problem for amperometric transducers. Thermal biosensors give their best
results with deaminating (e.g., urease, glutaminase, asparaginase) and hydro-
lytic enzymes (e.g., a-chymotrypsin, pig liver esterase). Since the 1990s, new
applications for the ET have been investigated and have enlarged the possibil-
ities of biosensor application. If one summarizes the experiences of the last
twenty years, the ET seems to be a very interesting tool for learning basic prin-
ciples and setting trends in biosensorics.

As mentioned above, miniaturization is not required for bioprocess moni-
toring. However, the experiences with microcontrollers and constructions of
practically useful arrangements might be very efficient in combination with 
the miniaturized ET and thermopiles developed so far. The construction of
devices which are simple to operate should be the target and trend for the next
years. The technical prerequisites are: compact boxes containing the whole mea-
suring electronics and the sensor chips with immobilized enzymes that are easy
to exchange after exhaustion. In this case, thermal biosensors will have a good
chance in biotechnology. However, each analysis problem probably has its own
characteristics and several (bio)sensor types should carefully considered.
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The investigation of catalytic properties of immobilized biocatalysts (IMB) is a time-con-
suming and not-always-simple procedure, requiring a simple and accurate method of enzy-
me-activity measurement. In comparison with generally-used techniques, flow microcalori-
metry (FMC) has proven to be a very practical and versatile technique for direct monitoring
of the course of enzyme reactions. The principal advantage of FMC is integration of the enzy-
me reaction and its monitoring in one step. This review summarizes the information needed
for the complete kinetic or catalytic characterization of the IMB by FMC, without the require-
ment of any independent analytical method. The optimal experimental procedure is pro-
posed. Examples of experimental studies on immobilized biocatalysts using the FMC are pro-
vided. The method is applicable to purified enzymes as well as to enzymes fixed in cells.

Keywords: Flow microcalorimetry, Immobilized biocatalysts, Reaction rate monitoring, In-
vestigation of kinetic properties, Characterization of bioaffinity systems.
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limitation
vobs Observed reaction rate
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Vm Maximum reaction rate
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z Axial coordinate
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1
Introduction

The immobilized biocatalyst (IMB) is a key component of biotransformation
systems that are used to transform substrates to desired products. The improve-
ment of biocatalyst properties has a direct influence on the overall effectiveness
of the process based on the biotransformation. The basic catalytic characteri-
stics of biocatalyst that are followed include kinetic properties, pH optima,
stability, and inhibition. The investigation of catalytic properties of immobilized
enzymes is still a time consuming procedure and is not always simple. In the
1980s, a major effort was made to standardize the rules by which IMB is charac-
terized. The Working Party of EFB on immobilized biocatalysts has formulat-
ed principles of individual methods, among them the requirement of kinetic 
characterization [1]. It was recommended to use a packed-bed reactor, equipped
with temperature control and with infinite flow circulation. The system should
be equipped with a post-column unit to measure the time-dependence of the
product or substrate concentration [2, 3], the most commonly used analytical
methods being spectrophotometry, chemiluminiscence, automatic titration,
bioluminiscence, chromatography, polarimetry, and biosensors based on the
oxygen electrode. There are two main drawbacks to the application of these
methods:

1. The need to vary the analytical principles, depending on the chemical and
physical-chemical properties of analytes;

2. In some cases, mainly in the study of hydrolytic enzymes, the natural sub-
strate must be replaced by an artificial one, that is chromolytic, chromogenic,
chemiluminiscent, bioluminiscent, or fluorescent.

Therefore, in the same period, there was great interest in the development of a
standard measurement technique, that would join the advantages of immobi-
lized enzymes with a universal detection principle, that lead to a variety of devi-
ces for flow enthalpimetry [4]. The first such effort considered the measurement
of glucose concentration using immobilized glucose oxidase [5]. An important
improvement of this measurement system was the integration of thermistors
with immobilized enzyme columns [6] and further technical modifications
[7–13]. The research on enthalpimetric methods was motivated by the potential
use of enthalpimeters in bioanalytical chemistry [14]. It was impelled by the
need to replace complicated and expensive commercial equipment by a system,
that would be simpler, cheaper, and have a shorter response time [15]. These
requirements were best fulfilled by the concept of an “enzyme thermistor”,
developed by Danielsson [16]. The basic design and further development of this
equipment was aimed at providing a system of flow-injection analysis of the
concentration of metabolites, inhibitors [17–19], lipids [20], antigens [21], and
of on-line monitoring of fermentation processes and biotransformations [22].

In addition to the analytical applications, there was sporadic work on the
employment of flow calorimetry for the investigation of enzyme kinetics 
[23, 24]. In 1985 Owusu et al. [25] published the first report on the use of flow
microcalorimetry for the study of immobilized enzyme kinetics approaching
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fulfilment of the requirements mentioned above. Later, several papers were
published that developed the methodology for the characterization of the cata-
lytic properties of immobilized enzymes [26–33]. Flow microcalorimetry pro-
ved to be very practical and versatile technique. The principal advantage of FMC
is the integration in one step of the enzyme reaction and monitoring of the reac-
tion course. In spite of its evident advantages, enzyme flow microcalorimetry is
not very widely used. One of the reasons for this may be the relatively wide
dispersion of published data on possible applications. Another reason is the
nature of calorimetric measurement: The thermometric measurement does not
provide direct information on changes in the concentration of the reacting com-
pounds; therefore the results of the measurement need to be converted in order
to estimate the reaction rate. The authors of this review believe that the broad
application of FMC in routine analysis of the properties of immobilized bio-
catalysts can be facilitated by providing systematic information about the
methodology required for manipulation of this technique. In this review, simple
mathematical models useful for FMC data treatment are presented, and
methods for facilitating the interconversion of thermometric and rate data are
presented. Several examples of the application of the technique are provided.

2
Equipment and Procedure

Figure 1 depicts the experimental arrangement that is in regular use in our labo-
ratories for the investigation of the properties of IBM by flow microcalorimetry.
The main functional part of the equipment is the flow microcalorimeter 3300
Thermal Assay Probe (Advanced Biosensor Technology AB Lund, Sweden). It
consists of a thermostated block containing a small column packed with an IMB
(FMC unit), probes equipped with thermistor sensors connected to a measure-
ment and control unit, i.e., a Wheatstone bridge and temperature control. The
analog signal provided by FMC unit is digitized and registered by a personal
computer. The system is equipped with a peristaltic pump and a switching valve
that selects between an open mode (all material from the column output is
wasted) and a closed mode (total flow circulation is achieved). The principle of
measurement is registration of the temperature change induced by the heat of
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Fig. 1. Experimental setup for the enzyme flow microcalorimetry



the enzyme reaction released in the column (standard dimensions of the packed
bed are 2 cm length and 0.4 cm inner diameter). The column is operated as a
packed bed reactor. At the beginning of experiment the system is stabilized by
pumping a buffer solution through the column. After thermostating, the mea-
surement is begun by replacing the buffer with the substrate solution.

The most common procedure is pumping a substrate solution of a defined com-
position (concentration of substrate and other compounds having influence on the
enzyme activity) through the microcalorimetric column. The basic information
provided by the microcalorimetric measurement is the relation between reaction
conditions and the steady-state heat response, DTr, measured as the temperature
difference between the column input and output. Figure 2 is an illustration of
such measurement. In the next part of this review, the mathematical assessment
of the experimental data, based on mass and heat balances, is provided.

3
Heat and Material Balance

The value of a thermometric signal is calculated by means of a mathematical
formulation of the heat and material balance in the reaction system, represented
by the microcalorimetric column packed with an immobilized enzyme. The
microcalorimetric column with an IMB can be defined as the continuous packed
bed reactor depicted in Fig. 3. The balance equations were derived according to
the following simplifying assumptions, which had been previously verified [27]:

– changes of the substrate concentration and temperature along the reactor 
are so small that the reaction rate, the molar reaction enthalpy and the fluid 
specific heat capacity are constant,

– plug flow occurs in the reactor;
– the flow rate is sufficiently high to prevent reaction-rate limitation by external

mass transfer,
– heat losses from the reactor are neglected and the reactor is considered to be

adiabatic.
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When no heat losses cross the reactor wall are present, the local temperature
change depends directly on the reaction rate. Then, material and heat balances
can be defined as

dcSb–w 8 = eh vkin (1)
dz

dcPbw 8 = eh vkin (2)
dz

dT
wÇCP 6 = eh vkin(–DHr) (3)

dz

where cSb and cPb are the local bulk-phase concentrations of substrate and pro-
duct, respectively, T is the absolute temperature, z is the axial coordinate, h is the
effectiveness factor expressing the effect of the particle mass transfer on the
reaction rate.Vkin is the intrinsic reaction rate considered as the reaction rate per
unit of void volume of the packed bed. The superficial flow rate, w, bed void frac-
tion,e, fluid density,r, molar reaction enthalpy,DHr, and fluid specific heat capa-
city, Cp, will be considered constant for the specific experimental system.

The above differential equation system is coupled with one of boundary
conditions according to the notation used in Fig. 3:

z = 0: T =T1 cSb = cSb1 cPb = cPb1 (4)

z = Z: T = T2 cSb = cSb2 cPb = cPb2 . (5)

74 V. Štefuca · P. Gemeiner

Fig. 3. The reactor model describing the column packed with particles of immobilized bio-
catalyst



3.1
Mass Balance in Immobilized Enzyme Particle

The effectiveness factor in Eqs. (1)–(3) is defined as

vobsh = 7 (6)
vkin

vkin represents the reaction rate in the kinetic region, it means the rate that would
be attained if the substrate concentration in the whole particle were the same as
that in the bulk phase, cSb . In order to calculate the observed reaction rate, vobs ,
the particle mass balance equations have to be solved:

Ds d         dcs
6 4 �r n

6�= v(cs , cP , P) (7)
rn dr       dr

DP d         dcP
6 4 �r n

6�= –v(cs , cP , P) (8)
rn dr         dr

while required boundary conditions are

dcS dcPr = 0: 6 = 6 = 0 (9)
dr   dr

r = R: cS = cSb cP = cPb . (10)

The kinetic term, v, is a function of the kinetic parameters: vector P and the par-
ticle substrate and product concentrations, cS and cP , respectively. DS and DP are
the corresponding effective diffusion coefficients and r is the particle coordinate
(in the case of spherical geometry it is the radial distance). Parameter n depends
on the geometry of the biocatalyst particle and is 0, 1, 2 for a plate, a cylinder and
a sphere, respectively. Since concentrations on the particle surface are assumed
to be identical with bulk concentrations, boundary conditions do not include
the influence of external mass transfer. Solving the above differential equations,
the observed reaction rate in the packed bed is evaluated from the rate of sub-
strate flux to the particle or of product flux from the particle

A ◊ DS dcS A ◊ DP    dcPvobs= 631 �6� = – 631 �6� (11)
VL dr   r=R VL         dr  r=R

where A is the total external surface area of the particle and VL is the volume of
the bulk phase in the packed bed. For spherical geometry, Eq. (11) can be sim-
plified to

(1–e)   dcS (1–e) dcPvobs= 63 �6� = – 63 �6� (12)
e R  dr   r=R e R dr   r=R
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The kinetic rate, vkin , is expressed by the relation

VPvkin = 5 v(cS , cP , P) (13)
VL

or taking into acount the void fraction of packed bed this is

1–e
vkin = 61 v(cS , cP , P) . (14)

e

It follows from the form of the model equations used, the temperature profile in
the particle is not considered in the calculation of the observed reaction rate,
because – under steady-state conditions – no heat accumulation occurs in the
biocatalyst particle. Consequently, the variation of reaction rate with tempe-
rature change can be neglected, in view of the low temperature differences
typical for enzyme flow microcalorimetry.

3.2
Low Substrate Conversion in the Column

The mathematical description of microcalorimetric data can be simplified when
the amount of immobilized enzyme preparation in the column is minimized, so
that the change in the reaction conditions due to the progress of the reaction
does not influence the reaction rate. This condition is fulfilled when a suffi-
ciently low substrate conversion is achieved in the column. In general, the sub-
strate conversion is determined by analyzing the substrate concentration at the
column output by standard analytical techniques. There is, however, a simpler
procedure for avoiding the post-column analysis, a procedure based exclusively
on measurement with the flow microcalorimeter. Steady-state reaction conditi-
ons are established in the flow microcalorimeter in the first experimental run.
Then, a sufficient volume of the reaction mixture in the column output is col-
lected and reused as the input flow for the second experimental run. If the
difference between the thermometric signals of the first and second experiment
is negligible (less than 5%), the reactionrate change along the column can be
neglected.

The condition of a small controlled amount of the IMB in the column allows
description of the column as a reactor with a differential packed bed, which
means that the reaction rate does not change along the bed. Then, the balance
Eqs. (1)–(3) take the form of following difference equations:

dcSb        DcSb          cSb2 –cSb1           e
9 = 9 = 944 = – 3 hvkin (15)

dz         Dz               Z            w

dcPb        DcPb          cPb2 –cPb1       e
9 = 9 = 944 =3 hvkin (16)

dz         Dz               Z           w
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dT DT DTr     e(– DHr)
5 = 5 = 52 = 9422 hvkin (17)
dz    Dz      Z      wÇ CP

where Z is the length of the packed bed. All of the constant parameters can be
included in parameter a

Ze(–DHr)a = 98 (18)
wÇ CP

and Eq. (17) can be rewritten

DTr = havkin (19)

or

DTr = avobs . (20)

4
Transformation of Thermometric Data to Reaction Rates

The typical feature of the FMC is that the thermometric signal, DTr , and not the
true value of reaction rate is measured. In the approach of differential beds, the-
re is, however, a linear relation between DTr and the overall reaction rate, vobs
[Eq. (20)]. This means that – if the value of a is known – reaction rate values can
be calculated from the measured temperature changes using Eq. (20) in the form

DTrvobs = 7 (21)
a

When the experimental data are available as a relation between overall reaction
rates and reaction conditions, they can be treated by procedures based on the
solution of mass balance equations, and the kinetic parameters can be deter-
mined, for example, by regression methods. The basic task that remains is to
determine the value of the parameter a. There are three possibilities to do this:

– calculation from its definition [Eq. (18)],
– calibration based on the investigation of the relation between DTr and the

reaction rate determined by the post-column analysis of the concentration of
one of the reactants or by the measurement of the reaction rate in an inde-
pendent reaction module [28],

– the microcalorimeter autocalibration procedure explained below.

The disadvantage of the first approach is the requirement to know the quantities
involved in the energy balance (e.g. molar reaction enthalpy, fluid heat capacity
etc.). This disadvantage is eliminated by approaches based on calibration of the
microcalorimeter. Moreover, calibration can compensate for small systematic
errors produced by the microcalorimetric equipment, as well. In the second
approach, however, the post-column analysis of reactant concentrations by an
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independent analytical technique still complicates the measurement and makes
it more time consuming. In addition, in many reactions substrate conversion in
the FMC column is too low to be measured with sufficient precision by conven-
tional analytical techniques. Any enhancement of the substrate conversion by
decreasing the volumetric flow rate increases external mass transfer limitations
and heat losses. This complicates the mathematical description necessary for the
estimation of kinetic parameters. Therefore, it was proposed that the activity of
the immobilized biocatalyst can be determined more conveniently by carrying
out an additional reaction rate measurement outside the FMC column [28].

The disadvantages of the previous techniques provided the motivation to
develop another approach: an autocalibration technique. This method does not
require either an independent analytical method for calibration, post-column
analysis, or separate rate determination.

The novel feature of the method is the modification of experimental setup 
to apply total recirculation of the reaction mixture, as depicted in Fig. 1. By
switching the valve from waste to the circulation loop, the system is closed and
the steady state – cannot be reached, because of a continuous consumption of
substrate in the enzyme reaction. In order to simplify the mathematical descrip-
tion, the following experimental assumptions were made:

1. perfect mixing in the stirred reservoir,
2. sufficiently high volumetric flow rate in the system in relation to the reaction

rate in the column so that the concentration difference between the reservoir
and the column can be neglected.

Conditions (1) and (2) imply that, from the point of view of the mathematical
description, the circulating system will behave as a stirred batch reactor. Then,
the initial rate of reaction, v0 , in the reactor is

dcS                  VCv0 =�6� = 62 vobs (22)
dt   t=0       VTe

where VC and VT are the volume of the packed bed in the column and the total
volume of the circulation system, respectively. According to condition (2), the
substrate concentration measured in the stirred reservoir, cS , corresponds to the
concentration in the column. At the beginning of the experiment, FMC is oper-
ated in the open flow mode. After achieving the steady state (the signal remains
stable), at time = 0 min, the column output is shunted into the stirred reservoir
and the thermometric signal is registered continuously.An example of the time-
variation of the measured signal is depicted in Fig. 4B.

Considering the differential packed bed and the slow dynamics of the reac-
tion system, a pseudo-steady-state in the column can be assumed for a short
period of time, in spite of the non-steady-state in the whole system. This
assumption is valid when the total volume of liquid in the circulation system is
sufficiently large compared to the volume of the column and the flow rate is so
high that in the time interval equal to the column residence time the signal
decrease is less than 1%. This means that each thermometric signal corresponds
to one value of the substrate concentration, the concentration that would
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produce the same thermometric signal at steady state. This assumption enables
transformation of the signal-time dependence to substrate-concentration-time
dependence. Determination of this dependence at one point is indicated in 
Fig. 4. The calibration dependence shown in Fig. 4A is, in effect, the same as 
the dependence of the steady state signal on substrate concentration shown in
Fig. 2.After establishing the dependence of substrate concentration on time, the
reaction rate in the column can be calculated using Eq. (22) in the form

VTe
vobs = v0 62 (23)

VC

where the substrate concentration at time zero, v0 , is derived from the obtained
subtrate-time dependence. The determined reaction rate in the column, vobs , is
linked to the initial thermometric signal, DTr. Using these values the trans-
formation parameter a is calculated from Eq. (21)

DTr      a = 61 (24)
vobs

In the following section examples are given that illustrate the application of the
principles introduced above to the study of the properties of immobilized bio-
catalysts.

5
Applications of the Method

5.1
Investigation of Enzyme Kinetics

In spite of the evident advantages of flow microcalorimetry, this technique has
been used in only a few experimental investigations of enzyme kinetics. Several
references dealing with this subject are listed in Table 1.

Different aspects of the characterization of the properties of IMB were in-
vestigated in the literature cited. Section 5 systemizes the available examples in
the frame of the methodology proposed by this review.
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5.1.1
Conversion of Thermometric Data

The mathematical treatment of FMC data can be accomplished by standard pro-
cedures via the solution of mass balance equations, on condition that the data
were converted to reaction rate data with Eq. (21). As mentioned above, this
requires the determination of the transformation parameter a. Two approaches
based on calibration were developed and tested. In the first approach, thermo-
metric signals are combined with the absolute activity of IMB, which had been
determined by a separate measurement using an independent analytical techni-
que. Figure 5 shows a calibration for the cephalosporin C transformation cata-
lyzed by D-amino acid oxidase. The activity of the IMB was determined by the
reaction rate measurement in a stirred-tank batch reactor. The reaction rate was
determined as the initial rate of consumption of cephalosporin C monitored by
HPLC analysis. The thermometric response was measured for each IMB packed
in the FMC column, and plotted against the corresponding reaction rate. From
the calibration results shown in Fig. 5 it can be concluded, independently of the
type of immobilized biocatalyst, that the data fall to the same line and that there
is a linear correlation between the heat response and the activity of the catalyst
packed in the column. The transformation parameter a was determined from
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Table 1. Immobilized biocatalysts studied by the flow microcalorimetry

Enzyme Immobilization technique Mathematical model Ref.

Urease Covalent bond on CPG Particle mass transfer, product [25]
inhibition kinetics, integral 
packed bed

Invertase Covalent bond on bead  No particle mass transfer, [27]
cellulose substrate inhibition kinetics,

differential packed bed
Co-immobilized  Covalent bond to CPG Particle mass transfer, [26]
Glucose product inhibition kinetics,
oxidase-Catalase integral packed bed
Invertase Covalent bond to Qualitative observations without [33]

porous silica mathematical description
D-Amino acid a) Cells entrapped in Particle mass transfer, first-order [28] 
oxidase Ca-pectate gel kinetics, differential packed bed

b) Cells entrapped in [28]
polyacrylamide gel

Invertase Biospecific adsorption  No particle mass transfer, [30, 31]
adsorption on Con  substrate inhibition
A-bead cellulose kinetics, differential packed bed

Penicillin Cells entrapped in  Particle mass transfer, substrate  [29]
acylase calcium pectate gel inhibition kinetics, differential 

packed bed



the slope calculated by linear regression and its value was a = 4.44 K (µmol
min–1)–1 [28].

Since each calibration point is performed in a newly packed column, there is
important data dispersion around the calibration line. In addition, the entire
calibration procedure is rather time consuming. Therefore, another approach
was developed, that provides more accurate results in a considerably shorter
time. This recently published approach [32] employs a slightly modified version
of the same FMC equipment. Instead of a flow-through arrangement enabling
the measurement in steady state, the measurement is performed in a system
with continuous circulation, as shown in Fig. 1.

The method was confirmed experimentally with sucrose hydrolysis catalyzed
by invertase, that had been immobilized by biospecific binding on concanavalin
A-bead cellulose. Figure 6B shows good agreement between the substrate con-
centration determined by the conversion of thermometric signals of Fig. 6A and
those obtained by spectrophotometric analysis. From the data shown in Fig. 6B,
the initial rate was determined to be v0 = 0.775 mM min–1 . Introducing this value
into Eq. (23), vobs was calculated and the value of the transformation parameter
a was determined from Eq. (24).
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Fig. 5. Correlation between heat response and reaction rate of cephalosporin C transforma-
tion by immobilized D-amino acid oxidase of Trigonopsis variabilis. Enzyme immobilization
techniques: entrapment in polyacrylamide gel (■ ), cells cross-linked with glutaraldehyde (● ),
cells entrapped in polyacrylamide gel (▲) [28]
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5.1.2
Reaction Systems Without Limitation by Particle Diffusion

In many cases the influence of particle mass transfer on the reaction rate can 
be neglected (value of Thiele modulus approaches zero or the enzyme is immo-
bilized exclusively on the particle surface). Then, value of the effectiveness fac-
tor is unity and the solution of Eqs. (1)–(3) is substantially simpler.
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Fig. 6. Investigation of kinetic properties of immobilized invertase by flow microcalorimetry
in the circulation mode. Initial sucrose concentration 51 mM, invertase immobilization by
biospecific binding on concanavalin A-bead cellulose was prepared by binding on concana-
valin A linked to chlorotriazine-activated cellulose. a Raw experimental thermometric data;
b data after conversion by the procedure indicated in Fig. 4. Concentrations were determined
spectrophotometrically (open symbols) and by transformation of thermometric data explained
in Section 5 (closed symbols) [32]
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This approach was used for the study of the kinetic properties of invertase
immobilized on the cellulose bead surface [27, 30, 33]. In the following example
the kinetic model described for invertase was used [34]

Vm cS       W
v(cSb , cPb , P) = 948 42 (25)

c2
S   W0Km + cS + 4Ki

where W/W0 expresses the effect of the decrease in the activity of water on the
reaction rate at high sucrose concentrations [34]. Introducing the kinetic model
in Eqs. (1), (3) and (14) we obtain

dcSb (1–e) VmcSb       W
7 = – 72 9484 42 (26)
dz          w                         c2

Sb W0Km + cSb+ 41Ki

dT      (1–e)(–DHr) VmcSb  W
33 = – 7294 42594 6 . (27)
dz          wÇ CP c2

Sb  W0Km + cSb+ 41Ki

Depending on the overall activity of the enzyme immobilized in the column two
characteristic cases were studied:

1. The activity was so low that the change in substrate concentration along the
column had no influence on the enzyme reaction rate and the column was
regarded as a differential reactor.

2. The activity was so high that the change in substrate concentration along the
column could not be neglected.

5.1.2.1
Low Enzyme Activity

In this case, which had been investigated in previous work [27], the results were
identical to those of kinetic measurements using an independent analyti-
cal method. Introducing the kinetic model [Eq. (25)] into Eq. (14) and com-
bining with Eq. (19), the following expression is obtained:

a(1– e)Vm cSb                W
DTr =7292 42594 41 . (28)

e c2
Sb  W0   Km + cSb+ 41Ki

The significance of Eq. (28) is that the thermometric data can be used for
evaluation of the kinetic parameters Km and Ki , and, thus, for rapid determina-
tion of the kinetic properties of IMB preparations. This had been performed in
the previous work by investigating the kinetic properties of immobilized inver-
tase [27]. Typical kinetic data from this study are presented in Fig. 7. In this
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situation the maximum reaction rate, Vm, cannot be determined independently
from the parameter a. Moreover, the data serve as a relative measure of the com-
parison of activity among IMB preparations [30].

5.1.2.2
High Enzyme Activity

When a significant change in the substrate concentration in the column is
expected, numerical integration of the model equations (26) and (27) should be
applied to the experimental data. The solution was simplified by combining 
Eq. (27) with Eq. (26) in order to obtain the following equation, where the term 
(–DHr) 
02 was defined as parameter P and was considered to be constant in the

ÇCp

experimental system under investigation:

dT dcSb  (–DHr) dcSb
5 = – 766 = –53 P. (29)
dz          Dz     ÇCP dz

The integration of Eq. (29) gives the following algebraic equation:

DTr = (cSb1 – cSb2)P. (30)

For the calculation of the thermometric signal value, DTr , the output substrate
concentration cSb2 was determined by the integration of Eq. (26). Using this
value and the value of the input substrate concentration, cSb1 , the heat response,
DTr , was determined from Eq. (30).
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Fig. 7. Effect of sucrose concentration on thermometric signal in steady-state. Invertase was
immobilized on bead cellulose activated by cyanuric chloride [27]
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The results of the experimental study and mathematical modeling of the
invertase-catalyzed hydrolysis of sucrose are displayed in Fig. 8. The analysis of
the output substrate concentration showed substantial substrate conversion.
Therefore, the data were treated by differential equations (26) and (30), whereas
the kinetic parameters were fitted using nonlinear regression. Regardless of the
good agreement of the calculated and experimental values, it was concluded on
the basis of a comparison of kinetic parameters obtained with those known
from previous works on similar preparations of immobilized invertase [30] that
this method did not provide reliable results.

In contrast, the measurement of the kinetic properties of immobilized 
urease under conditions of high substrate conversion resulted in “good” data
[25]. Evidently, the increased substrate conversion in the microcalorimetric
column increases the change in temperature. Thus, better control of heat loss is
necessary. Moreover, the treatment of data of integral reactor is more complicat-
ed, and can lead to larger errors of parameter estimates. In spite of these diffi-
culties, it is worth putting more effort into the development of methods based
on higher substrate conversion because it could be very useful in the investiga-
tion of product inhibition effects and in the case of enzyme reactions with low
enthalpy of reaction.

5.1.3
Enzyme Systems Influenced by Particle Diffusion Limitation

Many immobilization techniques provide biocatalysts in which the enzyme is
immobilized in the porous structure of the biocatalyst particle. In such cases, the
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Fig. 8. Flow microcalorimetric investigation of kinetic properties of invertase bound to
Eupergit C activated by concanavalin A. The line corresponds to calculated data. The model
involving high substrate conversion was used and parameters were estimated by nonlinear
regression: Vm= 1950 mM min–1, Km= 3420 mM, Ki = 246 mM, P = 2.7 K (unpubl. results)
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observed biocatalytic reaction rate is influenced by exchange of mass between
the interior of the particle and its surroundings. A reaction rate profile is built
up inside the particle, and the overall reaction rate is different from the kinetic
rate. Therefore, the effectiveness factor is not longer unity and its value must be
introduced into the mathematical model. The effectiveness factor is calculated
by solving the particle mass balance equations (7) and (8).

The first investigation of the influence of particle mass transfer on the reac-
tion kinetics in a flow microcalorimeter, dealing with properties of urease
immobilized on controlled pore glass, was published in 1985 [25]. More recent-
ly, the evaluation of microcalorimetric data in the case of particle-diffusion limi-
tation was improved and simplified by introducing the principle of the differen-
tial bed [28, 29].

In certain cases, restriction of the experimental conditions to low substrate
concentrations (cS� Km) is an acceptable condition for the investigation of bio-
catalyst properties. In this case, the enzyme kinetics can be simplified to the
form of a pseudo-first order kinetics expressed by the relation

Vmv (cS , cP , P) = 5 cS = k1cS (31)
Km

where k1 is the pseudo-first order rate constant. Then, Eq. (7) can be solved
analytically and, for example, in the case of spherical geometry the follow-
ing explicit expression can be obtained for the effectiveness factor calcula-
tion [36]:

3 1 1
h = 3 �6322 – 3� (32)

F tanh F F

where F is the Thiele modulus

5k1F = R d34 . (33)
DS

This approach was used in the study of the properties of D-amino acid oxidase
isolated or fixed in cells of Trigonopsis variabilis and entrapped in calcium
pectate or polyacrylamide gel [28]. The approach of a differential reactor (low
enzyme activity in the packed bed) was applied. The experimental thermo-
metric data, DTr , were transformed to reaction rates, vobs , according to Eq. (21),
whereas parameter a was determined by the calibration shown in Fig. 5. The
data were described by the equation

(1–e)
vobs = hvkin = h 63 k1cSb (34)

e

that was obtained by combining Eqs. (6), (14) and (31). The kinetic parameter,
k1 , was evaluated by comparing the experimental and calculated data. The
results of the treatment of the data, listed in Table 2, illustrate the influence of cell
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loading on the activity and effectiveness of the biocatalyst. The advantage of this
approach is the ease and rapidity with which the experimental data are treated.
This is very useful for a simple comparison of the intrinsic activity of different
biocatalysts.

In spite of usefulness of the simplification obtained by decreasing the experi-
mental substrate concentration, many studies are aimed at the investigation of
kinetic properties of immobilized biocatalysts within broader concentration
ranges. In a previous paper [29], cells of Escherichia coli with penicillin acylase
activity were immobilized by entrapment in calcium pectate gel and tested on
the transformation of penicillin G to 6-amino penicillanic acid. Figure 9 shows
experimental data from a microcalorimetric investigation of the penicillin G
transformation in steady state.As appreciable particle-mass transfer was expect-
ed, the mathematical model that includes particle-mass balance was used.
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Table 2. Intrinsic rate constant and effectiveness factor values of D-amino acid oxidase immo-
bilized in calcium pectate gel studied by flow microcalorimetry [28]

Parameters Cell loading concentration
(mg dry mass mL–1 gelling suspension)

24.0 34.2 48.0 60.0 79.9

k1 (min–1) 0.45 0.60 1.45 1.18 4.50
Thiele modulus, F (–) 3.08 3.55 5.52 4.98 9.73
Effectiveness factor, h (–) 0.66 0.60 0.44 0.47 0.27

Fig. 9. Kinetic measurement of the calcium pectate gel immobilized penicillin acylase in the
flow microcalorimeter. Cell loading concentrations (mg of dry weight per mL of gelling
suspension): (● ) 11.9; (■ ) 23.7; (▲) 29.6 [29]



The experimental data shown in Fig. 9 were used for the determination of the
kinetic parameters. The kinetic model of substrate inhibition was in the form:

VmcSb
v(cS , cP , P) = 42594 (35)

c2
Sb Km + cSb+ 41Ki

1– e        VmcSb
vobs = h 6 42594 . (36)

e c2
Sb Km + cSb+ 41Ki

The thermometric data in Fig. 9 were transformed via parameter a, which was
determined by calibration [29] and used to determine the kinetic parameters
Vm , Km and Ki in Eq. (36) by nonlinear regression. The effectiveness factor
values were calculated by solving Eq. (7) using the orthogonal collocation pro-
cedure [37]. As can be seen in Fig. 9, the kinetic behavior corresponds to a
reaction slightly inhibited by substrate. When the bulk concentration of the
substrate exceeds the maximum on the kinetic curve, the resistance to mass
transfer can increase the reaction rate by decreasing the actual substrate con-
centration in the enzyme site. Generally, this situation is expressed by effec-
tiveness factor values being greater than 1. Values of the effectiveness factor
calculated on the basis of kinetic parameters obtained for penicillin acylase
are represented in Fig. 10.
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Fig. 10. Effectiveness factor values for immobilized penicillin acylase calculated by Eq. (6).
Kinetic parameter values (Km= 1.5 mM, Ki = 570 mM) were calculated from results in Fig. 11.
Parameter of lines is input penicillin G concentration in mM [29]



5.2
pH-Activity Profiles

The investigation of pH-activity profiles is a typical measurement when a rela-
tive activity change provides sufficient information about the enzyme pro-
perties. Equation (21) reminds us that the actual reaction rate in the column is
directly proportional to the measured thermometric signal, on condition that
the column is packed with a differential amount of IMB. Since the reaction rate
is proportional to the IMB activity, the activity is proportional to the thermo-
metric signal, as well. Therefore, the measurement of the relative change of
thermometric signal due to the pH change can be used instead of conventional
techniques for the investigation of pH-activity. Once more, enzyme flow micro-
calorimetry proves to be a robust, efficient and accurate method.

An example of such a result is illustrated in Fig. 11 showing the pH-activity
profile of invertase immobilized on Eupergit C. The relative activity plotted in
the figure is the ratio of the thermometric signal at given pH divided by the
maximum value of the thermometric signal observed at the pH optimum. The
value of the pH optimum obtained is comparable to the known value for yeast
invertase [38].

5.3
Biocatalyst Stability

As in the case of pH-activity measurement, the investigation of enzyme stabili-
ty is quite often satisfied by obtaining information about the relative decrease of
activity during the enzyme operation, without knowing the absolute value of the
activity during the experiment. Figure 12 shows the stability of invertase bound
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Fig. 11. Microcalorimetric investigation of pH-activity profile of invertase immobilized on
Eupergit C by direct binding (unpublished results)



on Eupergit C and measured by flow microcalorimetry. The thermometric data
were normalized using the initial value of thermometric signal as a norm.

