Published on 22 May 2025. Downloaded on 4/7/2026 11:47:04 PM.

Nanoscale
Horizons

W) Check for updates ‘

Cite this: Nanoscale Horiz., 2025,
10, 1674

detectiont

Received 28th January 2025,

Accepted 19th May 2025 Verodnica Mora-Sanz,

Aitziber L. Cortajarena,
DOI: 10.1039/d5nh00045a

rsc.li/nanoscale-horizons

Paper-based assays such as dot-blot show high promise to develop
point-of-care testing devices fulfilling the ASSURED requirements
suggested by the World Health Organization (affordable, sensitive,
specific, user-friendly, rapid and robust, equipment-free, and deliver-
able). In this technique, natural enzymes are conventionally employed
tags to provide bioreceptors such as antibodies with catalytic activity
for quantitative assessment. Nonetheless, their inherent biomolecular
limitations pose significant challenges, including cost and storage
constraints. We propose an alternative conjugation for antibodies
based on catalytic bimetallic nanoclusters and their integration in
such simple colorimetric paper-based immunoassay. The nanoclusters
are composed of gold and platinum and they are embedded in the
structure of an anti-rabbit antibody, integrating in a single component
the biorecognition and transduction elements required for biosensing.
The detection is based on the catalytic properties of the NCs to
oxidize an insoluble chromogenic substrate, generating a visible signal
on the surface of the paper that can be further analysed for quanti-
tative results. We demonstrate the detection of antibodies against the
inflammation biomarker interleukin-6 with a limit of detection of
200 ng mL~1. Experimental results reveal improvements in terms of
stability compared to the natural enzyme horseradish peroxidase,
retaining most of its activity after a storage equivalent to 6 months
at 4 °C. Additionally, incorporating the NCs within the antibody
structure instead of attaching them via a covalent bond provides an
enhanced sensitivity of 69.7%. This assay could be transferred to other
specific antibodies to detect and quantify other analytes of interest.
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Dot-blot immunoassay based on antibody-
nanocluster biohybrids as tags for naked-eye
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New concepts

We introduce a novel concept: secondary antibodies with bimetallic nanoclus-
ters (NCs) integrated into their structure, serving as detection antibodies in
paper-based immunoassays for naked-eye detection. The NCs, composed of
gold and platinum, endow the antibodies with intrinsic catalytic activity,
enabling the oxidation of chromogenic substrates without requiring
additional crosslinking steps or external conjugation processes. Unlike
existing approaches in the literature that rely on nanomaterials conjugated
via covalent bonds, this method incorporates the NCs directly into the
antibody structure, streamlining the synthesis process and enhancing
performance. This concept also addresses key limitations of conventional
methods using natural enzymes like horseradish peroxidase (HRP), which
suffer from stability and storage constraints. Experimental results
demonstrate that the NC-integrated antibodies retain most of their catalytic
activity after storage equivalent to six months at 4 °C, significantly
outperforming HRP. Moreover, embedding NCs directly into the antibody
structure enhances detection sensitivity by 69.7% compared to covalent
attachment methods. This work brings new insights into nanoscience and
nanotechnology by demonstrating a universal strategy for integrating
nanomaterials into biomolecules, paving the way for highly stable, sensitive,
and scalable biosensing platforms. The approach can be extended to other
antibodies for detecting and quantifying various analytes of interest.

1. Introduction

Dot-blot assays have received significant consideration in diagnosis
due to rapid analysis, selectivity, low cost and ease of use, making
them suitable for the point-of-care (PoC) test." The advantage of
visible colorimetric detection over fluorescence in dot-blot assays is
the lack of specialized equipment needed for excitation and signal
measurement in semiquantitative assays." The results from colori-
metric assays are also easier to interpret visually without complex
data processing. Furthermore, in fluorescent dot blots, the most
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commonly used tags are organic fluorophores and quantum dots
(QDs). However, organic fluorophores have very small Stokes shifts
and are susceptible to photobleaching,” whereas some QDs (CdS,
CdTe, or CdSe) are toxic to the environment and biological systems,
limiting their use.® Therefore, colorimetric dot blots are preferable
in many applications, especially when access to sophisticated
equipment is limited or when simplicity and speed are essential,
which are expected pre-requisites for paper-based assays.

