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Abstract

The necessity to develop automated methods for the fast screening of new libraries of compounds and the identification of
active entities from natural mixtures has led to an increasing interest in the development of immobilized enzyme reactors
(IMERs). This strategy overcomes some drawbacks of the in-solution methods and is, therefore, very attractive in the drug
discovery field. This review gives an overview of IMER applications in the last decade. The reported examples concern
conventional columns as well as capillary reactors integrated in liquid chromatography or capillary electrophoresis systems,
coupled to spectroscopic or mass spectrometry detectors. The experimental setups and main features as well as characteri-
zation of new active entities are discussed. As a result of the growing importance of compounds from natural sources in
drug discovery, particular attention is given to IMERs developed to be used for the identification of bioactive compounds.
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Introduction

The drug discovery process is based on the knowledge of
the molecular aspects of different diseases and the develop-
Published in the topical collection Rising Stars in Separation ment and application of techniques suitable to investigate
Science, as part of Chromatographia’s 50th Anniversary the biological systems at molecular level. In this context
Commemorative Issue. many efforts have been made to obtain suitable bioanalyti-
54 Angela De Simone cal platforms for the high-throughput screening (HTS) of

angela.desimone2 @unibo.it libraries of synthetic or natural molecules towards specific
molecular targets. The application of immobilized enzyme
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reactors (IMERs) in mid-throughput analysis during the last
decades has demonstrated this approach to be an efficient
alternative to in-solution methods [1-4]. IMERs have found
application in different fields spanning from proteomics,
genomics to medical research and drug discovery. Moreo-
ver, the pharmaceutical industries have been attracted by
their potential application in high-throughput experimen-
tations and in combinatorial synthesis. So much interest is
due to the numerous advantages related to the “immobiliza-
tion” of the target enzyme onto a solid support. The use of
such system, indeed, allows one to overcome some draw-
backs of in-solution assays related to the use of fluorogenic
substrates or tandem enzymes that can lead to some false
positive results. In-solution analysis based on the use of fluo-
rescent substrates, as in FRET assay, can be affected by the
contribution of uncleaved fluorophores to the background
signal and by some intermolecular quenching phenomena.
The in-solution methods also require long incubation times
that can promote the detection of false positive results due to
non-specific inhibitors or to aggregation-forming inhibitors.
Moreover, the absence of a tandem enzyme (i.e., luciferase
used for kinases inhibition assay) obviates the possibility for
the tested compounds to interact with the secondary enzyme.
The most appealing benefits offered by IMERs include very
low sample consumption (usually 10-50 pL of sample at
micromolar concentration is injected when chromatographic
systems are used while few microliters are required for cap-
illary electrophoresis (CE)-based systems), increased sta-
bility of the immobilized enzyme, efficient catalysis, and
short analyses (usually within minutes). The last feature is
appealing when large libraries need to be screened for hit
selection. The success of IMERSs is also linked to the pos-
sibility to be connected to different separation systems such
as HPLC and CE. Moreover, the recent hyphenation to mass
spectrometry (MS), resulting in lower sample consumption
and high sensitivity though holding the advantages of con-
ventional enzyme immobilization, has raised great interest
[5, 6]. Designing new IMERs first involves the selection of
a suitable support material (inorganic or organic, natural, or
synthetic) and format (disks, capillaries, columns, microchan-
nels). In this respect, it must be kept in mind that there is no
universal support for all enzymes and the best suitable mate-
rial depends on the enzyme characteristics and IMER appli-
cation. However, a set of desirable characteristics are com-
mon to any material considered for enzyme immobilization
[7]. These include high surface area to ensure high-density
enzyme loading, chemical stability, and suitable mechani-
cal properties as well as suitable surface chemistry to allow
immobilization but to avoid strong non-specific interactions
with substrates or tested ligands. Finally, the chemical and
physical nature of the binding has to be carefully selected
to ensure that enzyme’s activity is retained after immobi-
lization. Immobilization strategies can be roughly divided
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into two major categories: covalent and non-covalent. The
main advantages of covalent immobilization are related to the
strong binding which ensures negligible leakage of enzyme
from the support during usage. On the other hand, covalent
immobilization usually implies that the enzyme is in contact
with reagents (even if mild conditions are used) which may
cause enzyme denaturation, alter enzyme function, or change
enzymatic activity or affinity for the substrate [8]. A number
of immobilization strategies have been explored during recent
decades and have been commented on in several reviews [2,
7, 9]. In general, techniques that could be used for enzyme
immobilization can be divided into enzyme entrapment [10,
11], cross-linking [12-14], adsorption [15], covalent bonding
[16-18], affinity linkage [19, 20], and a combination of these
methods. Among these, covalent immobilization is the one
most exploited thanks to the high stability of the obtained
IMER whichensures negligible enzyme leakage during use.
In parallel to the progress in microreactor development, the
functional linkage of the target enzyme on the inner wall of
silica capillaries [21-23] and nanoparticles [24] has reached
a very broad appeal [25]. In fact the ongoing development of
new technologies has been matched with the production of
better-performing materials and IMER miniaturization which
have enlarged their application in different fields. Notwith-
standing several advantages, it must be mentioned that devel-
oping a new IMER is a challenging procedure which requires
time to complete. Therefore the development of a new IMER
is worth being pursued if it is estimated to be cost- and effort-
effective, i.e., the advantages of reusing the same amount
of enzyme over multiple cycles is advantageous in terms of
costs, the high IMER stability ensures long life and its use for
hundreds of injections, and the on-line setup helps to circum-
vent drawbacks of established in-solution assays such as the
need for report enzymes or complex assay procedures. Finally
it must also be underlined that it is not possible to develop an
immobilized enzyme system for all target enzymes. Specific
feasibility needs to be evaluated case-by-case.

This review reports the application of on-line IMERs
in the drug discovery process during the last decade.
An overview of the investigated targets, immobilization
approaches, and analytical conditions for screening small
molecules with particular attention to the application on
natural products in drug discovery will be given.

Determination of Enzymatic Activity

after Inmobilization, Chromatographic Data
Elaboration for IC;,, and Kinetic Constant
Determination

The enzyme immobilization process is based on three differ-
ent steps: (1) the choice of most suitable support and immo-
bilization strategy; (2) the evaluation of the immobilization
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yield and residual enzyme activity; (3) the validation with
known reference compounds and screening of enzyme
inhibitors [7]. Immobilization conditions can significantly
affect the enzyme leading to enzyme denaturation and con-
sequent loss of activity. Furthermore when a non-oriented
immobilization procedure is used, access to binding site(s)
may be hindered and prevent substrate binding and conver-
sion. Therefore, other than the determination of the amount
of protein retained on the support after immobilization, the
quantitation of the amount of active units of enzyme is also
a crucial step. It is worth mentioning that, other than immo-
bilization conditions, the activity of immobilized enzyme
could also be affected by limitations in substrate accessibil-
ity to the active sites or by the selected chromatographic
conditions such as pH, composition of the mobile phase,
and percentage of organic solvent. These aspects need to be
taken into account when a new IMER is developed.