The operational stability of Trigonopsis variabilis cells with D-amino acid
oxidase activity, entrapped in standard and hardened ionotropic gels, was also
investigated by means of the FMC [39]. The activity of the biocatalyst packed in
the FMC column was continuously monitored by the FMC signal measurement
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Fig. 12. Operational stability of invertase immobilized on Eupergit C investigated by flow
enzyme microcalorimetry. Temperature 30 °C, flow rate 1 mL min–1 unpublished results

Fig. 13. Operational stability of D-amino acid oxidase fixed in cells of Trigonopsis variabilis
CCY 15-1-3 entrapped in standard (▲▲) and hardened (▲) calcium pectate gel and standard (● )
and hardened calcium alginate gel (● ). The relative activity was monitored by continuous pro-
cessing, with the substrate (cephalosporin C) solution in the flow microcalorimeter [39]



when cephalosporin C solution was fed into the system. The results shown in
Fig. 13 clearly demonstrate the superior stability of hardened calcium pectate
gel biocatalyst particles.

Another type of stability of immobilized biocatalysts is the retention of
activity after periodic use in batch processes, as has been reported previously for
penicillin acylase entrapped in polyacrylamide gel [40]. This option can be used
to advantage for rapid monitoring of biocatalyst activity under conditions of
industrial application. Apart from the measurement of activity as an indication
of the necessity to replace the biocatalyst, the periodic analysis of the variation
of kinetic properties permits greater insight into deviation from the optimal
parameters.

Flow microcalorimetry allows the investigation of the relation between envi-
ronmental conditions and enzyme stability. For example, the influence of etha-
nol concentration on the stability of immobilized invertase was studied this
way [33].

5.4
Inhibition

Flow microcalorimetry was used for the investigation of product inhibition in
the urea–urease system [25]. Inhibition was induced by the product of the reac-
tion. As mentioned above, this was a case in which the model had to be in the
form of differential equations, and the mass and heat balance had to be solved
by integration of these equations along the column. Another approach was
adopted in the investigation of invertase inhibition by products of sucrose
hydrolysis [33]. In this work, inhibition was observed qualitatively when
samples of sucrose with different concentrations of products (glucose or fruc-
tose) were fed into the immobilized enzyme column of the microcalorimeter.
Unfortunately, there are only a few reports nowadays about enzyme inhibition
analysis by flow microcalorimetry at the level of mathematical modeling pub-
lished in the literature.The majority of studies are concerned with the inhibitory
effect of substrate [27, 29–31]. In these investigations the mathematical treat-
ment of data is presented in simplified form, using the approaches described
above. Many kinetic models, including the inhibitory effects of compounds on
an enzyme, fit a kinetic equation of the following general form

VmcSv (cSb , cPb , P) = 59652 (37)
f (Km, Ki , cS , ci)

where ci is the inhibitor concentration and the function f in the denominator is
a general representation of denominators in kinetic equations involving inhi-
bition. Thus, when thermometric data are converted to reaction rates, the
following equation can be used for their description

1 – e VmcSvobs = h 7 59625 . (38)
e f (Km, Ki , cS , ci)
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The analysis of substrate inhibition based on Eq. (38) was performed for immo-
bilized penicillin acylase as mentioned above. However, if particle mass transfer
can be neglected, an even simpler approach can be adopted, using the equation
that is valid for the differential bed

1 – e cS                                a¢ cS          DTr =�a 7 Vm�59625 = 59265 . (39)
e f (Km, Ki , cS , ci)    f (Km , Ki , cS , ci)

Since quantities in the first parenthesis are constant, they can be regrouped in 
a single parameter, a¢. Thus, all parameters in the denominator of the kinetic
term can be determined directly by nonlinear regression from thermometric
data. Combining Eq. (39) with the kinetic model of the sucrose hydrolysis
catalyzed by invertase represented by Eq. (25) we obtain

a¢ cSb W
DTr =9493 6 . (40)

Km + cSb + c2
Sb W0
5K

i

The last equation was used in several papers studying the kinetic properties of
invertase, where substrate inhibition was evaluated in terms of the inhibition
parameter Ki [27, 30, 31].

5.5
Screening of Immobilized Biocatalysts

Flow microcalorimetry, which makes many rapid and accurate measurements of
the activity of immobilized biocatalysts, provides a tool for researchers that 
can be used to discriminate between different preparatives of immobilized
biocatalysts. Table 3 shows previous experiments where the characterization 
of kinetic properties by flow microcalorimetry was used to compare different 
techniques of purified enzyme immobilization [27, 30, 31, 35] as well as the
immobilization of enzymes fixed in cells [28, 29, 40]. More details can be found
in our recent review article [41].

5.6
Monitoring of Enzymes Immobilized on Affinity Sorbents

While the interest in irreversible and covalent methods of immobilization con-
tinues, bioaffinity-based procedures are gaining appreciable attention, especially
for analytical applications [42]. Compared to other methods of immobilization,
those based on bioaffinity offer several distinct advantages. These include:

1. Binding of the enzyme to an affinity support may be very strong and yet
reversible under specific conditions;

2. The immobilization process is usually simple, and necessitates no special
skills;
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3. The support matrix is reusable;
4. Oriented immobilization facilitates good expression of activity and stabiliza-

tion against inactivation;
5. Direct immobilization of the enzyme from partially pure preparations is 

possible.

As an example, we have chosen the model “bioaffinity-immobilization of
glycoenzymes on lectins, precoupled on water-insoluble matrices”. The largest
and best characterized is concanavalin A (Con A), that belongs to the legume
family. Con A has been widely used in the affinity purification of a variety of
glycoenzymes and nearly exclusively in the immobilization of glycoenzymes on
a variety of supports. A good review of the use of Con A in glycoenzyme immo-
bilization has recently been published [43].

The binding of the glycoenzyme to the Con A-precoupled affinity support
may be very strong, but it is nevertheless reversible under specific conditions.
A biospecific adsorption of invertase to pre-coupled Con A is the best ex-
ample. Con A-immobilized invertase in the FMC packed bed reactor retained
full operational stability for several hours/days of processing in the flow, even
at high substrate concentration [31]. In spite of the extraordinarily strong
binding of invertase to the Con A-bead cellulose conjugate (KD = 5 ¥ 10–9 M),
conditions have been found for the use of a Con A column as an affinity
chromatography medium. The determining factor in the release of bound
invertase by a counterligand (a-methyl-D-mannopyranoside) is the time of
incubation. This phenomenon was demonstrated in both batch and flow-
through experiments by the FMC. It was also shown that the ease of elution or
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Table 3. Screening of immobilized biocatalysts by means of the flow microcalorimetry

Biocatalyst Form Origin Mode of immobilization Reference

Invertase Enzyme S. cerevisiae Covalent [27]
Enzyme S. cerevisiae Biospecific [30]
Enzyme S. cerevisiae Biospecific + [31]

covalent
Enzyme S. cerevisiae Biospecific [35]

D-Amino acid oxidase Enzyme T. variabilis a Cross-linking [28]
Cells T. variabilis Entrapment [28]
Cells T. variabilis Entrapment +  [28]

cross-linking

Penicillin acylase Enzyme E. coli Entrapment + [40]
cross-linking

Cells E. coli Entrapment + [40]
cross-linking

Cells E. coli Entrapment [29]

a Trigonopsis variabilis.



optimal recovery of the enzyme depends upon the lectin concentration on the
support [44].

A method based on the FMC determination of catalytic activity of IMB in the
FMC column was used to monitor the process of lectin affinity chromatography
of invertase on Con A-bead cellulose [45]. Adsorption and desorption in the
chromatography column were examined by FMC in small samples withdrawn
from the column. Attention was given to the operating parameters and the stor-
age stability of the affinity sorbent. The binding ability of the affinity matrix
decreased with the number of consecutive chromatographic runs, although its
storage stability was satisfactory.

Binding of Con A to glycoproteins could be prevented/reversed by several
sugars which are known to interact with the lectin, such as a-methyl-D-gluco-
pyranoside, D-mannose or a-methyl-D-mannopyranoside [46]. Glycosylated
enzymes, in this case invertase and glucose oxidase, could be used as competi-
tive markers for the simple and rapid determination of the relative carbohydrate
specificity of lectins for mono- and oligosaccharides. They were used as the
competitive saccharides in homogeneous and heterogeneous systems: (lectin +
enzyme + saccharide) and (lectin immobilized on support + enzyme + saccha-
ride), respectively, under static or flow conditions. The activity of the enzyme
was determined indirectly by spectrophotometry in the supernatant liquid, after
the precipitated lectin-enzyme complex was separated by centrifugation
(homogeneous system) or in a Con A-sorbent with specifically bound enzyme
(heterogeneous system at static conditions). A new, alternative method using
enzyme flow microcalorimetry was applied in flow conditions for the direct
determination of the biospecifically adsorbed enzyme. The relative carbo-
hydrate specificity of lectins (Con A) was estimated as the concentration of
the saccharide (D-mannose, a-methyl-D-mannopyranoside) that inhibited the
interaction to 50%. The results obtained by a precipitation-inhibition assay 
in solution and a sorption-inhibition assay in a batch system intercorrelated
significantly with those obtained with a sorption-inhibition assay in the FMC
flow system [46].

Among generally appropriate ligands, specific antienzyme antibodies are
clearly the most versatile, being applicable – at least theoretically – to virtually
every enzyme. Moreover, anti-Con A antibody may also be employed, at least in
an analytical determination of freely accessible Con A pre-linked to affinity
sorbent. The amounts of accessible Con A pre-linked to bead cellulose could be
evaluated: (1) by adsorption of invertase, and (2) by means of ELISA, using both
mouse anti-Con A antibody and pig anti-mouse antibody linked with peroxi-
dase [35]. Reactions under conditions 1 and 2 were monitored in two ways:
thermometrically, by FMC, as well as by conventional spectrophotometry. The
results obtained by spectrophotometry and thermometry correlated signi-
ficantly (p = 0.028 and p = 0.0001, for ELISA and the invertase). The amounts of
immobilized Con A were directly proportional to the ELISA signal of the pero-
xidase reaction as detected by FMC (r = 0.983, p = 0.0005). A slightly less tight
correlation was found between the amounts of immobilized Con A and the
activity of invertase in conjugates when they were assayed by means of thermo-
metry (r = 0.933, p = 0.0065) and spectrophotometry (r = 0.920, p = 0.0094).
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These results indicate that flow microcalorimetry may be considered to be a
method for rapid evaluation of the amount and accessibility of immobilized
Con A [35].

The proposed method of IME screening assisted by the FMC has significant-
ly simplified research directed towards increasing the amount of Con A and
glycoenzyme associated with solid supports. A simple strategy that has recently
been developed by the authors involves building up layers of Con A and
glycoenzymes on bead cellulose [31, 47] and poly(glycidyl methacrylate)
(Eupergit C) [47] matrices precoupled with Con A. Bioaffinity-layered prepara-
tions of invertase exhibited – layer by layer – up to a tenfold increase in cataly-
tic activity, as measured by FMC [31, 47]. A somewhat similar approach was later
used by Farooqui et al. [48] in the preparation of superactive immobilized
glucose oxidase, improving the sensitivity of glucose oxidase-based glucose
monitoring FET-biosensor devices. It is anticipated that the technique will be
applicable to all of the glycoenzymes investigated, namely glucose oxidase,
invertase, b-galactosidase and amyloglucosidase [42] for both FMC and FET
biosensors. Tailor-made neoglycoenzymes [49], exhibiting a similar effect of
bioaffinity layering, should be considered for FMC signal amplification, as well.

6
General Strategy for FMC Experiments

Current knowledge, summarized in this review, is sufficient to define a general
strategy for the study of immobilized biocatalyst properties by flow microcalori-
metry. The principal simplification of the investigation of the kinetics of immobi-
lized biocatalysts consists in using only a small amount of the IMB and working
with low substrate conversions. The FMC column can then be considered to be a
differential reactor and the mathematical description is reduced to the system of
algebraic instead of differential equations.Another important improvement is the
developed procedure of “autocalibration”of the FMC, leading to the value of para-
meter a, enabling the determination of reaction rates from thermometric data. In
this way,the thermometric data are converted to more conventional,mass-balance
data, which can be treated by the mathematical tools that are generally used for
calculating the rates of reactions catalyzed by immobilized biocatalysts.

The optimal organization of the kinetic FMC experiment is proposed in the
flowchart depicted in Fig. 14. The procedure can be divided into the following
principal points:

1. Experiments in the flow-through mode, in which the FMC operates in steady-
state mode. Here, first of all, the appropriate amount of IMB in the column to
be used is determined. Then, the steady state kinetic data – the dependence of
the thermometric signal on substrate concentration – is measured;

2. Experiments in the total recirculation mode, in which the FMC operates as 
a batch system in non-steady-state. The dependence of the thermometric
signal on time for a chosen substrate concentration is measured;

3. The mathematical treatment of the data depends on whether the reaction is
diffusion limited or not. This part of work depends on the aim of the study. If
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Fig. 14. Optimal procedure for the kinetic characterization of immobilized biocatalysts by
flow microcalorimetry

1

1



the reaction is not diffusion limited, the thermometric data are quite often used
directly for the determination of kinetic parameters in the denominator of the
kinetic equation (e.g. Km, Ki). Similarly, the thermometric data provide infor-
mation for direct comparison of the relative activity of different IMB prepara-
tions, or of the same IMB under varied reaction conditions (e.g. pH-activity
profile). On the other hand, for the treatment of data obtained for a diffusion-
limited reaction, or when information about absolute biocatalyst activity is
required, it is convenient to convert the thermometric data to reaction rate
values. In order to do this, the transformation parameter, a, is calculated from
the experiment in the infinite recirculation mode. Then, after the data transfor-
mation, further computation is based on material balance equations.

7
Concluding Remarks

Experience shows that flow microcalorimetry is a universal technique that is
suitable for the investigation of the catalytic properties of immobilized bio-
catalysts. This review has summarized all basic examples of its application, but
has not exhausted all of their potential possibilities. As an example, the steady-
state measurement of a bi-substrate enzyme reaction with a co-immobilized
glucose oxidase-catalase system was reported [26]. However, there is no report
on the evaluation of kinetic properties of partial enzymes in co-immobilized
systems. Even the measurement of the overall heat produced in such systems
does not provide direct information about partial reactions.We believe that new
approaches to analyze these systems based on mathematical modeling can be
developed.

Besides steady state measurements, there is probably good reason to use flow
microcalorimetry for the study of non-steady-state behavior in systems with
immobilized biocatalysts. Here, the mathematical description is more complica-
ted, requiring the solution of partial differential equations. Moreover, the heat
response can evolve non-specific heats, like heat of adsorption/desorption or
mixing phenomena. In spite of these complications, the possibility of the on-line
monitoring of the enzyme reaction rate can provide a powerful tool for study-
ing the dynamics of immobilized biocatalyst systems.

Finally, the methodology summarized in this review indicates how easy it
would be to design universal measuring systems capable of performing experi-
ments on the catalytic properties of enzymes in an automatic way. This too is
our aim.

8
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About 30% of the worldwide sales of drugs are based on natural products. Though recom-
binant proteins and peptides account for increasing sales rates, the superiority of low-mole-
cular mass compounds in human diseases therapy remains undisputed mainly due to more
favorable compliance and bioavailability properties. In the past, new therapeutic approaches
often derived from natural products. Numerous examples from medicine impressively
demonstrate the innovative potential of natural compounds and their impact on progress in
drug discovery and development. However, natural products are currently undergoing a phase
of reduced attention in drug discovery because of the enormous effort which is necessary to
isolate the active principles and to elucidate their structures. To meet the demand of several
hundred thousands of test samples that have to be submitted to high-throughput screening
(HTS) new strategies in natural product chemistry are necessary in order to compete success-
fully with combinatorial chemistry. Today, pharmaceutical companies have to spend approxi-
mately US $350 million to develop a new drug. Currently, approaches to improve and accel-
erate the joint drug discovery and development process are expected to arise mainly from
innovation in drug target elucidation and lead finding. Breakthroughs in molecular biology,
cell biology, and genetic engineering in the 1980 s gave access to understanding diseases on
the molecular or on the gene level. Subsequently, constructing novel target directed screening
assay systems of promising therapeutic significance, automation, and miniaturization result-
ed in HTS approaches changing the industrial drug discovery process drastically. Furthermore,
elucidation of the human genome will provide access to a dramatically increased number of
new potential drug targets that have to be evaluated for drug discovery. HTS enables the
testing of an increasing number of samples. Therefore, new concepts to generate large com-
pound collections with improved structural diversity are desirable.

Keywords: Automation, Biological derivatization, Chemical screening, Combinatorial natu-
ral product chemistry, Drug discovery, High-throughput screening, Natural products,
Physico-chemical screening, Screening bioassays, Structural diversity from nature, Target
identification.
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1
Introduction

1.1
Natural Products in Drug Discovery and Development

Although interest in natural products as a source of innovation in drug disco-
very has decreased in the last few decades, therapeutics of microbial or plant
origin count for more than 30% of the current worldwide human therapeutics
sales. Considering the top-twenty drugs of 1997 approximately 40% derive from
nature, and in the time period from 1992 to 1996 34% of the new chemical
entities (NCE) introduced were natural compounds. For anticancer and anti-
infective treatment even 60% of the approved drugs and the pre-new drug
application candidates (excluding biologics) are of natural origin for the period
1989 to 1995 [1]. These figures demonstrate the evidence of natural product
research, and its impact on drug discovery and development. Furthermore, data
reflecting recent trends emphasize the superior role of natural products as both,
valuable lead compounds and potential new drugs [2].

In the future, novel chemical structures with improved therapeutic properties
by affecting new disease targets can be expected to arise from genomic sciences.
Structural and functional analysis of the human genome gives access to an
increasing number of disease related genes and their products, thus, hopefully
contributing to more causal therapies [3]. In order to drive foreward the drug
discovery and development process an active principle substantially affecting a
disease target is requested. In most cases, first hits are discovered by random
screening approaches. Subsequent validation steps follow to answer the key
question whether a hit will give rise to a lead compound that will prove bene-
ficial for optimizing structure/activity relationship by the well established
powerful tools of rational drug design. Issues of interest not only comprise bio-
activity at the target of interest but also applicability, bioavailability, biostability,
metabolism, toxicity, specificity of bioactivity, distribution, tissue selectivity, cell
penetration properties,and as a key prerequisite for development,access to large
quantities of the compound for clinical studies and commercialization has to be
guaranteed [4].

In the past, compounds from nature often opened up completely new thera-
peutic approaches. Moreover, natural compounds substantially contributed to
identify and understand novel biochemical pathways in vitro and in vivo, and
consequently proved to make available not only valuable drugs but also essen-
tial tools in biochemistry, and molecular cell biology. It is worth while studying
exhaustively the molecular basis of biological phenomena of new and/or un-
usual chemical structures from nature. Numerous examples from medicine
impressively demonstrate the innovative potential of natural products and their
impact on progress in drug discovery and development as discussed below.

Further examples can be added from agricultural use:

i) The herbicide phosphinothricin (glufosinate, Basta) represents a unique
methyl phosphinic acid analog of glutamic acid acting as a strong competi-
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tive inhibitor of glutamine synthetase bearing only low toxicity [5]. The
antibacterial tripeptide L-phosphinothricyl-L-alanyl-L-alanine (bialaphos)
can be isolated from culture broths of Streptomyces viridochromogenes [6],
and Streptomyces hygroscopicus [7]. Antibiotic resistance of the producing
organism is due to enzymatic N-acetylation of a biosynthetic tripeptide pre-
cursor [8]. To broaden the application range of phosphinothricin as a her-
bicide the gene for the corresponding N-acetyltransferase was successfully
transferred to plants in order to generate Basta resistant transgenic crops
[9]. Basta was commercialized by the German company Hoechst as a race-
mate derived from chemical synthesis.

ii) The avermectins isolated from Streptomyces avermitilis exhibit broad insec-
ticidal, ascaricidal, and antihelmintic activity even at very low concentra-
tions without showing any antibacterial or antifungal activity. They were
discovered by using an animal model to detect anticoccidial agents [10].
Detailed studies proved that the avermectins interact in a unique manner
with the GABA regulated chloride ion channels. Chemical modification of
the macrolide type avermectins resulted in ivermectin which was commer-
cialized as a mixture of ivermectin B1a and B1b by the US company Merck for
application in agriculture and animal health care, as well as in human medi-
cine to prevent river blindness in the developing countries of Africa and
Central America [11].

iii) Most recently, representatives of a completely new class of non-phytotoxic
agro-fungicides were successfully brought onto the market by the German
company BASF and the English company ICI. The compounds were devel-
oped by total synthesis starting from the fungal metabolites strobilurin and
oudemansin discovered by T. Anke and W. Steglich as lead structures [12,
13]. Antifungal activity was proven to be due to the inhibition of the mito-
chondrial bc1 complex of the fungal respiratorial chain. Toxicity is prevent-
ed by rapid metabolic processes in mammals and numerous other eukaryo-
tic organisms.

1.2
High-Throughput Screening Towards Lead Discovery

Breakthroughs in molecular biology, cell biology, and genetic engineering in the
1980s gave rise to understanding diseases on the molecular or on the gene level.
Subsequently, constructing novel target directed screening systems of pro-
mising therapeutic significance resulted in changing industrial drug discovery
attempts completely [3, 4, 14]. Thus, during the last few years a large number of
different molecular screening assays has been developed. Transfer to the 96-
well or, more recently, to the 384-well microplate format, automation and
miniaturization turned out to be crucial with respect to industrial high-
throughput screening (HTS). Down-scaling of the assay volume to the 1,536-
well format is already underway, although considerable problems have to be
solved mainly concerning liquid-handling in the nanoliter range and assay
read-out. However, approaches towards the testing of 100,000 samples per day
are in progress.
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Lead discovery strategies for both, pharmaceutical, and agrochemical appli-
cations are in a highly rapid developmental stage. The driving force is the re-
duction in the time to reach the market for new drugs which requires dramatic
performance improvements in lead finding and development. Success and
failure are tremendously coupled to both, the novelty and meaningfulness of the
applied biological test systems, and the number and structural diversity of test
compounds available. Unambiguous infrastructural elements for effective HTS
are target discovery and evaluation, screen design, sample sourcing, robotic
hardware, and data management. Therefore, laboratory automation is an in-
dispensible tool for the efficiency in HTS, and plays a crucial role in the early
lead-finding stages of drug discovery. The deployment of automation bears key
benefits. These include the potential for increased reliability and precision, and
reduced error frequency arising from removal of operator tedium.

In a first order, drug discovery strategies can be divided into the following
parts:

i) accessing structural diversity either from natural sources or from synthetic
approaches,

ii) sample preparation and handling,
iii) the screening based on new and significant biological assay systems,
iv) the profiling of so-called hits from the primary screening, and
v) data management.

Today, a number of pharmaceutical companies dealing with HTS reach a turn-
over of more than 15 different assay systems a year, in which 300,000 samples or
even more are tested. This confronts the scientist with more than 5,000,000 data
points which point to the need for efficient automation at all stages of HTS, even
in data collection, data quality control and analysis. Robots, especially large
systems integrated with multiple peripheral devices, are prominent at present.

In order to take real advantage of HTS, access to high sample numbers cover-
ing a broad range of low-molecular mass diversity is essential. The answer of
organic chemistry to high capacities in testing was combinatorial chemistry.
The answer for natural product chemistry is still pending. Combinatorial bio-
chemistry aims at enhancing molecular diversity of natural products by altering
and combining of biosynthetic genes. Although, these promising strategies may
probably contribute substantially to HTS test sample supply in future, improve-
ments that can be realized more rapidly are needed urgently to decrease the
delay of innovation, and to focus attention of the management boards in the
pharmaceutical companies again towards natural products based test sampling.

2
Natural Product-derived Drugs on the Market

The accidental discovery of penicillin in 1928 by Alexander Fleming and its
introduction in 1941/42 as an efficient antibacterial drug bearing no substantial
side effects revolutionized medicinal chemistry and pharmaceutical research by
stimulating completely new strategies in industrial drug discovery. Penicillin
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was discovered by chance from the culture broth of Penicillium notatum as a
bioactive principle inhibiting growth of gram-positive bacteria. In contrast to
plants microorganisms were not known to biosynthesize secondary metabolites
useful in medicinal application until the discovery of the penicillins. In the
following decades microorganisms attracted considerable attention as a com-
pletely new source for pharmaceuticals. Microbial metabolites proved available
at quantities of up to hundreds of kilograms by fermentation technology. From
the screening of a huge number of microbial extracts an unexpected diversity of
natural compounds performing a broad variety of biological activities became
evident.

Microorganisms turned out to be an unlimited source for both, potential
drugs, and agrochemicals [15–21]. Manufacturing can be performed without
interfering with bioprospecting issues that today considerably hamper industrial
drug development from phytogenic or animal sources. Clinical studies on drug
approval require kilogram amounts of the pure active compounds. Chemical
synthesis cannot solve the problem in the cases of complex structures, as it was
shown by the well known examples of the phytogenic drugs morphine and co-
deine from Papaver somniferum, quinine from Cinchona species, atropine from
Atropa belladonna, reserpine from Rauwolfia species, vincristine from Catha-
ranthus roseus, or the cardiac glycosides from Digitalis purpurea. However, in
various cases valuable precursors from plants can be made accessible at mode-
rate prices thus contributing to improved manufacturing processes, supplemen-
ted by chemical synthesis, and biocatalysis or biotransformation, respectively.

Precursors are sometimes of considerable advantage because they also give
access to artificial analogs or derivatives which may exhibit a superior spectrum
of properties referring to the demands for a successful drug development and
application. For instance, the manufacture of oral contraceptives and other
steroid hormones based on starting materials of plant origin such as diosgenin
from Dioscorea species and hecogenin from Agave sisalana.

Recently, despite all obstacles hampering large scale production of phyto-
genic drugs, plant metabolites succeeded again in reaching the pharmaceutical
market: The urgent demand for improved chemotherapeutics in anticancer
treatment forced the approval of Taxol (Bristol-Myers Squibb), its analog
Taxotère (Rhône-Poulenc Rorer), topotecan, and irinotecan (Sect. 2.5).

2.1
Antibiotics

Since the introduction of the first cephalosporin antibiotic in 1962, every year
several new b-lactam antibiotics of the cephalosporin-type have reached the
market. Continual improvement in the activity spectrum is necessary to over-
come resistance phenomena caused by the widespread application of anti-
biotics. Referring to the “hit”-list of the commercially most successful therapeu-
tics, three b-lactam antibiotics range among the top twenty. These are cefaclor
by E. Lilly, ceftriaxone by Roche, and clavulanic acid as a most efficient b-lacta-
mase inhibitor marketed by Smith Kline-Beecham in combination with the
semi-synthetic penicillin derivative amoxicillin under the trade name of Aug-
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Table 1. History of commercialization of modern drugs derived from nature

Year of introduction Drug Commercialized as Indication Company
(m = microbial metabolite, )
p =plant metabolite

1826 manufacturing natural compound (p) analgesic E. Merck
of morphine

1899 acetylsalicylic acid synthetic analog (p) analgesic, antiphlogistic, etc. Bayer
(Aspirin)

1941 penicillin natural compound (m) antibacterial Merck
1964 first cephalosporin  semi-synthetic derivative antibacterial Eli Lilly

antibiotic (cephalothin) based on 7-ACA (m)
1983 cyclosporin A natural compound (m) immunosuppressant Sandoz
1987 artemisinin natural compound (p) antimalaria Baiyunshan
1987 lovastatin natural compound (m) antihyperlipidemic Merck 
1988 simvastatin semi-synthetic derivative (m) antihyperlipidemic Merck 
1989 pravastatin semi-synthetic derivative (m) antihyperlipidemic Sankyo/ BMS
1990 acarbose natural compound (m) antidiabetic (type II) Bayer
1993 paclitaxel (Taxol natural compound (p) anticancer BMS

as a semi-synthetic derivative
1993 FK 506 (tacrolimus) natural compound (m) immunosuppressant Fujisawa
1994 fluvastatin synthetic analog (m) antihyperlipidemic Sandoz
1995 docetaxel (Taxotère) semi-synthetic derivative (p) anticancer Rhône-PR
1996 topotecan, irinotecan semi-synthetic derivativesa (p) anticancer SKB, Pharmacia 

& Upjohn
1996 miglitol synthetic analog (m, p) antidiabetic (type II) Bayer

a Irinotecan was launched first in Japan in 1994 by Yakult Honsha and Daiichi Pharmaceutical. BMS = Bristol-Myers Squibb, Rhône-PR = Rhône-
Poulenc Rorer, SKB = SmithKline Beecham.



mentin [20, 22]. Regarding the hit-list of antibacterials, the only competitive
synthetics to the b-lactams, so far, are the quinolone carboxylic acids affecting
the bacterial topoisomerase (DNA gyrase) [23]. The top-selling drug ciprofloxa-
cin was introduced under the trade name of Ciprobay by Bayer in 1986.

Further antibiotics, mainly derived from actinomycetes, are used for special
applications in human and veterinary medicine [20]. These compounds have
numerous chemical structures. The macrolides, tetracyclines, aminoglycosides,
glycopeptides, and ansamycins for instance are used in antibacterial treatment
whereas the anthracyclines reached the market to supplement anticancer
chemotherapy. The fairly toxic polyether-type antibiotics are preferably used as
anticoccidial agents. Due to the dramatically increasing resistance of clinical
important bacterial strains new targets for the discovery of novel types of anti-
bacterial agents are urgently needed.

2.2
Immunosuppressant Drugs

The cyclic peptide cyclosporin A was identified at Sandoz in Switzerland as an
antifungal agent isolated from culture broths of the fungus Tolypocladium in-
flatum, former classified as Trichoderma polysporum [24]. In the course of more
detailed pharmacological studies applying improved in vivo animal models
cyclosporin A performed remarkable immunosuppressive properties [25, 26].
As a result of its superior efficiency, cyclosporin A was commercialized under
the trade name Sandimmune only seven years after it had been first reported.
For the first time, transplantation surgery was provided with a drug that pre-
vented organ rejection effectively without substantially affecting the immune
response giving protection against bacterial infections. Considering that pa-
tients of successful transplantation surgeries have to take cyclosporin A for the
rest of their life this issue is of great importance. Cyclosporin A is still in the top
twentyfive drugs worldwide, although it was introduced as early as 1983. How-
ever, in spite of great efforts made by Sandoz and numerous competitors to de-
velop an improved immunosuppressant, cyclosporin A, is still in the number 
one position in immunosuppressive drug sales [27].

Studies on the mode of action of cyclosporin A revealed interaction with
intracellular signal transduction pathways leading to the inhibition of inter-
leukin-2 production in T-cell cultures. Subsequent screening for inhibitors of
interleukin-2 release at Fujisawa in Japan resulted in the discovery of the
macrocyclic lactame FK 506 from the culture broth of Streptomyces tsukubaen-
sis in 1984 [28, 29]. Structural similarities to rapamycin, previously described as
an antifungal metabolite from Streptomyces hygroscopicus [30], gave rise for the
reevaluation of the biological activities of rapamycin. Detailed studies on the
mechanism of action of rapamycin, FK 506, and cyclosporin A yielded com-
pletely new insights into eukaryotic cell signaling, and led to the discovery of a
new and unusual class of proteins called immunophilins. Although FK 506 and
rapamycin bind to the same protein, called FK binding protein (FKBP), the com-
plexes formed trigger different signaling pathways. In T-cell cultures the FK
506/FKBP complex binds to calcineurin thus preventing its interaction with
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calcium ions that regularly bind to calcineurin after activation of the T-cell
receptor. Subsequent to the inhibition of calcineurin activation, the signal trans-
duction leading to the transcription of gene encoding, e.g. for interleukin-2, is
prevented. As a consequence, T-cell proliferation does not occur. However, the
rapamycin/FKBP complex does not bind to calcineurin, but inactivates protein
kinases that respond to interleukin-2 receptor activation by stimulating T-cell
proliferation. Cyclosporin A was shown to bind to another type of immuno-
philin called cyclophilin. Surprisingly, the cyclosporin A/cyclophilin complex
binds to calcineurin at the same site as FK 506/FKBP does, thus eventually
triggering the same steps of the cell signaling cascade [31].

Although, at the time of discovery FK 506 was reported as a new immuno-
suppressant agent being 100-fold more potent than cyclosporin A, efforts to dis-
place cyclosporin A by FK 506, commercialized as tacrolimus, failed until today.
It is worth mentioning that FK 506 stimulated the setup of the venture capital
funded US company Vertex that aims at a designed drug to treat HIV infections
starting from FK 506 as a lead compound.
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2.3
Antihypercholesterolemic Drugs

For several years, lovastatin represented the commerically most successful drug
from nature. Named mevinolin, it was discovered as a metabolite from Asper-
gillus terreus cultures at the US company Merck by a target-directed screening
for inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase,
a key enzyme of cholesterol biosynthesis [32]. Cholesterol, which in humans
more than one-half of the total body cholesterol is derived from its de novo bio-
synthesis in the liver, is the major component of atherosclerotic plaques built up
as fatty deposits on the inner walls of arteries, thus contributing to arte-
riosclerosis and coronary heart diseases [33].

