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Fluorescence sensing of glucose at nanomolar
levels using an imprinted copolymer embedded
with carbon quantum dots
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Monitoring glucose levels in intracellular fluid is important in healthcare, as it directly correlates with cell
metabolism-related diseases. However, conventional methods typically require high-end equipment and
can only be performed in laboratory settings. In this study, an imprinted copolymer composed of 3-
aminopropyltriethoxysilane and tetraethyl orthosilicate, embedded with carbon quantum dots (CQDs),
was developed for fluorescence-based glucose sensing. A facile preparation method yielded CQDs with
sizes ranging from 0.7 to 5 nm and fluorescence emission at a wavelength of 435 nm. These CQDs were
incorporated into a polymeric matrix in the presence of glucose, followed by a molecular imprinting
process. The resulting polymeric particles exhibited a diameter of approximately 604 + 15 nm and
contained binding cavities that matched the spatial arrangement of hydroxyl groups on glucose. The
fluorescence intensity of the CQDs was highly dependent on glucose adsorption. Leveraging these
properties, the imprinted polymer exhibited successful glucose recognition in the intracellular fluid-
mimicking solution, achieving a limit of detection of 29.4 nM. A good linear correlation (R> = 0.9884)
was observed between the logarithmic glucose concentration (25 nM to 25 mM) and changes in
fluorescence intensity. This fluorescent sensor demonstrates significant potential for real-world
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Introduction

Recently, monitoring intracellular glucose levels has played
a vital role in studying cellular glucose uptake,"* providing
insights into cancer metabolism,** diabetes-related cellular
dysfunction,” and neurodegenerative diseases.® This often
requires sensors capable of detecting nanomolar concentra-
tions of glucose, typically 100 nM to 10 uM.>* Additionally, tear
and sweat fluids contain glucose at concentrations that corre-
late with blood glucose levels but are significantly lower’®
(~0.1-1 mM vs. 3.9-5.5 mM in blood), making them promising
for blood glucose monitoring.
However, sub-micromolar glucose monitoring heavily relies on
conventional techniques such as mass spectrometry including
LC-MS and GC-MS,**** which offer high accuracy but are high
cost and time-consuming. While nuclear magnetic resonance
spectroscopy addresses some of these limitations, it remains
a laboratory-based technique that requires sample pre-
purification to achieve adequate sensitivity.'>'* Several alterna-
tive methods have been explored beyond these conventional
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applications in monitoring intracellular glucose levels.

techniques, including optical-based sensors such as surface-
enhanced Raman spectroscopy,” surface plasmon reso-
nance,'>"” and fluorescence sensors.’® Additionally, electro-
chemical sensors based on glucose oxidase (GOx)/glucose
dehydrogenase (GDH) or nanomaterials (e.g., MoS,, graphene,
metal oxides) have also been developed as recognition
elements. However, these methods do not provide the exquisite
sensitivity required for nanomolar glucose detection and often
exhibit limited selectivity, especially when distinguishing
glucose from other common cellular components.

Molecularly imprinted polymers (MIPs), a class of synthetic
polymeric materials with tailored recognition sites, have shown
promise as ideal molecular recognition layers for glucose
detection.'** MIPs possess a high density of binding cavities
that are deliberately designed to selectively capture the target
analyte. These superior characteristics have been leveraged in
various advanced sensing applications, including toxic gas
sensors,”* colorimetric detection of aquatic analytes,*>** and
disease biomarker detection.'®* Recently, MIPs have been
incorporated with nanostructured materials to enhance sensi-
tivity and selectivity.>®*® Among these, carbon quantum dots
(CQDs) have emerged as promising candidates for integration
into sensing platforms. CQDs consist of sp*hybridized carbon
atoms, which aggregate into clusters of varying sizes and
shapes.??®* These sp> clusters emit light at different

© 2025 The Author(s). Published by the Royal Society of Chemistry
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wavelengths when excited by an appropriate incident light
source, and the emission intensity is highly dependent on the
nature of the clusters and their surrounding environment.*
Consequently, even a minor environmental change can induce
significant variations in the emission spectrum of CQDs.'**
Notably, CQDs with an abundance of oxygen-containing func-
tional groups (e.g., carboxyl, carbonyl) exhibit excellent disper-
sion in aqueous solutions, making them highly compatible with
water-dispersible polymers.>* Considering these properties,
embedding CQDs within an MIP matrix is expected to create
a hybrid sensing structure for glucose detection, where MIPs act
as capturing elements, and CQDs serve as transducing elements
by modulating fluorescence emission intensity.

