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Abstract
Pd-Ir nanocubes are promising peroxidase-mimicking nanozymes for immunoassays, enabled by their excellent stability, rela-
tively high catalytic activity, and reproducible performance. A key step involved in the preparation of Pd-Ir nanocubes is the
synthesis of Pd nanocubes. However, the traditional method to synthesize Pd nanocubes requires sophisticated and expensive
equipment to precisely control the reaction temperature and highly skilled technicians to achieve satisfactory and reproducible
product yields. Herein, we report a simple, cost-effective, high-yield (> 99%) and one-pot strategy to synthesize Pd nanocubes
with sizes of 7, 18, and 51 nm for the preparation of Pd-Ir nanocubes. The resulting 18 nm Pd-Ir nanocubes display three orders of
magnitude higher peroxidase activity compared to horseradish peroxidase, leading to a significantly increased detection sensi-
tivity when applied in the immunoassay of nucleocapsid protein from SARS-CoV-2. Due to the simplicity in both material
synthesis and assaying procedures and the excellent detection sensitivity, our method should allow for the generalized application
of Pd-Ir nanocube-based immunoassays for the diagnosis of human diseases.
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Introduction

Horseradish peroxidase (HRP) is a protein enzyme capable of
specifically converting tetramethylbenzidine (TMB) to colored
oxidized products and has been extensively applied in immuno-
assays through its conjugation with antibodies [1–5]. However,
protein enzymes have inherent drawbacks such as susceptibility
to denaturation and digestion, the complexity of preparation and
purification, and loss of catalytic activity during storage [6, 7].
To address these issues, peroxidase-mimicking nanozymes have
been developed [8–10], which include metal oxides (Fe3O4,
V2O5, CuO, and Co3O4) [11–15], carbon nanomaterials

(graphene oxide and carbon nanotubes) [16, 17], and noble met-
al nanoparticles (Ag, Au, Pd, Pt, and Ir) [18–20]. Compared to
HRP, these peroxidase-mimicking nanozymes display dramati-
cally increased peroxidase activity and are less susceptible to
denaturing conditions and protease digestion [8–10].
Moreover, these nanozymes could be easily conjugated with
antibodies or aptamers for developing biosensors [21].

Significantly, Pd-Ir nanocubes are one of the most efficient
peroxidase-mimicking nanozymes with a catalytic constant (kcat)
value of 106–107 s−1 [7, 20], which is much higher than metal
oxides, carbon nanomaterials, and most noble metal nanoparti-
cles and has enhanced the detection limit of immunoassays by
over 2 orders of magnitude [7]. Moreover, Pd-Ir nanocubes dis-
play several other attractive features that make them promising
nanozymes for immunoassays [7]. First, Pd-Ir nanocubes can be
synthesized with high purity and uniformity, ensuring reproduc-
ible performance. Second, they can be readily produced with
sizes ranging from 8 to 52 nm, allowing fine tuning for specific
applications. Third, the synthesis of Pd-Ir nanocubes relies on the
deposition of thin Ir layers on Pd nanocubes [7, 20, 22, 23]. Both
Pd and Ir are inert noble metals making them highly stable under
strongly basic or acidic conditions. Finally, Pd-Ir nanocubes with
varying catalytic activity are readily obtained by adjusting the
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thickness of the Ir shell [23]. However, the traditional method to
synthesize Pd nanocubes includes two steps (see Supplementary
Information (ESM) Fig. S1) [7, 20, 22, 23], preheating a solution
of polyvinyl pyrrolidone (PVP), ascorbic acid (AA), and KBr,
followed by the introduction of Na2PdCl4 solution, which gen-
erally leads to compromised yields and reproducibility due to
inhomogeneous nucleation. Moreover, this method requires so-
phisticated and expensive equipment to precisely control the re-
action temperature and specialized equipment including glass-
ware, magnetic stirring, and oil baths, which impedes the gener-
alization of Pd nanocube synthesis and application of Pd-Ir
nanocube-based immunoassays.

Thus far, coronavirus disease 2019 (COVID-19), a viral
infection attributed to severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), has caused 97,464,094 infections
and 2,112,689 deaths globally as of 24 January 2021 according
to the World Health Organization [24–26]. To effectively con-
trol this pandemic, rapid and accurate diagnosis is of paramount
importance. Real-time quantitative polymerase chain reaction
(RT-qPCR) and serological virus-induced antibody tests are
twomajor methods for COVID-19 diagnosis due to their merits
of high sensitivity or rapid detection, respectively [27–30].
However, there still exist drawbacks for these methods, includ-
ing false-negative results, time-consuming procedures, and the
requirement for certified laboratories for RT-qPCR, and long
seroconversion time for antibody tests [28, 31, 32]. Recent
reports have suggested that nucleocapsid proteins (NP) are
promising candidates for the development of antigen-based im-
munoassays for COVID-19 diagnosis [33–36].

