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1. Introduction

Generic strategy for the synthesis of highly
specific Au/MIP nanozymes and their
application in homogeneous assaysT

Shaemaa Hadi Abdulsada,®® Alvaro Garcia Cruz, (2 *2 Christopher Zaleski,?
Elena Piletska,” Damla Ulker,? Stanislav Piletsky® and Sergey A. Piletsky®

Enzymes are highly complex nanomachines produced by cells with the ability to catalyse diverse chemical
reactions. Their applications in biotechnology and molecular diagnostics are widespread. However, most
enzymes suffer from poor operational and storage stability and high manufacturing costs. Identifying suitable
enzyme for particular substrates of practical importance is often challenging. These limitations are driving
the search for synthetic alternatives — nanoparticles with catalytic properties that can mimic enzymatic
reactions (nanozymes). A broad variety of organic and inorganic nanoparticles have been developed with
catalytic power matching that of natural enzymes. Unfortunately, developing nanozymes with substrate/
ligand specificity akin to that of enzymes and antibodies has proven challenging. Here we report a novel
generic strategy for the synthesis of highly specific nanozymes mimicking peroxidase based on MIP nano-
particles with gold cores, prepared by a Fenton-like reaction. Synthesis of MIP shells was achieved by
localised radical polymerization of monomer mixture triggered by hydroxyl radicals produced by hydrogen
peroxide decomposed on the gold surface. The products of this reaction are highly specific and robust
composite Au/MIP nanoparticles (Au/MIP nanozymes) with integrated biorecognition and catalytic
properties. In this work we also explore the use of synthesised Au/MIP nanozymes in oxidation of BPR by
hydrogen peroxide for colorimetric detection of template analytes such as amphetamine. The developed
assay allowed the detection of corresponding analytes at nanomolar concentrations in complex biological
matrices. The assay was robust and easy to perform with minimal operational steps. These findings hold
great promise for developing a new form of homogeneous, completely abiotic, highly sensitive, highly
specific user-friendly assays for in vitro diagnostics.

in assays and sensors.*® Some good examples of nanozymes
mimicking peroxidase are metal and metal oxides nanoparticles

Developing nanozymes (nanoparticles with enzyme-mimicking
catalytic properties) holds tremendous value for diagnostics
due to their ability to overcome the limitations of natural
enzymes, such as susceptibility to denaturation, lack of sub-
strate selectivity, and the expense and labour-intensive nature
of their preparation.”” The use of nanoparticles as nanozymes
catalysing many different reactions has been well documented.®®
Nanozymes mimicking horseradish peroxidase (HRP) are particu-
larly useful due to the widespread applications of this enzyme
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employed for the detection of glucose in colorimetric reaction
with H,0, and 3,3',5,5'-tetramethylbenzidine (TMB) or 2,2'-azino-
bis (3-ethylbenzothiazoline-6-sulphonic acid)-diammonium salt
(ABTS).””® The role of HRP or corresponding nanozyme mimics
in assays and sensors lies in providing signal amplification for
detecting low concentrations of analytes. Possessing catalytic
function, however, is insufficient for effective use of nanozymes
in assays and sensors since the ideal material for such applica-
tions would require integrated catalytic and recognition functions.
To achieve this, nanozymes are often functionalised with anti-
bodies or DNA."*? This unfortunately is not an ideal solution
since antibodies and DNA have low intrinsic stability, especially in
non-physiological conditions.

One potential solution to these problems involves the use of
molecular imprinting to create binding sites on the nanozyme’s
surface, thereby adding specific recognition to the innate
catalytic power of nanoparticles."**® Molecularly imprinted

© 2025 The Author(s). Published by the Royal Society of Chemistry
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polymers (MIPs) offer the potential to provide the same level of
specificity and selectivity as biological receptors, while also
being affordable, durable, and capable of indefinite storage
without requiring special environmental conditions.'” In contrast
to natural receptors, MIPs can tolerate a much wider range of
temperatures and pH values.'®'® Their properties are tuneable
and customizable, which renders them ideal for use in assays
and sensors."® Another advantage is that MIPs can be synthe-
sized using a generic, ‘standard’ protocol which can be applied
to imprint a diverse range of small molecules, peptides, and
proteins.*®*! Iron oxide and especially gold nanoparticles have
previously been demonstrated to be able to serve as alternatives
to HRP by generating a colorimetric signal in assays.”>**

Previously, nanozymes based on Fe;0,, CeO,, and gold
nanoparticles imprinted with dyes capable of catalyzing their
oxidation were reported.'®> However, a significant challenge
with this approach was that the dye itself acted as both the
target molecule and the substrate, making it difficult to inde-
pendently evaluate the nanozymes’ recognition capabilities and
catalytic activity. Additionally, both the iron oxide particles
used as controls and the nanozymes demonstrated varying
levels of catalytic activity, which facilitated dye oxidation. The
limitations of these nanozymes were likely due to the aggrega-
tion of iron oxide particles caused by crosslinking during the
synthesis process, which resulted in nanoparticles with poorly
defined structures. As a result, both the molecularly imprinted
(MIP) and non-imprinted (NIP) iron oxide nanoparticles dis-
played catalytic activity, complicating the evaluation of the
imprinting process and making it difficult to differentiate the
material’s specific catalytic effects. This issue also led to cross-
reactivity in both MIPs and NIPs, likely stemming from the
uncontrolled formation of the polymer shell and inconsistent
particle sizes during chemical polymerization in solution.
To address these challenges, we employed solid-phase synth-
esis as an alternative approach.?®*