In this study, CQDs were embedded into a copolymer matrix
prepared from 3-aminopropyltriethoxysilane (APTES) and
tetraethoxysilane (TEOS) in the presence of glucose, followed by
an imprinting process to create glucose-imprinted polymers.
The MIPs doped with CQDs exhibited blue-light emission,
which varied depending on the density of glucose molecules
bound within the binding cavities. As a result, the imprinted
polymer successfully detected glucose at concentrations as low
as 2.5 nM.

Experimental
Materials

Tetraethyl orthosilicate (TEOS, 98%), 3-aminopropyl-
triethoxysilane (APTES, 99%) were purchased from Thermo-
Fisher. Anhydrous acetic acid (CH;COOH, 99%), ammonium
hydroxide (NH,OH, 30%) were obtained from Merck. Citric acid
(C¢Hg05, 99.5%), Tris hydrochloride (Tris-HCl, 99%), methanol
(CH30H, 99.9%) and PBS buffer were obtained from Sigma-
Aldrich. Potassium chloride (KCl, 99%), calcium chloride
(CaCl,, 99%), ammonium chloride (NH,Cl, 99%), sodium
sulfate (Na,SO,, 99%), urea (CH4N,O, 99%), disodium phos-
phate dodecahydrate (Na,HPO,-12H,0, 99%), monosodium
phosphate dihydrate (NaH,PO,-2H,0), magnesium sulfate
heptahydrate (MgSO,-7H,0, 99%), and trisodium citrate
dehydrate (CeHsNazO,-2H,0, 99%) were purchased from
Xilong. Human serum (=10 EU per mL endotoxin) was obtained
from Sigma-Aldrich. De-ionized (DI) water was used in all
experiments.

Synthesis of carbon quantum dots and imprinted polymers

2 g of citric acid was annealed at 200 °C using an oil bath. After
specific time intervals, the obtained black solid was immersed
in 50 mL of Tris-HCI (0.05 M, pH 7.0), followed by sonication
for 1 hour. The dispersion was then filtered using a 0.22 pm
nylon membrane, and the filtrate was collected, denoted as
CQDs, and stored at 5 °C for later use. For the preparation of
imprinted polymers incorporated with CQDs, 15 mL of the as-
prepared CQDs, 5 mL of DI H,0, and 60 mg of glucose were
mixed under stirring at room temperature for 30 minutes. Then,
30 mL of ethanol was added, and the mixture was heated to 60 °©
C. Subsequently, 103 pL of acetic acid was added, followed by
the addition of 117 uL of APTES, and stirring was continued for
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1 hour. Then, 2 mL of TEOS was added, and stirring was
continued for an additional 3 hours. The precipitates were
collected by centrifugation at 9000 RPM, using water and
ethanol as washing solvents. The final product was denoted as
CQDs@MIP_glucose. To create binding cavities in the polymer,
CQDs@MIP_glucose underwent an extraction process using
a Soxhlet apparatus, where a mixture of acetic acid/methanol (v/
v 1:9) was used as the washing solvent. The reflux boiling
process was carried out for 12 hours at 80 °C. The product was
thoroughly washed with water and ethanol, then dried at 45 °C,
and denoted as CQDs@MIP. For comparison, non-imprinted
polymers (NIPs) were fabricated using the same procedure as
described above but without the presence of glucose. The
resulting product was denoted as CQDs@NIP.

