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Molecularly imprinted nanoparticles (MI-NPs) are synthetic receptors with high selectivity and stability,
offering advantages for biosensing applications. In this study, we developed and optimized core/shell
molecularly imprinted nanoparticles (CS-MI-NPs) tailored for quartz crystal microbalance with
dissipation monitoring (QCM-D) sensors. The nanoparticles were synthesized through a controlled
sol—-gel process, achieving tunable sizes (22-63 nm) and high monomer conversion. Functionalization
with amine and vinyl groups facilitated imprinting of a selective shell, enhancing the recognition
capabilities of CS-MI-NPs. The optimized system demonstrated significantly improved binding
performance, with a specific surface area increase of 260-270% and a target protein retention rate of
34-37%, compared to 6-12% in non-imprinted controls. Langmuir modeling confirmed high affinity
and selective binding sites, while QCM-D measurements validated efficient immobilization, low
nonspecific interactions, and a detection limit of 2.8 nM for streptavidin. Additionally, CS-MI-NPs

selectively recognized tannins in complex mixtures, distinguishing between proanthocyanidins,
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Accepted 24th May 2025 ellagic, and gallic tannins, wi etection levels comparable to biologically derived probes. These
results highlight CS-MI-NPs as a versatile and high-performance platform for nanostructured
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1 Introduction

Molecular imprinting (MI) is a powerful and versatile synthetic
strategy for designing polymers with molecular recognition
capabilities. By polymerizing functional monomers in the
presence of a template molecule, it is possible to create binding
sites that are spatially and chemically complementary to the
target. Upon template removal, the resulting cavities can
selectively rebind the target with high affinity and specificity,
mimicking the function of natural receptors such as antibodies
or enzymes."?® This approach is particularly appealing in
applications where the need for stability, robustness, and long-
term storage often limits the use of biological recognition
elements. Natural receptors are subject to degradation, require
controlled storage conditions (e.g., refrigeration), and often
suffer from limited shelf life and batch-to-batch variability. In
contrast, molecularly imprinted polymers (MIPs) exhibit
exceptional thermal and chemical stability, are compatible with
a wide range of solvents and pH conditions, are reusable and
can be stored at room temperature without significant loss of
performance. These features make MIPs particularly suited for
field-deployable, durable, and cost-effective sensing platforms.
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Molecularly imprinted nanoparticles (MI-NPs) can be
tailored to a wide range of targets by rational design of
monomer-template interactions and polymerization condi-
tions.* Over the years, MI-NPs have attracted increasing interest
in biosensing®® due to their specificity in recognizing
proteins,”” nucleic acids,' and small organic compounds.*>**

Originally developed for small molecule recognition,
molecular imprinting has been adapted to address the chal-
lenges associated with larger biomolecules, such as conforma-
tional flexibility, complex surface topography, and aqueous
solubility. Strategies such as epitope imprinting have been
introduced to overcome these limitations." Surface imprinting
is another key approach that allows for the creation of a thin
imprinted shell around a solid core, thus enhancing accessi-
bility of the recognition sites and improving both binding
kinetics and sensitivity."**”

Surface-imprinted core/shell nanoparticles (CS-MI-NPs) are
particularly advantageous for imprinting large biomolecules
such as proteins, which present considerable challenges due to
their size, structural complexity, and conformational
dynamics.'® CS-MI-NPs offer precise control over particle size
and surface chemistry, reduced mass transport limitations, and
enhanced performance in aqueous environments. The
synthesis of a MI system requires careful optimization of
various factors, such as functional monomers,* cross-linkers,*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and polymerization conditions.”*** As a rule, operative condi-
tions are critical for achieving high affinity and specificity for
the target molecule.”® Surface imprinting of CS-MI-NPs also
enables precise control over nanoparticle size and shell thick-
ness, thereby improving binding efficiency and minimizing
nonspecific adsorption.*

After synthesis, CS-MI-NPs can be integrated into biosensing
platforms. Quartz crystal microbalance with dissipation moni-
toring (QCM-D) is a powerful tool for real-time detection of
substances.”®?* Functionalizing QCM-D sensors with MI-NPs
allows for the creation of highly selective biosensors for
protein detection. The functionalization of QCM-D sensors with
MI-NPs has already been demonstrated for protein detection.*
Recent studies have explored the application of MI-
functionalized QCM sensors for detecting various proteins,
significantly improving sensitivity and selectivity (e.g.>***). In
this context, the use of CS-MI-NPs enables the design of stable
and selective biosensors for complex biological or environ-
mental targets, while maintaining the reproducibility and
scalability required for practical applications.

In addition to proteins, we selected tannins as a second
class of target analytes to demonstrate the versatility of the
approach across chemically and structurally distinct mole-
cules. Tannins are complex polyphenolic compounds with
broad molecular weight distributions, diverse conformations,
and a high tendency to aggregate in aqueous media. They are
relevant in several fields, including food science, oenology,
pharmaceuticals, and environmental monitoring, where their
detection and discrimination (e.g., between gallotannins,
ellagitannins, and proanthocyanidins) is often required in
complex mixtures. The use of MI allows the development of
robust and selective recognition elements for such challenging
analytes, overcoming the limitations of conventional biosen-
sors based on biological affinity elements. Including tannins
in our study enabled us to assess the performance of CS-MI-
NPs in conditions of high matrix complexity and structural
heterogeneity, thus highlighting their applicability beyond
classical protein detection.