In the past, we have successfully developed MIP-coated iron
oxide nanoparticles for heterogeneous assays.>**** These iron
oxide nanoparticles played a crucial role in amplifying the
signal generated by the specific binding of MIPs to the immo-
bilized target. The intensity of colour developed in the catalytic
reaction involving H,O, and TMB was directly proportional to
the analyte’s concentration. Nevertheless, challenges emerged
when employing iron oxide as a nanozyme, primarily due to per-
sistent aggregation phenomena observed within such systems
and the relatively modest catalytic effect displayed by iron oxide
in this reaction. Also, we have previously described the use of iron
oxide nanoparticles with intrinsic peroxidase-like activity in the
presence of hydrogen peroxide for the development of hetero-
geneous colorimetric test for vancomycin.>* These particles pos-
sessed a core-shell structure, with an imprinted polymer shell
surrounding the Fe;O, core. The assay was based on free vanco-
mycin and vancomycin immobilized on the microtiter plate sur-
face competing in binding to Fe;0,-MIPs. Upon addition of Fe;0,-
MIPs and vancomycin, the extent of nanoparticles bound to the
well surface was found to be dependent on the amount of free
vancomycin in solution (by measuring the peroxidase activity)
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after incubation and washing to remove unbound Fe;O,-MIPs.
The peroxidase activity was determined by addition of standard
colorimetric substrate 3,3’,5,5"-tetramethylbenzidine (TMB) for
ELISA and hydrogen peroxide. Although the developed assay
benefited from the robustness of the components involved, the
procedure still required multiple steps including a washing step,
which limited its efficiency. In addition, the immobilisation of the
template onto microplate wells is tedious and led to experimental
€ITOrS.

Alternatively, gold nanoparticles can serve as a superior
alternative to metal oxide catalysts.” Gold-based nanozymes
exhibit the ability to catalyse various reactions (albeit non-
specifically).?® They particularly excel as peroxidase mimics,
finding application in a multitude of assays and sensor
platforms.>” However, functionalizing gold nanoparticles with
MIPs is not a straightforward task. Ideally, the polymerization
reaction should be confined to the surface of the nanoparticles,
obviating the complex process of separating MIP-coated gold
from the polymers formed in solution. The process of polymer
grafting can capitalize on the fact that many well-known
nanomaterials exhibit catalytic activity in polymerization reac-
tions, including nanoparticles made of cerium oxide, gold,
platinum, palladium, V,0s, Fe;0,4, and graphene oxide.”® This
unique attribute enables polymerization to occur on the surface
of catalytic nanoparticles without the need for additional
initiators.?® The present solid-phase synthesis method enables
precise control over particle size and catalytic properties,
resulting in well-defined, individual nanoparticles. Crucially,
the gold nanozymes exhibit distinct recognition and catalytic
behaviours, with no cross-reactivity observed, addressing the
limitations of earlier methods. Additionally, this approach can
be effectively applied in biological matrices, making it suitable
for forensic applications. This represents a significant advance-
ment in the development of nanozymes for specific target
detection in complex environments.

This study introduces solid-phase synthesis as a novel
approach for nanozyme assembly, offering significant advance-
ments. Additionally, it presents a colorimetric assay specifically
designed for forensic applications. We propose the develop-
ment of gold-based nanozyme particles specifically tailored for
small target molecules like amphetamine, mimicking the
recognition properties of antibodies with the catalytic activity
of enzymes. Unlike previous reports, these gold nanozymes
demonstrate target-specific recognition through an “actuation”
mechanism, where binding to the target molecule induces
structural changes similar to antibody-antigen interactions.
This binding also activates the nanozymes’ catalytic properties,
mimicking the induced-fit mechanism seen in enzymes. These
properties are applied in a colorimetric assay using dyes as
reporting agents. This article outlines the solid-phase synthesis
process of MIP-coated gold nanoparticles imprinted with
amphetamine. The procedure relies on the Fenton-like catalytic
activity of gold nanoparticles, which can effectively catalyse
hydrogen peroxide disproportionation. The formation of hydroxyl
radicals on the gold surface initiates a confined polymerization
reaction onto the nanoparticle surface. This reaction results in the
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creation of highly specific and durable composite Au/MIP nano-
zymes, possessing both integrated biorecognition and catalytic
properties. Catalytic properties of the synthesized Au/MIP nano-
zymes were investigated and exploited in the oxidation of BPR by
hydrogen peroxide for the colorimetric detection of amphetamine.
The choice of amphetamine as the target analyte illustrates the
efficiency of the developed protocol in forensic applications.

