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Abstract
The in situ synthesis is reported of citric acid-functionalized ultra-fine bimetallic PtRu alloy nanoparticles (CA@PtRu ANPs)
through a simple one-pot wet chemical method. The cost-efficient CA@PtRu ANPs with an average diameter of 3.2 nm revealed
to have enhanced surface area, peroxidase-like activity, high stability, and adequate availability of functional groups to bind
biomolecules. Along with nanoparticle surface area, the surface charge has also significantly affected the peroxidase-like activity
and the colloidal suspension stability. As an excellent immobilization matrix and peroxidase mimic, the CA@PtRu ANPs were
utilized to develop non-enzymatic colorimetric immunoassay for rapid, selective, and sensitive quantification of C-reactive
protein (CRP) biomarkers. In this immunoassay, CA@PtRu ANPs serve as enzyme mimic that significantly amplifies the color
signals, and amine-functionalized silica-coated magnetic microbeads (APTES/SiO2@Fe3O4) act as CRP-recognizing capture
probes. The absorbance curves of colorimetric immunoassay were measured in wavelengths between 550 and 750 nm, and the
maximum absorbance at 652 nm was used to establish a linear relationship between absorbance and CRP concentrations. The
developed colorimetric immunoassay showed rapid and sensitive quantification of CRP levels from 0.01 to 180 μg mL−1 with a
LOD of 0.01 μg mL−1. Moreover, the mean recovery of CRP from spiked human serum samples lies between 97 and 109% (n =
3), which indicates that the proposed nanozyme-linked immunoassay has the potential to be used in rapid point-of-care
applications.
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Introduction

To date, a variety of nanomaterials, especially metal nanopar-
ticles, have been recognized to possess intrinsic enzyme-like
activity (nanozymes) [1]. In particular, Pt is considered a
promising nanozyme for biomedical applications due to its
excellent stability, catalytic activity, and surface properties
[2]. Even though Pt nanostructures are dynamic nanozymes,
their constrained worldwide availability and high cost limit
their bulk use and the commercialization of Pt-based applica-
tions. The use of Pt-based bimetallic alloy nanoparticles as
exceptionally efficient nanozymes is one of the unique

alternatives to Pt nanostructures that can resolve the issues
related to utilization cost and commercialization [3]. Pt-
based bimetallic surfaces are highly fascinating due to the
bifunctional mechanism and synergistic effect between the
underlying metals, which often provides enhanced stability
and activity compared to monometallic nanostructures [4].
Among the explored Pt-based bimetallic catalysts, PtRu alloy
nanoparticles have proven to be the most viable catalysts for
methanol oxidation and fuel cell applications [5]. Moreover,
Ru nanoparticles possess intrinsic peroxidase-like activity,
and it is one of the promising metals to alloy with Pt because
the expanded capacity of the bimetallic PtRu alloy surface
enhances the oxidation process [6]. Although PtRu has incred-
ible potential for enzyme-like activity, only a few studies have
explored PtRu alloy nanoparticle’s application as efficient
nanozymes to develop practical biosensing applications.

Early detection of diseases can increase the likelihood of
successful treatment by improving therapeutic decision-mak-
ing. C-reactive protein (CRP) is an important biomarker of
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inflammation and infections, which produced in the liver and
found in human blood plasma [7]. An abnormal level of CRP
in human blood is directly linked to several diseases, includ-
ing hypertension, diabetes, cardiovascular diseases, and viral
and bacterial infections [8–11]. Thus an elevated level of CRP
in patients is a significant factor in the diagnosis of these lethal
diseases. Conventional detection methods, including clinical
immunoassay, fluorescence immunoassay, vertical flow im-
munoassay, electrochemical immunoassay, lateral flow im-
munoassay, chemiluminescence immunoassay, and chro-
matographic sensors, are not sensitive enough for quantifica-
tion of a wide range of CRP levels [12, 13]. Moreover, these
techniques are more time-consuming, costly, nontransferable,
and/or require human expertise, all of which obstructs imple-
mentation in large-scale disease screening. Therefore, it is
essential to develop alternative approaches for facile, fast,
sensitive, and selective CRP quantification in a wide linear
range for routine health screening.