In this study, we optimized a surface-imprinted core/shell
nanoparticle system against streptavidin (CS-sMI-NPs), aiming
to develop a versatile, high-performance sensing platform. As
the impact of core size, surface functionalization, monomer
composition and concentration, and shell thickness was
systematically investigated to maximize recognition efficiency.
As a demonstration of applicability, synthesized nanoparticles
were integrated in QCM-D sensors and tested for the selective
detection of proteins and polyphenolic compounds in complex
matrices. Additionally, we tested the same system imprinted
against tannins (CS-tMI-NPs), which are large molecules with
distinct conformations and compositions compared to strep-
tavidin. Specifically, we conducted a case study by imprinting
our nanoparticles with proanthocyanidin tannins and testing
them against complex samples containing both proanthocya-
nidins and ellagitannins. Our findings demonstrate the poten-
tial of CS-MI-NPs as effective probes for bulk acoustic waves
sensors functionalization.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 Materials and methods
2.1 Materials

Unless specifically stated otherwise, all reagents were
purchased from Sigma-Aldrich. Tetraethyl orthosilicate
(TEOS, molecular weight 208.33 g mol ', specific gravity
0.93 g mL ™", purity > 99%), 3-(trimethoxysilyl)propyl meth-
acrylate (TMPMA, M,, 248.35 g mol ™, specific gravity 1.05 g
mL~', purity 98%), and (3-aminopropyl)triethoxysilane
(APTES, M, 221.37 g mol™", specific gravity 0.95 g mL™",
purity 99%) served as the primary reagents for core synthesis
and subsequent reactive functionalization. Trimethylolpro-
pane trimethacrylate (TRIM, M, 338.40 g mol ', specific
gravity 1.06 ¢ mL™ ", technical grade), 2-hydroxyethyl meth-
acrylate (2-HEMA, M,, 1130.14 ¢ mol ™', specific gravity 1.07 g
mL™!, purity > 99%), 2-(dimethylamino)ethyl acrylate
(DMAEA, M, 143.18 g mol ', specific gravity 0.94 g mL ",
purity 98%), methyl methacrylate (MMA, M,, 100.12 g mol ™,
specific gravity 0.94 ¢ mL™", purity 99%) and 2,2’-azobis(2-
methylpropionitrile) (AIBN, M,, 164.21 g mol ', purity 98%)
were used for the synthesis of the imprinted shell. Methylene
blue (MB, M,, 319.85 g mol ", purity > 97%) was used for
specific surface tests. Streptavidin (STREP, IBA Lifesciences,
53 kDa, purity > 95%) and bovine serum albumin (BSA, 66
kDa, purity > 96%) were used as proteins in syntheses,
rebinding tests, isotherm tests, and QCM-D experiments.
Poly(ethylene glycol) 2-mercaptoethyl ether acetic acid (HS-
PEG-COOH, NanoCS, 2 kDa), dithiothreitol (DTT, M,, 154.25 g
mol ™!, purity > 98%), N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide (EDCI, M,, 191.70 g mol ', commercial grade),
and N-hydroxysuccinimide (NHS, M,, 115.09 g mol ", purity >
98%) were used for adlayer formation and as coupling agents.
For the case study, three commercial oenological additives
(Laffort, Italy), TANIN VR GRAPE® (TVRG, proanthocyanidin
tannins extracted from grapes), TANIN VR SUPRA® (TVRS,
proanthocyanidin and ellagitannins), and TANIN GAL-
ALCOOL® (TG, gallic tannins) were used for synthesis and
QCM-D tests. Absolute ethanol (EtOH, HPLC purity), ammo-
nium hydroxide (NH,OH, ACS purity, 32% v/v), hydrogen
peroxide (H,O,, ACS purity, 35% v/v), Milli-Q water, phos-
phate buffered saline solution (PBS, 140 mM NacCl, 10 mM
phosphate buffer, 3 mM KCl, pH 7.4 at 25 °C), hydrochloric
acid (HCI, ACS purity, 36% in water), sodium dodecyl sulfate
(SDS, molecular biology purity, 20% solution in water), acetic
acid (CH3;COOH, glacial, ACS purity degree), and sodium
bicarbonate solution (NaHCOj;, ACS purity) were used as
solvents in syntheses and all tests. Monomers, proteins, and
the radical initiator were used as purchased, while solvents
were filtered before use.

2.2 Nanoparticle characterization

Photon Correlation Spectroscopy (PCS) was used to measure
nanoparticle size, polydispersity index (PDI), and average
photon count (keps). The {-potential was also measured using
the same apparatus (Zetasizer, Malvern Panalytical, Malvern,
UK).

RSC Adv, 2025, 15, 18310-18323 | 18311
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Nanoparticle size was determined by diluting suspensions
(~0.1 mg mL™") in water, placing 50 pL in a quartz cuvette, and
measuring. Any protocol modifications are detailed in the text.
Raw data were processed with Excel to extract peak mode, full
width at half maximum (FWHM), and PD], fitting a skewed bell-
shaped function. Samples were analyzed in triplicate. Addi-
tionally, keps was tracked as an indicator of sample concen-
tration.*® For (-potential, diluted samples were placed in
a disposable folded capillary cell and directly analyzed by the
software.

UV-Vis spectroscopy (JASCO V550, JASCO Europe) was used
to study complex formation, Langmuir isotherms, rebinding
tests, and to estimate the specific surface area. Experimental
details for sample preparation are provided in the text.