2. Results and discussion
2.1 Synthesis and characterization of Au/MIP nanozymes

Nanozymes were prepared by solid-phase synthesis of molecu-
larly imprinted polymers (MIPs) using a Fenton-like reaction
(Scheme S1, ESIt). Typically, this reaction involves the catalytic
decomposition of hydrogen peroxide in the presence of ferrous
ions. Similarly, gold catalysts operate in the same manner. The
polymerisation mechanism take place via a free-radical poly-
merization (Scheme 1). Gold nanoparticles catalyse the decom-
position of hydrogen peroxide into hydroxyl radicals (*OH).
These radicals react with acrylamide monomers (AAm), initiating
polymerization. The polymerization process continues, forming
a polyacrylamide matrix decorated with gold nanoparticles. Addi-
tionally, acrylamide monomers may contribute to regenerating
the gold catalyst by serving as reducing agents. Also, hydrogen
peroxide serves as both the oxidizing and reducing agent, decom-
posing into O, as a byproduct. As result MIP decorated with
AuNPs are obtained. As previously described, gold nanoparticles
are considered a particularly promising alternative to iron or iron
oxide in a catalytic Fenton process. They have been observed to
catalyse the formation of hydroxyl radicals from hydrogen per-
oxide with much higher efficiency and higher turnover than iron
and iron oxide nanoparticles.>**' The lifetime of HO® is very short
(20 ns) and HO® can be quenched by the solvent with rapid
kinetics (1-40 x 10° nM ' s~ ").*> Using gold nanoparticles as a
catalyst strategically confines the polymerization reaction to the
surface of the gold nanoparticles, yielding core-shell nano-
particles distinguished by precise control of the thickness of the
polymer layer.

Moreover, polymer specificity arises from conducting the
polymerization reaction in the presence of template molecules
immobilized on a solid surface. Consequently, the generated
nanozyme, after removal, contains recognition sites specific to
the target molecule. The solid phase approach to molecular
imprinting has proven to be an effective tool for producing
“monoclonal” MIPs with superior affinity and specificity.>* ¢
Incorporating a gold core into hybrid nanoparticles not only
facilitates efficient Fenton catalysis but also triggers catalytic
reactions analogous and tailored to enzymatic processes, such
as catalase or peroxidase. (Fig. 1).

Au/MIP nanoparticles (Au/MIP nanozymes) were prepared
as described in the Methods section, using commercial gold
nanoparticles with size 5-100 nm. Control nanoparticles
(Au/NIP nanozymes) were synthesized in the same manner
but in the absence of target molecules. The chemical composi-
tion of the nanozymes was characterized through FTIR analysis,
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(a)

1 Polymerisation
Solid phase

OH*+ Monomers+ Target

Solid phase

2 Removal
Extraction of
particles

3 Removal
Free particle
with recognition
cavities

Nanozyme
(Au@MIP)

(b)

1) Au® + H,0, — Au** +2:0H

2) *OH + AAm — *AAm + H,0

3) *AAm + AAm — *AAm-AAm

4) Au® + «AAM-AAmM —AU-AAM-AAM

5) Au®* + H,0, »Au’"OOH+H"
Scheme 1 (a) Polymerisation steps: radical generation at the gold surface
and polymerisation of acrylamide moniomers at target molecule immo-
bilised at the solid phase. (b) Thermal removal of particles using solvent
washes. (c) Nanozymes particles are obtained in the extracted solution.
(b) Polymerisation mechanism: (1) initiation: hydrogen peroxide (H,O5) is
decompased by gold catalyst to into hydroxyl radicals (*OH). (2) Chain
initiation: the hydroxyl radicals react with acrylamide (AAm) to generate
acrylamide radicals (*AAm). (3) Chain propagation: acrylamide radicals
propagate the polymerization by reacting with more acrylamide mono-
mers. (4) This process continues, forming polyacrylamide chains aggre-
gating to form Au@MIP. (5) Hydrogen peroxide acts as both an oxidizing
and reducing agent, generating radicals and spliting water into O, as a
byproduct.

confirming the presence of a polyacrylamide shell (Fig. S1,
ESIt). Representative transmission electron microscopy (TEM)
images of the core-shell particles produced in this work are
shown in Fig. 2. Dynamic light scattering (DLS) results show
similar size for the Au/MIP and Au/NIP nanozymes (124.5 +
1.8 nm, PDI = 0.112, and 107.9 + 2.3 nm, PDI = 0.163,
correspondingly). These low PDI values suggest that the nano-
particles in both samples were relatively uniform. TEM images
and DLS data presented indicated a significant variation in
size of synthesised Au/MIP nanozymes, varying from 98.4 for
5 nm Au core to 726 nm for 100 nm Au core nanoparticles. The
primary reason for this discrepancy is that DLS measures the
hydrodynamic size of gold particles in solution, where they
tend to aggregate, and the measurement is based on light
scattering, which is less precise than electron microscopy.
In contrast, TEM involves sample preparation methods such as
electric discharge and sonication, which disperse the particles,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the colorimetric assay principles: (1) in
the absence of the target molecule, the polymeric shell of the nanozymes
hinders the production of radicals, resulting in slow oxidation of the dye.
Consequently, no significant changes in absorbance are measured. (2)
When the nanozyme recognizes the target, actuation is triggered, leading
to swelling of the polymer. This results in rapid kinetics and high catalytic
activity, allowing for the oxidation of the target, which is then measured by
absorbance.

