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Abstract

Detection of the glucose concentration is of great significance. Enzymatic assays are
the most commonly used techniques, but the current methodologies face long
detection time as well as low operational stability and poor repeatability. In this
work, a new enzymatic glucose biosensor based on reversible co-immobilization of

horseradish peroxidase and glucose oxidase on a pH-responsive imprinted monolith
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has been prepared. The poly(4-vinylphenylboronic acid)-grafted imprinted polymer
using horseradish peroxidase as a template was formed via surface initiated atom
transfer radical polymerization within the pores of brominated poly(glycidyl
methacrylate-co-ethylene dimethacrylate) macroporous monolith contained in a 100
pum [.D. capillary column. The two enzymes conjugate was formed via the strong
affinity interaction between biotin-labeled glucose oxidase and streptavidin-labeled
horseradish peroxidase. The high affinity and selectivity of imprinted monolith
toward its template enabled spatially localized co-immobilization of the two
enzymes. The modulation of the external pH value enabled reusability of the
biosensor simply using stripping of the inactive enzymes at a low pH value and
subsequent immobilization of fresh enzymes at a high pH value. Under the optimized
conditions, the enzymatic biosensor featured excellent performance in detection of
glucose with a linear range of its concentration from 0.11 to 38.85 mmol/L and a
limit of detection of 0.03 mmol/L. A relative standard deviation of 3.7% was
calculated from determination of twenty glucose samples. This novel enzymatic
sensing system was successfully applied for determination of glucose in human
serum, and confirmed an enhancement both in selectivity and specificity compared

to the more traditionally clinical methods.
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Graphical Abstract

Enzymatic assays for detection of the glucose concentration is of great
significance, but the current methodologies face long detection time as well as low
operational stability and poor repeatability. In this work, a new enzymatic glucose
biosensor based on reversible co-immobilization of horseradish peroxidase and
glucose oxidase on a pH-responsive imprinted monolith has been prepared, which
features fast kinetics of enzymatic catalysis and enables excellent sensing
performance as demonstrated with detection of glucose in the human serum. Our
concept can also be adapted to other enzymes thus extending the range of useful

applications.
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1 Introduction

Glucose circulates in the blood as blood sugar, and is the most important energy
reserve and metabolic fuel for cellular respiration [1]. The continuous elevation of
blood glucose levels or its deficiency can induce destructive effects on organism
functions, such as diabetes and hypoglycemia [2]. Therefore, detection of glucose
concentration is of great significance in assisting the diagnosis of diabetes and

hypoglycemia as well as monitoring the therapeutic response [3].

A variety of methods have already been developed for the detection and
quantification of glucose. These methods can be classified in two categories: (i)
enzymatic assays [4] and (ii) non-enzymatic approaches [5-8]. Compared with the
latter, enzymatic methods are the most commonly used techniques owing to their
high selectivity and specificity, as well as their implementation under mild
operational conditions. Enzymatic assays for the detection of glucose involve cascade
reactions catalyzed by glucose oxidase (GOx) and peroxidase (POD). In cascade
reactions, a reaction intermediate produced from one enzyme is directly utilized by
the second enzyme [9]. GOx first oxidizes glucose to gluconic acid and hydrogen
peroxide using O as an electron acceptor, and POD then converts H,0, intermediate
to H20 and O [10-12]. However, enzymatic catalysis in solution using free enzymes
suffers from several limitations including easy denaturation and deactivation of the
enzymes, sample contamination with the enzymes, as well as the difficulties in
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enzyme recovery and recycling. In this respect, exploration of solid supports for
enzyme immobilization is highly desirable to achieve an increased stability and
activity, enhance specificity, avoid contamination with biocatalysts, and facilitate
reusability [13-28]. In particular, the co-immobilization of multiple enzymes acting
in a cascade reaction is kinetically advantageous [18]. To achieve enhanced activity,
the multi-enzyme co-immobilization system should facilitate substrate channeling,
kinetics matching, and spatial distribution [29]. The recently reported immobilized
enzyme systems for glucose detection are diverse, including magnetic nanoparticles
[30, 31], cellulose microspheres [32], graphdiyne [33], carbon nanotubes [34],
silicon nanowire arrays [35], metal-organic frameworks [36], hydrogel nanofibers
[37], nanoporous gold [38], enzyme-inorganic hybrids [39], enzyme-polymer
conjugates [40], and microfluidic device [41, 42]. Although a variety of techniques
have been demonstrated enabling co-immobilization of multiple enzymes, several
challenges remain such as both enzymes have to be discarded even one of them still
has activity and the same immobilization approach may not be optimal for all the
enzymes, thus forcing the exploration of new and more general approaches enabling
control of the spatial positioning and localization of the enzymes for enhanced

stability, activity, and selectivity (or specificity) [43-47].

