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Probing the influence of crosslinkers on the
properties, response, and degradation of enzymatic
hydrogels for electrochemical glucose biosensing
through fluorescence analysist

Jancarlo Diaz-Gonzalez, @ L. G. Arriaga and Jannu R. Casanova-Moreno & *

Drop-cast crosslinked hydrogels are a common platform for enzymatic electrochemical biosensors.
Despite the widespread use of these complex systems, there are still several questions about how their
physicochemical properties affect their performance, stability, and reproducibility. In this work, first-
generation faradaic biosensors composed of glucose oxidase and branched polyethyleneimine (BPEI) are
prepared using either glutaraldehyde (GA) or ethylene glycol diglycidyl ether (EGDGE) as crosslinkers.
While EGDGE gels present an increasing electrochemical response with increasing crosslinker
concentration, the current of GA gels decreases at high crosslinker concentration probably due to the
hampered diffusion on tightly networked gels. We compared different strategies to use fluorescence
microscopy to gain insight into the gel structure either by labeling the gel components with
fluorophores or taking advantage of the intrinsic fluorescence of the imines formed upon crosslinking
with GA. By monitoring the fluorescence of the crosslinking bonds and the electrochemical response,
we demonstrate that hydrolysis, a common hydrogel degradation mechanism, is not responsible for the
loss of electrical current over time in gels prepared with glutaraldehyde. Most hydrogel-based
electrochemical biosensor studies do not perform specific experiments to determine the cause of the
degradation and instead just infer it from the dependence of the current on the preparation conditions
(most commonly concentrations). We show that, by taking advantage of several analytical techniques, it
is possible to gain more knowledge about the degradation mechanisms and design better enzymatic

rsc.li/rsc-advances biosensors.

Introduction

Hydrogels are 3D polymeric networks with the remarkable
ability to absorb and retain substantial amounts of water within
their porous structure. These polymeric networks are typically
insoluble and owe their water-absorbing characteristics to the
presence of hydrophilic functional groups such as -OH, -
COOH, and -NH, along their polymer chains. This property
enables them to swell significantly, increasing to more than 10
times their original weight, without dissolving in the process.
Hydrogels exhibit diverse characteristics, leading to various
classification schemes based on their physicochemical attri-
butes. Among these, an important classification depends on the
method of 3D structure formation, distinguishing between
physical and chemical processes." When the crosslinking
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reaction involves the formation of covalent bonds, the resulting
hydrogel is termed a chemical hydrogel. Conversely, if the
crosslinking relies on weaker interactions (e.g. electrostatic or
hydrogen bonds), the hydrogel is classified as a physical
hydrogel.

Incorporating biological molecules, such as enzymes, into
these polymeric matrices confers hydrogels interesting proper-
ties that find utility in applications such as biosensors, drug
delivery, energy conversion and even chemical synthesis. The
combination of hydrogels and enzymes becomes especially
relevant when used in biosensing in complex environments,
such as body fluids, typically for glucose quantification, or in
miniaturized cell culture platforms, where complex media are
used to evaluate the consumption of this analyte for extended
periods. It has been reported that the resulting three-
dimensional polymeric matrices offer properties such as
support and significant increase in surface area, reusability,
biocompatibility, protection from the external environment and
enzyme leaching and the generation of favorable environments
for the optimal functioning of enzymes, among other aspects.>™*
On the other hand, the use of hydrogels in biosensing systems
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presents significant challenges, such as their low mechanical
strength, long-term stability, and reproducibility. These aspects
make their study more difficult due to the inherent complexity
of the systems. In most cases, problems are multifactorial,
which makes it challenging to isolate and resolve them.*®

Polysaccharide-based polymers like chitosan and the poly-
ethyleneimine (PEI) family have been used to prepare enzymatic
hydrogels that display good stability, biocompatibility, surface
area, and sensitivity.®® In the PEI group, the use of branched
polyethyleneimines (BPEIs) holds special significance owing to
the abundant presence of amino groups in their chemical
structure, encompassing 25% primary, 50% secondary, and
25% tertiary amines.® Together with the -NH, groups present in
the tertiary structure of the enzyme, BPEIs offer multiple
bonding sites significantly enhancing network stability.

Dialdehydes and diepoxides have been commonly employed
to carry out chemical crosslinking reactions with the amino
groups present in the structures of polymers and enzymes to
form enzymatic hydrogels. Historically, glutaraldehyde (GA) has
been widely used. However, its use has decreased recently due to
its toxicity and the complexity arising from the multiple forms it
can generate in aqueous solutions.'”'* Today, ethylene glycol
diglycidyl ether (EGDGE) and its longer derivatives (polyEGDGE)
are common crosslinking agents due to their low cost and
innocuity compared to GA. Additionally, the amide bond formed
by the reaction between EGDGE and primary amines under
neutral conditions (pH = 7) has greater stability compared to
the imine bond (Schiff base) formed between GA and primary
amines, which can be hydrolyzed under certain pH condi-
tions."** In general, it has been reported that the characteristics
of the support, as well as the immobilization method and
conditions can have an important effect on enzymatic electro-
chemical biosensors, effectively tuning their selectivity, sensi-
tivity and stability."*" In the case of the enzymatic hydrogels, the
choice of crosslinker will affect the structure and properties of
the electrochemical biosensors so prepared. Frequently, these
first- or second-generation enzymatic biosensors are prepared by
depositing the gels on the electrode surfaces by drop-casting.
Although this electrode modification technique is not one of
the most reproducible ones, its simplicity makes it very
common.” In these systems, the effect of the crosslinker is
usually evaluated only in terms of the electrical current
produced. Typically, studies vary the crosslinker concentration
and find an optimal value that they employ in the rest of the
experiments."®

