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Introduction

Toward more sustainable enzyme reactions:
enhancing kinetics by polydimethylacrylamide
implementationt

Simone Rentschler,>® Max Borgolte,? René Csuk, 2 € Stefan Laufer®® and
Hans-Peter Deigner (& *><f

Enzymes, with their ability to accelerate reactions under mild conditions, have become invaluable tools in
a wide range of applications and have revolutionized various industrial sectors. As industry strives for sus-
tainability, optimizing enzymatic applications is a key factor in unlocking the full potential of enzymes.
Considering that surfaces have a major impact on the behaviour of biological components, modifying sur-
faces in reaction systems enable the regulation of reaction conditions and can yield profound improve-
ments. In this article, we investigate the effect of a one-step surface functionalization with polydimethyl-
acrylamide on enzymatic reactions, aiming to enhance enzyme performance and prompt sustainability.
Functionalized wells were used to assay substrate turnover and kinetic measurements of various enzymes
and substrates. We observed increased substrate turnover and initial velocities for all enzymes and sub-
strates. Our results show that the incorporation of PDMA in a reaction system can save up to two-thirds of
the substrate and therefore hold significant implications for enzymology and biotechnological appli-
cations. Optimized enzymatic reactions can reduce resource consumption, waste production, time, and
costs. In diagnostics, PDMA-enhanced assays might lead to earlier and more accurate disease detection,
improving patient outcomes. Furthermore, as we were able to demonstrate the effect of PDMA surface
functionalization for enzymes of different types, it can be assumed that the positive properties can also be
used for other enzymes, assays and diverse industrial applications.

tions under mild conditions, to reduce energy consumption,
and to minimize waste production, has paved the way for

Enzymes stand as indispensable tools across diverse appli-
cations, owing to their remarkable efficiency, specificity, and
pivotal role in facilitating biochemical reactions." Enzymatic
applications have revolutionized various sectors by offering
sustainable and environmentally friendly alternatives to con-
ventional chemical processes. Their ability to accelerate reac-
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advancements in pharmaceuticals, agriculture, food pro-
duction, biofuels and more.>® In the field of medicine,
enzymes are vital in diagnostic tests, enabling rapid and sensi-
tive detection and monitoring of diseases, as well as for thera-
peutic interventions, offering tailored and specific treatments
for various diseases.”” As the global community increasingly
embraces sustainable practices, the optimization of enzymatic
applications emerges as a way to further harness the potential
of enzymes.

However, despite immense potential, the full exploitation
of enzymatic applications often encounters challenges related
to enzyme stability, activity, substrate specificity, and unfavour-
able reaction conditions. Enzymes exhibit sensitivity to fluctu-
ations under environmental conditions, variations in substrate
concentrations, and the presence of inhibitors. To address
these limitations, researchers are driven to explore innovative
approaches to enhance the efficiency and effectiveness of enzy-
matic reactions. Optimized enzymatic applications can lead to
more efficient bioprocessing, reducing resource consumption,
waste generation, and overall costs, prompting sustainability.®

Green Chem., 2024, 26, 1653-1659 | 1653
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Surface functionalization presents a promising avenue to
optimize enzymatic applications as surface properties govern
the behaviour and overall performance of materials. Robust
surface functionalization offers control over the efficiency, sen-
sitivity, and stability of a system.” By modifying surfaces with
specific chemical groups or coatings, subsequent surface inter-
actions and responses can be controlled, unlocking a wide
array of additional functionalities.® Generally, almost any
material such as synthetic organics, inorganics, ceramics, and
their composites can be modified by various methods includ-
ing chemical conjugation, polymerization, mineralization and
physical adsorption. For instance, in enzymatic applications,
synthetic non-degradable polymers often serve as support
materials and can be modified using methods like plasma
treatment, aminolysis, and hydrolysis.”'" However, these
methods often require time-consuming synthesis and multi-
step processes to incorporate suitable chemical groups onto
polymeric surfaces.'> Therefore, achieving simple and cost-
effective surface functionalization methods that yield robust
surfaces is highly desirable for optimizing enzymatic
applications.