Porous polymer monoliths which were developed in the early 1990s possess large

through pores and high permeability to flow [49-51]. Compared with the porous
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particulate supports in which the mass transport of the substrates and products to
and from the reaction site is achieved via diffusion through the stagnant liquid phase
present in the pores, monoliths enable mass transport to the active site of the
enzyme by faster convection rather than by slow diffusion since all the liquid phase
must flow through the pores of the support [52]. Moreover, the column format of
monolith enables continuous use of the enzyme while no contamination of the
products with the biocatalysts occurs. The advantages of monolithic supports for
enzyme immobilizations have been demonstrated with several successful examples
where immobilized enzymes were used to catalyze substrates dissolved both in
aqueous media and organic solvents [52-57]. The drawback of porous polymer
monoliths relies on their small surface areas due to the absence of small pores which
might result in low immobilization capacities for enzymes. This limitation can be
circumvented by grafting a polymer layer on the surface of macropores of monoliths

[58-60].

Molecular imprinting technology is a method that is capable of creating a
“molecular lock” to match a “molecular key” [61, 62]. This technique leads to
synthetic artificial receptors called molecularly imprinted polymers with imprinted
cavities complementary to the template molecules in shape, size, and chemical
functionality [63, 64]. The current methods also support efficient imprinting of

biomacromolecules [65, 66]. We envisaged that use of an enzyme as the template to
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construct imprinted cavities would assist oriented immobilization of enzymes and
achieve spatial positioning and localization of multiple enzymes. If one enzyme is
used as the template to enable the imprinting process, then the generated imprinted
cavities would show selective recognition properties towards this enzyme. For
multi-enzyme systems, different imprinted cavities produced by different enzymes
only have selectivity to their templated enzyme. Thus, by controlling the spatial
positioning of imprinted cavities, the localization of multi-enzymes could be

controlled.

In this report, we demonstrate the preparation of a new pH-responsive imprinted
monolith using surface initiated atom transfer radical polymerization (SI-ATRP) and
its use for the oriented reversible immobilization of two enzymes, horseradish
peroxidase and glucose oxidase. 4-Vinylphenylboronic acid (VPBA) was selected as
the functional monomer to produce the grafted imprinting polymer layer, which can
form stable covalent cyclic esters with cis-diol-containing glycoproteins in an
alkaline aqueous solution. Boronate esters can be cleaved to release the
cis-diol-containing molecules when the pH is changed to acidic. Using this approach,
reversible enzyme immobilization can be achieved. The high selectivity and
specificity of imprinted polymer for its enzyme template enables spatial positioning
and localization of two enzymes, and significantly enhances the biocatalysis

efficiency. The pH responsive behaviour permits both selective immobilization and
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release of inactive enzymes controlled by just changing the external pH. This
property aids repeated use of the support for immobilization of fresh enzymes. We
also demonstrate that the monolithic enzyme biosensor enables accurate and

sensitive detection of glucose in human serum.

2 Materials and methods

A complete description of chemicals, materials, instrumentation, and preparation

of pH-responsive imprinted monoliths is available in the Supporting Information.

2.1 Rebinding of HRP-imprinted monoliths

The typical procedure for enzyme adsorption was as follows: 2 mg/mL HRP
solution dissolved in 20 mmol/L phosphate buffer (pH 8.5) was continuously
pumped through the imprinted monolith at a flow rate of 0.5 puL/min at 25 °C for 1 h
to achieve the immobilization. Boronate esters between glycans of HRP and boronic
acid groups were formed at pH 8.5. The effluent leaving the capillary outlet was
collected for determination of enzyme concentration using HPLC. The adsorption

capacity (Q) of imprinted or non-imprinted monoliths was calculated according to
Eq. (1):

_ (-0
T oom

Q (1)
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where Co is the initial concentration of enzyme (mg/mL), C is the final enzyme
concentration in the effluent (mg/mL), V is the volume of the solution (mL), and m

(mg) is the dry weight of monolith.