2.3 Synthetic procedures

2.3.1 Nanoparticle core. The nanoparticle core was
synthesized using the Stober method.** Reaction parameters
were optimized through a pilot synthesis, where 70 mL of EtOH,
1.4 mL of NH,OH, and 1.0 mL of water were added to a round-
bottom reactor. Separately, 4.0 mL of TEOS (18 mmol) diluted in
35 mL of EtOH was added under stirring at room temperature.
Aliquots (50 pL) were withdrawn at fixed intervals, diluted in 950
uL of water to halt the reaction, and measured for size and kcps.
Sampling continued until parameters plateaued, identifying
24 h as the optimal reaction time for high monomer conversion
and stable particle size.

Using the same experimental protocol, three formulations
were tested (Table 1) to assess the impact of TEOS concentration
on size: S1 (0.20 mM), S2 (0.16 mM), and S3 (0.12 mM). Products
were dialyzed for 24 h in EtOH, then stored in sealed vials at
room temperature. All syntheses were performed in triplicate.

2.3.2 Reactive functionalization of the core nanoparticles.
The core surface was functionalized with amine and vinyl
groups using APTES and TMPMA. APTES facilitated interactions
with template molecules through amine groups, while TMPMA
contributed vinyl groups for shell-core anchoring. The optimal
APTES/TMPMA molar ratio and monomer concentration were
determined through screening. 50 mg of Stober nanoparticles
were suspended in 10 mL of solution containing 5 mL of EtOH
and 5 mL of HCI (1 mM, pH 4) in a sealed vial. APTES and
TMPMA were added in concentrations of 1 mM, 2 mM, and
3 mM (monomer-to-nanoparticle ratios: 0.2 pmol mg’l, 0.4
pumol mg ™, and 0.6 pmol mg ). Molar ratios of 75/25, 50/50,
and 25/75 APTES/TMPMA were tested, along with controls
using only APTES or only TMPMA. The mixture was stirred for
1 h at room temperature, followed by 24 h dialysis against water

Table 1 Reactants and solvents used for the core syntheses

Solvent or reagent (mL) S1 S2 S3
EtOH 6.2 6.3 6.4
NH,OH 0.13 0.13 0.13
Water 0.09 0.09 0.09
TEOS 0.44 0.36 0.27
EtOH to dissolve TEOS 3.1 3.1 3.2
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(14 kDa MWCO). The final products were stored at room
temperature and used within one month.

The best APTES/TMPMA ratio was selected based on nano-
particle size. The formulation was further optimized to find the
best balance between monomers and core nanoparticles
concentrations. Solvent composition was adjusted to prevent
premature monomer hydrolysis, using 1.5 mL water and 4.5 mL
EtOH. 30 mg of nanoparticles were used, with monomer
concentrations ranging from 0.7 mM to 2.1 mM (0.14 pmol
mg " to 0.36 umol mg~"). The lower concentration was selected
after screening.

2.3.3 Complexes formation. Complex formation plays
a critical role in the final performance of MI-NPs, with more
stable complexes yielding better performance.*®

30 mg of functionalized nanoparticles from three batches
were diluted in 50 pL of PBS, followed by the addition of 450 pL
of STREP solution (200 ug mL " in PBS). The final STREP-to-
nanoparticle ratio was 3 pg mg~'. The mixture was incubated
at 75 °C for 5, 10, 20, and 30 min, then centrifuged for 5 min at
13.3 krpm. Supernatants were collected for UV-Vis analysis.
Control experiments included functionalized nanoparticles in
PBS and a STREP solution without nanoparticles, incubated
under the same conditions. The residual STREP concentration
was monitored over time to calculate the amount immobilized
on the nanoparticles. Data were analyzed upon a calibration
curve generated with STREP concentrations ranging from 7.0
pg mL ™" to 240 pg mL ™" in PBS, with UV-Vis spectra acquired
between 220 and 350 nm and absorbance monitored at
280 nm.

Tests were performed in triplicate on three batches of func-
tionalized nanoparticles (9 samples per timepoint). Pellets from
samples incubated for 30 min were resuspended in PBS and
analyzed by DLS.

2.3.4 Imprinted shell. Functionalized nanoparticles were
used to prepare surface-imprinted nanoparticles. Nanoparticles
from the S1 synthesis, functionalized with a 50/50 molar ratio of
APTES/TMPMA at 0.14 pmol mg ™', were tested with a STREP-to-
nanoparticle ratio of 3 ug mg™'.

5 mg of functionalized nanoparticles in water suspension
(1 mg mL™") was added to a mixture of 4 mL EtOH and 1 mL 1%
SDS solution (w/v). The mixture was stirred and heated to 75 °C.
Once at temperature, a fixed volume of a monomer mixture (2-
HEMA, DMAEA, MMA, and TRIM, molar ratio 1:1:1:2) dis-
solved in EtOH was added. The concentrations in the monomer
mixture were 60 mM for 2-HEMA, DMAEA, and MMA, and
120 mM for TRIM. Six different volumes of the monomer
mixture were tested, resulting in a monomer-to-nanoparticle
ratio ranging from 0.45 pmol mg™' to 13.6 umol mg™"' to
study the effect on nanoparticle size. Nanoparticles were
washed with an extraction solution (0.1% w/v of SDS, 0.1% v/v in
CH;3;COOH, T = 45 °C, 30 min) then centrifuged (13.3 krpm for
15 min). The pellet was then recovered and washed twice with
water.

Among the formulations tested, the monomer-to-
nanoparticle ratio of 0.45 umol mg™" was chosen for subse-
quent characterizations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 QCM-D characterization: (a) schematization of the sensor functionalization (not in scale); (b) characteristic traces of the whole experi-
ment (events: (1) injection of the adlayer solution, (2) rinsing with water, (3) injection of the probe solution, (4) rinsing with water, (5) injection of

the sample solution, (6) rinsing with water).