Enzymes are usually conjugated to detection antibodies for
signal amplification in conventional colorimetric dot-blot assays.
One of the most employed enzymes is horseradish peroxidase
(HRP). Different insoluble substrates can be used with HRP in
dot-blot assays such as 3,3',5,5'-tetramethylbenzidine (TMB) in
the presence of hydrogen peroxide (H,0,). Natural enzymes have
intrinsic limitations such as high cost for preparation and
purification, low stability, difficulty in storage, sensitivity of
catalytic activity to environmental conditions and difficulties in
recycling and storage.” These disadvantages have stimulated the
emergence and development of enzyme mimics also called
artificial enzymes.® Different materials can act as artificial
enzymes such as cyclodextrins, cyclophanes, palladium-based
artificial enzymes, hemin-based organic phase artificial enzymes,
vitamin B12 and ethyleneimine polyethyleneimine.” Among them
the most promising materials are nanozymes, since the discovery
of peroxidase-like activity of Fe;O, in 2007.® Nanozymes are
materials in the nanoscale that can mimic the behaviour of an
enzyme.’ In comparison with natural enzymes, nanozymes have a
stable structure, adjustable activity and diverse functions,
making them potential substitutes for natural enzymes in many
fields,'® from healthcare' to environmental applications.’® The
peroxidase-like activity of some nanozymes has led to the success-
ful design of nanozyme-based biosensors for the detection of
ions,"? small molecules,"* nucleic acids'® or proteins.'®

The literature reports examples of paper-based immunoas-
says employing NPs with peroxidase-like activity. For example,
platinum-palladium (Pt/Pd) nanoparticles were applied as signal
amplifiers in dual-lateral flow immunoassays (LFIA) and inte-
grated with a smartphone-based device for simultaneous detec-
tion of Salmonella enteritidis and Escherichia coli.'” Another
example is the use of Fe;0, magnetic NPs, as a nanozyme probe
for the development of an immunochromatographic strip which
detects the glycoprotein of Ebola virus as low as 1 ng mL™*,
which is 100 times more sensitive than the standard strip."®
Recently another immunochromatographic assay was described
based on polydopamine-mediated magnetic (Fe;0,) bimetallic
(Pd/Pt) NPs for the detection of human chorionic gonadotropin
in human blood serum and E. coli in milk samples."®

Alternatively, nanoclusters (NCs) fill the gap between NPs
and single atoms and are composed of few to roughly several
hundred atoms, with sizes from 0.2 to 3 nm.>**' NCs are
characterized by sizes comparable to the Fermi wavelength of
electrons and exhibit molecule-like properties, such as catalytic
activity.>> Due to their unique properties, NCs find important
applications in biodetection.”®> NCs have a higher surface/
volume ratio than bigger NPs and higher catalytic activity in
comparison with other nanomaterials of the same mass. As the
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diameter of the particle decreases, the fraction of exposed
surface sites increases, resulting in an improvement in the
catalytic activity.>*

Template-based NC synthesis methods employ stabilizing
agents to guide and control particle formation. Among these,
the use of biomolecules as scaffolds results in biohybrid struc-
tures. Specifically, when antibodies are employed as scaffolds, the
bioreceptor and the transducing element are integrated in a single
component. Several proteins have been used as scaffolds for
the synthesis of metallic NCs, such as bovine serum albumin
(BSA),>>™ pepsin,”®*® trypsin,*® lysozyme,* papain®* or human
serum albumin (HSA).*" Proteins have natural metal coordination
groups in their composition, like sulfhydryl groups, hydroxyl
groups, carboxyl groups, amines and reducing amino acid resi-
dues, for example, cysteine, tryptophan, and tyrosine. The coordi-
nation chemistry between the metal atoms in the core surface of
the NCs and the biomolecules, along with the large steric hin-
drance and reducing properties makes possible the controllable
synthesis of NCs. Engineered protein scaffolds further enhance
the ability to systematically and precisely synthesize nanoclusters
with specific properties, revealing the influence of the protein
component on the final properties of the scaffold.**¢

While many synthesis methods are usually performed under
denaturing conditions (pH, temperature...) and in most of the
cases, the structure of the protein is altered, and it loses its
biological properties. Previously reported synthesis methods®>®
allow the functionality of the antibody during the incorporation of
the NCs into its structure. The protein conformation remains
unchanged, preserving the affinity for the target analyte. Combining
the peroxidase-like properties of Au/Pt NCs* and the specific anti-
body recognition enabled Au/Pt NCs-IgG to be employed as a probe
integrating the sensing element and the transducer in dot-blot
immunoassays.*”**

In this work, we incorporate the advantageous approach of
antibody-protected bimetallic NCs composed of gold and pla-
tinum (Au/Pt NCs-IgG) with peroxidase-like properties to a
colorimetric dot-blot immunoassay (Fig. 1). A secondary poly-
clonal antibody (anti-rabbit IgG) was chosen as the NC host for
the detection of rabbit anti-IL-6 IgGs. IL-6 is a relevant biomar-
ker for inflammation and immune response, playing a crucial
role in various diseases, including autoimmune disorders,*’
cancer,” and infectious diseases."