A number of mevinolin like HMG-CoA reductase inhibitors comprising the
new type of a d-lactone moiety linked to a decalin sidechain were isolated from
fungal strains such as Penicillium, Aspergillus, and Monascus spec. by various
groups and companies during the late 1970s and early 1980s [34–40]. Mevinolin
and its analogs do not affect any other enzyme in the cholesterol biosynthesis
except HMG-CoA reductase (Ki value of 6.4 ¥10–10; rat liver enzyme [32]) thus
realizing a completely new therapeutic principle to treat hypercholesterolemia.
Mevinolin was the first HMG-CoA reductase inhibitor to be commercialized. It
was approved under the generic name of lovastatin (Mevacor) by Merck in 1987.
Later on, numerous lovastatin analogs developed by Merck and their com-
petitors followed. In 1994, simvastatin (Zocor), introduced by Merck in 1988,
took over the top position in the natural product based drugs sales list. Sankyo’s
mevastatin, isolated and described prior to mevinolin, had to be modified to
reach the market under the generic name of pravastatin (Mevalotin) co-marke-
ted by Bristol-Myers Squibb in 1989. Pravastatin represents the first HMG-CoA
inhibiting drug with a opened ring dihydroxycarboxylic acid structure.

In contrast to pravastatin, lovastatin and its d-lactone analogs have to be
metabolically activated to bind to the target site of the HMG-CoA reductase.
Cleavage of the d-lactone moiety in the liver and in the cell culture system,
respectively, leads to the 3,5-dihydroxyvaleric acid form that mimics the struc-
ture of the proposed endogenous substrate consisting of an intermediate for-
med by mevalonic acid linked to coenzyme A. Thus, the dihydroxycarboxylic
acid form of lovastatin, and its analogs act as competitive inhibitors comprising
about 10,000- to 20,000-fold increased affinity to the target enzyme. Numerous
reports on the mode of action and structure/activity relationships have been
published [41–48]. The replacement of the decalin structure by certain sub-
stituted biaryl analogs retains potency, thus leading e.g. to the synthetic drugs
fluvastatin marketed by Sandoz [49], and Bay W 6228 developed at Bayer [50].
Presumably, manufacturing costs of both compounds are significantly reduced
relative to the fermentation based drugs lovastatin, simvastatin and pravastatin.

HMG-CoA reductase inhibiting drugs act within a highly complex bio-con-
trol system, and finally result in a plasma cholesterol decrease of up to 40%.
Sales rates of lovastatin and its analogs are still growing, and in 1994 their sales
reached more than US $ 3.6 billion. Although lovastatin and its analogs exhibit
only rare side-effects, a lot of people criticize the use of antihypercholesterole-
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mic drugs instead of encouraging better nutrition. However, HMG-CoA reduc-
tase inhibitors seem to be extremely helpful therapeutics for patients suffering
from hereditary hyperlipidemia causing severe coronary heart diseases, and
cardiac infarction of even very young people.

2.4
Antidiabetic Drugs

Acarbose was discovered in a target-directed screening from the culture broth of
a neglected genera of actinomycetes called Actinoplanes spec. by researchers at
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the German company Bayer in the mid 1970s [51]. Their screening aimed at
inhibitors of oligo- and polysaccharide degrading enzymes towards an orally
available drug contributing to Diabetes mellitus type II (non-insulin-depen-
dent) therapy [52, 53]. Enzyme inhibitors of this type were expected to reduce
food intake-caused blood glucose elevation by retarding degradation of nutrient
oligo- and polysaccharides in the intestine. And in fact, acarbose can be applied
effectively when a diet alone fails to adequately control blood glucose levels.
Furthermore, it was shown that insulin dosing of patients suffering from Dia-
betes mellitus type I (insulin-dependent) can also take advantage of acarbose
because the exaggerated rise in blood glucose level after meals can be reduced.

Acarbose was first launched by Bayer in Germany under the trade name of
Glucobay in 1990. The pseudo-disaccharide moiety of the pseudo-tetrasaccharide
acarbose strongly inhibits the intestine located enzymes of the a-glucosidase
type by mimicking a disaccharide part of the starch molecule or related nutri-
ent polymers which functions as the natural substrate of the target enzymes.
The glucose moiety in acarbose is replaced by an unsaturated cyclohexitol 
(C7N-unit), thus preventing degradation of the pseudo-tetrasaccharide as a com-
petitive enzyme inhibitor [54].

Bayer succeeded in reducing manufacturing costs of acarbose dramatically,
presumably mainly by increasing yields and shifting the fermentation process to
the desired homologous compound acarbose. Efforts to replace the fermentation
by chemical synthesis of a structurally simplified analog of the tetrasaccharide
failed. However, the profile of oral diabetes treatment by Bayer is actually comple-
mented by the monosaccharide miglitol, an additional a-glucosidase inhibitor
[55, 56] which was synthesized starting from the naturally occurring 1-deoxyno-
jirimycin as a lead structure. Interestingly, 1-deoxynojirimycin can be isolated
from both, culture broths of streptomycetes and the bark of mulberry trees.

2.5
Anticancer Drugs

The example of the anticancer drug Taxol, introduced by Bristol-Myers Squibb
in 1993, demonstrates how to overcome the obstacles affecting the development
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of a plant-derived drug nowadays. Taxol was discovered at the US National
Cancer Institute (NCI) in the late 1960s in the course of an in vitro antitumor
drug discovery program using human tumor cell lines. Screening of more than
110,000 samples derived from more than 35,000 plant genera collected world-
wide resulted in the isolation and structure elucidation of Taxol from the bark
of the Californian yew tree Taxus brevifolia [57].

Taxol performed outstanding activities against various tumor cell lines, but
clinical studies did not take place due to insufficient amounts of plant material
available. Only after identification of the unique mode of action of Taxol [58, 59],
both the NCI and pharmaceutical industry were attracted to pursue profiling
Taxol as a completely new anticancer drug [60]. Taxol was shown to affect mito-
sis by increasing microtubuli assembling and decreasing microtubuli degrada-
tion rates. In order to enable clinical testings, for years, the only way to get access
to Taxol was to shed the bark of more than sixty year old Californian yew trees
which by the harvesting procedure were damaged irreversibly. However, world-
wide objections by environmentalists were rejected by the US authorities.

In the meantime, the problem of Taxol supply seems to be solved. The Euro-
pean yew tree Taxus baccata was identified as a renewable source of Taxol-type
metabolites. By harvesting and extracting the needles baccatin III or 10-deacetyl
baccatin III are obtained in good yields without injuring the trees substantially
and are used as precusors of Taxol synthesis. Starting from these compounds,
not only Taxol but also analogs such as Taxotère (docetaxel) were synthesized in
satisfying yields. Taxotère was recently launched by the French company Rhône-
Poulenc Rorer. The company was free to apply for a product patent to improve
commercial issues. However, Bristol-Myers Squibb only achieved trade name
protection for Taxol at the time of marketing, because the chemical structure of
Taxol had already been published in 1971. Thus, the generic name of Taxol was
designated paclitaxel. Actually, Taxol is approved for treatment of breast and
ovarian cancer.

Efforts to get access to improved manufacturing processes or improved appli-
cation properties of paclitaxel resulted in two different pathways for the total
synthesis of the natural product, as well as analogs. Furthermore, paclitaxel
and/or precursors can be obtained under optimized conditions from cell cultu-
res of Taxus media generated by hybridizing Taxus baccata and Taxus cuspidata
in overall yields of about 130 mg l–1 within two weeks [61]. Paclitaxel can also be
obtained by the culture of appropriate microbial strains isolated from paclitaxel
producing yew trees [62–64].

A few years after the introduction of Taxol in 1996, further phytogenic anti-
cancer drugs were launched to treat advanced cancers. Topotecan, marketed by
Smith Kline Beecham under the trade name of Hycamtin, was approved by the
FDA to treat ovarian cancers that have resisted other chemotherapy drugs.
Furthermore, irinotecan was introduced by Pharmacia & Upjohn under the
trade name of Camptosar for the treatment of metastatic cancer of the colon or
rectum. Both compounds are derivatives of camptothecin which was isolated
from the Chinese tree Camptotheca acuminata, well known in Chinese Traditio-
nal Medicine for anticancer treatment [65]. Isolation of the bioactive principle
camptothecin and its structure elucidation had already been performed in 1966
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[66]. However, only recognition of the topoisomerase I as the site of action
stimulated the pharmaceutical industry to develop camptothecin as a novel
anticancer drug. In contrast to the well known anthracyclin-type antitumor
therapeutics which bind to topoisomerase II, camptothecin was the first com-
pound interacting with topoisomerase I. It binds to the complex formed by
topoisomerase I and DNA which starts DNA replication, thus stabilizing the
enzyme/DNA complex and preventing cell proliferation [67]. Chemical modifi-
cation of camptothecin, however, did not result in substantially optimizing
efficiency but in improving solubility in water by replacing the hydrogen atoms
at position 9 and 10 leading to topotecan, or at position 7 and 10 leading to irino-
tecan, respectively [68, 69].

2.6
Drugs for various Applications

Traditional Chinese Medicine gave rise to new plant-derived anticancer drugs as
well as to therapeutics for the treatment of drug-resistant types of malaria
tropica [70]. Artemisinin (Qinghaosu), the bioactive principle of Artemisia
annua, was identified in 1972. Its unique structure was proven by X-ray analysis
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and total synthesis in 1983 [71]. Artemisinin is actually applied in Asian coun-
tries in cases of malaria caused by strains of Plasmodium falsiparum resistant to
therapeutics of the chloroquine and mefloquine type [72, 73]. Artemisinin ex-
hibits only moderate acute toxicity but considerable side effects. Thus, for
approval in European countries artemether which is a semi-synthetic derivative
of artemisinin indicating improved tolerance has been developed [74].

3
Clinical Candidates Derived from Natural Sources

3.1
Clinical Candidates from Microorganisms

Due to failures in cancer therapy, numerous compounds derived from various
natural sources are under preclinical or clinical trials in order to study their
therapeutic value. One example is the extremely toxic enediynes isolated from
actinomycetes strains. Featuring a cis-configurated double bond adjacent to two
triple bonds within a macrocyclic ring system as a part of a highly complex
molecule, the enediyne structure was first described for neocarzinostatin in
1965 [75]. Other members of the enediyne antibiotic class, the esperamicins
[76], the calicheamicins [77], both featuring a unique allylic trisulfide attached
to a bridgehead carbon atom, and dynemicin A [78] were discovered in the 
mid- to late 1980s. All these compounds appear to share two modes of action
which comprise DNA intercalation to the minor groove, and second a thiol or
NADPH triggered reaction generating radicals that cleave DNA [79].A Bergman
reaction represents the key step that leads to the formation of a highly reactive
diradical being responsible for DNA strand scission by abstracting hydrogen
atoms at the C-1¢, C-4¢ or C-5¢ position of the DNA sugar-phosphate residues
within the minor groove. In vitro studies implicate sequence selectivity for DNA
strand scission ranging from base preferences of the esperamicins at thymidine
to cytidine for the calicheamicins, and guanine for dynemicin A, respectively.
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However, as there is no free DNA in the cell, and the real target for DNA-inter-
active agents is the chromatin, it is not clear whether in vitro studies can con-
tribute to understanding of cellular DNA sequence selectivity.Various synthetic
approaches and mechanistic studies assisted by computer aided molecular
design (CAMD) have been described aiming at an optimization of the pharma-
cological properties of the enediyne antibiotics [80]. It remains to be seen
whether enediynes, either natural or designed, will become a useful supplement
to the arsenal for the treatment of cancer.

A further example emphasizes the relevance of microbial metabolites in the
development of novel antitumor drugs. CC 1065 was discovered at the Upjohn
Company as an extremely cytotoxic metabolite from the culture broths of Strep-
tomyces spec. [81, 82]. Hepatotoxic properties with LD50 of 9 mg/kg (mice i.v.)
prevent therapeutic use of the natural product. Investigation on the molecular
mechanism of action together with chemical modification of the basic structure
[83–86] resulted in the bifunctional synthetic analog bizelesin [87] that bears an
urea moiety linked symmetrically to two DNA binding and alkylating groups.
Bizelesin is unique among the analogs with bifunctional alkylating capability
due to two chloromethyl moieties which are converted to the cyclopropyl al-
kylating species that interacting DNA by producing interstrand cross-links
[88–91].As bizelesin did not lead to delayed deaths when applied in therapeutic
doses to mice, and due to its breadth of antitumor activity, potency, unique
mechanism of action, and lack of cross-resistance with other alkylating agents,
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bizelesin was selected by the National Cancer Institute and the Upjohn Com-
pany for development in clinical trials in the USA [92].

Epothilone was first discovered by Höfle and Reichenbach at the GBF in
Germany in 1987 within a screening for antifungal agents from the cultures of the
myxobacterium Sorangium cellulosum [94]. In 1995, Merck & Co. reported on its
interaction with the microtubuli of cells in a paclitaxel like manner [93].Although
epothilone does not reveal any structure similarity to paclitaxel [95] it turned out
to be superior to paclitaxel referring to potency in cell culture assays of multi-
drug-resistant tumor cell lines. The microbial metabolite epothilone is accessible
in almost unlimited quantities by fermentation. Furthermore, it overcomes
solubility problems in water that substantially reduce paclitaxel compliance. Total
synthesis towards epothilone and analogs as well as modification reactions
[96–98] starting from epothilone aim at epothilone derivatives with improved
performance.In 1997,Bristol-Myers Squibb has signed a contract with the GBF for
extended investigation towards an epothilone based novel anticancer drug sup-
plementing the therapeutic range of Bristol-Myers Squibb’s pharmaceutical Taxol.

A natural products screening for inhibitors of the squalene synthase, a late
enzymatic step in the biosynthetic pathway leading to cholesterol, gave rise to
the parallel discovery of novel highly oxygenated types of fungal metabolites
called zaragozic acids (Merck [99]), and squalestatins (Glaxo [100], and Mit-
subishi Kasei [101]). The compounds exhibit IC50 values in the nanomolar range
(rat enzyme). Although cholesterol biosynthesis is substantially reduced in
various animal models by oral application of zaragozic acids/squalestatins their
toxicity profile comprising accumulation of farnesyl-derived dicarboxylic acids
presumably will prevent medicinal use as antihypercholesterolemic drugs.
However, due to their structural similarity with farnesyl pyrophosphate the
zaragozic acids/squalestatins also interact with farnesyl transferase, a promising
target for new anticancer therapeutics [102].

3.2
Clinical Candidates from Plants

The impact of Traditional Chinese Medicine on modern western drugs is demon-
strated not only by commercialized therapeutic agents such as camptothecin or
artemisinin but also by clinical candidates like huperzine A, an acetylcholin-
esterase inhibitor to treat Alzheimer’s disease [103]. Huperzine A can be isolated
from both, Huperzia serrata, and H. selago [104, 105]. Because huperzine A is pro-
duced only at very low levels a synthetic approach has been developed in order to
provide sufficient quantities for preclinical toxicology studies and clinical trials.

3.3
Clinical Candidates from Marine Environment

Recent trends in drug discovery from natural sources emphasize investigation
of the marine environment yielding numerous, often highly complex chemical
structures [106–108]. So far, in most cases in vitro cultivation techniques
towards the supply with sufficient quantities for exhaustive biological activity
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profiling and clinical testing are missing. Focus on marine biotechnology is
actually forced by results indicating that marine microorganisms are substanti-
ally involved in the biosynthesis of marine natural products isolated from
collected macroorganisms such as invertebrates.

It remains open whether marine natural products will play an important role
in drug discovery and development in future. Today, toxic principles dominate
the spectrum of biologically active metabolites isolated from marine sources.
This fact may partly be due to the major application of cytotoxicity-directed
screening assays. However, it has to be considered that defence strategies are
necessary to survive in the highly competitive marine environment thus resul-
ting in a tremendous diversity of highly toxic compounds affecting numerous
targets involved in eukaryotic cell signaling processes.

The extreme toxic potential of marine metabolites often prevents their appli-
cation in medicine. However, a number of metabolites proved to be valuable
tools in biochemistry, cell and molecular biology. For instance the neurotoxic
maitotoxin [109–112] (interaction with extracellular calcium; enhancement of
calcium influx [113]), the neurotoxic brevetoxin B [114] (interaction with the
binding-site-5 of voltage-sensitive sodium channels [115]), tetrodotoxin and
saxitoxin (voltage clamp analysis to study sodium channels and excitatory
phenomena [116]; tetrodotoxin abolishes brevetoxin B activity [117]), okadaic
acid [118–120] (analysis of phosphorylation and dephosphorylation processes
in eukaryotic cell metabolism [121]), and palytoxin (stimulation of arachidonic
acid metabolism synergistically with TPA-type promoters [122]).

Various other marine natural products exhibit considerable toxic potency
which actually gives hope to clinical use mainly in anticancer therapy:

i) Didemnin B, isolated from the ascidian Trididemnum solidum, was the first
marine metabolite which reached human clinical trials. To provide suf-
ficient quantities total synthesis of the depsipeptide had to be realized [123].
The didemnins exhibit anticancer as well as antiviral and immunosuppres-
sant activities by inhibiting protein biosynthesis without interacting with
the DNA, and independent of the cell cycle [124, 125].

ii) The bryostatins isolated from the bryozoan Bugula neritina [126] affect pro-
tein kinase C at picomolar concentrations [127, 128]. At present, the poten-
tial use of bryostatin 1 in anticancer treatment is studied in clinical trials.
Multi-gram quantities have been made accessible following current good
manufacturing practices (cGMP) [129].

iii) The alkaloid type ecteinascidin 743 which first has been isolated by
Rinehart and coworkers from the mangrove associated ascidian Ecteinasci-
dia turbinata [130] expresses potent broad spectrum cytotoxic properties
by reacting with a guanine rich site in the DNA’s minor groove [131]. Clini-
cal studies sponsored by the company PharmaMar are currently underway.

However, clinical studies on marine metabolites are often hampered by insuffi-
cient supply of material, as it was reported for dolastatin 10 from the sea hare
Dolabella auricularia [107]. In the case of manoalide, obtained from the sponge
Luffariella variabilis, it remains open whether its use will be restricted to an
application in studying inflammatory processes on the cell level or whether it
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will give rise to synthetic analogs to treat inflammation by interacting with
phospholipase A2 [132, 133].

Recently, Pseudopterosin C, a diterpene riboside isolated from the gorgonian
corals Pseudopterogorgia bipinata and P. elisabethae [134] was launched by
Estée Lauder as an additive to anti-aging cosmetics. It exhibits potent anti-
inflammatory and analgesic activities by reversibly affecting both, lipoxygenase
and phospholipase A2 [135].

4
Exploitation of Structural Diversity

4.1
Approaches to Access Structural Diversity from Nature

Today, more than 30,000 diseases are clinically described. Less than one third of
these can be treated symptomatically, and only a few can be cured [136]. Con-
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sequently, there exists a strong interest in getting access to new therapeutic
agents which is one driving force for advanced drug discovery strategies. New
chemical entities are requested in order to enable therapeutic innovation. An
analogs situation is observable towards new candidates for agricultural appli-
cation. Both, combinatorial chemistry and the exploitation of structural diver-
sity derived from natural sources contribute to improved lead discovery. In
particular, low-molecular mass natural products from bacteria, fungi, plants,
and invertebrates either from terrestric, or marine environments perform
unique structural diversity. In order to get access to this outstanding molecular
diversity various strategies like the (target-directed) biological, physico-chemi-
cal, or chemical screening have been developed. Due to the commercial super-
iority of microbial metabolites this section will focus on chemical diversity
derived from microorganisms.

In the biological screening the selection criterion usually is a wanted biologi-
cal effect aiming at a defined pharmaceutical application (target-directed bio-
logical screening) [137]. Biological screening has been developed to a powerful
concept which integrates and makes use of recent findings in molecular and cell
biology mounting in high-throughput screening attempts (HTS). Today, success
in drug discovery and development obviously depends on the therapeutic value
of the bioassays running in the primary biological screening, and on the period
required for the identification of first promising lead compounds in order to
start with lead optimization procedures. Therefore, biological screening strate-
gies are considered to be the most profitable ones and are in widespread prac-
tice in pharmaceutical companies.

In contrast to biological screening, the physico-chemical-, and chemical
screening approaches a priori possess no correlation to a defined biological
effect. Here, a selection of promising secondary metabolites out of natural
sources is based on physico-chemical properties, or on the chemical reactivity,
respectively. In both strategies, the first step is chromatography in order to
separate the compounds from the complex mixtures obtained from plants,
microorganisms, fungi, or animals. In a second (analytical) step, physico-
chemical properties or chemical reactivities of the separated secondary meta-
bolites are analyzed.Both strategies have shown to be efficient supplemental and
alternative methods, especially with the aim to discover predominantly new
secondary metabolites.

Chemical screening is based on the analysis of the chemical reactivity of
secondary metabolites using thin-layer chromatography (TLC) [138–146].
Concentrates from natural sources are applied on TLC-plates, chromato-
graphed with different solvent systems (separation step), and their chemical
reactivity is analyzed by making use of defined chemical reagents sprayed
directly onto the TLC plates. Selection criteria are both, the chromatographic
parameters, and the staining (colorization) behavior after spraying and
heating. In a physico-chemical screening selection criteria are the chromato-
graphic behavior (e.g. on C18-colums by using HPLC for the chromatographic
step), as well as data from e.g. UV/VIS-, MS-, IR-, or in rare cases NMR spectra.
In most cases, coupling techniques of HPLC with the desired analytical
method are used.
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4.1.1
Physico-Chemical Screening

Mycelium extracts, culture filtrates, or crude extracts of microbial broths as well
as samples obtained from plant and animal extraction can be subjected to
standardized reversed-phase HPLC by making use of various coupling techni-
ques. Most common is HPLC coupled to a multi-wavelength UV/VIS-monitor
(diode array detection, DAD) [147]. Comparison of the data (retention time and
UV/VIS-spectra) to reference substances acts as selection criteria. However,
success of this strategy depends upon the amount and quality of pure references
in the database. Based on the correlation to UV/VIS monitoring the HPLC-DAD
screening is well suitable for screening towards metabolites which bear signi-
ficant chromophores. In combination with the efficient separation via HPLC 
this screening procedure can advantageously be applied to plant material which
exhibits numerous colored compounds. The HPLC-DAD screening has al-
ready been successfully applied to natural products screening and led to the dis-
covery of several new metabolites like the naphthoquinone juglomycin Z [148],
naphthgeranine F [149], the antibiotically active fatty acid (E)-4-oxonon-2-
enoic acid [150], the insecticidal acting NK374200 [151], or the quinoxaline
group metabolite echinoserine [152].

The data obtained from HPLC-DAD analysis are often helpful in dereplica-
tion, e.g. during high-throughput biological screening programs. However, the
dependence on a UV/VIS detectable chromophor in the metabolite to be analy-
zed limits its possible application in principal. Therefore, alternative detection
methods like mass spectrometry (LC-MS) [153, 154], or nuclear magnetic reso-
nance (LC-NMR) [155] have been applied. In a further concept, analytical data
from HPLC-DAD can advantageously be supplemented and combined with data
from HPLC-ESI-MS. An example for a successful screening is the discovery of
the polyol macrolides of the kanchanamycin group [156, 157].

4.1.2
Chemical Screening

In order to apply chemical screening on TLC starting from microbial cultures in
a reproducable way,standardized procedures for sample preparation and at least
50-fold concentration are required. The obtained concentrates from both, the
mycelium and the culture filtrate are analyzed by applying a defined amount to
high-performance thin-layer chromatography (HPTLC) silica-gel plates which
then are chromatographed using different solvent systems. In a next step the
metabolite pattern of each strain is analyzed by making use of visual detection
(colored substances), UV-extinction/fluorescence, and colorization reactions
obtained by staining with different reagents (e.g. anisaldehyde/sulfuric acid-,
naphthoresorcin/sulfuric acid-, orcinol-, blue terazolium-, and Ehrlich’s
reagent). The advantage of these reagents lies in the broad structural spectrum
of metabolites stained.

This procedure mainly focuses on the chemical behavior and reactivity of the
components and gives a good visualization of the secondary metabolite pattern
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produced by each strain. On the basis of reference substances a number of spots
on the chromatograms can be classified to be:

i) constituent of the nutrient broth,
ii) frequently formed and thus widely distributed microbial metabolite,
iii) a strain specific compound which merits further attention.

As a consequence, chemical screening results in the visualization of a nearly
complete picture of a secondary metabolite pattern which can be characterized
to be a metabolic finger-print of an individual strain [158, 159].

Applied to a number of culture extracts from microbes (e.g. streptomycetes)
these screening concepts resulted in various structurally new secondary meta-
bolites. In a following step the obtained pure compounds have to be assayed in
different biological test systems. The availability of both, sufficient quantities of
pure metabolites, and a broad range of biological tests are the critical points for
success.As presumed [142], a certain percentage of these secondary metabolites
out of chemical screening progams showed striking biological effects and gave
reason for further more detailed biological studies towards new lead structures.
Chemical screening resulted in compounds out of nearly every structural class
known so far [158–192]. Some selected examples are summerized in Fig. 8.

Recently, in our laboratories the sample preparation procedure (adsorption
of the metabolites present in the culture filtrate) has been further developed
towards automation and additional separation steps using modified Zymark
RapidTrace modules. On the basis of new adsorber resins high quality sample
preparation is now possible allowing a more detailed TLC-analysis of the meta-
bolites produced. This leads to an improvement in the separation of overlapping
spots and therefore to a higher reliability of the database assisted analysis. On
the other hand, sample application onto the TLC-plates is possible via commer-
cially available automated spotting stations. In consequence, chemical screening
was adopted to the 96-well format, thus efficiently supplementing biological
screening attempts.

Furthermore, the analytical power (fast, cheap, parallel, easy-to-handle, use of
UV/VIS and staining reagents) allows one to add physico-chemical information
on “hit-lists” out of target-directed screening approaches with samples from
natural sources. Therefore, integration of TLC-analysis in the course of secon-
dary biological screening and hit-verification is expected to be a remarkable
tool in lead-structure finding strategies, e.g. for the localization of the active
principle, for fast and efficient dereplication, and for speed-up isolation and
purification procedures. More recently, coupling techniques of mass spectro-
metry, or even TLC-FID coupling [193] have been described which obviously
can be integrated in chemical screening concepts.

In comparison to a TLC-based screening both the quality and sensivity of
HPLC separations of a physico-chemical screening via HPLC is better. On the
other hand, TLC allows a parallel, quick, and cheap handling of samples, and is
superior in the mode of detection (UV/VIS and staining). As well as eluted
compounds out of HPLC separations, spots from TLC can easily be subjected to
subsequent physico-chemical analysis (MS, IR, NMR etc.) via scrape off and
elution from the silica gel materials.

Bioactive Agents from Natural Sources: Trends in Discovery and Application 123



124 S. Grabley · R. Thiericke

Fig. 8. Selected examples illustrating the structural diversity discovered by chemical screening



4.1.3
Future Potential

The future potential of the physico-chemical and the chemical screening
approach lies in the possibility of accessing the outstanding structural resources
from nature and to build up a collection of pure new and known natural pro-
ducts which can advantageously be used for broad biological screening. Natural
compound collections of substantial structural diversity contribute to improved
lead discovery, and efficiently support synthetic libraries (e.g. from classical or
combinatorial synthesis). Often, it is better to run a biological screening with
pure compounds from natural sources rather than with crude extracts. In order
to extend the opportunities arising from testing pure compounds, in Germany a
collection of natural products and derivatives is being established under the
leadership of the HKI in Jena. The start up of the so called Natural Product Pool
has been funded by both German companies and the German Government 
[194, 195].

4.2
Approaches to Enlarge Structural Diversity from Nature

Structure modification programs of biologically active compounds (leads) are
an integral part of drug development.Among the many objectives of the deriva-
tization of lead structures are gain of information on structure/activity rela-
tionships, enhancement of intrinsic potency, providing oral applicability, in-
crease in bioavailability, elimination of unwanted side effects, and in case of
antibiotics, overriding resistance mechanisms. Such lead optimization pro-
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grams are directed towards the selection of an optimal candidate for further
drug development. In addition, modification of a given structure, either synthe-
tic or from nature, may yield new profiles of biological activity, eventually giving
access to a new lead compound. Furthermore, testing of compound libraries
consisting of more than 100,000 molecules in the various target-directed bio-
assays designed for hit identification in HTS has shown that numerous mole-
cules interact with more than one target. Therefore, enlarging chemical struc-
ture diversity in order to elaborate test sample libraries of the highest possible
structural diversity is of superior interest for the primary screening run in HTS.

The chemical repertoire for structure generation includes derivatization and
degradation of a given compound, as well as partial or total synthesis. Today, the
well known “classical” strategies of organic and medicinal chemistry for the
elaboration and variation of chemical structures are supplemented by new
methods and technologies of “combinatorial chemistry”. Combinatorial chem-
istry includes parallel synthesis, as well as split- and split-pool techniques
[196–203]. On solid phase or in solution, combinatorial chemistry strategies
allow efficient and systematic structural variation of a given chemical structure,
and can advantageously be combined with structural studies on the pharmaco-
logical target. However, strategies of combinatorial chemistry can also be
applied to design compound libraries for HTS aiming at lead discovery. Actual-
ly, combinatorial chemistry, typically in automated procedures, is of widespread
use in pharmaceutical and agrochemical research and development. However,
biological methods for structure modification can be a powerful supplementary
tool for derivatization of structurally complex molecules from both, natural and
synthetic sources.
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4.2.1
Combinatorial Natural Product Chemistry

As a result of the limitations in test sample supply, combinatorial chemistry was
developed which in consequence led to straightforward automation of processes
necessary in organic chemistry. Applying solid-support peptide chemistry
yielded multi-component systems comprising of more than 100,000 individuals.
However, recent strategies aim at synthesizing medium-sized libraries con-
sisting of more or less single components in each reaction vessel. This trend
became necessary when complex mixtures derived from split-pool strategies
often failed in HTS bioassays. In particular, limitations are substantial with
respect to cell-based screening assays. At present, concepts based on solid phase
synthesis still dominate synthesis in solution due to more facile product
purification procedures.

In the past few years, most types of organic chemistry reactions have been
transferred to solid-phase synthesis enabling the application of tools such as
esterifications, acylations, synthesis of imines and oximes, substitution reac-
tions, cycloadditions, olefinations, multiple component reactions, reductions,
and palladium chemistry [197, 198, 204–206]. Because nature proved to be a
most valuable source for structural diversity of low-molecular mass com-
pounds, new concepts in order to supplement approaches in combinatorial
chemistry by involving natural compounds as multi-functional building blocks
attract increasing attention in pharmaceutical research. However, up to now
only few examples have been reported in detail. Most strategies in combinatorial
natural product chemistry focus on the total synthesis of natural products and
its analogs. Mainly the synthesis of the alkaloid skeleton, such as indoles
[207–209], 2-arylindoles [210–212], spiroindolines [213], 1,2,3,4-tetrahydro-
b-carbolines [214–217], quinolines [218–220], and isoquinolines [221–223] is
targeted. In addition, synthetic approaches aiming at the modification of e.g.
prostaglandins [228, 229], balanol, a protein kinase C inhibitor from Verticillium
balanoides, and epothilone (section 3.1) [224–226] have been reported. Com-
binatorial chemistry on the epothilone skeleton yielded a library of 112 deriva-
tives synthesized on a modified Merrifield resin. Subsequent testing for tubulin
assembling properties provided structure/activity relationships as outlined in
Fig. 10.

Polyketides represent challenging targets for biomimetic combinatorial
synthesis starting from simple building blocks. First attempts towards the pre-
paration of libraries have been reported [230, 231]. However, at present combi-
natorial biosynthesis [232] seems to be superior in order to get access to “un-
natural” natural products with a polyketide-type skeleton. Steroids are common
templates for combinatorial approaches [233–236], but also studies with bac-
catin III [237], a precursor of paclitaxel and docetaxel, and some saponification
products of alkaloids such as yohimbinic and rauwolscinic acid have already
been reported [238]. In our own laboratories, we started developing methods
towards automated solid-phase chemistry in parallel in order to decorate
funtionalized natural product skeletons such as yohimbine, ergotamine, norsco-
polamine, nortropine, alkenyl substituted hydroxypiperidines, and terrecyclolic
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acid with various building blocks to achieve test compounds with molecular
masses of more than 600 Dalton.

A new approach to obtain increased diversity in the search for new lead com-
pounds called kombiNATURik has been co-developed by the German compa-
nies AnalytiCon and Jerini Bio Tools. The kombiNATURik program starts from
natural compounds which are further diversified by solid-support chemistry
introducing e.g. peptide or carbohydrate moieties. KombiNATURik libraries
generally comprise several hundreds to thousands of single molecules derived
from multi-parallel synthesis.

Future success in combinatorial chemistry will substantially depend on both,
the structural diversity, and biological activity of compounds submitted to HTS.
Up to now, structural diversity of combinatorial libraries is limited because their
design is guided more by the chemical reactions currently adaptable to com-
binatorial chemistry, than by biological requirements. It turned out that low-
molecular mass compounds of up to 400 to 500 Dalton if they are synthesized
within conventional combinatorial chemistry attempts seem to fail affecting
disease related protein/protein or protein/DNA interactions sufficiently. Com-
binatorial chemistry starting from natural compounds as building blocks or
templates of approximately 400 to 500 Dalton resulting in molecules of 700 to
800 Dalton can fill this gap. These nature-derived molecules promise improved
properties towards the inhibition of biomacromolecular interactions which play
important roles e.g. in the regulation of cell growth and differentiation pro-
cesses.

Today, it is obvious that in drug discovery combinatorial chemistry cannot
displace natural product research. However, natural product chemistry can take
advantage of combinatorial strategies. In our opinion, the discovery and devel-
opment of innovative therapeutic agents will substantially benefit from the
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synergistic use of biological and structural-directed natural product screening
approaches, natural product chemistry, and combinatorial strategies.