2.4 Nanoparticle characteristics and performance

2.4.1 Specific surface. The specific surface area of CS-sMI-
NPs was estimated using the methylene blue (MB) assay.*®
0.10 mg of nanoparticles were suspended in 50 pL of water and
incubated with 150 puL of MB solution in EtOH (10 pg mL ") for
24 h. After incubation, samples were centrifuged (13.3 krpm for
5 min), and the supernatant was analyzed by UV-Vis spectros-
copy. Data were processed using a calibration curve (concen-
trations from 3.0 pg mL™" to 50.0 ug mL '), with spectra were
acquired between 500 nm and 750 nm, monitoring the absor-
bance at 658 nm. Samples were tested at varying monomer-to-

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

nanoparticle ratio. Core/shell non-imprinted nanoparticles
(NIPs, monomer-to-nanoparticle ratio of 0.40 pg mg ', size
165 nm + 68 nm) were synthesized and tested as a control.

The specific surface area (4;) of the nanoparticles was
calculated using eqn (1):

gMBNAGME
A= ——— 1
MMBm ( )

where gy is the amount (g) of absorbed MB, N, is the Avoga-
dro’s number (6.022 x 10** mol™ "), ¢y is the surface area
occupied by a single MB molecule on the adsorbent surface (1.3
x 107 "® m?), My is the molecular weight of MB (319.9 ¢ mol )

RSC Adv, 2025, 15, 18310-18323 | 18313
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Fig. 2 Preliminary synthesis and core characterization: (a)—(c) size, scattering intensity and PDI respectively, measured during nanoparticle
growth, (d)—(f) size, z-potential and PDI respectively, measured in the screening syntheses to determine the preferred TEOS concentration. In
growth kinetics plots, three samples were withdrawn from the reactive mass and measured, thus reported error bars represent the range max/

min.

and m is the mass of nanoparticles (mg). Tests were performed
in triplicate.

2.4.2 Rebinding tests and equilibrium isotherms. Rebind-
ing tests were conducted by incubating 5 mg of CS-sMI-NPs in
a solution of STREP in PBS (180 pg mL ). At fixed times (5, 10,
20, 40, and 60 min), samples were centrifuged (13.3 krpm for 5
minutes), and the supernatant was collected and analyzed by
UV-Vis spectroscopy. Spectra were acquired as previously
described. A calibration curve for STREP was constructed by
analyzing solutions with known concentrations in the range of
10 pg mL™ " to 500 ug mL ™. Tests were conducted in triplicate.

18314 | RSC Adv, 2025, 15, 18310-18323

Equilibrium isotherms were studied to evaluate CS-sMI-NPs,
selecting the system with the highest rebinding capacity. For
the isotherms, 50 pg of CS-sMI-NPs or NIPs were mixed with 150
uL protein solutions, with concentrations in the range from 100
pg mL~" to 200 pg mL~", of STREP (target protein) or BSA
(negative control) and incubated for 24 h at room temperature.
After centrifugation (13.3 krpm for 5 minutes), the supernatants
were analyzed by UV-Vis spectroscopy, monitoring absorbance
at 280 nm for both proteins. Calibration curves for STREP and
BSA were obtained in the range from 6 pg mL ™" to 16 pg mL™ .
Tests were conducted in triplicate. Experimental data were
fitted using the Langmuir model*” (eqn (2)):

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Measured size of functionalized nanoparticles in different screening tests: (a) effect of APTES/TMPMA molar ratios and (b) effect of the
overall monomers-to-nanoparticle concentration. Data are the mean value of mode values calculated for three syntheses for each point, error
bars represent the SE. The starting size of bare core nanoparticles was 35 nm + 5 nm. Study of the STREP/nanoparticles complex formation and
characterization of CS-sMI-NPs: (c) size of tested nanoparticles (core: bare Stdber from S1 synthesis; functionalized: core nanoparticles
functionalized with a APTES/TMPMA ratio of 50/50 and monomer-to-nanoparticle concentration of 0.16 pmol mg™*; complex: STREP/nano-
particle complex after 30 min of incubation in the protein solution; Ctrl: functionalized nanoparticles incubated in PBS), UV-Vis measurements of
(d) supernatant collected from the incubation solution; (e) differential concentration normalized over the amount of functionalized nano-
particles; (f) size of CS-sMI-NPs by varying the monomers concentration in the reaction.

KL Ce

Qe = Qmm

@)
where Q. is the equilibrium adsorption capacity (mg mg™"), Qm,
is the maximum adsorption capacity (mg mg '), K, is the
Langmuir constant, indicating the affinity between adsorbent
and adsorbate (mL mg™"), and c, is the equilibrium concen-
tration in the incubation solution (mg mL™%).

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

Additional characteristic parameters were calculated to
quantify the system performance, including the Imprinting
Factor (IF, eqn (3)) and the Relative Affinity (RA, eqn (4)):

IF = Qm‘MIP
Qm,Ctrl
KL MIP
RA= ——
KL,Ctrl

(3)

(4)
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of retained (c) STREP and (d) BSA over the amount of nanoparticles at the equilibrium (24 h) measured after incubation with protein solutions with

decreasing protein concentrations.

Table 2 Computed parameters from the Langmuir modelling

Parameter Specific (STREP)  Nonspecific (BSA)
Eqn (3) IF — Om,cs-sMI-NPs 2.65 —
Qm.Ctrl
Eqn (4) RA — Ki cs-sminps 1.44 —

Ky cu

where Q,, and K;, were previously described. For the Langmuir
parameter calculations, experimental data were processed
using MATLAB 2023b (MathWorks, Natick, US).