Recently, novel colorimetric sensors have attracted mas-
sive attention in biosensing applications due to their simple
design and high sensitivity [14–17]. Of these applications, the
enzyme-linked immunoassay (ELISA) is a well-recognized
standard method for quantifying biomarkers in human serum.
The critical parameter of this type of biosensing is enzymatic
activity. Typically, enzyme-mediated signal amplification
strategies employ natural enzymes, such as horseradish per-
oxidases (HRP), which catalyze the biochemical reactions in
the presence of specially designed substrates [18]. Although
natural enzymes have high catalytic efficiency, most sensors
employing natural enzymes suffer from the limitations of low
stability under harsh conditions, loss of activity after modifi-
cation, high cost, extended preparation time, and difficulty of
storage and reuse [19]. The major drawback of traditional
ELISA is the required reaction time, which can be 1.5–3 h
[20]. The use of nanozymes (artificial enzymes) is an excellent
way to overcome the issues with natural enzymes with regard
to enzymatic signal amplification [21–23].

To this end, citric acid-functionalized ultra-fine bimetallic
PtRu alloy nanoparticles (CA@PtRu ANPs) are proposed as a
promising candidate for developing a nanozyme-linked color-
imetric immunoassay for rapid and sensitive detection of
CRP. The proposed methodology’s success lies in the con-
trolled synthesis of nanoscale bimetallic particles with a high
surface-to-volume ratio with the desired composition.
Therefore, CA@PtRu ANPs were synthesized using a one-
pot wet chemical method that offers the advantages of simul-
taneous reduction of the two metal precursors, facile synthe-
sis, and control of particle size [24]. The composition of Pt and
Ru metal precursors for synthesizing CA@PtRu ANPs was
kept to a 1:1 ratio to utilize the full potential of the alloy
nanostructures. In the proposed immunoassay, the use of mag-
netic beads offered an easy and fast way to separate the
immunocomplex. Accuracy of immunoassay was examined

for the detection of CRP in human serum samples. The ob-
tained result suggests that the utilization of a nanozyme in
place of a natural enzyme is an excellent choice for the clinical
quantification of CRP.

Materials and methods

Synthesis of PtRu and CA@PtRu ANPs

Detailed reagents information is provided in the
Supplementary Information (SI). To synthesize the
CA@PtRu ANPs, 1 mM H2PtCl6 and 1 mM RuCl3.xH2O
were dissolved in 40 mL of deionized water. Electrostatic
interaction occurs between the negatively charged PtCl6 ions
and the positively charged Ru ions in the aqueous medium. A
separate aqueous solution of 8 mM C6H8O7 (10 mL) was
prepared and added dropwise with the Pt/Ru solution under
continuous stirring; stirring was continued for 1 h for homo-
geneous mixing. Next, a freshly prepared 50 mM NaBH4 in
ice-cold deionized water (10 mL) was slowly added to the
H2PtCl6 + RuCl3.xH2O + C6H8O7 solution under continuous
stirring at room temperature. The addition of NaBH4 leads to
the simultaneous reduction of the Pt and Ru precursors in the
presence of citric acid, and the nucleation process gives rise to
the formation of well-dispersed alloy nanoparticles. After 3 h
of continuous stirring, the obtained product was placed into
dialysis tubing that was then closed off at both ends and trans-
ferred into a beaker containing 5 L of water. The surrounding
water was changed every 8 h over 2 days to neutralize pH and
remove impurities. The dialyzed alloy nanoparticles were re-
dispersed in deionized water and stored at room temperature.
A schematic of the synthesis of CA@PtRu ANPs is shown in
Scheme S1. For comparison, Ru, Pt, and PtRu alloy NPs were
also prepared using similar methods, except for the use of
C6H8O7.