Detecting anti-IL-6 antibodies based on this dot-blot assay
represents a promising affordable tool for monitoring biological
therapies to ensure their efficacy,”® as well as for the diagnosis
and prognosis of autoimmune and inflammatory diseases. Along
with the analysis of the biosensing response, we perform a
stability study to evaluate the performance of the biohybrid
structures in the long term.

2. Experimental
2.1. Materials

Chloroauric acid (HAuCl,), potassium tetrachloroplatinate
(K»PtCly), sodium borohydride (NaBH,), polyclonal anti-rabbit
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Fig. 1 (A) Scheme of the synthesis of Au/Pt NCs employing anti-rabbit IgG as a scaffold. (B) Paper-based immunoassay for IgG from rabbit quantification

employing the peroxidase-like properties of Au/Pt NCs—IgG.

IgG (developed in goat), TMB, TMB liquid substrate system for
membranes, phosphate-buffered saline (pH 7.4) (PBS), phosphate-
buffered saline Tween®-20 (PBST), N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide (EDC), 4-morpholineethanesulfonic acid (MES),
casein blocking buffer, serum from human male AB plasma and
other chemicals were purchased from Sigma-Aldrich. H,O, was
supplied by PanReac. Anti-IL-6 IgG from rabbits and N-hydro-
xysulfosuccinimide (sulfo-NHS) were purchased from Fisher Scien-
tific. The nitrocellulose transfer membrane (0.22 pm) was obtained
from Abcam.

2.2. Synthesis of Au/Pt NCs-IgG

The Au/Pt NCs embedded in the structure of IgG were synthe-
sized based on a previously reported method®” with slight
changes. In this work, the synthesis was set up for the antibody
of this study, polyclonal anti-rabbit IgG. Briefly, a solution of
polyclonal anti-rabbit antibody (330 ug mL™") in PBS (pH 7.4)
was mixed with HAuCl, (25 pM) and K,PtCl, (200 pM) and
incubated in the dark for 30 min. NaBH, (0.5 mM) was then
added as a reducing agent, changing the mixture color from
colorless to pale brown. The solution had a final volume of
300 pL and it was incubated for 1 h at room temperature (RT)
and filtered using Amicon filters (30 kDa cutoff) at 10000 x g
for 15 min to separate free ions from the NCs.

2.3. Synthesis of IgG@Au/Pt NCs-bovine serum albumin
bioconjugates

To prepare IgG@Au/Pt NCs-bovine serum albumin bioconjugates
(IgG@Au/Pt NCs-BSA), anti-rabbit IgGs were conjugated with NC-
modified BSA. BSA functionalized Au/Pt NCs (Au/Pt NCs-BSA)
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were synthesized following the same aforementioned method.”
Then, the carboxyl groups of anti-rabbit IgGs (1000 pg mL™") were
activated via carbodiimide chemistry by incubating with EDC
(2 mM) and NHS (5 mM) for 15 minutes. Then, the solution
was filtered using Amicon filters (30 kDa cutoff) at 10000 x g for
15 min to eliminate the excess of EDC and NHS. Next, the
previously synthesized Au/Pt NCs-BSA conjugates were added to
the solution (molar ratio IgG/BSA = 1:3). After incubation for 1 h
at RT, the solution was purified using Amicon filters (100 kDa
cutoff) to separate the Au/Pt NCs-BSA from the bioconjugate
(IgG@Au/Pt NCs-BSA).

2.4. Characterization of the metallic NCs

UV-visible measurements were performed on a Synergy H1
microplate reader (BioTek) controlled by BioTek Gen5 Software.
Transmission electron microscopy (TEM) images were obtained
using JEM-2100F [Model EM-20014, UHR, 200 kV] (JEOL, Japan)
equipped with a digital camera of type F-216 (TVIPS, Germany).
A tiny droplet of the freshly made solution was desiccated
on the hydrophilized surface of a Cu grid coated with an
ultrathin carbon layer to create the samples. X-Ray photoelec-
tron spectroscopy (XPS) experiments were performed using a
VersaProbe III Physical Electronics (ULVAC) spectrometer with
a monochromatic X ray source (aluminium Ko line of 1487 eV),
calibrated using the 3ds/, line of Ag at 368.26 eV. Samples were
deposited and dried on ultraflat silicon wafer and mounted
with no conductive tape. Z-alignment was performed for
optimal sample height prior to each sample measurement.
Elemental quantification was done on survey scan with step
energy 0.5 eV, pass energy 224 eV, while high resolution regions

This journal is © The Royal Society of Chemistry 2025
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were acquired with a step energy of 0.1 eV, a pass energy of 112
eV, and a time per step of 50 ms. The calibration of the
spectrum fixed C 1s sp3 at 284.8 eV. CasaXPS software (2.3.16
PR 1.6) was used to analyze the data.