2.5 QCM-D experiments

The QCM-D (E4 model, Q-Sense AB, Sweden) experiments were
conducted using AT-cut quartz crystals with gold electrodes.
The sensors (Biolin Scientific, Vistra Frolunda, Sweden) had
a fundamental resonance frequency (fy) of 5 MHz, an overall
diameter of 14 mm, and a gold-coated active area with a diam-
eter of 10 mm. Sensors were mounted in microfluidic cham-
bers, and measurements were performed in stagnant mode at
25 °C.

18316 | RSC Adv, 2025, 15, 18310-18323

Before use, sensors were cleaned with oxygen plasma
(Femto, Diener Electronic, Ebhausen, Germany) for 2 min at
a power of 100 W, soaked in a 5:1:1 v/v/v solution of water,
NH,OH, and H,0, at 75 °C for 15 min, rinsed with water and
isopropanol, dried under dry N,, and treated again with oxygen
plasma for 2 min.

To modify the gold surface, an HS-PEG-COOH adlayer was
formed via thiol-gold chemistry. Sensors, mounted in QCM-D
chambers and pre-rinsed with water, were treated with an
adlayer solution of HS-PEG-COOH (2 mg mL™ ') and DTT (5
times the molar concentration of HS-PEG-COOH) in NaHCOj;
(0.1 M) for 15 min, followed by a water rinse (5 min). This
process exposed carboxylic functionalities for probe
immobilization.

For nanoparticle immobilization, a solution containing
nanoparticles (2 mg mL "), EDCI, and NHS (50 mM each) in
water was injected into the chambers. After 60 min, the sensors
were rinsed with water (5 min). Fig. 1a shows the functionali-
zation process, while Fig. 1b reports typical QCM-D traces.

After functionalization, sample solutions containing the
protein of interest in PBS (STREP or BSA, 0.15 mg mL ") were
injected and incubated for 60 min. Finally, the sensors were
rinsed with water (5 min).

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

The CS-MI-NPs system was tested for recognizing oenological
tannins. Core/shell tannin-imprinted nanoparticles (CS-tMI-
NPs) were prepared and tested using the same procedures as
for CS-sMI-NPs but changing the template molecule. For CS-
tMI-NPs, the mixture TVRG was used during synthesis. QCM-
D tests were performed using TVRG (specific recognition),
TVRS (competitive recognition), and TG (nonspecific adsorp-
tion) as analytes. The system used nanoparticles from S1 as the
core, functionalized with 50/50 APTES/TMPMA mixture at 0.14
umol mg ™', a template-to-nanoparticle ratio of 3 pg mg™ ", and
a monomer-to-nanoparticle ratio of 0.45 pmol mg™~'. QCM-D
sample concentration was 0.2 mg mL .

2.7 Data analysis

In PCS and {-potential experiments, data are reported as the
mean mode calculated from replicates. For technical replicates,
results are expressed as the mean mode + FWHM, while for
independent experiments, data are reported as the mean mode
+ SE. In nanoparticle growth kinetics, a single synthesis was

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

monitored, with five samples taken per timepoint; data are the
mean of these measurements, with error bars representing the
data range.

In UV-Vis measurements, data are reported as mean =+ SD for
technical replicates, or mean =+ SE for independent
experiments.

For QCM-D experiments, the apparatus recorded the reso-
nance frequency shift (Af) and energy dissipation (AD) for up to
seven odd overtones, while only the 3rd to the 11th overtones
were used for data analysis. The values of AF, = Af,/n are re-
ported. AF, and AD,, were calculated as the difference between
the baseline acquired at the start of each measurement step and
the post-rinse signals. At least three experiments were per-
formed for each condition, with AF, (Hz), AD, (dimensionless),
and molecular density (molecules per cm?®) continuously
recorded. Results are presented as the mean of replicates (N),
with error bars indicating the SE. The fundamental frequency
(AF,) was excluded due to environmental noise sensitivity.*®

The adhered sensor mass was evaluated using the Sauerbrey
model (eqn (5)).** The Sauerbrey equation is as follows:

RSC Adv, 2025, 15, 18310-18323 | 18317
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tested sensors.

Am = —C-AF, (5)

In this equation, Am is the variation in sensor mass (ng
cm?), C is the mass sensitivity constant (17.7 ng cm > Hz ' for
quartz crystals with f, = 5 MHz), n is the overtone number.

In this work, the Sauerbrey model was applied if at least one
of the following three criteria was met: (1) minimal dependence
of AF, on n, (2) AD, values below 2 x 107, (3) AD,/(—AF,) < 4
x 10”7 Hz.*o#

The molecular density was calculated form the areal mass as
follows (eqn (6)):

. A
Molecular density = Vm X Na (6)

w

18318 | RSC Adv, 2025, 15, 18310-18323

In this equation, M,, is the molecular weight of the consid-
ered compound (g mol ).

3 Results

3.1 Dimensional characterization

3.1.1 Preliminary analysis of nanoparticle core size and
growth kinetics. Nanoparticle growth kinetics was monitored to
determine the optimal reaction time for achieving high mono-
mer conversion, stable nanoparticle size, and sufficient
concentration. Both size and scattering intensity reached
a plateau after 22 h. The growth trend followed a power-law
behavior (Fig. 2a), indicating rapid expansion of the dominant
nanoparticle fraction. Conversely, the kcps trend (Fig. 2b)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exhibited a sigmoid pattern, suggesting limited nanoparticle
population at early times. Polydispersity index (PDI) values
ranged from 0.10 to 0.22, with a final PDI of 0.18, suitable for
the intended application. Consequently, we selected a reaction
time of 24 h.