Preparation of detection probe (dAb-CRP/CA@PtRu
ANPs)

Prior to the conjugation process, the CA@PtRu ANPs were
treated with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
and N-hydroxysuccinimide (EDC-NHS) to activate the car-
boxyl groups present on their surfaces. First, 0.4 mM EDC
and 0.4 mM NHS were dispersed in 1.5 mL MES buffer
(0.1 M, pH 6) containing 200 μg CA@PtRu ANPs and incu-
bated for 1.5 h at room temperature. The EDC-NHS-activated
CA@PtRu ANPs were then washed with PBS to remove ex-
cess EDC-NHS and re-dispersed in PBS (0.1 M, pH 7.4).
EDC-NHS-activated CA@PtRu ANPs were introduced to
different concentrations of dAb-CRP with weight ratios of
1:2.5, 1:1.6, 1:1, and 1:0.8. An optimal amount of activated
CA@PtRu ANPs (200 μg) and dAb-CRP (165 μg) in PBS
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(0.1 M, pH 7.4) were mixed in an Eppendorf tube, followed
by incubation on a shaker for 6 h. During this time, dAb-CRP
covalently attached to the CA@PtRu ANPs to serve as a de-
tection probe. Subsequently, dAb-CRP/CA@PtRu conjugates
were washed with PBS to discard unattached dAb-CRP, and
the conjugates were re-dispersed in 1.1 mL of PBS. The dAb-
CRP/CA@PtRu conjugates were stored at 4 °C until further
use.

Preparation of standard and spiked CRP
concentrations

Different concentrations of CRP ranging from 0.01 to
180 μg mL−1 were prepared in 0.1 M PBS containing 25%
fetal bovine serum. In the case of spiked serum samples, dif-
ferent CRP concentrations (0.01, 6.25, and 90 μg mL−1) were
set up by adding CRP antigen in undiluted CRP free serum.
Detailed information regarding the procedures to prepare
APTES/SiO2@Fe3O4 magnetic microbeads, capture probe
(cAb-CRP/APTES/SiO2@Fe3O4), evaluate the enzyme-like
activity, and use characterization techniques are provided in
the SI.

Detection of CRP

Each 100 μL of the prepared capture probe (cAb-CRP/
APTES/SiO2@Fe3O4) was placed in different Eppendorf
tubes, and each tube was separately introduced to 50 μL of
varying concentrations of CRP from 0.01 to 180 μg mL−1.
These tubes were incubated overnight (8 h) on a vertical rota-
tor at 10–15 °C to form CRP/cAb-CRP/APTES/SiO2@Fe3O4

immunocomplexes. The resultant immunocomplexes were
washed with PBS and magnetically separated to remove un-
attached CRP. The immunocomplex (CRP/cAb-CRP/
APTES/SiO2@Fe3O4) produced for various concentrations
of CRP (0.01–180 μg mL−1) was separately mixed with the
100μL of dAb-CRP/CA@PtRu conjugates (detection probes)
and incubated for 1 h on a vertical rotator at room temperature.
The resulting sandwich-like immunocomplexes were washed
three times with PBS, followed by magnetic separation to
collect only sandwich-like structures while discarding others.
Subsequently, 800 μL of pH 4 phthalate buffer, 100 μL of
TMB (5 mM) in ethanol, and 100 μL of H2O2 (100 mM) were
separately added to the sandwich-like immunocomplex solu-
tion at each CRP concentration and incubated for 2 min at
room temperature. At this point, the immunocomplex was
separated by applying a magnetic field, and the supernatant
(blue colored product) was transferred to cuvette to record the
absorbance in the range of 550 to 750 nm. The absorbance
peak at a wavelength of 652 nm was used to establish calibra-
tion plot between absorbance and CRP concentrations. The
unknown CRP concentration (unknown sample) can also be
detected using above protocol.

