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1. Introduction
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Diabetes remains one of the most prevalent chronic diseases globally, significantly impacting mortality
ratetables. The development of effective treatments for controlling glucose level in blood is critical to
improve the quality of life of patients with diabetes. In this sense, smart optical sensors using hydrogels,
responsive to external stimuli, have emerged as a revolutionary approach to diabetes care. In this study,
changes in the optical properties of a hydrogel are employed for monitoring a-glucosidase activity, a
critical enzyme involved in diabetes mellitus type Il due to its role in breaking terminal a-glycosidic
bonds, releasing a-glucose. The enzyme is encapsulated within a triazine-based hydrogel that exhibits
intrinsic blue fluorescence. Upon hydrolysis of the substrate p-nitrophenyl-o-p-glucopyranoside (p-NPG)
by a-glucosidase, the fluorescence is quenched due to the release of p-nitrophenol (PNP). However,
when exposed to potential antidiabetic drugs, the enzyme's activity is inhibited, and the hydrogel's
fluorescence remains intact. This ON/OFF fluorescence-based assay enables rapid screening of drug
candidates by evaluating their ability to inhibit a-glucosidase enzymatic activity. Sensor optimization
involves conducting swelling studies, fluorescent assays, reusability tests and a trial with a real antidiabetic
drug. This innovative approach holds potential for enhancing antidiabetic drug screening and
management, offering a more accessible and efficient solution compared to traditional biosensors.

sense, type I DM patients require insulin injections, while type
II DM patients are treated with medications like metformin to

Diabetes mellitus (DM) is a metabolic disorder characterized by
elevated blood glucose levels, known as hyperglycemia, resulting
from disruptions in insulin secretion (as seen in type I diabetes)
or varying degrees of insulin resistance (commonly seen in type II
diabetes)." Diabetes is a global health concern, affecting more
than 400 million individuals worldwide” and causing 1.5 million
deaths annually. Efforts are underway to reduce its prevalence by
2025.°> While there is no definitive cure, management involves
diet, lifestyle changes, and pharmacological therapy. In this
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control blood glucose levels.’

Several of these medications, especially in type II DM, focus on
inhibiting the action of the enzyme ao-glucosidase. This enzyme
plays a vital role in carbohydrate digestion as it is responsible for
breaking down terminal o-glycosidic bonds, releasing a-glucose
into the bloodstream. Inhibiting this enzyme can slow the
digestion of complex carbohydrates, resulting in a gradual
increase in blood glucose levels following a meal.® Thus, mon-
itoring the activity of the enzyme a-glucosidase is crucial for the
development of new drugs and therapies for type II DM.

In this context, biosensors were born with the final goal of
detecting and transforming a biological signal into an analy-
tical data, allowing for the detection of specific biological
molecules or activities.” They are used to detect and measure
the presence or concentration of substances such as glucose,
enzymes, and antibodies, among others. Typically, biosensors
comprise a biological component, such as an enzyme or anti-
body, and a transducer that translates the biological response
into an analytical signal. Transducers may operate based on
different principles, including electrochemical, optical, and
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piezoelectric methods.*® Biosensors are crucial for the develop-
ment of new treatments for different illnesses. Different techni-
ques and biosensors are developed to check the a-glucosidase
activity, especially by promoting in situ fluorescent reactions using
among others different kinds of nanoparticles, due to the intrinsic
nature of fluorescence that usually contributes to a higher sensi-
tivity and specificity.'®"*> However, if chromophore nanoparticles
are not bound to a support, they may readily aggregate, resulting in
reduced stability of the sensor components or properties over
time.">'* This can negatively impact the reusability of the system
and result in an inconsistent response.