The imprinting factor (IF, a) was used to characterize selectivity of the imprinted

monoliths (Eq. 2):

o = Qmip (2)
QnIp

where Qmir and Quip are the adsorption capacities of imprinted monolith and

non-imprinted monolith for the template enzyme, respectively.

2.2 Enzyme activity

A solution of ABTS with a concentration of 1 mg/mL containing 0.005% H:0>
was continuously pumped through the monolithic bioreactors at a flow rate of 0.5
uL/min at 25 °C for 10 h to evaluate the enzyme activities of HRP immobilized on
imprinted and non-imprinted monoliths. The effluent leaving the capillary outlet

was collected every two hours and the ABTS concentration determined at 405 nm.

2.3 Co-immobilization of HRP and GOx

The HRP@GOx bioconjugate was obtained by mixing 1 mg/mL biotin-labeled
glucose oxidase and 1 mg/mL streptavidin-labeled horseradish peroxidase in 20

mmol/L phosphate buffer (pH 8.5) at room temperature for 30 min. It was then
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continuously pumped through the imprinted and non-imprinted monoliths in a
capillary at a flow rate of 0.5 pL./min at 25 °C for 1 h to achieve the saturation. The
monolithic bioreactors were then washed with 20 mmol/L phosphate buffer (pH

8.5) for 0.5 h to remove the non-immobilized enzymes.

Glucose solutions with different concentrations were mixed with 20 mg/mL ABTS
at a volume ratio of 1:1 in 20 mol/L phosphate buffer at the optimum pH 7.0 to test
the enzyme activity of the immobilized two enzymes. This solution was then
continuously pumped through the imprinted or non-imprinted bioreactors at a flow
rate of 0.5 pL/min at 25 °C. The effluent was collected and the concentration of

ABTS=* product determined at 405 nm using a spectrophotometer.

2.4 Kinetics study

The cascade kinetics study for the two enzyme systems was carried out using
glucose and ABTS as substrates. In the presence of oxygen, GOx oxidized glucose to
gluconic acid and H;0; intermediate. HRP then catalyzed the oxidation reaction of
ABTS with H;0; to ABTS=*, which can be recorded at 405 nm. A glucose solution (1
mL) with concentrations ranging from 1 to 100 mmol/L containing 109 mg/mL
ABTS in phosphate buffer (pH=7) was continuously pumped through the imprinted
or non-imprinted bioreactors at a flow rate of 0.5 puL/min at 25 °C for 30 min. The

effluent was collected and analyzed immediately by UV/vis spectrophotometry at
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405 nm to determine the concentration of produced ABTS=+. The kinetic parameters

were calculated from the Lineweaver-Burk plot.

2.5 Glucose detection in human blood

Human blood samples were provided by Clinical Laboratory of China-Japan
Friendship Hospital. Prior to analysis, the blood samples were centrifuged at 8000
rpm for 10 min, and the supernatant was collected and mixed with 20 mg/mL ABTS
at a volume ratio of 1:1. The serum sample was then continuously pumped through
the HRP@GOx immobilized monolith. The effluent was collected, diluted 40-fold, and
concentration of the ABTS#* product determined at 405 nm. The amount of glucose
was calculated according to the ABTS=* product, and the molar ratio of glucose and

ABTS=+was 1:2.

All experiments were carried out in triplicates.

3 Results and discussion

3.1 Preparation of HRP-imprinted monoliths

Surface-initiated atom transfer radical polymerization (SI-ATRP) was used to
prepare HRP-imprinted polymer within the pores of a macroporous monolith
contained in a 100 um L.D. capillary. The synthetic approach is illustrated in Scheme

1A. The monolithic support was first synthesized via thermally initiated free-radical
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polymerization using GMA as the functional monomer and EDMA as the cross-linker.
The epoxide functionalities were modified with ethylenediamine and then reacted
with BiBB in a moisture-free environment to introduce the ATRP initiator.
Energy-dispersive X-ray spectroscopy (EDXS) revealed 14.1 at% N and 3.8 at% Br in
aminated and brominated monoliths, respectively. These values confirmed
successful functionalization of the monoliths. Then, the HRP-imprinted polymer
layer with tailored binding sites was grafted on the pore surface of monolith via

surface-initiated ATRP.

