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On-flow enzymatic inhibitor
screening: The emerging success
of liquid chromatography-based
assays
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BioCrom, Laboratério de Cromatografia de Bioafinidade e Quimica Ambiental, Departamento de
Quimica Organica, Instituto de Quimica, Universidade Federal Fluminense, Niterdi, Brazil

Enzymes are targets commonly explored in screening assays aiming to discover
new leads in the drug development process. Among the diverse assay models to
identify new enzymatic inhibitors, on-flow assays based on liquid
chromatography (LC) can be highlighted. In these approaches, the ligand-
enzyme interaction can be examined by monitoring the catalytic activity or the
affinity/retention. Most applications use the biological target immobilized in
solid supports resulting in the acquisition of an immobilized enzymatic reactor
(IMER). Coupling IMERs to LC or mass spectrometry (MS) systems allows
monitoring enzyme activity online and studying binding events between
target and ligands. On-flow screening assays present many advantages for
the hit-to-lead process, such as the possibility of system automation,
reusability, and high stability. This review covers articles from the last decade
that combine the use of varied immobilization methods on different solid
supports and several equipment setups in on-flow systems, emphasizing the
performance and capacity of recognizing and identifying biologically active
compounds in various matrices.
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1 Introduction

Several analytical approaches have been applied for the screening of potential enzyme
inhibitors, such as colorimetric (Renno¢ et al., 2012) and fluorescent (Liu et al., 2018a)
assays. However, these methods present some advantages. Colorimetric and fluorescent
assays are only suitable for monitoring reactions in which the substrate and products have
significant difference in their spectrophotometric properties. Additionally, fluorescence
signal could be also interfered by background absorption and auto-fluorescence in
biological samples (Cheng and Chen, 2018).

More recently, new reliable methodologies have been developed to improve the
understanding of enzyme-inhibitor interaction and allow the high-throughput screening
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of large libraries. Within this context, methodologies that involve
solid-supported enzymes have emerged as promising due to cost-
reusability,

optimization.

saving, increased stability, and operational

Immobilized Enzyme Reactors (IMERs, occasionally named
immobilized capillary enzyme reactors, ICERSs) can be defined as
devices that contain the target enzyme, physically confined or
localized, with retention of its catalytic activity. At this condition,
the

continuously, and the catalytic reaction can occur under on-

immobilized enzyme can be used repeatedly and
flow or static conditions (with the paused flow) (Wouters et al.,
2021). Different solid support can be used to create IMERs, such
as silica particles (Yuan et al., 2020), magnetic particles (Ximenes
et al,, 2022), monolithic supports (De Moraes et al., 2014; Wang
et al.,, 2018), and silica fused capillaries (Vanzolini et al., 2013;
Seidl et al., 2019).

IMERs can be essential parts of the analytical workflow for
screening assays, and can be employed online or offline to an
analytical technique, such as liquid chromatography (LC).
However, offline approaches generally are time-consuming
and involve
workflows. On the other hand, IMERs can be prepared by
immobilizing the target enzyme in solid supports suitable to

more sample manipulation in multi-step

LC systems, exhibiting rapid mass transfer capacity, low

backpressure, and adequate efficiency, besides being
mechanically and chemically stable (Temporini et al., 2016).
Furthermore, the solid support should be able to retain the
target enzyme even in the on-flow conditions. In this case,
on-flow approaches, in which the binding event occurs within
the liquid chromatographic system for instance, can be
developed. Examples of solid supports suitable for LC systems
include open tubular (de Castro et al.,, 2022) and packed fused
silica capillaries (De Moraes et al., 2014), monolithic supports
(Kubota et al., 2017), and immobilized artificial membranes
(IAM) (Russo et al., 2018). On-flow screening assays based on
liquid chromatographic methods furnish high-throughput,
automation, and mimic the biochemical system more
accurately, given that in vivo ligand-enzyme interactions occur
in an on-flow system.

Concerning the on-flow liquid chromatography-based
screening assays, the terms online and inline are used for
methods that do not require manual transference of the
analytes (Minnich et al, 2016; Calleri et al., 2021). Online
analytical setup refers to a platform configuration where the
aliquots periodically collected in a first dimension are
automatically analyzed in a second dimension (de Moraes
et al., 2013), whereas inline set-up involves the in-series
connection of the IMER and the analytical instrument
(Ximenes et al., 2022), with the continuous and total transfer
of the analytes.

Herein, we presented a review focused on on-flow enzymatic
inhibitor screening assays based on liquid chromatographic

methods from 2012 to 2022. The aim of this contribution is
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to help the pharmaceutical research community to select the
most promising approach for the preparation of the IMER with
the biomolecule of interest, and to evaluate the ideal instrumental
setup for the assay to be developed, considering the objective of
the screening assays and the available equipment. Initially, the
importance of enzymes as biological targets in the drug
development and discovery process is highlighted, followed by
a summary of the most common immobilization methods to
produce IMERs compatible with LC systems. Finally, an
overview of the affinity- and activity-based on-flow screening
assays will be covered. Outside the scope of this review are
methods
involving biomolecules other than enzymes.

capillary-electrophoresis and screening  assays

2 Molecular basis of enzyme
inhibition

Enzymes are involved in several biochemical processes and
therefore are essential for living beings. These classes of proteins
are extraordinary biocatalysts and can bind to specific substrates
and promote several reactions with a high rate of conversion.

Efficient therapies can be achieved by using enzymes as drugs
or in diagnostics (Farhadi et al., 2018; Rufer, 2021). On the other
hand, the lack, overexpression, or malfunction of a particular
type of enzyme can be associated with many diseases making
these macromolecules a hallmark group for drug development
and target (Robertson, 2007).

Several diseases require the use of enzyme inhibitors, indeed,
a substantial part of the drugs applied for clinical purposes are
enzyme inhibitors (Drews, 2000; Hopkins and Groom, 2002;
Robertson, 2007). The clinical treatment of many diseases such as
cancer (Dhokne et al., 2021), neurological disorders (Saxena and
Dubey, 2019), infections (Zhang et al., 2021), viruses (Hlasovd
et al., 2021; Kharkwal et al., 2021), and others, usually involves
enzymes as the drug target. In fact, in the last few years
(2015-2020), FDA has approved several drugs that act as
enzyme inhibitors, those classes include kinase inhibitors for
cancer therapy, CY3PA4 inhibitors for neurological, metabolic
disorders, and infections, and others (Bhutani et al., 2021a).

