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In this work, a copolymer of poly[(hydroxy ethyl acrylamide)-co-(4-benzophenone acrylamide)-co-
(hexamethylene diamine acrylamide)-co-(ECOSURF EH-3 acrylate)] was synthesized via free radical
polymerization, followed by multi-step modification using click chemistry. The copolymer was
subsequently functionalized with either 5-bromo-4-chloro-3-indolyl B-p-glucuronide (X-GLUC) or 4-
nitrophenyl-B-b-glucuronide (PNPG), two enzyme-labile chromogenic substrates used to visually observe
bacterial B-glucuronidase activity. This enzyme is secreted by over 98% of Escherichia coli strains, a
common cause of healthcare-associated infections. The use of two substrates demonstrates the system's
versatility in detecting B-glucuronidase activity across different bacterial species, wherein enzymatic
cleavage of the dye-sugar bond produces a visible chromogenic signal. Both copolymers were found to
be non-cytotoxic to human lung fibroblasts and were independently crosslinked under UV light to form
distinct polymer network structures. Upon water swelling, each hydrogel enabled qualitative detection of
B-glucuronidase-producing bacteria through the release of indigo or yellow dyes, corresponding to the
chromogenic response of X-GLUC or PNPG, respectively. This colorimetric response was confirmed both
visually and spectroscopically, underscoring the potential of these polymers for development into
multiplexed enzyme-based bacterial detection platforms. The technology offers promising applications in

rsc.li/materials-advances

1 Introduction

Recent projections indicate that bacterial infections will cause
10 million deaths annually by 2050, surpassing the current mortality
rate of cancer." These infections can lead to inflammatory diseases
such as pneumonia and meningitis.>* Unfortunately, many of these
infections are diagnosed only after becoming systemic or causing
significant organ damage, complicating treatment and increasing
costs due to high bacterial burdens. Early detection tools for
bacterial infections are urgently needed to reduce these risks.

In cases of potentially infected wounds, detection typically
relies on clinical signs (e.g., fever) and laboratory markers such
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microbiological diagnostics, particularly in food safety and medical contexts.

as serum C-reactive protein levels and white blood -cell
counts.>® For suspected wound infections, clinical microbiology
laboratories conduct blood and wound swab analyses to identify
pathogens. The diagnostic protocol usually involves bacterial
cultivation followed by identification using MALDI-TOF mass
spectrometry.”® Advanced molecular techniques, such as real-
time polymerase chain reaction (PCR),” are employed when
specific non-culturable or slow growing pathogens are sus-
pected. When initial results are inconclusive, sequencing of
the 16S rDNA gene or even the entire genome is used for
bacterial identification. However, these conventional methods
have major limitations: they require culture for 24-48 hours or
complex molecular diagnostic procedures, and wound sampling
often necessitates dressing removal. The latter is contraindicated
in cases such as second-degree burns where advanced dressings
must remain undisturbed to allow skin regeneration.

Recent advances in bacterial detection technologies have
introduced sophisticated laboratory methods, including optical
endomicroscopy,’® and confocal laser scanning microscopy
with white light laser technology."' While these techniques
provide reliable and rapid bacterial detection, their complexity,
high costs, and requirement for specialized facilities limit their
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utility outside hospital settings, driving research into alterna-
tive approaches."?

Nanomaterial-based approaches have shown promise
for bacterial infection sensing. These include platforms
such as nanoparticles,”®'® nanocapsules (liposomes and
polymersomes),"""*~*> and nanopores or nanofibers.'®*° Other
innovative strategies utilize bacteria-targeting antibodies
coupled to porous silicon,'” microrobots,** microfluidics,
microarrays,”*>* nucleic acid-based molecular machines,*>*’
and polymer- or paper-based sensors.***° Notable applications
include flexible bandages with integrated temperature and pH
sensors for Staphylococcus aureus detection,*™** which surpass
traditional chromogenic culture methods.*® Similarly, nano-
fibers and micro-bio-electronic devices have been developed
for detecting Escherichia coli,"®** offering alternatives to stan-
dard methods.>*® This is of particular relevance, as E. coli is
one of the most prevalent bacterial species found in healthcare-
associated infections.*”

Recent efforts have focused on developing rapid detection
methods to overcome two key limitations: (i) time-consuming
isolation steps and (ii) lengthy analyses. Given the wide range
of clinically relevant bacterial species across medical, food
production, and water safety applications, versatile and sensi-
tive detection platforms are highly desired.'? To address this,
we present a novel approach for rapid in situ detection of
bacterial enzymes. Our enzyme-sensing approach involves two
modified hydrogels utilizing a biodegradable and biocompatible
poly(N-hydroxyethylacrylamide)-based (PHEAAm) copolymer,
which has demonstrated utility in various applications, including
antifouling coatings, wound dressings, and drug delivery.*® By
expanding this strategy to other types of chromogenic substrates
the technology may become potentially applicable to diagnostic
wound dressings, biomedical devices, and food safety monitoring.
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To develop this bacterial enzyme detection system (illu-
strated in Fig. 1), we focused on the enzyme B-glucuronidase
(B-GUS) in E. coli. This enzyme catalyses the hydrolysis of p-
linked p-glucopyranosiduronic acids to glucopyranosiduronic
acid and aglycone.?® B-GUS is present in approximately 98% of
all known E. coli strains.”® Although other bacterial species,
including Yersinia, Salmonella, and Shigella species, can also
produce B-GUS,"*"" these organisms are rarely encountered in
the context of wound infections treated with dressings.*?
Importantly, B-GUS production is regulated by bacterial
density,*® making it an effective indicator of colonization. In
humans, the B-GUS enzyme is generally expressed intracellu-
larly and thus unlikely to interfere with the proposed detection
system for the bacterial enzyme.