Results and discussions

Working principle of immunoassay for CRP detection

The fundamental idea behind the developed nanozyme-linked
immunoassay for sensitive, selective, and rapid CRP quanti-
fication is displayed in Scheme 1. The proposed method relies
on a monoclonal capture antibody specific to CRP (cAb-CRP)
immobilized on APTES/SiO2@Fe3O4 magnetic microbeads
to serve as the capture probe and CA@PtRu ANPs
(nanozyme) linked to a detection antibody (dAb-CRP) to
serve as the detection probe. The detection probe is prepared
by covalent attachment of dAb-CRP with EDC-NHS-
activated CA@PtRu ANPs [Scheme 1 (a)]. On the other hand,
APTES/SiO2@Fe3O4 microbeads exhibiting the desired func-
tional groups were used as a platform for covalent immobili-
zation of cAb-CRP, which serve to recognize CRP via specific
antibody-antigen interaction [Scheme 1 (b)]. In addition, the
surface of the capture probe was passivated with BSA to block
unspecific sites. Finally, the combination of dAb-CRP/
CA@PtRu ANPs (detection probe) and CRP/cAb-CRP/
APTES/SiO2@Fe3O4 (capture probe) form a sandwich-like
structure via the immunoreaction between CRP (antigen)
and dAb-CRP (antibody) [Scheme 1 (c)]. Magnetic separation
was performed to collect only the sandwich-like
immunocomplex and discard the others, including excess
dAb-CRP-CA@PtRu ANPs. The absence of CRP prevents
the formation of the sandwich-like immunocomplex, i.e.,
there is a lack of CA@PtRu ANPs in the magnetically sepa-
rated sample. Furthermore, the concentration of the sandwich-
like immunocomplex varies with the amount of CRP attached
to the capture probe. The CA@PtRu ANPs present in the
sandwich-like immunocomplex catalyzes the oxidation of
the TMB substrate in the presence of H2O2, which produces
the colorimetric signal [21]. In this way, the colorimetric sig-
nal intensity is directly proportional to the concentration of
CRP.

Characterization of CA@PtRu ANPs

The crystallinity of the as-synthesized Ru NPs, Pt NPs, PtRu
ANPs, and CA@PtRu ANPs was studied using XRD, as
shown in Fig. S1. Diffraction spectra of Ru and Pt reveal
typical peaks related to the hexagonal close-packed (hcp)
structure of metallic Ru (JCPDS 01-077-3315) and the face-
centered cubic (fcc) structure of metallic Pt (JCPDS 01-087-
0640), respectively. In the case of PtRu, a shift in the diffrac-
tion peak positions of the (111), (200), and (220) planes to
higher 2θ were observed, which suggests the incorporation of
Ru in the Pt lattice [25]. In addition, the absence of distinct
peaks related to Ru, Pt, or their oxides in the PtRu ANPs
diffractogram suggests the alloying of Ru and Pt in fcc struc-
ture [26]. The diffractogram of the CA@PtRu ANPs exhibited
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similar peaks as the PtRu ANPs, but with lower intensities,
which is indicative of the presence of citric acid on the surface
of the PtRu ANPs that reduces reflecting X-rays into the de-
tector [27].

A detailed structural and morphological study of the PtRu
and CA@PtRu ANPs was carried out by analyzing their TEM
images, as showed in Fig. 1. The image (a) shows nano-
agglomerations of ultra-fine PtRu ANPs that are attributed to
the heterogeneous interaction between neighboring ANPs. In
comparison, image (b) displays well-dispersed ultra-fine
CA@PtRu ANPs, as the presence of citric acid on the surface

of PtRu ANPs prevents their aggregation. The high-resolution
TEM images (c) and (d) show spherically shaped crystalline
PtRu and CA@PtRu ANPs, with average particle sizes of 2.5
and 3.2 nm, respectively, as indicated in histograms (e) and
(f). The insets of images (c) and (d) show well-defined single
PtRu and CA@PtRu ANPs that have a lattice spacing of
0.23 nm, which correspond to the (111) plane of the PtRu
alloy structure. The value of the lattice spacing was calculated
using Gatan Digital Micrograph® program, and the resulting
line profiles of the PtRu and CA@PtRu ANPs are shown in
images (g) and (h), respectively. Furthermore, indexing of the

Scheme 1 Schematic of (a) preparation of dAb-CRP/CA@PtRu ANPs conjugates (detection probe), (b) CRP/cAb-CRP/APTES/SiO2@Fe3O4 conju-
gates (capture probe), and (c) the working methodology for the quantification of CRP
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rings in the selected area electron diffraction (SAED) patterns
(i) and (j) for PtRu and CA@PtRu ANPs reveals similar
planes, (111), (200), and (220), that correspond to the PtRu
alloy structure. The TEM results are, therefore, in agreement
with XRD analysis.