4.2.2
Biological Derivatization Methods

Since the early approaches on penicillin side chain modification [239–241], and
11a-hydroxylation of steroids [242, 243] which both mounted in important
industrial processes, the techniques of biological structure modification have
been further developed. Nowadays, a whole array of different methods using
microbial materials and processes is ready for the derivatization of bioactive
compounds. The various methods can be categorized into those employing the
native biosynthetic machinery of a producing organism, those involving a mani-
pulation of the biosynthetic pathways on the enzymatic or genetic level, and
finally, the application of individual biosynthetic enzymes. The experimental
demands on the application of the various methods range from “simple” feeding
of biosynthetic precursors into standard cultivations to more sophisticated
approaches involving genetic engineering of biosynthetic enzymes. Genetics are
applied in the cell-based combination of biosynthetic genes from different
strains or the in vitro reconstitution of biosynthetic pathways with overexpres-
sed enzymes. A schematic overview of the different methods of biological deri-
vatization pointing to the experimental procedures, the necessary biological
material and the supply of precursors is provided in Fig. 11.

All of the various methods of biological derivatization become possible due
to a relaxed substrate specificity of some of the biosynthetic enzymes, especial-
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ly those of microbial secondary metabolism. Of the many well-known advanta-
ges of the use of enzymes as catalysts, the high chemo-, regio- and stereoselec-
tivity, as well as mild reaction conditions are particularily advantageous when
used with natural products. Comments on the most wide spread methods of
biological derivatization which are based mainly on the use of microorganisms
are summarized below:

i) Microbial transformation makes use of enzyme catalyzed reactions with
living cells, typically exploiting a single chemical reaction, like oxidation,
reduction, hydrolysis, acylation, phosphorylation, glycosylation, methyla-
tion, amination, halogenation, isomerization or formation of N-oxides
[244–246]. The methods of application, as well as the large variety of types
of microbial transformation reactions are subject of some excellent review
articles [242, 245–256]. There exist examples of highly complex molecules
where microbial oxygenation has been shown, e.g. hydroxylation reactions
of the macrolide antibiotics avermectin and rapamycin [257–259],hydroxy-
lation of the polyether grisorixin [260], and carbonyl reduction of mide-
camycin A3 [261]. In general, experiments of microbial transformation are
easy to handle. However, the prerequisite is a screening of a large number of
organisms for a desired enzyme activity.

ii) In precursor-directed biosynthesis the derivatization of a secondary meta-
bolite is achieved by adding analogues of a biosynthetic precursor to the
cultivation of a producing organism [262]. Thus, organisms capable of
incorporating artificial precursors into their enzymatic processes provide
modified metabolites. Precursor-directed biosynthesis requires knowledge
about the biosynthesis of the original product, especially the basic building
blocks and major biosynthetic intermediates. The method has been success-
fully introduced to industrial antibiotic production of penicillins, amino-
glycoside antibiotics and avermectins, among others. Most examples of pre-
cursor-directed biosynthesis, however, are of exploratory nature, and pro-
ducts are obtained in lab-scale amounts.

iii) Metabolic manipulation is based on the variation of cultivation parameters
of antibiotic producing microorganisms. Such manipulations of the bio-
synthetic machinery have resulted in the production of new metabolite
derivatives, presumably involving post-genetic alterations. The variations of
cultivation parameters are supposed to be drastic changes (”stress fermen-
tation”) rather than parameter variations as in optimization experiments of
cultivations. Such changes in cultivation parameters that might influence
metabolite patterns are temperature as in heat shock or low temperature
fermentation [263]), mechanical stress (e.g. changes in rheology or addition
of glass beads), light [264], pH-value, addition of ingredients to the culture
broth [265, 266], or increase of oxygen partial pressure up to 1,200 mbar
[267–272].

iv) Enzyme inhibition as a biological derivatization strategy works by blockage
of a particular biosynthetic pathway through administration of an enzyme
inhibitor to the growing culture. Generally, this method can yield three
different kinds of products: biosynthetic intermediates which are accumu-
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lated because of an interruption of the biosynthetic pathway, derivatives of
this intermediate formed through non-enzymatic reactions or enzymes that
are part of the biosynthetic sequence behind the interrupted step, and deri-
vatives of added artificial intermediate homologues. The most widely
applied inhibitor for biosynthetic enzymes of secondary metabolites is
cerulenin which efficiently inhibits polyketide, fatty acid and steroid
biosynthesis [273–278]. In a number of cases, cerulenin has been used to
generate structure variants of macrolide antibiotics by inhibiting the native
macrolide biosynthesis. Furthermore, its allows the exploitation of late bio-
synthetic steps, especially glycosylation reactions by making use of added
aglycon analogues [279–282].

v) The concept of mutasynthesis [239, 283–286] is based on the random muta-
tion of a biosynthetic sequence aiming at the interuption of a single enzy-
matic step. Thus, mutasynthesis can yield new derivatives of a secondary
metabolite similar to the application of enzyme inhibitors. The necessary
mutants of a producing organism can either be identified from spontaneous
mutations, or more efficiently through induced mutagenesis by mutagenic
chemicals or UV-irradiation. For decades, mutasynthesis has been a com-
mon strategy for the production of derivatives of secondary metabolites, as
well as for studies of biosynthetic pathways. Successful applications of the
mutasynthetic method have been described for macrolides [287, 288],
anthracyclines [289–295], polyethers [296], aminoglycosides [297–299],
ansamycines [300–302], and nucleoside peptide antibiotics [303–305]. The
production of the staurosporine aglycon K-252c [306], new avermectins
[307],or several new angucyclinones [308,309] are recent examples of muta-
synthetic approaches.

vi) The production of hybrid antibiotics via genetic engineering of biosynthetic
pathways is one of the major developments in natural products research
[310, 311]. Especially the combination of biosynthetic genes from different
organisms in one host organism, termed “combinatorial biosynthesis”, gave
access to new compounds embodying features from different metabolites.A
future potential will lie in the combination of different biosynthetic
pathways, e.g. combining the enzymes of polyketide metabolism with
recently identified enzymes of non-ribosomal peptide formation or carbo-
hydrate biosynthesis. The particular potential of genetic engineering as
method of biological derivatization has spurred the engagement of a num-
ber of pharmaceutical companies in this area of natural products research
and a number of newly started companies are based on this methodology.
After the first genetically engineered hybrid antibiotics had been reported
in the early eighties (mederhodin A/B and dihydrogranatirhodin [312]), lots
of research efforts in the past four years resulted in a number of hybrid
metabolites [313–315].

vii) The use of individual enzymes for biological derivatizations, either as crude
preparations from genuine sources, or in pure form from overexpression
systems, is the modern counterpart of cell-based methods like microbial
transformation and precursor-directed biosynthesis. So far, numerous
enzyme catalyzed reactions have been reported [316, 317]. Especially in
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carbohydrate chemistry this concept of reconstituting a pathway or a com-
bination of interlinked pathways has found many interesting applications
[318, 319]. A new and powerful application for enzymes as catalysts in
synthetic chemistry are combinatorial strategies for the generation of whole
libraries of organic compounds [320, 321]. Enzymes are able to catalyze
specific conversions of mixtures of complex molecules in solution under
mild conditions and without by-products. Up to now, the applicability of
combinatorial biocatalysis has been shown on an array of structurally
diverse organic molecules. A library of nearly 200 analogs allowed to
identify acylated derivatives of paclitaxel that overcome solubility problems
by a 58-fold (paclitaxel 2¢-adipoylglucose) and a 1625-fold (paclitaxel 2¢-
adipic acid) increase in relative water solubility [322]. As an example the
derivatization program performed on the natural product bergenin by a
two-staged protocol is depicted (Fig. 12) [320, 321].

5
Developments in Drug Discovery Technologies

5.1
Potential Impact of Genomic Sciences

All drugs that are currently on the market – excluding antiinfectives – can be put
down to 417 different disease related human targets comprising primarily 
G-protein-coupled receptors, enzymes, hormones, growth factors, ion channels,
and other biomacromolecules [3]. It is obvious that today most diseases cannot
be cured. This may implicate that the corresponding disease targets so far
known give access to good drugs only in a few cases. However, some targets such
as the angiotensin-converting enzyme or the adrenergic receptor subtypes may
be close to ideal targets, as drugs affecting these targets represent highly effec-
tive and safe antihypertensive therapeutics [3].

On the other hand, about 33% of the today’s drug targets are related to neu-
rological disorders without realizing satisfying therapeutic approaches to any of
the serious neurodegenerative diseases. The conclusion drawn in pharmaceu-
tical industry from this fact is quite remarkable. It is not assumed that further
screening of compounds could result in an optimized drug. On the contrary, it is
expected that improved therapy is only accessible by identifying and affecting
new targets. These new disease related targets can be approached by structural
and functional analysis of the human genome. Therefore, genomic sciences
actually have become a key issue in order to accelerate drug discovery and devel-
opment in future.

Currently, research in the pharmaceutical industry is concentrated on about
100 diseases that in their opinion really matter. In order to calculate how many
targets may refer to these diseases of interest the following is estimated from
diseases with well understood pathways such as diabetes type II and hyper-
tension [3]: Most diseases are caused by genetic factors, and proved to be multi-
factorial. The number of genes involved to contribute to the various disease
phenotypes turned out to be around five to ten, thus resulting in 500 to 1,000
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disease related genes and gene products. Further estimating that each of these
disease related genes or their products interact with three to ten proteins in the
signaling pathways at least yield 3,000 to 10,000 genes or gene products that are
worth to be tested as potential targets for interaction with effectors of low-mole-
cular mass.

The identification of disease related targets is one of the most challenging
issues in today’s drug research process. Accelerated information on gene struc-
tures is provided by public and private genomic databases providing raw DNA
sequence information on the human genome as well as on the genome of various
animals, plants and microorganisms. Gene sequences from pathogenic bacteria
and fungi attract considerable attention. New targets are urgently requested to
treat infections caused by both, antibiotic resistant microbial strains and novel
types of bacteria such as Helicobacter pylori. Actually, the number of disease-
causing bacteria whose genome is completely sequenced by routine DNA
sequencing techniques combined with adjusted data management systems is
growing rapidly.

Traditionally, the approach for the identification of biological targets was a
reductionist one. The pathological phenomenon was examined with increa-
sing resolution typically starting from an understanding of fundamental bio-
logical mechanisms in man or in an animal model. These examinations were
followed by studies involving intact tissues and cells or preparations thereof,
ultimately leading to the identification of molecular targets for drug interac-
tion [323].
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5.1.1
Analytical Methods

The revolution in molecular biology gave access to new techniques enabling 
the elucidation of disease-causing genes as potential new targets for therapy.
Positional cloning, e.g. relies on the discovery of an association between a
phenotype and a DNA marker in affected families or animals [323]. By sub-
sequent analysis and gene sequencing a candidate gene can be revealed, as it was
shown for the identification of the genetic defects underlying the human mono-
genic disorders cystic fibrosis [324] and Huntington’s disease [325], or the recent
discovery of the murine gene responsible for obesity [326].

The ultimate objective of the international Human Genome Project schedu-
led for the year 2005 is to determine the DNA sequence of the approximately
3¥109 base pairs of the haploid human genome. However, reading the DNA
sequence will not result in information on gene functions. Consequently, a great
deal of effort is being expended especially on the localization and functional
analysis of genes potentially related to disease phenotypes [323].

Expressed sequence tags (ESTs) e.g. represent a special class of DNA markers
[327] derived from spliced mRNA. Such cDNA copies of mRNA can be genera-
ted from cells and tissues by PCR (polymerase chain reaction) techniques.
Transfer into the bacterium Escherichia coli gives access to a cDNA library
consisting of more than 106 clones that represent the entire repertoire of genes
expressed in the tissue of interest at the time of isolation.The nucleotide sequen-
ce can be determined for short regions of individual cDNAs, and this provides a
unique identifier, or EST, for that cDNA representing a specific gene. At insti-
tutions such as Human Genome Sciences (HGS), The Institute for Genomic
Research (TIGR), Incyte, and Washington University together with Merck are
applying the EST strategy coupled to powerful computation to robotic high-
throughput technologies towards the determination of the nucleotide sequences
of thousands of clones within days. However, an EST by itself frequently cannot
be ascribed a precise function, but a novel DNA sequence can be analyzed by
comparison of its nucleotide sequence within a databank of known sequen-
ces. In case of homology with known superfamilies of genes, such as protein
kinases, cytokines, or G-protein-coupled 7-membrane-spanning receptors, a
related function can be assigned [323].

Alternative techniques such as subtractive hybridization and differential
display cloning [328], however, lead directly to the identification of genes that
underly phenotypes. These techniques focus exclusively on genes that are differ-
entially expressed in different cell or tissue samples. Differential display cloning
permits a simultaneous comparison of genes that are either up-regulated or
down-regulated within different mRNA samples of interest which for instance
derived from cells or tissues of healthy people and patients suffering on certain
disease phenotypes. Consequently, by applying the strategy of differential
display cloning new genes probably related to a disease phenotype of interest
can be identified directly, thus leading to a new potential drug target [323].

In order to accelerate the process of target identification and target selection
prior to bioassay development and high-throughput screening, chip hybridiza-
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tion techniques have come into use. Microarray chips permit the simultaneous
analysis of thousands of genes and their expression profiles in different cells and
tissue types, and under specific conditions, thus contributing to accelerated tar-
get elucidation. Furthermore, the microarray chip technology can be applied for
improved gene diagnostics.

5.1.2
Applicational Aspects of Gene Function Analysis

However, the discovery of a new potential drug target represents only the first
step in a series of experiments towards bioassay construction and integration
into the HTS process. Valid cell culture experiments, and qualified transgenic
animal models, respectively, are prerequisites for constructing a predictive
screening assay. Preliminary studies of the function and regulation of so-far
unknown human genes can be performed by well characterized model orga-
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nisms such as Yeast or Drosophila. Gene functions related to cell proliferation
can favorably be studied in Saccharomyces cerevisiae whilest Drosophila mela-
nogaster is preferred for examining signaling pathways [329]. DNA sequence
analysis of Saccharomyces cerevisiae has been completed recently, and gene
function analysis is rapidly progressing, thus contributing to facilitated func-
tion assignment of various novel human DNA sequences and genes.

In fact, the precise function of numerous human genes can only be studied
in a mammalian model. From the beginning of animal studies in the industrial
drug development process the mammal of choice has been the mouse. Homo-
logous proteins between mouse and man typically share over 90% of their
amino acid sequences. Physiology, embryology and genetics of the mouse have
been well characterized over many years. Referring to human genomic scien-
ces, one of the most important technologies developed so far is the generation
of transgenic mice by introducing any genetic change that can be transferred
into a live mouse and bred into subsequent generations [329]. However, the
basic techniques for target validation are accessible in principle, but it takes a
long time and a resources-consuming process to prove the impact of affecting
a selected target gene on a certain disease phenotype. Consequently, it is
actually speculated that target validation can be omitted. Rapid bioassay
development and transfer to the HTS process promise the identification of
appropriate binding low-molecular mass ligands in a short time. These ligands
are potential drug candidates, and thus can be used favorably to exploit the
relevance of the selected target.

Genomic sciences are expected to identify accessible targets for specific drug
interaction. However, the majority of diseases are multifactorial, with the con-
sequence that a defined phenotype is mostly due to a specific genotype. This
indicates that in future the therapeutics market has to diversify substantially to
provide tailor-made drugs relevant to the respective disease genotype. This
seems to contradict today’s strategies of the global operating pharmaceutical
companies aiming at drugs with sales rates of at least several hundred million
US $ per year which are necessary for a return on their investment.

5.2
High-Throughput Screening Assays

Before the advent of molecular biology and gene technology, whole-cell and
whole-organism assays with non-specific endpoints were applied to discover
and evaluate bioactive compounds. Today, a target-based approach using
mechanism-based screens has replaced the non-specific assays. These target-
directed bioassays following the key-lock principle fall into two major cate-
gories:

i) receptor- or enzyme-based screens using a particular target of interest in a
purified system, and

ii) cell-based assays using engineered eukaryotic cells or microorganisms.

In the latter systems, introduction of reporter systems based on the transcrip-
tion of genes encoding proteins such as b-galactosidase, luciferase, alkaline
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phosphatase or, more recently, the green fluorescent protein from jellyfish give
rise to monitor the target of interest [330, 331].

In order to realize a high throughput of test samples, automation and minia-
turization of the assays as well as an appropriate computing power and data
management are required. Reproducible screening results depend substantially
on assay reoptimization accommodated to the type of equipment employed.
Furthermore, the throughput of the assays depends upon the complexity of the
linked steps and the read-out times, respectively. Biochemical assays based on
ligand binding to a receptor, or on enzyme catalyzed turnover rates will gener-
ally yield higher throughput than cell-based assays which need assay times of
approximately a few hours to several days depending on the type of target pro-
cessed, and the type of cell applied. Today, an ELISA or scintillation proximity
assay (SPA) performs the highest throughput because these assays require rela-
tively little manipulation. Furthermore, these types of assay give very repro-
ducible results with a high signal-to-noise ratio when the binding constant is in
the low micromolar range or less [332]. Target enzymes such as phospholipases,
kinases, phosphatases, and proteinases can favorably be adopted to HTS pro-
cedures. Thus, inhibitors and activators of the enzyme of interest can be easily
identified.

Biochemical screening assays based on receptor binding analysis exclusively
rely on cell-free interaction systems. They do not provide any information on 
the type of interaction, that means whether an affecting test sample acts as an
agonist, or an antagonist of the endogenous ligand of interest. In the past, nu-
merous valuable drugs have been identified by applying in vitro binding as-
says. However, trends to more complex cell-based screening assay systems that
give information on the function of bioactive principles in the living cell are
progressing [330, 331, 333]. This trend is obviously due to results from cell
biology on the impact of the complex network of specific biomacromolecule
interactions on regulatory mechanisms of the cell. Alterations in the respective
biomacromolecules such as proteins and DNA often lead to unregulary interac-
tion properties causing abnormal gene expression rates that are directly related
to various phenotypes of human disorders. Therefore, therapeutic approaches
currently are expected from drugs that specifically affect these interactions.
In order to realize predictive screening assays cell-based systems are often 
preferred.

Mammalian cells are expensive to culture and difficult to propagate in auto-
mated systems.An alternative is to recapitulate the desired human physiological
process in a microorganism, such as yeast [330, 331, 334]. For instance, signaling
through human G-protein-coupled receptors has been reconstituted in Saccha-
romyces cerevisiae to yield a facile growth response or a reporter gene read-out.
Similarily, mammalian ion channel receptors can be reconstituted in yeast to
realize a readily assayed growth response. Furthermore, protein-protein inter-
actions as well as peptide hormone receptor binding have been faithfully repro-
duced in yeast using the two-hybrid system [334]. Variations of the two-hybrid
system give rise to the one-hybrid, and the tri-hybrid (tribrid) system [335],
respectively. Finally, it was shown that many mammalian transcription factors
operate in yeast [330], these include steroid hormone receptors such as the
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glucocorticoid [336], the estrogen [337–340], the progesterone receptor [341–343]
and the vitamin D receptor [344, 345].

Easy handling, short generation times, ready genetic manipulation, con-
tinuous heterologous gene expression, resistance to solvents and low cost of
growing make yeast an attractive option for cell-based HTS attempts. However,
screening assays in Saccharomyces cerevisiae can only serve as primary assays
that have to be followed up by advanced profiling of the “hit” in tissue culture
systems, organ systems and animal models, respectively, before lead structure
commitment.

With the cell-based screening approach, a recombinant cell or microorga-
nism is engineered to respond in a specific manner to an effector of the mole-
cular target of interest permitting the examination of complex multiprotein
interactions without having to reconstitute the entire system in vitro. If the
system is properly formatted, the probability of a lead compound derived from
a cell-based screening being active in pharmacological models is supposed to be
greater than if the compound was derived from a cell-free assay using purified
macromolecules. Furthermore, the need for the agent to cross the cell membra-
ne to demonstrate activity in a cell-based assay probably eliminates many non-
specific false positives obtained from screening attempts using isolated enzymes
and receptors [333]. For many targets, cell penetration is required for pharma-
cological activity. On the other hand, potential lead compounds that inhibit 
the target but cannot cross the membrane will not be discovered. These leads
may still be useful as subsequent chemical modification could introduce cell
penetration properties. Therefore, the use of cells with permeability mutations
provides a good compromise, eliminating many false positives while allowing a
variety of potential lead compounds to be detected.

A major problem of cell-based screening assays is that cytotoxicity derived
from mechanisms unrelated to the target of interest prevents further evaluation
of a compound or, more feasible, of an extract from natural sources. Further-
more, depending on the assay endpoint, false positives may be selected. There-
fore, secondary assays are required to eliminate cytotoxic false positives as well
as to prove the mode of interaction that gave positive endpoint detection in the
screening assay.

In the next few years, quantitative changes in both genetic and instrumenta-
tion engineering, including advances in nano-technology, will affect cell-based
HTS approaches. New reporter systems resulting in sensitive fluorescent read-
outs without cell disruption will probably contribute to assay miniaturization
and faster screening runs. The construction of assays that take advantage of the
ability of cells to grow and to proliferate will cause a qualitative shift in how HTS
is conducted. Application of such positive selections where cell growth depends
on the addition of the bioactive principle of interest should allow examination
of hundreds-of-thousands to millions of test samples per day, rather than the
tens-of-thousands now accessible using the best screening formats [330].

Furthermore, novel methods for single molecule detection will contribute to
improved drug discovery. For instance, fluorescence correlation spectroscopy
(FCS) is characterized by the ability to measure single molecules in sub-mi-
croliter sample volumes with a typical range of sensitivity between 10–6 and 
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10–12 mol l–1 for homogeneous assays [346]. FCS can be used for both, studies on
molecular interactions in solution based systems, or in cells performing assay
times in the second range. The application of FCS in accelerated HTS processes
is currently demonstrated by the German start-up company Evotec.

5.3
Sample Supply in High-Throughput Screening

Regarding current capacities of primary screening assays realized in HTS
attempts, it has become evident that high sample numbers to feed the assays are
needed. Combinatorial chemistry and the exploitation of molecular diversity
derived from biodiversity currently offer the greatest promise of finding novel
lead structures for significant therapeutic areas [4, 347, 348]. Especially new
chemical entities (NCEs) are required in order to facilitate therapeutic innova-
tions. Today, in the pharmaceutical industry, chemical libraries consisting of
at least 100,000 single compounds and libraries generated by combinatorial
chemistry approaches are routinely submitted to HTS in order to identify new
lead structures valuable for drug development. At the moment, crude extracts
derived from natural sources, such as plants, fungi, bacteria, and marine or-
ganisms only play a minor role.

5.4
Automation to Accelerate Drug Discovery

The starting point for the development of automation concepts was in analytical
routine laboratories (e.g. analytical R&D and quality control) dealing with high
numbers of samples routinely to be analyzed by the application of standardized
operation procedures [349]. In parallel, the first robot systems for research were
developed and these combine the key technology of liquid handling with the
movement of items through a defined space.

Up to the present, the tremendous development in soft- and hardware as well
as the needs of the customers in the rapid growing environment of drug dis-
covery have resulted in a kind of evolution in purchase, installation, and imple-
mentation of laboratory robotics. Reliability, reproducibility, flexibility, and
speed have been set to a high standard. Over the past 15 years, laboratory auto-
mation has grown from a novel technology to a powerful and easy-to-handle
tool and provides the basis for modern high-throughput drug screening ap-
proaches.

5.4.1
Economic Aspects

Optimization of drug discovery strategies is driven by the actual patent situation
(drug discovery and development 10 to 12 years; term of patent 20 years; expiry
of important patents in the next few years will cause drastic drops in turnover)
forcing the companies to shorten the time taken to bring a drug onto the market.
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In addition, a more efficient primary drug screening and hit validation is neces-
sary to minimize the costs. In total, for the discovery, development and the intro-
duction of a new drug to the market including the costs for discontinued devel-
opment projects about $ 300 to $ 500 million have to be estimated [350]. On the
other hand, the number of new chemical entities (NCE, ca. 50 per year) is near-
ly constant since 1983 while the costs increased more than three times [351].

On this background laboratory automation in the early stages of drug devel-
opment is able to enhance productivity, efficiency, reliability, and speed without
increasing research costs. Typical assay costs in HTS are 1$ /sample. Testing
200,000 compounds in 20 screens would then cost $ 4 million. It is expected that
the costs can be brought down to less than $ 0.1/sample in defined cases by
making use of effective screening technologies and miniaturization. However,
sample sourcing from automated parallel synthesis or extracts from natural
sources is even more expensive [352]. HTS therefore is not an inexpensive
enterprise.

5.4.2
Sample Sourcing

Natural products and its analogs are important sources for novel lead struc-
tures. Due to the complexity of cellular metabolism, extracts from natural
sources usually contain numerous different components in varying amounts.
Therefore, integration into automated drug screening approaches adds additio-
nal efforts. Dealing with rough or enriched extracts from natural sources is
highly cost-intensive but of remarkable interest. Up to the present, extraction
procedures in order to prepare samples for drug screening are usually per-
formed with a low automation rate. There exist a strong need in automation
approaches for routinely performed procedures.

Recently, Merck KGaA in Darmstadt in cooperation with AnalytiCon AG
(Berlin) presented a HPLC-based Workstation (SepBox) designed for the extrac-
tion and separation of plant material in a more preparative scale which has also
successfully been used for the separation of secondary metabolites from culture
broths of microorganisms. On the other hand, it has been shown that automated
solid phase extraction (SPE) can achieve high quality samples from cultivation
of microorganisms in an easy and cost-effective manner. In the latter case modi-
fied Zymark RapidTrace modules have been used in the automation concept
which advantageously does not need HPLC-techniques [353].

Analysis of the sample quality either from synthesis approaches or from
natural sources is usually performed by techniques like HPLC and capillary
electrophoresis (CE) coupled to UV/VIS-, MS-, IR-, or NMR detection. Because
the working procedures of these instruments are more or less serial, there exist
an enormous need in new technologies allowing parallel performances and
further miniaturization.
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5.4.3
Sample Handling

While liquid handling in volumes > 5 µl is reliable, procedures like sample
storage and retrieval, weighing, dissolving, and distributing are more sophisti-
cated. In principal, sample storage is performed following two different strate-
gies: in diluted form [e.g. in dimethylsulfoxide (DMSO)], or as pure samples
either in tubes or in deep-well plates. Besides defined storage conditions which
should minimize stability problems, a reliable and fast retrieval of samples is
required.Automated systems should be able to handle hundreds of thousands of
different compounds [storage, multiplication, sample (back-) tracking, move-
ment, etc.] with efficient logistics. Due to the different needs the automated
storage and retrieval concepts installed in pharmaceutical companies are more
or less customer designed.

Automated sample preparation suitable for the assays starting with solid or
oily material is rather complicated and causes problems. This highly labour
intensive procedure caused problems when it was done manally due to the
nature of the material to be handled. Thus, only certain percentages of the com-
pounds delivered in solid form can be handled by robotics. For this procedure
in screening companies, only a low rate of automation is observable so far.
Nevertheless, first automated filling stations exist in which a defined amount of
a powder can be transferred from standardized vessels to test tubes for sub-
sequent dilution.

Due to the fact that in most companies the sample storage and retrieval
facilities are centralized, the test samples have to be transferred to the screening
groups at various locations. Therefore, logistics such as bar-coding, data trans-
fer, and delivery are crucial points. Delivery of the samples is performed usually
in 96-well format after sealing with removable films in solution (e.g. on dry ice
in DMSO), or as neat-films. Workstations able to seal microplates, label with 
bar-codes, and remove organic solvents in order to prepare neat-films are com-
mercially available.

5.4.4
Screening Systems

Automation of assays based on nearly every biochemical effect like enzymatic
reactions, cell-surface receptor-, and intracellular receptor binding, protein-pro-
tein-, and protein-nucleic acid interaction, cell adhesion, etc. has been reported.
Robotic systems used in biological screening can be devided into workstation-
type systems [354] and integrated systems [355]. Integrated systems are custom-
made and allow one to integrate nearly every peripheral module necessary for
screening courses.

As a recently developed technology, a novel automation concept has been
presented which is based on a mover, a stacking device, and a reader or washer
(Twister, Zymark). In comparison to the above mentioned systems, assays based
on the Twister concept are only semi-automated. The outstanding benefit is the
simplification of feeding, handling, set-up, as well as the small laboratory space
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needed. The capacity can be up to 20 to 80 microplates while higher throughput
is achievable by making use of multiple units.

Although laboratory robotics is a well-established technology there exists a
need for further improvement and next-generation devices, the so-called ultra-
high-throughput screening (UHTS). The whole process of drug discovery is
being forced to test an even higher number of compunds and a faster turnover
of new assay systems. Starting in 1985, 10,000 data points per target have been
produced per year. In 1990, the same amount was tested in a month, while in
1995 this was achieved in a period as short as a week. At present, there is a need
to generate 10,000 to 100,000 data points in one robotic system per day. To meet
these requirements, two approaches have actually been realized, the so-called
Allegro system from Zymark (with multiple plate movers), and systems which
revolve around microliter volume assays in 1,536-well microplates (Pharma-
copeia) [356].

5.4.5
Data-Handling

Data management in drug discovery is used to handle the acquisition, analysis,
report generation, and database functions of the drug discovery data. It is
responsible for compound, and microplate registration, compound tracking, as
well as inventory control [357]. The data handling is also used for the coordina-
tion of sample generation (combinatorial or parallel synthesis [358], natural
product extraction etc.), sample preparation (mother-, and daughter plates etc.),
assay registration, microplate schedule, data recording from analytical instru-
ments (readers etc.), and data analysis. Finally, it is necessary to link biological
results with chemical structures in order to complete the structure/activity
relationship (SAR) feedback loop [359].

A key component to the success of any drug discovery program is the
integration of HTS and combinatorial chemistry with database management
and molecular diversity systems to yield an efficient and cost-effective method
of organizing chemical information and biological data. The ongoing increase in
throughput has created a substantial data management bottleneck. Further-
more, there are no standards for vendors for control software or file formats.
This leaves a gap between the laboratory equipment and the database that can
only be filled through custom programming. In comparison to the whole high-
throughput screening process, the set-up and management of the data handling
is cost-, and personal intensive.

6
Discussions and Conclusions

6.1
Natural Products

Currently, natural products are passing through a phase of reduced interest in
drug discovery because of the enormous efforts which are necessary to isolate
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the active principles and to elucidate their structures. However, if one considers
the diversity of chemical structures found in nature with the narrow spectrum
of structural variation of even the largest combinatorial library it can be ex-
pected that natural products will become important again [4]. Mainly actinomy-
cetes, fungi and higher plants have been shown to biosynthesize secondary
metabolites of obviously unlimited structural diversity that can further be
enlarged by structure modification applying strategies of combinatorial chem-
istry. Probably, a variety of novel concepts in natural products research is re-
quired to attract interest in incorporating natural sources into the HTS process.

For instance, a “Natural Products Pool” comprising only pure and structural-
ly defined compounds has currently been established in the 96-well microplate
format in Germany. The project aims at providing an infrastructure that impro-
ves the availability of natural products, their derivatives and analogs for in-
dustrial screening assays restricted to the minimum amount of test sample
needed. Only a minority of the natural products known so far have been biolo-
gically characterized in detail. Therefore, any novel target-directed screening
assay may result in identification of a new lead structure even from sample
collections comprising already described compounds.

Recent strategies in combinatorial chemistry aim at synthesizing single com-
pounds or definite mixtures of only a few components. This trend was accelerat-
ed when it became evident that complex mixtures derived from “split and com-
bine” strategies often failed in HTS bioassays. Limitations are substantial with
respect to cell-based screening assays. These facts indicate that results from
testing traditional extracts from natural sources such as plants or microbial
cultures have to be questioned. Therefore, generating high quality test samples
of less complexity and accelerated reproducibility is favorable in order to com-
pete successfully with combinatorial chemistry.

Today, selected targets of interest are transferred to the HTS aiming at dis-
covering a “hit”, and subsequently a lead structure within one to two months.
After that time, the target concerned is replaced by a new one. Thus, rapid
characterization and structure elucidation of the active principles of interest
from natural sources are critical with reference to competition with synthetic
libraries of pure and structurally defined compounds. Elaboration of LC-MS
and LC-NMR techniques to accelerate structure elucidation of bioactive prin-
ciples from natural sources is currently underway. Combination of these techni-
ques with databases comprising a maximum of known natural compounds will
probably contribute substantially to more interest in natural products for appli-
cation in drug discovery.

Indications that today only a small percentage of living organisms have been
described implies that there is an enormous reservoir of natural compounds of
great structural diversity which are still to be discovered. The United Nations
Convention on Biological Diversity adopted in Rio de Janeiro in 1992 sets the
basic principles of access to and exploitation of global biological sources in the
future. The Convention introduces national ownership of biological resources.
As a result, various pharmaceutical companies fear that this will cut off the 
flow of genetic resource materials for industrial drug discovery. However, the
Convention has not yet been ratified by the USA.
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For increasing effectivity and decreasing costs for HTS technologies, the basic
limiting factor for finding new lead compounds will be the supply of structural
diversity. The relevance of natural products in drug discovery and development
will consequently depend to a great extent on the efficiency and costs of accesss
to chemically diverse extracts from natural sources compared to the supply from
synthetic sources [360].

6.2
Technologies

Currently, dramatic changes in drug discovery technologies are taking place
affecting any issue that plays a role in the lead-finding process. In future, target
elucidation will probably derive mainly from genomic sciences, although lines
of argumentation are arising that stress the relevance of target gene finding
starting from given bioactive agents performing valuable in vivo activity.
Progress in lead discovery is expected to depend substantially on methods and
techniques that accelerate validation of new target genes potentially related to
human disorders. Validation can be provided either by functional gene expres-
sion in valid animal models, or by immediate transfer to HTS in order to get
rapid access to a low-molecular mass effector that gives rise to both a drug can-
didate and target validation.