a b
%e®
200 nm 200 nm.
c d

200 nm

Fig.2 TEM images depict (a) Au/MIP1, (b) Au/MIP2, (c) Au/MIP3, and
(d) Au/MIP4 at a 200 nm scale. These images showcase Au/MIP nano-
particles where the size of AuNPs was systematically varied to 5 nm,
20 nm, 50 nm, and 100 nm, respectively.

allowing for the identification of individual particles on dry copper
grids. TEM also provides nanometre scale resolution, offering a
more accurate measurement of particle size.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Remarkably, each Au/MIP nanozyme features a gold core
embedded within a polymeric shell (Fig. 2). Smaller Au nano-
particles appear to be more conducive to generating consistent
core-shell structures, unlike larger Au nanoparticles where the
polymerization reaction is not confined solely to the gold
surface. The catalytic properties of synthesised Au/MIP nano-
zymes were assessed via a colorimetric assay with BRP (see
Materials and method section). Overall there is clear connec-
tion between the size of gold core and the catalytic activity of
Au/MIP nanozymes (Table 1).

2.2 Assay principles

The colorimetric assay developed in this work offers an alter-
native to the traditional enzyme-linked immunosorbent assay
(ELISA). In this context, the catalytic activity of the Au/MIP
nanozyme is modulated by its binding interaction with the
specific target molecule (amphetamine in this case). The
mechanism underlying these nanozymes is rooted in the well-
established Fenton-like reaction, and involves two key
components.’” First, the gold cores of the nanozyme catalyse
the decomposition of hydrogen peroxide (H,0,) into hydroxyl
radicals (HO®) onto their surfaces that can be detected via
colorimetric reactions (Fig. 1). The second component of the
assay relates to the analyte binding to the MIP, which triggers
structural changes in the polymer, in a way mimicking the
“induced fit” actions characteristic of enzymes and natural
receptors. Specifically, this involves swelling of the nanozyme
shell, which exposes sections of the gold core available for
catalysis.

The combined actions of these two components produces
analyte-specific enhancement of the catalytic activity of the Au/
MIP nanozymes in the Fenton-like reaction with hydrogen
peroxide and the dye BPR. This effect, mimics the peroxidase-
like activity commonly observed in colorimetric assays. A decrease
in BRP absorbance correlates with the concentration of amphet-
amine in the sample. Overall, this mechanism allows specific
detection of the target molecules in complex biological samples
through a homogeneous colorimetric assay, providing a sensi-
tive and specific diagnostic tool. This innovative approach
combines the catalytic properties of gold nanoparticles with
the specificity of MIPs, offering a promising avenue for the
development of homogeneous diagnostic assays with enhanced
resilience and simplicity compared to traditional enzyme-based
assays. Herein, an assay specific for amphetamine detection
in biological fluids was developed and numerous factors have
been optimized, including incubation time, BPR, nanozyme,
peroxide, and analyte concentration.

The actuation mechanism relies on analyte recognition,
which triggers conformational changes in nanozyme, leading
to swelling and an increase in volume and surface area. This
mechanism was previously demonstrated using dynamic light
scattering (DLS) measurements.”® In this study, the swelling
effect was observed exclusively in the presence of the specific
target, resulting in a 20% increase in volume, while no signifi-
cant changes were noted with other drugs. This effect increased
in previous report sensor signal response. This mechanism is

Mater. Adv., 2025, 6, 378-387 | 381
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Table 1 Parameters of synthetised Au/MIP nanozymes and their assay performance. Assay conditions: each well contained 10 pL of the nanozyme
(0.4 mg mL™Y), 135 pL of 10 nM BPR in PBS (5 mM, pH 7), 135 uL of H,O, (50% w/v) and 20 uL of amphetamine

MIP Diameter of Diameter of Au/MIP Vimax

particle Au core” (nm) nanozyme particles” (nm) K (MM) (M s LOD (nM) Linear range (nM)
MIP1 5 98.4 £ 2.4 4.0 1.5 x 107* 0.17 0.6-40

MIP2 20 124.5 £ 1.8 3.8 1.0 x 1074 0.23 0.6-40

MIP3 50 3242 +73 5.5 7.0 x 107° 0.46 2.0-40

MIP4 100 726.9 + 13.6 4.0 5.5 x 10> 0.52 10-40

NIP 5 89.01 £ 3.1 1.0 5.0 x 107° No response No response

4 TEM measurements. > DLS measurements.

akin to the “induced fit” observed in enzymes.*® To illustrate
the induced fit phenomena observed for developed nanozymes,
their hydrodynamic size was measured in the presence of various
targets using DLS. Thus Au/MIP nanozymes in solution dis-
played a size of 98.4 + 1.5 nm (PDI, 0.130). Upon exposure to
amphetamine, the Au/MIP nanozymes swelled, increasing in size
by ~51% (Fig. S2, ESIt) confirming the amphetamine recogni-
tion by the Au/MIP nanozyme. Conversely, in response to the
same concentration of paracetamol the size of the Au/MIP
nanozymes showed negligeable size change (~4%). This out-
come highlights that specific actuation exclusively occurs in the
presence of the target analyte, as depicted in Fig. S2 (ESIT). The
control experiments using a control Au/NIP (non-imprinted
polymer, NIP) do not show any significant change (<2.6%).
In addition, AuMIP’s selectivity towards amphetamine was
confirmed using localized surface plasmon resonance (LSPR).
The nanozyme’s LSPR response is sensitive to changes in
polymer conformation due to the presence of gold nano-
particles. The binding of the target molecule induces confor-
mational changes in the AuMIP polymer, which alters the
local refractive index and, consequently, the plasmon reso-
nance. Significant changes in the plasmon resonance of
AuMIP (91%) were observed in the presence of amphetamine,
as shown in Fig. S3 (ESIT). In contrast, AuMIP exhibited no signi-
ficant interaction with paracetamol, confirming the specificity of
amphetamine recognition.