Enzymatic inhibition aims to cause any change in the protein
conformation, usually by blocking its active site and limiting
enzymatic activity. The main challenges in this process are
designing molecules with high specificity and being able to act
under physiologic conditions (Bhutani et al., 2021b). In this case,
a large group of compounds is routinely submitted to screening
assays as potential enzymatic inhibitors (Davies et al., 2021).

Understanding the mechanisms involved in enzyme-
inhibitor

compounds as potent enzymatic inhibitors. In a biochemical

interaction is central to the design of new

reaction, when the concentration of the enzyme is kept constant

and the substrate concentration is increased, the Michaelis-
Menten equation (Eq. 1) provides parameters that can be
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expressed as a function of the substrate concentration and offer
information about the kinetics of enzyme-substrate interaction at
specific experimental conditions. The parameters V, V.., S, and
K, are respectively defined as the reaction rate, maximum
reaction rate, substrate concentration, and Michaelis-Menten
constant. The last one, K,,, is also defined as the substrate
concentration at half of the maximum velocity and is an
intrinsic parameter for each enzyme-substrate system. In
general, the enzymatic reaction follows the same behavior: the
first-order reaction when the reaction rate is proportional to
substrate concentration, and it is a zero-order reaction when the
enzyme is saturated by substrate (Sirajuddin and Saqib Ali, 2013;
Cornish-bowden, 2015).

Vmuxs

V=
K, +S

o

Michaelis-Menten equation.

When an inhibitor is added to an enzymatic reaction, new
parameters should be considered, such as inhibitor concentration
and inhibition constant (K;). The value of half maximal
(ICsp) the
concentration required to decrease at half the rate of the
while K; is the
describing the binding affinity between the enzyme and the
inhibitor. The of ICs;y and K; their
thermodynamic considerations are already properly described

inhibitory  concentration provides inhibitor

enzyme activity, dissociation constant

deductions and
in the literature and are out of the scope of this review (Copeland,
2000; Burlingham and Widlanski, 2003; Buker et al., 2019;
Georgakis et al., 2020).

The process of inhibition depends on the molecular
dynamics between the inhibitor (I), the enzyme (E), and the
substrate (S), and the types of inhibition can be fundamentally
classified into reversible and irreversible.

Reversible inhibition should lead to the regeneration of the
enzyme activity in the media and can be classified into four
categories: competitive when the I binds directly to the E; non-
competitive, when I binds equally to the free enzyme E and the ES
complex; uncompetitive which means that the inhibitor binds
exclusively to the ES complex; and mixed inhibition when I binds
to both E and ES, but not equivalently as in non-competitive type
(Buker et al., 2019).

An example of a competitive inhibitor is Statin which,
according to the FDA, is classified as a group of marketed
drugs used for cholesterol being effective to reduce the rates
of myocardial infarction and mortality (Dimmitt et al., 2018).
Among Statin group, the active compounds include Simvastatin
(ICso 11 nmol/L), Fluvastatin (ICs, 28 nmol/L), Atorvastatin
(ICso 8 nmol/L), and Rosuvastatin (ICsq 5nmol/L). Those
compounds are responsible for inhibiting the enzyme 3-
hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA)
and consequently reducing the levels of mevalonate, a metabolite
of cholesterol synthesis (Corsini et al, 1999; Istvan, 2002;
Rosendo et al., 2007; Dimmitt et al., 2018).

Frontiers in Analytical Science

03

10.3389/frans.2022.1004113

Donepezil is a drug clinically used for Alzheimer’s disease
that acts as an acetylcholinesterase (AChE) non-competitive and
of
interaction with the enzyme allow that donepezil blocks the

mixed competitive inhibitor. The multistable modes
active site of the enzyme as well binds to the enzyme-
substrate complex with similar stability (Silva et al., 2020).

Unlike reversible inhibitors, irreversible inhibitors covalently
bind to the enzyme and obstruct its regeneration into free form.
This phenomenon can be seen through the low values of the
dissociation constant (in the range of nmol/L) (Palmer and
Bonner, 2007). There are several examples of irreversible
covalent inhibitors in clinical use today, such as omeprazole
(Johnson et al., 2010; De Cesco et al., 2017). Omeprazole inhibits
the activity of the H"/K* ATPase through the disulfide bonds
formed with cysteine residues, as a consequence of the linkage
between the omeprazole and the enzyme, the levels of gastric acid
are reduced in the stomach (Cartee and Wang, 2020; Gehringer,
2020).

3 Immobilization methods

On one hand, enzymes combine some ideal features, like
selectivity and high activity combined with mild condition
processes, such as aqueous medium and atmospheric pressure.
On the other hand, these biomolecules are susceptible to
denaturation due to temperature and pH value variations, the
presence of organic solvents, etc. The enzyme in its free form is
highly soluble in the reaction medium, which is excellent for the
catalytic activity, however, it results in considerable instability
and prevents its reuse. Enzyme immobilization on solid supports
promotes stabilization and easy recovery of these biomolecules,
converting the initial homogenous catalytic system into a
heterogeneous one, facilitating the isolation step and obtaining
considerably high catalytic activity.

Some studies have shown that enzyme immobilization could
provide an extension of the optimal pH and temperature ranges
of the enzyme activity compared to the free enzyme (Liu et al,,
2018b, 2018a). Also, the wide range of materials used as solid
support for enzyme immobilization provides cost reduction and
better operational stability, besides avoiding time-laborious steps
(Hanefeld et al., 2009; Franssen et al., 2013; Liu et al., 2017). For
instance, screening assays of lipase inhibitors demonstrated that
the immobilized enzyme on Fe;0,@TiO,/CRL magnetic
nanoparticles presented better activity in all evaluated
conditions such as temperature, time, stability, and reusability
(Liu et al., 2020).

An enzyme can be attached to a solid support through
different methodologies, including physical and chemical
approaches, as illustrated in Figure 1.