In our design, we covalently immobilized the two chromo-
genic compounds 5-bromo-4-chloro-3-indolyl B-p-glucuronide
(X-GLUC) and 4-nitrophenyl-p-p-glucuronide (PNPG) separately
within the copolymer matrix. These substrates undergo specific
enzymatic cleavage, releasing chromophores (an indole derivative
and p-nitrophenol), resulting in visible colour changes detectable
by the naked eye. This two-substrate approach enhances the
accuracy and sensitivity of bacterial B-glucuronidase detection.
As reported in the literature,***° bacterial strains may differen-
tially convert fB-glucuronidase substrates, which is explained
by structural variability in the peptide sequence of the
B-glucuronidases, which underscores the value of using comple-
mentary systems. X-GLUC has previously been employed in
polymer-based biosensing systems for B-glucuronidase detection,
using traditional EDC/NHS chemistry with preformed polymer
networks such as chitosan hydrogels’” and sugar-based polyur-
ethane foams.”® In contrast, our photocrosslinking approach
enables covalent integration of chromogenic dyes during polymer
synthesis prior to network formation. The soluble polymers allow
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Fig. 1 Concept of colorimetric detection of bacteria based on the chromogenic response of dye-functionalized hydrogels.
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full characterization of the chemical structure. Subsequent photo-
crosslinking provides improved spatial control over crosslinking
density and a more uniform distribution of chromogenic dyes
within the polymer network. Moreover, our dual-chromogenic
substrate strategy achieves better coverage of potential variants,
thereby improving the robustness and reliability of enzymatic
detection. Such enzymatic reactions are valuable for microbiolo-
gical applications, including monitoring metabolic processes and
bacterial enzyme detection, which could ultimately lead to micro-
bial screening applications.***°

2 Experimental detail
2.1 Materials

All chemicals were obtained from commercial suppliers in
Germany and used as received unless otherwise noted. N-(2-
Hydroxyethyl)acrylamide (97%), pentafluorophenyl acrylate
(PFPA; 98%), 4-nitrophenyl-B-p-glucuronic acid (PNPG; 99%),
5-bromo-4-chloro-3-indolyl B-p-glucuronic acid (X-GLUC; 99%)
and laboratory-grade ECOSURF EH-3 (abbreviated as EH3) were
purchased from Sigma-Aldrich. Azobisisobutyronitrile (AIBN)
was recrystallized from methanol (98.5%; VWR Chemicals).
Triethylamine (99.5%; Sigma-Aldrich) was distilled before use.
4-Benzophenone acrylamide (BPAAm) was synthesized according
to the literature.”® Hexamethylene diamine (97%; Sigma-
Aldrich), and carbonyldiimidazole (97%; Alfa Aesar), were used
as received. Trifluoroacetic acid (PEPTIPUREY; >99.9%) was
purchased from Carl Roth. B-GUS isolated from E. coli (1000
5000 units per mg protein, E.C.3.2.1.31; type IX-A) was purchased
from Sigma-Aldrich. Roswell Park Memorial Institute (RPMI)
medium, supplemented with 20 mM Hepes and r-glutamine,
without sodium bicarbonate (referred to as RPMI), was obtained
from Sigma-Aldrich. Sodium dodecyl sulfate (SDS) was pur-
chased from Sigma-Aldrich. Fetal bovine serum (FBS) and Dul-
becco’s modified Eagle medium (DMEM) were obtained from
Thermo Fisher Scientific. Normal human lung fibroblasts
(NHLF) were acquired from Lonza. Deionized water (Milli-Q)
was used throughout the experiments.

2.2 Instruments

2.2.1 Nuclear magnetic resonance (NMR). 'H NMR
(500 MHz) and "°F NMR (100 MHz) spectra were recorded on
a Bruker AV 400 spectrometer at 25 + 1 °C using deuterated
chloroform (CDCl;), deuterium oxide (D,O), and deuterium
dimethyl sulfoxide-d6 (DMSO-d6) as solvents. Tetramethylsi-
lane (TMS) was used as an internal standard. 1D spectra were
analysed with MestreNova 9 software.

2.2.2 Fourier-transform infrared spectroscopy (FTIR). FTIR
spectra were recorded using a Bruker Tensor 27 spectrometer with
a resolution of 2 em™* and a spectral range of 4000-400 cm .

2.2.3 UV-Visible spectroscopy. UV-VIS spectra
recorded on a BioTek Epoch 2 IVD microplate spectrophot-
ometer (Agilent) within the wavelength range of 300-700 nm
and a scan rate of 300 nm min !, with automatic baseline
correction applied.

were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3 Polymer synthesis

2.3.1 Synthesis of monomers. The acrylation of ECOSURF
EH-3 yielded the surfactant monomer EH3A, following the
protocol detailed in Scheme S1 (ESIt).>> The "H NMR spectrum
(Fig. S1, ESIY) confirmed the successful synthesis of EH3A.
'H NMR (500 MHz, CDCl,;, T = 25 °C), d ppm: 0.84 (t, 6H,
2x-CHj3), 1.12-1.25 (m, 20H, 4x-CH;3 and 4x-CH,-), 1.47 (m, 1H,
-CH-), 3.28-3.72 (m, 22H, 4x-CH-and 9x-CH,-O-), 4.30 (m, 2H,
-CH,-0-), 5.81 (m, 1H, -CH—CH,), 6.14 (m, 1H, -CH—CH,), 6.41
(m, 1H, -CH=CHy,). The total integral of the area for the "H NMR
peaks in the range of 5.8-6.5 ppm indicates a product purity
of approximately 75%. The remaining 25% likely comprises
unreacted starting materials (educts) and residual solvents.
However, this impurity level is not expected to significantly affect
the subsequent polymerization.

BPAAm, used as a photocrosslinker monomer, was synthe-
sized as described in the literature,”! and detailed in Scheme S2
(ESIT). The "H NMR spectrum (Fig. S2, ESIf) confirmed suc-
cessful synthesis. "H NMR (500 MHz, CDCl;, T = 25 °C), § ppm:
5.70 (dd, 1H, H,C—CHCONH-), 6.42 (dd, 1H, H,C—CH-
CONH-), 6.64 (dd, 1H, H,C—CH-CONH-), 7.42 (m, 2H,
-arom), 7.53 (m, 1H, -arom) and 7.74 (m, 6H, -arom). PFPA,
an active ester monomer, was synthesized as reported previously>®
and detailed in Scheme S3 (ESIT). The "H NMR spectrum (Fig. S3,
ESIY) confirmed successful synthesis. "H NMR (500 MHz, CDCl,,
T = 25 °C), 6 ppm: 6.33 (dd, 1H, -CH—CH,), 6.38 (dd, 1H,
-CH—CHy,), 6.60 (dd, 1H, -CH—CHy,).