Fluorescence microscopy is a highly effective imaging tech-
nique that has transformed the field of materials science.
Researchers widely use it as a powerful tool for visualizing and
analyzing the spatial distribution of specific molecules or
structures within hydrogels in a non-invasive and highly precise
manner.” This technique relies on the fluorescence properties
of certain molecules, known as fluorophores, which may be
inherently present in the sample or deliberately introduced. A
diverse selection of fluorescent dyes is available on the market,
offering a broad range of photochemical properties that cover
the UV-visible to near-infrared (NIR) spectrum. These dyes
are ideal for labeling gels, or the molecules being studied
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within them. The most common reaction is toward primary amines
(-NH,) with reactive groups such as isothiocyanates, active esters
and carboxylates. Some of the more relevant fluorophores
include carbocyanines, benzopyrylium dyes, push-pull dyes,
xanthene dyes, difluoroboron (BODIPY) complexes, AIEgens,
and NIR-II dyes. Xanthene dyes are the most popular and widely
used due to their high chemical stability and brightness.
Rhodamine and fluorescein, which emit in the red and green
regions respectively, stand out within this group.*®'® Some types
of gels exhibit intrinsic fluorescence without the need to
incorporate an additional fluorescent dye. These gels are
sometimes referred to as “fluorescent gels”. Intrinsic fluores-
cence often arises due to w-m conjugation of polymer chains or
functional groups that are formed during polymerization. For
example, Deng et al. reported the presence of strong intrinsic
fluorescence of hydrogels based on acrylamide (AAm)/
poly(itaconic acid) (PITAc) which responds to the presence of
metal cations.”® Another common cause of intrinsic fluores-
cence occurs through the formation of Schiff bases in amine-
rich gels in the presence of aldehydes. In this context, Chris-
tadore's group synthesized and analyzed hydrogels polymerized
from lysine and aldehyde-terminated polyethylene glycol mac-
romonomers for their application in cell detection. Using
steady-state spectrofluorimetry and confocal fluorescence
microscopy, they observed a unique fluorescent structure
(Schiff base) within the hydrogel network. This Schiff base
exhibited a relatively significant Stokes shift (65 nm) and a wide
emission bandwidth with maximum excitation at 380 nm and
maximum emission at 445 nm.** Another example of interest is
that of chitosan hydrogels crosslinked with genipin. In this
case, genipin can fluoresce after the crosslinking process,
although the mechanism behind this fluorescence is still
limited in understanding.**** These fluorescent components
within the hydrogel create a remarkable contrast, resulting in
images of exceptional quality. Thus, fluorescence microscopy
allows precise visualization and analysis of critical parameters
such as porosity, degradation, and diffusion of molecules in
these materials.'”**** However, the use of fluorescence micros-
copy in hydrogels has been mainly focused on the investigation
of cell/tissue behavior**>® and drug release,***> which has
contributed significantly to scientific advances in these areas.
In this context, fluorescence microscopy can provide valuable
insights in the study of hydrogel-based electrochemical biosen-
sors. In this study, a comparison of the generated morphological
structures and electrochemical responses in BPEI/GOx-based
first-generation biosensors, using GA and EGDGE as cross-
linking agents, is presented. Despite their limitations due to
oxygen dependence, we chose first-generation biosensors
because they are nevertheless commonly utilized today, and their
simpler composition allowed us to test our proposed method-
ology. The effects of the crosslinker identity and concentration
on the hydrogel-based biosensor performance and stability were
evaluated. Two strategies were used for the fluorescence analysis
either by labeling the gel components or by measuring the gel
intrinsic fluorescence. We took advantage of the fluorescent
nature of the crosslinking bonds when using glutaraldehyde
to assess the state of the gel. The photopolymerization and
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photodegradation processes triggered by exposure to light of
certain wavelengths were characterized. As well, by combining
fluorescence microscopy and electrochemical measurements, we
evaluated whether the signal loss of these first-generation enzy-
matic electrochemical biosensors was due to hydrolysis of the
crosslinking bonds. Generally, studies on hydrogel-based
biosensors focus on improving stability without analyzing the
failure or degradation mechanisms associated with these
devices. A better understanding of these mechanisms, however,
will offer a basis for future improvements.

Materials and methods
Reagents and solutions

Branched poly(ethyleneimine) (BPEI, Mw ~25 000), fluorescein-
5-isothiocyanate (FITC), tetramethylrhodamine-5-
isothiocyanate, G-isomer (TRITC, G-isomer), glucose oxidase
(GOx, Aspergillus niger type X-S; 100 000-250 000 U g~ ), glutar-
aldehyde (GA, 50 wt% in water), and glucose (B-b-glucose
=99.5%) were acquired from Sigma Aldrich (Saint Louis, USA).
Ethylene glycol diglycidyl ether (EGDGE, 100 wt%) was
purchased from Polysciences, Inc (Niles, USA). Ammonia 28—
30% and hydrogen peroxide 30% were purchased from J. T.
Baker (Phillipsburg, USA). A stock solution of phosphate buffer
(PB) 0.1 M pH 7.4, was prepared from KH,PO, (1.14 g/500 mL)
and K,HPO,-12H,0 (10.87 g/500 mL) salts, to achieve a total
concentration of 0.1 M. The solutions were prepared in ultra-
pure water with a resistivity of 18.2 MQ cm from a Merck Mil-
lipore Simplicity UV purification system (Billerica, U.S.A) with
a 0.22 um filter and stored at room temperature.

Fluorescence labeling of glucose oxidase and branched
poly(ethyleneimine)

FITC and TRITC solutions were prepared by dissolving 1 mg of
the fluorophore in 2 mL of 0.1 M disodium hydrogen phosphate
for 10 minutes in a water bath at 25 °C. After that, 2 mL of
enzyme (5 mg mL™') or polymer (10 mg mL ") solution was
mixed with 1 mL of the fluorophore of interest and allowed to
react for 30 minutes avoiding light. The solution was incorpo-
rated into a GE Healthcare PD-10 Sephadex™ G-25 M (Uppsala,
Sweden) chromatographic column following the supplier's
protocol for purification.

Optical and electrochemical cell design

For optical evaluations, glass slides (Henso Labware
Manufacturing Co., Hangzhou, China) and gold-coated glass
slides (deposited as described below) were used. The electro-
chemical cell consists of a drop-based sensing device reported
previously.* Briefly, the chip device contains two polycrystalline
gold electrodes deposited on a glass substrate by e-beam evapo-
ration and the lift-off technique. Electrodes were composed of
two metal layers: 20 nm of titanium to improve the adhesion to
the substrate and 200 nm of gold that will form the electroactive
area. Additionally, an Ag|AgCl wire was added as a pseudo-
reference electrode (RE) to obtain a three-electrode cell
configuration.
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Gel preparation

A cleaning process with RCA-1 solution (ultrapure water,
ammonia and H,0, in a 5:1:1 v/v ratio, respectively) was
carried out for each substrate before modification.** Cross-
linking with EGDGE or GA was used to create enzymatic
hydrogels on the supports. We have previously compared the
use of these two crosslinkers in second-generation biosen-
sors.*** In this case, however, a first-generation system was
preferred to avoid fluorescence quenching by the transition
metals in the mediators. Solutions of 10 mg mL ' BPEI in
ultrapure water and 5 mg mL~ ' GOx in 0.1 M pH 7.4 phosphate
buffer (PB) were prepared and mixed in a 3.3:1 v/v ratio,
respectively. Fresh solutions of EGDGE and GA crosslinkers
were added to the BPEI/GOx mixture, to obtain a final concen-
tration range from 3.33 to 33.3 mM. Immediately, a 0.15 pL
aliquot was taken with a 0.1-2.5 uL micropipette and deposited
by drop-casting on each surface to be evaluated. The solution
was allowed to dry for 20 min at 30 °C to get the desired
hydrogels and was subsequently, if applicable, rinsed with
ultrapure water to remove the excess.