Physical methods, considered one of the easiest and cheapest
weak

entrapment,

methodologies, ~encompass interactions such as

electrostatic, hydrophobic, and  biospecific
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FIGURE 1
A schematic representation of different types of immobilizations.

adsorption. The main advantages of the physical methods arise
from the simplicity of the immobilization procedure, demanding
few equipment and reagents, and resulting in few changes in the
enzyme conformation (Rodriguez et al, 2020). Physical
immobilization is a reversible method, ie., the enzyme is
attached by weak interaction forces that can be ruptured
releasing the biomolecule in solution. Depending on the
purpose of immobilization this can be helpful because it is
possible to retrieve the support. The reversible condition of
this attachment represents a major drawback in on-flow
and it the
immobilization.

systems, narrows applicability of physical

Hou et al (Hou et al., 2020) created a new stationary phase
containing a-glucosidase immobilized in porous silica gel with
liposome vesicles to screen bioactive compounds from herbal
extracts. Based on the hydrophilic behavior of the biological
target, it was encapsulated in the aqueous phase of the lipid
bilayer. A control stationary phase was prepared in the same
conditions but without the a-glucosidase enzyme. Differences in
retention times of known a-glucosidase inhibitors in both
stationary phases were used to validate the methodology
before performing screening assays on Schisandra chinensis.
In this case, this methodology explores the interactions
between ligand and biological target and the ligand capacity
to cross the double-layer membrane of liposomes, proving
insight into the performance in studies involving cells and
animals.

The
involves affinity binding. Usually considered as a subclass of

biospecific adsorption immobilization procedure
physical immobilization, affinity immobilization is ruled by the
bio-specific interactions between a tag (or entity) and a target
(like an enzyme). The biomolecule attachment to the support

surface is performed by using a second biological structure: at one
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AFFINITY

CROSS-LINKED

ENTRAPMENT

end this structure attaches to the solid support surface, and at the
other one, it binds to the target. In this methodology, the selective
interactions between the tag and the target are explored, and the
immobilization occurs in a nearly ordered orientation on the
support surface. Therefore, that immobilization protocol can
avoid  random  attachment and  furnish  minimal
conformational changes. The main goal of affinity binding
immobilization is to maximize the availability of the biological
target active site (Mohamad et al., 2015; Reis et al., 2019; Zhang
et al., 2019a; Rodriguez et al., 2020).

A classic example of this guided immobilization is the use of
biotin, which can strongly bind to streptavidin/neutravidin/
avidin, so the biotin pair intermediates the link between the
solid support surface and target. In the proposal of a new
minijaturized system, André et al. (André and Guillaume,
2021) performed the immobilization of arginase using this
approach. Separately, neutravidin was covalently bonded on
the support surface and the target was biotinylated. When in
contact the pair biotin/neutravidin promoted a fast and strong
binding between the solid support and the enzyme. The arginase
capillary column produced showed to be stable, it retained 97% of
activity after 3 months.

The second type of immobilization procedure is the chemical
method, in which the enzyme is attached to the support surface
by strong chemical bonds, more specifically, covalent bonds.
Chemical immobilization methods avoid enzyme desorption,
frequently observed in physical methods, mainly in on-flow
assays. The main advantage of chemical immobilization lies in
the fact that the target will be anchored in the solid support
surface through specific functional groups (such as aldehyde,
carboxylic acid, thiol, amine, epoxy, and maleimide) by the
formation of a covalent bond (Mohamad et al., 2015; Bilal
and Igbal, 2019; Bilal et al., 2019), enhancing its stability.
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Usually, in this configuration, the biomolecule is less susceptible
to temperature and pH changes, and more stable in the presence
of organic solvents. The chemical immobilization methods
involve cross-linking and covalent bonds.

Due to their advantages, chemical methods represent the
main procedure for enzyme immobilization in the development
of on-flow inhibitor screening assays. Frequently, chemical
immobilization methods require the use of a bifunctional
reagent, namely a linker or cross-linker agent, which should
react with the support surface by one end, leaving the other one
free to react with functional groups present in the enzyme
surface. Consequently, the immobilized enzyme exhibits more
mobility favoring its conformational structure. The robustness
brought by chemical immobilization comes with a price, to
provide stability, the target must be irreversibly attached to
the support, which means that there is no recovery of the
enzyme (Meryam Sardar, 2015; Wahab et al., 2020).

One of the most used protocols for chemical immobilization
involves the formation of Schiff bases using glutaraldehyde as a
linking agent. This reaction can be performed under aqueous
media and mild conditions which is very attractive for
biochemical purposes (Jia and Li, 2015). Evaluating a new
selective substrate for Beta-secretasel (BACE1l), De Simone
et al (De Simone et al., 2014) used an amino monolithic disk
to immobilize the biological target. The support surface was
activated with glutaraldehyde, a molecule with an aldehyde in
both ends, to then immobilize the BACE1. The BACE1 disk was
coupled to the LC system. A known and a new inhibitor of this
enzyme were used to validate the selective substrate. The on-flow
assay presented a good response for screening potential
inhibitors ~ without having long incubation ties and
aggregation. The application of this selective substrate avoided
the interference of inhibitors with a strong fluorescent response.
Not only was developed a fast, high throughput screening (HTS)
assay but also a more selective one.

In an innovative strategy, Ximenes et al. (Ximenes et al.,
2022) assemble an inline system using magnetic particles as
support to  immobilize human  purine nucleoside
phosphorylase (HsPNP). Glutaraldehyde was used as a spacer
and cross-linking agent for the covalent immobilization of the
target enzyme onto the magnetic particles (MPs) surface. The
HsPNP-coated MPs were trapped inside a PEEK tube using a
series of magnets and inserted into the on-flow system. The assay
was successfully applied in the study of the fourth-generation
Immucillin derivative (DI4G), a known inhibitor, determining
ICso and K; values. The enzyme immobilization on magnetic
particles proved to be a versatile approach in which offline and
inline modes could be applied using the same target-support
system. Other biomolecules were immobilized by covalent bond
through the formation of Schiff bases, like as trypsin (Liu et al.,
2019), human Thymidylate Kinase (hTMPK) and the human
Nucleoside Diphosphate Kinase (hNDPK) (Ferey et al., 2019),

cathepsin D (Cornelio et al., 2018), acetylcholinesterase (AChE)
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(Vandeput et al., 2015; Seidl et al.,, 2019), butyrylcholinesterase
(BChE) (Seidl et al., 2019), Phospholipase A2 (PLA2) (Wei et al.,
2021), and others.