2.5. Catalytic activity of Au/Pt NCs-IgG

The catalytic activity of Au/Pt NCs-IgG was evaluated in experi-
ments conducted at RT using 96-well microplates. The peroxidase-
like activity was measured using TMB as the chromogenic sub-
strate in the presence of H,0,. Each reaction mixture (final
volume of 100 pL) contained Au/Pt NCs-IgG in 10 mM citrate
buffer (pH 4.0). The concentration of TMB and H,0, affects the
peroxidase-like activity of the NCs. The concentration of one
substrate was fixed, while the concentration of the other was
varied in order to quantify how the initial reaction rate depended
on the concentration of both substrates. As the enzymatic reaction
takes place and TMB is oxidized by the action of the NCs, a color
change from colorless to blue is observed. The reaction was
stopped after 10 minutes by adding HCI 1 M, and the absorbance
was measured at 450 nm. Using the Lineweaver-Burk equation,**
I Kn 1 1

= e 1
v Vmax [S] * Vmax ( )

The Michaelis-Menten constant (K,,) was determined, where
v is the initial velocity, [S] is the substrate concentration, and
Vmax 1S the maximal response velocity. Enzyme affinity to sub-
strates is indicated by K,; a lower K, denotes a stronger affinity.

2.6. Binding assays involving microscale thermophoresis (MST)

MST assays were carried out to confirm that the antibodies
retained affinity after their modification with NCs. First, the target
anti-rabbit IgG was fluorescently labeled by utilizing the commer-
cial RED-NHS second generation protein Labeling Kit (Nanotem-
per Technologies GmbH, Munich, Germany). The protein was
labelled by preparing a solution of 130 mM sodium bicarbonate
and 50 mM NacCl (pH 8.2) with a concentration of 2 pM. It was
then treated with a ten-fold excess of the fluorescent dye for
30 minutes at room temperature without illumination. The kit’s
gel filtration column was used to remove any unreacted dye. The
ratio of absorption at 280 and 650 nm was used to calculate the
degree of labeling, which came out to be 0.375 (dye/protein). For
the binding assay, different concentrations of unlabeled IgG or
Au/Pt NCs-IgG were mixed with a fixed concentration of 30 nM of
fluorescent anti-rabbit IgG in PBST (150 mM NaCl, 50 mM
phosphate, pH 7.4, 0.025% Tween® 20). A Monolith NT.115
system (Nanotemper Technologies GmbH, Munich, Germany)
with a 20% LED excitation power and 40% MST power was then
used to evaluate the materials after they had been loaded into
capillaries. The Nanotemper analysis software (MO. Affinity Ana-
lysis) was employed to perform the data analysis.

2.7. Accelerated stability assays

The stability of a reagent indicates its ability to maintain
consistent performance over time without degradation. It
relates to the performance of a product within a specified time.
The stability of Au/Pt NCs-IgG and the natural enzyme HRP in
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solution were studied at 4 °C for 1, 3 and 6 months in
accelerated assays at 37 °C. The equivalence to real time was
calculated using the standard guide for Accelerated Aging of
Sterile Barrier Systems for Medical Devices (ASTM).** Using the
Arrhenius equation with Q,, equal to 2 is a conservative mean
of calculating the accelerated aging factor (AAF). Thus, the AAF
is calculated by the following equation:

Tan— TRT)

AAF = QIO( 10 (2)

where Ty, = accelerated aging temperature (°C). Trr = ambient
temperature (°C).

The intended (or required) shelf life is divided by the AAF to
find the accelerated aging time (AAT) required to achieve
equivalency to real time aging.

AAT = desired (RT)/AAF (3)

The AAT carried out at 37 °C for simulating the storage at
4 °C for 1, 3 and 6 months is 3, 6 and 9 days, respectively.