2.3 Assay optimization

To optimize the colorimetric assay format in a 96-well micro-
plate, firstly the BPR concentration was fine-tuned as illustrated
in Fig. S4 (ESIt). The linear working range of the new assay was
found to be 0.1 nM-40 nM (R* = 0.992), with the optimal BPR
concentration found to be 10 nM. The catalytic activity of gold
nanoparticles shows strong pH dependency, which can shift
from peroxidase-like activity at pH values between 3.5 and 4.0,
to catalase and peroxidase-like activity at neutral pH.*® For this
reason, all experiments with Au/MIP nanozymes were per-
formed at neutral pH. Spectrometric measurements in kinetic
mode revealed that BPR oxidation exhibited a notably faster
rate at pH 7.0 than at other pH values, as indicated by the
reaction rate (—0.1 pM s~ ') as shown in Fig. S5 and Table S2
(ESIT). Moreover, the optimal assay activity was attained at
0.4 mg mL~ " Au/MIP nanozyme (reaction rate, 0.06 pM s ).
Notably, at high Au/NIP nanozymes concentrations, the catalytic

382 | Mater. Adv, 2025, 6, 378-387

to the target to the target

activity decreased, possibly due to aggregation phenomena
(Fig. S6 and Table S3, ESI¥).

Subsequently, the optimal concentration of nanozymes was
used to refine the hydrogen peroxide concentration, as depicted
in Fig. S7 (ESIt). The reaction rate was found to depend on
peroxide concentration, both with and without the presence of
amphetamine. Furthermore, the reaction rate increased pro-
portionally with amphetamine concentration until reaching its
maximum velocity (Vinax) at 14.7 mM H,0,. In the presence of
amphetamine, the Michaelis-Menten constant (K,,) was lower
(4.0 mM) compared to its absence (6.0 mM). This indicates that
amphetamine enhances the reaction rate, as shown in Table S4
(ESIT). Accordingly, the kinetic study revealed a clear effect of
amphetamine on BPR oxidation catalysed by Au/NIP nano-
zymes, as depicted in Fig. S8 and detailed in Table S5 (ESIT).
Also, the catalytic activity dependency on amphetamine
concentration can be observed on the UV-vis spectra of the
assay, where it can be seen that absorbance decreases with
increasing concentrations of amphetamine (Fig. S9, ESIT). Also,
MIP1 and MIP2 exhibit higher catalytic activity compared
to MIP3 and MIP4 (Fig. S10 and S11, ESIf). This difference
is attributed to the size of the gold nanoparticles; smaller
nanoparticles offer a larger surface area, leading to a higher
reaction rate.

The linear range was found to be between 0.6 and 40 nM,
under these conditions, as demonstrated in Fig. 3. Importantly,
the detection range of the assay falls within a clinically relevant
range for forensic applications. An amphetamine concentration
ranging from 20 to 100 ng mL~ " (equivalent to 0.148 nM to
0.74 nM) in urine is considered acceptable and falls within the
therapeutic range.’” Conversely, concentrations exceeding
100 ng mL~" (0.74 nM) in urine may indicate potential drug
abuse and extremely high levels exceeding 2500 ng mL *
(18.5 nM) can be toxic and potentially fatal. In contrast, con-
centrations surpassing 100 ng mL ™" (0.74 nM) in urine may
suggest possible drug abuse, while exceptionally elevated levels
exceeding 2500 ng mL ™" (18.5 nM) can be life-threatening and
toxic.’ The assay specificity was analysed by comparing
responses of Au/MIP and Au/NIP nanozymes (Fig. 3 and Fig. S12,
ESIt). Therefore, no noticeable response to amphetamine was
detected for Au/NIP nanozymes. A fold change of 500 was found
in the binding affinity towards the target between MIP and
NIP, indicating a significantly greater specificity and efficiency
of the MIP in recognizing and binding to the target molecule.

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00917g

Open Access Article. Published on 20 November 2024. Downloaded on 3/3/2026 10:04:49 AM.