2.3.2 Synthesis of poly(HEAAm-co-BPAAm-co-PFPA-co-
EH3A) and its modification with chromogenic dyes X-GLUC and
PNPG. A copolymer was synthesized containing N-hydroxyethyl
acrylamide (HEAAm) as a biocompatible main monomer, BPAAm
as photocrosslinker monomer for hydrogel formation, EH3A as a
surfactant for hydrophilic-hydrophobic balance and amphiphili-
city, and PFPA as an active ester monomer for post-polymerization
modification (PPM). The resultant copolymer, poly(HEAAm-co-
BPAAmM-co-PFPA-co-EH3A), was modified with hexamethylene dia-
mine (HMDA) via active ester chemistry to form poly(HEAAm-co-
BPAAmM-co-HMDAAm-co-EH3A). This copolymer, containing free
amines in its backbone, was subsequently modified with the
chromogenic dyes X-GLUC and PNPG to produce poly(HEAAmM-
co-BPAAM-c0-X-GLUC-co-EH3A) (PHXG) and poly(HEAAm-co-
BPAAmM-co-PNPG-co-EH3A) (PHPN), respectively.

2.3.2.1 Step 1 - synthesis of poly(HEAAm-co-BPAAm-co-PFPA-
co-EH3A). In a Schlenk tube, 500 mg (4.41 mmol) of HEAAm,
72.60 mg (0.13 mmol) of EH3A, 22.20 mg (0.08 mmol) of
BPAAm, 73.60 mg (0.30 mmol) of PFPA, and 7.25 mg
(0.44 mmol, 1 mol%) of AIBN were combined (Fig. 2). Methanol
(10 mL) was added, and the mixture was purged with argon
before being heated at 65 °C for 24 h. The polymer was
precipitated in diethyl ether, filtered, and dried under vacuum,
yielding 67% of poly(HEAAm-co-BPAAm-co-PFPA-co-EH3A).
Characterization by '"H NMR, '°F NMR, and FTIR (Fig. S6-S8,
ESIf) confirmed successful synthesis. '"H NMR (500 MHz,
DMSO, T = 25 °C), 6 ppm: 0.8-2.25 (EH3A and polymer back-
bone), 2.8-3.7 (ethyl group of HEAAm), 4.6-5.2 (-OH protons of
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Fig. 2 Synthesis strategy of poly(HEAAmM-co-BPAAM-co-X-GLUC-co-EH3A) (PHXG) and poly(HEAAmM-co-BPAAM-co-PNPG-co-EH3A) (PHPN),
respectively. Abbreviations used in this strategy are azobisisobutyronitrile (AIBN), triethyl amines (TEA), methanol (MeOH), trifluoro acetic acid (TFA),
and room temperature (RT). This is referred to as “strategy 1" in Section 3.1 Polymer synthesis.

HEAAm), 7.2-8.0 (aromatic proton of BPAAm side group units
and amide protons of HEAAm). '°F NMR (500 MHz, DMSO), §
(ppm): —162/—164 (2F) (pentafluorophenyl, meta), —156/—158
(1F) (pentafluorophenyl, para), —150/—154 (2F) (pentafluoro-
phenyl, ortho). FT-IR (cm™'): 1100-1270 (C-F), 1600-1650 (aro-
matic ring), 1725-1750 (C=0).

2.3.2.2 Step 2 - conjugation with Boc-protected HMDA. In a
Schlenk tube, 250 mg (1.05 mmol) of poly(HEAAm-co-BPAAmM-
co-PFPA-co-EH3A) (synthesized in step 1) was mixed with 159 mg
(0.73 mmol, 10 eq.) of N-tert-butyloxycarbonyloxy (Boc)-protected
HMDA (Boc-HMDA) and 7.4 pL of triethylamine (TEA) in 10 mL

6112 | Mater. Adv,, 2025, 6, 6109-6121

of a methanol: chloroform (8:1) solvent mixture. The mixture
was stirred at room temperature for 120 h, then precipitated in
acetone, filtered, dried, redissolved in water, dialyzed, and finally
freeze-dried, yielding 64% of poly(HEAAm-co-BPAAm-co-Boc-
HMDAAm-co-EH3A). Characterization by 'H NMR and "F
NMR confirmed successful synthesis (Fig. S9 and S10, ESIf}).
'H NMR (500 MHz, DMSO, T = 25 °C),  ppm: 0.8-2.25 (EH3A
and polymer backbone), 1.1-1.2 (Boc protected unit), 2.8-3.7
(ethyl group of HEAAm), 4.6-5.2 (-OH protons of HEAAm), 7.2-
8.0 (aromatic proton of BPAAm side group units and amide
protons of HEAAm). The absence of the PFPA ester peak in '°F
NMR indicated successful coupling of HDMA.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3.2.3 Step 3 - deprotection of Boc groups. The Boc-protected
polymer (100 mg) was dissolved in 1.5 mL of methanol, and
1.5 mL of trifluoroacetic acid (TFA) was added to deprotect the
amine groups. The reaction mixture was stirred overnight, then
precipitated in ice-cold acetone, filtered, redissolved in water,
and freeze-dried. The product was further purified using
Lewatit MP62 for anion exchange, yielding poly(HEAAm-co-
BPAAmM-co-HMDAAm-co-EH3A). The disappearance of Boc
peaks (1.1-1.2 ppm) in "H NMR confirmed successful deprotec-
tion (Fig. S9 and S11, ESIt).

2.3.2.4 Step 4 - activation of chromogenic dyes. (a) X-GLUC-
CDI: 150 mg (0.33 mmol) of X-GLUC and 76 mg (0.47 mmol,
1.4 eq.) of carbonyldiimidazole (CDI) were dissolved in 10 mL of
Milli-Q water and stirred at room temperature for 120 h. The
reaction mixture was washed with 10 mL of dichloromethane,
the aqueous phase was separated, and the product was freeze-
dried, yielding 83% of X-GLUC-CDI. 'H NMR confirmed
successful synthesis (Fig. S12, ESIt). 'H NMR (500 MHz,
DMSO, T = 25 °C), 6 ppm: 3.40-3.78 (sugar unit), 4.65-7.90
(imidazole and indole derivative protons). (b) PNPG-CDI: 47 mg
(0.14 mmol) of PNPG and 36 mg (0.22 mmol) of CDI were
dissolved in 10 mL of Milli-Q water and stirred at room
temperature for 120 h. The reaction mixture was then washed
with 10 mL of dichloromethane, the aqueous phase was
separated, and the product was freeze-dried, yielding 72% of
PNPG-CDI. '"H NMR confirmed successful synthesis (Fig. S13,
ESIT). 'H NMR (500 MHz, DMSO, T = 25 °C), 6 ppm: 3.50-3.90
(sugar unit), 5.25-8.35 (imidazole and nitrophenol protons).