Hydrogels are presented as new materials in the field of
biosensors. They are 3D polymeric networks formed by physical
and/or chemical interactions with the ability to swell large
amounts of water without dissolving in it. They can interact
with different biological molecules or even respond to an
external stimulus such as changes in the pH, temperature or
light.”>'® Besides, due to the porous nature and substantial
internal surface area of hydrogels, it becomes feasible to trap
and secure molecules within them, while their high water
content creates a suitable environment for biological com-
pounds. A diverse range of bioreceptors can be anchored,
including antibodies for identifying antigens, nucleic acids
for hybridizing with specific DNA sequences of interest, biomi-
metic receptors, and even entire cells such as bacteria or fungi
for assessing toxicity. Nevertheless, the immobilization of
enzymes as recoghition components garners special attention
due to their unique binding specificity and catalytic prowess,
which enhances the detection process.’” Several instances of
hydrogels as biosensors are found in the literature for measur-
ing cholesterol levels in blood or detecting chemotherapeutic
drugs in cancer cells, among other applications.”'®'82
Furthermore, different fluorescent hydrogels have been utilized
to detect bacterial species through the entrapment of the
enzyme a-glucosidase,”*>” and several studies follow a similar
pattern by monitoring a-glucosidase activity.*®

AIE Hydrogel
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Thus, knowing the potential of these materials in the field of
sensing, a triazine-based hydrogel was used in this work to
monitor the activity of the o-glucosidase. This hydrogel has an
inherent fluorescence due to an aggregation-induced emission
(AIE) process, which gives it the advantage of having a very
reproducible fluorescent intensity.>® In contrast to already pub-
lished hydrogels, in which a fluorescent compound is added
into the hydrogel structure, sometimes giving rise to a non-
homogeneous structure,**>® this triazine-based hydrogel emits
fluorescence without any extra chromophore, allowing a homo-
geneous fluorescent emission. In this present work, we
found that the hydrogel is a perfect candidate to host the
a-glucosidase while keeping its functionality. Furthermore, its
emission is completely quenched due to the presence of
p-nitrophenol (PNP), which can be produced by the enzyme
when breaking the o-o-glucosidic bond present in p-nitro-
phenyl-a-p-glucopyranose (PNPG) (Fig. 1). This capability aids
in monitoring enzyme activity, enabling the identification of
molecules that inhibit the enzyme and thereby facilitating the
screening of antidiabetic drug candidates.

2. Materials and methods

2.1. Materials and reagents

Reagents and solvents were used as purchased from commercial
sources without further purification. Dimethyl sulfoxide (DMSO),
phosphate buffered saline (P-5368, pH = 7.4, 0.138 M NacCl,
0.0027 M KCl) (PBS), p-nitrophenol (PNP), p-nitrophenyl-o-p-
glucopyranoside (PNPG), a-glucosidase (E.C. 3.2.1.20, from Sac-
charomyces cerevisiae, >10 unit mg™ '), acarbose, acrylamide (AM),
oligo(ethylene glycol) methyl ether methacrylate (OEGMA), potas-
sium persulfate (KPS), and poly(ethylene glycol) diacrylate (PEGDA)
were obtained from Sigma-Aldrich. Finally, (4-vinylphenyl)-2,4-
diamino-1,3,5-triazine (VPhDT) was synthesized following a pre-
vious modified method.****

Enzyme
a-glucosidase

oV

Enzyme

N 4

Biosensor

Fig. 1 Schematic representation of the biosensor working.
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2.2. Synthesis of phenyldiaminotriazine hydrogel (ChDAT)

Phenyldiaminotriazine hydrogels were prepared using 1 mL
DMSO as a solvent. Synthesized VPhDT (30 mg, 0.14 mmol) was
dissolved in it. Then OEGMA (135 mg, ~0.14 mmol), and AM
(135 mg, 1.90 mmol) were added as comonomers, and PEGDA
(1 mg, ~1.43 x 10~ mmol) as crosslinker. Finally, KPS (8 mg,
2.96 x 10~> mmol) was added as radical initiator. The reaction
was carried out in a cylinder (1 cm diameter, 0.5 cm high) or
cubic (1 x 1 x 1 cm) silicone mould in a stove at 90 °C for
30 min. After that, organogels were placed in a vessel with
250 mL of Milli-Q water, replacing it four times a day for 3 days
in order to obtain the final hydrogels. For xerogels, hydrogels
were dried at room temperature until their weight was constant.

2.3. Characterization of the hydrogels

Swelling studies were carried out by immersing the xerogels in
Milli-Q water at room temperature. The samples were weighted
at established time intervals, finalizing the measures when
hydrogels have a constant weight. In order to avoid measure-
ment errors by water weight, excess water was removed using a
paper filter before each measure. The swelling degree (SD) was
calculated following the eqn (1):
Wi— W

Swelling d = 1
welling degree 7 (1)

where W, is the weight of the hydrogels at each time and W, is
the weight of the dry hydrogel, commonly known as xerogels.