The study of TEOS concentration on nanoparticle size indi-
cated that increasing concentrations resulted in larger Stober
nanoparticles (Fig. 2d): 22 £+ 3 nm (0.12 M), 50 £+ 3 nm (0.16 M),
and 63 £+ 3 nm (0.20 M). This trend appeared linear, enabling
precise size tuning within this range. Conversely, {-potential
decreased linearly with increasing TEOS concentration (Fig. 2e):
—22.4mV + 5.4 mV (0.12 M), —33.0 mV =+ 3.2 mV (0.16 M), and
—38.3 mV £ 2.7 mV (0.20 M). The PDI (Fig. 2f) showed minimal
variation across concentrations, with values of 0.21 + 0.02 (0.12
M), 0.17 £ 0.03 (0.16 M), and 0.17 & 0.01 (0.20 M). These results
indicate high monomer conversion and homogeneous nano-
particle growth.

Based on this optimization, the reaction condition desig-
nated as S1 (see Table 1) was chosen for subsequent
experiments.

3.1.2 Reactive functionalization. The silica surface of core
nanoparticles was functionalized via silanization using APTES
and TMPMA. In the initial screening, we tested three APTES/
TMPMA molar ratios and three monomer-to-nanoparticle
ratios to assess their effect on nanoparticle size. Higher
APTES/TMPMA ratios led to larger nanoparticles (Fig. 3a). At 50/
50 and 25/75 ratios, TMPMA concentration affected the size,

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

with functionalized nanoparticles reaching 43 nm + 7 nm at
a 50/50 ratio and a monomer-to-nanoparticle ratio of 0.60 pmol
mg ', like TMPMA-only controls. At a 25/75 ratio and higher
monomer concentrations (0.40 and 0.60 pmol mg "), sizes were
42 nm £+ 6 nm and 47 nm *+ 7 nm, respectively. In control
conditions with APTES alone, nanoparticle size increased with
higher monomer concentrations, reaching a size difference of
about 30 nm, while TMPMA-only functionalization resulted in
sizes around 45 nm + 7 nm. A higher APTES/TMPMA ratio (75/
25) also led to larger sizes but without proportionality. These
results indicated that TMPMA inhibited APTES functionaliza-
tion at higher TMPMA-to-nanoparticle ratios. Therefore, we
chose a 50/50 APTES/TMPMA ratio for further analysis.

In the additional study, after setting the APTES/TMPMA
ratio, monomer-to-nanoparticle concentrations ranged from
0.14 pmol mg ™" to 0.36 pmol mg ™" (Fig. 3b). Functionalization
with 0.14 pmol mg " yielded nanoparticles of 43 nm + 9 nm,
which was excluded. Higher concentrations resulted in sizes
ranging from 60 nm to 200 nm. The formulation with 0.16 pmol
mg " produced nanoparticles of 61 nm + 9 nm, which was
selected for further study.

3.1.3 Complexes formation. The formation of STREP/
functionalized nanoparticle complexes was investigated to
optimize the performance of the final imprinted particles. In
this experiment, we used S1 as core nanoparticles, functional-
ized with an APTES/TMPMA molar ratio of 50/50 and a starting
monomer-to-nanoparticle concentration of 0.16 pmol mg ™.

RSC Adv, 2025, 15, 18310-18323 | 18319
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Fig. 8 QCM-D results related to the case study: (a) AF,, measured after the adlayer formation; (b) AF,, measured after the immobilization of the
CS-tMI-NPs and NIPs; (c) and (d) AF,, measured after the detection of three samples, TVRG (specific), TVRS (competitive) and TG (nonspecific) for

CS-tMI-NPs and NIPs. N indicates the number of tested sensors.

The size of the complex STREP/nanoparticles (Fig. 3c)
increased to 90 nm =+ 14 nm, reflecting a 50% increase
compared to the size of the functionalized nanoparticles. NIPs
incubated with PBS did not show any change in size (61 nm + 10
nm).

The concentration of STREP in the incubation solution
decreased over time in samples containing the functionalized
nanoparticles (Fig. 3d). In contrast, no decrease was observed in
the control sample containing only STREP, confirming that
high temperature and strong centrifugation did not affect the
stability of the protein solution. The residual STREP concen-
tration at the first checkpoint was 61% + 6% in respect to the
starting STREP amount and decreased to 54% =+ 4% by the end
of the test.

The amount of STREP retained by complexes normalized to
the amount of nanoparticles in the samples (Fig. 3e) indicated
that, at the end of the incubation, the STREP-to-nanoparticle
ratio was approximately 2.7 ug mg~' + 0.3 pg mg ™.

3.1.4 Surface-imprinted nanoparticle size. The size of the
surface-imprinted nanoparticles (CS-sMI-NPs) was influenced
by the monomer concentration in the reaction (Fig. 3f). The
increase in size was nearly linear across the analyzed range of
monomer concentrations. The formation of the imprinted shell
significantly contributed to the size of the functionalized
nanoparticles, even at lower monomer concentrations. The
measured sizes ranged from 150 nm + 14 nm to 365 nm +
45 nm.

18320 | RSC Adv, 2025, 15, 18310-18323

3.1.5 Specific surface area, rebinding tests, Langmuir
isotherms and modelling. Experimental data (Fig. 4a) reveal
a mild increase in the specific surface area (4;) of CS-sMI-NPs
with higher monomer concentrations during synthesis. As the
monomer concentration increases from 0.45 pmol mL™" to 9.09
pumol mL ™, 4 linearly ranged from approximately 79 cm* mg™*
to 85 cm> mg ™" (Fig. 4a-inset). NIPs displayed a much lower 4,
of about 23 cm® mg~'. This result highlights that molecular
imprinting created effective binding cavities, increasing the
exposed surface area by 260-270%.