Additionally, a procedure was designed to obtain free-
standing gel samples for evaluations of the swelling process
without a support and infra-red (IR) spectroscopy. To this end, 2
and 5 pL aliquots of these hydrogels were deposited on a fluori-
nated ethylene propylene (FEP) film and detached after drying.

Optical evaluations

For optical experiments, a Nikon Eclipse Ti-U inverted micro-
scope (Melville, USA), coupled with a QImaging OptiMOS
camera (Surrey, Canada) controlled by the Ocular software, was
employed to conduct the assessment of crosslinked hydrogels.
The illumination source utilized was a Lumen Dynamics
(Ottawa, Canada) 200 W mercury arc lamp with a spectrum
between 340-800 nm. All acquired images were subjected to
analysis using the Image] software (version 1.52a) with the Fiji
processing package.** Fluorescence and bright-field micro-
graphs were captured to evaluate the physical changes before
and after the swelling process in each system. To evaluate the
expansion in the XY plane upon gel swelling, the outlines of the
regions covered by the gels were defined and the area within
such regions calculated. The ratio of the area after swelling to
the one before swelling was used to calculate the expansion
percentage. A white light (brightfield) set and three fluorescence
filter sets (Chroma, Bellows Falls, USA), described in Table 1,
were used. To enhance clarity, these were referred to as UV,
blue, and green light, corresponding to their respective excita-
tion wavelengths. Images were acquired using a 4x objective.
Exposure times of 10 ms were employed for bright-field images,
while fluorescence images were obtained with exposure times of
50 and 500 ms. BPEI/GOx hydrogels were crosslinked with
different concentrations of EGDGE or GA on glass or gold
surfaces. Additionally, EGDGE-based hydrogels were fluo-
rescently labeled with the procedure mentioned above to eval-
uate their morphology.

Electronic absorption spectra (UV-vis) were obtained using
a Hach (Loveland, USA) DR 6000 spectrophotometer.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Chroma filters used for fluorescence imaging

Light Set number Excitation filter Emission filter
uv 39000 361-389 nm 435-485 nm
Blue 49002 450-490 nm 500-550 nm
Green 49005 530-560 nm 590-650 nm

Fluorescence spectra were performed using an Agilent Tech-
nologies (Santa Clara, USA) Cary Eclipse fluorescence spectro-
photometer, using a quartz cell with a path length of 1 cm. For
both analyses, a 1:1 dilution of the BPEI/GOX/GA reaction
mixture (using 33.3 mM GA) and 0.1 M PB pH 7.4 was prepared.
Before analysis, this mixture was allowed to react for 2 days to
allow the higher molecular weight aggregates formed by cross-
linking to precipitate.

Electrochemical evaluations

For electrochemical evaluations, BPEI/GOx/GA and BPEI/GOx/
EGDGE hydrogels were deposited on gold electrodes as
described in the “Gel Preparation” section above. Glucose
solutions with 0-10 mM concentration in 0.1 M PB pH 7.4 were
prepared. Solutions were stored at 2-8 °C for 24 h so that the
anomeric carbohydrate mixture reached equilibrium.?” First,
cyclic voltammetry (CV) was carried out in 0.1 M PB pH 7.4
containing 10 mM H,0,, applying potentials from —0.1 to
+0.55 V vs. pseudo-Ag|AgCl, to detect H,O, oxidation on gold
surfaces. Next, the working electrode (WE) was modified with
0.15 pL BPEI/GOx hydrogels crosslinked with different degrees
of EGDGE or GA. A 35 pL drop of the solution to be evaluated
was placed so that the three electrodes were in contact. Elec-
trochemical evaluations were made by chronoamperometry
following the H,O, oxidation produced by the enzymatic
oxidation of glucose. In this case, a potential step was applied
from the open circuit potential to the anodic peak potential
determined in the previous CVs. The electrochemical responses
were obtained by plotting the current at two minutes vs. the
glucose concentration.

Profilometry

Contact profilometry measurements were performed on the
EGDGE and GA crosslinked gels before the swelling process, to
assess surface morphology. A Veeco Dektak® 6M profilometer
(Plainview, USA) was used, applying a measurement force of 1 mg.

IR analysis

The IR spectra of GOx, BPEI, and crosslinked gels with
a concentration of 33.3 mM GA were analyzed before and after
exposure to green light for 15 minutes. Additionally, a hydrogel
exposed to 10 mM NaBH, for 2 h was also analyzed, to study the
reduction of the C=N group resulting from the crosslinking
reaction. All analyses were carried out using a Shimadzu (Kyoto,
Japan) IRAffinity-1S spectrophotometer equipped with the ATR
accessory. Scans were performed in a spectral range of 4000-
650 cm ' with a wavenumber resolution of 2 em ' and an
average of 45 scans per measurement.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Morphological characterization of hydrogels

In this section, we present bright-field and fluorescence evalu-
ations of hydrogels crosslinked with EGDGE or GA on glass
surfaces, which were selected to avoid the fluorescence
quenching issues that gold surfaces can generate. The results
assess the effect of different crosslinker concentrations on the
morphologies/structures and component distribution in the
hydrogels, utilizing two different fluorescence strategies: (I)
using fluorophores for hydrogels crosslinked with EGDGE, or
(I1) exploiting intrinsic fluorescence due to imine formation
when GA is used.

Fig. 1 shows brightfield and fluorescence images of hydro-
gels, with diameter between 1-2 mm. Notably, brightfield
images reveal a discernible peripheral ring surrounding the
hydrogel droplets. Profilometry analysis confirms that this ring
exhibits greater thickness compared to the central region of the
droplet (Fig. S1, ESIT). This phenomenon, known as the “coffee-
ring effect”, is a well-documented characteristic of the drop-
casting technique attributed to drying kinetics.*®*® For EGDGE
gels, variations in crosslinker concentration have limited
impact on the height of the rings. However, the central region
experiences a significant increase in thickness at the highest
concentration. Therefore, at the highest concentration, both the
ring and the central region exhibit comparable heights,
rendering the ring nearly imperceptible in the profilometry
(Fig. S1c, ESIT). At the low and middle concentrations (Fig. Sla
and b, ESIt), some spikes are seen in the central region, with
heights almost an order of magnitude greater than their
surroundings.