The XPS investigation of the CA@PtRu ANPs suggests
their high purity (Fig. S2). The shift in binding energy for
Pt0 as compared to pure Pt is attributed to the PtRu alloying
causing a decrease in the electronic charge density of the plat-
inum atoms, which results in charge transfer between Pt and
Ru [28, 29]. The XPS peaks at 284.6, 288.1, and 289 eV
correspond to C–C/C=C, C=O, and COOH groups,
confirming the presence of citric acid in CA@PtRu ANPs
[30]. The elemental ratio of Pt and Ru was calculated to be
46.33%:53.66%, which is nearly equal to the ratio of their
precursors (50%:50%) in the synthesis solution. The detailed
XPS investigation is discussed in SI. In addition, EDAXmap-
ping displays a uniform distribution of (b) C, (c) Ru, and (d)
Pt, (e) O, and (f) combination of C-Ru-Pt-O, within a partic-
ular area (a) on the CA@PtRu ANPs (Fig. S3).

The relatively high value of zeta potential for CA@PtRu
ANPs (−37.4 mV) suggests that their excellent dispersibility
in an aqueous medium is due to the high electrostatic repul-
sion between the carboxylic groups linked PtRu ANPs, as
detailed in the SI (Fig. S4). In addition to increasing colloidal
stability, the high negative charge of the ANPs attracts TMB
substrate and binds closer to the PtRu ANPs surface, which
enhances the electron transfer rate and, thus, oxidation of the
substrate.

Characterization of magnetic microbeads

The Fe3O4 microparticles were covered with silica (SiO2) to
suppress their enzyme-like activity and provide high stability.
The SiO2@Fe3O4 particles were further functionalized with (3-
aminopropyl)-triethoxysilane (APTES) to ensure adequate
functional groups for covalent immobilization of cAb-CRP.
The successful formation of APTES/SiO2@Fe3O4 magnetic
beads was validated using EDAX and zeta potential measure-
ments. Compared to EDAX spectra of bare Fe3O4 particles,

Fig. 1 TEM images (a), (b); HR-TEM images (c), (d); histograms for average particle size (e), (f); line profile for calculating d-spacing (g), (h); and
SAED patterns (i), (j) for PtRu and CA@PtRu ANPs, respectively
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spectra of APTES/SiO2@Fe3O4 particles reveal enhanced sili-
con and oxygen content and a decrease in iron (Fe) composi-
tion, which suggests the presence of a SiO2 layer on the surface
of the Fe3O4 particles (Fig. S5). In addition, the presence of
nitrogen and the high carbon content in the EDAX of
APTES/SiO2@Fe3O4 indicates the presence of APTES, as de-
tailed in the SI. A sequential change in the zeta potential from
Fe3O4 (−9.5 mV) to SiO2@Fe3O4 (−22 mV) to APTES/
SiO2@Fe3O4 (19 mV) also indicates a successful modification
of Fe3O4 with silica and APTES, as shown in the SI (Fig. S6).
FTIR was carried out at every step of the capture probe (BSA/
cAb-CRP/APTES/SiO2@Fe3O4) preparation further to validate
the successful modification of the Fe3O4 particles, as shown in
Fig. S7. FTIR studies also confirm covalent binding between
activated carboxylic groups of cAb-CRP and the amine groups
of the APTES/SiO2@Fe3O4 particles, as detailed in the SI. A
control study confirms that APTES/SiO2/Fe3O4 does not show
activity towards the oxidation of the TMB substrate in the pres-
ence of H2O2 (Fig. S8). Compared to the bare Fe3O4 (83.6 amu/
g), the lower magnetic saturation (Ms) value for APTES/
SiO2@Fe3O4 (78.8 amu/g) was due to the nonmagnetic layer
of APTES/SiO2 over magnetic Fe3O4 particles. However,
APTES/SiO2@Fe3O4 microbead particles have retained a
strong magnetization for magnetic separation, detailed in SI
(Fig. S9a). Furthermore, the optimized time for magnetic sepa-
ration was determined by observing the change in absorption of
the aqueous APTES/SiO2@Fe3O4 solution for the time of the
magnetic field applied and found to be 30 s Fig. S9b).