This research paper explores a one-step surface functionali-
zation technique applied to polystyrene, polypropylene and
polycarbonate microtiter plate wells using polydimethyl-
acrylamide (PDMA) copolymerized with methacrylol benzophe-
none (MBP). The process involves photoactive UV-crosslinking
of the benzophenone moiety. Our focus was to investigate the
impact of PDMA implementation in enzymatic assays, with
special attention to its influence on the catalysis and kinetic
behavior of enzymes, aiming for potential enhancements in
sensitivities and performances. The functionalized wells were
used to conduct enzymatic assays, measuring substrate turn-
over and kinetic parameters for various enzymes and sub-
strates. Notably, we observed increased substrate turnover and
initial velocities across all enzymes studied. This research pro-
vides valuable insights to the field of enzymology, offering a
tool for the development of more efficient enzymatic processes
in industry, medicine and biotechnology. Furthermore, the
implementation of PDMA in enzymatic assays could have sig-
nificant implications for the optimization of enzymatic assays
by enhancing assay performance, sensitivity and limits of
detection. This will enable, among other things, earlier and
more accurate disease diagnosis, increased efficiencies, and
promoted sustainability.

Experimental
Chemicals and materials

PDMA-MBP was synthesized and characterized as previously
described."® 96- and 48- polystyrene (PS) well plates as well as
96- polypropylene (PP) well plates were purchased from
Greiner AG (Kremsmiinster, Austria). 96-Polycarbonate (PC)
well plates were fabricated with an Ultimaker 3 (Ultimaker,
Netherlands) FDM 3D printer with a 0.4 mm nozzle head
using a transparent 2.85 mm PC polymer filament (filament-
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world.com, Germany). TEM-1 f-lactamase was purchased from
Prospec-Tany Technogene Ltd (Ness-Ziona, Israel) and a nitro-
cefin chromogenic substrate from ApexBio Technology LLC
(Houston, USA). A horseradish peroxidase (HRP)-conjugate was
purchased from PeproTech ES Limited (London, UK) and
3,3',5,5-tetramethylbenzidine (TMB) from Thermo Fisher
Scientific Inc. (Waltham, USA). 4-Nitrophenyl phosphate diso-
dium salt hexahydrate (pNPP) and alkaline phosphatase (ALP)
were acquired from Thermo Fisher Scientific (New Jersey,
USA).

Solutions

The solutions used in this study included a 0.01 M phosphate-
buffered saline (PBS, pH 7.4) and a 1 M Tris-HCI buffer (pH
8.0). TEM-1 p-lactamase was diluted in PBS to a concentration
of 3 nM. The p-lactamase substrate nitrocefin was dissolved in
DMSO to a concentration of 8 mM and further diluted in PBS
to a final substrate concentration of 2 mM. The HRP-conjugate
was diluted 1:20000 in PBS and the TMB substrate was used
undiluted. ALP was diluted to a concentration of 107 U pl™" in
Tris-HCL and the ALP substrate pNPP was dissolved in Tris-
HCL to a concentration of 2 mM.

Preparation of polymer coatings

PDMA was diluted to a concentration of 10 mg mL™" in an
80% ethanol mixture in H,O. From the mixture, 40 pL was
pipetted into each well of a 96-well plate (PS, PP, and PC), and
80 ul into each well of a 48-well plate (PS). The plates were
allowed to dry at room temperature for at least 4 h and cross-
linked with 3 J em™ UV light at 365 nm, followed by 3x
washing with 250 pL of PBS. Well plates for control measure-
ments were equally treated, using 40 pL (96-well plate) and
80 pL (48-well plate) of 80% ethanol mixture in H,O without
PDMA.

Varying amounts of PDMA were used to investigate the
effect of PDMA on enzymatic substrate turnover. PDMA was
diluted to concentrations of 10, 8.75, 7.5, 6.25, 5, 3.75, 2.5 and
1.25 mg mL™' in an 80% ethanol mixture in H,O. Further
preparation of the plates was carried out as described above.

FTIR data of the prepared polymer coatings were recorded
on a Spotlight 400 FT-IR microscope (PerkinElmer, Waltham,
USA) in the range of 4000-400 cm™" using the transmittance
mode of operation. The spectra were acquired and processed
using the associated Spectrum 10™ software.