The HRP template and 4-VPBA first self-assembled in a pre-polymerization
mixture to form a strong complex via reversible covalent bonds between boronic
acid and glycans of HRP. Then the divinylbenzene cross-linker, ATRP ligand
(N,N,N,N;N”-pentamethyl diethyenetriamine) and CuBr catalyst were added in the
polymerization mixture to initiate the ATRP reaction. We varied two parameters that
might affect properties of the imprinted monoliths, i.e. type of catalyst and reaction
time, to obtain the optimized support. Both adsorption capacity and selectivity of the
imprinted monolith toward HRP template were used to evaluate the effects of these
parameters. Figure 1(A, B) confirms that the optimal reaction conditions include the
use of CuBr as the catalyst and an ATRP reaction time of 100 min. Using these
conditions, the imprinted monolith featured an adsorption capacity of 121.5 mg/g

and an imprinting factor of 5.6 for HRP.
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3.2 Characterization of HRP-imprinted monoliths

Good permeability is desirable for flow-through applications of monolithic
columns. The layer of the ATRP grafted polymers does not fill the pores to produce
any significant obstacles to flow through the monoliths as demonstrated with the
plots showing back pressure as a function of flow rate for both generic and
imprinted monoliths prepared from a polymerization mixture containing 30%
cyclohexanol and 30% 1-dodecanol (all wt%) as porogens (Figure S1-A in the
supporting information). While the back pressure of generic monolith was only 3.0
MPa/cm capillary column at a flow rate of 5 pL/min using 20 mmol/L phosphate
buffer (pH 7) as the mobile phase at room temperature, an increase in the back
pressure to 34.3 MPa was observed for its grafted counterpart under the same
operational conditions. To further increase the permeability of the grafted monolith,
we prepared generic monolith from a polymerization mixture containing 40%
monomers, 42% cyclohexanol, and 18% 1-dodecanol. Figure S1-B in the supporting
information confirms that the grafted monolith in this case possessed better
permeability demonstrated with a decrease in the back pressure to 28.6 MPa at a
flow rate of 5 pL/min. The adsorption capacity of this imprinted monolith increased
to 240 mg/g with an imprinting factor of 5.7 thanks to the higher permeability of the
monolithic structure. Images of the internal morphology of the optimized monolith

in dry state before and after grafting copolymerization are shown in Figure 1(C, D).
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The generic monolith consists of non-porous interconnected microglobules with
large-through pores among the clusters. These microglobules were then covered
with the grafted polymer and became larger. This change again confirms the

successful formation of imprinted polymer layer.

3.3 Selectivity of HRP-imprinted monoliths

The imprinted and non-imprinted monoliths were further tested for its selectivity
against interfering proteins such as cytochrome c and myoglobin. As shown in Figure
1E, the imprinted monolith exhibited an adsorption capacity of 240.24 mg/g for HRP,
while the adsorption capacity of non-imprinted monolith towards HRP was mere
42.92 mg/g. The superiority of the imprinted monolith was ascribed to the cavities
oriented from the imprinting process. We also found that while the non-imprinted
monolith exhibited no selectivity for these proteins, the imprinted monolith featured
a good selectivity for its HRP template with an imprinting factor of 5.7. In contrast,
the imprinting factors were only 1.66 and 1.33 for the potentially interfering

proteins.

The excellent selectivity of the HRP-imprinted monolith was also assessed by
testing its enzymatic activity. Both imprinted and non-imprinted monoliths were
saturated with HRP and subjected to enzymatic catalysis of reaction of H20; and

ABTS. Horseradish peroxidase catalyzes oxidation of the ABTS substrate to ABTS=*
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while converting H20; to H20 and oxygen. As illustrated in Figure 1F, the amount of
ABTS=+ produced using the imprinted monolithic biosensor was about 3.5 times
larger than that generated from the non-imprinted counterpart. We attribute this
remarkable superiority to the ATRP imprinted polymer that provides abundant

well-accessible imprinted sites complementary to the HRP template molecule.