2.3.2.5 Step 5 - polymer modification with dyes. (a) PHXG (X-
GLUC-modified polymer): 50 mg (0.07 mmol) of poly(HEAAm-
co-BPAAm-co-HMDAAm-co-EH3A) and 50.93 mg (0.11 mmol,
5 eq.) of X-GLUC-CDI were dissolved in 10 mL of Milli-Q water
with 4 pL of TEA. The mixture was stirred at room temperature
for 72 h, precipitated in ice-cold acetone, redissolved in water
and freeze-dried, yielding 75% of poly(HEAAm-co-BPAAm-co-X-
GLUC-co-EH3A), abbreviated as PHXG. 'H NMR confirmed
successful synthesis (Fig. 3a). "H NMR (500 MHz, DMSO, T =
25 °C), 6 ppm: 0.8-2.25 (EH3A and polymer backbone), 2.8-3.7
(ethyl group of HEAAm), 4.5 (sugar unit), 4.6-5.2 (-OH protons of
HEAAm), 7.0-7.9 and 10.75 (aromatic proton of BPAAm side
group units and amide protons of HEAAm, and chromogenic
substance X-GLUC). (b) PHPN (PNPG-modified polymer): 50 mg
(0.07 mmol) of poly(HEAAm-co-BPAAmM-co-HMDAAm-co-EH3A)
and 55.10 mg (0.15 mmol, 5 eq.) of PNPG-CDI were dissolved
in 10 mL of Milli-Q water with 3 pL of TEA. This mixture was
stirred at room temperature for 72 h, precipitated in ice-cold
acetone, redissolved in water, and freeze-dried, yielding 59% of
poly(HEAAm-co-BPAAm-co-PNPG-co-EH34A),  abbreviated  as
PHPN. '"H NMR confirmed successful synthesis (Fig. 3b).
'H NMR (500 MHz, DMSO, T = 25 °C),  ppm: 0.8-2.25 (EH3A
and polymer backbone), 2.8-3.7 (ethyl group of HEAAm), 4.6-5.2
(-OH protons of HEAAm), 5.4 (sugar unit), 7.0-8.3 (aromatic
proton of BPAAm side group units and amide protons of
HEAAm, and chromogenic substance PNPG).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.4 Hydrogel formation

To prepare hydrogel films, dye-modified polymers were dis-
solved in a methanol-water mixture (90:10, v/v) at a concen-
tration of 25 mg mL". The solution was poured into a Petri
dish and dried on a hotplate at 40 °C overnight. The resulting
polymer films were exposed to UV light at a wavelength of
365 nm (1 h = 13.0 ] cm~?) for 30 min to induce crosslinking
and form a surface-attached polymer network. Subsequent
swelling in water produced the final hydrogel. A similar process
was followed to create hydrogel films in 96-well plates. These
immobilized hydrogel films were used for UV-VIS absorption
analysis and microbiological experiments.

2.5 Bacterial culture

Prior to the experiments, clinical and laboratory strains of
E. coli (PC 1568, PC 2348AR4, DH5q, B12C1, DC10B,>**
TOP10,”> ATCC 8739,°° and ML35 (ATCC 43827)),>” S. aureus
strain JAR060131,°® a standard laboratory strain of Pseudomo-
nas aeruginosa PAO1, and a multidrug-resistant strain of Acine-
tobacter baumannii RUH875°° were grown from frozen stocks at
37 °C on blood agar plates (BioMerieux) for 16-18 h. Subse-
quently, overnight cultures were prepared in lysogeny broth
(LB; Oxoid) for all E. coli strains and in tryptic soy broth (TSB;
Oxoid) for S. aureus, P. aeruginosa, and A. baumannii. These
cultures were incubated at 37 °C for 18-24 h with shaking at
120 rpm. Prior to each experiment, bacteria were cultured to the
mid-logarithmic phase in their respective media for 3 h at 37 °C
with shaking at 120 rpm. Cultures were washed twice with
phosphate-buffered saline (PBS; 140 mM NaCl, pH 7; Sigma-
Aldrich) and diluted in Roswell Park Memorial Institute 1640
medium (RPMI) to a final concentration of 1 x 10° colony
forming units (CFU) per mL, based on optical density measure-
ments at 620 nm.

2.6 Chromogenic effect of enzyme solution on dye-modified
polymers in solution and on surface-attached hydrogels

2.6.1 Visual observations. To evaluate the enzymatic effect
on the soluble polymers, 1 mL of dye-modified separate poly-
mer solutions (PHXG or PHPN) were prepared in PBS (pH 7) at a
concentration of 25 mg mL " and added to separate glass vials.
Freshly prepared B-GUS solution (10 pL) in PBS was added
to each PHXG and PHPN polymer solution vial, at a final
enzyme concentration of 0.1 uM (3 replicates each). Visual
colour changes were monitored.

The chromogenic effect was also examined on hydrogels
made from PHXG and PHPN. Fresh enzyme solution (10 pL of
B-GUS at 0.1 uM concentration in PBS, pH 7) was prepared and
added to PHXG and PHPN hydrogels. Colour changes were
observed visually (3 replicates each).

2.6.2 UV-VIS spectral study. For this experiment, 100 pL of
dye-modified polymer solutions (PHXG and PHPN; 25 mg mL
in PBS, pH 7) were added to a 96-well plate. The solutions were
dried using a microwave oven and immobilized by photocros-
slinking. The resulting polymer network was washed with PBS
(pH 7) solution to remove any non-crosslinked polymers or
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impurities, then dried under vacuum for 1 h at 40 °C. Fresh
enzyme solution (10 pL of B-GUS at 0.1 uM concentration in
PBS, pH 7) was added separately to the wells containing PHXG
and PHPN hydrogels. The 96-well plate was immediately
inserted into a UV-VIS spectrophotometer microplate reader for

analysis®>®! (3 replicates each).