Mechanical tests were carried out using a Mecmesin Multitest
2.5-1 dynamic mechanical analyzer at room temperature. Hydrogel
disks (x6) were compressed between two plates at a rate of
6 mm min~ " until 40% of strain at their initial swelling degree
(1 cm of diameter and 0.5 cm of height). This means that each
xerogel is swelled with a specific amount of water to achieve the
desired initial swelling degree of the hydrogels (SD = 4). For Young
tests, stress—strain curves were analyzed from 2 to 10% of strain.

Absorption spectra were carried out on a Jasco V-530
spectrophotometer.

The porous structure was depicted by scanning electron
microscopy (SEM) using a Gemini SEM 500 from Zeiss with a
FEI QUANTA 250 apparatus.

Fluorescence properties were measured on a Jasco FP-8300
equipment and, also, in a Photon Technology International,
Inc. Spectrofluorimeter. Measures took place in solid state in
cylindrical and cube form, without differences between them.
No cuvette was used for the measurements, instead the hydro-
gels were placed in a support for solids.

2.4. Hydrogel loading procedure

Hydrogels have been loaded with different solutions like
a-glucosidase enzyme, PNPG and PNP among others. Although
details are included in the results and discussion section, the
general procedure in all cases was performed as follows: initially,
each hydrogel is dried at ambient room temperature until the
weight of the dried gel is constant, a process typically spanning
24 hours. After drying, the hydrogel’s weight is meticulously

This journal is © The Royal Society of Chemistry 2025
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recorded. This measurement is crucial for determining the pre-
cise volume of solution needed to achieve the desired swelling
degree. For instance, if the weight of a dry hydrogel is 100 mg and
a SD of 10 is desired, then 1 g of the solution is required for
absorption. During the swelling phase, the hydrogel is placed in a
hermetically sealed container to ensure complete and uniform
absorption of the solution. This absorption process is generally
completed over a period of 48 hours.

3. Results and discussion

In this study, a chemically crosslinked triazine hydrogel was
employed, which we denote as ChDAT hydrogel, to monitor the
activity of a-glucosidase, which is confined inside. The hydro-
gel’s emission is completely suppressed in the presence of PNP,
a byproduct generated from PNPG through enzymatic action. In
the presence of any a-glucosidase inhibitor, the fluorescence
emission remains unquenched, enabling the identification of
the most promising drug candidates.

3.1. ChDAT hydrogel

Triazine-based hydrogels were prepared as previously reported
by the group.**> VPhDT is a multifunctional monomer because
it can take part in numerous noncovalent interactions.*® Initi-
ally, an organogel in DMSO is obtained and OEGMA is used as a
hydrophilic part in the polymer network in order to offset the
intrinsic hydrophobicity of VPhDT, thus, allowing the organogel
to exchange the DMSO for water, forming the hydrogel. Finally,
AM and PEGDA helps to maintain the consistency of the net-
work through hydrogen bonding and chemical crosslinking,
respectively (Scheme 1).

3.2. Characterization of the ChDAT hydrogel

The swelling degree serves as a crucial parameter to know water
absorption capacity of the hydrogel. It can be modulated altering
the degree of crosslinking and by introducing hydrophilic or
hydrophobic groups. Within the realm of biosensors, this swel-
ling property is harnessed to regulate the diffusion of bioactive
molecules into the network.”” However, an excess of swelling
ratio can potentially compromise the mechanical integrity of
hydrogels. Hence, it is essential to strike a balance between the
swelling ratio and the desired mechanical properties.*® In order
to characterize this property for ChDAT hydrogel, xerogels were
immersed in Milli-Q water and the swelling degree, determined
using eqn (1), was obtained after 24 h when the weight of the
hydrogels was constant, obtaining a final swelling degree around
16 (Fig. S1, ESIT).