Enzyme-like activity of PtRu and CA@PtRu ANPs

Figure S10a clearly shows that the introduction of Ru NPs, Pt
NPs, PtRu ANPs, and CA@PtRu ANPs converts the colorless
TMB +H2O2 solution into a dark blue colored product (oxi-
dized TMB, TMBox) [21]. The light blue color in the absence
of H2O2 indicates the weak oxidase-like activity of PtRu and
CA@PtRu ANPs. Both Ru and Pt NPs have good intrinsic
peroxidase-like activity (Fig. S10b). A decrease in peroxidase-
like activity is observed for PtRu ANPs due to the aggregation
of ANPs, as indicated by TEM results. This issue of aggrega-
tion is resolved by the in situ functionalization of PtRu ANPs
with citric acid. The well-dispersed ultra-fine CA@PtRu
ANPs exhibit high surface area, negatively charged surfaces,
and oxygenated functional groups that produce high
peroxidase-like activity (Fig. S10b). Figure S10c reveals weak
oxidase-like activity of PtRu and CA@PtRu ANPs, which can
be ignored compared to their peroxide-like activity. These
findings suggest that the peroxidase-like activity of the as-
synthesized nanomaterials critically depends on their surface
area and surface charge.

In the case of the PtRu ANPs, maximum peroxidase-like
activity was observed at pH 4, while that of the CA@PtRu
ANPs was at pH 5 (Fig. S10d). In addition, PtRu and

CA@PtRu ANPs revealed maximum peroxidase-like activity
at 50 and 60 °C, respectively (Fig. S10e). Figure S10f reveals
that the peroxidase-like activity of PtRu and CA@PtRu ANPs
increases with their concentrations. Moreover, CA@PtRu ANPs
retain higher peroxidase-like activity than PtRu ANPs even after
1 month of storage in aqueous solution at room temperature (Fig.
S10g). The detailed optimizations are discussed in SI.

The kinetic parameters, maximal reaction velocity (Vmax)
and Michaelis constant (Km), of PtRu ANPs and CA@PtRu
ANPs for catalyzing oxidation of H2O2 and TMB substrate
were calculated based on Lineweaver–Burk equation, detailed
in SI (Figs. S11 and S12). In the case of PtRu ANPs, the
values of kinetic parameters Km and Vmax for H2O2 oxidation
were found to be 16.5 mM and 38.9 × 10−8 Ms.−1, respective-
ly. In contrast, when H2O2 oxidation was performed in the
presence of CA@PtRu ANPs, the values ofKm and Vmaxwere
found to be 14.9 mM and 74.4 × 10−8 Ms.−1, respectively.
Under similar conditions, the steady-state kinetics for the ox-
idation of TMB substrate catalyzed by PtRu and CA@PtRu
ANPs was studied in the presence of H2O2 (Fig. S12). The
values of the kinetic parameters Km and Vmax for the PtRu
ANPs were calculated from the Lineweaver–Burk plot and
were found to be 0.016 mM and 4.43 × 10−8 M s−1, whereas,
for the CA@PtRu ANPs, the values of Km and Vmax were
found to be 0.046 mM and 10.19 × 10−8 M s−1, respectively.
It is evident that the PtRu ANPs and CA@PtRu ANPs possess
higher values of kinetic parameters for H2O2 and TMB oxi-
dations as compared to HRP and previously reported
nanozymes (detailed discussed in the SI, Table S1).

The surface modification of CA@PtRuANPswith dAb-CRP
results in a decrease in peroxidase-like activity, as shown in Fig.
S13a. Interestingly, an increase in activity was observed with an
increase in dAb-CRP concentration, but such an increase also
induces agglomeration. In addition, dAb-CRP/CA@PtRu
ANPs conjugates reveal optimal peroxidase-like activity in a
phthalate buffer of pH 4, whereas CA@PtRu ANPs revealed
more activity in a pH 5 phthalate buffer (Fig. S13b). The covalent
attachment of dAb-CRP on the surface of CA@PtRu ANPs
results in a decrease of carboxylic group active sites, which leads
to a significant change in the zeta potential (from −37.4 to
−19.2 mV) of the dAb-CRP/CA@PtRu ANPs conjugates, as
shown in Fig. S13c. Thus, the reason behind the shift of optimum
pH can be ascribed to the immobilization of dAb-CRP or change
in surface properties of dAb-CRP/CA@PtRu ANPs conjugates.