2.7 Assessment of colorimetric bacterial detection using dye-
modified single chain polymers in solutions

For this study, 100 pL of dye-modified polymer solutions (PHXG
and PHPN) were added to each well of 96-well plates, followed
by the addition of 100 uL of bacterial suspension (1 x 10® CFU
per mL). The plates were incubated overnight at 37 °C (2 repli-
cates each). After incubation, colour changes were observed
visually and analysed using UV-VIS spectroscopy.

2.8 WST-1 assay

For this experiment, 0.1-5 x 10* NHLF cells per well were
cultured in a 96-well microtiter plate with a final volume of
100 uL DMEM supplemented with 2% FBS. The cells were
incubated for 24 h, after which the medium was replaced with
100 uL fresh DMEM with 2% FBS. Two-fold serial dilutions of
pure polymer (without dye modification) and dye-modified
polymer solutions (25 mg mL™"; 2 replicates each; final volume
of 100 pL) were added to separate wells and incubated for an
additional 24 h. Subsequently, 10 uL of WST-1 reagent (Roche)
was added to each well and incubated for 30 min. Afterwards,
the media changed colour from pink to yellowish. The reaction
was stopped by adding 10 UL of 1% SDS to each well, followed
by shaking the plate for 1 min to mix the contents. Absorbance
of the untreated control and treated samples was measured
using a microplate reader (Synergy H1, Biotek, USA) at 400 nm.
A blank control containing 100 L culture medium with 10 pL
WST-1 was included in separate wells.

3 Results and discussion

This study aimed to develop a polymer-based sensor for rapid
bacterial detection based on a chromogenic response. The
sensor utilizes dye-modified polymers that release distinctly
coloured products upon enzymatic cleavage of labile bonds by a
bacterial enzyme. These colour changes, observable with the
naked eye either in polymer solution or in a hydrogel, provide a
reliable and easy-to-interpret signal for bacterial presence.

3.1 Polymer synthesis

A copolymer of poly[(hydroxyethyl acrylamide)-co-(4-benzo-
phenone acrylamide)-co-(pentafluorophenyl acrylate)-co-(ECO-
SURF EH-3 acrylate)] was synthesized via free radical polymer-
ization, as shown in step 1 of Fig. 2. Post-polymerization
modification (PPM) with hexamethylene diamine (HMDA)
introduced primary amine functionality into the polymer back-
bone (steps 2 and 3; Fig. 2). These free amines served as
functional sites for subsequent modification with dye deriva-
tives (steps 4 and 5; Fig. 2). The final dye-modified polymers
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were crosslinked under UV light and swollen in water to form
hydrogels. Both solution-phase and hydrogel forms of the
polymers released distinct coloured products upon enzymatic
cleavage, indicating the presence of bacteria.

The acrylate-based monomers for copolymer synthesis were
prepared according to established protocols. The copolymer
poly(HEAAm-co-BPAAm-co-PFPA-co-EH3A) consisted of four dis-
tinct monomers. Pentafluorophenyl acrylate (PFPA) served as an
activated ester for PPM with primary amines.”® ECOSURF EH-3
acrylate (EH3A), a surfactant monomer, provided amphiphilic
properties.””> 4-Benzophenone acrylamide (BPAAm) acted as a
photocrosslinking monomer, enabling the formation of cross-
linked polymer networks upon UV exposure.”® N-Hydroxyethyl
acrylamide (HEAAm) was the primary hydrophilic and biocompa-
tible monomer.*

The synthesized copolymer was characterized using "H NMR
(Fig. S6, ESIt), '°F NMR (Fig. S7, ESI{), and FTIR (Fig S8, ESI{).
The "H NMR spectrum confirmed successful synthesis of the
copolymer, with no unreacted monomer remaining. The spectrum
exhibited signals corresponding to the polymer backbone and
EH3A in the chemical shift é range of 0.8-2.25 ppm, the ethyl
group of HEAAm at 2.8-3.7 ppm, the -OH protons of HEAAm at
4.6-5.2 ppm, the aromatic protons of the BPAAm side groups and
amide protons of HEAAm at 7.2-8.0 ppm. The solvent (from dé6-
DMSO) peak appears around 2.5 ppm, as shown in Fig. S6 (ESIt).
Furthermore, the three distinct chemical shifts observed in the
'F NMR spectra in the range of —162/—164 ppm (meta), —156/
—158 ppm (para), and —150/—154 ppm (ortho) are indicative of a
pentafluorophenyl ring, verifying the presence of the active ester
(PFPA) unit within the copolymer, as represented in Fig. S7 (ESIT).
Additionally, the FTIR spectrum exhibits a strong band in the
range of 1100-1270 cm™ ', indicative of C-F stretching vibrations,
further supporting the presence of a fluorinated moiety. A band
observed between 1600 and 1650 cm™ " is consistent with aromatic
ring stretching, while the band at 1725-1750 cm ™' suggests the
presence of a carbonyl group (C=O0), as shown in Fig. S8 (ESIt).

Active esters in the polymer backbone were functionalized
with Boc-protected hexamethylene diamine (Boc-HMDA) in
step 2, yielding poly(HEAAmM-co-BPAAm-co-Boc-HMDAAm-co-
EH3A). 'H NMR (Fig. S9, ESIf) confirmed the presence of a
new peak at 1.1-1.3 ppm, indicating successful incorporation
of Boc-protected units. Deprotection of the Boc groups in step 3
yielded poly(HEAAm-co-BPAAmM-co-HMDAAm-co-EH3A), with
the absence of the 1.1-1.3 ppm peak (Fig. S11, ESIt) confirming
successful deprotection.

In step 4, chromogenic dyes (X-GLUC and PNPG) were
activated with CDI to form their respective active esters.
'"H NMR of X-GLUC-CDI (Fig. S12, ESIf) revealed peaks at
3.40-3.65 ppm and 4.60 ppm (sugar unit) and 6.60-7.85 ppm
(imidazole and aromatic groups). Similarly, PNPG-CDI
(Fig. S13, ESIY) displayed peaks at 3.50-3.65 ppm and 5.20-
5.29 ppm (sugar unit) and 7.00-8.25 (imidazole and nitrophe-
nol groups). These dyes were coupled with the copolymer in
step 5 to form PHXG and PHPN, as confirmed by 'H NMR
spectra (Fig. 3a and b). In the spectrum of PHXG in Fig. 3a, the
polymer backbone and EH3A signals are visible in the range of
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Fig. 3 'H NMR spectra (measured at room temperature in CDCls, Larmor frequency: 500 MHz) of (a) poly(HEAAmM-co-BPAAM-co-X-GLUC-co-EH3A)

(b) poly(HEAAM-co-BPAAM-co-PNPG-co-EH3A).