Besides, scaffolds must exhibit adequate strength and stiff-
ness to offer structural support and adapt to the mechanical
demands of their environment.*® In this context, Young’s
modulus is commonly employed for comparing the mechanical
properties of hydrogels, with values ranging from 0.1 kPa to
1 MPa.*>*! Thus, mechanical compressive tests were performed
obtaining the stress-strain curves and Young’s modulus (E) was
analyzed obtaining 24 kPa (Fig. S2, ESIt), which verifies the

J. Mater. Chem. B, 2025, 13, 2717-2724 | 2719


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb02466d

Open Access Article. Published on 10 Qunxa Garablu 2025. Downloaded on 27/07/2025 6:59:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

- i RS
, o) N
e 0™k, .
/ ns \

7 ~ OEGMA Y
i
| Y o
i‘ NH, /\IT{VO\/‘} W~
L AM Z
\ [}
N 7

\\ )\\ /lk PEGDA ',I
.

Q
it PO 2

3 4 ST 07N .
’ -9 (o) o
5, '/ 0+ b s
N / K KPS
- e———
90°C DMSO

Precursor solution
NON FLUORESCENCE

Organogel

View Article Online

Journal of Materials Chemistry B

‘\
4 X,
/
o Y
e ? 0
K Gy g HN AN
\
5 J\N”N —S d NEN 1
5 \
HE e ;‘H_OV 2 MZN’Ly’Ly—N t
H
: bW ey 4 I'
VNN NH, g MG =H-N__N__NH,
1 ¥ 4
S 5 S S s ¢

-
Vs
%
o { Tz
2
&+
'
o\/\
o
(N D
S
S
~—

,'0

’
>,
3,

-
N il

\\ b
HZO \\ /
AIE fluorescence
A= 386nm
. Aem=465nm

DMSO Hydrogel

Scheme 1 Synthesis of chemically crosslinked triazine-based hydrogels (ChDAT).

structural integrity of the 3D hydrogel network. This Young’s
modulus means the triazine-based hydrogel is rigid enough to
sustain channels without undergoing deformations, which is
crucial to allocate the enzyme a-glycosidase and analytes in the
hydrogel network®? but enough softness environment that can
help the enzyme to keep its activity outside a living being.
The three-dimensional network of hydrogels (see SEM images
in Fig. S3, ESIY), capable of retaining a substantial amount
of water, creates optimal physiological conditions for enzyme
activity. The aqueous environment inherent in polymeric hydro-
gels serves to minimize enzyme denaturation and facilitates
enzymatic functions. Consequently, the immobility within the
hydrogel polymer matrix offers the prospect of sustaining enzyme
activity.*>**

Finally, the predominant feature of this hydrogel is its
inherent fluorescence, which arises from the AIE phenomenon
previously described by our group (Fig. 2, inset).>® Besides the
most effective excitation wavelength (1.,) was 386 nm (Fig. S4,
ESIYt), with the peak emission wavelength measured at 465 nm

(Fig. 2).

Aax= 465nm

Fluorescence emission [a. u.]

500 550 600 650

A [nm]

400 450
Fig. 2 Fluorescence emission spectra of ChDAT hydrogel upon excitation

at 386 nm. Inset: Digital image of the hydrogel before and after UV light
irradiation, showing its intrinsic fluorescence.
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3.3. Effects of biosensor components on fluorescence
emission and enzyme encapsulation

As mentioned in the introduction of this study, our final goal is
to monitor the activity of the enzyme a-glucosidase. Therefore,
PNPG was swelled by the hydrogel as a substrate, since this
molecule has an a-o-glycosidic bond that can be hydrolyzed by
a-glucosidase releasing o-p-glucose and PNP (Scheme 2).
Consequently, PNP could disrupt the AIE within the hydrogel
network, leading to quenching of fluorescence and allowing the
enzyme activity to be followed through changes in fluorescence
intensity. For this, it is imperative to check the influence of PNP
and the effect of the inclusion of the enzyme o-glucosidase and
the PNPG into the network. Common strategies to achieve
effective immobilization of enzymes into a hydrogel network
involve physical adsorption, entrapment, covalent bonding,
crosslinking, or a combination of these methods.*” Covalent
bonding is the most widely employed technique due to the
stability it offers. However, it is imperative to carefully monitor
the formation of these bonds, as they can potentially interfere
with the enzyme’s active site, impacting its functionality. In the
context of hydrogels, the physical entrapment method is parti-
cularly advantageous since it preserves the functionality of the
enzyme by securely anchoring it within the hydrogel through
interactions like van der Waals forces, salt bridges, or hydrogen
bonds. Nonetheless, a drawback is that the immobilization
process may be reversible under specific environmental condi-
tions, potentially resulting in the release of the bioreceptor from
the hydrogel. Enzyme entrapment within the hydrogel can be
achieved either during polymerization (the in situ method) or
afterward, following the addition to an already formed hydrogel