In the realm of chemical immobilization techniques, Qiu and
collaborators (Qiu et al., 2020) immobilized a-glucosidase using a
Metal-Organic Framework (MOF), ZIF-90. This porous material
can involve the enzyme in its structure by forming bonds between
aldehyde groups from the organic part of ZIF-90 and amino
groups from the enzyme, forming a “cluster” around the target.
The microreactor containing the ZIF-90@a-glucosidase was
coupled to an LC system, resulting in an automated screening
system that was applied to screen selective inhibitors from
Dioscorea opposite Thunb peel and other Chinese herbs
extract (Qiu et al., 2020).

As illustrated in Table 1,
immobilization through the formation of covalent bonds

the use of chemical
represents the main choice to attach the biological target to
the solid support surface in the development of on-flow
screening assays. The main reason lies in the stability
furnished by this type of immobilization procedure, which
is highly recommended for on-flow systems.

4 Solid supports for enzyme
immobilization in the development of
on-flow assays

Solid supports employed for enzyme immobilization aiming
for the development of on-flow assays should attend the
maximum as possible of the following desired attributes: 1)
reactions for surface
the

immobilization; 2) appropriate superficial area dimension,

susceptible to specific chemical

functionalization ~ to  achieve desired  enzyme
enabling the enzyme immobilization avoiding overloading that
could affect enzyme-ligand interactions; 3) compatible with high-
pressure conditions in HPLC systems; 4) support green
chemistry  purposes to achieve environment-friendly
experimental conditions; 6) good to the excellent cost-benefit
relationship (Liu and Dong, 2020; Rodriguez et al., 2020; Wahab
et al., 2020).

Different solid supports can be employed for enzyme
immobilization in the development of LC-based on-flow
screening assays. Silica-based supports (de Moraes et al., 2012,
2013; Vanzolini et al., 2013; da Silva et al., 2013; Hu et al., 2015;
Silva et al., 2015; Vilela et al., 2015, 2018; Calil et al., 2016;
Magalhaes et al., 2016; Sarria et al., 2016; Ferreira Lopes Vilela
and Cardoso, 2017; Cornelio et al.,, 2018; Lima et al., 2019;
Medina et al., 2019; Qian et al., 2019; Seidl et al., 2019, 2022;
Ferey et al., 2019; Chapla et al., 2020; Hou et al., 2020; de Castro
et al.,, 2022) present a versatile and largely explored motif due
presence of many hydroxyl groups on its surface. For example,
with 3-

aminopropyltriethoxysilane (APTES), furnishing an amine-

those ~ groups  are  readily  reactive
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TABLE 1 Different system setups, solid support, immobilization methods, and target analytes used in the development of LC-based on-flow screening

assays.

Target

AChE

AChE and
BACE

AChE and
BChE

a-glucosidase

Arginase

BACE1

BChE

Cathepsin D

Kringle-5

Maltase,
Invertase and
Lipase

NME2

Experimental
approach

Support

2D HPLC with dual
IMER
2D HPLC-IMER-MS

poly (GMA-co-
EDMA)
Amino silica

1D HPLC-ICER-DAD Fused silica

capillary
1D HPLC-ICER- Fused silica
UV/Vis capillary
2D HPLC-ICER-MS Fused silica
capillary
2D-LC-MS Fused silica
capillary
1D HPLC-ICER- Fused silica
UV/Vis capillary
LC-MS Fused silica
capillary
1D LC with parallel dual ~ Fused silica
ICER capillary
1D HPLC-ICER- Fused silica
UV/Vis capillary
1D HPLC-ICER- Fused silica
UV/Vis capillary
1D HPLC-ICER-MS Fused silica
capillary
1D HPLC-ICER- Fused silica
UV/Vis capillary

2D HPLC-IMER-
MS/DAD

Fe;0,@ZIF-67

1D HPLC-IMER-UV Silica with
liposomes
1D HPLC-UV ZIF-90

1D Nano LC-DAD Poly (GMA-co-

EDMA)

1D LC-IMER EDA-CIM disk

1D HPLC-ICER-MS Fused silica

capillary

1D HPLC-ICER-MS Fused silica

capillary
2D HPLC-IMER-FS Fused silica
capillary
FAC Amino silica gel
In-series reactors Commercial

coupled with MS magnetic beads

2D-HPLC-UV Fused silica
capillary

2D HPLC-ICER-DAD Fused silica
capillary
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Covalent bond
Covalent bond
Covalent bond
Covalent bond
Covalent bond
Covalent bond

Covalent bond

Covalent bond

Covalent bond
Covalent bond
Covalent bond
Covalent bond

Covalent bond

Covalent bond

Encapsulation

Covalent bond

Affinity bonding

Covalent bond

Covalent bond

Covalent bond

Covalent bond

Covalent bond

Covalent bond

Covalent bond and
Affinity attachment
Covalent bond

06

Target analytes

TCM (Corydalis yanhusuo)

Known inhibitors (galanthamine, tacrine, and
huperizine A) and NP (Lycoris radiata)
Known inhibitors (galanthamine, tacrine, and
propidium iodide) and Coumarin derivatives
Galanthamine and NP (cyclohexanoids from
Saccharicola sp.)

Known inhibitors (galanthamine and tacrine) and
Coumarin derivatives

Known inhibitors (galanthamine, tacrine, and
donepezil) and NP (Hippeastrum calyptratum)
Tacrine and 3-O-acetyl-N-benzylpiperidine
derivatives

References

(Wang et al., 2018)
(Yuan et al., 2020)
(da Silva et al., 2013)
(Chapla et al., 2020)
(Vanzolini et al.,
2013)

(Seidl et al., 2022)

(Silva et al., 2015)

Galanthamine and BACE inhibitor

Galanthamine

Known inhibitors (galanthamine and eserine) and
Coumarin derivatives

Metallic complexes of Cu (II) and Zn (II) with
flavanones

Galanthamine and NP (botryane terpenoids from
Nemania bipapillata)

Galanthamine, Aminonaphthoquinone Mannich
Bases and their Cu (II) complexes

(Ferreira et al., 2021)

(Seidl et al., 2019)
(Vilela et al., 2014)
(Sarria et al., 2016)
(Medina et al., 2019)

(Vilela et al., 2015)

TCM (Xinyang Maojian tea)

Known inhibitors (miglitol and acarbose) and
TCM (Schisandra chinensis, Rhizoma
Anemarrhenae, Fructus Corni, Rhubarb,
Mulberry, Ginkgo Leaf, Radix Paeoniae Rubra)
TCM (Dioscorea opposita Thunb., honeysuckle,
Xinyang Maojian tea, and Radix Rehmanniae
Praeparata)