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

(cc)

Paper
0.00015 a
@
=
£
< 0.00010
L
k7]
©
e
« 0.00005
3
2
S
o
0.00000 ~-rrrrrrrr R RRBRREE. . .
0 50 100 150
Concentration of amphetamine (nM)
C
0.00015-
- -~ MIP
E -= NIP
< 0.00010-]
i
k3]
©
|4
+ 0.00005
[
k]
©
0.00000 -+

0 50 100 150
Concentration of amphetamine (nM)

View Article Online

Materials Advances

0.00015+

0.00010+

0.00005-

Rate of reaction (nM/s)

0.00000 T T T T T T 1
0.5 1 2 4 8 16 32 64

Log [amphetamine] (nM)

d

0.00015
-~ MIP

- NIP
0.00010-

0.00005-

Rate of reaction (nM/s)

0.00000

T T T T 1
0 10 20 30 40 50

Concentration of amphetamine (nM)

Fig. 3 The relation between amphetamine concentration and BPR rate of reaction. (a) Amphetamine concentration range 0-133 nM; (b) amphetamine
concentration range 0-40 nM. Assay response to amphetamine using Au/MIP and Au/NIP nanozymes. (c) Amphetamine concentration range 0-133 nM;
(d) amphetamine concentration range 0—40 nM. Assay conditions: each well contained 10 plL of the Au/MIP nanozyme (0.4 mg mL™%), 135 uL of 10 nM
BPR in PBS (5 mM, pH 7.0), 135 ulL of H,O, (50% w/v) and 20 pL of amphetamine solution (0, 0.3, 0.53, 0.6, 1, 2, 4, 10, 20, 40, 66.7, and 133 nM).

This demonstrates the effectiveness of the imprinting process.
The imprinting factor was reported as suggested. The lack of
catalytic activity observed in the non-imprinted polymer (NIP)
primarily stems from the polymer shell shielding the catalytic
surface of the gold nanoparticles, preventing any actuation
(no swelling). This is due to the absence of recognition cavities.
Consequently, when the NIP is exposed to the target, it fails to
exhibit any catalytic response. Additionally, the imprinting
factor indicates that the NIP control lacks significant catalytic
activity. This compelling result proves the high specificity of the
developed assay for a corresponding target.

Once the working conditions of the assay were established,
efforts were directed towards optimizing the size of the gold
core and the thickness of the polymer shell for the corres-
ponding Au/MIP nanozymes. A comprehensive summary of the
parameters that were fine-tuned for the synthesized nanozymes
and assay performance is presented in Table 1. This resulted in
the creation of 4 different MIP samples with particle sizes
ranging from 100 to 627 nm, as depicted in Fig. 2. Our findings
indicated that MIP1 and MIP2, with gold cores of diameter
5 nm and 20 nm respectively, exhibited the highest reaction
rates in the oxidation of the BPR dye, as well as the highest
response to amphetamine. Variations in gold concentration or
polymerization time had very little impact on assay perfor-
mance. The assay exhibited its highest response to ampheta-
mine for smaller particles with a thinner layer of the polymeric
shell (Fig. S13, ESIT). The assay selectivity was assessed for other
drugs such as paracetamol, morphine, and cocaine. As depicted
in Fig. 4, practically no cross-reactivity was observed for

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

interfering molecules, demonstrating the excellent selectivity
of Au/MIP nanozymes for a corresponding target.
Commonly, colorimetric ELISA assays often suffer from
matrix effects and interference when used with biological
samples due to the complex nature of these matrices. Biological
samples, like blood or urine, contain cells, proteins, enzymes,
small molecules such as urea, creatinine, electrolytes and other
compounds that can non-specifically bind to the assay compo-
nents or interfere with the signal generation. Also, biological
samples can further complicate the detection by affecting
enzyme activity or antibody binding. These interactions can alter
the assay’s sensitivity and specificity, leading to false positives
or negatives.”” To overcome these issues, the nanozymes pre-
sent a potential solution to these issues, offering high specifi-
city for the target molecule by creating recognition sites tailored
to the analyte, thus reducing non-specific interactions.
Additionally, nanozymes, which mimic enzyme activity, provide
more controlled catalytic properties, which enhance the assay’s
selectivity. As result nanozymes can significantly minimize
interference from biological matrices, making them more
suitable for complex sample analysis in comparison to tradi-
tional ELISA. To demonstrate potential applications, the nano-
zymes assay was employed to detect amphetamine levels in
both urine and plasma. The assay remains operational within
these biological matrices as shown in Fig. 3. The assay’s limit of
detection (LOD) was determined to be 0.17 nM in buffer,
5.1 nM in urine, and 23.9 nM in plasma. Nanozymes reduce
cross-reactivity and matrix effects in assays due to their highly
specific recognition sites, tailored to the target molecule during

Mater. Adv., 2025, 6, 378-387 | 383
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Fig. 4 Assay response to amphetamine in (a) buffer (5 mM PBS, pH 7.0),
urine and plasma for the amphetamine range 0 to 40 nM. (b) Selectivity
study against different drugs for the range 0.3 to 40 nM of amphetamine,
paracetamol, morphine and cocaine. Assay conditions: each well con-
tained 10 pL of the nanozyme MP11 (0.4 mg mL™%), 135 L of 10 nM BPR in
PBS (5 mM, pH 7.0), 135 uL of H,O, (50% w/v) and 20 pL of amphetamine
solution (0, 0.3, 0.53, 0.6, 1, 2, 4, 10, 20, and 40 nM).

polymerization. These sites allow nanozymes to selectively bind
the analyte, minimizing interference from other substances in
biological samples. Unlike traditional ELISA assays, which
often suffer from non-specific binding and matrix effects due
to the complexity of samples like blood or urine, nanozymes
offer enhanced selectivity. Nanozymes enable robust catalytic
activity and more accurate detection in complex matrices,
providing a stable and specific alternative to antibody-based
assays.