2.8. Optimization of the precursor mixture for Au/Pt NCs-IgG
synthesis

The synthesis conditions for Au/Pt NCs-IgG were optimized by
testing different concentrations of precursors. These Au/Pt
NCs-IgGs were then employed in a direct immunoassay with
and without the analyte. Then, the signal-to-noise ratio (SNR)
was calculated to identify the synthesis that provided the most
efficient detection of the antigen. A Nunc Maxisorp 96-well
plate was used for the immunoassay. The control wells did not
contain the antigen, and PBS was added instead. In the sample
wells, anti-IL-6 IgG from a rabbit (100 pL, 50 ug mL™") was
immobilized and incubated (overnight (ON), 4 °C). Then the
surface was blocked with 100 pL of casein blocking solution
(2 h, RT). Next came the addition of Au/Pt NCs-IgG (100 puL,
33 pg mL™Y) (1 h, RT). Finally, the concentration of rabbit IgG
was related to the ability of Au/Pt NCs-IgG to oxidize the
chromogenic substrate TMB (500 puM) in the presence of
H,0, (500 mM). The reaction was stopped after 10 minutes
by adding HCI (100 pL, 1 M), and the absorbance was measured
at 450 nm. After each step, the wells were washed three times
with PBST (100 pL). The signal-to-noise ratio (SNR) was calcu-
lated by dividing the absorbance value obtained from the
samples with the antigen by the absorbance value obtained
from the control samples for each tested synthesis.

2.9. Dot-blot assay using Au/Pt NCs-1gG

The paper-based immunoassays were carried out on a nitrocel-
lulose membrane with a pore size of 0.22 pm. 2 pL of anti-IL-6
IgGs from a rabbit at different concentrations (5, 10, 25, 50,
100, 250, and 500 pug mL ") were manually drop-casted on the
membrane. After drying (10 min, RT), the membrane was
blocked with casein blocking solution (1 h, RT) with gently
shaking to prevent non-specific adsorption to the membrane.
After the incubation time, the membrane was washed with
2 mL of PBST 3 times. Then, 2 mL of Au/Pt NCs-IgG or
the IgG@Au/Pt NCs-BSA bioconjugates at a concentration of
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33 ug mL ™" (referred to IgG concentration) were incubated
(1 h, RT) by shaking and then rinsed three times with 2 mL of
PBST to get rid of the unbound IgG. Finally, 1 mL of TMB liquid
solution for membranes was added onto it. The blue dots
appeared visible by the naked eye in few seconds, getting darker
in the next minutes. Photos were obtained after 5 minutes by
using a smartphone camera. The intensity of these dots pro-
vided the concentration information of IgG from the rabbit.
The quantification of the spots’ intensity was performed with
Image] software.*®

3. Results and discussion
3.1. Synthesis and characterization

Bimetallic NCs composed of gold and platinum were synthesised
within the structure of a polyclonal anti-rabbit IgG according to
the method described in the Experimental section, where the
metal salts approach the disulfide bridges due to the sulfur-noble
metal affinity, followed by a reduction step to form the NCs.

The stabilization of Au/Pt NCs is influenced by specific
regions of the antibody, as demonstrated by using different
antibody fragments as scaffolds for NC synthesis in a previous
work.?” Only the antibody fragments containing the hinge
region, rich in disulfide bonds, were capable of forming Au/Pt
NCs. The formation of NCs in this area is explained by the strong
affinity of thiol groups for gold and platinum. The affinity of
thiol groups for metals is well-known and is employed for the
stabilization of nanomaterials, utilizing biomolecules rich in
these groups, such as glutathione,*” or organic compounds with
mercapto groups.*® Furthermore, the previous characterization
of the catalytic activity of NCs suggests that the presence of both
metals is necessary to achieve a significant reduction of TMB in
the presence of H,0,.%”

The synthesis conditions were set up to obtain the best
signal-to-noise ratio (SNR) in a direct immunoassay. For this,
different concentrations of metallic precursors and reducing
agents were tested (Table S1, ESIT). In Fig. S1 (ESIt), the control
values represent the noise due to non-specific interactions in the
direct immunoassay. The sample values represent the signal due
to the presence of the antigen. For each synthesis, the SNR was
calculated by dividing the absorbance value of the antigen-
containing samples by the absorbance value of the control
samples (Fig. S2, ESIt). This ratio determines how effectively
the antigen is detected relative to the background noise from the
controls. A higher SNR indicates a more efficient detection of the
antigen and, in consequence, it points at the most efficient
concentrations during the synthesis step. The highest SNR was
obtained at a final concentration of 330 pg mL ™" of anti-rabbit
IgG, 25 pM of HAuCly, 200 pM of K,PtCl, and 0.5 mM of NaBH,
(Synthesis 3). Thus, further experiments were carried out using
conjugates obtained under these conditions.

TEM was employed to analyze the morphology and size of
Au/Pt NCs-IgG. Fig. 2A shows the spherical shape of the NCs.
Statistical analysis of 100 individual NCs revealed a representa-
tive size of 2.08 £ 0.34 nm (Fig. 2B).
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Fig. 2 (A) Representative TEM image. (B) Size distribution and XPS analysis
of the Pt 4f and Au 4f spectra (C) of Au/Pt NCs-IgG.