NO,
HO 0 -*\O\©\ Hydrolysis HO' i 588
+,0 * d :
Ho' "o ',‘f/ HO ‘OH
OH OH OH

(o]

PNPG PNP a-D-glucose

Scheme 2 Hydrolysis of PNPG catalyzed by a-glucosidase.
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(the ex situ method).*> In this study, the selected approach
involved swelling the enzyme a-glucosidase into the already
prepared hydrogel (ex situ method), as it is less aggressive for
enzymes.

To investigate the influence of the enzyme, PNPG and PNP
on the fluorescence emission, five ChDAT hydrogels were
synthesized, dried and subsequently swollen until SD 10 using
different solutions:

Hydrogel A: swelled with 0.01 M PBS buffer (pH =
exclusively.

Hydrogel B: swelled with a 0.8 x 10~® M solution of the
enzyme a-glucosidase.

Hydrogel C: swelled with a 5.26 x 10~ M solution of PNPG.

Hydrogel D: swelled with a 5.26 x 10~* M solution of PNP.

Hydrogel E: swelled both with the 5.26 x 10> M PNPG and
0.8 x 10~® M enzyme solutions.

All solutions used to swell the hydrogels were prepared
using 0.01 M PBS solution as the solvent to maintain the
enzyme’s functionality, particularly since the phenol from
PNP could influence the hydrogel’s pH.

The enzyme concentration (0.8 x 10~° M) was selected from
a previous work'" since for this concentration in solution the
time required to hydrolyze micromolar concentrations of PNPG
is only a few minutes. However, given that the substrate
diffusion in hydrogels is much slower than in solution, the
PNPG concentration was increased to millimolar concentra-
tions. Specifically, the optimum substrate concentrations used
for these experiments were determined by preliminary studies
according to the point at which the fluorescence of the triazine
hydrogel was completely quenched by PNP in SD 10 (see Fig. S5,
ESIY). Fluorescence quantification was conducted using a spec-
trofluorometer, and areas under the emission spectra of hydro-
gels were analyzed. In the initial assessment, it was observed
that the enzyme did not influence the fluorescence intensity of
the hydrogel. This was clearly demonstrated by the identical
behavior of hydrogel A, swollen with PBS buffer, and hydrogel B,
swollen with o-glucosidase enzyme. Hydrogel C exhibited a
decrease in fluorescence when exposed to PNPG. In this case,
there is a significant inner filter effect due to the amount of
PNPG added. Nevertheless, complete deactivation was not
achieved, in contrast to the impact of PNP, hydrogel D, where
the fluorescence was totally quenched. Thus, the notable
difference between PNP and PNPG justifies the utilization of
this system, particularly since PNPG fails to induce complete
fluorescence quenching (Fig. 3).

It might be presumed that the reduction in fluorescence of
hydrogel C (with PNPG) is a result of its spontaneous hydrolysis
into PNP, even without the presence of the enzyme. However,
this was not the case, as PNP exhibits a distinct yellow colora-
tion (Fig. 3, inset). Hydrogels containing PNP acquire this
yellow coloration, which is not observed in hydrogel C. Hence,
it can be confidently stated that PNPG diminishes the fluores-
cence of the system, and the noticeable disparity between PNP
and PNPG allows practical utility. In Section 3.5, the wash
waters will be analyzed to confirm again that PNPG does not
hydrolyze to PNP without the enzyme.

7.4)

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Fluorescence emission of the hydrogels loaded. Percentages are
given relative to the blank hydrogel. PNPG and PNP solutions are also
shown to illustrate the difference in their color, which is also observable on
the hydrogels (experiments were performed in triplicate).