Known inhibitors (caffeic acid phenylamide,
chlorogenic acid, piceatannol, and nor-NOHA
acetate) and NP (Caesalpinia pulcherrima (L.),
Sterculia macrophylla, and Spirotropis Longifolia)

Known inhibitors (inhibitor IV and uleine)

BACE inhibitor

Galanthamine, tacrine and uleine

Pepstatin A, NP (Almeidea sp., Hortia longifolia,
Metrodorea nigra, Pilocarpus riedelianus,
Neoraputia magnifica, and Lithraea molleoides),
and isolated NP compounds collection

trans-4-(aminomethyl) cyclohexane carboxylic
acid, epsilon- aminocaproic acid, benzylamine, 7-
aminoheptanoic acid, and L-lysine

Known inhibitors (caffeic acid, ferulic acid, and
hesperidin) and TCM (“Tang-Zhi-Qing”)

(Wu et al., 2020)

(Hou et al., 2020)

(Qiu et al., 2020)

(André and
Guillaume, 2021)

(De Simone et al.,
2014)

(Ferreira Lopes
Vilela and Cardoso,
2017)

(Vilela et al., 2018)

(Cornelio et al., 2018)

(Bian et al., 2015)

(Tao et al., 2013)

Synthetic collection

(-)-epicatechin gallate

(Lima et al., 2016)

(Lima et al., 2019)

(Continued on following page)
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TABLE 1 (Continued) Different system setups, solid support, immobilization methods, and target analytes used in the development of LC-based on-
flow screening assays.

Target Experimental Support Immobilization Target analytes References
approach
NTPDase 2D HPLC-ICER- Fused silica Covalent bond Suramin (Magalhaes et al.,
UV/Vis capillary 2016)
2D HPLC-ICER- Fused silica Covalent bond Suramin and gadolinium chloride (Calil et al., 2016)
UV/Vis capillary
PNP 2D HPLC-IMER- Fused silica Covalent bond 9-deazaguanine derivatives (de Moraes et al.,
UV/Vis capillary 2013)
2D-HPLC-IMER-DAD Fused silica Covalent bond DI4G and 1H-1,2,3-triazole quinacrine derivatives  (de Castro et al.,
capillary 2022)
2D HPLC-IMER- Fused silica Covalent bond DI4G (de Moraes et al.,
UV/Vis capillary 2012)
FAC Fused silica Covalent bond DI4G and synthetic compounds (De Moraes et al.,
capillary and 2014)
epoxy-silica
2D LC-DAD Commercial Covalent bond DI4G and 1H-1,2,3-triazole quinacrine derivatives  (Ximenes et al., 2022)
magnetic beads
TEM-1 beta- FAC Amino silica gel Covalent bond Penicillin G, cefalexin, and cefoxitin (Chen et al., 2017)
lactamase
Thrombin ZAC Amino silica gel Covalent bond Argatroban and TCM (Radix Salviae Miltiorrhiae) ~ (Shi et al.,, 2020)
TMPK and 2D HPLC with in-series ~ Silica beads Covalent bond — (Ferey et al., 2019)
NDPK dual IMER-MS
Trypsin FAC Fused silica Covalent bond Matrine, oxymatrine, daidzin, and genistin (Hu et al,, 2015)
capillary
FAC Fused silica Covalent bond Oxymatrine and matrine (Qian et al., 2019)
capillary
X0 2D LC-ICER-UV/ Fused silica Covalent bond Allopurinol and Ru (II) complexes (Rodrigues et al.,
Vis—ZAC capillary 2015)
Ligand fishing Free target TCM (Radix Salviae Miltiorrhiae) (Fu et al,, 2014)
1D Amino silica gel Covalent bond Allopurinol and TCM (Lonicera macranthoides) (Peng et al., 2016)

HPLC-DAD-MS/MS.

2D LC-ICER-UV/Vis Fused silica Covalent bond
capillary
Fused silica

capillary

1D UHPLC-ICER-MS Covalent bond

9-benzoyl 9-deazaguanine derivatives (Rodrigues et al.,
2016)
(Rodrigues et al.,

2020)

Allopurinol and NP compounds collection

TCM, traditional Chinese medicine; NME2, Nucleoside diphosphate kinase b; XO, Xanthine oxidase; Poly (GMA-co-EDMA), Poly (glycidyl methacrylate-co-ethylene dimethacrylate);

FAC, Frontal Affinity Chromatography; ZAC, Zonal Affinity Chromatography.

rich surface that can further react with glutaraldehyde (GA),
yielding a terminal reactive aldehyde surface susceptible
reactions with nucleophilic groups present on the enzyme
surface (Figure 2B). Seidl et al. (2022) successfully explored
this approach by immobilizing AChE in a fused silica
capillary for inhibitors screening in bulbs of Hippeastrum
calyptratum. Moreover, the readily available fused silica
capillary might justify the majority of the works (>80%)
employing silica-based supports for on-flow assays (Table 1).
Monolith-based supports (GMA-co-EDMA, GMA-co-
GlyMA, and Acrylamine) (De Moraes et al, 2014; Wang
et al, 2018; Zhang et al, 2019b) are described as a
synthetically versatile motif (especially when comprising epoxy
groups), compatible with a wide flow rate range and detaining a
highly porous structure that leads to better interactions between
the stationary phase and mobile phase (Figure 2A) (Faria et al.,
2006; Groarke and Brabazon, 2016). The use of this material for
enzyme immobilization in the development of on-flow assays
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was found in 10% of the works considered in this review. Based
on the aforementioned, pepsin was covalently immobilized on a
polymer monolith using glutaraldehyde as a linker by Zhang et al.
(Zhang et al., 2019b) to conduct screening assays in nine different
natural products.

Lastly, magnetic particles (Figure 2C) have emerged as a
promising alternative for enzyme immobilization in screening
assays (Trindade Ximenes et al., 2021; Ximenes et al., 2022),
representing 7% of the supports used for enzyme immobilization
in the development of on-flow screening assays. Magnetic
particles (MPs) coated with the target enzyme can be
promptly recovered from the reaction medium, resulting in a
simple process of enzyme reuse. Wu et al. (Wu et al.,, 2020)
described the covalent immobilization of a-glucosidase onto the
aminated MPs surface which was furtherly trapped inside a peek
tube by an external magnetic field. Inhibitors from natural
sources could be screened from complex natural matrices
using the developed approach.
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FIGURE 2
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Examples of immobilization approach in the production of IMERs for on-flow screening assays: (A) Epoxy-based monolith; (B) Silica surface and
an example of immobilization procedure using GA to form a Schiff base; and (C) Magnetic particles coated with the target enzyme are trapped inside

a peek tube.