While quantification of the amount of protein immobi-
lized can be carried out off-line by using different methods
including colorimetric and fluorescent assays or chromato-
graphic methods [26] and comparing the amount of protein
in the immobilization buffer before and after immobiliza-
tion, the determination of active units in the IMER apparatus
requires that an on-line activity assay be set up first. As a
general procedure, the estimation of retained active units
is achieved by injecting increasing concentrations of the
natural substrate or of a substrate analogue and determining
the velocity of substrate conversion into the product. The
apparent Michaelis—Menten constant (Ky,p,) and vy, €20
be calculated by constructing the Michaelis—Menten graph
(catalysis rates versus normalized substrate concentration)
or corresponding Lineweaver—Burk plots. The normalized
substrate concentration takes into consideration the distribu-
tion of the substrate within the IMER and it is calculated by
the following formula:
[SubStrate]normalized = (Cinj X Vinj)/ BV
where BV is the bed volume of the IMER, V;;; is the injected
volume, and C;y; is the injected substrate concentration.

From the v, value the immobilized active units can be
determined. The inhibition studies are usually performed in
zonal mode, i.e., injecting increasing inhibitor concentra-
tions in the presence of a fixed amount of substrate, most
commonly at saturating concentration. Percentage inhibi-
tion is calculated by comparing the peak areas obtained in
the presence and in the absence of inhibitor. Specifically,
the percentage inhibition is obtained by the following
expression:

100 — (AUC,/AUC,) x 100,

where AUC; and AUC,, are the product peak area calculated
in the presence and in the absence of the tested inhibitor,

respectively. The construction of a correlation curve is also
recommended in order to compare the ICs, values obtained
with the IMER with those reported in literature, calculated
by classical in-solution assay. Inhibition constant (K;) values
can also be determined simply by adapting the in-solution
assay to the on-line approach, i.e., by injecting mixtures of
increasing concentrations of substrate and tested inhibi-
tor and processing data to get Lineweaver—Burk, Cornish-
Bowden, or Dixon plots [27-29]. As a further consideration,
although monitoring a specific feature, i.e., product forma-
tion or substrate disappearance, non-specific interactions
between tested inhibitors and the chromatographic support
may arise and alter the contact time. To account for such
interactions, the use of a blank column, which has been
prepared following the same immobilization procedure but
without active immobilized enzyme, is strongly suggested.

Immobilized Enzyme Reactors Coupled
with HPLC and UV-Vis Detection

The choice of coupling IMER with HPLC derives from
the combination of high selectivity and sensitivity with the
possibility to perform automated, fast, and reproducible
analysis. Thanks to the advantages in terms of low pressure
drop, mechanical and chemical stability, and suitable mass
transfer properties, macroporous monolithic materials have
become increasingly popular for applications not only in
chromatographic separations but also in IMER preparation.
Monolith materials have been prepared and used in various
geometrical formats, including disks, columns, or tubes. In
particular, CIM™ disks are monolithic disk-shaped chro-
matographic columns which have been successfully used as
support matrices for the preparation of IMERs owing to the
low resistance to mass transfer and fast analysis time [30].
CIM™ (isks are of small dimensions (12 mm in diameter
and 3 mm in thickness) and are available with different sur-
face chemistries, which can be exploited for target immo-
bilization. Epoxy—CIM disks have been widely used for
enzyme immobilization thanks to the easy one-step immo-
bilization procedure which involves a nucleophilic attack
on the epoxy groups by amine, thiol, or hydroxy groups on
the target enzyme [31]. Immobilization on ethylendiamine
(EDA)—CIM disk usually involves reaction with glutaralde-
hyde in order to introduce reactive aldehyde groups which
can subsequently form Schiff bases upon reaction with
nucleophilic residues from the target enzyme, most com-
monly amino residues in the side chain of lysines, followed
by reduction of the imine groups by a mild reducing agent
in order to stabilize the linkage (Fig. 1).

Other than offering a reactive group for easy immobi-
lization in mild conditions, the use of glutaraldehyde also
grants the insertion of a spacer which, in most cases, has
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been shown to be fundamental to (1) ensure a suitable degree
of flexibility, which is important in the case of enzyme rear-
rangements upon substrate binding; (2) achieve a higher
availability of the enzyme binding site(s) [32]; and (3) keep
the enzyme away from the matrix surface in order to pre-
serve it from adsorption phenomena or loss of the native
conformation. After immobilization, both the amount of
immobilized protein and the activity of the enzyme must
be assessed. Since enzymes can undergo denaturation dur-
ing the immobilization process, the amount of immobilized
protein often does not correspond to the residual amount of
active units. While determination of the amount of immo-
bilized enzyme can be carried out using several techniques
generally involving quantitation of the enzyme in the immo-
bilization solution before and after immobilization, the
activity assessment by an on-line activity assay should first
be set up. This might be a tricky step that requires a good
knowledge of separation techniques but, most importantly,
of the biochemical and catalytic characteristics of the target
enzyme. Once analysis conditions are defined, in the most
common zonal function-based approach [26], increasing
concentrations of the substrate, or of a substrate analogue,
are injected into the IMER, after its insertion into an HPLC
system, in order to obtain the Michaelis—Menten curves and
calculate the v,, and K, values, by determining the peak
area of the eluting unmodified substrate or formed product.
The evaluation of K, for each substrate is critical to compare
the behavior of the enzyme after immobilization with that
in solution and determine the best conditions to perform
inhibition studies. Then, in screening experiments, inhibi-
tion studies are carried out by injecting mixtures of sub-
strate and inhibitor and calculating the percentage inhibition
from the product peak area obtained in the presence of the
tested inhibitor and after injection of the substrate solution,
as reported in “Determination of Enzymatic Activity after

Fig.1 Covalent immobiliza-
tion of target enzymes on EDA
monoliths by the Schiff base

method NHCH,CH,NH,

Maonolithic disk

Quenching
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Matrix activation

Immobilization, Chromatographic Data Elaboration for ICsy,
and Kinetic Constant Determination” (Fig. 2).