3.4 Effects of reaction conditions and pH-responsive property of

HRP-imprinted monoliths

Reaction temperature and pH value are important parameters that affect the
activity of enzymes. Figure S2 in the supporting information confirms that HRP
immobilized on the imprinted monolith had the highest glucose consumption at a
temperature of 25 °C and a pH value of 6. Although the optimum pH was 6, the
boronate esters needed for enzyme immobilization might be partially cleaved upon

acidic condition. Therefore, pH 7 was selected in our further study.

One of the unique properties of our imprinted monolithic biosensor is its
pH-response depending on external pH. Reversible enzyme immobilization was
attained via the boronate affinity for the targeting HRP glycoprotein, which was
formed in solution at an alkaline pH and dissociated at acidic condition. To elucidate
this property, the imprinted monolith was first saturated using 2.0 mg/mL HRP

solution at pH 8.5. Then the monolith was washed with acetonitrile/water/TFA
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(50:49:1, v/v/v) mixture at pH 2 at a flow rate of 0.5 pL /min for 1 h. The adsorption
capacity of the imprinted monolith toward HRP was then expressed as the function
of pH (Figure 1G). At pH 8.5, the target HRP was captured in the imprinted cavities
due to the formation of covalent boronate bonds and the adsorption capacity was
225.3 mg/g. However, the adsorbed HRP was released from the grafted layer at pH 2
owing to the cleavage of the boronate bonds. The adsorption capacity was reduced to
19.1 mg/g. The “smart” pH response of the imprinted monolith enabled the selective
capture and easy release of the target enzyme and facilitated regeneration of the
catalytic activity of monolithic reactor. We repeated this regeneration for three times
reaching a similar activity each time. A relative standard deviation of 5.2% was

obtained from three repeated measurements.

The typical reversible immobilization methods are based on the strong physical
adsorption between the solid support and enzyme. Using this protocol, the inactive
enzyme can be easily released and permit the reuse of the support after the enzyme
was stripped away [18]. However, physical adsorption of the enzymes may not be
strong enough to avert the loss of the enzyme during the operation. Our new
approach involves the use of reversible covalent coupling protocol including the
boronic acid containing imprinted monolith as the solid support. The merits of our
new approach include: (i) the high permeability of monolithic support provides

rapid convective mass transport for substrates and products; (ii) the increase in the
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surface area contributed by the grafted polymer layer; (iii) the control of spatial
co-localization of enzymes using the imprinted cavities; (iv) the strong covalent
bonds preventing leakage of the enzyme during operation; (v) the formation of
covalent bonds achieved under very mild conditions; and (vi) facilitation of
regeneration of the enzyme activity simply by removing the inactive enzyme at

acidic pH, and subsequently immobilizing a fresh enzyme from an alkaline solution.