XPS was employed to analyze the valence states of metallic
NCs. The Pt 4f and Au 4f spectra of Au/Pt NCs-IgG are shown in
Fig. 2C. The Pt 4f spectrum consists of two energy bands, the Pt
4f;, and the Pt 4f;, at 70.6 and 73.9 eV, respectively. This
distribution of bands usually appears when Pt is in the metallic
state. The Pt 4f;,, spectrum was deconvoluted into two curves, an
asymmetric Lorentzian curve for Pt(0) at 69.9 eV and a symmetric
Gaussian-Lorentzian curve for Pt(u) at 71.4 eV. These peaks are
typically found at 71 and 72.4 eV.*° In the Au 4f region, the spectra
display again two energy bands the 4f;,, at 83.2 eV and the 4f;,, at
86.8 eV. The Au 4f;;, was fitted into two curves: one for Au(0) at
83.0 eV and another for Au(i) at 84.7 eV. Typically, these peaks are
found at binding energies of 84 and 85 eV, respectively.>® The
variation between the standard values and those observed for the
NCs indicates a significant interaction between Au and Pt atoms,
resulting in the formation of Au-Pt alloys. This phenomenon has
also been noted in other bimetallic NCs.”

3.2. Peroxidase-like activity of Au/Pt NCs-IgG

Au/Pt NCs-IgGs exhibit catalytic properties and can mimic the
natural activity of the enzyme HRP, which catalyzes the oxidation
of some substrates in the presence of H,0,.>" This nanozyme
behavior has already been observed in other nanomaterials such
as gold nanomaterials,”®*® iron oxide nanoparticles,>"
graphene,®® and other hybrid metallic nanomaterials.’”~>° Using
the chromogenic substrate TMB, the peroxidase-like activity of
Au/Pt NCs-IgG was analysed. TMB and H,O, concentrations
affect Au/Pt NCs-IgG’s catalytic activity. The peroxidase-like
activity of the NCs was measured in acetate buffer (10 mM, pH
4) by varying the concentration of one of the substrates while

This journal is © The Royal Society of Chemistry 2025
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keeping the other constant. To study the effect of TMB concen-
tration on enzymatic activity, a range from 0 to 500 uM was
tested with the concentration of H,0, maintained at 500 mM.
Similarly, when examining the effect of H,O, concentration, a
range from 0 to 500 mM was tested with the TMB concentration
fixed at 500 pM. Fig. 3A and B show that in both cases, the
absorbance at 450 nm increases with substrate concentration
and furthermore, the curves fit a Michaelis-Menten model. The
K., toward TMB and H,0, was calculated using the Lineweaver-
Burk equation.** This constant indicates the affinity of an
enzyme/nanozyme for its substrate, with a lower value indicating
higher affinity. A K, value of 15.080 mM towards H,0, and a K,
value of 0.115 mM towards TMB were obtained for the Au/Pt
NCs-IgG. Comparing these values with those of HRP found in
studies performed under similar conditions® (0.362 mM for TMB
and 0.522 mM for H,0,), it is observed that Au/Pt NCs-IgG has
3.15 times greater affinity for TMB, but 28.9 times lower affinity
for H,O, than HRP. The higher affinity of HRP for H,O, is
attributed to the optimized active center with a specific heme
group,®® facilitating efficient substrate binding and catalysis.*®
This behavior has been observed in other nanozymes®®!
with highly variable K, values, as summarized in Table 1. The
Michaelis-Menten constant of our nanocluster falls within the
range reported in the literature.

3.3. Binding assays by MST

To evaluate the impact of NC modification on antibody-antigen
binding affinity, association assays were performed using MST
to determine the dissociation constants (Kp) for both the naked
antibody and the NC-modified antibody. The Ky of an anti-
body-antigen interaction quantifies the affinity between the
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two molecules. A lower Kp, value indicates a stronger binding
affinity, while a higher Ky, suggests weaker binding.”" As shown
in Fig. 3C, the fraction bound versus antigen concentration
curves for both the naked IgG and the Au/Pt NCs IgG illustrate
comparable binding activity.

The naked antibody exhibited a Ky, of 208.5 nM, while the
NC-modified antibody showed a Kp, of 204.5 nM. These highly
similar values indicate that the modification of the antibody
with NCs does not significantly affect its binding affinity for the
antigen. In addition, the NCs do not interfere with the recogni-
tion site of the antibody. This indicates that the NCs do not form
at or near the biorecognition site, thereby preserving the func-
tional integrity of the antibody and antigen-binding capacity,
reinforcing the conclusion that NC modification does not modify
antigen binding. The preservation of binding affinity also
implies that the global structure of the antibody remains largely
intact following NC modification, indicating that the NCs do not
induce significant conformational changes or denaturation.