Today, limitations in HTS are not only due to missing high quality test sample
numbers but also due to quantitative limitations in the availability of target
reagents. In order to compensate for the shortcomings in target supply further
progress mainly in heterologous gene expression is required, either towards
advanced cell-based assays or towards target isolation and application in a defi-
ned molecular system.
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The glycosylation machinery in eukaryotic cells is available to all proteins that enter the secre-
tory pathway. There is a growing interest in diseases caused by defective glycosylation, and in
therapeutic glycoproteins produced through recombinant DNA technology route. The choice
of a bioprocess for commercial production of recombinant glycoprotein is determined by a
variety of factors, such as intrinsic biological properties of the protein being expressed and the
purpose for which it is intended, and also the economic target. This review summarizes recent
development and understanding related to synthesis of glycans, their functions, diseases, and
various expression systems and characterization of glycans. The second section covers
processing of N- and O-glycans and the factors that regulate protein glycosylation. The third
section deals with in vivo functions of protein glycosylation, which includes protein folding
and stability, receptor functioning, cell adhesion and signal transduction. Malfunctioning of
glycosylation machinery and the resultant diseases are the subject of the fourth section. The
next section covers the various expression systems exploited for the glycoproteins: it includes
yeasts, mammalian cells, insect cells, plants and an amoeboid organism. Biopharmaceutical
properties of therapeutic proteins are discussed in the sixth section. In vitro protein glyco-
sylation and the characterization of glycan structures are the subject matters for the last 
two sections, respectively.

Keywords: Glycoprotein, Protein stability, Disease, Expression, Half-life.
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DolPP Dolichol pyrophosphate
Endo F/H/D Endopeptidase F/H/D
EPO Erythropoietin
ER Endoplasmic reticulum
FT Fucosyl transferase
Fuc Fucose
FSH Follicular stimulating hormone
aG a-Glucosidase
Glc Glucose
Gal Galactose
Gnc (GlcNAc) N-acetylglucosamine 
Glyc T Glycosyl transferases
Gn T N-acetylglucosaminyl transferase 
Gal T Galactosyl transferases
GalNAc N-acetylgalactosamine
GalNAc T N-acetylgalactosaminyl transferase
GPI Glucosylphosphatidylinositol
IFNg Interferon g
IgG Immunoglobulin G
LH Luteinizing hormone
Man Mannose
a M a-Mannosidase
PCR Polymerase chain reaction
PNGases Peptide N-glycanases
SA Sialic acid
ST Sialyl transferase
TSH Thyroid stimulating hormone
tPA Tissue plasminogen activator 
UDP Uridine diphosphate
Xyl Xylose

1
Introduction

To obtain their final structural features and functions, newly formed poly-
peptides undergo various types of modifications, such as folding, conformation
stabilization by disulfide bridges, assembly into homo- or hetero-oligomers,
acquisition of prosthetic groups, specific proteolytic cleavage and covalent
attachment of phosphate, sulfate, fatty acid, complex lipid or sugar groups [1].
The types of modification shown by an individual protein depend on its amino
acid sequence, conformation, as well as on cell type and tissue context [2].

Glycoproteins are a conjugated form of proteins containing one or more
heterosaccharides covalently bound to the polypeptide chain. These are present
in virtually all forms of life and in cell secretions, serum and other body fluids,
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connective tissues, and in cell membranes. Glycans make up 10–60% of the
molecular weight of glycoproteins. The diverse biological functions that these
macromolecules perform include acting as energy sources, as structural
components, as key elements in enzymatic catalysis, hormonal control, immun-
ological protection, ion-transport, blood clotting and lubrication, in various
molecular recognition processes including bacterial and viral infections, cell
adhesion in inflammation and metastasis, differentiation, development and
many other intercellular interactions and signal transduction events [3–5].

Oligosaccharides were regarded as compounds completely lacking biological
specificity. However, the discovery of the role of protein bound saccharides in
biological recognition changed this view. The large structural diversity of pro-
tein conjugated glycans, complexity of the biosynthetic pathways, tissue specific
and developmentally controlled expression, and plasticity of the structure of
complex sugars of glycoproteins in response to pathological conditions lends
further support to their importance. Glycans in glycoproteins have diverse bio-
logical roles, therefore becoming one of the main topics for discussion. Since the
majority of the candidate therapeutic proteins are glycosylated and produced by
recombinant DNA technology, alternate systems to express them and charac-
terization of the respective glycan structures have been discussed.

2
Site and Events of Glycosylation in Eukaryotic Cells

The majority of secretory as well as plasma membrane proteins and lysosomal
enzymes are glycosylated and have a common biosynthetic origin on the rough
ER [6]. Nascent proteins are translocated into the cisternal space of the ER where
the signal peptide is cleaved, initial cotranslational folding and formation of
disulfide bonds occurs, addition and initial processing of high Man N-linked 
14-saccharide core unit (Glc3Man9Gn2) takes place, and finally, for multimeric
proteins, oligomerization or subunit assembly is attained before these become
competent to be transported out of the ER. The semiprocessed proteins are
translocated to the Golgi apparatus, further processed, and then either trans-
located to the cell surface or packaged into secretory vesicles for secretion [7, 8].

2.1
Entry in the Secretory Route

The majority of proteins to be targeted to the secretory route are initially
synthesized as precursors containing a hydrophobic signal being either a cleav-
able N-terminal peptide [9] or a noncleavable internal sequence located near the
N-terminus [10]. Signal peptides of some proteins have been shown to mediate
efficient secretion in heterologous environments.

Protein translocation across the ER membrane can occur by two pathways.
Most secretory proteins are cotranslationally translocated in contrast to post-
translational translocation destined for other cellular compartments. Transport
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of precursor proteins across ER membranes occurs most likely through a pro-
tein-conducting channel [11]. The signal recognition particle (SRP) and nas-
cent-polypeptide-associated complex (NAC), a nonribosomal factor, together
provide for fidelity in protein targeting to ER and serve as a versatile targeting
chaperone team [12, 13]. Details of the mechanism of protein translocation
across membrane are beyond the scope of this review and are not discussed.
However readers are advised to see the current literature [14, 15].

2.2
Early Modifications of Protein

The cleavage of the signal peptide by signal peptidase occurs rapidly soon after
the translocation of protein across the membrane of rough ER. Prokaryotic
signal peptides can be released by eukaryotic signal peptidases and vice versa.
Protein folding is facilitated by the resident proteins of ER; some of them are
enzymes responsible for disulfide bond formation, isomerization of peptide
bonds and glycosylation. Disulfide bond formation is a major rate-limiting step
in protein folding, which involves the enzyme protein disulfide isomerase (PDI).
The PDI essentially unscrambles intermediates in the protein folding pathway
with non-native disulfide bonds [16]. Similarly, cis-trans isomerization of pro-
lylpeptide bonds is catalyzed by peptidyl-prolyl cis-trans isomerase [17]. Other
resident proteins are the classes of molecular chaperones, which appear to
stabilize protein folding intermediates, prevent competitive aggregation inter-
actions, or promote correct folding [18]. They somehow recognize the kinetical-
ly trapped intermediate states of proteins, randomly disrupting and releasing
them in less folded states [19]. Their interiors provide a sticky hydrophobic
surface that competes with intrachain hydrophobic collapse and helps to pull
apart an incorrectly folded protein, allowing opportunities to find pathways
leading to the stable native state. Chaperones appear to act sequentially in pro-
tein folding pathways.

That folding begins cotranslationally is known for some proteins including
IgG, serum albumin and has been suggested for globin molecule [20]. Again, in
influenza hemagglutinin, disulfide bond formation and generation of con-
formational epitopes are cotranslational [21]. After initial modification in ER,
some proteins are retained (resident ER proteins) but the majority are exported
to final destinations within and outside the cell. Export from ER involves in-
corporation into transport vesicles that fuse with the next compartment along
the secretory pathway. The pathway consists of a series of membrane-bound
organelles between which proteins move in a vectorial manner. Specific signals
have been identified for the retention/retrieval of ER proteins. Retrieval of
soluble ER resident proteins from Golgi is mediated through recognition of amino
acid sequence ‘Lys-Asp-Glu-Leu’ by a specific receptor [22], while for transmem-
brane proteins, the intracytoplasmic dibasic motif plays a similar role [23].

Localization signals of Golgi GlycTs are more complex, and seem conforma-
tion dependent. Sequences in the cytoplasmic tails, transmembrane regions and
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in luminal regions are important for active Golgi retention [24]. One mechanism
for retention is based on protein oligomerization in the environment of a speci-
fic Golgi cisterna, as in the case of a-2,6-ST. The oligomer is a disulfide bonded
dimer of the enzyme and is catalytically inactive as active site Cys residues
participate in dimerization. Under conditions of inadequate supply of donors
and/or substrate, the reactive sulfhydryls in the catalytic domain of one mole-
cule may interact with those of another. Only those that are continuously
supplied with donor and substrate resist disulfide bond formation and remain
active. The disulfide bonded dimer acts primarily as a Gal-specific lectin in the
Golgi to retain unsialylated molecules and pass them off to the active ST for
sialylation [25].

Proteins that do not reside in ER exit at specialized regions adjacent to the
Golgi. Within the Golgi, different subcompartments are distinguishable (cis-,
medial- and trans-Golgi) on the basis of a distinct content of glycan processing
enzymes. Adjacent to the trans-Golgi cisternae is a network of tubules located
with coated buds and vesicles that is called the trans-Golgi network (TGN)
where sorting of proteins destined to specific intracellular compartments or cell
surface domains from constitutively secreted proteins occurs [26]. The secretory
pathway involves vesicular transfer to the plasma membrane followed by the
secretory event, that is exocytotic discharge of vesicle contents [27].

2.3
Asparagine-Linked Glycosylation

A number of different types of protein glycosylations described in the literature
[28, 29] are shown in Table 1. N-Glycans are characterized by a b-glycosidic
linkage between a Gn residue and the d amide N of an Asn residue. Though there
are many different Asn-glycans, the common feature is the presence of a penta-
saccharide (Man3Gn2) core because they all arise from the same biosynthetic
precursor lipid-like oligosaccharide that is transferred to the nascent peptide
chains. The core can have a Fuc attached to the Gn that is linked to the Asn, and
can possess a bisecting Gn residue attached to the central Man of the core. The
N-linked glycans fall into three main subgroups as shown in Fig. 1. These are as
follows.

1. High-Man structures contain 2–6 additional Man residues at the two ter-
minating Man residues of the core and vary in the number, position and
degree of phosphorylation or sulfation of Man residues.

2. Complex-type structures have 2–4 lactosamine (Gal b1,4-Gn) units distribu-
ted over the two outer Man residues of the core forming bi-, tri-, or tetra-
antennary structures. Each of the arms can terminate in sialic acid forming
sialyllactosamine. Sulfated lactosamine has been found to substitute sialyl-
lactosamine in some cases, such as the glycoprotein hormones LH, FSH and
TSH. Other complex-type structures contain polylactosamine in their outer
chains, as in erythroglycan.
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Table 1. Classification of glycoproteins and nature of linkage

Type of Occurrence Glycan - peptide linkage Anomeric type Stability to acid Stability to alkali
glycosylation

Monosaccharide Amino acid

N-glycosylation Widespread GlcNAc Asn b + +
O-glycosylation
Mucin Mucin, blood group, fetuin, GalNAc Ser/Thr a + –

antifreeze glycoproteins
Intracellular Nucleus and cytosolic GlcNAc Ser/Thr b
Proteoglycan Proteoglycans Xyl core Ser b + –
Collagen Collagens Gal OH-Lys b ++ ++
Clotting factor Factor IX Fuc/Glc core Ser
Fungal Yeast and Fungal Man Ser/Thr

glycoproteins
Plant Plant cell walls, Ara OH-Pro b –

earthworm, cuticle Gal Ser a + –
GPI anchore Cell surface receptors



3. Hybrid-type structures combine the structural features of both the high Man
and the complex-type.

2.3.1
Biosynthesis and Processing

Glycosylation begins in the rough ER and proceeds as glycoproteins migrate
through the Golgi to their final destination. Asn-glycosylation is a cotranslatio-
nal event and occurs as the polypeptide is being transferred into the ER, while

162 P.K. Bhatia · A. Mukhopadhyay

Fig. 1. The basic forms of common N-linked glycans. The N-linked glycans posses three re-
gions of oligosaccharides – core, branching and terminal. All glycans have common core of
two N-acetylglucosamine residues and three mannose residues. N-linked glycans are primari-
ly depend on the branching pattern and the type of monosaccharides present in the branching
and terminal regions. The branches are distributed over the two terminating core mannose
residues. The complex type N-linked glycans can have two to four antennae. In complex and
hybrid type N-glycans, the antennae usually terminate in sialic acid or galactose. Sialylation
adds the greatest degree of microheterogeneity, however variable core fucosylation also adds
heterogeneity to the glycan. ■ -GlcNAc (Gn); ▼-Fuc; ● -Man; ▲-Gal; -NueAc (SA)

Oligomannose

Complex : biantennary

Complex : triantennary
(solid lines)

Complex : tetraantennary
(solid + dotted lines)

Hybrid

Core
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Branching
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Terminal
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still in an unfolded state [30]. Initial steps in this pathway, which appear to be
generally conserved, involve the synthesis in ER membrane of a dolichol linked
precursor glycan and its transfer to an Asn residue of the growing peptide chain.
The major steps in phosphodolichol pathway of protein N-glycosylation have
been reviewed [31]. The principal pathway for biosynthesis of the dolichol-
linked oligosaccharides is shown in Fig. 2. The oligosaccharyl transferase (OST)
is integral to ER membrane, with active site of the enzyme residing near the
membrane on the lumenal side, and transfer only occurs when 12–14 amino
acids C-terminal to a sequon have been translocated into the ER lumen [33]. The
glycan is added to Asn residue in the tripeptide consensus sequence Asn-
X-Ser/Thr (X = any amino acid) and presence of Thr rather than Ser at the
hydroxy position favors efficient glycosylation [34]. The OH group of the
Thr/Ser has a role in explaining the unique reactivity of this Asn with the DolPP
sugar derivative. Secondary structure prediction analysis suggested that these
tripeptide consensus sequences have a high probability of occurring in a b-turn
or other loop structures, which could serve as recognition sites for enzymes
involved in glycosylation [35]. Analysis of occurrence of amino acids at posi-
tions around the glycosylated Asn (given the position zero) indicates that Pro is
rarely allowed at position +3 and is never observed at position +1 [36].Asp, Glu,
Leu and Trp at position +1 are also associated with inefficient glycosylation [37].
This position is preferentially occupied by non-bulky amino acids such as Gly,
Val and Ala.
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Fig. 2. Pathway of biosynthesis of the dolichol-linked oligosaccharide. ■ -UDP: GlcNAc-Uridine
diphosphate; ■ -PPDol: GlcNAc-Pyrophosphatedolichol; ● -GDP: Man-Guanosine diphosphate;
● -Pdol: Man-Phosphodolichol; ● -Pdol: Glc-Phosphodolichol. (adopted from [32])



The consensus sequence Asn-X-Ser/Thr is a necessary, but not sufficient,
requirement for addition of Asn-linked glycans. Less than half of the known
tripeptide sequences in secreted proteins are only glycosylated, and this may be
due to differences in accessibility of a sequon in a protein and to OST and the
folding of the nascent protein chain [38]. The conformation and rate of trans-
lation of nascent polypeptide too influence the frequency of sequon utilization.
Thus, preventing cotranslational disulfide bond formation in ER in presence of
dithiothreitol (DTT) leads to complete glycosylation of a sequon in tPA that
otherwise undergoes variable glycosylation in untreated cells. This shows that
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Endoplasmic Reticulum

Cis-Golgi

Median-Golgi

Trans-Golgi
Secretion

Fig. 3. Representative pathway for the biosynthesis of Asn-linked oligosaccharide. Biosynthe-
sis starts in the rough endoplasmic reticulum and proceeds through the cis-, medial-, and
trans-Golgi apparatus, before glycoprotein is secreted. Some of the enzymes involved are:
oligosaccharyl transferase (OST); a-glucosidase I & II (aG I & II); ER-mannosidase (aM);
a-mannosidase I & II (aM I & II); N-acetylglucosaminyl transferase I & II (GnT I & II);
fucosyl transferase (FucT); galactosyl transferase (GalT); sialyl transferase (ST). ■■ -Gn;
● -Man; ● -Glc; ▼-Fuc; ▲-Gal; -SA (adopted from [40])



folding and disulfide bond formation may determine extent of core N-glycosy-
lation [39].Analysis of glycosylation site-occupancy has revealed that glycosyla-
tion of potential target sequons is more likely to occur near the N- than the C-ter-
minus of a protein [36].

The glycan that is transferred to the protein is a substrate for a variety of pro-
cessing a-Gs and GlycTs to give mature high Man or complex-type chains as
given in Fig. 3 [40]. The glycan is processed in terms of removal of three Glc resi-
dues by stepwise action of a-G I and a-G II. The Glc trimming affects glycopro-
tein exit from the ER. A quality control procedure ensures that proteins which
are incompletely folded, or incorrectly oligomerized, are not transported out of
the ER so long as they have not acquired “export competent conformation” [41].
Quality control and degradation depend on glycosylation as deglycosylated
species are stably retained in ER, as observed for Na, K-ATPase b-subunit [42].
The role of Glc residues in protein folding and quality control has been clarified
by the identification of two lectin-like proteins in the ER – calnexin and calre-
ticulin; the latter is lumenal while the former is a transmembrane molecular
chaperone protein [43, 44]. Calnexin is believed to recognize partially trimmed
monoglucosylated (Glc1Man9Gn2) glycans on newly synthesized glycoproteins
and detain them in the ER until properly folded. Monoglucosylated chains may
be generated via two mechanisms – cotranslational processing of immature
Glc3Man9Gn2 glycans (the Glc trimming pathway) by a-G I and a-G II, or re-
glucosylation of fully trimmed Man8–9Gn2 glycans by lumenal UDP-Glc:glyco-
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Fig. 4. A model for the involvement of calnexin in quality control mechanism in ER. Associa-
tion and disengagement of calnexin depend on the folding status of the semiprocessed glyco-
protein. Calnexin recognizes partially trimmed monoglucosylated glycans, generated either
by glucose trimming or by reglucosylation pathways. Symbols and abbreviations are same as
Fig. 3 (adopted from [45])

UDP-Glc: gycoprotein
glucosyltransferase



protein glucosyltransferase (reglucosylation or salvage pathway). A model pro-
posed for the involvement of calnexin in quality control of influenza hemagglu-
tinin (HA) is shown in Fig. 4. The glucosyltransferase preferentially acts on
unfolded proteins and functions as a major sensor for incompletely folded pro-
teins in ER. During folding, a glucopeptide cycle is formed between fully trim-
med and monoglucosylated glycans. Depending upon folding status, the glyco-
protein enters into the de- and reglucosylation cycle. Properly folded protein
escapes the reglucosylation step, and the deglucosylated form is liberated from
the calnexin anchor for subsequent processing. Proteins that fail to attain the
correct conformation or have assembled into non-native aggregates are retained
in ER, and degraded by ubiquitin-proteasome system [46]. It may be noted that
the calnexin-calreticulin mediated folding pathway is not the only pathway to be
followed in the glycosylation of proteins; other chaperones seem to be involved
for protein folding.

Furthermore,a-M efficiently removes a single terminal Man residue to gener-
ate Man8Gn2 in the ER. The action of ER a-M perhaps alters the conformation of
the glycoprotein, making it more susceptible to the Golgi a-M I. The concerted
efforts of ER and Golgi a-Ms may be required for fine tuning mechanism to pro-
duce surface glycoproteins with particular assortments of high Man type chains
[47]. In Golgi, Man chains are processed in two steps by the action of
a-M I, active in the cis-Golgi and a-M II, active in the medial-Golgi, resulting in
the removal of additional five Man to yield Man3Gn2 [48]. The processing of Man
chains is obligatory for the formation of complex-type glycans. In medial Golgi,
GnT I inserts Gn residue to a1,3-linked Man followed by the cleavage of two
terminal Man by the action of a-M II.Addition of another Gn to the a1,6-linked
Man by GnT-II takes place in the medial Golgi. In case of mammalian cells, only
occasionally, but in plant cells generally, Fuc residue is also incorporated at this
stage in the medial-Golgi by the action of a-FT. The termination of glycan chain
occurs in the trans-Golgi by the incorporation of Gal and SA with the help of
GalT and ST, respectively. Thus, a complex-biantennary N-glycan is synthesized
before secretion (Fig. 3). In different cell types, diversity in structural features of
N-linked oligosaccharides is obtained, although these are not included in Fig. 3.
As an example, GnT III catalyzes the addition of Gn in b1,4-linkage to b-linked
Man of the core producing a bisecting Gn residue, and controls the branching
patterns in vivo [49]. Amongst other terminal glycosylation, incorporation of
GalNAc, sulfation, and O-acetylation of SAs are important, also occurring in the
trans-Golgi, which is again cell specific. The turnover of terminal glycans is
much faster than that of the protein molecule, and the core sugars exhibit a
turnover rate similar to that of the protein [50].

2.3.2
Factors Regulating Asn-Linked Glycosylation

Despite the fact that the N-linked glycans are derived from the same precursor,
with few exceptions each glycosylated site in a glycoprotein is associated with
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several different glycan structures (site microheterogeneity). Some factors that
contribute to the regulation for the biosynthesis of Asn-linked glycans are given
in Table 2. The polypeptide structure and overall conformation strongly in-
fluence the type of modification that glycan chains undergo. Glycosylation sites
committed to becoming complex type structures are relatively more exposed.
The nature of glycoforms found in a glycoprotein is species and tissue specific,
and cell development and differentiation are accompanied by alteration in
glycosylation patterns [51]. Since this structural variation is confined to the
terminal glycosylation sequences, the synthesis must be highly regulated at the
processing level by Golgi GlycTs [52]. The number of glycosidases and GlycTs
involved in the synthesis of both the N- and O-linked glycans is estimated to be
over 100 [53]. In general, each enzyme is specific for the structure of an accep-
tor oligosaccharide and adds a monosaccharide in a particular linkage at a pre-
cise location. The high level of specificity displayed by GlycTs allows them to
synthesize complex structures with high degree of fidelity.

2.4
The Biosynthesis of Ser/Thr-Linked Glycans

The O-linked glycoproteins contain an a-glycosidic linkage between a GalNAc
and the hydroxyl group of a Ser or Thr residue of peptide chains. The chain elon-
gation requires the sequential addition of monosaccharide residues. There are
eight core structures that have been identified in O-linked glycan [54], side
chains to which may be branched and have varying degrees of complexity. A
common feature of all O-linked glycans is the presence of nonreducing terminal
a-linked sugars (SA and L-Fuc) and the absence of Man and Glc residues. The
structure of mucine-type oligosaccharide is shown in Fig. 5. O-Glycosylation is
a post-translational event, taking place in the Golgi after N-glycosylation,
folding and oligomerization, and is limited to residues present at protein sur-
face. Rules that govern placement and structure of O-glycans on glycoproteins
remain unclear and little is known about factors that start O-glycosylation steps.

A cumulative specificity model, deduced from the amino acid sequences
surrounding 90 Ser and 106 Thr O-glycosylation sites, has been inferred for the
acceptor substrate specificity of GalNAcT, catalyzing the first committed step of
O-glycosylation. The specificity is consistent with the existence of an extended
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Table 2. Factors regulating Asn-linked glycosylation

1. Array and activities of Golgi GlycTs, including GnT, GalT, FucT, ST
2. Polypeptide structure and physical accessibility of oligosaccharides to enzymes
3. Oligomerization of glycoprotein subunits
4. Order in which the glycoprotein encounters the processing glycosidases and GlycTs
5. Availability of dolichol and dolichol-linked donors
6. Transit time of glycoprotein in ER and Golgi
7. Competition between two or more GlycTs for a common substrate



site composed of nine subsites with the acceptor Ser/Thr in the centre. The
model postulates independent interactions of the nine amino acid moieties with
their respective binding sites [55]. However, no consensus sequence has emerg-
ed due to the broad range of residues that the binding site of GalNAcT can
accommodate, and due to the existence of multiple isoforms of GalNAcT with
overlapping specificities [56]. The distribution of charged amino acids flanking
the O-glycosylation site can have a large influence on glycosylation, with posi-
tion –1 relative to the glycosylation site being particularly sensitive. A combina-
tion of acidic residues at positions –1 and +3 almost completely eliminates
glycosylation. An amino acid change resulting in de novo attachment of O-link-
ed glycan on glycoprotein hormone common a-subunit has been reported [57].

There are seven different types of O-glycans available in nature [29], amino
acids to which glycosylation occur and corresponding O-linked sugars have been
shown in Table 1. Analysis of mucin type glycosylation revealed that Pro occurs
at increased frequency at positions –1 and +3 relative to the glycosylation site
[58]. The acceptor sequence context for O-glycosylation of Ser was found to 
differ from that of Thr, and showed a high abundance of Pro, Ser and Thr. In 
general, the O-glycosylation sites are found to cluster and to have a high abun-
dance in the N-terminus of the protein. The sites are also found to have an in-
creased preference for different classes of b-turns. Pro in positions –1 and +1 is
speculated to function as ‘gating’ residue favouring O- and inhibiting N-glycosy-
lation [29].

2.5
Glucosylphosphatidylinositol (GPI) Anchors

Anchoring of surface membrane proteins (e.g. receptors) via GPI anchors is a
major means in eukaryotic cells. All GPI anchors analysed contain a common
glycan core (Man a1-2Man a1-6Man a1-4GlcNH). This may be further proces-
sed in cell and protein specific manner. Nascent proteins destined to be GPI-
anchored contain, besides the amino terminal signal peptide that is typical of
proteins processed in ER, a second hydrophobic peptide at their C-terminus
which is also removed during processing. The GPI moiety is linked to what had
been an internal sequence in the nascent protein. The subject matter of assemb-
ly of GPI anchors [59] and GPI anchored membrane proteins [60] have been
reviewed recently.
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Fig. 5. The mucine type O-linked glycans:‡-GalNAc; ▲-Gal; -SA



3
Functions

The observed large diversity in the structure of Asn-linked glycans is central to
the hypothesis that these are important in biological functions [3, 7, 28, 61, 62].
It is clear that there is no unifying single specific role of glycans and in some
cases they may not even have any function at all and be completely replaceable.
The effect of carbohydrate on the physicochemical properties of glycoproteins,
such as viscosity, solubility, isoelectric pH, degree of hydration, and other struc-
tural roles have been known for some time [2]. Studies on the native glycosyla-
ted, carbohydrate-depleted, and recombinant nonglycosylated proteins have
revealed such effects as stabilization of protein conformation, protection from
proteolysis and enhancement in solubility [63, 64].

The first clear demonstration of the functional significance of carbohydrate
was in the blood group substances, where the immunological specificity was
found to depend on monosaccharides or short glycan chains. A major break-
through occurred when it was discovered that the removal of SA resulted in
rapid clearance of glycoproteins from circulation [65]. Since then, the role of
glycans in a variety of other functions has been reported. Glycoconjugates play
roles in many cell-cell recognition processes, including metastasis and inflam-
mation. Glycan structures both mediate and modulate cell-cell and cell-matrix
interactions [66].

3.1
Protein Folding and Conformation

Bound carbohydrates can influence protein structure and the effects depend
upon type of sugar, linkage, stereochemistry, size of the bound saccharide and
characteristics of the protein. The conformational effects of protein glycosyla-
tion have been studied using various spectroscopic techniques [67–69]. In one
such study using time-resolved fluorescence energy transfer (FET), it was sug-
gested that cotranslational glycosylation can trigger the timely formation of
structural nucleation elements, prevent aggregation of partially structured
chains by improving solubility, and generally assist in protein folding [69].

The role of N-glycosylation and disulfide bonds in the folding of proteins has
been studied extensively [70, 71]. Inhibition of core glycosylation with inhibitors
(e.g. tunicamycin) or site-directed mutagenesis leads to misfolding, aggregation
and degradation of proteins retained in ER [7].Absence of N-glycosylation leads
to impaired lipoprotein lipase secretion and accumulation of inactive protein 
in ER [72]. Unglycosylated rabbit testicular angiotensin-converting enzyme
(ACE T) is inactive and rapidly degraded intracellularly. However, allowing gly-
cosylation only at the first or second site (out of five N-glycosylation sites) as
counted from the N-terminus was sufficient for normal synthesis and pro-
cessing of active ACE T [73].

Studies with simian viral hemagglutinin neuraminidase and yeast acid phos-
phatase suggest that N-glycans are needed for proper folding of glycoproteins
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[74]. Similarly, viral spike glycoproteins depend on N-glycosylation for proper
folding and transport to cell surface. Those with an absolute requirement for
glycosylation include the D-glycoprotein of herpes simplex virus, the sendai
virus glycoprotein, the hemagglutinin of influenza X31 and the vesicular stoma-
titis virus-Indiana glycoprotein [75]. The initial step in human immuno-defi-
ciency virus (HIV) infection involves the binding of gp120 to the cell surface
molecule CD4, and N-glycans are found to be essential for generation of proper
conformation of gp120 to provide a CD4 binding site [76].

There are two potential N-glycosylation sites in human IFNg . Proper glycosy-
lation is found to be essential for dimerization, efficient secretion and biological
activity of IFNg [77]. Nonglycosylated IFNg exhibited only 50% of the antiviral
activity of the native molecule. It has been found that glycosylation at Asn25 is
essential in the folding and dimerization of newly synthesized molecules, which
also provide resistance against common cellular proteases [78].

Again, Matzuk and Boime have shown that the assembly of N-glycosylation
mutants of hCGb-subunit with its counter subunit is decreased due to an altera-
tion in folding [79]. Out of two N-glycans (Asn30 and Asn13), Asn30 glycan is
found to be more important for efficient folding of hCGb. However, once hCGb
folds correctly, the N-glycans are no longer involved in its assembly with a-sub-
unit [80]. Furthermore, the composition of N-linked glycans of hCGb did not
change protein folding, as substrates with high-Man glycans fold as efficiently as
substrates containing complex glycans. Inefficient folding of hCGb lacking both
N-glycans correlated with the slow formation of last three disulfide bonds in the
hCGb folding pathway. However, coexpression of hCGa gene enhanced folding
and formation of disulfide bonds of hCGb lacking in N-glycans [81]. For hCGa
subunit, the Gn residue at Asn78 seems to be crucial for folding and maintenance
of stability. In an interesting observation it has been found that minor modi-
fications in N-glycans of placental hCGa prevent combining with b-subunits.
These modifications include a higher degree of glycan branching, as evidenced
by larger amounts of Fuc, SA, Gal and Gn in hCGa subunit [82]. In a compara-
tive study of in vitro folding of glycosylated and nonglycosylated hCGb, it re-
veals that most of the nonglycosylated protein folded into biologically inac-
tive form [unpublished findings].

3.2
Protein Stabilization and Structural Integrity

Glycans stabilize glycoprotein structure, decrease global dynamic fluctuations,
and prevent degradation and protect proteins from the unfolding state. The
terminal sugar residues (antennae) often serve as recognition markers and
modulate biological functions such as cell-adhesion, cell-extracellular matrix
interactions or protein clearance from circulation through surface interactions.
The core sugar residues function primarily as supporting structures between
the polypeptide and the outer sugar residues. The core sugar residues are neces-
sary and sufficient for structural integrity and in maintaining a functional poly-
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peptide structure. In factor-X activator of Russell’s viper venom,the core glycans
are involved for maintaining integrity of secondary structure and not the peri-
pheral glycans [83].

The stabilizing effect can even be brought about by a single sugar residue [2].
The attached glycans can stabilize protein conformation by forming hydrogen
bonds or having other hydrophobic interactions with the polypeptide backbone.
Circular dichroism (CD) spectroscopy of model glycopeptides suggests that
bound glycans interact directly by hydrogen bonding with the peptide backbone
to stabilize a particular structure [84]. In human corticosteroid binding protein
it has been presumed that the glycan interacts with a tryptophan residue in the
protein to create a stable steroid binding site [85].

A high degree of glycosylation induces a well-defined saccharide conforma-
tion and an extended peptide backbone structure.The radius of gyration,a mea-
sure of the statistical average distance of the end of the chain to its centre, of
mucin chain is 2.5 to 3-fold larger than that of a denatured polypeptide chain of
equal number of amino acid residue [86]. The glycans tend to stiffen the poly-
peptide backbone and the structure of mucin approaches that of a rigid rod.
This effect of bound carbohydrate on conformational stability is important 
for orientation and function of membrane bound glycoproteins. In an another
study with five model glycoproteins from various sources, differential scanning
microcalorimetry and CD spectroscopy indicated that glycans have an apparent
stabilizing effect on conformation and enhance thermal stability [87]. Thus,
glycosylated enzymes expressed in S. cerevisiae are more heat stable than their
unglycosylated forms expressed in E. coli [88].

The stereochemical features of the N-glycosidic linkage between the first Gn
and Asn, important for the orientation of glycan chains, have been statistically
analyzed employing 44 different glycosylation sites belonging to 26 glycopro-
teins [89]. It was found that N-glycosylation does not significantly change the
rotamer distribution for the Asn side chain as compared to nonglycosylated Asn.
Carbohydrates have a high hydrogen bonding potential, but bonding between
Gn and peptide is infrequent and Gn shows a general tendency to extend into the
solvent. Freedom of rotation about the glycosidic bonds and solvent exposed
nature accounts for the flexibility of attached glycans. However, steric limita-
tions often restrict the rotation about some of the linkages [90].

In most X-ray crystal structures of glycoproteins, only the first 1–4 sugar
residues most proximal to the glycosylation site are defined by proper electron
density, except in few cases where longer fragments of carbohydrates have been
resolved [91]. Hydrogen bonds and hydrophobic interactions between polypep-
tide and attached glycan have been observed. Study of crystal structure of gluco-
se oxidase showed that the N-linked Man residues form hydrogen bonds with the
backbone N and the carbonyl O of Glu [92]. Computer simulation of molecular
dynamics of ribonuclease B also revealed possible hydrogen bonding of N of Lys
side chain with the ring O and the hydroxymethyl group of glucosamine [93].