Additionally, assay performance was measured over 6 months
for Au/MIP nanozymes stored in fridge at 5 °C. No noticeable
variations were observed for nanozymes stored in these conditions

Table 2 Performance comparison of amphetamine assays reported
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(data not shown), indicating excellent stability of synthesised
materials. Additionally, the stability and performance of the
nanozyme and the assay were assessed over the course of a year.
The nanozyme was stored in solution at 4 °C in 5 mM PBS.
It remained very stable with constant activity for the first
60 days. However, the assay response decreased by 6.7% after
90 days and by 13.3% after 180 days, after which the response
stabilized. This decline is likely due to aggregation and bio-
logical contamination. Future studies will aim to improve
storage conditions, such as lyophilization of the nanozyme
and the use of preservatives like Proclin-200, as shown in
Fig. S14 (ESI%).

The key advantage of the nanozyme assay presented here is
the high selectivity. Additionally, nanozymes can be relatively
easy to design and prepare with high yields. The nanozyme
assay demonstrates superior sensitivity compared to other
methods, with a remarkably low limit of detection (LOD) of
0.17 nM (0.023 ng mL "), which is orders of magnitude lower
than other assays (Table 2). Its linearity range of 0.6-40 nM
(0.08-5.41 ng mL™ ") is also highly precise, enabling accurate
detection of very low amphetamine concentrations. This excep-
tional performance is achieved through the enhanced catalytic
activity of the nanozyme, which benefits from the increased
surface area of smaller gold nanoparticles. Additionally, the
stability and specificity of the nanozyme assay further enhance
its reliability, making it a highly effective tool for amphetamine
detection and potentially applicable for different targets.

3. Conclusions

A novel method for synthesizing peroxidase-mimicking nano-
zymes using gold-core nanoparticles has been developed.
This method involves a localized Fenton-like polymerization
reaction on the surface of gold nanoparticles, performed in the
presence of an immobilized target template. The resulting
Au/MIP nanozymes were used in the colorimetric detection of
amphetamine via BPR oxidation by hydrogen peroxide. This
approach enables the effective detection of analytes in complex
biological samples, offering a novel avenue for sensitive, specific,
and user-friendly in vitro diagnostics. The developed Au/MIP
nanozymes proved capable alternative of antibodies and enzymes
in a homogeneous assay, as demonstrated in the detection
of amphetamine within a concentration range of 0.6-40 nM
(0.08-5.41 ng mL™"). Compared to traditional methods, Au/MIP

Method LOD (ng mL ™) Linearity (ng mL ") Ref.
Colorimetric sensor 5.0 x 10° 1 x 10°-8 x 10° 43

Solid gel colorimetric matrix 2.1 x 10° 1 x 10°-5 x 10° 44
Au@Ag colorimetric biosensor 0.0149 0-0.1 45
Inorganic colorimetric assay 7.5 x 10° 5 x 10°-9 x 10° 46
SDNAzyme assay 0.5 0-500 47
MIP-dye displacement assay 9.0 x 10° 1 x 1071 x 10° 48

Hybrid nanozyme 28.6 0-100 49
Nanozyme assay 0.023 ng mL™', 0.17 nM 0.08-5.41 ng mL ", 0.6-40 nM This study
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nanozymes offer numerous advantages, including cost-effective-
ness, robustness, a simple and generic preparation protocol, and
convenient application in a homogeneous assay format that
involves only a single step: addition of a test sample to a mixture
of nanozyme, dye, and hydrogen peroxide. This measurement
process doesn’t necessitate further additions or washing steps
and can be performed in a relatively short time (30 min). The
application of Au/MIP nanozymes in homogeneous assays has
been validated with real samples such as plasma and urine,
showing recorded detection limits of 23.9 and 5.1 nM, respec-
tively. We believe that the proposed Au/MIP nanozymes and their
application in homogeneous assays have the potential to serve as
a valuable alternative to ELISA and other popular in vitro diag-
nostic assays.

4. Methods

4.1 Synthesis of Au/MIP nanozymes

The preparation of the nanozyme was carried out by free radical
polymerization using a solid phase, which comprises activa-
tion, salinization and immobilization of templates, and finally,
polymerization to produce nanozyme. The preparation of glass
beads was followed as described in the ESI.} For the solid phase
synthesis, glass beads were functionalized with amphetamine.
For that, 60 g of glass beads were incubated in amphetamine
(65 mg, 0.481 umol) in borate buffer (65 mL, 100 mM, pH 9.2)
for 8 h, protected from light. In order to block unreacted iodine
groups, mercaptoethanol (10 pL, 0.143 pmol) of was added to
the mixture and incubated for 2 h. Subsequently, the glass
beads were washed (100 mL x 2 times) with water and then
acetone (100 mL x 4 times) and then dried under vacuum. The
synthesis of Au/MIP nanozymes was performed as follows: each
monomer was dissolved separately in PBS (1 mL, 100 mM,
pH 7.5). N-3-Aminopropyl meth acrylamide (3 mg, 17 pmol),
N-isopropyl acrylamide (19.5 mg, 172 umol), N-tert-butyl acryl-
amide solution (400 pL, 236 uM in ethanol), acrylic acid (50 pL,
313 pM in water), N,N'-methylenebisacrylamide (400 puL, 38 uM
in water) and 150 pL of gold nanoparticle stock solution
(diameter 20 nm, 0.06 pm, OD) were mixed in PBS (50 mL,
5 mM PBS, pH 7.5). The monomeric solution was then soni-
cated for 20 min under nitrogen. 30 g of glass beads modified
with amphetamine (template) were added to the monomeric
solution. The polymerization was initiated via addition of
hydrogen peroxide (50% w/v, 600 uL, 14.7 mM). The resulting
mixture was shaken for 2 h during polymerization. The same
steps were used to prepare a control polymer by replacing the
amphetamine modified glass beads with blank glass beads
(only silanized, with no amphetamine). Thus, the control poly-
mer used was a non-imprinted polymer decorated with gold
nanoparticles (AuNPs/NIP). After polymerization, the solution
was discarded and the solid phase was transferred to a solid
phase extraction (SPE) cartridge and washed with water at
4 °C (40 mL x 2 times). Then, the resulting Au/MIP nanozymes
were eluted from the solid phase, first by washing with
hot water (60 °C, 30 mL x 2 times) and then hot ethanol