Detection of glucose using CQDs@MIP

100 mg of CQDs@MIP was dispersed in 100 mL of Tris-HCI
using sonication for 2 hours, followed by vortexing for 5
minutes. The solution was then diluted twice with PBS buffer
(pH = 7), resulting in a stock solution. Separately, a glucose
solution was prepared at different concentrations in PBS buffer,
ranging from 5 nM to 0.1 M. For the glucose detection, 3 mL of
the stock solution was mixed with 3 mL of each glucose solu-
tion, followed by vortexing every 5 minutes. After 1 hour, the
mixtures underwent mild sonication before being transferred to
a quartz cuvette for PL measurement.

Characterization

X-ray photoelectron spectroscopy (XPS, PHI 5000 Versaprobe II)
with an energy source of 187 eV was used to investigate the
chemical states of CQDs@MIP. X-ray diffraction (XRD, D2
Phaser, Bruker) with a copper X-ray source at 30 kV and 10 mA
was employed to study the crystallographic structure of the as-
prepared materials. UV-Vis absorbance was measured using
UV-Vis spectroscopy (UH 5300, Hitachi), and UV-Vis diffuse
reflectance spectroscopy (UV-Vis DRS) was conducted to analyze
the bandgap of the CQDs in the wavelength range of 250-
800 nm. Fourier-transform infrared spectroscopy (FTIR, Alpha-
E, Bruker) was used to analyze the chemical structures in the
450-4000 cm ™' range. Transmission electron microscopy (TEM,
JEM-1010, Jeol) at 120 kV was used to examine the morphology
of the imprinted polymers, while scanning electron microscopy
(SEM, JMS-IT 200, Jeol) operated at 10 kV was utilized to study
the size and shape. The size distribution was determined using
dynamic light scattering (DLS, Zetasizer Pro, Malvern). Photo-
luminescence spectroscopy (PL, FluoroMax Plus-C Horiba) was
applied to induce excitation and measure fluorescence for the
CQDs and CQDs@MIP.

Results and discussion

The as-prepared CQDs synthesized at different time intervals
were first excited using an excitation wavelength of 360 nm. All
the CQDs exhibited corresponding fluorescence spectra with
broad emission bands, as shown in Fig. 1. Notably, the CQDs
prepared with 30 minutes of annealing showed the highest
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Fig.1 (a) Fluorescence spectra of CQDs synthesized at different time intervals with an excitation wavelength of 360 nm; (b) UV-Vis absorbance
spectrum of CQDs synthesized for 30 minutes; (c) fluorescence spectra of CQDs under different excitation wavelengths; (d) UV-Vis reflectance
spectrum of the CQDs; Tauc plots derived from the Kubelka—Munk method for bandgap estimation of CQDs synthesized for (e) 30 minutes, (f) 1
hour, and (g) 2 hours.

fluorescence intensity, with emission ranging from blue to results showed a peak located at 242 nm, which is characteristic
green (400-550 nm) (Fig. 1a). The CQDs were further investi- of the w — 7* electronic transition of C=C bonds in the
gated using UV-Vis absorbance spectroscopy (Fig. 1b). The conjugated carbon structure.*” This transition is commonly
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observed in aromatic domains or sp>-hybridized carbon
networks, indicating the presence of graphitic or polyaromatic
structures within the CQDs.**?** Furthermore, a transition
plateau was observed from 320 nm to 360 nm, attributed to the
n — w* transition of C=O bonds.*® The CQDs were also
exposed to a range of excitation wavelengths, from 320 nm to
420 nm (Fig. 1c). Excitation at 360 nm produced the highest
emission spectrum, with a peak at 435 nm. At longer excitation
wavelengths, weaker fluorescence emission was observed. To
explain these results, the DRS was analyzed (Fig. 1d), followed
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Fig. 2 FTIR spectra of the as-prepared materials including CQDs,
CQDs@NIP, CQDs@MIP_glucose and CQDs@MIP.