B-Site Amyloid Precursor Protein-Cleaving
Enzyme-Based IMERs

One of the major class of IMERs based on chromatographic
columns and developed in the last decade focuses on tar-
get enzymes involved in Alzheimer disease (AD) drug dis-
covery. Following the positive results from the previous
preparation and application of AChE- and BuChE-IMERs
[32, 34], the human recombinant p-site amyloid precursor
protein-cleaving enzyme (hrBACE-1) was covalently immo-
bilized on an EDA—CIM disk. The obtained IMER was used
for screening molecules selected through a virtual screening
approach and of natural origins [33, 35, 36]. The strategy for
BACEI-IMER preparation was based on covalent enzyme
immobilization [37]. The hrBACE1-IMER was inserted
into an HPLC system coupled to a fluorescence detector.
The M-2420 substrate and substrate IV, both mimicking the
peptide sequence of the Swedish-mutated APP sequence,
targeted by BACE-1, were used [33, 36]. The retained active
units were then evaluated as previously described [38] by
injecting the fluorogenic substrates which, upon cleavage by
immobilized BACE-1, generated fluorescent products that
could be easily quantitated (Table 1). The best chromato-
graphic conditions were established for both substrate and
product. In inhibitor screenings, according to the spectro-
scopic features of the tested molecules [39], either M-2420
or substrate [V was employed. The ability of the tested com-
pounds to inhibit BACE-1 was related to the reduction of
chromatographic peak of the fluorescent enzymatic product.
The use of M-2420 substrate allowed the discovery of a bis-
indanone derivative and its characterization in terms of ICj
and K, (Table 1). This compound was selected from a small

OHC(CH,);CHO
HCH,(CH,),CHO + NH,-ENZYME

Immobilization

HCH,(CH,),CH=N-ENZYME

Schiff bases reduction

HO(CH,),NH,

HCH,(CH,),CH,-HN-ENZYME
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Fig.2 Overlaid chromatograms
obtained after injection of
selected inhibitor at increasing
concentration in the presence of
substrate. The chromatographic
peaks refer to M-2420 BACE1
substrate hydrolysis product.
Reprinted with permission from
J. Pharm. Biomed. Anal. [33]

Intensity

€ TFluorescent product from M-2420 cleavage

Increasing inhibitor concentrations

library of 38 compounds obtained by a virtual screening
approach. The IC, value of 5.1 pM and a K; of 17.5 pM
established by the IMER-HPLC system resulted in agree-
ment with those obtained by the in-solution FRET assay.

Of great interest is the application of BACE1-IMER to
the screening of natural compounds. The first reported study
was based on the use of Corydalis cava in folk medicine
for the treatment of memory dysfunction. A series of 15
isolated alkaloids were characterized in terms of inhibi-
tory potency by both in-solution and on-line methods. The
results obtained by monitoring the decrease in M-2420 sub-
strate peak product were in agreement with those obtained
by in-solution FRET assay. As reported by Chlebeck et al.
the use of M-2420 substrate is not widely applicable for
compounds of natural source because of possible fluores-
cence interference [35]. For instance, the use of substrate
1V, whose cleavage product 1,5-EDANS (5-[(2-aminoe-
thyl)amino]naphthalene- 1-sulfonic acid) is characterized
by higher excitation and emission wavelengths, is devoid of
spectroscopic interference, allowing testing of a wider range
of compounds (Fig. 3). That feature is important in order to
avoid false positive or negative results related to quenching
or absorption phenomena. This substrate was used for the
characterization of uleine, a natural compound derived from
Himatanthus lancifolius, a Brazilian native species [40]. The
BACEI-IMER showed a higher reaction rate, likely owing
to the high local concentration of enzyme and to the high
accessibility of the active site. Moreover, the risk of pre-
cipitation of both substrate and tested compound is lower
compared to the in-solution method.

30 35 40

Retention Time [min]
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Human Butyrylcholinesterase-Based IMER

An IMER based on human recombinant butyrylcholinester-
ase (rhBChE) was used in 2009 for the on-line characteriza-
tion of some pseudo-irreversible BChE inhibitors as drug
candidates for AD treatment [41]. The covalent immobi-
lization of the enzyme on a monolithic column allows the
drawbacks related to the use of silica-based beads to be over-
come. The lack of diffusion resistance during mass transfer,
high enzymatic efficiency, and reduction of analysis time are
some of the advantages of the BChE-IMER [32, 34, 38, 42].
The enzyme immobilization occurred after derivatization of
primary amino groups of a monolithic disk with glutaralde-
hyde. The amino groups of the lysine residues of enzyme
reacted with the free aldehyde groups of the glutaralde-
hyde leading to a stable anchoring. The unreacted aldehyde
groups were then inactivated by treatment with an ethanola-
mine solution. The BuChE-IMER activity was determined
by injecting butyrylthiocholine as substrate and using a
mobile phase containing Ellman’s reagent [43]. Butyrylthi-
ocholine is hydrolyzed by the immobilized enzyme into
butyric acid and thiocholine, the latter reacts with Ellman’s
reagent in the mobile phase giving rise to a yellow product,
whose formation is stoichiometrically related to the amount
of hydrolyzed substrate and can be easily quantified by cou-
pling the HPLC system with a UV-Vis detector. In that con-
text, the use of 2-propanol at concentration ranging from 3%
to 5% allowed the activity to be enhanced by 41%. Different
flow rates were evaluated to optimize working conditions
and contact time in order to improve catalytic efficiency.
Apparent K, values were unaffected by the flow rate, while
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Fig.3 Overlaid chromatograms obtained by injecting standard fluoro-
genic group 1,5-EDANS, substrate IV, and DMSO onto hrBACE1-
IMER. The peak obtained after substrate injection and enzymatic
hydrolysis was found to be consistent with that of standard product in
terms of retention time. Reprinted with permission from J. Chroma-
togr. B. [36]

Vmax Slightly decreased increasing the flow rates likely as a
result of increasing friction which can negatively influence
enzyme catalytic efficiency. The applications of this BChE-
IMER [41] included the study of the kinetics of enzyme
inhibition by six carbamate derivatives which are known
to act as pseudo-irreversible ChE inhibitors. This class of
inhibitors is known to form a covalent adduct with the serine
residue in the enzyme active site that is then hydrolyzed to
regenerate the active enzyme. Indeed, for possible develop-
ment as drugs, the determination of the carbamoylation (k,)
and decarbamoylation (k;) values is of utmost importance
to predict the duration of enzyme inhibition in vivo. The
experimental workflow included the assessment of the initial
enzymatic activity, followed by the evaluation of the kinet-
ics of carbamoylation which was achieved by flushing the
IMER with mobile phases containing different concentra-
tions of inhibitor (Table 1). For each tested concentration,
the apparent carbamoylation rate (k) was obtained. Among
the studied inhibitors, the fastest inhibition was obtained for
(—)-phenserine, in agreement with data obtained with the
in-solution method. In general, the k, values determined by
the immobilized enzyme were lower (faster carbamoylation
rate) than those obtained in solution likely as a result of
the use of a flow-through system instead of a classic static
stop-flow assay. After reaching the inhibition plateau the
mobile phase was changed to clear mobile phase (without
any inhibitor) and the regeneration of the enzyme occurred
after hydrolysis of the carbamoyl-BChE adduct. This recov-
ery phase was used to determine decarbamoylation rates (k;

values) by using Perola’s approach [44]. The recovery of the
immobilized enzyme activity was obtained after a 2-h wash-
ing for the fastest inhibitor, i.e., (—)-phenserine. In contrast,
a recovery time of 16 h was required to recover the initial
activity after treatment with (—)-isobutylbisnorcymserine,
the slower inhibitor. Inhibition constants obtained with the
IMER were in agreement with those obtained in solution.
Because in an IMER the enzyme is held in place, the use of
the BChE-IMER allowed one to monitor the inactivation and
regeneration steps in a single experiment with significant
savings of time and enzyme compared with classic stop-time
assays and dialysis. More interestingly, upon immobiliza-
tion, BChE maintained its stereoselective properties, i.e.,
it was possible to discriminate the activities of the (—)- and
(+)-enantiomers of phenserine.