0.7-2.1 ppm. The ethyl group of HEAAm is located between
2.7 and 3.8 ppm, while the -OH protons of HEAAm appear
between 4.3 and 5.4 ppm. Aromatic protons from the BPAAm
side groups and amide protons of HEAAm are observed at 7.4-

© 2025 The Author(s). Published by the Royal Society of Chemistry

7.9 ppm. The solvent DMSO contributes a peak around
2.5 ppm. The sugar unit of X-GLUC appears at 4.5-5.0 ppm,
and the chromogenic fragment 5-bromo-4-chloro-3-indolyl
B-p-glucuronide gives rise to peaks between 7.1 and 8.3 ppm,
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with an additional peak at 10.75 ppm. Similarly, the "H NMR
spectrum of PHPN in Fig. 3b displays peaks attributed to the
polymer backbone and EH3A (0.7-2.1 ppm), the HEAAm ethyl
group (2.7-3.8 ppm), its -OH protons (4.3-5.4 ppm), and the
combined aromatic protons of BPAAm side groups and HEAAm
amide protons (7.4-7.9 ppm). The DMSO solvent peak occurs
around 2.5 ppm. Additionally, the bands of the sugar unit from
PNPG lie at 5.3-5.4 ppm, while the chromogenic fragment
4-nitrophenyl shows peaks between 7.0 and 8.3 ppm. Alternative
synthetic strategies were evaluated (Fig. S4 and S5, ESIT). Strategy
2 involved initial coupling of PNPG and X-GLUC derivatives with
Boc-HMDA, followed by deprotection and subsequent modifica-
tion with the copolymer. However, steric hindrance reduced
coupling efficiency, and purification proved challenging in this
strategy. Strategy 3 employed the copolymerization of acrylate-
based monomers, including Boc-cHMDAAm, followed by depro-
tection and subsequent coupling with CDI-activated dyes.
Although this strategy simplified some steps, yields were lower
compared to strategy 1, particularly during precipitation in step
1. Therefore, strategy 1 was chosen for further experiments for its
higher yield and simpler purification.

3.2 Chromogenic effect of enzyme on dye-modified polymer
solutions and on surface-attached hydrogels

B-GUS is secreted by more than 98% of known E. coli
strains.'>® Although some strains of Yersinia, Salmonella,
Shigella, Aerococcus viridans, Bacillus spp., or Corynebacterium
are also capable of producing B-GUS,***' these bacteria are
rarely encountered in wound dressing applications.** In this
study, commercially available B-GUS (1000-5000 units per mg
protein, E.C.3.2.1.31; type IX-A) isolated from E. coli, was used
to evaluate the chromogenic effect on dye-modified polymers
in solutions and surface-attached hydrogels. In the polymer
containing X-GLUC (PHXG), the B-linked indole derivative of
X-GLUC is cleaved by B-GUS and dimerizes to form 5,5’-dibromo-
6,6'-dichloro-indigo, an insoluble compound with a distinctive
indigo colour. The chromogenic response can be visually
detected, as shown in Fig. 4(II). In the polymer containing PNPG
(PHPN), B-GUS cleaves the glucuronide, liberating 4-nitrophenol
(4-NP). The corresponding yellow colour, caused by deprotonation
of 4-NP, becomes evident after the enzymatic reaction, as depicted
in Fig. 4(VI). A comparative analysis was conducted between dye-
modified polymers in solution (PHXG and PHPN), and a reference
polymer, poly(HEAAm-co-BPAAm-co-EH3A) (PHEAAm), which
lacks chromogenic substances and served as control. As illu-
strated in Fig. 4(I) and (V), the control solution (PHEAAm)
exhibited no colour change upon enzyme addition. In contrast,
PHXG and PHPN solutions developed indigo and yellow colours,
respectively, demonstrating that the chromogenic substances
remain active when covalently immobilized within the polymer
backbone and cleaved during enzymatic reaction with B-GUS. The
chromogenic effect was also tested in hydrogels prepared from
photocrosslinked PHXG and PHPN. Similar to the solutions, the
chromogenic substances within the hydrogels were cleaved by the
enzymes, resulting in the formation of indigo and yellow colours,
respectively. This confirms that the chromogenic substances
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Fig. 4 Visual tests of enzymatic activity for the chromogenic polymer
systems PHXG and PHPN. No colour changes were observed for the
reference polymer PHEAAmM after adding the enzyme B-GUS (I) and (V) in
Milli-Q water. In contrast, the polymer solutions of PHXG and PHPN, contain-
ing the chromogenic substances X-GLUC (Il) and PNPG (VI), exhibited distinct
colour changes upon enzyme addition. Similarly, no colour change occurred
in the reference hydrogels of PHEAAmM (lll and VII), whereas the hydrogels
from PHXG and PHPN, containing X-GLUC (IV) and PNPG (VIIl), showed
characteristic colour changes following enzyme addition. Triplicate samples
were tested (n = 3) and representative samples are shown.

retain their activity after immobilization within the polymer net-
work and remain accessible to the enzyme via diffusion through
the hydrogel matrix. The results are presented in Fig. 4(IV) and
(VIIL), alongside the hydrogel derived from PHEAAm, which again
served as a control (Fig. 4(III) and (VIL)).