5000
Si2
" Si-C
4000 +
)
S 3000
2
I3
c
E 2000 -
1000
T T T T
98 100 102 104 106
Binding energy (eV)
8000 2Oy
— Si-0-Si
7000 - .
—Si-OH/C=0
6000 ~
3
@ 5000

Intensity (;
8
8

3000

2000

1000

T T T T T T T
526 528 530 532 534 536 538 540
Binding energy (eV)

View Article Online

RSC Advances

by bandgap calculations using the Kubelka-Munk method.**%”
The bandgap values were determined to be 2.88, 2.84, and
2.47 eV for annealing times of 30 minutes, 1 hour, and 2 hours,
respectively, as shown in Fig. 1e-g. It is known that longer
annealing times produce larger CQDs, which results in smaller
corresponding bandgaps, and vice versa.”**®* Consequently,
smaller CQDs tend to be effectively excited by shorter wave-
lengths to emit light, while larger CQDs require longer wave-
lengths to reach excited states. This helps explain the
fluorescence emissions as observed above. The CQDs prepared
for 30 minutes were selected for incorporation into the MIP, as
described above. As shown in Fig. 2, the FTIR spectrum of the
CQDs showed an absorption band at 1723 cm™*, which corre-
sponds to the vibrational mode of the carbonyl (C=0)
group.®»* Broad bands in the range of 3000 to 3700 cm " were
attributed to the stretching vibrations of hydroxyl (O-H)
groups,* and a distinct signal at 1167 cm ™' was assigned to C-O
stretching.”” These signals were significantly reduced in the
spectra of CQDs@NIP, CQDs@MIP_glucose, and CQDs@MIP,
indicating the successful incorporation of the CQDs into the
polymer matrix. Instead, characteristic absorption bands of the
copolymer structure appeared.**** These included a peak at
1540 cm ', attributed to N-H bending and C-N stretching
vibrations, as well as peaks at 1072 and 1120 cm ™', assigned to
the asymmetric stretching of Si-O-Si and Si-O-C bonds,
respectively. Additionally, a peak at 793 cm "' was observed,
which corresponds to the symmetric stretching mode of the Si-
O-Si framework.*

The chemical states of CQDs@MIP were further confirmed
using XPS spectra, as shown in Fig. 3. In the Si 2p orbital,
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Fig. 3 XPS spectra of the CQDs@MIP, showing Si 2p, C 1s, O 1s and N 1s orbitals.
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Fig. 4 SEM images and corresponding particle size distributions of CQDs@NIP, CQDs@MIP_glucose, and CQDs@MIP.

a dominant peak was observed at a binding energy (BE) of
102.5 eV, corresponding to Si-O-Si bonds,*** indicating
successful condensation between APTES and TEOS. Addition-
ally, a small portion of Si-C bonds remained in the copolymers,
characterized by a peak at BE = 99.8 eV.” In the C 1s orbital,
a characteristic peak for C-N bonds appeared at BE = 285.2 eV,
originating from the bonding of amine groups with carbon in
APTES molecules and from Tris-HCI used during the prepara-
tion of CQDs.***® Furthermore, C=0 and O-C=0 bonds were
located at BE = 287.4 eV, confirming the presence of CQDs in
the polymer matrix,* consistent with the UV-Vis absorbance
results discussed above. Peaks at BE = 531.1 eV and BE =
400.5 eV, corresponding to Si-OH/C=O0 and -NH, groups,*”*
respectively, provide additional confirmation of the desired
chemical states in the resulting MIPs. The morphology and size
of the MIPs were revealed by SEM images, as shown in Fig. 4.

(a)

~— CQDs 30 mins
=
@
54 o]
— -
=4 =
s o)
~
—~ 4 :
= o
8
2 34
]
c
2
£ 2]
14
o T T
0 5 10

Size d (nm)

The size distributions of CQDs@NIP, CQDs@MIP_glucose, and
CQDs@MIP were determined to be 707 + 19 nm, 823 + 16 nm,
and 604 £ 15 nm, respectively. All the as-prepared materials
exhibited quasi-spherical particles, indicating the successful
formation of copolymers, as described previously. It can be
observed that CQDs@MIP_glucose particles are significantly
larger than those of CQDs@NIP. This increase in size can be
attributed to the presence of glucose template molecules, which
have a high affinity for the amine groups in the APTES mole-
cules via hydrogen bonding. This interaction leads to the
formation of complexes and a concomitant increase in particle
size.*** After template extraction, a significant reduction in
particle size was observed for CQDs@MIP. This extraction step
is crucial in the preparation of imprinted polymers, as it
removes the embedded glucose molecules from the polymer
matrix, resulting in the formation of binding cavities with
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Fig. 5 DLS spectra showing the particle size distributions of (a) CQDs, and (b) CQDs@NIP, CQDs@MIP_glucose, and CQDs@MIP.
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100 nm