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

View Article Online

Materials Advances

(60 °C, 30 mL x 2 times). Finally, the Au/MIP nanozymes were
dialyzed (72 h), using a 10 kDa cut-off snake skin dialysis
membrane and water was changed every 4 hours. Detailed
information about chemicals is described in ESI.}

4.2 Transmission electron microscopy (TEM)

Continuous carbon film-coated 200 sq. copper TEM grids (Agar
Scientific, UK) were used for the imaging. The grids were
plasma glow-discharged in a Quorum Gloqube plus for 30 seconds
at 30 mA to create a hydrophilic surface. An 8 pL droplet of
0.01% w/w aqueous 5 nm gold NP core -MIP dispersions were
placed on the surface-treated grid for 5 min, and then excess
dispersion was removed using filter paper. Then an 8 pL droplet of
a 2% w/v aqueous solution of uranyl acetate (negative stain) was
added to the sample-loaded grid for 1 min, and excess stain was
removed using filter paper. The grid was dried using a vacuum
hose and imagined was performed on a Joel JEM-1400 instrument
at 120 kV equipped with an EMSIS Xarosa 20 mp digital camera
with Radius software. The same method was used to prepare
the grids for 20 nm, 50 nm and 100 nm, gold NP core -MIP
dispersions.

4.3 Dynamic light scattering (DLS)

The size of the nanoparticles was determined using a Zetasizer
Nano (Malvern Instruments Ltd, UK).

4.4 Development of the assay

Corning® 96-wells microplates (300 uL well volume) and a
Hidex Sense 425-301 microplate reader were employed for
measurements. Nanozyme catalytic activity was evaluated using
the colorimetric assay format, measuring the absorbance
change due to the oxidation of Bromo pyrogallol red (BPR, a
chromogenic substrate) by hydrogen peroxide (H,0,), similar to
other peroxidase-like activity assays.

4.5 Assay optimization, adjustment of BPR and pH

Different concentrations of BPR were tested (0.1 nM to 10 uM).
A calibration plot was obtained by measuring the absorbance
at 546 nm (Fig. S4, ESIf). A 10 nM BPR concentration was
identified as the optimal concentration. During pH optimiza-
tion, phosphate buffer (PBS, 5.0 mM, pH 7.4 at 25 °C) solution
was used in the range between pH 6-8, while carbonate buffer
(5.0 mM carbonate-bicarbonate buffer, pH 9.6 at 25 °C) was
used for pH 9. For the assay development, each well contained
10 pL of the nanozyme (0.4 mg mL '), 135 pL of 10 nM BPR
prepared with buffer range at pH 6-9, 135 puL of H,0, (50% w/v)
and 20 pL of 66.7 nM amphetamine.

4.6 Assay optimization, adjustment of nanozyme
concentration

Each well contained 20 puL of amphetamine (66.7 nM), 10 pL
of Au/MIP nanozymes in a concentration range of 0.2 to
0.6 mg mL ", 135 pL of BPR (10 nM) and 135 pL of H,0,
(50% w/v, 14.7 nM).

Mater. Adv., 2025, 6, 378-387 | 385
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4.7 Assay optimization via hydrogen peroxide concentration
adjustment

Each well contained 10 puL of Au/MIP nanozyme (0.4 mg mL 1),
135 pL of BPR (10 nM). 20 pL of amphetamine (66.7 nM) and
135 uL of H,O, (0.0 to 14.7 mM).

4.8 Assay optimization, adjustment of template concentration

Each well contained 10 puL of Au/MIP nanozyme (0.4 mg mL 1),
135 pL of BPR (10 nM) and 135 pL of H,0, (14.4 mM) with
different concentrations of amphetamine (0.3 to 133 nM).

4.9 Optimisation of gold core size

To investigate the influence of AuNPs’ size on the performance
of the nanozyme assay, we employed the previously described
solid-phase polymerization protocol. Different Au/MIP nano-
zymes were prepared by adding of Au nanoparticles (150 pL,
0.06 mM) with varying diameters (5, 20, 50, and 100 nm) to
the polymeric mixture. The assay results revealed that Au/MIP
nanozymes prepared with Au particles having a diameter of
5 nm exhibited significantly higher catalytic activity.
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