3.3 UV-VIS spectral study of the chromogenic effect of enzyme
on dye-modified hydrogels

The chromogenic effect of the enzyme solution of -GUS on dye-
modified hydrogels with X-GLUC and PNPG incorporated was
analysed using UV-VIS spectroscopy (Fig. S14, ESIT). The spectrum
of the hydrogel containing X-GLUC (PHXG) in Fig. S14(a) (ESIY)
shows increased absorption in the wavelength range of 550-
700 nm. This increase corresponds to the formation of the
dimerized indigo derivative, a result of B-GUS enzymatically
cleaving the chromogenic indole species from the hydrogel. To
track reaction over time, absorption spectra were recorded during
20 consecutive cycles of enzymatic reaction with a 20-minute
interval between each cycle. The time-versus-absorbance plot at
620 nm (inset, Fig. S14(b), ESIt) demonstrates a continuous
increase in absorption over the reaction period (> 300 min). These
findings confirm that the enzyme diffuses into the swollen
hydrogel matrix and cleaves the glycosidic bond near the polymer
backbone. During this process, the hydrogel immobilized in the
well plates turned indigo (Fig. S14(c), ESIT).

A similar response was observed with the hydrogel PHPN
containing PNPG (Fig. S14(d), ESIt). An absorption peak at
400 nm emerged, indicating the formation of 4-NP as a result of
the enzymatic reaction between the PNPG and B-GUS diffusing
into the hydrogel matrix. Absorption spectra were collected over
20 consecutive enzymatic reaction cycles, with 20-minute inter-
vals between cycles. Absorption at 400 nm steadily increased,
reflecting the ongoing formation of 4-NP (Fig. S14(e), ESIf).
This process also resulted in a visual colour change, with the
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hydrogels turning yellow (Fig. S14(f), ESIt). Furthermore, Fig.
S14(c) and (f) (ESIt) show that no colour change was observed in
the PHXG and PHPN polymers dissolved in PBS without the
addition of pure enzyme, clearly indicating that the chemically
immobilized chromogenic dyes in the polymer backbone remain
stable in the PBS buffer solution. This lack of colour development
confirms that the B-linked p-glucopyranosiduronic acid moieties
were not hydrolyzed under these conditions and that both X-Gluc
and PNPG remained chemically stable within the crosslinked
hydrogel networks. To further assess potential dye leaching, the
hydrogels were thoroughly washed with PBS (pH 7.4) to remove
any unreacted monomers, residual impurities, and non-covalently
bound dyes. The emergence of a chromogenic response only after
enzymatic exposure confirms that the dyes remained covalently
immobilized within the polymer matrix and with no detectable
leaching during the incubation period.

3.4 Chromogenic response of dye-modified single chain
polymer solutions to bacteria

In the following experiment, the chromogenic effect of the two
dye-modified polymers in solution was tested with live bacteria.
Due to known variations in the structure of B-GUS from
different bacterial species and strains of single species that
result in different activities and substrate specificities,***® we
designed two separate chromogenic polymers, PHXG and
PHPN. These two polymer substrates are expected to show
individual enzyme susceptibilities by different variants of
B-GUS and thus cover a broader range of bacterial species
and strains. E. coli strains DC10B, B12C1, TOP10, PC.

2348AR4, ATCC 8739, and ML35 induced a distinct indigo
colour when incubated with PHXG as shown in Table 1. This
indicates the sufficient production of B-GUS by these strains to
cleave the chromogenic dye. In contrast, no colour change was
observed in PHPN solutions exposed to these bacterial strains,
indicating a higher sensitivity of the X-GLUC- than of the PNPG-
modified polymers in solution to detect enzymatic activity.
Interestingly, E. coli strain PC 1568 only induced a yellow colour
change in PHPN solutions, but no colour change of the PHXG
solution indicating B-GUS activity with higher affinity towards
PNPG. Additionally, strain DH50 triggered chromogenic responses
in both PHXG and PHPN solutions, indicating the production
of B-GUS enzyme with sufficient affinity towards both X-GLUC
and PNPG.

No colour change was observed in PHXG or PHPN solutions
when exposed to either S. aureus (JAR060131), P. aeruginosa
(PAO1), or A. baumannii (RUH875), suggesting either the lack of
enzyme production (which is expected for these species),
expression of B-GUS variants that have no affinity for the
chromogenic polymers, or insufficient secretion of -GUS for
detectable chromogenic changes in this assay. Our findings
demonstrate that the polymer-based chromogenic systems
PHXG and PHPN are effective for detecting a wide range of
E. coli strains, with characteristic colorimetric responses based
on the enzymatic activity. This also confirms the advantage of
using two different chromogenic polymers, which provides
better coverage of detection of B-GUS activity across diverse
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Table 1 Enzymatic reaction study of various strains of E. coli, S. aureus,
P. aeruginosa, and A. baumannii, in aqueous solutions of the dye-modified
polymers PHXG and PHPN. PBS was taken as negative control and
PHEAAmM polymer was taken as reference polymer. Duplicate samples
were tested, one representative sample is shown, with both yielded highly
similar results

Enzymatic activity of
B-GUS
Strain
PHXG PHPN
E. coliDC10B -
E. coliB12C1 -
E. coliTOP10 -
E. coli
PC2348AR4 =
E. coli
ATCC8739 -
E. coli ML35 -
E. coliPC1568 - =+
E. coli DH5a e
S. aureus
JAR060131 = =
A. baumannii
RUH875 = =
P. aeruginosa
PAO1 = =

Indigo and yellow colour with (+) sign signal the production of
B-glucuronidase (B-GUS) enzyme as detected by PHXG and PHPN,
respectively. No color with (—) sign shows the absence of 3-GUS enzyme.

E. coli strains, aligning with the reports that more than 98% of
E. coli produce this enzyme.'>%
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3.5 UV-VIS spectral study of the chromogenic efficacy of
bacteria by dye-modified polymers in solution

Following the visual detection of bacterial enzyme activity
through the chromogenic effect on PHXG and PHPN polymer
solutions, the chromogenic activity was further evaluated using
UV-VIS spectroscopy, as shown in Fig. 5 and Fig. S15 (ESIt). The
absorbance spectra of PHXG solutions incubated with E. coli
strains DC10B, B12C1, TOP10, PC 2348AR4, ATCC 8739, and
ML35 showed strong absorption peaks within the range of 550-
680 nm, confirming their production of B-GUS enzyme. These
findings align with the indigo colour change observed visually
(Fig. 4) and in UV-VIS analysis (Fig. S14(c), ESIt) when PHXG
had been treated with pure B-GUS enzyme solution. Similarly, a
peak at 400 nm in the spectrum of PHPN solution with E. coli
PC 1568 confirmed the secretion of -GUS, consistent with the
yellow colour change observed visually in bacterial suspensions
with PHPN solution (Fig. 5 and Fig. S14, ESIt). Notably, the UV-
VIS spectrum of E. coli strain DH5o exhibited both peaks
(400 nm and 550-680 nm), indicating the production of
B-GUS and its affinity towards both X-GLUC and PNPG. This
observation matches the colour changes seen in both PHXG
and PHPN solutions treated with DH5a (Table 1). In contrast,
the UV-VIS spectra of S. aureus JAR060131, P. aeruginosa PAO1,
and A. baumannii RUH875 showed no significant peaks (Fig. 5).
The absence of peaks suggests that these strains do not
produce detectable levels of B-GUS enzyme, consistent with
the absence of visible colour changes (Table 1), as generally
expected for these bacterial species.