3.4. Accelerated stability assay

Natural enzymes, while highly efficient and specific in catalyz-
ing biochemical reactions, are often sensitive to environmental
changes. This sensitivity can lead to a loss of activity over time,
limiting their practical applications in various industries.”>
Nanomaterials, on the other hand, exhibit improved stability
and are less prone to denaturation under harsh conditions
maintaining their catalytic activity over extended periods and a
wider range of environments.”* The stability of Au/Pt NCs-IgG
and the natural enzyme HRP in solution was compared through
accelerated stability assays at 37 °C, simulating storage at 4 °C
for 1, 3, and 6 months. Fig. 3D shows the percentage of catalytic
activity maintained over time (1, 3, and 6 months), with 100%
representing the catalytic activity obtained with fresh reagents.

It is observed that in solution, the natural enzyme HRP loses
almost all its activity after 1 month of storage. However, the
Au/Pt NCs-IgGs retain 97% of their activity in solution after
1 month, 80% after 3 months, and more than 70% after
6 months. These results demonstrate the superior stability of
the NCs for long-term storage in solution compared to the
natural enzyme HRP.

Despite the initial high catalytic activity of HRP, it rapidly
denatures and loses functionality, making it less viable for
applications requiring prolonged storage. In contrast, the Au/
Pt NCs-IgGs not only exhibit a high initial catalytic activity but
also maintain a significant portion of this activity over extended
periods. This enhanced stability can be attributed to the robust
nature of the nanomaterials, which are less susceptible to
environmental changes and degradation. Thus, the Au/Pt
NCs-IgGs present a more reliable and durable option for
applications where long-term stability is crucial. This phenom-
enon has already been observed in other nanomaterials, such
as hybrid nanoparticles.”

3.5. Dot-blot immunoassays

The paper-based immunoassay for detecting IgG from a rabbit
employed Au/Pt NCs-IgG as the detection and transduction
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Table 1 Examples of protein-protected NCs with enzyme-like activity and their applications

Protective Catalytic
NCs biomolecule type Catalytic activity Application
AuUNCs®? BSA Peroxidase H,0, Ky: 25.3 mM Colorimetric detection of H,O, (LOD: 2 x 10~% M) and
TMB Ky: 0.00253 mM  xanthine (LOD: 5 x 1077 M)
AuNCs®? BSA Peroxidase H,0, Ky 2.46 mM Tumor molecular location and diagnosis
TMB Ky: 0.00664 mM
AuNGCs®  Apoferritin Peroxidase ~ H,0, Ky;: 199.4 mM Colorimetric detection of glucose
TMB Ky: 0.097 mM
AuNCs®>  Protamine Peroxidase ~ H,0, Ky: 1.49 mM Colorimetric detection of Hg>" (LOD: 1.16 nM)
TMB Ky 0.169 mM
PtNCs®® BSA Peroxidase = H,0, Ky: 41.8 mM Colorimetric detection of Hg** (LOD: 7.2 nM)
TMB Ky: 0.119 mM
CuNCs®”  BSA Peroxidase  H,0, Ky: 0.0089 mM Colorimetric detection of xanthine (LOD: 3.8 x 107 M)
TMB Ky: 0.00138 mM
AgNCs®® BSA Oxidase — Colorimetric immunoassay for Listeria monocytogenes (LOD: 10 cfu mL™")
PtNCs®’ Lysozyme Oxidase TMB Kyy: 0.63 mM Degradation of methylene blue in the absence of H,0,
PtNCs”® Ferritin Catalase H,0, Ky: 420.6 mM —

element. The signal was generated taking advantage of the
catalytic properties of the NCs towards TMB oxidation in the
presence of H,O,. The complete detection procedure including
the synthesis of the bimetallic NCs is illustrated in Fig. 1B.

The dot-blot immunoassay was performed as described in
the Experimental section. First, the antigen (IgG from a rabbit)
was drop-casted in the nitrocellulose membrane, followed by a
blocking step. Au/Pt NCs-IgGs were then added, and after
incubation time, finally the insoluble TMB formed a precipitate
easily seen by the naked eye. Fig. 4A shows an image of the
nitrocellulose membrane after the reaction. The concentration
of rabbit IgG causes the spots to become more intense. Fig. 4C
provides the profile graphs.

We studied the performance of our system compared to
a similar probe that employs IgG bioconjugation to couple
NCs embedded in the structure of BSA. Here, NCs were synthe-
sized following the same procedure as for Au/Pt NCs-IgG
but embedded within the BSA structure, which also presents
disulfide structures. Subsequently, NCs-BSA were coupled to anti-
rabbit IgG using EDC/NHS coupling. These bioconjugates were
characterized by TEM and XPS to confirm properties similar to
those of NCs stabilized in IgG (see Fig. S3 and S4, ESIf).