Hydrogels prepared using EGDGE as a crosslinker were
labeled with fluorescent dyes. Green-emitting FITC and red-
emitting TRITC were employed to modify the GOx and BPEI
respectively. Fig. 2 shows the profilometry and fluorescence of
both channels across the same line (dashed line in Fig. 1a and
d) of a gel prepared with 3.33 mM EGDGE. The general shape of
the fluorescence signals clearly resembles the profilometry,
being more intense in the ring than in the central region. This
can easily be understood, since a thicker gel would have more
fluorescent molecules and therefore higher intensity. The cor-
responding fluorescence image (Fig. 1d), shows a slight segre-
gation between the enzyme, with a higher contribution in the
ring, and the polymer with a larger relative contribution
observed in the center of the drop. As well, some regions of
localized high intensity (usually termed “hot spots”) are
observed. Some of these hot spots appear yellow in the image
indicating the presence of both enzyme and polymer and are
localized preferentially closer to the ring. These are probably
aggregates that form during the gelation of the reaction
mixture. There is another type of hot spots that fluoresce pref-
erentially in the red channel. These are aggregates containing
mainly polymer and are probably formed in the polymer solu-
tion before the reaction mixture preparation. As the EGDGE
concentration increases (Fig. 1e), the segregation and the
number of these aggregates increase. At the highest EGDGE
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GA
Brightfield Intrinsic fluorescence

(crosslinking bonds)

Fig.1 Brightfield (a—c, g—i) and fluorescence (d—f, j—1) images of hydrogels prepared with EGDGE (a—f) and GA at concentrations of 3.33 mM (a,
d, gandj), 16.65 mM (b, e, h and k) and 33.3 mM (c, f, i and |) and deposited on a glass slide. Fluorescence images for EGDGE gels corresponds to
green-labelled GOx and red-labelled BPEI, whereas for GA gels it corresponds to the intrinsic fluorescence of the crosslinking bonds. The lookup
table of each image has been adjusted to show proper contrast and therefore intensities cannot be compared among them. Dashed lines refer to

the location of the profiles shown in Fig. 2.
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Fig. 2 Profilometries (a and c) and fluorescence intensities (b and d) of hydrogels prepared with 3.33 mM EGDGE (a and b) and GA (c and d)

deposited on a glass slide, recorded across the dashed lines in Fig. 1.

concentration (Fig. 1f), high segregation is observed, not only
between the ring and the central regions but also in the
different parts of the central region. Some parts are clearly
dominated by the enzyme fluorescence while others present
almost exclusively the signal corresponding to the labeled
polymer. This might be created because, at high crosslinker

9518 | RSC Adv, 2024, 14, 9514-9528

concentrations, the reaction takes place more quickly not
allowing for a homogeneous distribution of the components in
the reaction mixture.

Furthermore, bright-field images reveal blister-like features in
the central region of the low-concentration EGDGE gels. Profil-
ometry (Fig. 2a) confirms that these features are convex and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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significantly higher than their surroundings, even exceeding the
height of the ring. However, there is no corresponding increase
in fluorescence, indicating that they are not simply thicker gel
regions. Additionally, applying sufficient force during profilometry
punctures these structures and releases fluid. Therefore, we
conclude that these are thin hydrogel membranes that detach
from the glass, forming what we call “reservoirs” and their
frequency decreases as the crosslinker concentration increases. As
we will discuss below, the presence of these reservoirs might be
related to the deposit stability.

In contrast, analysis of the brightfield and fluorescence
images in GA-based gels (Fig. 1g-1) revealed intrinsic fluores-
cence without the need for dyes. This fluorescence is associated
with imine bond (Schiff base) formation during the crosslinking
process between amino and aldehyde groups,**** that will be
discussed further in subsequent sections. Due to this intrinsic
fluorescence interfering with FITC and TRITC fluorescence,
a similar strategy as in EGDGE gels could not be employed to
evaluate segregation. Instead, fluorescence images in this section
depict the spatial distribution of crosslinking bonds.

Compared with EGDGE-based gels, brightfield images of gels
prepared with GA (Fig. 1g-i) present a more homogeneous
structure. In Fig. 2c and d it can be observed that the intrinsic
fluorescence more closely resembles the profilometry across
a given line. This suggests that the fluorescing crosslinking
bonds are homogeneously distributed across the hydrogel
volume. Profilometry on the gels prepared with the three
different tested GA concentrations shows an increasing hetero-
geneity in the central region as the concentration increases
(Fig. S1d-ff). Similar to what was observed with EGDGE, the
highest concentration yields gels with thicker central regions.
This is clearly evidenced in the reduced contrast between the ring
and the central regions in the fluorescence images of the highest
concentration compared with the lowest one (Fig. 11 and j

EGDGE
Dehydrated state

Glass

Gold

500 pm
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respectively). However, the increase in fluorescence is not simply
proportional to the thickness of the hydrogel. For example, using
both the fluorescence images and the profilometry, a ratio of 0.67
fluorescence a.u. nm™" of thickness could be calculated on
average for a 3.33 mM gel. In contrast, a similar calculation yields
a ratio of 1.23 fluorescence a.u. nm ™" of thickness for a 33.3 mM
gel. This shows that, besides being thicker, hydrogels prepared
with higher GA concentrations present more crosslinking bonds
per unit volume of gel. As well, a change in morphology can be
clearly observed in the brightfield images. The 3.33 mM GA
concentration yields a relatively homogeneous structure with
a few blister-like “reservoir” structures, but significantly smaller
than in EGDGE gels. The 16.6 mM concentration, on the other
hand, presents a striated structure. Finally, the highest concen-
tration consistently produces gels of smaller diameter regardless
of the use of the same deposition volume. These gels block the
light transmission in the brightfield images significantly more
than the two other concentrations, therefore appearing darker.
Also, in GA-based gels, the fluorescent hot spots are significantly
higher than in the EGDGE case (Fig. 2¢ and d). This might be
caused by the faster kinetics of the crosslinking reaction when
using GA compared to EGDGE. Therefore, larger aggregates can
form in the reaction mixture.

Swelling process characterization

Swelling is one of the main processes of hydrogels. When
immobilized, however, the large increase in volume can,
produce strains that affect the gel integrity and stability. There-
fore, in this section we evaluate how the swelling process affects
our systems. Initially, hydrogels based on EGDGE and GA were
deposited separately onto glass and gold surfaces to assess the
influence of each surface on swelling behavior. Water absorption
induced morphological changes in hydrogels placed on glass
surfaces, causing deformations in both gel types. Notably,

GA
Dehydrated state

Swollen state

Fig. 3 Stability analysis of hydrogels upon swelling with buffer solution. Bright-field micrographs of BPEI/GOx hydrogels crosslinked with
33.3 MM EGDGE (a, b, e and f) and GA (c, d, g and h), before (a, ¢, e and g) and after (b, f, d and h) swelling on glass (a—d) and gold (e—h) surfaces.
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EGDGE-based gels exhibited more significant deformations,
particularly in the ring region, yielding folding and creasing
structures (Fig. 3a-d). These structural deformations are typical
failure modes in soft materials when exposed to fluids. Their
magnitude depends on the tension-compression effects gener-
ated during swelling and the polymer chains' resilience to revert
to their original state.*>** Substantial swelling, particularly when
the gel has adhered to a rigid surface, leads to non-uniform
deformations, favoring distortions in areas with weaker surface
attachment. Real-time assessments of a GA-based hydrogel
swelling (Video S1, ESIT) provided evidence of this phenomenon.
The higher swelling observed for EGDGE gels agrees with liter-
ature. For example, the use of EGDGE as a crosslinker for
a,B-polyaspartahydrazide has been reported to present a higher
swelling compared to similar gels prepared with GA.*> This
difference has been rationalized in terms of the more hydro-
philic nature of the EGDGE. As well, EGDGE is about twice as
long as GA. Longer crosslinkers have been shown to contribute
to a larger mesh size, lower crosslinking density and increased
swelling.*** The observed failure mechanisms of the hydrogels
deposited on glass might be related to the poor bonding between
the gel and the glass surface. In contrast, when gels were
deposited on gold surfaces, minimal changes were observed in
their structures upon exposure to buffer solution (Fig. 3e-h).
This could be attributed to enhanced interactions resulting from
electrostatic and coordination bonds facilitated by the chelating
properties of BPEL**~>°