The partial NMR spectroscopic studies of intact glycoproteins so far report-
ed, indicates that the core Gn of N-glycan at amino-terminal adhesion domain
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of human CD2 interacts with the polypeptide part of the molecule. As a result
the mobility of the proximal glycan residues is restricted. The glycan counter-
balances an unfavourable cluster of positive charges from surface Lys, through
hydrogen bonds and van der Waals contacts, and thus plays a role in stabilizing
the native receptor structure [94]. The solution structure of CD58 revealed that
the N-glycan, located opposite to the binding site, is not directly involved in
ligand binding, and a single Gn residue stabilizes the receptor structure [95].

Hydrogen-deuterium exchange kinetics reveals that, while glycans had little
overall effect on the three dimensional structure of the glycoprotein, there was a
global decrease in dynamic fluctuations due to hydrophobic and hydrogen bond
interactions which correlated with an increase in stability by ~1 Kcal mol–1 [63,
96]. The same glycan on different proteins may have quite different effects depen-
ding on the orientation with respect to the polypeptide [97]. Also, different gly-
coforms of a protein may display quite different orientations of the glycan with
respect to the protein, thus conferring different conformations [94]. For example,
the conserved complex glycan on each heavy chain of IgG Fc CH2 domain occu-
pies the interstitial space between the domains and stabilizes Fc hinge confor-
mation. The antenna of each glycan, in particular the terminal Gal, interacts with
hydrophobic and polar residues on the domain surface. Loss of the two terminal
Gal, as in patients with rheumatoid arthritis, results in a loss of interaction with
the CH2 domain surface.This displaces and exposes the N-glycan,giving them the
potential to be recognized by endogenous Man-binding proteins [98].

3.3
Receptor Functioning

The exact role of N-glycans in the function of glycoprotein receptors is varied.
Receptor glycosylation is generally thought to mediate correct folding and
insertion of the protein into the extracellular membrane, as in the case of FSH
receptor [99]. Glycosylation is also thought to be important in ligand binding in
some receptors, such as somatostatin receptor [100], vasoactive intestinal pep-
tide (VIP) receptor [101], and in the functioning of rhodopsin, the dim-light
photoreceptor of the rod cells [102], CD2 receptor [103], and in the a-subunit of
the human granulocyte macrophage colony stimulating factor (GM-CSF) re-
ceptor [104].

In human Ca2+ receptor [105] and in FSH receptor [99] N-glycosylation is
essential for cell surface expression. Similarly, for the mature LH/CG receptor to
reach the cell surface, post-translational processing of high Man glycans to com-
plex glycans is essential [106]. Inhibition of N-glycosylation prevents cell surface
presentation of VIP receptor as in FSH receptor [101]. Changes in cell surface
expression likely reflect abnormal folding of the nonglycosylated receptor pro-
tein or decreased stability or transport. In some cases, though the receptor
contains more than one glycosylation site, glycans at one of the sites alone is
adequate for the proposed role as in FSH receptor [99],human transferrin recep-
tor [107] and rhodopsin [102].
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There have been some reports where no or only a minor role of attached
glycans was detected. For example, though the rat lutropin receptor is heavily
glycosylated, N-linked carbohydrates are not absolutely required for proper
folding into a form capable of binding hormone and signaling [108]. In rat
angiotensin II type-2 receptor, N-glycans have a minor contribution to the
ligand binding/affinity of the receptor and are not essential for targeting and
expression of the receptor at cell surface [109].

3.4
Intracellular Trafficking

Glycans are modified for direct targeting proteins to specific locations within
and outside the cell. The primary role of mannose-6-P receptor (MPR) in the
Golgi is to target more than 40 different hydrolytic enzymes to lysosomes by
interaction with terminal Man-6-P residues. Most mammalian cells contain two
distinct transmembrane glycoprotein MPRs, and both mediate transfer of new-
ly synthesized lysosomal proteins from trans-Golgi to endosomal compartment
[110]. Similar to Man-6-P modification of lysosomal enzymes, the possibility
exists that plasma membrane and secretory proteins also employ N-glycans as
sorting signals for transport. If N-linked glycans are used as sorting signals in
biosynthetic trafficking, the core residues should be considered as possible re-
cognition targets [3]. In spite of the postulate for the requirement of sorting
signals for trafficking beyond ER, this is an issue that being debated, and the
final answer is not distinct [111]. It has recently been observed that glycoprotein
sorting is related to specific structures of glycans, as for example bisecting Gn
acts as a negative sorting signal for cell surface glycoproteins [112].

3.5
Cellular Recognition and Adhesion

Cell surface oligosaccharides are central to cell-cell communication, cell-adhe-
sion, infection, differentiation and development. The potential for enormous
variation in glycan structure, permitting fine tuning of recognition deter-
minants, is an appealing feature of carbohydrate mediated cellular adhesion.
Furthermore, the large size of glycans allows them to cover functional sites and
hydrophobic patches in proteins, and modulate protein functions [2]. Protein-
carbohydrate interactions are employed in a number of instances of cellular
adhesion, in systems as varied as binding of pathogenic bacteria to animal cells
[113], neuronal development [114], lymphocyte homing [115], immune recog-
nition [116] and cellular migration during embryogenesis [117]. It was proposed
that adhesion of these cells was caused by the interaction between glycans in 
the membranes of one cell with the GlycT present in the membranes of adja-
cent cells.

The binding of viruses to host cells involves the viral hemagglutinins and the
host cell surface glycoproteins [118]. Similarly, other cell surface carbohydrates
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act as receptors for pathogens and toxins. Cell surface glycoconjugate containing
N-acetyl-9-O-acetylneuraminic acid is believed to be involved in the attachment
of influenza C virus [119].Again, sialic acid in glycophorin, a glycoprotein in the
membranes of red blood cells, has a role in the binding of viruses to receptors.
Removal of negative charge by chemical amidation blocks association of ence-
phalomyocarditis virus to receptors, suggesting a direct role for SA in attach-
ment [120].

Carbohydrate mediated cell-adhesion is involved in metastasis and can be
initiated by tissue injury or infection. One of the initial events in host response
to inflammation is the ordered migration of leukocytes to inflammatory sites,
initiated by relatively low affinity interactions that allow for leukocytes to roll
along the inner lining of blood vessels, called the endothelium. Finally, the rec-
ognition is mediated in most regulated manners by glycoprotein E-selectin
expressed on the surface of endothelial cells in response to inflammation, and a
glycan displayed on the surface of neutrophils occurs [121]. The adhesion pro-
cess is stimulated by signaling molecules (e.g. interleukin 1 and tumor necrosis
factor) or other inflammatory factors (e.g. toxins, lipopolysaccharides, leuko-
trines) that induce the production of E-selectin. Another glycoprotein, P-selec-
tin is expressed on thrombin activated endothelial cells. Passing leukocytes
adhere to these protruding selectins, as their carbohydrate coat contains com-
plementary ligands. The nature of carbohydrate ligands for the selectins 
appear to be complex where Fuc and SA are critical functional components
[122]. Following this initial phase, tight adherence of leukocytes to the endo-
thelial cells takes place which involves protein-protein interactions mediated
by integrins on leukocytes and a protein ligand on endothelial cells. Finally,
leukocytes extravasate into the underlying tissue, where they play a key role in
host defense [122].

The lectin-carbohydrate recognition has also been implicated in the early
development and differentiation of cells. Neural cell adhesion molecules
(NCAM), are the cell surface glycoproteins which plays a key role in the devel-
opment of the nervous system [123]. NCAM, with polysialic acid (PSA) appear
during the early development and are believed to be involved in cellular adhe-
sion. The negatively charged PSA, more abundant in embryonic brain than 
in adult brain, is implicated in reducing NCAM adhesive capability, and thus
in allowing increased neurite outgrowth and cell mobility.

3.6
Receptor Binding and Signal Transduction

Glycosylation adds to the heterogeneity and signaling functions of the cytoki-
nes, including the interferons, interleukins, colony stimulating factors [124].
However, the most well studied proteins in which direct participation of the
glycan moiety in their function including subunit assembly, receptor binding,
function and modulation of plasma half-life has been shown are the pituitary
hormones TSH, LH and FSH, and the placental hormone CG [125, 126]. These
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are heterodimeric in nature consisting of a common a-subunit and a unique
hormone specific b-subunit. Both the subunits in all four hormones are ex-
tensively glycosylated. The integrity of the dimeric form of the hormone is
essential for receptor-binding as individual subunits do not bind to the recep-
tor and are devoid of biological activity. It is held that receptor specificity is
determined by the b-subunit, but modifications to either a- or b-subunit can
disrupt receptor binding [127]. In case of hCG, glycosylation in Asna52 has
been demonstrated to be essential for maximization of in vitro bioactivity and
signal transduction [128], while at the same time Asna52 did not show any
activation of FSH receptor by hFSH [129]. In contrast, glycans at Asna52, and
specifically the terminal SA residues, attenuates in vitro hTSH activity to a
much higher degree than those at Asna78 or Asnb23 [130]. Deletion of both 
N-glycans on a-subunit resulted in a significant reduction of hTSH bioactivi-
ty [131].

Although structure of glycoprotein hormone receptors and hormone-recep-
tor complexes have not been solved, several models of hormone-receptor inter-
action have been proposed [132, 133]. The molecular mechanism by which
carbohydrates activate the receptor is believed to occur at a post-receptor
binding step [125]. An indirect mechanism involving a conformational change
of the hormone appears more likely than a direct interaction of glycan with the
receptor. Reports on crystal structure of hCG located the glycan at position
Asna52 to be at the dimer interface and within the proposed receptor binding
region [134]. Since the hormone specific b-subunit influences common a-sub-
unit conformation in a hormone-specific manner, differences in the spatial
orientation of Asna52 glycan may contribute to its differential role in these
hormones. The reported weak thyrotropic activity of hCG has been linked to a
direct interaction with hTSH receptor. This activity of hCG increased upon
desialylation in contrast to a decrease at its native receptor level [135]. Thus, the
observed differences in the role of individual glycans may be related to differen-
ces in receptor structure and/or to receptor dependent differences in receptor-
ligand interactions.

3.7
O-Glycosylation Functions

The lack of consensus sequence and specific inhibitors for O-glycosylation has
hindered studies on the functions of O-glycans. The alterations of O-glycan
structures often show cancer and inflammatory diseases. There are several
studies indicating that O-glycans function as ligands for receptors modulating
such diverse actions as lymphocyte trafficking, sperm-egg binding and tumor
cell adhesion [136, 137]. Free swimming sperm recognize and bind to acidic
glycoprotein zona pellucida (ZP3) on the egg’s zona pellucida to initiate fertiliza-
tion process. ZP3 from different mammals consist of a well conserved poly-
peptide that is differentially glycosylated. It has been shown that removal of
O-glycans from ZP3 destroys its sperm receptor activity, whereas removal of
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N-glycans or SA had no effect [138]. A Gal residue at the nonreducing terminus
of these O-glycans is essential for binding of sperm to the zona pellucida.

The stable cell surface expressions of human interleukin-2 receptor, low
density lipoprotein receptor and the major antigen envelope protein of Epstein-
Barr virus depend on normal O-glycosylation [139]. The O-glycans may inhibit
proteolytic degradation of proteins [28]. The role of O-glycan in the activity of
human granulocyte colony stimulating factor (G-CSF) was suggested to be eit-
her stabilization of protein conformation or inhibition of polymerization, which
would deactivate the factor [140].

Ser/Thr O-linked Gn is found primarily in the cytoplasm and in the nucleus.
The role of O-Gn as regulating modification is not completely understood.
O-Gncylation appears to be as abundant as phosphorylation, and is a highly
dynamic and a regulated process [141]. O-Gn may have a role in modulating
either the phosphorylation state or the assembly and disassembly of multimeric
protein complexes in several major cellular systems including transcription,
nuclear transport, and cytoskeletal organization [142].

4
Altered Glycosylation Pattern and Diseases

Inappropriate expression of GlycTs is reflected in the altered glycosylation
patterns that accompany viral and chemical transformations, oncogenic events
and other pathological states such as rheumatoid arthritis and cystic fibrosis.
Increase in sialylation and branching of glycan structures expressed by cancer
cells have been correlated with increase in metastatic capacity of these cells
[143]. These changes in the glycosylation profile can be exploited in the diagno-
sis, as the serum level lipid-bound sialic acid (LSA) has been found to increase
in most cases of metastasis diseases [144, 145].

Again, unregulated appearance of selectins and inappropriate extravasation
of leukocytes results in tissue damage associated with a number of inflamma-
tory diseases, such as rheumatoid arthritis, asthma, myocardial infarction, and
acute lung injury. It is important for the therapeutic control of selectin synthe-
sis. New anticancer agents could be developed based on the inhibition of adhe-
sion by neutralizing antibodies and administration of competing glycans or
peptides to block receptor-ligand interaction. The carbohydrate ligands of
E- and P-selectin have been shown to be potentially useful for this purpose
[146]. Another means to inhibit selectin activity is to identify compounds that
selectively block either the signaling pathways or the transcription factors in-
volved in induction of genes encoding the selectins [147].

The molecular basis of inherited defects is established for a number of dis-
eases and altered glycosylation patterns have been observed to be associated
with these. For example, IgG Fc fragment conserved site glycans lacking in outer
arm Gal residues increase in rheumatoid arthritis, tuberculosis and Crohn’s
disease. There is also an Fab-specific increase in glycans bearing a bisecting Gn
and a core Fuc [148].
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4.1
Carbohydrate Deficient Glycoprotein Syndrome (CDGS)

Persons with CDGS exhibit abnormal glycosylation of several serum glyco-
proteins (a-1 antitrypsin, transferrin). It is a hereditary multisystemic glycosy-
lation disorder with involvement of the central and peripheral nervous system
leading to mental retardation and hypotonia [149]. This appears to be a highly
substrate specific defect [150]. The deficiency of SA results in the presence of
abnormal isoforms. Glycoprotein transport along the secretory pathway is
delayed and dilation of ER indicates a retention of misfolded glycoproteins.
Alternatively, CDGS could be due to defective synthesis and transfer of dolichol-
linked precursors [151]. The disease is usually diagnosed by isoelectric focusing
(IEF) of the proteins.

4.2
Cystic Fibrosis

A number of mutations have been found to exert their effect by specific change
in a particular protein leading to altered protein folding and defective modi-
fication. Some of the human diseases for which altered protein folding and 
inability of the mutant protein to achieve its functional conformations are 
responsible include cystic fibrosis (CF) and maple syrup urine disease [152].
Cystic fibrosis is one of the most frequent inherited lethal disorders in humans
and is caused by the functional absence of a plasma membrane Cl channel,
designated cystic fibrosis transmembrane conductance regulator (CFTR) [153].
Clinical symptoms include both pancreatic and pulmonary insufficiencies. The
vast majority of severe CF cases are linked to a single genetic lesion, deletion of
a Phe codon (DF508). This interferes with the folding of newly synthesized CFTR
polypeptides and leads to incomplete N-glycosylation, failure to traffic to the
plasma membrane, and retention and degradation by the ER quality control
mechanism.

4.3
Amyloid Diseases

Amyloidosis is a group of diverse conditions in which one of the 16 normally
soluble and functional proteins self-assembles into an insoluble protease 
resistant b-sheet fibril form. The insoluble fibril associates with plasma and
extracellular matrix proteins and proteoglycans to form neurotoxic amyloid
deposits as in Alzheimer’s disease [154]. It is a progressive neurodegenerative
disorder of the aged and characterized by a series of structural abnormalities
in the brain, including dense extracellular aggregates called senile plaques.
The major component of senile plaque is a hydrophobic 39–43 amino acid
peptide termed the b-amyloid peptide (Ab), proteolytically derived from a
larger membrane-spanning glycoprotein, b-amyloid precursor protein (bPP).
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It has been suggested that aberrant processing of bPP and a conformational
transition from a-helix to b-sheet in the amino-terminal region of the amylo-
id b-peptide is linked to the formation of amyloid plaques [155, 156].

4.4
Lysosomal Storage Diseases

Several lysosomal storage diseases result from defective expression of specific
glycosidases. The intracellular accumulation of unprocessed carbohydrate sub-
strates leads to aberrant cellular structure and cell death. Thus, deficient 
or defective hexosaminidase results in either Tay-Sachs or Sandhoff disease
[157]. Fucosidosis, another neurovisceral storage disease, is caused by defec-
tive a-L-fucosidase expression.

Aspartylglycosaminuria (AGU) is the most common disorder of glycoprotein
degradation and is caused by a deficiency of lysosomal glycosylasparaginase,
which hydrolyzes b-N-glycosidic bond between Asn and Gn, resulting in the
accumulation of asparatylglucosamine. The most prominent clinical findings
include severe mental and motor retardation. Most cases of AGU are caused by
a mutation in the gene that results in a failure to activate the enzyme precursor
by intramolecular autoproteolysis [158].

4.5
Other Diseases

A genetic defect of a-M II causes congenital dyserythropoietic anemia type II.
The reduction of a-M II activity results in a failure of polylactosaminoglycan
formation in erythrocyte membrane proteins, leading to clustering of mem-
brane proteins and formation of unstable erythrocytes [159].

Acute phase proteins are plasma proteins produced mainly by hepatocytes.
Most APPs are glycoproteins with one or more N-linked complex glycans.
Stimulants that commonly induce the acute phase response include tissue
injury, rheumatoid arthritis, bacterial infection, inflammation, and neo-
plasms. Cytokines, notably interleukin-6, induce striking alterations in the
concentration and glycosylation pattern of APPs in response to these stimuli
[160].

5
Choice of Expression Systems

5.1
Systems Available for Glycoprotein Expression

A number of recombinant proteins including peptide hormones, cytokines,
growth factors and monoclonal antibodies have been obtained using different
expression vectors and host cell systems [161]. However, it has been observed
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that the yield and the authenticity of glycosylation vary with the product and the
expression system. The choice of expression system for the production of glyco-
proteins is governed by the following factors:

(a) structural complexity (number of disulfide bonds, oligomerization, extent
and type of glycosylation, etc);

(b) product stability and refolding;
(c) desirability of secretion;
(d) intended use (therapeutic or diagnostic);
(e) yield.

In a strict sense, recombinant proteins should be comparable to their counter-
parts purified from natural sources in terms of biological, clinical and pharma-
cological properties.As the natures of glycosylation modulate these attributes of
a glycoprotein, and no single eukaryotic host cell system is capable of processing
every potential heterologous glycoprotein glycans similar to its ectopic tissues,
it is imperative to examine various expression systems to find the one that can
produce an authentic product. An excellent review on the major glycosylation
attributes of different expression systems and the role of culture conditions on
glycosylation has recently been published [162].

The acceptable limit of glycosylation differences between natural and recom-
binant proteins would depend on the type of product, the intended use and the
pharmacological attainment. For example, glycosylation in the Fc region rarely
affects the immunoreactivity of monoclonal antibodies (MAbs). However, this
does affect Fc receptor binding, antibody mediated cytotoxicity and is involved
in antibody elimination. While glycosylation of Fab regions has variable effects
on the binding activity of MAbs, glycosylation in the hinge region might effect
antibody sensitivity to proteases [163].

The most commonly used expression systems are insect cells with baculo-
virus vectors, yeast and mammalian cells. Filamentous fungi (e.g. Aspergillus
sp.) have also been developed as host cells for the production of heterologous
proteins, although there is need to improve the culture with respect to de-
crease fungal proteases and glycosylation patterns [164]. Unlike higher
eukaryotes, a number of late modification steps, such as Man core processing
and addition of Fuc, Gal, Gn and SA are absent in prokaryotes and simple
eukaryotes [165].

Expression of recombinant proteins in the milk of transgenic animals is
gaining popularity due to simple and cost effective production. Over the past
several years, the feasibility of this approach has been demonstrated by the pro-
duction, at mg ml–1 levels, of pharmaceutically relevant monomeric proteins
such as human a1-antitrypsin, human tPA, human protein C and hexameric
fibrinogen [166]. However there are limitations of mammary tissue in making
the meaningful post-translational modifications, which has been overcome by
coexpression of key processing enzymes [167].

Protein Glycosylation: Implications for In Vivo Functions and Therapeutic Applications 179



5.1.1
Yeasts

A wide range of yeast species, including Saccharomyces cerevisiae, Pichia pasto-
ris, Hansenula polymorpha, Kluyveromyces lactis, Schizosaccharomyces pombe
and Yarrowia lipolytica have been tested for the production of heterologous
eukaryotic glycoproteins [168, 169]. Major advantages in yeasts include the rela-
tively low culture costs, high expression levels and presence of a secretory
pathway similar to that in higher eukaryotes. Yeasts may successfully use secre-
tion signals from other organisms, and secretion of heterologous proteins into
the culture medium simplifies product purification due to low levels of native
secretory proteins.All the steps involved in higher eukaryotic protein trafficking
and post-translational modification may not be equivalent in yeast. Thus,
although a number of recombinant glycoproteins with pharmaceutical or in-
dustrial value has been obtained using the yeast expression system, they often
have altered biological properties and functions with respect to solubility, sensi-
tivity to proteases or serum half-life, mostly due to differences in protein glyco-
sylation. In S. cerevisiae, N-linked glycans are processed to highly mannosylated
structures and not to complex-type structures containing Fuc, Gal and SA as
found in higher eukaryotes [170]. The Man8Gn2 oligosaccharide structure is
elongated in the Golgi by the action of a series of mannosyltransferases to form
the large mannan oligosaccharides, usually containing 50–150 mannose residue
and some of them have Man-P-Man sequences [171]. Such glycoproteins are
recognized by Man receptors and removed from circulation. In addition,
nonhuman glycosylation in expressed proteins are potentially immunoreactive.
A mannosylation defective mutant strain has been used to avoid hyper manno-
sylation. These mutants however, do not grow well like other yeast strains [172].
Species like P. pastoris and H. polymorpha express glycoproteins of average Man
chain length less than 30 monomers, and furthermore the expressed proteins
are devoid of highly antigenic terminal a1,3-Man linkage, which is obtained in
S. cerevisiae system [168]. Besides glycosylation variants, proteolytic instability
of the secretory proteins is another significant problem in yeast expression
systems. There is a need to develop protease-deficient mutants to improve the
quality and yields of the expressed proteins.

5.1.2
Mammalian Cells

The major advantage of using mammalian cells to produce heterologous
eukaryotic proteins are that the expressed proteins are correctly folded and
glycosylated to near native structures [173]. Because of these unique post-trans-
lational modifications, various mammalian expression systems have been
reported time to time for the production of therapeutic proteins [173–176].
However, the high cost of cell culture, low productivity (5–50 pg cell–1 day–1),
and difficulty in growing in large scale imposes serious restrictions on their
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exploitation. The use of human cell lines for expressing protein is rare. However,
the human lymphoblastoid Namalwa cell line has been used for the production
of tPA. The cell line performs O-linked and N-linked glycosylation efficiently,
and preliminary study shows that the glycosylation pattern is identical to the
normal human cell type [177].

5.1.2.1
Mouse Cells

Most mammals express the enzyme a1,3-GalT, which generates Gal a1,3-Gal
b1,4-Gn residues on membrane and secreted glycoproteins. Humans are notable
exceptions where the gene has become inactivated [178]. Certain mouse cell
lines such as hybridomas, mouse-human heterohybridomas, and C127 cells
synthesize some glycans terminating in Gal a1,3-Gal b1,4-Gn [179]. Moreover,
the levels of N-glycolylneuraminic acid (NeuGc), a SA derivative, are more
prevalent in antibodies derived from mouse or human-mouse hybridomas
[180]. In contrast, glycoprotein in adult humans do not normally contain NeuGc.
Low levels of NeuGc (1% of total sialic acid) are tolerated in recombinant
proteins such as EPO, but higher levels (around 7%) can elicit an anti-NeuGc
antibody [181]. Furthermore, high levels of terminal NeuGc are correlated with
a rapid removal of molecule from circulation, compared to the same protein
bearing terminal SA residues [182]. Other rodent cell lines, such as mouse NSO
or rat YO myeloma, producing humanized antibodies, do not add this unwanted
residue (Gal a1,3-Gal b1,4-Gn) and therefore are only mildly immunogenic
[183]. In spite of nonnative forms of glycosylation, mouse cell lines seem to be
one of the powerful expression system commercially exploitable. Mouse C127
cell line under BPV promoter has been found to produce tPA at peak titre of
55 mg l–1 [184]. The highest yield of antibody (1 g l–1) so far reported is in NSO
cells using glutamine synthetase amplification system [185].

5.1.2.2
Hamster Cells

Chinese hamster ovary (CHO) and baby hamster kidney (BHK) cells have a “set”
of glycosylation enzymes that are similar (but not identical) to those in human
cells [165]. However, these lack a functional a2,6-ST required to add SA through
a2,6 linkages.As the rat gene coding for this enzyme has been cloned, the defect
can be corrected by a2,6-ST transfection, generating both a2,3- and a2,6-linked
SAs [186]. In addition, mutants of CHO cells that display altered glycosylation
pattern have proven useful in expressing glycoproteins with minimal hetero-
geneity [187]. Thus, CHO-K1 cell produces terminally sialylated glycans, while
CHO-Lec2 cell produces carbohydrate with a >90% decrease in SA content, and
CHO-Lec1 cell, lacks GnT I activity, leading to the accumulation of high-Man
intermediates [188]. The highest expression obtained in CHO-K1 cell line was
for tPA, and the maximum product concentration obtained was 136.4 mg l–1 in a
high cell density perfusion culture [189].
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5.1.3
Insect Cells

The production of heterologous proteins in lepidopteran insect cells using bacu-
lovirus expression vector has several highly desirable attributes. The process
development time for primary production of a recombinant protein is short,
high yield is possible (>30 mg l–1) and the system has the ability to carry out a
wide array of post-translational processing [190].

Insect cells lack the capacity to process carbohydrate moieties to “complex”
type containing Gal and terminal SA residues, express highly mannosylated
proteins, and also are reported to attach xylose [191–193]. They do, however,
accomplish the most important stage in the overall folding and quality control
of glycoproteins involving glucosidase II and glucosyl transferase [194]. There
have been some reports indicating the formation of complex glycosylated
recombinant proteins in baculovirus infected insect cells [193]. In addition,
there has been a report of successful O-linked glycosylation on pseudorabies
protein (gp50) following its expression in insect cells [195].

Recombinant baculoviruses, especially Autographa californica nuclear poly-
hedrosis virus (AcNPV), are widely used to express heterologous proteins in a
eukaryotic processing environment. They are particularly useful for the high-
level expression of eukaryotic proteins with fastidious co- or post-translational
processing requirements [194]. The virus infects Autographa californica and 
30 other insect species. The most commonly used cell line is derived from the fall
armyworm, Spodoptera frugiperda. Examination of N-glycosylation processing
of an alternative cell line (Estigmena acrea) indicated significant differences in
the glycosylation pattern. Except for ST, Ea4 cells possess most of the enzymes
involved in production of hybrid and complex N-glycans [196]. Traditionally,
very late viral promoters (driving expression of polyhedrin or p10) have been
used in expression vectors. However, post-translational events such as secretion
and glycosylation appear to occur more efficiently when early promoters are
used [197–199]. Recently, a new type of baculovirus vector has been developed
that can express foreign genes immediately after infection under the control of
the promoter from the viral immediately early (ie1) gene. These vectors have
been used to modify the N-glycan processing capabilities of insect cells by direct-
ing the expression of a heterologous processing enzyme (b1,4-GalT) during the
early phase of infection. The enzyme then functions as part of insect cell machi-
nery and contributes to the production of a foreign glycoprotein synthesized
later in infection with more extensively processed N-glycans [200]. Interestingly,
GPI membrane anchors are efficiently produced in the baculovirus system [201].

5.1.4
Plants

Transgenic plants are emerging as an important expression system for foreign
genes. Their major attractions are the potential for protein production on an
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agricultural scale at competitive cost, stable integration of foreign DNA into the
plant genome, and ease of storage of transformed lines as seeds under ambient
conditions. A number of groups have expressed antibody fragments, single
chain molecules, full length antibodies and immunoconjugates employing a
variety of toxins with a view to exploit plants as bioreactors for large scale pro-
duction [202, 203]. A potato plant expressing enterotoxin vaccine is found to
elicit antibody response upon oral immunization in mice [204]. The N-linked
core high-Man glycans have identical structures in plants and other eukaryotes.
Complex plant glycans may be quite heterogeneous, but tend to be smaller than
mammalian complex glycans, and differ in the terminal sugar residues. For
example, a Xyl residue linked b1,2 to the b-linked Man of the glycan core is
frequently found in plants, but not in mammals while SA has not been identified
in plants. As a result of asialylated form, EPO produced in tobacco cells has no in
vivo biological activity, presumably because of its high clearance rate [205]. The
difference in glycosylation pattern of antibodies expressed in plants had no effect
on antigen binding or specificity. But, for human therapy, the presence of plant
specific glycan might increase the immunogenicity of recombinant antibody.
Furthermore, the possibility that patients may develop an allergenic response to
plant-derived glycan moieties such as core a1,3-linked fucose need to be taken
into account [206]. Enzymatic removals of unwanted glycan groups or the use of
mutant or recombinant plant strains with altered glycosylation pathways are
ways to approach this problem in cases where inappropriate glycosylation affec-
ts the pharmacokinetics, immunogenicity or product efficacy [165, 207].

5.1.5
Dictyostelium discoideum

This well known amoeboid organism is used to express heterologous proteins
that are difficult to study in other systems [208].Various cell lines with different
glycosylation capacities have been developed. D. discoideum has been succes-
sfully used to express two parasite proteins, such as malaria circumsporozoite
surface antigen (CSP) [209] and glutathione-S-transferase (GST) from Schisto-
soma japonicum [210]. Besides, Rotavirus outer capsid glycoprotein VP7, human
glycoproteins antithrombin III and muscarinic receptor have also been expres-
sed. O-Linked peptides that are formed in D. discoideum are glycosylated at the
same residues in humans, though the sugars added are not always the same. This
shows a separation of recognition and catalytic domains for the glycosylating
enzymes. These studies have assisted in the designation of specific peptide
motifs as potential O-glycosylation sites [211].

5.2
Protein Glycosylation – Nature of Protein and Host Cells

Each eukaryotic host cell has its own characteristic set of glycosylating enzymes,
and thus authentic glycosylation is unlikely to occur in any expression system.
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Glycan processing pathways have been genetically manipulated in hosts like 
S. cerevisiae and CHO cells [188]. In general, the natures of glycan structure in
the expressed glycoprotein are protein and host specific. The terminal sugars
and, to a lesser extent, the chain branching are the features that are most influ-
enced by the host, as observed from the study of tPA and EPO [212]. Table 3a
shows the nature of glycans produced in three different glycoproteins expressed
in CHO cells. It is obvious that these recombinant proteins differ from their
native counterparts with respect to biological activities and circulatory half-
lives, mainly due to conformational differences and the nature of glycosylation.
The extent to which the host cells dictate the glycosylation differences is illust-
rated in Table 3b. Therefore, it is important to study the host cells and their gly-
cosylation machinery before considering them for the expression of the thera-
peutic proteins. This view is further substantiated by the observations with
pituitary hTSH, which is having complex glycans terminating predominantly
with SO4-GalNAc. CHO cells do not express GalNAc-transferase and sulfotrans-
ferase, and thus hTSH expressed in these contain only SA-Gal terminal sequen-
ces and have longer plasma half-life and higher in vivo activity despite lower in
vitro activity compared to pituitary hTSH [217].

5.3
Factors Controlling Glycosylation in Cultured Cells

Once the host cell line has been selected, the cell culture conditions are opti-
mized to minimize glycoprotein heterogeneity and to prevent deterioration of
product quality [218]. Cell status, bioreactor configuration, and culture condi-
tions (e.g. pH, concentration of NH 4

+) and media components (e.g. serum levels,
glucose, amino acids), presence of nucleotide sugars cytidine and uridine, and
lipids such as dolichol alone or in combination with lipoprotein carriers, have
been found to affect glycosylation in several systems [162]. Large scale cultured
tPA exhibited a higher clearance than tPA produced on a small scale, indicating
variability in glycosylation pattern [219]. Product degradation due to various
glycosidase activities has been measured in CHO cell lysates and culture super-
natants. Amongst these, sialidase is the most active enzyme at neutral pH [220]
and is found to degrade glycans from recombinant products [221]. Mouse cell
lines such as NSO myelomas and hybridomas display much lower sialidase
activity than CHO cell at neutral pH.

6
Biopharmaceutical Properties

Recombinant glycoproteins often have altered biological properties and func-
tions, increased immunogenicity and protease sensitivity compared to their
native counterparts. Cell lines that produce proteins containing glycans with the
blood group antigens or with terminal Gn residues are unsuitable as hosts
because of the presence of natural antibodies against blood group antigens and
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Table 3 a. Nature of glycosylation in different proteins expressed in the cell line CHO

Protein expressed Nature of glycosylation
Recombinant protein Native protein References

CHO 1. IFNg Biantennary complex type
(Asn25 and Asn97) Two glycosylation sites [213]

2. tPA Oligomannose type chain in one Complex and oligomannose. [208]
of the three N-glycosylation sites. Three Asn sites, two classes of
Other two sites (Asn184 and Asn448) varients: type I and type II with [212, 214]
are complex type either Asn117 and Asn448 or Asn117,

Asn184 and Asn448 respectively. Asn117

is oligomannose type, other two are 
charged complex type

3. EPO Tetraantennary complex type at One O-linked and three [212, 215]
three Asn sites and one O-linked glycans. N-linked glycans. N-linked
More O-linked glycans and less sialic glycans are extensively
acid than native form manifest con- branched and complex
formational differences and hence in type structure having tetra-
the potency antennary glycans

Table 3 b. Nature of glycosylation in IFNg expressed in different cell lines

Protein Cell line Nature of glycosylation Remarks References
espressed

IFNg 1. CHO Complex biantennary The glycans of native IFNg is [191, 195, 215]
type (Asn25 and Asn97) exclusively complex biantennary

2. Sf 9 Mainly trimannosyl type. Specific activity is comparable
core structure with the recombinant proteins,

3. Mammary gland Intermediate glycan profile however such heterogeneity in gly-
of transgenic mice (complex structure at Asn25 cans could affect the circulatory half-

and oligomannose structure at Asn97) life due to varying degree of susceptibility
to clearance by Man receptors



the strong antigenicity of Gn terminated glycans. As the glycans with Xyl and
Fuc groups, commonly found in plant glycoproteins, are highly immunogenic,
recombinant glycoproteins produced by plant cells may also cause pathological
concerns [222]. Artificial glycosylation sites have been introduced into small
peptides to improve their pharmacokinetic properties or to make them resistant
to proteases [223, 224].Although an authentic human glycosylation profile could
be the final aim; it may be desirable to produce a modified glycoprotein with
defined glycosylation and predictable pharmacokinetic properties [192]. There
are four properties critical to the efficacy of therapeutic proteins depending on
glycosylation – biological activity, antigenicity, immunogenicity and circulatory
half-life. Since the roles of glycosylation in overall biological activities of glyco-
proteins have been discussed in the earlier sections, they are not separately
included here.