Here, we report a simple, cost-effective, and one-pot method
to synthesize Pd nanocubes at high yields and applied to a highly
sensitive Pd-Ir nanocube-based immunoassay for NP from
SARS-CoV-2. Several advantages are realized in this method.
First, the yield and reproducibility of Pd nanocubes are signifi-
cantly increased due to homogenous nucleation in a one-pot
synthesis. Second, the synthesis process is simplified by
avoiding the preheating step, magnetic stirring, and oil bath.
Third, disposable polypropylene plastic tubes are used as con-
tainers for the synthesis of Pd nanocubes, avoiding heteroge-
neous nucleation during synthesis as a result of inadequate treat-
ment of glasswarewith corrosive aqua regia. Also, Pd nanocubes
with different sizes can be synthesized by this approach, satisfy-
ing the requirements of diverse application platforms. Finally,
large-scale synthesis of Pd nanocubes is readily achievable by
this approach, making it suitable for commercialization.

Experimental section

Chemicals and materials

Sodium tetrachloropalladate(II) (Na2PdCl4, 98%), potassium
bromide (KBr, ≥ 99%), polyvinylpyrrolidone (PVP, M.W. ≈

55,000), L-ascorbic acid (AA, ≥ 99%), sodium borohydride
(NaBH4, 98%), sodium hexachloroiridate(III) hydrate
(Na3IrCl6 • xH2O, M.W. = 473.9), acetic acid (HOAc, ≥
99.7%), sodium acetate (NaOAc, ≥ 99%), 3,3′,5,5′-
tetramethylbenzidine (TMB, > 99%), hydrogen peroxide so-
lution (30% w/v in H2O), sulfuric acid (H2SO4, 95–98%),
dimethylformamide (DMF), potassium phosphate monobasic
(KH2PO4, ≥ 99%), sodium phosphate dibasic (Na2HPO4, ≥
99%), potassium chloride (KCl, ≥ 99%), sodium chloride
(NaCl, ≥ 99.5%), hydrochloric acid (HCl, 37%), bovine serum
albumin (BSA, ≥ 98%), Tween 20, mPEG-SH (5 kDa), and
human prostate-specific antigen (PSA, ≥ 99%) were all re-
ceived from Sigma-Aldrich. Goat anti-mouse IgG, HRP-goat
anti-mouse IgG conjugates, rabbit anti-NP monoclonal anti-
body (mAb), and mouse anti-NP mAb were obtained from
Thermo Fisher Scientific, Inc. Mouse anti-PSA mAb and rab-
bit anti-PSA polyclonal antibody (pAb) were obtained from
Abcam plc. Pooled human saliva was bought from Innovative
Research.

Synthesis of Pd nanocubes

Pd nanocubes were synthesized in a 1.5-mL disposable poly-
propylene centrifuge tube by a one-pot approach. Briefly,
aqueous solution of Na2PdCl4 (0.3 mL, 64.6 mM), KBr
(0.5 mL, 1 M), PVP (0.2 mL, 1 mM), and L-ascorbic acid
(0.1 mL, 0.4 M) were sequentially added to the 1.5-mL cen-
trifuge tube and incubated at 80 °C for 3 h to achieve Pd
nanocubes with an edge length of 18 nm. The resulting con-
centration of Pd nanocubes was calculated to be 44 nM.
Similarly, Pd nanocubes with an edge length of 7 nm were
synthesized by replacing KBr (0.5 mL, 1 M) with the mixture
of KBr (0.1 mL, 67 mM) and KCl (0.4 mL, 604 mM).

To synthesize 51 nm Pd nanocubes, aqueous solution of
Na2PdCl4 (0.5 mL, 64.6 mM), KBr (0.375 mL, 1 M), PVP
(0.286 mL, 1 mM), L-ascorbic acid (0.15 mL, 0.4 M), and
18 nm Pd nanocubes (0.045 mL, 44 nM) and water
(0.389 mL) were sequentially added to a 2-mL centrifuge tube
and incubated at 40 °C for 24 h.