Fig. 6 TEM images of CQDs@MIP at different magnifications with scale bars of 500 nm, 200 nm, and 100 nm.

dimensions and functionalities complementary to glucose.”
Dynamic size distribution was also analyzed using DLS (Fig. 5).
The dynamic size of the CQDs was found to range from 0.7 nm
to 5 nm, which is a typical size range for CQDs prepared by this
annealing method.** Interestingly, the MIPs exhibited dynamic
sizes in the same trend as observed in the SEM results, with
sizes of 361 nm, 420 nm, and 267 nm for CQDs@NIP,
CQDs@MIP_glucose, and CQDs@MIP, respectively.

To further investigate the morphology of CQDs@MIP, TEM
analysis was conducted, as shown in Fig. 6. At various magni-
fications, CQDs@MIP appeared as quasi-spherical particles.
Notably, the edges of the particles were diffuse, indicating
a loosely cross-linked surface layer. The irregular and soft edges
may result from the imprinting process, which can produce
a less compact outer structure. Such edge features are charac-
teristic of MIPs synthesized with template molecules, where
surface porosity and flexibility are desirable for effective target
binding.***> At this point, the morphology and chemical struc-
tures of the as-prepared MIPs have been elucidated, as
described above. The CQDs were shown to be embedded within
the imprinted copolymers of APTES-TEOS. The interaction
between CQDs and APTES is mainly achieved through the
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hydrolysis of the ethoxy groups of APTES into silanol groups,*
which subsequently undergo condensation with the hydroxyl or
carboxyl groups present on the CQDs surface.**** This process
results in the formation of covalent Si-O-C linkages, providing
a stable anchoring of APTES on CQDs. In addition, hydrogen
bonding and electrostatic interactions between protonated
amine groups (-NH;") of APTES and negatively charged func-
tional groups (-COOH/-OH) on CQDs further enhance the
surface modification.

Utilizing the fluorescence emission of the CQDs, the sensing
principle is illustrated in Fig. 7. The polymeric layers, also
embedded with the template glucose, act as shielding barriers
that significantly reduce the fluorescence of the CQDs by
blocking both the incident and emitted light. After template
removal, resulting in the formation of binding cavities, the
shielding effect diminishes, leading to a concomitant increase
in fluorescence intensity. In other words, the presence of the
template glucose strongly influences the fluorescence emission
intensity of the CQDs when excited. Based on this mechanism,
when glucose is adsorbed onto the CQDs@MIP, the binding
cavities become occupied. As the glucose concentration in the
solution increases, more cavities are filled, enhancing the
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Fig. 7 Schematic illustration of the fabrication process and sensing mechanism of CQDs@MIP.
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Fig. 8 Fluorescence spectra of the as-prepared materials under an
excitation wavelength of 360 nm.

shielding effect and thereby decreasing the fluorescence
intensity. As a result, the fluorescence spectra of the as-prepared
materials are shown in Fig. 8. The CQDs exhibited a fluores-
cence spectrum with a peak at 435 nm and an intensity of
approximately F = 1.2 x 10’. Following incorporation into the
copolymers, both CQDs@NIP and CQDs@MIP_glucose exhibi-
ted a marked decrease in fluorescence intensity, with F
measured at 3 x 10° (a.u.). However, upon template removal to
generate binding cavities in CQDs@MIP, the fluorescence
intensity increased to F = 5.6 x 10° (a.u.). These trends are
consistent with the sensing mechanism discussed above.

As shown in Fig. S1, the CQDs@MIP prepared with poly-
merization times of 3 and 4 hours exhibited the highest fluo-
rescence intensity, and a polymerization time of 3 hours was
selected for the subsequent preparation of CQDs@MIP. The
effect of pH on the fluorescence intensity was also investigated
(Fig. S2), demonstrating that a neutral pH of 7.0 is most suitable
for the CQDs@MIP.