Determination of protein adsorption onto PDMA and different
polymer wells

70 pl of each enzyme solution (TEM-1 (3 nM), HRP and ALP
(107 U pl™)) were added to separate PS-, PP- and PC-wells
functionalized with PDMA as well as to non-functionalized
wells. The plates were incubated for 30 min at room tempera-
ture. After the incubation, the enzyme solutions were trans-
ferred to fresh wells that were not functionalized and mixed
with the specific substrates as follows: 65 pl of pre-incubated
TEM-1 f-lactamase was mixed with 35 pl of nitrocefin dilution

This journal is © The Royal Society of Chemistry 2024
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of time. The initial reaction rates were determined from the
linear range of substrate turnover at different substrate concen-
trations. Substrate turnover analysis was performed after a
60-minute incubation period. The amounts of substrates con-
verted by the enzymes were determined from the measured
absorbance values and the corresponding extinction coeffi-
cients of 18000 M~' ecm™' (pNPP), 17400 M~' em™" (nitro-
cefin) and 39000 M~ ecm™" (TMB).

Results

Microtiter plates made of different polymers (PS, PP, and PC)
were functionalized with PDMA in a one-step process to inves-
tigate the effect of surface functionalization on enzymatic
activities. FTIR analyses were performed to demonstrate suc-
cessful functionalization. The corresponding spectra and
microscopic images are provided in the ESI (Fig. S1 and S2).

Adsorption of enzymes to PDMA and different polymer wells

First, the effect of PDMA surface functionalization on non-
specific protein adsorption was investigated. Enzyme solutions
were pre-incubated in PDMA-functionalized wells made of PS,
PP and PC, as well as in non-functionalized wells. Following
pre-incubation, enzyme activity was assessed by measuring the
formation of the substrate products. The corresponding dia-
grams are presented in Fig. 1, revealing remarkable differences
in substrate product formation among enzymes pre-incubated
in wells that were PDMA-functionalized and those that were
not. Thereby, the substrate turnover was lower for all enzymes
(TEM-1 in Fig. 1A, HRP in Fig. 1B, and ALP in Fig. 1C) after
incubation in non-functionalized wells. This effect was
observed across all tested polymer types, including PS, PP
and PC.

This journal is © The Royal Society of Chemistry 2024
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and (C) ALP after 30 min pre-incubation in PS, PP and PC wells functio-
nalized with PDMA against non-functionalized wells (control). Each data
point represents the mean + SD of three different experiments.

Effect of PDMA on enzymatic substrate turnover

Starting with the determination of substrate turnover, the
effect of PDMA-functionalization on the activities of TEM-1,
HRP and ALP was tested. The substrate turnover of different
amounts of substrates was measured spectrophotometrically
after 60 minutes of incubation. Fig. 2 displays the amount of
substrate that the enzymes turned over. For all enzymes,
higher amounts of substrates were converted in the wells func-
tionalized with PDMA than in the unmodified control wells.
Differences in the amounts of substrate converted are observed
at all substrate concentrations, with greater differences at
higher concentrations, except for the oxidation of TMB, where
no difference in substrate turnover was observed at low sub-
strate concentrations (Fig. 2B). However, for higher substrate
concentrations of 30% (for 100 uM) and 40% (for 120 uM)
more substrate was converted. The hydrolysis of nitrocefin
(Fig. 2A) revealed more significant results with an increase in
substrate conversion of 40-50% at lower concentrations
(<100 pM) and of 80->100% at higher concentrations. For
example, with 250 pM nitrocefin being used, only 100 pM was
converted in the unmodified wells, whereas 225 pM was con-
verted in the PDMA functionalized wells. The enhancement of
substrate conversion was found to be even more significant for
the hydrolysis of pNPP. As shown in Fig. 2C, the increase is
already up to 80% for lower concentrations (125 pM and
below) and 100-200% for higher concentrations (>200 puM).
For a substrate concentration of 1 mM, 50 uM was turned over
in unmodified and 150 pM in PDMA-functionalized wells.

Green Chem., 2024, 26, 1653-1659 | 1655
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