It should be mentioned that offline assays, which can employ
different analytical techniques to monitor the protein-ligand
interaction, are compatible with particularly interesting
supports, such as nanotubes (Wang et al., 2015), zeolite (Tao
et al., 2016), and hollow fibers (Zhao et al., 2021). In this review,

supports compatible with LC on-flow assays are discussed.

5 On-flow screening methods

On-flow assays encompass analyses involving analyte
separation, purification, identification, and quantification in a
single, continuous, and automatized process (Calleri et al., 2021).
Based on that, two possible on-flow approaches are applicable for
screening assays and will be discussed in this review. The former
employs activity-based methods, where the screening process
occurs through enzyme activity monitoring. The second one
employs affinity-based methods, where the screening process
occurs through ligand-enzyme interactions.

The choice of approach to be explored in the development of an
on-flow screening method essentially depends on the characteristics
of the biological target and the assay purposes. When the biological
target has a well-established catalytic function, activity-based assays
provide a direct response to the interaction between the potential
ligands and the catalytic site. In other cases, a broader approach,
such as affinity-based assays, provides quick evidence of the
interaction between the whole structure of the biological target
and the potential ligands. Therefore, the desired modulating effect
should be furtherly verified. Furthermore, when the interest of the
screening assay is to isolate a ligand from a complex mixture,
affinity-based approaches are essential.

The simplest analytical setup for on-flow screening assays
employing HPLC encompasses the direct coupling of an IMER
to a selective detector (Figure 3A). Mass spectrometers, for example,
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FIGURE 3

Simplified LC systems representations for on-flow screening
assays with selective detector and absence of a separation step. (A)
LC system with the IMER directly coupled to a selective detector.
(B) LC system with two IMERs in parallel coupled to a

selective detector. (C) LC system with the two different enzymes
IMER directly coupled to a selective detector.

can distinguish enzymatic product, substrate, and inhibitor, even if
they coelute, without further purification or separation steps, once
the IMER does not possess any chromatographic resolution. The
main advantage of this approach is fast analysis. However, in
screening assays, the evaluated compound (potential inhibitor)
coelutes to the quantified enzymatic product, which can result in
signal suppression at the ionization source, making necessary to
conduct routine control experiments.
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Butyrylcholinesterase (BChE) was covalently immobilized
into silica-fused capillaries by Vilela et al. (2018). The IMER
obtained was coupled to a mass spectrometer and the enzyme
activity was evaluated by monitoring the choline precursor ion in
an analysis of only 3 min. ICs, and K; of two known inhibitors
(tacrine and galanthamine) were determined to validate the assay
in ligands recognition.

Posteriorly, Seidl et al. (2019) described a simultaneous on-
flow dual parallel enzyme assay based on two different IMERs
containing AChE and BChE enzymes (Figure 3B). Both IMERs
were inserted in parallel and placed between an LC system and a
mass spectrometer. The resulting system allowed monitoring of
the activity of both enzymes with only one single injection and in
less than 6 min. Inhibition studies were conducted using
galanthamine as a known inhibitor, through ICs, and K;
determination.

More recently, Vilela et al. (Ferreira et al., 2021) described the
co-immobilization of beta-secretasel (BACE1) and AChE in the
same silica-fused capillary (Figure 3C), yielding a dual enzymatic
assay by LC-MS. Galanthamine (AChE inhibitor) and p-secretase
inhibitor (BACEL1 inhibitor) were used to validated the analytical
platform for screening of ligands. Each target enzyme exhibited
selectivity and specificity for its substrate and inhibitor, and the
co-immobilization did not affect the affinity of AChE and
BACEI for its ligands.

Other models of LC-based on-flow screening assays allow the
use of more affordable detectors such as UV. This approach must
include a second dimension in the equipment setup, which
provides analytical separation of the residual substrate and the
formed product. Despite requiring more sophisticated
instruments, these assays can be considered more reliable for
screening purposes because the detection of the product, and its
subsequent quantification, is less susceptible to interferences than
the previously mentioned methods.

Within this context, Magalhdes et al. (2016) described the
of

diphosphohydrolase (NTPDase) into silica-fused capillaries.

covalent  immobilization Nucleoside  triphosphate
Activity assays were conducted using a multidimensional
chromatographic method with a C8 column in the second
dimension to provide the analytical separation of the
substrates and products (Figure 4A). The described method
the

characterization of suramin as NTPDase inhibitor.

was  successfully employed in evaluation and

An online ligand fishing assay for screening AChE inhibitors
was reported by Wang et al. (2018). AChE was immobilized on
methacrylate-based monolithic capillaries and inserted in an LC-
MS system for ligand fishing and identification from mixtures.
To distinguish true ligands from false positives, a negative
control-IMER was inserted in parallel to the IMER in the
system (Figure 4B). Eight compounds were identified as AChE
ligands in extracts of Corydalis yanhusuo, and their AChE
inhibitory activities were further determined using an in vitro

enzymatic assay.
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More recently, an innovative platform for ligand screening in
natural products that do not require pre-treatment steps of the
sample was described by Seidl et al. (2022). An analytical column
inserted in the first dimension (Figure 4C) provided the online
microfractionation of the extract components, while the AChE-
IMER in the second dimension yielded the inhibition profile of
each chromatogram zone. As proof of concept, three known
AChE inhibitors (tacrine, galanthamine, and donepezil) and an
ethanolic extract obtained from the dry bulbs of Hippeatrum
the
chromatogram of the crude extract exhibited AChE inhibitory

calyptratum were investigated. Specific regions in
activity, demonstrating the method’s capability to eliminate

previous fractionation steps.

5.1 Activity-based assays

Activity-based on-flow assays are fundamental for the kinetic
characterization and stability studies of the immobilized enzyme.
When applied to ligand screening assays, they provide direct data
regarding the modulation of the catalytic activity of the target
enzyme by a ligand and, in a second moment, can furnish the
inhibition mechanism and constants (Kj) involved in the
enzymatic process. Moreover, the zonal elution mode allows
the use of minimal amounts of samples per injection.