3.5 Design of HRP@GOx system and its Kinetics study

The HRP@GOx two enzyme conjugate was first generated via the strong affinity
interaction between biotin-labeled GOx and streptavidin-labeled HRP. The
HRP@GOx two enzyme conjugate was then immobilized on the HRP-imprinted
monolith through its selective recognition towards HRP (Scheme 1B). The cascade
reaction catalyzed by GOx and HRP using glucose and ABTS as substrates includes
two steps. First, GOx oxidizes glucose to gluconic acid and H;0; utilizing molecular
oxygen as an electron acceptor. Second, HRP converts hydrogen peroxide
intermediate to water and oxygen during which the ABTS substrate is transformed
to ABTS=+. We monitored the biocatalysis kinetics of GOx using glucose substrate at a
concentration ranging from 0.25 to 100 mmol/L to assess the performance of the
immobilized enzymes in comparison to that of its counterparts in solution. The
kinetics curves in Figure 2(A-D) were obtained by plotting glucose concentration
versus reaction rate. As expected, the reaction rate got boosted with an increase in
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glucose concentration at the initial reaction stage, and then gradually achieved the
maximum reaction rate V. The immobilized enzymes are characterized with a
Michaelis constant K, of 0.6 mmol/L and a maximum reaction rate Vpa of 15.0
pmol/L.min in comparison to a K, value of 2.5 mmol/L and a Vi« value of 7.6
pumol/L.min for free enzymes in solution. A low K, value indicates a high affinity
between the enzyme and substrate. In usual cases, the immobilized enzymes exhibit
a higher K, than free enzymes due to the steric hindrance and partial inactivation of
enzymes during the immobilization process [12, 67]. In contrast, the apparent K
value of immobilized enzyme in our study was remarkably decreased as compared
with that of the soluble counterpart. This increased affinity between immobilized
enzyme and substrate indicates that the use of imprinted monolith as the solid
carrier could decrease the substrate inhibition of enzyme [68]. A reduction in the Ky,
value was also found in other studies [12, 67, 69-71]. The V4 value of immobilized
enzyme is almost twice of that observed for the soluble enzyme indicating a faster
reaction rate. Our results clearly demonstrate the superiority of immobilized
enzymes derived from the selectivity of imprinted polymer layer and high

permeability of monolithic solid support.

3.6 Reproducibility, repeatability, stability, and reusability

The reproducibility and repeatability of glucose sensor was determined using a
substrate solution containing 5.55 mmol/L glucose and 36.45 mmol/L ABTS. The
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relative standard deviation (RSD) based on five independently prepared monolithic
biosensors was 4.3%, indicating a good reproducibility. The repeatability of the
glucose sensor was evaluated by twenty successive enzymatic measurements of the

glucose solution. A RSD of 3.7% was found demonstrating the excellent repeatability.

The operational stability of enzymatic glucose sensor is another important
parameter that affects the real-life applications. We tested the operational stability
by continuously pumping the glucose substrate through the reactor and determining
the yield of gluconic acid. Figure 2E demonstrates that no noticeable decrease in
glucose conversion occurred until 1791 reactor volumes were converted. After this
point, glucose conversion decreased dramatically presumably as a result of the
leakage or deactivation of the enzymes. The pH-responsive property of our
imprinted monolithic device facilitates regeneration of the activity of the biosensor
simply by removing the inactive enzymes using buffer with acidic pH, followed by
recharging of the biosensor with the fresh enzymes. The amount of stripped inactive
enzymes was measured and calculated. We found that this quantity was similar to
that of the freshly immobilized enzyme demonstrating no enzyme leakage after the
glucose measurement due to the formation of strong covalent bonds. The
regeneration was repeated several times and we obtained the same activity each
time. Compared with the conventional disposable GOx-POD test, which can only be

used once, our enzymatic glucose sensor appears to be more economically viable.
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Also, we did not observe any decrease in the enzyme activity after storing the

glucose sensor in refrigerator for three months.

3.8 Application of HRP-imprinted monolith for detection of glucose in human

serum

To elucidate the feasibility of glucose sensor in practical application, glucose
analysis was performed in pre-treated human serum samples from thirty individuals
using our monolithic biosensor. Each serum sample was mixed with equivalent
volume of ABTS at a concentration of 20 mg/mL, and pumped through the 3.2 cm
long imprinted monolith biosensor containing the immobilized GOx-HRP
bioconjugate at 25 °C at a flow rate of 0.5 pL/min. This flow rate corresponds to a
residence time of 18 s of the glucose substrates in the reactor. The effluent was
collected, diluted 40-fold, and the content of ABTS=* product determined using
spectrophotometer at 405 nm. Table S1 in the Supporting Information confirms that
the concentration of glucose tested using our monolithic sensor was in a good
agreement with the values determined in the hospital using their routine GOx-POD
lab method that requires 30 min to complete the measurement. This table
demonstrates that our sensor could be a good substitute available for routine

analyses of glucose in real biological samples.

This article is protected by copyright. All rights reserved.