Detection of C-reactive protein

A CA@PtRu ANPs-based colorimetric immunoassay for quan-
titative detection of CRP concentrations ranging from 0.01 to
180 μg mL−1 was developed using APTES/SiO2@Fe3O4 mag-
netic microbeads, as previously discussed and illustrated in
Scheme 1. Figure 2a shows the optical intensities of the resultant
immunocomplex solutions with various concentrations of CRP
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after reaction with TMB and H2O2. A consecutive increase in
blue color intensity was observed for increasing CRP concentra-
tion. This change in color intensity was quantified by recording
absorption spectra within the wavelength range of 550 to
750 nm, as shown in Fig. 2b. A semilog calibration curve is
plotted for the absorbance at 652 nm as a function of correspond-
ing CRP concentration Fig. 2c. The calibration curve shows
linear detection of CRP for concentrations ranging from 1.4 to
180 μg mL−1 with a LOD of 0.01 μg mL−1. Here, the LODwas
estimated based on the lowest intensity of blue color that can be
easily detectedwith the naked eye. The enhanced peroxidase-like
activity, i.e., signal amplification ability of the CA@PtRu ANPs,
contributes to the high sensitivity and decreased analysis time of
the developed colorimetric immunoassay.

The obtained analytical parameters of the proposed CRP
quantification method are compared with previously reported
biosensing methods in Table 1. The presented colorimetric im-
munoassay method showed a fast response of 2 min and a
broader CRP detection range than previous approaches. The
broader detection range of proposed immunoassay can include
diagnosis of cardiovascular diseases [8], chronic obstructive pul-
monary disease (0.2–11.09 μg mL−1) [9], cerebral small-vessel
disease (> 6 μg mL−1) [10], viral infections (10–40 μg mL−1),
and bacterial infections (>40 μg mL−1) [11]. The LOD of the
proposed immunoassay is also under the low-risk limit value
(1 μg mL−1) set by the American Heart Association and the
Centers for Disease Control and Prevention (AHA/CDC). The
simplicity, stability, sensitivity, and cost-efficiency of CA@PtRu

ANPs-based colorimetric immunoassays make it highly suitable
for rapid point-of-care applications.

The selectivity of the developed immunoassay for CRP de-
tection was examined in the presence of potential interferents
such as ascorbic acid, urea, glucose, human serum albumin
(HSA), and creatinine. The high affinity of monoclonal CRP
antibodies (dAb-CRP and cAb-CRP) to CRP antigen enables
the high selectivity to the immunoassay, detailed in SI (Fig.
S14). The accuracy of the proposed nanozyme-linked immuno-
assay to be used in point-of-care applications was examined by
measuring three different CRP concentrations in spiked human
serum samples (0.01, 6.25, and 90.0 μg mL−1). It was found
that the proposed immunoassay is able to recover 97–109% of
CRP from spiked human serum samples with the RSD value of
3.8–4.7% (Table 2). These values of recovery are in an accept-
able range.

Conclusions

A colorimetric immunoassay based on in situ functionalized,
ultra-fine, bimetallic CA@PtRu ANPs has been developed for
rapid, selective and sensitive quantification of CRP.
CA@PtRu ANPs, synthesized by a simple one-pot wet chem-
ical method, show a high surface area, significant negative
surface charge, enhanced nanozyme activity, high stability to
harsh surrounding conditions, and adequate functional groups
for covalent attachment of biomolecules. Nanoparticle surface

Fig. 2 a Optical intensity and b absorbance spectra of the resultant immunocomplex solution for various concentrations of CRP (0.01 to 180 μg mL−1)
after reaction with TMB and H2O2. c Semilog calibration curve of the absorbance intensities at 652 nm as a function of CRP concentration
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area was observed to have a higher impact on enzyme-like
activity than did surface charge. Covalent immobilization of
antibodies (cAb-CRP and dAb-CRP) towards the fabrication
of capture and detection probes provides high stability to the
proposed method. The use of magnetic particles as beads
(APTES/SiO2@Fe3O4) offers a quick and straightforward ap-
proach to isolate the immunocomplex. The proposed immu-
noassay revealed rapid detection at a wide range of CRP con-
centrations, enabling risk prediction for a host of lethal

diseases, including cardiovascular diseases, chronic obstruc-
tive pulmonary disease, cerebral small-vessel disease, viral
infections, and bacterial infections. In addition, negligible in-
teractions with interference molecules and good recovery of
CRP from the spiked human serum sample validate the high
accuracy of demonstrated immunoassay. The principles be-
hind the developed immunoassay can also be applied to the
detection of numerous other biomarkers as well.