For screening purposes, after the initial characterization of
the immobilized enzyme, known inhibitors are frequently
evaluated as proof of concept. Rodrigues et al. (Rodrigues
et al., 2020) developed a screening assay for the identification
of xanthine oxidase (XO) inhibitors using an IMER-MS/MS
platform. Kaempferol, a competitive XO inhibitor, was used as
a known inhibitor as proof of concept and exhibited an ICs, of
4.50 umol/L. After that, the new screening assay was applied in
the evaluation of a library containing thirty natural compounds
as potential inhibitors. Each chromatographic process took
approximately 5 min. Dihydroartemisinin and artesunic acid
were found to be strong XO inhibitors with ICsy of
1.90 pmol/L and 1.77 umol/L, respectively. Pfaffic acid was
identified as a weak inhibitor (ICsy = 57.90 umol/L).

Recently, after gathering information about the M{PNP-
IMER stability, de Castro et al. (de Castro et al, 2022)
conducted kinetic studies to access the Ky value and
understand the binding parameters of the substrate regarding
the immobilized enzyme. In brief, low Ky, values stand for strong
interactions between enzyme-substrate. The obtained values for
free enzyme were 58.5 umol/L and 40 umol/L for inorganic
phosphate and inosine substrates, respectively. While
748.6 umol/L and 59.19 umol/L were obtained for the IMER
regarding the same substrates, respectively. That data pointed
significant influence of the immobilization procedure and on-
flow conditions over the enzymatic behavior against inorganic
phosphate. Moreover, the authors also characterized the
inhibition pattern of an Imucillin derivative (DI4G) as a
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Simplified LC system representations for on-flow screening assays with emphasis on the dimension dispositions. (A) LC system containing an
IMER in the first dimension coupled to an analytical column. (B) LC system with two parallel IMERs (a control and an AChE-containing IMER) in the
first dimension and a separation column in the second one. (C) LC system setup to perform online microfractionation before inhibition assay.

competitive inhibitor. Lastly, the inhibition constant (K;) of
34.8 nmol/L extracted from the plot, pointed out the
selectivity of DI4G towards MtPNP compared to HsPNP,
once K; (HsPNP) = 64.3 nmol/L.

5.2 Affinity-based assays

Affinity-based assays evaluate the binding events between the
target biomolecule and a ligand. In a general form, the
interactions can occur in any region of the enzyme, in an
active site or not (not specific binding). Affinity-based assays
can furnish the isolation of bioactive compounds from complex
mixtures, the ligand ranking according to the strength of the
interaction ligand-enzyme, and the determination of affinity
constants. On-flow affinity-based assays encompass three
different approaches: frontal affinity chromatography (FAC);
zonal affinity chromatography (ZAC); and ligand fishing, as
illustrated in Figure 5.

5.2.1 Frontal affinity chromatography
(FAC) is an affinity
chromatography technique capable to quantify the weak

Frontal affinity chromatography

interactions between a ligand and a target through breakthrough
curves, allowing determination of the dissociation constants (Kp),
ranking ligands in a mixture, determination of the number of
available binding sites, and investigation of binding sites.
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This technique is based on the dynamic equilibrium state
between the immobilized biological target and the ligand. In this
assay, the mobile phase contains the ligand at a specific
concentration, A,. Since there is a continuous infusion of
ligand into the affinity column, the chromatographic response
is equivalent to a front followed by a plateau. In other words, at
the beginning of the analysis, the eluting ligand interacts with the
target promoting a delay. After that, a saturation of the active
sites for binding is reached and from this point on there is no
alteration in the ligand concentration eluting from the affinity
column. A problematic point of this technique involves a large
amount of sample required for the ligand’s continuous infusion
into the system (Kasai et al., 1986; Calleri et al., 2011; Kasai,
2021).

FAC assay provides valuable information regarding the
bioaffinity column and the binding event, such as the
dissociation constant (Kp), the number of active sites (n)
present in the IMER, and the number of ligands interacting
with the target (n;). Exploring this approach, angiogenesis
inhibitor Kringle 5 (Bian et al., 2015), TEM-1 beta-lactamase
(Chen et al., 2017), trypsin (Qian et al.,, 2019), thrombin (Yang
et al, 2017) and many other proteins were successfully studied.
These parameters give information that allows ranking the
ligands regarding their binding affinity to the biomolecule
proving to be a useful tool to better understand binding
events. Moraes et al. (De Moraes et al, 2014) proposed an
assay using a mixture of inhibitors with different ICs, for
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human purine nucleoside phosphorylase inhibition to rank and
point out ligands in a mixture. The developed system besides
providing insight into interactions could also be used as a
human nucleoside

screening methodology  for purine

phosphorylase inhibitors.

5.2.2 Zonal affinity chromatography

Zonal affinity chromatography (ZAC) requires the injection
of small quantities of the ligand. The introduction of potential
ligands into the bioaffinity column allows binding events to take
place, resulting in the increased retention time of substances that
can interact and bind to the immobilized target. Likewise, the
compounds that have no affinity for the target flow through the
column and exhibited shortened retention times. In this assay, it
is possible to obtain data regarding the affinity between ligand
and biomolecule and the influence of external factors (such as
temperature and mobile phase composition) in the ligand-target
interaction (Chaiken, 1986, 1987). The extension and strength of
interactions between the ligand and the biomolecule will affect
the ligand’s retention time. These alterations in experimental
data can be translated to the retention factor (k), which can be
described as a function of retention time and void time. Based on
these relationships it is possible to obtain qualitative and
quantitative information in a ZAC experiment. Different
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equations can be applied to determine binding extension,
of
determination of the type of interaction, and other
possibilities (Hage, 2017; Tao et al,, 2018; Lecas et al,, 2021).
Shi et al. (2020) optimize the thrombin immobilization into

binding  strength, characterization binding  sites,

amino-functionalized silica gel to apply this affinity stationary
phase in the screening of ligands by ZAC. After validating the
methodology with a selective known inhibitor, the system was
used to recognize active components present in the Radix Salviae
Miltiorrhiae extract with potential anticoagulant activity. Three
compounds (Cryptotanshinone, dihydrotanshinone I, and
tanshinone IIA) were identified as thrombin inhibitors. In
order to verify the biological activity, these three potential
binders were isolated and tested by an anticoagulant in vitro
experiment to confirm their response as thrombin inhibitors.