Arginase-IMER

The strategy of a covalent immobilization of the target
enzyme on an EDA-CIM disk was applied to prepare an
arginase-IMER to be used for studying some plant-derived
products with arginase activity. The arginase enzyme cata-
lyzes the hydrolysis of arginine to ornithine and urea. The
two isoforms of arginase were recently demonstrated to be
expressed by vascular endothelial and smooth muscle cells,
raising interest in this enzyme in cardiovascular physiol-
ogy and pathology [45-47]. The petroleum ether extracts
were obtained from the stem bark of Ficus glomerata Roxb.
Arginase was covalently immobilized on an EDA-CIM disk
(12 mm X 3 mm) after insertion of glutaraldehyde as spacer.
The influence of pH and flow rate on arginase activity was
investigated in order to assess the best enzymatic activity
and chromatographic conditions. The results revealed a ten-
fold decrease in K, over the pH range 6.5-9.5 [48].

To validate the IMER, the ICs, values of some known
inhibitors were evaluated by injecting solutions containing
increasing concentration of inhibitor and saturating concen-
tration (190 mM) of nitro guanidino benzene (NGB) as sub-
strate. The formation of m-nitroaniline (m-NA) product was
detected by UV, and peak area of m-NA at increasing inhibi-
tor concentration was determined and plotted versus injected
inhibitor concentration to obtain inhibition curves for all the
tested inhibitors. The pICs, values were in good agreement
with those from in-solution experiments. Optimized chroma-
tographic conditions were used to screen extracts from Ficus
glomerata Roxb. and of procyanidins. The inhibitory activity
of these natural products was evaluated by injecting mixtures
of increasing concentrations of the tested extract (ranging
from 0.1% to 0.9%) and a fixed concentration of the substrate
NGB. The extracts were found to inactivate arginase by up to
70%, in agreement with previously reported data [49].Their
effects on the kinetic parameters were also investigated. Pro-
cyanidins seemed to affect the v, value without affecting
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the K. This result suggested that procyanidins do not influ-
ence substrate binding and act as non-competitive inhibitors.
The highest inhibition potency was found for the extract con-
taining the largest amount of procyanidin (Table 1). These
results open the possibility of treating NO-dependent smooth
disorders with these plant extracts [45].

Immobilized Capillary Enzyme Reactors

In order to assess the activity and the selectivity of small
library of coumarin derivatives, human [50] and Electric eel
AChE and human BChE were immobilized on fused silica
capillary supports using glutaraldehyde as a spacer [50-52].
The interest in coumarin derivatives is based on their biolog-
ical activities [53—56]. The importance of BChE as target is
based on the observation that imbalance in AChE and BChE
activity in patients with AD makes BChE an appealing tar-
get for mild-to-moderate AD forms [57]. The use of immo-
bilized enzymes is a great advantage since the analysis of
coumarin derivatives may be altered by false positive results
due to spectroscopic interference when classical in-solution
methods are used. The enzymatic activity of the reactor was
measured through the formation of the yellow anion (YA),
resulting from the reaction between the product thiocholine,
which was generated by enzymatic cleavage of the substrate
acetylthiocholine (ATCh), and Ellman’s reagent [43]. Inter-
estingly, immobilization increased enzyme stability toward
organic modifier content. Indeed, cholinesterases maintained
their activity at a high concentration of organic modifier
(up to 80%). The inhibitory activity of the coumarins was
evaluated for each enzyme. The results highlighted the good
selectivity of an 8-hydroxycoumarin-3-carboxylic acid ethyl
ester compound towards BChE. No significant difference
between values obtained with the IMERs and those from
in-solution assay [58] was observed.

Owing to the growing interest in natural products, many
recent applications of capillary immobilized enzyme reac-
tors have focused on the screening of natural extracts. The
most recent application (2018) was reported by Cornelio
et al. [59] who performed the immobilization of bovine cath-
epsin D (CatD) on fused silica open tubular capillary. CatD
is an aspartic protease involved in peptide bond hydrolysis.
Its overexpression has been implicated in degenerative pro-
cesses and cancer [60]. For these reasons it is considered a
good target in the search for new chemotherapeutics. The
IMER showed advantageous features including low leakage
of the immobilized enzyme, low back pressure, and high
surface to volume ratio [59, 61]. For screening purposes, the
CatD-IMER was placed in the first dimension of a 2D-liquid
chromatography (LC) system that was used in zonal elu-
tion conditions to examine more than one compound per
injection. The enzyme activity was measured using the
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fluorogenic undecapeptide 7-methoxycoumarin-4-acetic
acid-(MOCACc)-Gly-Lys-Pro-Ile-Leu-Phe-Phe-Arg-Leu-
Lys(DNP)-p-Arg-NH, (S-MOCACc) as substrate. Hydroly-
sis of the substrate leads to the formation of MOCAc-Gly-
Lys-Pro-Ile-Leu-Phe (P-MOCACc). This substrate was used
for both on-line and in-solution approaches. The kinetic
parameters were evaluated before the screening of plant
extract, mostly belonging to the Rutaceae family such as
Almeidea sp., Hortia longifolia, Metrodorea nigra, Pilocar-
pus riedelianus, Neoraputia magnifica, and Lithraea molle-
oides. A K, value of 81.9 +7.49 pmol/L was obtained. This
value is 30 times higher than that obtained by the in-solution
method. The dried extracts were tested against CatD using
both the IMER-based approach and the in-solution method.
The percentage of inhibition obtained for the extracts with
the on-line methods were three times lower compared with
those obtained by in-solution methods. On the other hand,
inhibition values obtained for the isolated phytocomponents
evolitrine, 4-hydroxy-3-methoxycinnamadehyde, and (Z)-2-
(pentadec-5-enyl)benzenel,4-diol from the tested extracts
were in accordance with the in-solution inhibitory potencies.