The adhesion of both gel types to various surfaces directly
affected their stability. Stability tests were conducted on glass
and gold surfaces, with gels exposed to 0.1 M PB at pH 7.4 for 15
and 30 days, as summarized in Table S1.F Results demonstrated
more detachment in EGDGE-based gels compared to GA-based
gels on both surfaces. This shows that, despite ether bonds
being in general more stable than imine bonds, other factors
(e.g- the observed “reservoirs” where gel is not adhered) reduce
the stability of gels crosslinked with EGDGE. As well, hydrogels
deposited on gold surfaces presented less adhesion failures
compared to ones deposited on glass.

Subsequently, a more relevant system for electrochemical
assessments was employed. Gels were deposited onto working
electrodes (WE), consisting of gold structures on glass
substrates, to account for the combined surface effects. Under
these conditions, changes in morphology due to swelling were
again observed, as evidenced in the previous evaluation for each
type of surface. There was an expansion in the XY plane of 13.49
=+ 7.83% and 0.30 £ 0.12% for representative gels (n = 3) based
on 33.3 mM EGDGE and GA, respectively. Fig. 4a—f shows that
with increasing EGDGE concentration, swelling led to a higher
number of folds, particularly in regions in contact with glass.
The reason behind this trend could be attributed to the epoxy
crosslinking reaction products and their ability to absorb
water.>»*> However, this effect could compromise gel mechan-
ical properties, as observed at medium and high concentra-
tions, resulting in significant structural damage after swelling
(Fig. S2, ESIT). For GA-based gels, the degree of crosslinking has
been inversely linked to swelling.>® Higher GA concentrations
lead to reduced water retention within the gel. Fig. 4g-1
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16.65 mM

Fig. 4 Influence of EGDGE and GA concentration on the morphology
and water absorption of gels formed from BPEI/GOx and deposited on
Au/glass surfaces. Gels crosslinked with EGDGE (a—c) and GA (g-i) in
their dehydrated state, and after hydration with ultrapure water (d—f
and j-1).

illustrates how our gels behave accordingly, where medium and
high concentrations showed no significant structural changes,
despite the medium concentration gel partially peeling off the
glass surface. In contrast, gels with the lowest concentration
exhibited partial dissolution, as evidenced by the presence of
material on the counter electrode (left) after the swelling.
Overall, GA-gels exhibited greater stability compared to EGDGE-
gels. These findings agree with the observations of Collins and
Birkinshaw® when exploring various crosslinkers for hyalur-
onic acid/polyethyleneimine-based gel formation. Among the
five evaluated crosslinkers, GA and polyEGDGE stood out, with
GA yielding more stable structures than polyEGDGE.

Similarly, both gels were evaluated for their swelling process
when unsupported by immersing free-standing gels in the
buffer solution. Images of the gels were taken after they were
hydrated for an hour using 0.1 M PB pH 7.4. The physical
changes resulting from the swelling process are shown in
Fig. S3 (ESI).t The EGDGE-based gels showed remarkable
degradation due to the presence of polar functional groups
(amines, alcohols, ethers). Besides a few pieces on the surface,
the solution appeared clear, suggesting complete dissolution or
very small aggregate size. On the other hand, the GA-based gel
with the lowest concentration exhibited partial dissolution
when the concentration of the crosslinker is reduced signifi-
cantly. Compared to the EGDGE gels, however, more aggregates
were visible and the solution was turbid, indicating a larger
aggregate size. The gels prepared with medium and high
concentrations of GA showed considerable swelling compared
to their dry state. These GA-based gels were recovered from the
tubes and weighed to compare the hydrated mass with the dry
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mass. Upon swelling, the mass increase was 15.1, 14.4 and 2.6
times for 33.3, 16.65 and 3.33 mM GA. Despite increasing the
hydrophobicity, crosslinking with glutaraldehyde allows to
maintain the gel physical integrity resulting in a larger hydrated
mass. In general, these results show lower stability compared
with adhered hydrogels, demonstrating that stability is greatly
influenced by attachment, particularly on gold surfaces. Bonds
formed between the gel and surface restricted gel swelling in the
XY plane, functioning as anchor points that limited the gel
dissolution in most cases.

Overall, the performed hydrogel characterization showed
that crosslinker identity and concentration influences the
morphology, stability, and attachment of the gel to solid
surfaces. Since in electrochemical biosensors these gels need to
be immobilized on the electrode surface, it is expected that the
observed differences will affect the performance of the biosen-
sors. More crosslinking, for example, is expected to result in
more immobilized enzyme. As well, gel disintegration or
detachment will translate into a loss of signal. Therefore, the
next section presents the analytical performance of gels
prepared with the same compositions tested above.

Influence of crosslinker concentration and nature on the
electrochemical response

The effect of the concentration and type of crosslinker on the
electrochemical response of biosensors was investigated. The
current vs. concentration calibration curves are discussed first,
followed by the enzyme kinetic parameters extracted from
them. Finally, analytical figures of merit are compared between
the different compositions to decide on the most suitable for
the following steps.

Chronoamperometric measurements were carried out at
0.4 V vs. Ag|AgCl, previously selected for H,O, oxidation in
cyclic voltammetry. The amperometric response was measured
as a function of the glucose concentration between 0 and
10 mM. The current densities recorded at 2 min are shown in
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the calibration curves in Fig. 5. The electrochemical response
of the EGDGE-based hydrogels (Fig. 5a) shows that higher
EGDGE concentrations produce higher current densities. This
implies that the amount of immobilized enzyme in the gels
depends on the EGDGE concentration and is the predominant
factor in the electrochemical response, as reported by other
authors.”*® In simpler terms, an increase in crosslinker
concentration leads to greater retention of GOx in the gel,
resulting in higher production of H,O, and a consequent
increase in current.