5.2.3 Ligand fishing

Ligand fishing assay is based on the affinity selection of a
ligand from a complex sample by an immobilized biological
target. This screening assay comprises 3 different steps: 1)
Incubation—a bioactive separation, in which the biological
target is incubated with the library containing the potential
ligands, allowing the selective formation of ligand-target
complexes; 2) Wash—once “fished out” the ligands, the
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Autosampler

FIGURE 6
Representation of valves for an online ligand fishing assay

ligand-target complex is extensively washed, so it possible to elute
any ligand that weakly interacts with the biomolecule; 3)
Elution—after the separation of the ligand-target complex
the
extraction, ultrafiltration, etc; the ligands are eluted and

from unbound compounds via dialysis, magnetic
characterized by different analytical techniques.

Ligand fishing assays can be performed in offline and online
mode when coupled to liquid chromatographic systems. It is
possible to find studies that perform the ligand fishing assay but
do not use this term to define the methodology. Sometimes,
terminologies such as magnetic/affinity solid phase extraction
and magnetic microbead affinity selection screening (MagMASS)
are used to describe screening experiments that are based on the
same principle of ligand fishing.

In 2007, Moaddel and collaborators (Moaddel et al., 2007)
intended to use a new support—magnetic beads—for the
immobilization of a model target, Human Serum Albumin
(HSA) to perform an offline ligand fishing assay. Briefly, the
immobilized target was incubated with a solution containing
ligands and non-ligands. After magnetic separation, the
supernatant was collected, and the HSA-coated magnetic
beads were washed twice with a buffer solution. Then the
supernatant was removed, and a mixture of buffer and the
organic solvent was used to elute the retained compounds
(with affinity for the HSA). The article describes a simple and

effective assay to assess the capacity of HSA to differentiate
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known ligands from non-ligands in a mixture, and, specially, to
demonstrate the potential of immobilizing the target onto the
magnetic support. The application of magnetic beads as support
for ligand fishing assay became an eminent choice of support
(Trindade Ximenes et al., 2021). One reason for that relies on its
execution, the target can be easily recovered by an external
magnetic field.

However, the transposition of these principles to an on-flow
system requires a more complex apparatus, which unfortunately
represents more costs. The use of switch valves and loops allows
the implementation of affinity assays in one dimension and
chromatographic separation in another. Since the incubation
occurs in an independent dimension, the unbound components
present in the sample can be directed to waste, as illustrated in
Figure 6. In Position A (Figure 6), the sample is inserted into the
affinity column to allow the interaction between ligands and
target, while in the second dimension the analytical column is
being conditioned using pump B. Switching valves to Position B
(Figure 6), the second configuration, the retained ligands are
eluted and transferred to the analytical column for separation
and identification. The change in valve position allows that first
and second dimensions operate at the same time on different
mobile phase compositions and flow rates. In a general mode,
these are the steps of this affinity-based assay, however, valves
and loops can differ from each experiment. Therefore, exists a
diverse number of system setups to perform this assay.
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The on-flow method proposed by Peng et al. (2016)
employed four-port and six-port valves to screen and identify
xanthine oxidase inhibitors from L. macranthoides extract. In the
optimization process of the ligand fishing assay, it was established
that methanol was the adequate solvent to elute the retained
compounds. Even though it was used as an organic solvent for
the elution of the retained ligands, the xanthine oxidase enzyme
remained with high activity (96%) after ten consecutive cycles.
The immobilization promoted better chemical stability to the
target allowing its reuse.

Fuetal. (2014) developed an online ligand fishing assay using
the free target, i.e., xanthine oxidase was not immobilized on a
solid support. This approach was made possible by the ability of
turbulent flow chromatography to retain small molecules and
allow the easy elution of big structures, such as biomolecules. In
this multidimensional setup was necessary the usage of three
columns: in the first dimension, the first turbulent flow column
separated the unbounded components of the S. miltiorrhiza from
the ligand-target complex. The complex flowed to a loop to elute
the binders and the eluent was inserted into the second turbulent
flow column, where the small molecules (ligands) were retained,
and the target easily eluted the column. After separation, the
retained ligands were introduced in the third column to be
chromatographically separated and identified. This 2D-affinity
chromatography was able to recognize three potential inhibitors
for the xanthine oxidase, in which two of which confirmed their
inhibitory activity.

A different strategy for the ligand fishing assay was proposed
by Tao et al. (2013). Three different targets (maltase, invertase,
and lipase) were immobilized onto different magnetic particles.
After that, permanent magnets were used in chambers containing
the MPs coated with each target and connected in series. The
developed multi-target affinity selection assay did not use valves;
the samples were inserted by a peristaltic pump in a continuous
flow. This simpler approach was able to identify seven ligands
from a Traditional Chinese Medicine (TCM) plant extract for
those three targets. Inhibition studies demonstrated that five out
of seven ligands act as enzyme inhibitors.

The improvement of screening assays not only aims to
provide reliable data but also to effectively contribute to
shortening the time spent in the discovery of new bioactive
compounds. The advances in technology demand investments
and these online methodologies are no different, usually, they
involve relatively expensive accessories and instruments which
can be a major drawback to the usage of these techniques.

6 Conclusion

Regardless of the sample matrices, on-flow systems have been
applied to screen potential inhibitors from a variety of targets.
Most of the assays used solid-supported enzymes, and, therefore,
this review presented the most relevant characteristics of the
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immobilization process, mentioning the advantages and
drawbacks of each methodology always highlighting the most
recurrent solid supports and immobilization types.

The versatility of on-flow setups was continually discussed
through the many examples presented. Some recent studies
enable to conduct automated selectivity studies concurrently
with the inhibition assays, or even use two enzymes as
biological targets concomitantly. Other setups encompass
with
subsequent evaluation of the inhibitory profile of each

online microfractionation of complex matrices
microfraction. These advances, as well as other examples
discussed in this review, are examples of the emerging success
of liquid-chromatography on-flow assays to screen and identify
new inhibitors. The coupling of the separation capacity of the
liquid chromatography technique with the high selectivity of
ligand-target interaction furnishes a high throughput and reliable
screening assay.

All bioassays described have proven to be powerful tools in
the discovery of new inhibitors from natural or synthetic sources.
The on-flow approach still has a lot to explore, new targets, and
configurations. This shows that apart from the benefits there is

still a lot of potential in studying this field.
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