6.1
Antigenicity

Correct post-translational processing has a large impact on the efficacy and
antigenicity of recombinant protein [225]. Frequently, the a-linked sugars either
alone or in combination constitute antigenic determinants. Oligosaccharide
structures can serve as a basis for antibody recognition [226]. Glycoproteins
with nonnative carbohydrate structures may be antigenic. Many mammalians
circulating antibodies are targeted against specific oligosaccharide deter-
minants. Most humans have circulating antibodies against N-linked yeast
mannan chains, and about 1% of circulating human IgG is specific for the ter-
minal Gal a1,3-Gal epitope generated by mouse C127 cells. There may be rapid
clearance due to antigen-antibody complex formation followed by phagocyto-
sis. Glycans may also contribute indirectly to glycoprotein antigenicity. The
interaction with antibodies is influenced by their bulky hydrophilic and often
highly charged glycan moieties. The glycans appear to adopt a flattened con-
figuration over the surface of the peptide moiety which would tend to maxi-
mize steric hindrance in binding to antibody [227]. Glycoproteins such as
human a1-acid glycoprotein, which contains 5 glycan moieties essentially of
the tri- and tetra-antennary types, are completely enveloped by the glycans.
This could explain the resistance and the weak antigenicity of glycoproteins,
the glycans acting as protective shields. The umbrella configuration of glycans
is firmly maintained by ionic bonds between the electronegative charges of SA
residues and electropositive ones of basic amino acids. Removal of SA residues
makes the antennae free and mobile, abolishes the protective effect of glycans,
and the glycoprotein becomes more antigenic and more susceptible to degra-
dation. The protective role played by glycans towards the protein moieties
could explain the resistance of metastatic cancer cells, as their membrane glyco-
proteins are significantly enriched in tri- and tetra-antennary glycans [228].
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6.2
Immunogenicity

The effects of glycans on glycoprotein immunogenicity (ability to elicit an
immune response) are less clear [229]. Available evidence shows that the epito-
pes of glycoproteins consist solely of peptide elements, though the bulky, hydro-
philic and often highly charged glycans may influence the conformation and
reactivity of glycoproteins. The epitopes are retained in the deglycosylated gly-
coproteins [230], although there is some evidence that the carbohydrate moiety
may influence the immunogenicity of glycoprotein [227]. In a recent study on
immunogenicity, it has been observed that nonglycosylated hCGb elicited better
antibody response in rats than that of glycosylated hCGb [231]. Proteins that are
normally glycosylated can potentially have enhanced immunogenicity when
administered in aglycosyl form due to a tendency to aggregate [232]. Proteins
without appropriate carbohydrate moieties may have altered immunogenicity.
Furthermore, absence of glycosylation can unmask peptide epitopes causing an
antibody response, as seen with GM-CSF derived from yeast but not that from
CHO cells [233].

6.3
Metabolic Clearance and Circulatory Half-Life

Glycans play a significant role in defining the in vivo glycoprotein clearance rate
through both specific (receptor mediated) and non-specific (physicochemical)
routes, a property critical in determining the efficacy of an injected therapeutic
protein. The clearance from circulation is particularly dependent on the presen-
ce of glycans on the outer arms [234]. Glycosylation of protein is believed to
change specific biological activity, alter diffusibility and tissue distribution and
guarantees an effective transfer to target organs. Differences in glycan structure,
degree of sialylation and number of antennae play a major role in the clearance
rate of an injected glycoprotein and cause differential effects on in vivo activity
[216, 234].

Carbohydrate-specific hepatic receptor-mediated clearance mechanisms
include the asialoglycoprotein, SO4-GalNAc and Man receptors [235, 236]. The
asialoglycoprotein receptor on liver hepatocytes is most significant and
accounts for the short circulatory half-life of proteins lacking terminal SA [237].
Reliable quantitative analysis of SA will be an important aspect of quality con-
trol for glycoprotein pharmaceuticals. For glycoproteins produced in recom-
binant S. cerevisiae and insect cells which possess terminal Man or Gn moieties,
the Man receptor presumably represents a major clearance mechanism [229].

The glycoprotein hormones hLH, hTSH and the uncombined a-subunit syn-
thesized in pituitary have unusual Asn-glycans with terminal SO4-GalNAc
residues whereas the terminal residues in hFSH and in hCG synthesized in
placenta are SA and Gal. A specific GalNAcT in combination with a sulfotrans-
ferase accounts for synthesis of Asn-glycans terminating with GalNAc-4-SO4
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[238]. The sulfated glycans found on LH do not affect its bioactivity at the recep-
tor level but do have a marked impact on its circulatory half-life and in vivo
potency. A receptor present on hepatic endothelial cells recognizes glycans
terminating with SO4-GalNAc and can account for rapid removal of glycopro-
teins bearing these structures [239].

In hTSH, N-glycans of b-subunit has a more pronounced role than that from
a-subunit in metabolic clearance and in vivo activity [240]. Similarly, in b-sub-
unit of hCG, highly sialylated glycans are important in prolonging plasma half-
life [241]. The carboxy terminal peptide (CTP) of bhCG is also important in pro-
longing plasma half-life of the hormone.This has been ligated to hFSH [242] and
hTSH [243] to generate analogs with increased plasma half-life and bioactivity.
Furthermore, in hTSH, there was a significant decrease in circulatory half-life
upon deletion of glycans at Asna78 compared to at Asna52 [244], which may be
related to surface-exposed location of Asna78 [134]. These results are comparable
with the observed site-specific role of glycans in the in vivo activity of hFSH
[245]. The circulatory half-life, and not the in vitro activity, appears to be the
primary determinant of the in vivo activity of these hormones.

Glycoprotein glycans can also affect clearance rate by mechanisms which do
not involve high-affinity receptors. They can prolong glycoprotein circulatory
half-life by increasing both size and surface charge and affecting filtration rate
through the kidney glomerular tubules [229]. Furthermore, highly branched
glycans (tri- or tetraantennary) are less susceptible to renal clearance than bi-
antennary structures as in EPO [246].

7
Controlled Carbohydrate Remodeling

There is interest in the development of methods that will permit modification of
glycan structures on therapeutic glycoproteins. This might increase serum half-
life and solubility of drug, decrease antigenicity, promote uptake by target cells
and tissues, improve efficacy and reduce dosage [247]. The glycosyltransferases
as well as glycosidases have been exploited for the synthesis of oligosaccharides
and glycoconjugates. The in vivo function of glycosidases is to cleave glycosidic
bonds, although under appropriate conditions they can be useful as synthetic
catalysts. Glycosyltransferases are highly specific in the formation of glycosides
though, the availability is limited. Glycosidases have the advantage of wider
availability and lower cost, but they are not as specific or high yielding in syn-
thetic reactions.

Despite no PCR equivalent replication system being available for the amplifi-
cation of minute amounts of carbohydrates and no machine being available for
the solid phase synthesis of glycans, advances have been made in their chemical
synthesis. For example, synthesis of core N-glycan structure (Man3Gn2) and
oligomannose glycans from monosaccharides have recently been accomplished
[248–250]. At present it is possible to synthesize carbohydrate chains 20 mers
long, to derivatize glycans and link them together, and to employ enzymatic and
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semisynthetic methods for the generation of lead molecules [251]. This opens
the possibility of adding defined glycan structures after recombinant protein
synthesis and secretion. In addition, cloning and expression of several impor-
tant glycosyltransferases in E. coli will allow post-harvest remodeling of glyco-
proteins produced in cell culture, making them more acceptable as human thera-
peutic proteins [252].

8
Characterization of Sugars

Assessment and control of product heterogeneity are the major problems faced
in the manufacture of recombinant proteins. Unraveling the complexities of
glycosylation of a molecule is a substantial task. Sequence analysis has a some-
what more entangled meaning for a variably linked and multiple branched
structure than for the linear biopolymer as in the case of peptides. Deglycosyla-
tion reactions may be discriminating or incomplete and chromatography could
enrich or exclude particular subforms. However, in many situations this is not
necessary and only a limited amount of information on a single or a group of
structural features is needed. Techniques and instruments are now becoming
available which, particularly when used in combination, can provide rapid and
accurate comparisons of the glycosylation patterns of glycoproteins.

Glycan analysis is performed on intact glycopeptide or after their release
from the protein. Thus, two approaches generally practiced to compare the
glycosylation pattern of glycoproteins are (a) glycan analysis on intact glyco-
peptide – site-specific digestion of glycoprotein with proteases or cynogen
bromide to yield smaller glycopeptides, separating them, and analysing amino
acid sequence and glycan structure by different standard techniques, and (b)
glycan analysis – releasing the individual glycans from the glycopeptide or intact
protein by chemical or enzymatic treatment, labeling and separating them, and
determining the relative quantity of individual released saccharide. Details of
procedural aspects for the analysis of glycans are beyond the scope of this
review, although a brief description of alternative methods for the analysis and
their scope are presented in Table 4. Excellent reviews pertaining to the structu-
ral analysis of glycans have been published recently [228, 268].

9
Conclusions

This review has addressed the glycosylation of proteins, its role in biological
functions, associated diseases due to defects in protein glycosylation, expression
systems available for the production of recombinant glycoproteins and their
characterization. Although much progress has been made towards understand-
ing the biological roles of glycosylation and consequences of altered co-/post-
translational cellular events, the areas that need to be attended to are the mole-
cular basis of altered glycosylation, and control of glycosylation in the branch
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Table 4. Summary of available techniques and their applicability for the analysis of oligosaccharides

Analysis Techniques followed Remarks Ref.

Analysis after digesting protein:
A) Site specific digestion 1. Treatment with pronase Yields glycoamino acids or glyco- [253]

peptides with a very short poly-
peptide chain

2. Treatment with trypsin or Long chain polypeptides are liberated
Chymotrypsin

3. Treatment with CNBr Cleaves at methionine residues

B) Separation of glycopeptides 1. Gel filtration using BioGel P4
2. Ion exchange chromatography
3. RP-HPLC
4. Lectin affinity chromatography
5. SDS-PAGE gels

Analysis without digesting protein
A) Release of glycans Chemical release

1. Hydrazinolysis Applicable for both N- and O-linked glycans. [254]
Peptide bonds are cleaved and amino acids are 
converted to hydrazides. There is simultaneous 
cleavage of Gn-Asn linkage and release of acyl 
groups linked to the amino sugar. Degradation of
terminal GalNAc is a major problems with O-glycans

2. Alkaline b-elimination Release of only O-glycans under mild conditions, and [255]
both N- and O-linked glycans under stronger alkaline conditions

3. Hydrogen fluoride Splits all O-glycosyl bonds to yield corresponding mono- [256]
saccharide fluorides

4. Methanolysis Cleaves all O-glycosidic linkages in one-step [257]
procedure leading to the formation of O-methyl glycosides
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Table 4 (continued)

Analysis Techniques followed Remarks Ref.

Enzymatic release (N-glycans)
1. PNGase F Cleaves b-aspartylglycosylamine bond of all classes of glycans [258,
2. PNGase A Cleaves sugars having a1,3-linked core fucose, 259]

resistant to PNGase F
3. Endo H Selectively cleaves oligomannose and hybride type  [259,

structure between the two Gn residues within the core 260]
4. Endo D Cleaves all classes of N-glycans between the two Gn residues [259]

within the core
5. Endo F1 , F2 , F3 Cleave within the chitobiose core, but Endo F1 digests only [259]

oligomannose and hybrid structures, Endo F2 digests oligomannose  
and biantennary structure and Endo F3 is specific for bi- and 
triantennary glycans.

B) Labelling of glycans Radioactive labelling Classical method, sensitivity of
at Reducing termini detection increased to femtomole.

Tritium Largely replaced by fluorescent compound labelling
Fluorescently labelled Sensitivity of detection increased and ease in 

separation due to introduced charge
1. 2-aminobenzamide (2-AB) HPLC, reversed phase (RP)-HPLC, weak anion exchange, [261]

high pH anion exchange, BioGel P4 gel permeation
chromatography, matrix assisted laser desorption ionisation
(MALDI) mass spectrometry (MS) and electron spray 
(ES) MS could be deployed to separate glycans

2. 2-anthranilic acid (2-AA) Electrophoretic separation of glycans by SDS-PAGE [262]
3. 8-aminonapthalene-1,3,6- Particularly useful for electrophoretic separation [262]

trisulphonic acid (ANTS) of neutral sugars, allowing resolution from acidic glycans
4. 2-aminopyridine (2-AP) Used extensively in RP-HPLC and High performance [263]

capillary electrophoresis (CE)
5. 2-aminoacridone (AMAC) Suitable for SDS-PAGE of glycans and micellar electrokinetic [264]

capillary chromatography (MECC). Also compatible with 
RP-HPLC and MALDI time-of-flight (TOF) or nanolitre flow ES-MS
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Table 4 (continued)

Analysis Techniques followed Remarks Ref.

C) Separation of glycans Chromatography
1. Normal phase HPLC Capable of resolving subpicomolar quantities of [265]

mixtures of fluorescently labelled neutral and
acidic N- and O-glycans simultaneously

2. RP-HPLC The effect of linkage position is much more [266]
marked on RP-separations than on normal phase.
Oligosaccharides containing bisecting Gn can be identified.
Derivatization (e.g. 2-AP for fluorescence
detection) to increase hydrophobicity required

3. Weak anion exchange HPLC Suitable for resolving mixture of glycans (above pH 12) [267]
on the basis of the number of charged residues. High pH AEC
coupled with pulsed amperometric detector (PAD)
is routinely used for separating and profiling of
sialylated N- and O-glycans

4. Gel permeation (BioGel P4) Applicable for neutral oligosaccharides. So sample desialylation
is essential before use. It allows sequencing of
glycans, if associated with the treatment of exoglycosidases

5. Lectin affinity chromatography Used in techniques such as immobilized lectin affinity [268]
chromatography

Capillary Electrophoresis Used to separate glycopeptides and released glycan chains [269,
with UV- or laser-induced fluorescence (LIF) detection. 270]
On of the few techniques able to resolve glycoforms. Suitable 
as a rapid fingerprinting technique for assessing the 
glycosylation varients. Oligomannose, hybrid and complex 
sialylated oligo-saccharides can be resolved

Structural analysis (applicable to the alternate approaches):
1. Digestion of glycopeptides/ Digestion of each oligosaccharide with enzymes, [271]

glycans with highly specific either sequentially or using enzyme arrays. Extremely 
exoglycosidases sensitive and provides information on all parameters 
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Table 4 (continued)

Analysis Techniques followed Remarks Ref.

[e.g. monosaccharide residue, anomericity (a/b) or
linkage, absolute stereoisomer(D/L) of monosaccharide]
except substitution pattern. Mono-saccharides are
analyzed by normal phase HPLC or MALDI-MS

2. NMR spectroscopy Potentially the most informative for glycan [272]
structure, linkage position and anomeric configuration
analysis. Relatively insensitive

3. Gas chromatography (GC)/MS Composition and linkage of monosaccharides are [257]
best determined after methanolysis

4. Fast atom bombardment(FAB) Sequence, branching and more linkage information [273]
or liquid secondary ion(LSI) MS can be obtained. Moderate sensitivity. Sample 

derivatization necessary
5. Tandem MS (MS-MS) Sequence, branching pattern and some linkage [274]

information can be obtained.
O-linked glycosylation also analyzed

6. Electronspray ionization(ESI) MS Useful in quality control for recombinant proteins and site [275]
analysis of tryptic glycopeptides. Readily interfaced with
HPLC or CE systems. It can differentiate between 
O- and N-linked glycans, and also between complex,
hybrid or high mannose forms

7. MALDI TOF-MS Simple, quick and quite insensitive to salts or detergents. [276]
Useful for detailed structural analysis including linkage 
and arm specificity. Unlabelled glycans can be analyzed.
Derivatization increases detection limits.



and terminal regions. Oligosaccharides of glycoproteins are far more complex
than the peptide chain. With regard to proteins, DNA serves as the template for
RNA synthesis which in turn serves as a template for protein synthesis. In con-
trast, the biosynthesis of oligosaccharides does not occur from a template or
blueprint but results from a complex series of reactions capable of generating
many diverse structures. The observation that a single pituitary cell type is cap-
able of synthesizing two distinct glycoprotein hormones which have, at least in
part,distinctly different oligosaccharide structures indeed suggests that the pro-
cessing of oligosaccharides is not a random event.

The glycan structures of recombinant glycoproteins differ with the host cell
type, despite having the same polypeptide structure. This is mainly as a result of
species-specific and tissue-specific glycosylation. Since the nature of glycosyla-
tion could affect the biological activities of proteins, it is preferable to use cell
lines for the expression of recombinant therapeutic glycoproteins of identical
properties to those of native proteins.There is a need to develop mutants of yeast
and insect cells which on one hand do not produce hyper-mannosylated pro-
ducts, and on the other are capable of terminal sialylation of the expressed
proteins. In this respect, co-expression of ST and GalNAcT with the protein of
interest is important. Concurrently it is also important to exploit and develop
mouse NSO cells for expression of glycoproteins. Biological half-life is the most
important pharmacokinetic property of a glycoprotein, increasing that will not
only reduce the clinical doses of therapeutic proteins, but will also reduce the
chances of autoimmune types of diseases. Potentially, by changing amino acids
at a maximum of three sites, it is possible to introduce a new glycosylation site
and hence to improve available bioactivity of a therapeutic glycoprotein.
Attempt have been made to make fusion protein with 37 amino acids from C-ter-
minus of hCGb to improve the biological half-life and hence the available bio-
activities of other glycoproteins.

Controlled carbohydrate modeling is a recent exciting development in the
area of glycobiotechnology, but at present is too far from the point of utilization.
In vitro applications of GlycTs and glucosidases to modify oligosaccharide
structures of the purified recombinant glycoprotein is another option for rede-
signing glycan structure, although it still needs more work before it is technolo-
gically and economically feasible.
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Procedures that utilize the affinities of biomolecules and ligands for the immobilization of
enzymes are gaining increasing acceptance in the construction of sensitive enzyme-based
analytical devices as well as for other applications. The strong affinity of polyclonal/mono-
clonal antibodies for specific enzymes and those of lectins for glycoenzymes bearing appro-
priate oligosaccharides have been generally employed for the purpose. Potential of affinity
pairs like cellulose-cellulose binding domain bearing enzymes and immobilized metal ion-
surface histidine bearing enzymes has also been recognised. The bioaffinity based immobiliza-
tion procedures usually yield preparations exhibiting high catalytic activity and improved
stability against denaturation. Bioaffinity based immobilizations are usually reversible facili-
tating the reuse of support matrix, orient the enzymes favourably and offer the possibility of
enzyme immobilization directly from partially pure enzyme preparations or even cell lysates.
Enzyme lacking innate ability to bind to various affinity supports can be made to bind to them
by chemically or genetically linking the enzymes with appropriate polypeptides/domains like
the cellulose binding domain, protein A, histidine-rich peptides, single chain antibodies, etc.

Keywords: Concanavalin A, Monoclonal Antibodies, Polyclonal Antibodies, Reloadable Bio-
sensors, Antibody Orientation, Fusion Proteins, Glycoenzymes, Immobilized Metal Ion Sup-
ports, Enzyme Stabilization.
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1
Introduction

Developments in the areas of recombinant DNA technology,protein engineering
and more recently solvent engineering [1, 2] have remarkably enhanced the
potential of enzymes in catalyzing the transformation of both water soluble and
water insoluble substances, for industrial and analytical applications. Most of
the enzyme applications necessitate homogeneous or at least reasonably pure
preparations that tend to be expensive. Recovery, reuse and stabilization of the
enzymes in the usually unphysiological or even hostile environments to which
they are exposed during operation therefore becomes obligatory in order to
make the transformations and analyses cost-effective. The now rather mature
enzyme immobilization technology offers a spectrum of strategies and a judi-
cious choice amongst these is likely to enhance the performance of any given
enzyme [3, 4]. While interest in irreversible and covalent methods of immobi-
lization continues, bioaffinity based procedures are gaining remarkable atten-
tion especially for analytical applications [5,6]. Compared to other methods of
immobilization, those based on bioaffinity offer several distinct advantages.
These include:

1. Binding of the enzyme to affinity support may be very strong yet reversible
under specific conditions.

2. Immobilization process is usually simple, mild and necessitates no special
skills.
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3. Possibility of reuse of the support matrix.
4. Possibility of oriented immobilization facilitating good expression of activi-

ty and stabilization against inactivation.
5. Possibility of direct immobilization of the enzyme from partially pure pre-

parations or even crude homogenates.

Selective binding to appropriate ligand is presumably the single common fea-
ture of all proteins and enzymes are no exception. While enzymes bind with
remarkable specificity and strength to their substrates, cofactors, inhibitors or
their analogues, such affinities can not be normally utilized for immobilization
as the binding may block the active site of enzyme and thus interfere with cata-
lytic process. Need therefore exists for ligands that bind to epitopes located at a
distance from the active site. Table 1 lists the affinities of several biomolecules
that have been utilized for enzyme immobilization and whose affinities for
enzymes appear to be adequate to keep them immobilized during operation
and/or storage. Among these, specific antienzyme antibodies are clearly the
most versatile being applicable, at least theoretically, to virtually every enzyme.
Affinity of lectins – particularly concanavalin A (Con A) towards several glyco-
enzymes has also been made use of, for their immobilization. While other bio-
molecules with affinity towards enzymes have been utilized to a smaller extent
the potential of at least some of them appears certainly remarkable.

2
Immunoaffinity Immobilization of Enzymes

Among the numerous applications of biospecific adsorption, immunoadsorp-
tion is the most exciting and its potential in enzyme purification has long been
recognized. Specific antibodies can be raised against any enzyme in suitable
experimental animals and they can be utilized after appropriate screening for
the immobilization of the enzyme on suitable support. In view of the availabili-
ty of mild and simple procedures of protein-protein conjugation, even the affi-
nities of antibodies raised against unrelated proteins can be utilized for immo-
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Table 1. Association constants of some bioaffinity pairs

Kassoc Reference

Antibody -Hapten 105–1011 [7]
Antibody -Antigen 105–1011 [8]
Lectin-Carbohydrate

Simple sugars 103–104 [9]
Macromolecules 106–107 [9]

Avidin -Biotin 1015 [10]
Protein A -IgG 106 [11]
Immobilized metal-Histidine 103–106 [12]

Adopted principally from [5].



bilization of various enzymes that can be linked either to the antigen or the anti-
body [13]. Considerable know-how regarding the immunization, isolation of
specific antibodies and their immobilization has emerged principally in connec-
tion with the immunoaffinity purification of enzymes and this can be readily
adopted for immunoaffinity immobilization of various enzymes.

2.1
Monoclonal or Polyclonal Antibodies?

Both monoclonal and polyclonal antibodies have been employed in the immo-
bilization of enzymes and their relative merits and limitations examined
(Table 2). Hybridoma cultures can provide a spectrum of monoclonal anti-
bodies from which appropriate population can be conveniently screened and
their continuous supply ensured from the selected hybridoma clones [17].
Culturing of hybridomas continues to however remain an expensive endeavour
due to the high costs of culture media and experimental set up required. Poly-
clonal antibodies on the other hand can be relatively inexpensive especially if
they can be raised in a large animal like pig or goat. Heterogeneity of the poly-
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Table 2. Enzymes immobilized favourably with the help of antibodies

Enzyme Antibody Support matrix Stabilization against Ref.

b-Galactosidase PC – Temperature [14]
Gulonolactone oxidase PC – In vivo Proteolysis [15]
Transglutaminase PC/MC Agarose beads Temperature [16]
Carboxy peptidase A MC Eupergit C Temperature, 17, 19]

pH, storage in cold
Lactate dehydrogenase MC Eupergit C Storage [19]
Glucose oxidase MC Sepharose Recycling [13, 20]

Chymotrypsin PC Sepharose – [21]
Subtilisin PC – Sodium hypochloride [22]

Temperature
Nitrate reductase MC Sepharose Temperature [23]
Alpha amylase PC – Temperature, lyophlization [22, 24]

Freezing & Thawing
Glucoamylase PC – Temperature, Ethanol [22, 24]
Horse radish peroxidase MC – – [25]
Trypsin PC Sepharose – [26]
Urease PC Nylon pH [27]
NAD glycohydrolase PC Nylon Storage [27]
Invertase PC Sepharose Temperature [28]

Glycosyl
Specific
PC Sepharose Temperature [29, 30]

L-Hydantoinase PC Sepharose Incubation [31]

PC -Polyclonal; MC –Monoclonal.



clonal antibody population is however more of a rule than exception, although
this can be advantageous in some situations. While methods exist for the
fractionation of polyclonal antibodies recognising different epitopes of a single
antigen or those of differing in affinity for a single epitopes [32, 33], handling of
large volumes of antisera may be problematic especially if the required antibody
constitutes only a minor fraction of the total antibody population. For most
enzyme immobilization applications, however, heterogeniety of the antibody
population may not cause any serious problem provided they do not comprise
of inhibitory and/or labilizing antibodies. Formation of active site recognising
and hence inhibitory antibodies is quite likely if an animal is immunized with a
native enzyme [17, 34, 35], although several reports describing the non-inhibi-
tory nature of the antisera raised against several enzymes are available [14, 24,
28, 36–39]. Some plausible explanations offered for the absence of inhibitory
antibodies in the antisera include: the active site acting as blind spot for the
immune system, steric hinderance by high affinity antibodies recognising adja-
cent locations of active site directed antibodies and continued accessibility of
the active site in the complex formed between active site recognising antibodies
and the enzyme [22].

Some ingenious techniques for the prevention of the formation of active site
directed polyclonal antibodies have also been described in the recent years.
Fusek et al. [21] immunized pigs with active site blocked chymotrypsin pre-
pared by treating the enzyme with diisopropylphosphofluoridate. The non-in-
hibitory antibodies were isolated from the sera of immunized animals using
chymotrypsin coupled to Sepharose via its active site as the affinity adsorbent.
More recently Stovicova et al. [26] raised non inhibitory anti-trypsin antisera in
pigs by immunizing them with trypsin complexed with its specific inhibitor
antilysin. The IgG fraction isolated from the sera of the immunized animals on
coupling to Sepharose support yielded an immunosorbant that immobilized
trypsin without decreasing its catalytic activity.

The potential of polyclonal glycoenzyme glycosyl recognizing antibodies in
the immobilization of glycoenzymes has also been demonstrated. It was envis-
aged that since enzyme glycosyls participate rarely if at all in catalytic function
[40], glycosyl recognising antibodies may not be inhibitory and hence useful in
the immobilization of enzymes. Convenient procedures are available for raising
antiglycosyl polyclonal antibodies against glycoproteins and glycoenzymes [29,
41, 42]. Briefly the strategy involves preparation of neoglycoproteins comprising
of the oligosaccharides of the enzyme in question and a polypeptide region of a
simple protein like BSA. Animals are immunized against the neoglycoproteins
and their antisera passed through affinity column of a suitable support to which
the enzymes are coupled. Only the antibodies exhibiting affinity towards the
enzyme glycosyls are retained in the column and they are eluted using appro-
priate chaotropic agents or by change in pH [29]. Glycosyl recognising polyclonal
anti-invertase antibodies were found to be non-inhibitory towards the enzyme
and more effective in the immobilization of the enzyme than those recognising
the polypeptide domains [29, 30].

To my knowledge there exists a single report describing the direct compari-
son of the relative effectiveness of monoclonal and polyclonal antibodies in the
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immobilization of an enzyme. Ikura et al. [16] observed that activity of guinea
pig liver transglutaminase affinity bound on monoclonal antienzyme antibody
support was higher than that bound to matrix precoupled with polyclonal anti-
bodies. The authors however have not reported if the polyclonal antibody pre-
paration used contained inhibitory or labilizing antibodies. More detailed com-
parison is however available in case of non-enzyme proteins- bovine and human
serum albumins. After investigating the effects of a variety of factors on the
adsorption equilibrium between immobilized polyclonal and monoclonal anti-
bodies and the antigens it was concluded that the former showed a homoge-
neous affinity of Langmuir type while the later was heterogeneous. It was also
observed that binding on immunoadsorbants prepared using polyclonal anti-
bodies may be relatively stronger and their dissociation more difficult due to the
binding of the antigen to more than one kind of antibodies [43, 44]. In instances
where a single enzyme has the possibility of interacting with more than one
molecule of antibody as is the situation during soluble [22] or insoluble immu-
nocomplex formation [15, 28], non inhibitory polyclonal antibodies may offer
considerable advantage. In such situations polyclonal antibodies recognising
more than one epitope of the enzyme may fix the native conformation of the
later and hence confer greater stability against denaturation [22,28]. It is now well
recognized that enzymes attached to support via multiple covalent [45] or non-
covalent associations [46] exhibit remarkably higher stability than those attached
via fewer linkages.Additive stabilising effects of some monoclonal antibodies have
also been demonstrated recently [47]. Monoclonal antibodies may have shorter
half lives [48] and as compared to the polyclonals they may be more labile [20].

2.2
Selection of the Antibodies

Animals immunized with enzymes may respond by producing a spectrum of
antibodies differing not only in their specificities towards various epitopes but
also with respects to their affinities. The dissociation constants of antigen and
antibody complexes have been shown to vary between 10–3–10-14 mol ◊dm–3

[49].Antibodies of intermediate avidities are considered optimal for preparative
affinity chromatography in order to ensure adequate binding specificity and
good recovery of the bound enzyme/protein antigen [50, 51] and those in the
range of 10–6– 10–10 mol ◊dm–3 are taken as particularly useful [52]. Antibodies
with relatively higher affinities may be better suited for the immobilization of
enzyme, as in case of immunodiagnostic analysis where essentially irreversible
binding is required. Monoclonal antibodies exhibiting affinities falling within
the required ranges can be readily isolated by immunoaffinity purification from
the chosen hybridoma clones [53, 54]. Reports describing fractionation of the
polyclonal antibodies based on their affinity towards the antigenic determinants
are also available [33, 55, 56]. Such fractionation is however of only limited value
if the desired antibody population does not constitute a major fraction of those
present in the antiserum.

Some attempts have also been made to obtain polyclonal antibodies of de-
sired affinity from the sera of immunized animals. For instance, polyclonal
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antibodies derived from rabbits until 20 weeks of priming were shown to be of
low or intermediate affinity compare those isolated after longer durations [57,
58]. Emomoto et al. [59] have more recently demonstrated that binding to the
enzyme of antibodies from primary response is far more sensitive to pH and
ionic strength alterations than those from the secondary response indicating
significant differences in the nature of binding.

2.3
Immunoaffinity Enzyme Immobilization Strategies

A variety of approaches have been adopted for the immobilization of enzymes
with the help of antibodies. These range from simple complexing of enzymes
with their antibodies to form insoluble complexes to enzyme immobilization on
matrices with oriented antibodies.

2.3.1
Immobilization Without Solid Support

Enzyme-antibody complex formation represents the simplest among the im-
munoaffinity immobilization procedures and the immunocomplexes can be
readily formed simply by mixing of the enzyme solution with the antibody or
even antiserum. Interestingly neither pure enzyme nor pure antibody may be
required for the formation of immunocomplexes. Several early [14, 36, 39] and
some recent studies [22, 24, 28] indicate high retention of catalytic activities by
various enzymes in the immunocomplexes and marked stability enhancement
against various forms of inactivation. The small particle dimensions of the 
enzyme-antibody complexes may however lead to their compact packing and
consequently to slow flow-rates in the column reactors. Their usefulness can be
however remarkably enhanced by entrapping the complexes in a polymeric
matrix [60, 61].

2.3.2
Construction of Immunoadsorbents

Majority of immunoaffinity enzyme immobilization studies employ specific anti-
bodies coupled to appropriate porous/non-porous solid supports in order to help
facilitate ready masstransfer, heat transfer, etc. and offer good flow characteristics.
The matrix associated antibody generally acts as a large spacer contributing
remarkably to the accessibility of the immobilized enzyme.A repository of useful
information on the preparation of immunoaffinity supports is available from the
studies aimed at developing immunoaffinity adsorbents for enzyme purification.
Since the first deployment of immobilized antibody in enzyme purification [62],
a large number of variations and adaptations for the improvement of the strategy
have appeared.Excellent reviews are available on the subject [63,64].More recently,
Ehle and Horn [65] and Desai [52] reviewed comprehensively the work in the area
including that on the choice of antibodies, preparation of immunosorbents and
optimal conditions for binding and elution of enzymes from the support.

Bioaffinity Based Immobilization of Enzymes 209



Preparation of immunoaffinity adsorbents require reasonably pure antibodies
and usually salt/solvent fractions of antisera [28, 33] or affinity purified polyclo-
nal/monoclonal antibodies [18,22] are employed.Antibody purification strategies
have been reviewed extensively [53, 65] and do not fall with in the purview of
this article. It is however of interest to point out of a novel strategy employing
thermo-sensitive immunomicrospheres that appear highly effective in the large
scale purification of antibody from the sera of immunized animals [66, 67].