The CQDs@MIP was then employed to adsorb glucose from
buffer solutions at varying concentrations, ranging from 2.5 nM
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to 0.05 M. As depicted in Fig. 9a, higher glucose concentrations
resulted in lower fluorescence intensities, a trend governed by
the sensing mechanism discussed above. The relationship
between glucose concentration and the normalized fluores-
cence signal was established, as shown in Fig. 9b, where F, and
F represent the maximum fluorescence intensities of
CQDs@MIP without and with glucose adsorption, respectively.
At glucose concentrations of 2.5 nM and 1 mM, the Fy/F ratios
were 1.73 (a.u.) and 1.99 (a.u.), respectively. Beyond a concen-
tration of 1 mM, further increases led to progressively smaller
changes in fluorescence intensity, indicating saturation of the
adsorption sites. Interestingly, the CQDs@NIP was also
immersed in glucose solutions across the same concentration
range, followed by fluorescence measurements. It was observed
that the fluorescence intensities exhibited changes upon
glucose immersion, but the magnitudes were much lower
compared to those observed with CQDs@MIP. The F,/F ratios
were distinguishable across the different glucose concentra-
tions, measuring 1.47 (a.u.) and 1.52 (a.u.) at 2.5 nM and 1 mM,
respectively. These results strongly suggest that glucose mole-
cules were capable of binding to the non-imprinted polymers.
However, these bindings were non-specific, occurring mainly on
the outer layer of the CQDs@NIP through hydrogen bonding
between glucose molecules and abundant hydroxyl groups on
the copolymers, rather than within the specific binding cavities
created during the imprinting process.***"** This non-specific
interaction resulted in rapid adsorption saturation, as
observed. Overall, these results further emphasize the critical
role of binding cavities in the selective binding of glucose.

As shown in Fig. 10, the Fy/F ratio of the CQDs@MIP upon
exposure to the interfering molecules ranged from 1.25 (a.u.) to
1.48 (a.u.), which was much lower compared to that observed
with glucose. This indicates that the interfering molecules
adsorbed on the CQDs@MIP, resulting in a reduction of fluo-
rescence intensity. However, these bindings can be attributed to
non-specific interactions at the outer layer of the MIP, rather
than the occupation of the imprinted binding cavities by the

(b)
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I |
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(a) Fluorescence spectra of CQDs@MIP after glucose adsorption at various concentrations, (b) relationship between glucose concen-

tration and the fluorescence intensity ratio (Fo/F) for CQDs@MIP and CQDs@NIP. The adsorption experiments were performed in PBS buffer.
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analytes. The high specificity of the imprinted polymer toward
glucose can be attributed to several synergistic factors. First, the
imprinted binding cavities possess a three-dimensional geom-
etry that is complementary in size and shape to the glucose

2.0E+6

molecule, thereby restricting access of non-target molecules
with different steric profiles.>®** Second, the spatial arrange-
ment of hydrogen-bonding sites within the cavities closely
matches the distribution of hydroxyl groups in glucose,
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(a) Fluorescence spectra of CQDs@MIP after glucose adsorption at various concentrations, ranging from 25 nM to 25 mM, in an

intracellular fluid-mimicking solution. (b) Corresponding relationship between glucose concentration and fluorescence intensity ratio (Fo/F). (c)
Logarithmic relationship between glucose concentration and fluorescence intensity ratio (Fo/F).
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Table 1 Comparison of glucose detection using different approaches

Approach/material Transduction method LOD Year References
Fe;0,-based MIP Colorimetric 10 uM, in serum 2025 57
TCS3200 RGB sensor Colorimetric 0.9-3.9 mg dL ™, in saliva 2025 60

MIP + LC-MS/MS Chromatographic 0.30 ng mL™", in fish serum 2024 61
Core-shell structures Luminescence 0.03 uM, in serum 2024 62
CQDs/MIP Fluorescence 29.1 nM, in intracellular-mimicking fluid 2025 This work

allowing for multiple simultaneous interactions that strengthen
recognition.***” Therefore, the exclusion effect arising from
mismatched molecular dimensions and functional group
orientation further minimizes non-specific adsorption,
ensuring a high degree of selectivity. Collectively, these features
endow the glucose-imprinted polymer with a superior molec-
ular recognition capability compared to its non-imprinted
counterpart. To provide further evidence, zeta potential
measurements and Raman spectral analyses were included in
the SI (Fig. S3 and S4), both of which confirm the presence of
hydrogen-bonding interactions between glucose and the poly-
mer matrix.