The reusability of prepared biosensor in detecting glucose concentration in real
blood samples was also studied by measuring fifteen identical samples. As shown in
Figure 2F the biosensor could be reused for twelve times with a relative standard
deviation (RSD) of only 1.8%. After measurement of twelve samples, the activity of
the immobilized enzymes begun to decrease leaving part of glucose unconverted.
Taking advantage of reversible covalent immobilization, the biosensor was
regenerated by stripping the inactive enzymes at pH 2 and subsequent immobilizing
fresh enzymes at pH 8.5. The regenerated biosensor exhibited the original enzyme
activity and stability with a RSD of 1.0% for the measurement of fifteen identical real
blood samples. We also evaluated the adsorption capacity of imprinted monolith
towards blood samples, and found that the total protein concentration of blood
samples before and after pumping through the imprinted monolith was identical

confirming that no interfering proteins were adsorbed.

4 Concluding remarks

We present the preparation of pH-responsive imprinted monoliths and their
successful application as solid supports for reversible immobilization of HRP and
GOx. Compared with conventional enzyme immobilization approaches, the use of
pH-responsive imprinted monoliths provides several advantages including the high
specificity and selectivity. Our imprinted monolith enables a controlled spatial
positioning and localization of the two enzymes, which facilitates substrate mass
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transport and improves efficiency of enzymatic catalysis. The pH-response enables
reversible immobilization of enzymes and the repeated application of the monolithic
support that remains placed in the reactor all the time. The regeneration of activity
of our monolithic biosensor is easily achieved by removing the inactive enzyme at a
low pH followed by immobilization of the fresh enzymes at a high pH. This
regeneration can have a significant economic effect while applying our device for
routine testing of large series of samples. Our monolithic biosensor features fast
kinetics of enzymatic catalysis and enables excellent sensing performance as
demonstrated with detection of glucose in the human serum. Our concept can also

be adapted to other enzymes thus extending the range of useful applications.
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Figures

Scheme 1. (A) Synthetic approach to the surface modifications of poly(glycidyl
methacrylate-co-ethylene  dimethacrylate) monolith with ethylenediamine,
2-bromoisobutyryl bromide, followed by surface grafting of HRP imprinted
poly(4-VPBA) layer. (B) Schematic illustrations of the positional assembly and spatial
co-localization of GOx and HRP on imprinted monolith, as well as the cascade

biocatalysis reaction.

(A) on
\/<I HHN/\/ \/K/
0. —_— -
o NH
] \/\NH,
o o
VPBA, PMEDTA,
\)\/ CuBr, |'| otein template
T bromoisebutyest \\/\\N ATR]’
" romide
HD/ \
Removal of template
Adsorption of template

Ho OH
i iL
GOx HRP Formation of
( B) HRP@GOX
‘ ‘ . bienzyme
‘
Biotin Streptavidin HRP@GOx bioconjugate

Adsorption of
HRP@GOx bienzyme

4e——

Glucose + 0,
Gluconic acid
Cascade
H;0, reaction

+ —
ABTS ABTS**

bo|

This article is protected by copyright. All rights reserved.



Figure 1. The adsorption capacity (bars) and imprinting factor (lines) of monolith
imprinted with horseradish peroxidase (MIP) and non-imprinted monolith (NIP) as the
function of ATRP catalyst (A) and ATRP reaction time (B). SEM images of generic
monolith (C) and HRP-imprinted monolith (D). The adsorption capacity of the
HRP-imprinted and non-imprinted monoliths determined for horseradish peroxidase,
myoglobin, and cytochrome C (E). Plots of amounts of ABTS=" product of reaction
catalyzed by imprinted and non-imprinted monolithic HRP bioreactor as a function of

time (F). The HRP adsorption capacity of imprinted monolith as a function of pH (G).
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Figure 2. Kinetic plots related to the oxidation of glucose catalyzed using a mixture
of GOx and HRP enzymes in solution (A, B), and GOx and HRP immobilized on the
functionalized monolith (C, D) (Conditions: pH 7, reaction temperature 25 °C). Change
in activity of the immobilized GOx/HRP bioreactor expressed as the yield of gluconic
acid with respect to the overall volume of glucose substrate pumped through the
monolithic bioreactor (E) (The arrow shows a point at which the activity was restored
after stripping the inactive enzymes and immobilizing the fresh ones). Glucose content
in plasma of fifteen identical real blood samples measured using our

GOx-HRP@imprinted monolithic bioreactor and its regenerated counterpart (F).
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