In comparison, GA-based gels (Fig. 5b) did not follow the
trend observed with EGDGE. In this case, the middle concen-
tration produced the highest current density. As discussed above
in the fluorescence/profilometry characterization, a higher
concentration of GA results in a higher number of crosslinking
bonds per unit volume. This can create highly compact three-
dimensional networks at high concentrations, which can affect
the electrochemical response. At lower and medium concentra-
tions, mass transport through the gels is not impeded signifi-
cantly. Hence, the amount of immobilized enzyme in the gel
(proportional to the GA concentration) could be the determining
factor, as in the case of EGDGE-based gels, yielding the lowest
current for the lowest concentration and a higher current for the
medium concentration. However, this trend breaks when evalu-
ating the gel with the highest concentration of GA. For this
concentration, we hypothesize that a tenfold increase in GA
concentration reduces the mesh size enough to affect the mass
transport of glucose through the gel. This limitation leads to
a decrease in the current. Additionally, another factor that might
contribute to the reduction in current is the potential alteration
of the enzyme structure due to the high GA concentration,>”*
compromising its catalytic activity and thereby affecting the
biosensor's response. Nevertheless, given the high complexity of
the systems evaluated in this study, it would not be appropriate to
attribute these effects to a single cause, as multiple phenomena
could be concurrently influencing the measured signals.
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Fig.5 Glucose calibration curves (n = 3) of crosslinked gels with different concentrations of EGDGE (a) and GA (b) in 0.1 M PB pH 7.4. The dashed
lines in the graph represent the non-linear fit for the apparent Michaelis—Menten constant (KgtF) and the maximum current density (Jmax)

calculation.
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Michaelis—Menten constants (K3PP) determined for crosslinked gels
with different concentrations of EGDGE and GA.

The catalytic activity of immobilized GOx within the gels was
assessed using the Michaelis-Menten equation.*® In enzymatic
electrochemical biosensors, it is possible to approach enzy-
matic kinetics by correlating the current density (J) with the
substrate concentration, as the number of electrons transferred
to the electrode is proportional to the number of molecules
produced by the enzymatic reaction. This leads to the deter-
mination of an apparent Michaelis-Menten constant (K;;P) and
a maximum current density (/max). These parameters were
estimated by a non-linear fit using the data from the calibration
curves after subtracting the current of the blank (without
glucose). The Ji,ax and KiEP values for EGDGE and GA-based gels
are presented in Fig. 6a and b, respectively and in Table S2
(ESI).T Jmax values show, in general, the trend discussed above
for the currents. KiFP values show a clear inverse dependence
with the EGDGE concentration, starting at ~13.5 mM for the
lowest crosslinker content and decreasing to ~1.5 mM for the
gel with the most concentrated EGDGE. In all cases, KPP values
are lower than the K, values reported for free GOx (26-30 mM).
It has been reported that, upon immobilization, GOx presents
a lower KiPP.* This difference is because KPP does not only
reflect enzyme kinetics but is also influenced by other factors,
such as substrate partition and diffusion through the polymeric
network, oxygen concentration, or even conformational
changes. The reduction in Ki}® values with increasing EGDGE
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concentration is likely caused by substrate preconcentration
within the gel resulting from partition equilibria®* as the
chemical environment changes with the degree of crosslinking.
In contrast, gels crosslinked with GA present a low value of
Ki¥P even at the lowest concentration. This reflects the higher
crosslinking present using this molecule. In fact, a slight
increase in KiEP can be observed at the highest GA concentra-
tion, as expected for a system where diffusion of the substrate is
noticeably impeded.

Finally, Table 2 compares the analytical figures of merit for
the different concentrations of EGDGE and GA-based gels. The
highest concentration of both gels achieved the best stability
losing only ~23% of its initial J,.x. The observed similarity
between the two crosslinkers contrasts with the poorer struc-
tural stability for EGDGE gels discussed in the previous
section. This discrepancy can be attributed to the duration of
the experiments, during which the hydrogels were immersed in
the solution for only 2 h (equivalent to 3 consecutive calibra-
tion curves), in contrast to the measurement period of 15 and
30 days for the structural stability evaluation on glass and gold
surfaces independently. The performance of 33.3 mM EGDGE
gels surpassed the other two concentrations of EGDGE-based
gels, exhibiting the best LOD (0.11 mM) and LOQ (0.39 mM)
values, along with a sensitivity of 10.76 uA cm®> mM ™', For GA-
crosslinked gels, the highest concentration demonstrated the
greatest stability. However, both LOD and LOQ were impacted,
presenting higher values compared to the lower and medium
concentrations. On the other hand, the gel with the medium
GA concentration displayed the best analytical performance,
with values of 0.03 mM and 0.12 mM for LOD and LOQ,
respectively. Despite this, its stability and linear range were
compromised, losing 57.88% of its initial Ji,,x and limiting its
linear range between 0-1 mM. The linear range of most of the
prepared hydrogels is not sufficiently large for common
glucose sensing applications (e.g. blood). Nevertheless, this is
a frequent consequence of GOx immobilization that has been
solved industrially by incorporating diffusion-limiting
membranes.® The electrochemical behavior and stability of
the highest concentrations of both crosslinkers (33.3 mM)
suggests that they could be considered promising options to be
evaluated and even integrated into glucose detection systems
in the future. Overall, however, GA-based gels show more
mechanical stability on the electrode surfaces. Therefore, in
the following sections, we limit the study to these hydrogels.

Table 2 Analytical parameters of crosslinked gels with different concentrations of GA and EGDGE evaluated in 0.1 M PB pH 7.4

Sensitivity
Gel Linear range (mM) R* LOD (mM) LOQ (mM) Stability” (%) (MA em®* mM ™)
BPEI/GOX/GA 3.33 mM 0-2.5 0.96 0.06 0.21 57.17 14.05
BPEI/GOx/GA 16.65 mM 0-1 0.96 0.03 0.12 57.88 28.96
BPEI/GOx/GA 33.3 mM 0-2.5 0.96 0.39 1.32 23.27 14.50
BPEI/GOX/EGDGE 3.33 mM 0-10 0.98 1.51 5.04 49.13 1.12
BPEI/GOX/EDGGE 16.65 mM 0-2.5 0.98 0.60 2.03 39.09 3.96
BPEI/GOx/EGDGE 33.3 mM 0-2.5 0.95 0.11 0.39 23.39 10.76

“ Stability is reported as the percentage loss from the initial J,,.x after three calibration curves.
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This also means that all the following fluorescence images
correspond to intrinsic hydrogel fluorescence and not to
labeled components.

Characterization of the intrinsic fluorescence of GA-based gels

To characterize the intrinsic fluorescence of GA-based hydro-
gels, we initially conducted electronic absorption (UV-vis)
spectroscopy on the reaction mixture to identify potential
excitation wavelengths for the fluorophore. Fig. S4at shows
that the absorption spectrum presents maxima at 325, 423,
536, and 644 nm. Subsequently, fluorescence excitation and
emission spectra were acquired in each of these regions,
except for the shortest wavelength, where no significant
emission was detected. Fig. S4b-df show the normalized
excitation and emission spectra, alongside the fluorescence
filter set employed, if applicable. Excitation maxima were
observed at 466, 540 and 647 nm, corresponding to emission
maxima at 500, 559 and 663 nm, respectively. The relative
intensity of these three fluorescence signals was determined
to be 1:13.2:4.2, with the most intense signal closely
matching the fluorescence observed by Ling et al. in BPEI-GA
nanoparticles.*" Therefore, we used the fluorescence signal
characterized by green excitation and red emission signal
(Aexe = 540 nm, Aey, = 559 nm) for all subsequent gel cross-
linking characterizations with GA.