Based on these results, a further assessment was conducted.
An intracellular fluid-mimicking solution was prepared by
diluting the interfering molecules into human serum at the
concentrations listed in Table S1. Glucose was then added at
varying concentrations ranging from 25 nM to 25 mM. The
CQDs@MIP were immersed into these solutions, and the
resulting fluorescence spectra were recorded, as shown in
Fig. 11. Although the fluorescence intensities were lower
compared to those in DI water, each CQDs@MIP exposed to
different glucose concentrations produced distinguishable
fluorescence spectra and corresponding changes in the Fo/F
ratios, measuring 2.02 (a.u.) at 25 nM and 2.57 (a.u.) at
0.25 mM. Within this concentration range, the Fy/F ratio
exhibited a linear relationship with glucose concentration,
while saturation behavior was observed at glucose concentra-
tions above 2.5 mM. This exponential response is consistent
with the Beer-Lambert law.”®**® Accordingly, a logarithmic
relationship between glucose concentration and the Fy/F ratio
was established as follows: Fo/F = 0.085 10g(Cgiucose) + 1.89, with
R* = 0.9884. As demonstrated, the as-prepared CQDs@MIP was
capable of detecting glucose in a intracellular fluid-mimicking
environment in the presence of various interfering molecules.
The limit of detection (LOD) was determined to be 29.4 nM (SI),
which is relevant to intracellular glucose levels and can be
applied for direct glucose monitoring."'* The simplicity and
high selectivity of this fluorescence sensor highlight its poten-
tial as an alternative to conventional high-end techniques.

In comparison with other studies as shown in Table 1,
Nhiem et al. reported glucose detection using a colorimetric
transduction approach based on MIPs, achieving a detection
limit as low as 10 pM in aqueous solution,”” which is signifi-
cantly higher than the LOD obtained in the current study. In
another MIPs-based approach, salivary glucose levels in dia-
betic patients were monitored with low LODs ranging from
0.9 mg dL ™" to 3.9 mg dL ™" using 3,3',5,5'-tetramethylbenzidine

40706 | RSC Adv, 2025, 15, 40698-40708

as the color indicator.®® Additionally, when MIPs were
combined with liquid chromatography-tandem mass spec-
trometry, glucose in fish serum was detected with an LOD of
0.30 ng mL~".®* However, the requirement for mass spectrom-
etry limits the widespread applicability of this method.
Furthermore, a core-shell structure of upconversion nano-
particles was employed for glucose detection in serum samples,
achieving an LOD of 0.03 uM, based on single-band bright red
luminescence.®* To the best of our knowledge, no previous
studies have reported the use of MIPs combined with fluores-
cence transduction to achieve a nanomolar-level LOD as
demonstrated in the present work.

Conclusions

In this study, APTES and TEOS were used to prepare a copol-
ymer in the presence of CQDs, which were previously synthe-
sized via a facile annealing process of citric acid. The resulting
copolymer underwent a washing step to produce an imprinted
polymer embedded with binding cavities, referred to as
CQDs@MIP. The imprinted polymer exhibited a quasi-spherical
shape with an average diameter of approximately 604 & 15 nm
and showed a high degree of structural disorder at the edges.
The CQDs@MIP demonstrated high performance in detecting
glucose in an intracellular fluid-mimicking solution, with
a LOD of 29.4 nM, yielding an Fy/F ratio of 2.02 (a.u.), which is
relevant to physiological intracellular glucose levels. Within the
glucose concentration range of 25 nM to 25 mM, a logarithmic
relationship was established: Fo/F = 0.085 10g(Cgiucose) + 1.89,
with R” = 0.9884. These findings demonstrate the high poten-
tial of this sensing approach for practical applications in
intracellular glucose monitoring.
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