In 2012, de Moraes et al. [62] reported the immobilization
of purine nucleoside phosphorylase (PNP) which catalyzes
the cleavage of (deoxy)ribonucleosides to the corresponding
purine bases and (deoxy)ribose-1-phosphate, in the pres-
ence of inorganic phosphate (Pi). PNP inhibitors represent
a class of immunosuppressive agents useful in the treat-
ment of a wide variety of T cell-mediated disorders [63].
The most widely employed assay for the evaluation of PNP
inhibitors is a coupled assay in which hypoxanthine (Hypo)
released by inosine (Ino) phosphorolysis is oxidized by xan-
thine oxidase (XOx) to generate uric acid, which is spec-
trophotometrically monitored at 293 nm [64]. The method
proposed by Kalckar in 1947 unfortunately presents some
issues related to potential false positive outcomes due to the
inhibition of the reported enzyme XOx. To achieve trustable
data it is therefore important to develop and apply a direct
method. This idea has prompted the development of a human
PNP (hPNP)-IMER by covalently immobilizing the target
enzyme on an activated silica capillary previously derivat-
ized with glutaraldehyde as spacer. For IMER validation,
the fourth-generation immunocillin derivative DI4G was
used (Table 1). For on-line analysis the hPNP-IMER was
inserted in the first dimension of a multidimensional chro-
matography system. To assess enzyme activity, the substrate
(Ino) and the product (Hypo) were separated and quantified
after elution from the IMER by a reversed-phase analytical
column (10 cm X 0.46 mm [.D.) which was coupled to the
hPNP-IMER by a three-way switching valve. Affinity of the
immobilized enzyme for the substrate was slightly different
when compared to that of the enzyme in solution (K, value
calculated for the IMER was about 1.9 higher). The IMER
was used for the determination of the inhibition potency of
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DI4G, a potent PNP inhibitor, as well as for the investigation
of its mechanism of action. The ICs, value obtained with
the IMER was about an order of magnitude higher than that
obtained by in-solution assay. On the other hand, the results
on the evaluation of the mechanism of action were in agree-
ment with those obtained by in-solution assay (competitive
inhibitor). The higher K, parallels the higher value of K,
found in the evaluation of the affinity of the immobilized
enzyme for the substrate. The authors estimated that, thanks
to the short analysis time and the use of an autosampler,
approximately 100 compounds could be screened per day.
Thus, on the basis of this and other advantages such as cost-
saving and method robustness, and notwithstanding issues
related to underestimation of the inhibitory potency, the
authors claim that the system could find application in drug
discovery campaigns.

IMERs Coupled with HPLC Tandem Mass
Spectrometry

IMER assays were initially performed using both spectro-
scopic and MS detection modes. Spectroscopic methods
allow a wider range of buffers, but suffer from potential
interferences from strongly absorbing compounds, while
MS/MS methods can be used in cases where colorimetric
reagents are not available. On the other hand the use of low
ionic strength buffers compatible with the electrospray pro-
cess is necessary. Here, we briefly report some applications
of IMER inserted in an LC system hyphenated with tandem

Fig.4 Schematic of the LC-IT-
MS/MS system used

MS. As reported in the first part of this review both AChE
and BChE have been extensively explored as immobilized
targets [41, 65]. So it is not surprising that one of the most
recent applications of IMER coupled to LC-MS concerns
this class of enzymes. Specifically, Cardoso and co-workers
reported the development and application of capillary fused
AChE-IMER and BChE-IMER [50, 66]. In the first appli-
cation the AChE-IMER was used in an LC/tandem ion trap
mass spectrometer. Methanol, delivered by a different pump
through a T-shaped connection system, was used to improve
ionization (Fig. 4). The enzyme activity was evaluated by
multiple reaction-monitoring mode (MRM) selecting the
transition of choline precursor ion [(M +H)*, m/z 104.0]
and its ion fragment [(C,H;OH)(M +H)*, m/z 60.0] (Fig. 5).
Both electric eel (ee) AChE and hAChE were immobilized.
The evaluation of the kinetic parameters confirmed that
cholinesterases maintained their activity toward the natural
substrate acetylcholine (ACh). The ACER-LC-MS system
was then used for the screening of some coumarin deriva-
tives. As a final result, two hits were identified and their ICy
and K; values were determined. More recently, Cardoso and
co-workers reported the development of a capillary BuChE-
IMER and its coupling with an MS detector [66]. The exper-
imental conditions and instrument setup were the same used
for the previously reported application. The same T-shaped
connection was used to deliver both methanol and the run-
ning buffer. The Kyy,,, values for butyrylcholine (BCh)
and ACh were of 39.9+3 and 44.8 + 10 pM, respectively.
Although BCh is the substrate of hBChE, the authors used
ACh as substrate based on the consideration that BChE can
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also hydrolyze ACh, even if with a lower turnover rate [67].
The main goal of this work was to demonstrate the capabil-
ity of the applied system to rank inhibitors with different
potency. To validate the IMER, tacrine and galantamine
were assayed as standard as well as uleine [40] (Table 1).
The obtained results compared with those reported in the
literature demonstrate the capability of the applied method
to distinguish between inhibitory potency.