Majority of the immunoadsorbents constructed for the purpose of enzyme
immobilization comprise of appropriate supports to which are attached the
antibodies using group specific reagents [23, 26–28, 67]. While such immuno-
adsorbents serve as efficient supports, random binding of the antibodies on to
the support may remarkably lower the ability of the antibody to bind the enzy-
me. For instance Ikura et al. [16] have shown that the binding capacity of the
anti-transglutaminase monoclonal antibody for the enzyme may be lowered to
about one fifth on random coupling to Affi-Gel10. Several attempts have there-
fore been made to favourably orient antibodies on the support matrices.

2.3.2.1
Favourable Orientation of Antibodies on Supports

The oligosaccharide chains of polyclonal antibodies are primarily [68] though
not exclusively [69] located in their Fc regions. Several investigations have been
therefore directed towards immobilizing antibodies via their carbohydrates
chains for improving the accessibility of the antigen binding sites. Although
Quash et al. [70] were the first to immobilize IgG through oligosaccharide moie-
ties, Prisyazhnoy et al. [71] made the first comparison between the rabbit anti-
mouse antibodies immobilized through the -SH and via oligosaccharides and
concluded that the latter exhibited a 3-fold higher antigen binding activity. Simi-
larly, anti-human IgG immobilized on hydrazide derivative via oligosaccharide
also exhibited superior binding activity towards the IgG [72]. Little et al. [73]
have however observed that the magnitude of increase in antigen binding activi-
ty depends upon the nature of antigen-antibody pair. In a more recent study
Fleminger et al. [74] immobilized carboxypeptidase and horse radish peroxi-
dase on amino and hydrazide derivative of Eupergit C via carbohydrate chains
and achieved antigen binding activity close to the theoretical value of 2 moles
antigen bound/mole immobilized antibody. Surprisingly, comparative increase
in binding activity was not observed when attempts were made to orient mono-
clonal antibodies by immobilizing them through their oligosaccharide chains
[75, 76]. This may be related to the nature and extent of glycosylation of the
monoclonal antibodies [77].

An alternative strategy of oriented immobilization IgG appears to be their
binding to the matrices precoupled with protein A that recognizes exclusively
the Fc region [78]. Solomon et al. [17] prepared, purified and characterized
several mouse monoclonal antibodies recognising carboxypeptidase and com-
pared the properties of two carboxypeptidase preparations immobilized with
the help of mouse monoclonal antibody – m100 which was either randomly
coupled to the support or oriented favourably on protein A-Sepharose [18].
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While no attempts were made to compare the binding capacity of matrices,
enzyme immobilized on either support were shown to exhibit full catalytic
activity, improvement in stability, and no alteration in Km, Vmax and Ki values.
The preparation obtained by direct covalent coupling of carboxypeptidase to
support however exhibited relatively lower activity. It was also observed that
orientation of the antibody on protein A supports may not after all enhance its
enzyme binding activity. The author reasoned that even the most accessible
antibody molecule may not bind to more than one enzyme molecule due to the
large dimensions of the latter.

Favourable orientation of antibodies also appears possible on immobilized
metal ions supports.Hale and Beidler [80] observed that an innate histidine-rich
sequence located in the C-terminal portion of the Fc region, well-conserved in
every antibody classes investigated from several species, binds strongly to the
Co2+-IDA resin. Thus, antibodies bound on the supports are oriented with their
combining site directed away from the resin and facilitate maximum antigen
binding [81].

The need for the minimization of non-specific adsorption and optimization
of the binding of the enzymes to antibody support has also been addressed in
some studies. DeAlwis et al. [13], and deAlwis and Wilson [82] suggested the use
of Fab’ fragments instead of the intact antibody. As the immobilization of anti-
body via its side chain amino groups involves the risk of modifying or blocking
the antibody binding sites, coupling of the Fab’ fragments through the hinge
region thiol groups on supports activated with 2,2,2-trifluoroethanesulfonyl
chloride [82] or maleimide [71] was also proposed. At pH 6.0 most amino acid
side chain amino groups of protein are protonated and hence unavailable for
reaction with tresyl activated supports. Coupling therefore occurs preferentially
and predominantly via the thiol groups [82].

2.3.3
Use of Secondary Antibodies

Several investigators have also utilized secondary antibodies in addition to the
primary antibodies for immunoaffinity enzyme immobilization. Two strategies
were employed by deAlwis et al. [13] for the immunoaffinity immobilization of
glucose oxidase in a flow injection system using an immunological reactions.
The first of these involved immobilization of human IgG on activated controlled
pore glass followed by the binding of enzyme-anti IgG conjugate. Alternatively,
a monoclonal antiglucose oxidase antibody immobilized on the support pre-
coupled with Fab’ fragment of antimouse IgG was used as an immunoadsorbent
for the preparation of immobilized glucose oxidase. The anti IgG-glucose oxi-
dase conjugate used in the first procedure comprised of a mixture of those in
which a single enzyme molecule was linked to one, two or even three IgGs [83].
Their binding onto the IgG support was apparently multipoint and gave a more
stable immobilized preparation. The second approach on the other hand yielded
a far more versatile support capable of binding all IgGs. Both types of bio-
reactors were effectively used for the measurement of glucose concentration in
undiluted sera. deAlwis and Wilson [20] immobilized avidin on Reactigel on
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which was retained the biotin bound secondary antibody. An immune complex
of the enzyme-antiglucose oxidase or antienzyme antibody followed by enzyme
was passed through a small column of the Reactigel in order to achieve immo-
bilization. In view of the remarkably high affinity of the avidin-biotin system,
antigen-antibody interactions could be conveniently disrupted for enzyme
desorption without affecting the matrix-secondary antibody interaction. The
glucose oxidase reactors prepared thus, when coupled to a flow injection analy-
sis system could be used for the sensitive and reproducible analysis of glucose.

2.4
Reusability of Immunoaffinity Supports

Relative stabilities of monoclonal and polyclonal antibodies may differ substan-
tially [20, 47], yet their stability against various forms of inactivation are usual-
ly far superior than those of the antigenic enzymes. The severity of the elution
procedure permissible in the immunoaffinity purification of enzymes is there-
fore decided by its effect on the later rather than on the antibody. Since desorp-
tion of the immunoaffinity immobilized enzyme from the reactors or sensors is
undertaken only when it fails in its catalytic function, elution condition far
harsher than those employed in affinity purification of enzyme may be per-
missible. Presumably for this reason, non-specific elution procedures have been
generally applied with remarkable success for elution of enzymes immobilized
on antibody supports. These include 0.1 M phosphoric acid pH 2.0 [13], 0.2 M
glycine buffer pH 2.3 [26], 6.0 M urea in buffered saline, 3.0 M guanidine HCl 
or 0.1 M acetic acid [16] or 10% dioxane pH 2.5 and 0.5% (v/v) Triton X-, pH 7.0
[27]. Even while employing non-specific elution procedure for elution of enzy-
mes, the immunoaffinity supports have been used successfully for over 50 bin-
ding and elution cycles without any decrease of binding capacity [52] and for
over 200 cycles with a decrease of about half of the initial binding capacity [84].

A few instances of multiple reuse of immunoaffinity supports of bioreac-
tors/biosensor are also available. deAlwis et al. [13] eluted glucose oxidase from
a polyclonal antibody support in a flow injection analysis system at acid pH 
and reloaded the enzyme for 10 cycles without any apparent loss in binding.
Similarly immunoaffinity bound urease and NADase could be eluted and fresh
enzyme bound to the reactor for 5 cycles with no decrease in binding [27]. The
binding capacity of the anti-transglutaminase antibody support remained un-
harmed after 4 elution and binding cycles [16]. In the last two studies it was also
demonstrated that specific binding of the antigenic enzyme to the appropriate
antibody support can be achieved directly and specifically from the crude
homogenates. This suggests that pure enzyme preparations may not be essential
for the immobilization of enzymes on immunoaffinity support.

Non-specific enzyme elution procedures may however gradually inactivate
and decrease the utility of antibody supports. For instance, exposure of antibody
supports to pH below 4.0 may decrease the affinity for the antigen and promote
susceptibility to proteolysis [52]. Improvement in resistance to proteolysis has
however been achieved by controlled modifications of matrix associated anti-
body with polyethylene glycol [85].

212 M. Saleemuddin



2.5
Behaviour of the Immunoaffinity Immobilized Enzyme

High immobilization yields, expression of high activity of the bound enzyme
and stabilization against inactivation/ denaturation are the principal yardsticks
for the measurement of the success of any enzyme immobilization procedure
and have received considerable attention in case of immunoaffinity immobi-
lized enzymes as well. As has been already pointed out, the antibody molecule
acts as large spacer holding the enzyme at a distance from the support matrix
thereby minimizing steric hindrance and facilitating remarkable freedom to act
even on high molecular weight substrates [18]. Expression of nearly full activi-
ty by the enzyme complexed directly with antibody [22, 24] or when bound to
support matrix-coupled antibody have been observed by several investigators
[26]. In addition, the Km values of several immunoaffinity immobilized enzymes
were either unaltered, exhibited minor alterations as compared those of their
respective soluble enzymes. This has been observed in the case of trypsin [26],
transglutaminase [16], NADase and urease [27] and carboxypeptidase [17, 18].
The last study also described relatively unaltered Ki values of the enzyme for
small molecular weight inhibitors. Table 2 lists the impressive enhancement 
in the stabilities of the immunoaffinity immobilized enzymes against high
temperature, chemical denaturants, proteolysis oxidative stress, etc. Antibody
mediated stabilization may not however be a general phenomenon as reports of
labilizing antibodies are also available.

Where applicable the stability enhancement may arise out of crosslinking like
effect caused by the antibody binding on enzyme. Antibody binding appears to
involve reasonably large areas of protein antigen that in turn may comprise
more than a single oligopeptide [86, 87]. Based on their studies on the interac-
tion on the influenza virus protein and the Fab’ fragment of the antibody, Davis
et al. [88] suggested that a large number of non-covalent interactions are in-
volved and water molecules are eliminated from the contact areas. Shami et al.
[22] argued that reduction in the free energy of the antigen resulting from the
binding of even a moderate affinity antibody [89] may be sufficient to confer
stability as free energy changes between the folded and the unfolded states of
protein lie in the same range [90]. Furthermore although due to the large size of
the antibody a single matrix bound antibody may not bind more than one
molecule of enzyme, lateral interactions with more than one antibody molecule
may contribute significantly to the stability of the enzyme protein [91]. It is
interesting to note that some monoclonal antibodies exhibit chaperon like activity
and assist in antigen refolding [92, 93] and inhibit enzyme aggregation [94].

In instances where soluble antibody is used for the enzyme immobilization, a
single enzyme molecule may interact with more than one antibody molecules
resulting in high degree of stabilization [24] like an enzyme attached via multiple
covalent [45] or non-covalent linkages [46]. Indeed the degree of stabilization
achieved with such complexes is relatively very high [22, 28]. While a correlation
may exist between the thermal stability of protein and its susceptibility to
proteolysis [95], the exact mechanism by which antibodies enhance stability
against other forms of inactivation needs to be further examined.
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2.6
Utility in Organic Solvents

The potential of enzyme action in organic solvents is now well recognized. Some
enzymes have been shown not only to retain their catalytic function but also to
catalyze novel reactions and exhibit remarkable stability in organic solvents [2].
The significance of support matrices for the utilization of enzymes in organic
solvents has been recognized [96] and proteinic supports may be particularly
useful [97]. While no detailed study on the behaviour of enzymes immobilized
on antibody support in organic solvents has been, to my knowledge, reported,
antibodies seem to retain their affinity at least for haptens. Russel et al. [98]
demonstrated that the binding and specificity of the hapten 4-aminobiphenyl
for the immobilized monoclonal antibody 2E-is retained in several non-aqueous
media but the interaction was found to be inversely related to the hydrophobici-
ty of the solvent. Similarly the monoclonal antibody 8 H 11, that binds to the
pesticide aldrin, coupled to a large molecular weight carbohydrate support
retained its ability bind the pesticide albeit with lowered affinity in organic sol-
vent for 5 h; over 90, 60 and 57% binding was retained in acetonitrile, methanol
and 2 propanol respectively [99]. In an earlier interesting study Janda et al. [100]
observed that immobilization on porous glass conferred additional stability to
lipase like catalytic monoclonal antibody in organic solvents.

3
Lectin Affinity Based Immobilization of Glycoenzymes

Lectins and glycoenzymes represent the second bioaffinity pair with proven
potential in the immobilization of the later. Glycosylation is the most common
post-translational modification encountered in eucaryotes, archaebacteria and
even some procaryotes [40] and a large number of enzymes are glycosylated 
to varying extent [40]. Several enzymes being currently used in industry and
analysis are glycoproteinic [101].

To date hundreds of lectins have been isolated from plants, microorganisms
and animals. In spite of some common biological properties that lead to assign-
ment of majority of lectins to distinct families of homologous proteins, lectins
and their sugar recognizing/combining sites may be structurally diverse [102].
The largest and best characterized among the lectins is Con A belonging to the
legume family. Con A has been widely used in the affinity purification of a
variety of glycoenzymes and nearly exclusively in the immobilization of
glycoenzymes on a variety of supports. Work on the utility of Con A in glyco-
enzyme immobilization has been recently reviewed [103].

3.1
Concanavalin A

Con A is a non-glycosylated oligomeric protein that exists as tetramer above
pH 7.0 but dissociates to dimers below pH 6.0. Each monomer is 237 amino acids
long and has sites for binding of a transition metal ions and a calcium ion in
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addition to the saccharide binding site [104]. Early studies on the lectin indicat-
ed that Con A recognizes a-D-glucose and a-D.mannose with free hydroxyl at 
3-, 4-and 6- positions [105] indicating the structural requirements as in Fig. 1.
Glycoproteins comprising of glycosyl chains with Glca1Æ, Mana1Æ and
GlcNAca1Æ residues which are located at the non-reducing termini of the sugar
chains and Æ 2Glca1- and Æ 2Mana1-residues located within the sugar chain
can bind to this lectin [106]. Based on the binding of several oligosaccharides
and glycopeptides, Ogata et al. [107] suggested that high mannose type of sugar
chains bind more strongly than those of complex type and presence of at least
two binding residues is essential for a oligosaccharide to be retained by a column
of immobilized Con A.

Con A retains its affinity for carbohydrates between pH 5.0 or lower and
above pH 9.0 [108] making it suitable for the immobilization of enzymes acting
over a wide pH range. A recent study has however suggested that inspite of the
comparable affinities of the tetrameric/dimeric forms for simple carbohydrate
ligands the affinity towards more complex oligosaccharides is considerably 
higher in case of the tetrameric Con A [109]. This suggested that the Con A
supports may be relatively more effective for the immobilization of enzymes
acting optimally above pH 7.0.

3.2
Immobilization of Glycoenzymes Using Concanavalin A

The principal strategies of enzyme immobilization with the help of Con A are
very similar to those that employ antibodies, i.e. formation of insoluble lectin-
glycoenzyme flocculate and binding to insoluble supports precoupled with lec-
tins [103]. Due to the multivalent nature of Con A and the presence of several
oligosaccharides on most glycoenzymes, Con A readily interacts with glyco-
enzymes in solution to form large insoluble lectin-glycoenzyme complexes.

Since enzyme glycosyls, through which the enzymes are associated with lec-
tins are not usually involved in catalytic process [40], the Con A enzyme com-
plexes retain high catalytic activity [110]. Remarkable stability is also exhibited
by enzymes complexed with lectins [60] presumably due to the fixation of the
enzyme molecules in the native state by several lectin molecules in the complex
[103]. The Con A-glycoenzyme complexes however have small particle dimen-
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sions and may necessitate additional immobilization procedures [60]. As Con 
A-glycoenzyme complex formation does not require high purity of either the gly-
coenzyme or lectin, possibility of cutting down of the cost of immobilization has
been demonstrated using crude lectin preparation in place of pure Con A [111].

The biological activity of Con A seems to remain unaffected by chemical
modification of the amino groups [112]. Coupling to supports has therefore been
achieved mostly via amino groups. A large number of support matrices have
been used for the coupling of Con A for the preparation of the affinity supports
[103]. More recently Fadda et al. [113] have shown that Con A can be coupled in
high yield to commercial aluminium oxide after activation by means of 3-ami-
nopropyltriethoxysilane and subsequent reaction with cyanogen bromide.

Con A has been shown to bind very strongly to copper (II) iminodiacetic acid
functions of various supports due to the presence of six histidine residues in
each subunit [114]. Such binding has also been shown to favourably orient Con
A on the support facilitating very high degree of binding to glycoproteins [115].

A simple strategy for remarkably raising the amount of Con A and glyco-
enzyme associated with solid supports has been recently developed by us [116].
It involves building up layers of Con A and glycoenzymes on Sepharose matrix
precoupled with Con A (Fig. 2). Bioaffinity layered preparation of glucose
oxidase and invertase exhibited high activity, good mechanical stability and a
layer-by-layer increase in thermal stability. The technique was applicable to all
the glycoenzymes investigated namely-glucose oxidase, invertase, b-galactosi-
dase and amyloglucosidase. A somewhat similar approach was earlier used by
Gemeiner et al. [117] in the preparation of superactive immobilized invertase.

Enzymes immobilized on Con A supports show impressive gains in resistance
to inactivation induced by heat, chemical denaturation, proteolysis, storage [103,
118] and long term continuous operation for several weeks [119]. Taking into
consideration the stabilization that accompanies immobilization of glycoenzy-
mes via their carbohydrate chains using lectins [103], glycosyl-specific anti-
bodies [29, 30] or by chemical reaction [120, 121], it appears likely that regions
close the glycosylation sites of enzymes may be important in the unfolding of
several glycoenzymes. It is now recognized that unfolding of protein molecules
may begin at specific region of the molecule and improvement in stabiliza-
tion may be remarkable if such regions are blocked by attachment to suitable
supports [122, 123].

Binding of Con A to glycoproteins can be prevented/reversed by several
sugars like methyl-a-D-glucopyranoside,a-D-mannopyranoside or even D-man-
nose or D-glucose which are known to interact with the lectin [124, 125]. The
strength of association between Con A and glycoprotein has however been
shown to be dependent not only on the nature of glycosylation but also on the
nature of glycoprotein [126]. Some glycoenzymes like invertase exhibit extra-
ordinary strong binding and necessitate extra long incubation with the eluting
sugar [127]. It was also shown that ease of elution of the enzyme depends upon
the lectin concentration on the support. Nevertheless several lectin-based
analytical devices with reloadable glycoenzymes have been described.

Mattiasson and Borreback [128] employed glucose oxidase and peroxidase 
in a thermistor devices containing immobilized Con A for the measurement of
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glucose and peroxide. An effective enzyme thermistor containing Con A
Sepharose and the glycoenzyme L-ascorbate oxidase was also described [129].
More recently Köneke et al. [130] described a fluoride sensitive field-effect
transistor (Si/SiO2/Si3N4/LaF3 layers) based biosensor with Con A immobilized
on the basic membrane for the continuous measurement of glucose concen-
tration. The glycoenzymes glucose oxidase and peroxidase were bound on Con
A immobilized on the surface on the sensor. The enzymes could be readily
removed from the sensor surface with acetate solution pH 1.0 and the sensor
reloaded with fresh enzyme. The biosensor could be successfully integrated in
a flow-injection analysis system for continuous monitoring of glucose during
the cultivation of S. cerevisiae. We have also recently employed a cartridge con-
taining bioaffinity layered glucose oxidase on Con A-Sepharose support
connected to an oxygen electrode for the sensitive measurement of glucose
concentration during the fed-batch of cultivation of the S. cerevisiae on a syn-
thetic medium [116].
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Fig 2. Schematic representation of the bioaffinity layering of glycoenzyme on a concanavalin
A support



3.3
Immobilization of Whole Cells

The high affinity of Con A for cell surface oligosaccharides has also facilitated the
immobilization of various cells including those of yeast [131], red blood cells [126,
128] and Trichosporon cutaneum [132]. An early study has also described the 
co-immobilization of enzymes and living cells using Con A [133]. More recently
Habibi-Rezaei and Nemat-Gorgani [134] immobilized submitochondrial particles
prepared from beef liver mitochondria on Con A support for continuous catalytic
transformations involving succinate-cytochrome c reductase.

3.4
Immobilization Using Other Lectins

Very few reports are also available on use of lectins other than Con A in the
immobilization of glycoenzymes. Lens culinaris lectin that has Con A like sugar
specificity but about 50 times lower affinity for the sugars than does Con A was
used in a thermistor for facilitating the ready elution of glucose oxidase [128].
The Cajanus cajan lectin, that also recognizes glucose and mannose but with
lower affinity than Con A [135] on immobilization yields an affinity adsorbant
that effectively immobilizes and stabilizes several glycoenzymes [136]. Kokufuta
et al. [61] employed Ricinus communsis lectin for a novel application alongwith
E. coli b-galactosidase; the lectin was entrapped in polyion complex-stabilized
alginate gel beads to improve the availability of the enzyme substrate O-nitro-
phenyl-b-D-galactoside for which the lectin has affinity.

4
Enzyme Immobilization Using Other Bioaffinity Supports

4.1
Enzyme Immobilization on Immobilized Metal Ion Supports

Immobilized metal affinity adsorption (IMA) is a collective term that was pro-
posed to include all kinds of adsorptions whereby metal atoms or ions immobi-
lized on polymers cause or dominate the interactions at the sorption site [137,
138]. Introduced originally by Porath and coworkers [139] IMA has been wide-
ly used in the chromatography/fractionation of proteins and is among the most
popular methods available todate [140]. IMA chromatography has also several
other applications including in the separation of red blood cells [141] and
recombinant E. coli cells containing surface hexahistidine clusters [142]. The
potential of IMA in enzyme immobilization is also being increasingly realized.

IMA is based upon affinity of surface functional groups of protein for the
immobilized metal ions. The strength of association between the chelated and
bound metal ion and the residues on protein surface may be quite high and even
approach the strength of interaction between enzyme and cofactor/inhibitor or
even that between antigen and antibody [140]. Considering that affinity of pro-
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teins and enzymes for the chelated metal ions may not be completely non-
physiological it has been aptly termed pseudo bioaffinity [12].

First row transition metals (Ni2+, Zn2+, Co3+, Cu2+, Fe3+) are generally used as
ligands after chelation by iminodiacetic acid (IDA). IDA is a trident chelator that
binds metal ions through its nitrogen and two carboxylate oxygens.As the metal
ions coordinate 4–6 ligands, the remaining of coordination sites are occupied by
water molecules and buffer ligands which are available for replacement by
appropriate surface groups [140].

Although a number of amino acid side chain groups are known to bind to
chelated metal ions, it is now recognized that the histidine side chain dominate in
protein binding to chelated Ni2+, Zn2+, Co2+ and Cu2+. In addition the N-terminal
amino groups as well as the -SH may contribute to the binding although the
latter may not be available in the reduced state on the surface of majority of
enzymes. Indeed a number amino acid residues may contribute to metal affinity
binding especially at higher pH even though at the commonly used pH (around
neutrality), their contribution may be quite small [140].

Considerable evidence has now accumulated to show that protein are re-
tained by a metal affinity supports according to the number of accessible histi-
dine residues [140, 143]. The histidine imidazole nitrogens co-ordinate metals in
the unprotonated state hence in addition to the number of accessible histidines,
their ionization state, that is in turn dependent upon the nature of surrounding
amino acids, influence the retention of protein on metal chelate supports [143].

The association of proteins and enzyme with metal chelate is also strongly
influenced by metal ions involved in the coordination. Affinity of the metal for
imidazole usually forms the basis of protein retention and stability constants.
The affinity of imidazole for Cu2+ is about 15 times higher than for Zn2+ and
Co2+ [144, 145]. Although histidine containing proteins bind more strongly to
metal chelated supports bearing Cu2+, protein binding capacities of various
immobilized metal ion supports may not be very different. In a more recent stu-
dy, Hale [81] has shown that proteins could be attached to Co2+ supports in an
exchange inert or irreversible fashion when the cobalt is oxidised from the Co2+

to Co3+ state. It was however indicated that the protein bound Co3+ support 
may be removed by reduction of the metal to Co2+ by appropriate reducing
agents.

Elution of proteins bound to immobilized metal supports can be easily per-
formed either with Lewis acids (H+, Zn2+), that compete with metal for protein
or with Lewis bases like imidazole that compete with protein for metal. Elution
can also be performed with strong chelators of metal ions like EDTA [140].

Histidine is one of the less abundant amino acids of proteins and most
globular proteins contain not more that 2% histidine [146]. Considering that
less than half of histidine residues of proteins are located at the surface, most
proteins on the average have only about one exposed residue for every hundred
amino acids. It is therefore natural that many proteins do not bind to metal
chelates. Most of the work on binding and immobilization to metal chelate
supports is therefore related to proteins with enriched histidines. However it 
has been shown that a single surface histidine may be adequate to retain a
protein strongly on metal chelate supports [140].
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Histidine-rich or polyhistidine affinity tails can be associated with proteins
and enzymes by fusing the coding sequence of the former with those of the latter
[147, 148]. Such fusion proteins could be immobilized by taking advantage of the
specific binding ability of the affinity peptide to appropriate IMA supports.

Ljunquist et al. [149] observed that b-galactosidase fusion protein bearing a
histidine-rich peptide extension at N-terminus was bound to Zn2+-IDA adsor-
bent and retained significant enzyme activity. The activity was however lost
once the enzyme was eluted, which according to the authors, was the result of
inhibition of the enzyme by Zn2+ leaking from the IDA supports. In order to
overcome the problems of metal ion bleeding, Piesecki et al. [150] immobi-
lized b-galactosidase fusion protein comprising of six histidine residues at the
N-terminus to Ni2+ -nitricotriacetic acid (NTA) adsorbent that binds metal ion
far more strongly than the IDA adsorbent [151]. NTA groups form tetracoordi-
nated complexes with metal ions leaving two free coordination sites, while IDA
groups form tricoordinate complexes leaving three coordination sites [138]. The
association between metal ion and support may thus be stronger in case of NTA
substituent, while that between protein and metal loaded support is stronger in
case of supports having IDA [81].

Carlsson et al. [152] in a more recent study determined the activities of several
enzymes with genetically attached polyhistidine tails bound to metal chelate
supports. These included lactate dehydrogenase (his)4, galactose dehydrogenase
(his)5 , b-glucouronidase (his)4 and the complex prepared using protein A 
(his)5 and horse radish peroxidase labelled immunoglobulin (protein A (his)5
IgG HRP).All enzymes exhibited good activity in the immobilized state but pro-
tein A (his)5 IgG HRP was most active and exhibited essentially same activity as
the soluble complex both on Cu2+ and Zn2+ supports. Activities of galactose
dehydrogenase(his)5 and b-glucouronidase (his)4 were high if Zn2+ instead 
of Cu2+ was used on the chelating material. Enzymes however showed a lower
tendency to bleed from the chelated copper supports. All immobilized enzymes
exhibited good storage stability which was at least in the same range as that of
the respective soluble enzyme.

A chemical procedure for the enhancement of the surface histidine content of
glycoenzymes in order to improve their affinity for metal chelate supports is also
available [153]. The method involves oxidation of the carbohydrate moiety of
the glycoprotein with periodate followed by covalent modification with histi-
dine. Using the strategy it was possible to increase remarkably the affinity of
Pencillium chrysogenum glucose oxidase for metal ion chelated supports and
confer affinity to horse radish peroxidase that does not bind to the support in the
native form. The histidine-enriched enzymes exhibited high activity, remark-
able stability and could be used effectively in the analysis of the glucose.

Several proteins and enzymes have innate affinity in their native state for the
metal chelate supports due to the presence of one or more surface histidines
(Table 3). Coulet et al. [154] immobilized lactate dehydrogenase, malate dehy-
drogenase and alkaline phosphatase on Co2+, Zn2+, Cu2+-chelate Sepharose. All
the enzymes were active in the immobilized state although the retention of the
specific activity was quite low. Among the enzymes used, alkaline phosphatase
retained higher activity and among the various metal chelates maximum activi-
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ty was retained on Co2+-chelate agarose followed by that with Zn2+; Cu2+ supports
were most inferior in this regard.

Anspach and Hasse [155] reported the immobilization of penicillin G amido-
hydrolase from E. coli on immobilised metal chelate supports. A number of the
other proteins and enzymes are also known to bind strongly to metal chelate
supports including ribonuclease A and lysozyme [114].

Immobilized metal chelate supports have also been used in the preparation of
affinity sorbents for enzymes, that do not exhibit high affinity for the immobili-
zed metal ions, by binding to immobilized proteins that strongly bind both to
the carriers and to the enzymes. The “sandwich affinity sorbents”, so called
because the affinity ligands is located between the immobilized metal chelate
and the enzyme, have been used principally in the biospecific interaction
chromatography of enzymes and proteins [114]. Con A has been shown bind
strongly to Cu2+ iminodiacetic acid functions in view of the presence of six
histidine residues in each subunit [156] and retains affinity towards carbohy-
drates and glycoproteins. Infact Con A appears to be oriented in a manner that
facilitated high accessibility of the carbohydrate binding sites for combining
with carbohydrates and glycoproteins [115]. Con A immobilized on metal
chelate supports has been shown to bind a number of enzymes including per-
oxidase and glucose oxidase [114]. Hale et al. [80] demonstrate that antibodies
bind to Co2+-IDA-support via metal binding sites located on C- terminal portion
of the heavy chain. This facilitated the orientation of the antibody with antigen
binding site facing away from the support. It was possible to immobilize anti-
bodies in an exchange inert fashion by oxidising the antibody bound Co2+ to
Co3+ and all the investigated subclasses of the antibodies could be immobilized
by this procedure [81]. Considerable potential of enzymes immobilized on
immunoaffinity support exist in industry and analysis [157] and the Co2+-
chelate supports may be very useful in preparing supports with favourably 
oriented antibodies for the purpose.
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Table 3. Native and affinity-tail bearing enzymes immobilized on metal chelate supports

Enzyme Support Ref.

Lactate dehydrogenase Cu2+-IDA-agarose [154]
Malate dehydrogenase Cu+ -IDA-agarose [154]
Alkaline phosphatase Cu2+/Zn2+/Co2+-IDA-agarose [154]
Ribonuclease A Cu2+-IDA-silica [114]
Lysozyme Cu2+-IDA-silica [114]
Glucose oxidase Cu2+-IDA-silica [114]
Ribonuclease B Cu2+-IDA-silica [114]
Peroxidase (his)n Cu2+superose HR10/2 [153]
Glucose oxidase (his)n Cu2+superose HR10/2 [153]
b-galactosidase (his)6 Ni2+ NTA adsorbent [150]
b-galactosidase (Ala-His, Gly-His-Arg-Pro)n Zn2+ NTA adsorbents [149]
Galactose dehydrogenase (his)5 Cu2+/Zn2+ IDA-Sepharose [152]
Lactose dehydrogenase (his)4 Cu2+/Zn2+ IDA-Sepharose [152]
b-glucouronidase (his)4 Cu2+/Zn2+ IDA-Sepharose [152]



4.2
Immobilization of Chimeric Enzymes

Ability to bind to appropriate ligands can be conferred on enzymes, that lack
affinity for the ligand, by linking them to polypeptides that exhibit high affinity 
for the ligand. Such chimeric enzymes may be affinity bound on supports bearing
appropriate ligands. Fusion proteins and enzymes have been widely used in the
purification of cloned gene products [158, 159] and their remarkable potential in
the enzyme immobilization is clearly evident from some recent investigations.

The exoglucanase (Cex) and endoglucanase (CenA) of Cellulomonas fimi
bind strongly to microcrystalline cellulose through their cellulose binding
domain (CBD)[160]. The CBD functions quite independently of the catalytic
domain from which it is separated by a 22-aminoacid long Pro-Thr box [161].
Ong et al. [162] constructed a fusion protein by genetically linking the genes of
b-glucosidase of Agrobacterium sp. and Cellulomonas fimi. The fusion protein
retained 42% of b-glucosidase activity, bound strongly to cellulose supports and
facilitated efficient substrate hydrolysis. The hybrid enzyme remained stably
adsorbed to Avicel for upto 7 weeks at 4 °C and 37°C, retained activity upto 70°C
and in upto 1.0 M salt solution. The enzyme could be readily eluted with distilled
water [163]. More recently Phelps et al. [164] chemically coupled CBD to glucose
oxidase with the help of glutaraldehyde and demonstrated the concept and 
feasibility of a reloadable biosensor based on reversible immobilization of
enzyme using CBD technology. While genetic fusion ensures uniformity and
homogeneity of the conjugate as well as simplification of its production,size and
ratio of the two proteins may be more easy to control in chemical coupling
procedures.

A hybrid protein comprising of protein A and b-lactamase has also been con-
structed using recombinant DNA technology [165]. The hybrid enzyme bound
specifically and strongly to IgG-Sepharose and the immobilized preparation was
superior in its ability to hydrolyse penicillin G as compared to the covalently
immobilized enzyme.

Neusted et al. [166] in an interesting recent study have shown that resistance
to trypsin inactivation can be engineered in L-asparaginase through production
of chimeric protein between the enzyme and a protective single chain antibody.
Although the objective of the investigation was not to immobilize the enzyme
the work clearly indicates the potential antibody-enzyme conjugates in the
stabilization and immobilization of enzymes.
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Note added in proof. It has been shown in a recent study that differences between affinity towards
metal ions chelated by Sepharose-linked immunodiacetic acid groups could be made use of to
bind two enzymes in a manner that facilated their selective elution and reloading (P. Sosnitza,
M. Farooqui, M. Saleemuddin, R. Ulber and T. Scheper 1988. Anal. Chim. Acta 368:197).
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