Finally, when examining hydrogels D and E, it became
evident that the presence of the enzyme led to a nearly identical
quenching of fluorescence, regardless of whether they were
swollen with PNPG or PNP. This similarity can be attributed to
the fact that the hydrogel with the enzyme and PNPG generates
PNP in situ. Moreover, the ability of the enzyme to operate
within the hydrogel network was successfully demonstrated.
Full spectra emissions of hydrogels C and E can be found in
Fig. S5 (ESIY).

3.4. Biosensor working

Once the influence of each component within the hydrogel is
established, the next critical step is to determine if it works
effectively as a biosensor potentially used for the screening of
enzyme inhibitors. In Fig. 1 a schematic interpretation of the
biosensor working is shown. To validate this application, acarbose,
a commercial competitive a-glucosidase inhibitor, was selected.*®

The initial assessment involved checking if the inhibitor
interfered with the hydrogel’s emission. Thus, a dried hydrogel
was immersed in a solution of acarbose (1 x 10~* M) in PBS,
and its fluorescence emission was recorded once maximum
swelling was archived. The comparation between the fluores-
cence emission of acarbose-loaded hydrogel and blank hydro-
gel is shown in Fig. S6 (ESIf). Notably, no significant
differences were observed between the hydrogel swollen with
PBS buffer and the hydrogel swollen with the inhibitor.

Once it is certified that the inhibitor does not affect the
fluorescence, three different experiments were carried out (Fig. 4):

1. Control experiment: the blank hydrogel was immersed in
20 mL of 5.26 x 10~° M PNPG solution.

2. Active experiment: the hydrogel loaded with 0.8 x 10°° M
enzyme was immersed in 20 mL of 5.26 x 10 > M PNPG solution.

3. Inhibited experiment: the hydrogel loaded with 0.8 x 10~°
M enzyme was immersed in 20 mL of 5.26 x 10~> M PNPG and
1 x 107* M of acarbose solution.

J. Mater. Chem. B, 2025,13, 2717-2724 | 2721
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Fig. 4 Schematic representation of the processes occurring in each
hydrogel.

The three of them were swelled with PBS buffer until
maximum swelling previously to the immersion in the PNPG
solution or PNPG-acarbose solution. This process was essential
to ensure the complete opening of the hydrogel’s porous
structure, thereby enhancing the interaction between the sub-
strate and the immobilized enzyme.

The fluorescence of the hydrogel was monitored over time
(Fig. 5), revealing a gradual decrease in emission. Notably, the
PNPG without the inhibitor quenched the fluorescence much
faster than when the inhibitor was present. Additionally, it was
observed that even with the inhibitor present, the fluorescence
decreased slightly faster than in the absence of the enzyme. This
observation aligns with the nature of acarbose as a competitive
inhibitor, which means it does not completely block the activity
of the enzyme. This is a crucial finding, as drugs of this type do
not aim to fully inhibit a-glucosidase but rather to slow it down.
In this context, this biosensor could be a valuable tool for
selecting the most suitable candidates for further studies.

3.5. Reusability tests

As explained above, a potential disadvantage of the adsorption
of the a-glucosidase enzyme into the hydrogel is that the

100 50+ —_—
A\ = [ Control
R \¥ v B ncive
o —— Inhibited 404 [ Inhibited

30

20

Fluoresccence %
Fluorescence %

104

30 60 9 120 150 180 .
Time [min]

Fig. 5 (a) Evolution of the fluorescence emission throughout a 180-
minute assay. (b) Final fluorescence emission after a 180-minute assay.
Percentages are given relative to the initial fluorescence of each hydrogel
(Experiments were conducted in triplicate).
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immobilization process may be reversible under specific envir-
onmental conditions, potentially resulting in the release of the
mentioned enzyme from the hydrogel. An additional concern
regarding reusability pertains to the retention of residual sub-
stances such as PNP or PNPG.