Other interesting applications of IMER-LC-MS were
reported by Brennan and his research group [68, 69]. The
IMER-tandem MS system was used for the screening of
bioactive compound mixtures on AChE-IMER coupled to an
ESI-MS/MS detector. In the work from 2011 [68] the IMER
was obtained by a sol—gel entrapment method [70]. Studies
on IMER were initially performed using both absorbance
(Ellman’s assay) and MS detection modes. Indeed the use
of a colorimetric method (coupling with UV—Vis detection)
allows the use of a wider range of buffers, but suffers from
potential interferences from strongly absorbing compounds.
On the other hand, coupling with MS detector offers advan-
tages in terms of selectivity and limited interferences but
requires the use of low ionic strength buffers. MS/MS analy-
ses were carried out in MRM mode, and suitable parent and
daughter ions were identified for acetylthiocholine (ATCh)
and thiocholine (TCh) as substrate and product of enzyme
activity, as well as for galantamine and huperzine A as test
inhibitors. The obtained signals were intense and no back-
ground interference or overlaps between the signals of dif-
ferent species were encountered. The product/substrate (P/S)
ratios vs inhibitor concentration were used to assess inhibi-
tion. By monitoring the P/S ratios, the authors screened 52
randomly selected mixtures, consisting of 1040 compounds,
from the Canadian Compound Collection. In the optimized
assay conditions a full signal recovery was obtained after
equilibration for weak inhibitors with K; values in the high
nanomolar or greater range, while in the presence of potent
compounds, slower recovery times were registered lead-
ing to some carryover effects. In the presence of a covalent
inhibitor in the screened mixture, the full recovery of the
enzyme activity was not possible (irreversible inhibition)
and thus required the preparation of a new IMER. Mixtures
giving a decrease in the P/S signal ratio higher than 50%
were selected to be further characterized for identification
of individual components. This approach allowed the iden-
tification of physostigmine and 9-acridinamine as active
phytocomponents. Note that analysis reproducibility was
higher when single phytocomponents were assayed than
when mixtures were evaluated. This has been attributed
to the lower content of DMSO used in single-component
analysis (0.1% versus 2%) which allows a higher enzymatic
activity. Moreover, when single components are analyzed a
lower ion suppression is encountered.
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A similar approach was applied by Forsberg and Bren-
nan to the screening of bioactive mixtures on adenosine
deaminase (ADA). This is an important enzyme in purine
metabolism and catalyzes the deamination of adenosine
to inosine [69]. Increased ADA levels are reported to be
involved in various health disorders such as hereditary
hemolytic anemias, systemic lupus erythematosus, inflam-
matory responses, rheumatoid arthritis, heart diseases,
tuberculosis, and some types of carcinoma. Hence, the
interest in the development of ADA inhibitors arises from
the wide range of applications of these drugs in different
pathologies [71-73]. The target enzyme was covalently
immobilized onto monolithic silica capillary columns. The
ADA-IMER was coupled with an ESI-MS detector. The
identification of bioactive compounds from mixtures was
achieved by coupling the IMER with bioselective solid-
phase extraction (bioSPE) columns; the screening platform
developed by the authors featured a two-step bioassay: (1)
identification of mixtures containing bioactive compounds
towards the target enzyme by ADA-IMER interfaced with
ESI-MS detector, (2) isolation of active compounds from
identified “hit” mixtures by bioSPE followed by their iden-
tification by ESI-MS. In the first dimension, specifically
bound compounds were washed out by flushing the IMER
with buffer, while the strongly bound ligands were eluted
by washing with an acidic solution (3% acetic acid). The
developed platform allowed the identification of the active
compounds. EHNA and MAC-0038732, a potent and a
weak ADA ligand, respectively, were successfully isolated
and identified by bioSPE, both in MRM and data-dependent
acquisition (DDA)-MS modes.

The previously reported human purine nucleoside phos-
phorylase fused silica capillary hPNP-IMER obtained by
de Moraes and co-workers [62] was also used for affinity
screening studies of new inhibitor exploiting MS detec-
tion [74]. These studies were carried out by frontal affinity
chromatography tandem MS (FAC-MS). Different mono-
lithic supports including Chromolith Speed Rod (0.1 mm
I.LD. X5 cm) and a methacrylate-based monolithic poly-
meric capillary column (0.25 mm IL.D. X5 cm) with epoxy
reactive groups were employed. Inosine (Ino) was used as
substrate to determine and compare activity as well as K,
values upon immobilization of hPNP on the selected col-
umns. Results showed that kinetic parameters were influ-
enced by the immobilization procedure [75-77]. The K,
values obtained using polymeric monolithic capillary (PMC)
and silica monolithic capillary (SMC) were respectively
sevenfold and tenfold higher than values obtained by the
in-solution method. The ability of the proposed IMERs to
screen compounds with different affinity was tested by con-
tinuously infusing a mixture containing two inhibitors and
one compound with no inhibitory activity into the system.
The analytes were detected in positive ion mode by ESI-MS/
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MS. In agreement with expectations, the inactive compound
was the less retained while the two inhibitors were retained
more, in agreement with a significantly higher affinity for
the target. The same ranking order was obtained for all the
tested supports, thus demonstrating that the type of support
did not influence the capability of the FAC-MS/MS method
to discriminate inhibitors from a compound mixture.

CE-Based IMERs

Its peculiar analytic advantages including high separation
efficiency, short analysis time, and minute sample consump-
tion, make CE suitable for CE-based IMERs development.
Optimized enzymatic assays based on CE, indeed, are rapid
and automatable [9, 78, 79]. Although the species resolved
by the electrophoretic approach could be directly revealed
by several detectors including UV, LIF, and MS, the most
exploited one still is UV-Vis detection [9]. This section
focuses on works reporting on IMER development to be
used in CE systems. The overall characteristics of the pro-
posed IMERs are summarized in Table 2.

In 2010 Ji et al. [80] reported on the development of
adenosine deaminase (ADA) microreactor (Table 2) use-
ful for ADA inhibition studies. The protocol proposed by
the authors to obtain the ADA microreactor was based on
enzyme encapsulation in alginate, a linear anionic polysac-
charide, and its immobilization on the surface of a fused-
silica capillary pretreated with polyethylenimine (PEI),
a strong cation exchanger (Fig. 6a). Evaluation of IMER
activity was carried out by substrate (adenosine) and product
(inosine) CE separation and UV quantification at 254 nm.
Inhibition studies were performed by injecting the buffer
containing the single inhibitor (or the natural extracts) into
the capillary and leaving it in place for 3 min. After that
time, a mixture of substrate and inhibitor was injected,
and the separation voltage was applied. Inhibition studies
were first performed using a known inhibitor, erythro-9-
(2-hydroxy-3-nonyl)adenine (EHNA), and the resulting K;
(12.1 nM) was in agreement with the previously reported
values (1.5-6 nM) [81]. Finally the optimized method was
applied for screening 19 natural extracts. Among these, the
extract from Rhizome chuanxiong was the only one endowed
with inhibitory activity toward ADA (inhibition percentage
48.0%) (Table 2).

ADA was also used, along with xanthine oxidase (XOD),
for the development of a dual IMER by Lin et al. (Table 2)
[82]. XOD catalyzes the oxidation of hypoxanthine and
xanthine to uric acid, hydrogen peroxide, and superoxide
radicals [83]. Since uric acid is involved in the onset of gout
and superoxide radicals are involved in a series of patho-
logical inflammatory processes, the inhibition of XOD is
recommended for the treatment of related diseases [84]. The

capillary microreactor was prepared by co-immobilizing
ADA and XOD on citrate-capped gold nanoparticles, which
were then injected into the PEI-modified capillary, allowing
the immobilization through electrostatic interaction between
the negatively charged enzyme-functionalized gold nano-
particles and the positive charges of the capillary wall. In
the CE optimized conditions, substrates and products were
baseline-separated within 3 min. Inhibition studies were first
performed by employing EHNA and 4-aminopyrazolo|[3,4-
d]pyrimidine as selective inhibitors for ADA and XOD,
respectively. Interestingly, K; values exactly matched the
values previously reported in the literature [85]. Finally,
the proposed dual IMER was applied to screen 20 natural
extracts from medicinal plants for anti-ADA and anti-XOD
activity. Results showed that natural extracts from Rhizome
chuanxiong and Indigo naturalis were able to inhibit ADA,
while extracts from Rhizome chuanxiong, Cortex Phelloden-
dri, Rhizome Alpiniae officinarum, and Ramulus cinnam-
omi were endowed with inhibitory capacity toward XOD
(Table 2).