This bioconjugate was used as the detection antibody in a
dot-blot immunoassay, repeating the conditions used for Au/Pt
NCs-IgG. Fig. 4B shows an increase in spot intensity with
antigen concentration. Analysis of spot intensities from each
lane can be found in Fig. 4D.

In Fig. 5A, the biosensing responses for both conjugates are
compared. The limit of detection (LOD) was calculated as three
times the standard deviation of the blank divided by the slope
of the calibration curve. Both methods exhibited very low non-
specific adsorption, although Au/Pt NCs-IgG achieved a LOD
three times better (200 ng mL™") than IgG@Au/Pt NCs-BSA
bioconjugates (660 ng mL ™).

Furthermore, the specificity was confirmed by repeating the
immunoassay using IgG from sheep as the antigen instead of
an IgG from a rabbit, observing no visible signal (Fig. 5B).

Integrating NCs within the antibody structure allows for
precise control over their spatial orientation relative to the
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antigen-binding site. This alignhment can optimize the inter-
action between IgG-NCs and target antigens, potentially
increasing the efficiency of antigen recognition and binding.
In contrast, coupling via EDC/NHS could result in some NCs-BSA
positioning in the binding region, thereby decreasing biorecogni-
tion efficiency.”> Moreover, the bioconjugate could induce steric
hindrance within the antigen-antibody complex. By integrating
NCs directly into the antibody structure, steric hindrance can be
minimized, allowing for better accessibility of the antigen-binding
site and potentially enhancing sensitivity.

To explore the applicability of the developed immunoassay
in more complex biological environments, the dot-blot assay
was performed using serum as the sample matrix instead of
buffer. The experimental conditions were maintained identical
to those described previously. As shown in Fig. 5C, a higher
level of non-specific adsorption was observed when using
serum, as indicated by the signal corresponding to the blank
sample (0 pg mL "), which consisted of serum alone without
the target antibody.

Despite the increased background, a visible and concentration-
dependent signal was still obtained. The calibration curve
obtained in serum, shown in purple in Fig. 5A, was constructed
by subtracting the background signal corresponding to the blank.
The LOD was 552 ng mL ™", reflecting the greater complexity
and interference inherent to serum samples. Nonetheless, these
results demonstrate that the immunoassay retains good sensitiv-
ity even in the presence of complex biological matrices, reinfor-
cing its potential for direct application to clinical samples.

4. Conclusions

In this study, a dot-blot immunoassay based on Au/Pt bimetallic
nanoclusters (NCs) embedded in anti-rabbit IgG was developed
for the detection of anti-IL6 IgG produced in rabbits. The
modified antibody can mimic the behavior of the natural
enzyme HRP and is capable of oxidizing chromogenic sub-
strates, such as TMB, in the presence of H,0,. This property
has been utilized for the development of a paper-based

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (A) and (B) Dot-blot immunoassay and (C) and (D) intensity
measurement of the resulting spots employing Au/Pt NCs-1gG and
IlgG@Au/Pt NCs—BSA bioconjugates as detection antibodies.

immunoassay. In the dot-blot assay, Au/Pt NCs-IgG serves as
a probe, incorporating both the detection and transduction
elements. The catalytic properties of the NCs towards TMB
oxidation generate a signal proportional to the antigen concen-
tration, which can be observed by the naked eye and quantified
after simple processing. Additionally, Au/Pt NCs-IgG demon-
strated superior stability in solution compared to the natural
enzyme HRP. Furthermore, the performance of Au/Pt NCs-IgG
was compared with a bioconjugate where the BSA-stabilized
Au/Pt NCs were linked to the antibody via EDC/NHS. The
immunoassay using Au/Pt NCs-1gG exhibited greater sensitivity
than the bioconjugate. This new method offers the potential
to develop biosensors that do not require complex labeling,
possess excellent catalytic properties, and are suitable for lab-
on-a-chip (LoC) applications due to their ability to retain proper-
ties over extended periods. Moreover, the assay maintained a
detectable and quantifiable signal when anti-IL-6 IgG from the
rabbit was dissolved in human serum despite the increased
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Fig. 5 (A) Corresponding peak areas obtained from profile plots employ-
ing Au/Pt NCs—IgG and IgG@Au/Pt NCs—BSA. (B) Control dot-blot immu-
noassay for IgG from sheep quantification employing Au/Pt NCs-1gG as
the detection antibody. The red circumferences indicate the spot of drop-
casted sheep IgG. (C) Dot-blot immunoassay carried out in human serum.

complexity of the matrix. These results further support the
robustness and versatility of the platform for potential clinical
sample analysis.
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