Thus, to confirm that the enzyme was not released and that
the remaining compounds were properly removed, an analysis
of the wash waters from these hydrogels was conducted. After
testing, the hydrogels were immersed in 100 mL of Milli-Q
water for one day, with the process repeated three times. Then,
the wash waters were collected and concentrated evaporating
the solvent to ensure the reliability of the results. Following
this, the concentrated solutions were dissolved in 3 mL of Milli-
Q water, their fluorescence and absorbance were measured.
Since the a-glucosidase enzyme exhibits fluorescence due to its
tryptophan groups, with a maximum fluorescence wavelength
at 350 nm,*”"*® wash waters were excited at 280 nm, and the
fluorescence emission was measured in the range of 290 to
380 nm (Fig. 6). Conclusively, the graph data indicates that the
enzyme remains within the hydrogel, as no fluorescence signal
is observed in the wash waters at the mentioned wavelength.
The enzyme solution used to swell the hydrogels, with a
concentration of 0.8 uM, serves as the reference.

Having established that the enzyme remains inside the hydro-
gel, the next objective was to validate through absorbance
experiments that the yellow coloration observed in the wash
waters is a result of PNP and that any possible PNPG leftover is
no present in the hydrogel. This entails confirming that both PNP
and PNPG leach out of the hydrogel during washing (Fig. 7).

Finally, these washed and empty hydrogels, all while retain-
ing the enzyme were dried at room temperature until the
weight of the xerogel were constant and stored in ambient
conditions for future use again. Two months later, the hydro-
gels were reswollen and immersed again in a solution contain-
ing PNPG and acarbose, measuring the fluorescence. This
washing-using cycle was repeated 3 more times. The maximum
and minimum fluorescence of each cycle were recorded (Fig. 8).
This indicates that the enzyme remains active after this period

Wash waters from hydrogel A (Blank)
Wash waters from hydrogel B (Enzyme)
Enzymatic solution

Fluorescence emission [a.u]

340 360 380

A [nm]
Fig. 6 Fluorescence emission of wash waters from a blank hydrogel in

comparison with an enzyme-loaded hydrogel and a 0.8 pM enzymatic
solution.

300 320
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Fig. 7 Absorbance spectra of wash waters in PBS buffer from the hydro-
gels. In black is enzyme and PNPG, in red with PNP, in blue with PNPG,
pink and green are PNP and PNPG reference solutions, respectively.
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fluorescence

Initial

Fig. 8 Final fluorescence emission after a 180-minute assay-washing
cycles (x4 uses). Percentages are given relative to the initial fluorescence
of each hydrogel. Experiments were conducted in triplicate.

and has not been washed out, underscoring the significant
advantage of hydrogel reusability and ability to host the enzyme.
This is particularly significant considering that, under standard
conditions, the enzyme must be stored at —20 °C to maintain its
functionality according with the manufacturer Sigma-Aldrich.

4. Conclusions

Leveraging the intrinsic fluorescence of a triazine-based hydrogel,
attributed to an aggregation-induced emission (AIE) phenomenon,
an o-glucosidase biosensor was successfully developed. In contrast
to the majority of previously published fluorescent hydrogel-based
biosensors, the innovative design eliminates the need for additional
fluorescent molecules in the hydrogel network, enhancing the
efficiency, stability and cost-effectiveness of the biosensor. Further-
more, the remarkable swelling capacity and optimal mechanical
properties give rise to a robust, transparent matrix that supports the
immobilization and activity characterization of the enzyme by
monitoring the intrinsic fluorescence of the hydrogel. The changes

This journal is © The Royal Society of Chemistry 2025
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in fluorescence induced by the hydrolysis of PNPG catalyzed by the
enzyme, lead to the release of PNP and the subsequent quenching
of the fluorescence, were thoroughly tested.

Additionally, the stability of the enzyme within the hydrogel
and the possibility of reusing the biosensor multiple times were
thoroughly evaluated, demonstrating the reliability of the biosen-
sor. A notable advantage is its potential to function as a portable
optical device. The hydrogel can be easily stored, manipulated,
and transported in a xerogel state, ready to be swollen with the
substrate for rapid and cost-effective measurements.

Finally, as a proof of concept using the commercial drug
acarbose, the device has shown its capability to detect o-
glucosidase enzyme inhibitors, suggesting potential in identify-
ing compounds that could alter enzyme activity and serve as
promising candidates for antidiabetic drugs. This underscores
the biosensor’s role in advancing the exploration of new anti-
diabetic treatments, positioning it as an ideal candidate for
further research and discoveries in the field.
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