The rebinding tests (Fig. 4b) revealed a strong dependency of
STREP binding capacity on nanoparticle synthesis and incu-
bation time. The binding peaked at 40 minutes for the lowest
monomer concentration before stabilizing. At the monomer
concentration of 0.91 pmol mL™", binding efficiency improved,
with the highest value recorded at the earliest time point
(0.30 mg mg ") followed by minor fluctuations. Intermediate
monomer concentrations (2.27, 4.55, and 9.09 pmol mL ™)
produced moderate binding levels.

Isotherm tests confirmed the dependence of STREP binding
on protein concentration and highlighted significant differ-
ences between CS-sMI-NPs and NIPs. While NIPs exhibited
lower binding and higher variability, CS-sMI-NPs retained 34%
to 37% of STREP, compared to only 6% to 12% for Ctrl. Tests
with BSA revealed nonspecific adsorption for both nanoparticle
types, with no trends related to protein concentration or
nanoparticle formulation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Equilibrium isotherms further emphasized the superior
performance of CS-sMI-NPs. The maximum adsorption capacity
(Qum) for STREP was 5.60 mg mg ™' in CS-sMI-NPs, significantly
higher than 2.11 mg mg ' for Ctrl. However, the Langmuir
constant (Ky), indicative of binding affinity, was relatively low
for STREP (0.26 mL mg '), suggesting limited interaction
strength despite the high density of binding sites. For BSA,
a higher K (2.26 mL mg™ ") combined with a lower Qy, (0.30 mg
mg ) reflected nonspecific interactions likely driven by the
affinity of BSA toward the polymer matrix.**

The imprinting factor (IF) and the relative adsorption affinity
(RA) for STREP resulted 2.65 and 1.44 respectively (Table 2).
These parameters were not calculated for BSA due to poor
fitting. The CS-sMI-NPs retained approximately 36% of STREP,
independent of protein concentration, while BSA retention was
around 14%. In NIPs, STREP adsorption was limited to 8%, and
BSA exhibited a linear decrease from 51% to 13%, indicating
surface saturation from nonspecific binding (Fig. 5).

3.2 QCM-D experiments

3.2.1 Sensor functionalization. The AF, values measured in
the adlayer formation (Fig. 6a) were all negative, confirming
that the immobilization occurred correctly. Statistical analysis
on the obtained data revealed no statistically significant
differences across the harmonic numbers (Shapiro-Wilk, p-
value > 0.05, one-way ANOVA p-value = 0.30). The values of AD,,
were small and close to zero (Fig. 6b). The lack of dependency of
AF, on n and the low values of AD,, allowed excluding significant
effects due to the adlayer viscoelasticity, allowed the application
of the Sauerbrey equation to calculate the mass adhered to the
sensor and the molecular density (Fig. 6¢). The mean value of
adhered mass over all the overtones was 114 ng cm > + 31 ng
cm 2, corresponding to 34 x 10" molecules per cm” + 9.4 x
10" molecules per cm®. Results are in line with our previous
experiments.*

The AF, values measured for the immobilization of both
probes were negative (Fig. 6d), indicating successful immobili-
zation. The measured AF, values for CS-sMI-NPs and NIPs did
not show a dependency on n (Shapiro-Wilk, p-value > 0.05 for
both groups, one-way ANOVA p-value = 0.99 and 0.37 respec-
tively). The measured AD, values after probe immobilization
were close to zero in all cases (Fig. 6e). The lack of dependency
of AF, on n and the low values of AD, allowed excluding
significant effects due to the viscoelasticity of the whole
functionalization.

The AF, signals obtained for the probes were normalized
with respect to the AF, signals obtained for the adlayer (Fig. 6f).
The values obtained for CS-sMI-NPs were slightly higher
compared to those obtained for NIPs, but with no statistically
significant differences (¢-test).

3.2.2 Sample detection. The detection of STREP and BSA
with both CS-sMI-NPs (Fig. 7a) and NIPs (Fig. 7b) confirmed the
improved performance of imprinted nanoparticles in discrim-
inating between the two proteins.

The median AF, values measured after the detection did not
show any dependency on n. Moreover, while the NIPs exhibited

© 2025 The Author(s). Published by the Royal Society of Chemistry
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poor repeatability and high variability in their signals, the CS-
sMI-NPs demonstrated more consistent and less variable
responses. We detected a statistically relevant difference in the
detection of BSA by the two systems (¢-test, p-value < 0.05). No
statistical differences were highlighted in the detection of
STREP but a slight increase in absolute signal intensity was
observed.

Normalized signals from detections against those measured
in probe conjugation indicated that while the NIPs exhibited
increased variability and poor reproducibility, the CS-sMI-NPs
system maintained a stable nonspecific signal with BSA,
which remained consistently lower than that obtained in STREP
detection. Statistically significant differences were obtained
only in the normalized signals obtained with CS-sMI-NPs (#-test,
p-values < 0.05).