Absorbance

°

—— PHXG

E. coli PC1568
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3.6 Cytotoxicity

The viability of human lung fibroblasts exposed to solutions of
dye-modified polymers PHXG and PHPN, as well as the refer-
ence polymer PHEAAm (without dye modification), was evalu-
ated using the WST-1 assay. This assay relies on the conversion
of the tetrazolium salt WST-1 to formazan by mitochondrial
dehydrogenases. The conversion rate is directly proportional to
the number of viable cells, as active mitochondria produce
more dehydrogenase enzymes. The amount of formazan pro-
duced is quantified by measuring absorbance at 400 nm. As
shown in Fig. 6, over 70% of cells maintained metabolic activity
after exposure to dye-modified polymer solutions up to a
concentration of 25 mg mL~'. These results indicate low
toxicity, meeting the requirements of the international stan-
dard ISO 10993-5:2009 for medical devices.®!

Overall, the study demonstrates that the developed dye-
modified copolymers, both in solution and hydrogel form,
can effectively detect B-GUS, through visible chromogenic
responses. These findings suggest that the copolymers could
be used to manufacture detection systems that enable on-site
detection of bacterial contamination. Moreover, unlike more
complex techniques such as MALDI-TOF mass spectrometry or
PCR, our system does not require specialized equipment nor
extensive training. Owing to their simple and visible readout,
the hydrogels made from these copolymers could also be
integrated into wound dressings for continuous monitoring
of bacterial infections. By using a two-chromogenic substrate
approach with eight different E. coli strains, we achieved better

——PHPN

>
(=)

©»
2

E. coli DH5a

Absorbance
> M d oo
w o v o

o

o
o

084

Absorbance

o
FS

0,24

0,0

o
o

500 550
Wavelength (nm)

400 450 600

S. aureus JAR060131

650

700

Absorbance

o
»

0,8+

o
o

0,24

350

400

450 560 550 660

Wavelength (nm)

P. aeruginosa PAO1

65

o
=)

0 760

0,84

Absorbance

o
>

o
N

o
o
L

T
400

500 550 600 650 700

Wavelength (nm)

450

A. baumannii RUH875

N

450 500 550
Wavelength (nm)

600

65(

0,0

400

450 500 550
Wavelength (nm)

600

1 0,0
650

400

450 500 550 600

Wavelength (nm)

650

Fig. 5 UV-VIS absorption spectra of dye-modified polymer solutions for the PHEAAmM reference and the chromogenic systems PHXG and PHPN, after
incubation with different strains of E. coli, S. aureus, P. aeruginosa, and A. baumannii. Duplicate samples were tested, and one representative sample is

shown, with both yielding similar results.
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Fig. 6 Analysis of metabolic activity using the WST-1 assay for NHLF cells
in contact with solutions of single-chain polymers without dye modifica-
tion (PHEAAm) and with dye modification (PHXG and PHPN). The solid
black line indicates the 70% cut-off value for viability. Values represent
mean percentage metabolic activity + SD. Duplicate samples were tested.

coverage of potential B-GUS variants, thereby improving the
robustness and reliability of enzymatic detection. However, our
system detects only B-GUS, so a lack of colour change could
mean a false negative result in case non-p-GUS producing E. coli
strains would be present. This limitation should be considered,
and further research is needed to explore the potential for
multiplexing with other dye substrates that are sensitive to
different enzymes of E. coli to further increase coverage of
different strains. Separately, while the present study focused on
demonstrating the feasibility of visible chromogenic detection,
future work should also include quantitative evaluation of this
chromogenic-modified hydrogels. In particular, determining
the limit of detection (LOD) and assessing sensitivity under
biologically and clinically relevant conditions will be essential
for advancing the system toward practical applications. An
estimation for LOD in our system could be based on the results
provided in the literature where E. coli suspensions with con-
centrations of 5.8 x 10’ CFU per mL were detected within 6.2 h
using enzyme-responsive hydrogel-coated paper documented
via a smartphone camera.”” Moreover, extension of the sub-
strates to detect other enzymes may be a strategy to broaden the
range of detectable pathogens not only in wound infection but
also in biomedical devices and food safety monitoring.

4 Conclusion

In this study, we successfully developed and characterized
photocrosslinkable copolymers, poly(HEAAm-co-BPAAmM-co-X-
GLUC-EH3A) and poly(HEAAm-co-BPAAmM-co-PNPG-co-EH3A),
which demonstrated no cytotoxicity to human lung fibroblasts
up to the concentration of 25 mg mL ™. These copolymers, and
the hydrogels derived from them, provide a convenient method
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for direct visual observation of B-GUS enzyme activity in enzyme
solutions as well as in bacterial suspensions. The covalently
immobilized chromogenic substances X-GLUC and PNPG
retained their capacity to be converted by the enzyme within
the UV-crosslinked polymer network, enabling chromogenic
reactions without interference. The enzymatic cleavage of these
chromogenic dyes produced distinct indigo and yellow colour
changes, respectively, which is observable with the naked eye.
Our two polymer-based sensor system effectively detected the
bacterial glucuronidase enzyme, either as purified protein or
from growing bacterial cells, showcasing its potential as a
promising detection platform. The results further highlight the
benefit of employing a two-polymer-based approach, which
enhance qualitative detection reliability and broadens the cover-
age of B-GUS activity among diverse E. coli strains. However, to
enable future medical applications across various sample
matrices, further validation of appropriate immobilization meth-
ods and assessment of the detection approach will be required for
different, wound environments. Similarly, for food contamination
analysis and water quality monitoring the performance of our
detection systems will need to be investigated under relevant
biological and practical settings.
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