After characterizing the fluorescence signals, we investigated
the possible effect on crosslinking bonds by illuminating them
with light of different wavelengths, using UV, blue or green
excitation filters. The reader needs to take into account and
distinguish that each captured image presents two stages of
illumination: (I) excitation with green light (Aexe = 540 nm, Aepy
= 559 nm), which is essential for capturing images before and
after exposure to the different wavelengths, and (II) the
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additional illumination, whose effect we want to explore and
which can be UV, blue or green.

Fig. 7a shows the base fluorescence intensity (blank) of
a fresh hydrogel crosslinked with 33.3 mM GA, while Fig. 7b
presents a similar image after exposing small regions (approx-
imately 130 pm in diameter) with green (left), blue (center) and
UV (right) lights for 15 minutes. This image shows that the area
exposed to blue light does not present changes in fluorescence
intensity compared to the surrounding (unexposed) areas. In
contrast, the areas exposed to green and UV light presented
a decrease and an increase in fluorescence intensity, respec-
tively. The change in fluorescence intensity can best be observed
by dividing the intensity after exposure by the intensity before
exposure (Fig. 7c and d).

To better understand these processes, two freshly prepared
hydrogels were irradiated with UV or green light, recording
images every minute. Fig. 7e (filled circles) shows that, when
irradiated with green light, the fluorescence intensity
decreased. This change can be appropriately described by
a monoexponential decay (R> = 0.9680), with a decay time
constant 1.97 min associated with a photobleaching
process and possibly with a degradation of the bonds formed
during crosslinking. In contrast, the hydrogel irradiated with
UV light (Fig. 7e, filled triangles) started at a comparable
intensity but showed a 5.4-fold increase in fluorescence after
being exposed for 20 min. After reaching this maximum,
further exposure to UV light caused a decrease in the fluores-
cence intensity so that after a total exposure time of 60 min, the
intensity decreased by 41% with respect to the maximum. We
hypothesized, that the decrease in fluorescence could be
caused by the inevitable exposure to green light necessary to
perform the measurements (5 s per measurement). To confirm
this hypothesis, the experiment was repeated in a fresh
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Fig. 7 Effect of exposure to light of different wavelength on the red fluorescence of hydrogels crosslinked with 33.3 mM GA. (a and b) Fluo-
rescence micrographs of a hydrogel (a) before and (b) after exposure of selected regions to green (left), blue (center) and UV light (right). (c)
Normalized fluorescence image obtained by dividing (b) by (a). (d) Intensity profile at the dashed line in subfigure (c). (e) Red fluorescence
intensity variation when exposed to green (circles) or UV light (triangles and squares). Solid lines in circles correspond to nonlinear fitting to

mono- and bi-exponential decays, respectively.
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hydrogel reducing the measurement frequency to once every
two minutes (Fig. 7e, squares). Indeed, a similar increase was
initially observed but the decay after the maximum was pro-
portionally slower, losing only 22% of the maximum intensity
at 60 min of total exposure.

Old hydrogels (several months since their preparation) were
also exposed to green or UV light under the same conditions as
the freshly prepared hydrogels (Fig. 7e, open symbols). We
observed an initial intensity 5.8 times higher compared with the
initial fluorescence of the fresh gels, and comparable to the
maximum fluorescence achieved on the fresh gels. Upon illu-
mination with green light, we observed a decrease in intensity
that was not appropriately described by a monoexponential
decay (Fig. 7e, open circles). Instead, a biexponential decay was
required (R* = 0.9997) with 7, = 2.83 min and 7, = 15.74 min.
This behavior is frequently found in photobleaching curves and
is generally explained in terms of the presence of two pop-
ulations of fluorophores with two different photodegradation
rates.®* These results suggest that the environment gets more
complex as the crosslinking reaction proceeds. When exposing
the old hydrogel to UV light, no corresponding increase in
fluorescence intensity is observed (Fig. 7e, open triangles).
Instead, a slow decrease is observed, which can be attributed to
the exposure to green light during measurements as discussed
above for the fresh gels.

Considering all the evidence, then, we suggest that the
exposure to UV light increases the energy of the reaction
mixture promoting the formation of the fluorescent cross-
linking bonds. In fresh hydrogels, even after the initial drying
time, the crosslinking reaction has not reached completeness.
Therefore, the effect of UV light is easily observed. In old
hydrogels, complete crosslinking has taken place. This is evi-
denced by both the observed high fluorescence intensity and
the absence of an increase in fluorescence when exposed to UV
light. These results show the usefulness of monitoring the
Schiff base fluorescence to assess the progress of the cross-
linking reaction between amines and GA. Furthermore, these
results suggest that, in the absence of UV light, the same levels
of fluorescence (and therefore degree of crosslinking) can be
attained given that enough time is given for the crosslinking
reaction to reach completion. As well, results show that UV
light can be employed to reduce the drying/reaction time for
electrode modification. This can be of relevance in the indus-
trial manufacturing of this type of electrodes.

On the other hand, when hydrogels are irradiated with green
light, the excitation of the fluorophore moieties results in their
degradation through photobleaching. Interestingly, it has been
reported that Schiff bases can degrade through hydrolysis when
exposed to UV light.®> We think that this discrepancy can be
explained in terms of the absorption properties of the different
Schiff bases. While most of the reported ones absorb in the UV
or violet range,*"**** the main excitation of the fluorophores in
our gels takes place in the green region of the spectrum. Similar
behavior has been observed by Ling et al. in nanoparticles
formed by PEI and GA.** Therefore, the main photodegradation
of the fluorophore takes place when exposed to green light
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instead of UV. It is this characteristic of the gels that allows UV
light to enhance crosslinking without damaging them.