Table 1 Overview of recently reported nanomaterial-based analytical methods for the CRP determination with the proposed CA@PtRu ANPs-based
colorimetric immunoassay

Materials used Detection technique Detection range
(μg mL−1)

Detection limit
(μg mL−1)

Reaction/
response time

Total assay
time (≥)

Ref.

Droplet microfluidic + MB Fluorescence 0.01–0.05 0.01 60 min 60 min [31]

Combination of FCF, FTH, and ASPM VFA 0.01–10 0.01 2 min 2 min [32]

3D paper VFA 0.005–5 0.005 15 min 15 min [33]

Aptamer-MB/SPCE Electrochemical 0.1–50 0.054 5 min 45 min [34]

rGO/Ni/PtNPs micromotors Electrochemical 2–100 0.08 5 min 7 min [35]

MoS2–PANI–AuNPs Electrochemical 0.0002–0.08 0.0002 50 min 50 min [36]

Au electrodes Electrochemical 0.055–5.5 0.021 30 min 30 min [37]

Carbon nanofiber Electrochemical 0.05–5 0.011 60 min 75 min [38]

Au(MPA)-PPy/ITO electrode Electrochemical 0.01–10 0.019 30 min 30 min [39]

Ir NPs/GO-DN Electrochemical 0.00001–0.1 3.3×10−6 60 min 105 min [40]

Diamond Electrochemical 1.1–110 1.1 60 min 180 min [41]

CdSe/ZnS QDs LFA 0.025–1.6 0.0039 20 min 20 min [42]

MOF ECL 0.001–0.4 0.0002 60 min 60 min [43]

Au NPs Chromatographic 1–15 0.6 15 min 135 min [20]

MB Micro-MEMS-fluxgate
sensor

0.002–10 0.002 5 s 30 min [12]

Pt-RTD Photothermal 0.0001–0.1 0.0001 90 s 60 min [44]

NRD ATR-FTIR 10–20 10 90 min 90 min [45]

Aptamer-AuNPs Colorimetric 0.0001–0.2 8×10−6 15 min 77 min [46]

Ag NPs Colorimetric 0.0015–0.025 0.001 20 min 45 min [47]

NB-rGO sheets Colorimetric 0.001–5 0.005 3 min 240 min [48]

Citrate-capped Au NPs Colorimetric 0.889–20.7 1.2 5 min 5 min [14]

CA@PtRu ANPs Colorimetric 0.01–180 0.01 2 min 542 min Present
work

ATR-FTIR attenuated total reflection Fourier transform infrared; ASPM asymmetric membrane; ECL electrochemiluminescence; FCF flow control film;
FTH flow-through holes; ITO indium tin oxide; LFA lateral flow assay; LMR lossy mode resonances; MB magnetic beads; MEMS
microelectromechanical system; MOF metal-organic framework; MPA 3-mercaptopropionic acid; NPs nanoparticles; NRD nanocrystalline diamond;
PANI polyaniline; PPy polypyrrole; Pt-RTD platinum resistive temperature detector; QDs quantum dots; SERRS surface-enhanced resonance Raman
scattering; SPCE screen-printed carbon electrode; VFA vertical flow immunoassay

Table 2 Recovery of CRP from spiked human serum samples as determined by CA@PtRu ANPs-linked immunoassay

CRP in undiluted human
serum (μg mL−1)

Added CRP level
(μg mL−1)

CRP in spiked human serum
sample (μg mL−1)

Found (μg mL−1) Mean recovery
(n =3)

RSD (%)

0.02 0.01 0.03 0.032 106% 4.7

0.02 6.25 6.27 6.08 97% 3.8

0.02 90 90.02 98.1 109% 4.2
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