3.3 The case study

The characterization of the surface-imprinted nanoparticles
toward tannins (CS-tMI-NPs) confirmed the promising perfor-
mance of the tested system. Complexes between the template
and the functionalized nanoparticles resulted 112 nm + 31 nm,
while the core/shell nanoparticles resulted 165 nm + 31 nm.
Both size measurements were in line with those obtained for the
CS-sMI-NPs. Also the QCM-D results obtained from the new set
of experiments for the adlayer (Fig. 8a) and probe (Fig. 8b)
immobilization did not significantly vary compared to the
previous set. Results from sample detection with CS-tMI-NPs-
functionalized sensors (Fig. 8c) indicated higher binding for
the template mixture (TVRG), lower binding for the mixture of
different tannins (TG), and an intermediate behavior for the
mixture containing proanthocyanidins and ellagitannins
(TVRS). In contrast, NIPs (Fig. 8d) exhibited no differences
between TVRG and TVRS detection and showed very limited
adsorption of TG.

4 Discussion

Optimized core synthesis ensured high monomer conversion
and consistent particle sizes, with TEOS concentration enabling
tunable nanoparticle dimensions from 22 nm to 63 nm. The
negative shift in {-potential with increasing TEOS concentration
highlights the role of deprotonated silanol groups in surface
charge modulation.**

Functionalization tests revealed that higher APTES-to-
TMPMA ratios increased nanoparticle size, while elevated
TMPMA concentrations inhibited surface functionalization.
Formation of STREP/nanoparticle complexes was confirmed by
size increases and UV-Vis analysis, indicating efficient protein
binding driven by electrostatic interactions between negatively
charged STREP at pH 7.4, and the positively charged amine
groups on the nanoparticles. The final bound STREP-to-
nanoparticle ratio was 2.7 pg mg ‘. Molecular imprinting
increased the specific surface area by 260-270%, providing an
enhanced target accessibility. CS-sMI-NPs demonstrated higher
STREP retention (34-37%) compared to non-imprinted controls
(6-12%), as confirmed by Langmuir modeling, underscoring
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the creation of specific binding sites despite relatively low
affinity. The observed increase in specific surface area in the
imprinted nanoparticles is not an independent variable, but
a direct consequence of the molecular imprinting process itself.
The formation of template-specific cavities at the nanoparticle
surface leads to a structured, accessible polymer layer, which
inherently increases the total surface area while enabling
specific interactions. Therefore, the enhanced protein retention
observed in CS-MI-NPs compared to NIP particles should not be
attributed to surface area alone, but rather to the molecularly
defined binding sites that simultaneously increase the surface
and confer selectivity. This interpretation is further supported
by the low and unspecific adsorption observed with BSA and the
higher retention and affinity parameters measured for the
target protein.

QCM-D results confirmed efficient adlayer formation and
nanoparticle immobilization, with negative AF, and AD,, values
indicating a rigid, well-structured PEG layer stabilized by probe
immobilization. During STREP detection, AF,, normalized over
probe immobilization was approximately 11 times higher than
biotinylated PEG-functionalized sensors.** CS-sMI-NPs showed
higher specificity for STREP, while controls exhibited stronger
nonspecific interactions with BSA, highlighting the selectivity
introduced by molecular imprinting. CS-MI-NPs enabled STREP
detection at 2.8 nM, comparable to other acoustic platforms
such as Rayleigh Surface Acoustic Wave sensors with LoDs of
0.5 nM.*® The selection of streptavidin and tannins as target
analytes was intentional to evaluate the versatility and robust-
ness of the CS-MI-NPs system across distinct chemical and
structural classes. Streptavidin, a globular and well-
characterized protein, represents a model analyte for biomed-
ical applications, while tannins are highly heterogeneous poly-
phenolic compounds relevant to food and environmental
analysis. Their inclusion enabled the assessment of the
imprinting platform in terms of specificity, adaptability, and
performance in both protein-based and non-proteinaceous
systems, thus demonstrating the broad applicability of the
developed sensing approach.

For tannins, CS-tMI-NPs selectively distinguished between
proanthocyanidins, ellagic, and gallic tannins despite some
nonspecific affinity for proanthocyanidins. Based on the esti-
mated average molecular weights of proanthocyanidins (5000
Da) and tannins (1500 Da),*” detection concentrations aligned
with the capabilities of CS-tMI-NPs, which produced AF, values
comparable to biologically derived probes.**** These results
position CS-tMI-NPs as robust, synthetic alternatives for tannin
detection in complex matrices.

5 Conclusion and perspectives

This research successfully developed and characterized core/
shell nanoparticles (CS-MI-NPs) with potential for advanced
biosensing applications. The systematic optimization of
synthesis parameters and molecular imprinting demonstrated
the versatility of these nanoparticles, achieving tailored prop-
erties with enhanced selectivity and performance. Future work
will focus on refining functionalization techniques and
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expanding specificity by incorporating diverse molecular
templates. Additionally, strategies such as surface modifica-
tions and inert blocking agents will be explored to minimize
nonspecific binding. Testing in complex matrices, such as
biological fluids or wine samples, will further assess their
robustness under real-world conditions.

While foundational performance has been established,
challenges such as LoD calculation, long-term stability and
resilience in practical settings still need to be addressed.
Detecting streptavidin in diagnostic assays or tannins in
commercial wine will validate their utility against interference
from complex components like sugars and alcohols. Despite
these limitations, CS-MI-NPs combine enhanced specific
surface areas with tailored binding properties, making them
a significant advancement in biosensing technology. Their
compatibility with acoustic detection platforms and high
selectivity underscore their potential for applications in diag-
nostics, environmental monitoring, and other real-world
settings.

By addressing current challenges and optimizing perfor-
mance in heterogeneous environments, CS-MI-NPs could pave
the way for next-generation biosensors with superior sensitivity,
selectivity, and versatility across diverse fields.

Data availability
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