In 2011 Igbal [86] reported on the development of an
IMER with immobilized alkaline phosphatases (ALPs).
ALPs can be classified into tissue-specific ALPs (placen-
tal, intestinal, and germ cell) and tissue-nonspecific alka-
line phosphatase (TNAP) [87]. Intestinal ALP plays a role
in fat absorption in the gastrointestinal tract and in gut
mucosal defense, while TNAP is able to hydrolyze inor-
ganic pyrophosphate, a potent calcification inhibitor; hence,
TNAP-selective inhibition could be beneficial in the treat-
ment of osteoarthritis [88]. In this work, two distinct IMERs
were prepared by immobilizing CIAP, a calf intestinal ALP,
and TNAP on capillaries pretreated with a 1,5-dimethyl-
1,5-diazaundecamethylene hexadimethrine bromide (poly-
brene, PB) solution which produced a positively charged
coating layer which could be used for enzyme adsorption
through ionic interactions. PB, acting as electroosmotic
flow (EOF) modifier, also allowed an improved separation
of substrate (4-nitrophenylphosphate, NPP) from the prod-
uct (4-nitrophenol, NP). Interestingly, the introduction of
the sample into the capillary by electro injection resulted in
an increased assay sensitivity when compared with normal
pressure injection. Inhibition studies on CIAP-based IMER
were performed using three standard inhibitors, namely inor-
ganic phosphate (competitive inhibitor), theophylline (non-
competitive inhibitor), and arsenate (irreversible inhibitor),
while inhibition of TNAP-IMER activity was investigated
using different concentrations of levamisole. Resulting K;
values were close to those obtained using a 96-well micro-
plate reader and to literature values [89].

An on-line immobilized glucose oxidase (GOXx) capil-
lary microreactor was developed in 2012 by Wang et al.
[90]. GOx has been commonly used as a model enzyme
in several disciplines. Among other applications, GOx was
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Table 2 CE-based IMERs

Immobilized Type of Yield of Stability Detection Analysis  Reference inhibitors Tested inhibitors or ~ References
enzyme immobiliza- immobiliza- assessment  system time (K; value) natural extracts*
tion and tion (min) (% inhibition or ICs,
reactive value)
group
ADA Encapsula-  ND 40 cycles uv <2 EHNA (12.1 nM) Rhizoma chuanx- [80]
tion +ionic (254 nm) iong extract (6 mg/
interaction/ mL, 48.0%)
PEI
ADA and Cova- ND ND Uv <3 EHNA (9.6 nM) Targeting ADA: [82]
XOD lent+ionic (210 nm) 4-Aminopyrazolo[3,4-  Rhizoma chuanx-
interaction/ d]pyrimidine iong extract
citrate (8.9 uM) (10 mg/mL,
AuNPs; 49.6%)
PEI Indigo naturalis
extract (10 mg/
mL, 23.7%)
Targeting XOD:
Rhizoma chuanx-
iong extract
(10 mg/mL,
63.5%)
Cortex phelloden-
dri extract (10 mg/
mL, 60.3%)
Rhizoma alpiniae
officinarum extract
(10 mg/mL,
48.8%)
Ramulus cin-
namomi
extract(10 mg/mL,
40.4%)
CIAP/TNAP Ionic interac- ND ND uv <3 Targeting CIAP: - [86]
tions/PB (322 nm) PO43_ (2.41 M)
Theophylline
(50.2 uM)
Arsenate (8.91 uM)
Targeting TNAP:
Levamisole
(23.0 uM)
GOx Cross- 30 days uv <12 Ag* (0.64 mM) - [90]
linking/ (220 nm) Cu?* (1.87 mM)
APES and
glutaralde-
hyde
TRS Tonic interac- ND ND Uv <5 Kojic acid (24.54 uyM)  Radix paeoniae [92]
tions/HDB (214 nm) rubra (20 mg/mL,
62.5%)
Rhizoma polygoni
cuspidati (20 mg/
mL, 65.0%)
Radix codonop-
sis (20 mg/mL,
57.0%)
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Table 2 (continued)
Immobilized Type of Yield of Stability Detection Analysis  Reference inhibitors Tested inhibitors or ~ References
enzyme immobiliza- immobiliza- assessment  system time (K; value) natural extracts*
tion and tion (min) (% inhibition or ICs,
reactive value)
group
G6PDH Tonic interac- ND ND uv <4 - Cu** [94]
tions/ (340 nm) (1.50+0.05 uM)
PDDA Pb**
(0.41+0.01 uM)
Ccdz
(1.90 £0.02 uM)
Vancomycin
(2.18+0.03 uM)
Urea
(27.70+1.03 uM)
KMnO,
(0.18£0.01 uM)
CYP2C9 Covalent/ ND 21 cycles uv <8 Sulfaphenazole [97]
magnetic (200 nm) (3.51+0.38 pM)
micropar-

ticles’ acti-
vation with
S-NHS and
EDAC

Inhibition can be indicated as percentage of inhibition (%) or as ICy, (UM)

ND not determined, PEI polyethylenimine, AuNPs gold nanoparticles, PB 1,5-dimethyl-1,5-diazaundecamethylene hexadimethrine bromide,
APES y-aminopropyltriethoxysilane, HDB polyelectrolyte hexadimethrine bromide, PDDA poly-(diallyl dimethyl ammonium chloride), S-NHS
N-hydroxysulfosuccinimide, EDAC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

*Only the active inhibitors or natural extract are reported
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Fig.6 a Schematic representation of ADA-based capillary microre-
actor. b Electropherograms related to substrate (adenosine, A) and
product (inosine, I) separation obtained upon injection into the ADA-
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IMER of adenosine alone (I), adenosine in the presence of EHNA
12 nM (1), or in the presence of Rhizome chuanxiong 0.6 mg/mL
(III). Reprinted with permission from [80]
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successfully used for the determination of several heavy met-
als as environment contaminants with health implications
[91]. GOx was immobilized at the inlet end of the capillary
using a cross-linking method. Activity of immobilized GOx
was determined by monitoring the reduction of 1,4-benzo-
quinone to hydroquinone. For inhibition studies, Ag* and
Cu™ were used as model inhibitors. The calculated K; values
were higher than those obtained with free GOx in solution.