As a result of these experiments, we assumed the degra-
dation upon exposure to green light to be caused by the
rupture of the imine bond (Schiff base). To test this hypoth-
esis, ATR-IR spectra were acquired. Peaks observed in the ATR-
IR spectrum of GOx and BPEI (Fig. 8, curves a and b, respec-
tively) at 3361 and 3280 cm ' are attributed to the N-H
stretching of primary and secondary amines.*>** When the
hydrogel is formed (Fig. 8, curve c), these peaks change from
a sharp form to a wider peak, due to the OH groups produced
in the crosslinking reaction and the presence of absorbed
water. The peak present at 1525 cm ™' in the GOx and BPEI
spectra, was attributed to the N-H bending vibrations of
primary and secondary amines. When the GA-based hydrogel
is formed, this peak disappears and a new peak is observed at
1566 cm ™. This peak was associated with C=N stretching of
the imine formed by the reaction between GA and primary
amines. This assignment was confirmed by the disappearance
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Fig. 8 FT-IR spectra of GOx (a), BPEI (b), hydrogels crosslinked with
33.3 mM GA before (c) and after (d) exposure to green light for 15
minutes and of a hydrogel exposed to 10 mM of NaBH,4 for 2 h (e).
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Fig. 9 Simultaneous evaluation of the electrochemical response (a)
and fluorescence (b) of crosslinked gels with 33.3 mM GA exposed to
light of different wavelength. All evaluations were performed in 0.1 M
PB pH 7.4. Each electrochemical (EC) evaluation represents a calibra-
tion curve with a glucose concentration range from 0 to 10 mM.
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of the peak at 1566 cm ™!, when the GA-based hydrogel was
immersed in a 10 mM NaBH, solution for 2 h, to reduce the
imine groups (Fig. 8, curve e).** However, when analyzing the
ATR-IR spectrum of the hydrogel degraded with green light
(Fig. 8, curve d), there is no decrease or absence of the peak at
1566 cm ™, indicating that there was no breaking or degra-
dation of the C=N bond. These results suggest that the fluo-
rophore in these gels is more complex than often described in
the literature. All the authors who crosslink glutaraldehyde
with amine-containing molecules (such as GOx and/or BPEI)
directly attribute the fluorescence to the Schiff base.*>>%%
However, the Schiff base could be a part of a larger fluorophore
and not the fluorophore by itself. It is known that GA can form
at least ten different forms in solution, some of them cyclic or
polymeric.™ It is possible that some of these forms, together
with the Schiff base, form a larger fluorophore. This could also
explain why the absorbance and emission wavelengths are
significantly red-shifted compared to similar systems prepared
with simpler aldehydes.**

Fluorescence monitoring of gel degradation during
electrochemical tests

Finally, 33.3 mM GA-based gels were evaluated both in terms of
their electrochemistry (via calibration curves as described
above) and fluorescence signals. As stated above, hydrolysis is
a known degradation mechanism for hydrogels crosslinked
with imime-based chemistry.”*”> By comparing the fluorescence
of the crosslinking bonds and the electric current from peroxide
oxidation, it is possible to assess whether the loss of electro-
chemical signal is due to this hydrolysis. Gels were prepared
under different conditions: a gel was kept in the dark while two
others were exposed to UV or green light for 15 minutes after the
drying step and before the initial rinse. Fig. 9a shows the results
of the electrochemical response, where the gel kept in the dark
initially recorded the highest current density, followed by the
gels exposed to UV light and green light, with values of J.x =
48.79, 31.67 and 15.79 pA cm 2, respectively. In the second
electrochemical evaluation (EC 2), it was observed that all the
gels displayed a significant decrease in current, losing more
than 50% of their initial /i,y In the subsequent third evaluation
(EC 3), an even more substantial signal decrease was observed,
exceeding 90% of the initial current density. In the fluorescence
evaluations (Fig. 9b), the 15 minutes exposures produced
changes resembling what was described in the previous section.
After the hydration/swelling process that takes place during the
rinsing step, all the gels showed an increase in fluorescence
intensity. This change could derive from the change in the
refractive index of the medium (0.1 M PB pH 7.4 vs. air). As well,
any possible self-quenching due to the proximity of fluo-
rophores can decrease due to the longer separation between
fluorophore molecules in the hydrated state compared to the
dehydrated state. The swelling process then magnifies the
differences in intensity between the three gels. The initial
degradation of the gel exposed to green light resulted in a much
lower fluorescence intensity than the other two gels during all
the remaining evaluations. After the swelling process, there is

9526 | RSC Adv, 2024, 14, 9514-9528

View Article Online

Paper

a noticeable difference between the UV-exposed and unexposed
gels, which becomes smaller as the crosslinking reaction takes
place in the gel kept in the dark. In contrast to the current
density, there was an increase in fluorescence intensity in both
gels between the first and the second electrochemical evalua-
tions. Even after the third electrochemical evaluation, when
most of the current has been lost, the fluorescence is still
comparable to the one obtained during the first electrochemical
evaluation. This rules out the hypothesis that the observed
degradation is due to the loss or cleavage of the imine cross-
linking bonds, suggesting that the degradation mechanism of
the gels is directly associated with the enzyme. Future work will
include the monitoring of the enzyme amount and activity to
further clarify which is the predominant mechanism that limits
the stability of these and other enzymatic hydrogels when used
as faradaic biosensors.

Conclusions

This work compared the morphology, stability, and electro-
chemical response of enzymatic hydrogels, focusing on the
application of fluorescence microscopy as a complement to
electrochemical evaluation. By varying the crosslinker identity
and concentration their influence could be analyzed with
a variety of techniques. In general, hydrogels prepared with GA
presented better long-term mechanical stability compared with
gels prepared with EGDGE. Fluorescence microscopy employing
labeled enzyme and polymer showed greater segregation of the
components with increasing concentrations of EGDGE. On the
other hand, the intrinsic fluorescence of the crosslinking bonds
when using GA reflected a homogeneous distribution of these
bonds across the hydrogel volume.

The analytical performance of the different compositions
revealed that in EGDGE-based gels, the highest crosslinker
concentration tested resulted in higher currents, and therefore
better sensitivity and LOD. This is indicative of the amount of
immobilized enzyme limiting the overall response. On GA-
based gels, on the other hand, the middle crosslinker concen-
tration performed better, as the highest concentration likely
produced a mesh size too small for proper diffusion of glucose,
as well as possible effects on the enzyme conformation.

The intrinsic fluorescence of the GA-based gels was charac-
terized. It was observed that the photoactivity of the reaction
mixture and the formed hydrogel can be used to characterize
the polymerization and degradation processes. IR spectroscopy
showed that the fluorophore responsible for the red emission in
GA/BPEI gels might be more complex than the usually reported
Schiff base. By monitoring fluorescence intensity and electro-
chemical response, it was established that the decrease in the
electrochemical response of GA-based gels upon repeated use is
not caused by the hydrolysis of the crosslinking bonds.

The approach described in this work allowed us to obtain
a better understanding of the degradation/failure mechanisms
in BPEI/GOx hydrogel-based biosensors crosslinked with
EGDGE or GA. When comparing to other studies characterizing
enzymatic hydrogels for glucose biosensing (Table 3), one can
observe that fluorescence is underutilized. Furthermore, most

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of the reported works focus only on the electrocatalytic evalua-
tion and stability of the devices, which suggests a lack of depth
in the understanding of the possible degradation mechanisms
that affect their performance and in the identification of areas
for improvement. Further exploration of these evaluations of
the presence and function of the enzymatic hydrogel compo-
nents is expected to translate into a better understanding of the
stability and degradation as fundamental aspects in the future
application of these materials in biosensor platforms.
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