In 2013 Jiang [92] proposed a method for the develop-
ment of a capillary tyrosinase (TRS) reactor to screen TRS
inhibitors from traditional Chinese medicine. TRS is a mul-
tifunctional type-3 copper-containing metallo enzyme capa-
ble of catalyzing two distinct reactions of melanin biosyn-
thesis: (1) the o-hydroxylation of the amino acid L-tyrosine
to L-3,4-dihydroxyphenylalanine (L-DOPA) and (2) the
subsequent oxidation of L-DOPA to the corresponding
o-dopaquinone. TRS is involved in the enzymatic brown-
ing of fruits and vegetables and in the onset of various der-
matological disorders. Hence, TRS inhibitors have aroused
interest in the food, medicine, and cosmetics industries. TRS
was immobilized on the inner wall of a fused-silica capil-
lary, premodified by treatment with the cationic polyelectro-
lyte hexadimethrine bromide (HDB) via ionic binding. The
assessment of IMER activity was performed by filling the
capillary with the running buffer and injecting the substrate
(L-tyrosine) in the presence and in the absence of inhibitor.
After a brief incubation, application of an opportune volt-
age allowed the substrate to be separated from the product
(L-DOPA). The inhibition kinetics of the immobilized TRS
were validated using kojic acid, a known TRS inhibitor, and
the corresponding K; value (24.54 uM) was consistent with
what was previously reported in the literature [93]. Finally,
the inhibitory potencies of 20 traditional Chinese medicines
were evaluated. Among the screened extracts, those from
Fructus crataegi and Radix angelicae pubescentis were able
to inhibit the target enzyme (Table 2).

Camara et al. [94] recently (2015) developed a micro-
reactor immobilizing glucose-6-phosphate dehydrogenase
(G6PDH). G6PDH is the rate-limiting enzyme that catalyzes
the first step in the pentose phosphate pathway. GOPDH is
involved in the etiology of some metabolic disorders includ-
ing obesity and diabetes; therefore, it represents a potential
therapeutic target for novel inhibitors, which are required
to probe the causative mechanisms and to treat the related
pathologies [95, 96]. GOPDH immobilization was achieved
by exploiting a two-step protocol based on electrostatic
assembly. Specifically, the inner surface of the capillary was
first treated with the cation exchanger poly-(diallyl dime-
thyl ammonium chloride) (PDDA), a water-soluble poly-
electrolyte bearing strong cation groups; then, a solution
of G6PDH was injected into the capillary to get adsorbed.
Enzyme activity was evaluated by monitoring the formation
of NADH (resulting from the cofactor conversion during the
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enzymatic reaction) at 340 nm. G6PDH inhibition by six
inhibitors was investigated and the K; values were found to
be consistent with those obtained using the off-line assays.
Investigation of the inhibition mechanism showed that met-
als such as Cu*, Pb**, and Cd**, vancomycin, and urea
exerted a competitive inhibition.

In 2016, Schejbal et al. [97] proposed the development of
a magnetic particle-based IMER for kinetic and inhibition
studies of the 2C9 isoform of cytochrome P450 (CYP2C9)
and its hyphenation with CE. CYP2C9 isoform consti-
tutes approximately 20% of all CYPs in human liver, and
it is responsible for the metabolism of more than 10% of
commonly used drugs. Microsomal recombinant CYP2C9
(Baculosomes®) was used for IMER preparation. Prior to
enzyme immobilization, carboxy groups on magnetic micro-
particles were activated by treatment with N-hydroxysulfos-
uccinimide (S-NHS) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDAC); EDAC is able to create an amine-
reactive O-acylisourea intermediate which subsequently
reacts with the amino groups of proteins to form a stable
amide bond. Finally, CYP2C9 microparticles were loaded
into a silica capillary. CYP2C9-capillary IMER was vali-
dated using diclofenac as model substrate and sulfaphena-
zole as a model inhibitor, in the presence of NADPH as
cofactor. Although the stability of CYP2C9 upon immobili-
zation was significantly higher than in solution, a significant
loss of CYP2C9 activity (about 90% loss in 21 injections)
was observed during IMER use, thus the authors opted for
rinsing out the immobilized enzyme after nine runs, which
correspond to a loss of about half of activity in the best-
performing IMER. A great advantage of the system is the
very low enzyme consumption. Indeed, only 0.5 pmol of
enzyme was required for six subsequent analyses (83 fmol
per analysis). However, an in-depth investigation of kinetic
parameters including apparent Michaelis—Menten constant,
apparent v, .., Hill coefficient, apparent K;, and ICs,, values
for the conversion of diclofenac in the absence or presence
of the inhibitor sulfaphenazole suggested that the charac-
teristics of CYP2C9 were affected when nanoparticles with
the immobilized enzyme were inserted into the capillary
IMER, resulting in a lower affinity towards ligands. The
authors related this phenomenon to a spatial distortion of
the membrane of the Baculosomes® with consequent altera-
tion of the enzyme properties. This lower affinity must be
taken into account when the system is used for metabolism
studies in order to properly assess the clinical relevance of
the obtained data.
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Conclusions

The most commonly used assays for high-throughput in vitro
screening of new potential enzyme inhibitors involve in-
solution assays in multiwell plates. Although based on
different reaction and detection systems, these assays all
share common shortcomings related to risk of contamina-
tion within multistep protocols, waste of expensive target
enzyme, and low automation level unless expensive robot-
based protocols are available.

Immobilized enzyme-based systems can be considered as
a valid alternative choice to in-solution assays when robust,
automated, and cost-effective analyses are required. These
aspects are greatly beneficial in the early phase of the drug
discovery process in which a large number of new com-
pounds need to be screened. A number of recently published
papers supports the idea that IMERSs are quite versatile tools
and can be developed for a variety of different targets and
successfully used in different drug discovery areas. An over-
all analysis of recently published manuscripts also shows a
clear trend toward miniaturization. Such an interest arises
from some appealing features of miniaturized IMERs which
include lower (nanoliter or microliter) sample consumption,
lower amount of target enzyme needed for IMER produc-
tion, and shorter run time which also translates into a higher
throughput. Coupling with MS detection offers further
advantages in terms of high sensitivity and higher informa-
tion content. However, coupling is not always feasible and
might require complex instrumental setups because of the
opposite requirements of IMER for optimal activity and MS
for optimal detection.

Because of the higher degree of automation, IMER-based
platforms have also been shown to be particularly advanta-
geous when complex plant extracts need to be assayed, since
the bio-guided fractionation process leading to the identi-
fication of active phytocomponents is a long and complex
procedure. However, despite clear benefits related to the use
of IMERSs in screening campaigns and the efforts in develop-
ing high-performance screening tools based on immobilized
enzymes, most of the proposed IMER-based approaches
are still at the development/academia level. This attrition
to a widespread use of IMER-based approaches for screen-
ing campaigns at industrial level might be simply due to
the preference for consolidates intramural protocols and the
need for an initial time investment in building the specific
expertise required to properly handle the IMER and set up
the on-line analytical platform.
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