Synthesis of Pd-Ir nanocubes

Thin Ir layers were deposited on Pd nanocubes to form Pd-Ir
nanocubes. In brief, Pd nanocubes (50 μL, 44 nM, 18 nm)
were centrifuged (18,400 RCF, 10 min) to remove the super-
natant and twice washed with 1 mL water followed by centri-
fugation. Then, Ir deposition was conducted by the addition of
an aqueous solution of Na3IrCl6 (20 μL, 10 mM) and NaBH4

(20 μL, 100 mM), followed incubation at 23 °C for 1 h.
Thereafter, NaBH4 solution (20 μL, 100 mM) was added
again and the mixture was reacted at ambient temperature
for another 4 h to attain Pd-Ir nanocubes. The final
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concentration of Pd-Ir nanocubes is identical to the initial Pd
nanocube concentration and is calculated to be 2.2 nM.

Determination of peroxidase activity of Pd-Ir
nanocubes

Pd-Ir nanocubes (50 μL, 138 fM) and substrate solution
(50 μL, 1.6 mM TMB, 40 mM acetate buffer, 4 M H2O2,
pH 4.0) were mixed and incubated in a 96-well microtiter
plate at ambient temperature for 20 min. Then, H2SO4

(20 μL, 2 M) was added to terminate the reaction. The absor-
bance of oxidized TMB at 450 nm was measured by a micro-
plate reader to compare the peroxidase activity of Pd-Ir
nanocubes.

Steady-state kinetic assay

The steady-state kinetic assay was performed by monitoring
the catalytic oxidation of TMB with H2O2. Briefly, Pd-Ir
nanocubes (50 μL, 2.76 × 10−13 M) and H2O2 (50 μL, 8 M)
were added to a cuvette with a 1-cm path length. Then, TMB
substrate (100 μL, 1.6 mM TMB, 40 mM acetate buffer,
pH 4.0) was introduced to initiate the catalytic reaction, during
which TMB was oxidized to generate a blue product with a
specific absorption peak at 653 nm. UV-Vis absorption spec-
troscopy was employed to monitor the absorbance for 300 s at
intervals of 12 s. The concentrations of TMB and H2O2 were
adjusted independently to establish the initial reaction velocity
(ν) at a given substrate concentration. ν is determined by the
initial slope of kinetic curves using the extinction coefficient
of 3.9 × 10−4 M−1 cm−1 for oxidized TMB at 653 nm.
Michaelis-Menten equation, ν = Vmax × [S]/(Km + [S]), is used
to calculate the apparent kinetic parameters, where ν refers to
the initial reaction velocity, Vmax stands for the maximal reac-
tion velocity, [S] means the concentration of substrate, and Km

is the Michaelis constant.

Preparation of Pd-Ir nanocube-antibody complex

Goat anti-mouse IgG is conjugated with Pd-Ir nanocubes
through physical adsorption along with mPEG-SH (5 kDa).
In brief, goat anti-mouse IgG (5 μL, 1 mg/mL) was mixed
with mPEG-SH (10 μL, 100 μM) in a 1.5-mL centrifuge tube,
followed by the addition of Pd-Ir nanocubes (1 mL, 0.55 nM).
After incubation at ambient temperature for 1 h, BSA
(200 μL, 10% w/v) was added to block Pd-Ir nanocubes.
The reaction proceeded at ambient temperature for 1 h, and
the complex was obtained after washing and centrifuging
(10,000 rpm, 5 min) twice with BSA solution (1 mL, 1%
w/v). Finally, storage buffer (1 mL, 1.8 mM KH2PO4,
10 mM Na2HPO4, 2.7 mM KCl, 137 mM NaCl, 10% w/v
BSA, 0.05% v/v Tween-20) was used to disperse the complex,
which was stored at 4 °C for 12 h before use.

Immunoassay by Pd-Ir nanocubes

Immunoassays were carried out in the wells of a microti-
ter plate. After the introduction of each reagent, the wells
were washed three times by PBST (200 μL, PBS, 0.05%
v/v Tween-20). First, rabbit anti-NP mAb (100 μL, 5 μg/
mL) in PBS was added to the wells of a microtiter plate
and incubated at 4 °C for 12 h. Then, a blocking buffer
(200 μL, PBST, 2% w/v BSA) was used to block the
wells by incubation at 37 °C for 1 h. Afterward, NP sam-
ples dispersed in dilution buffer (100 μL, PBST, 0.1% w/
v BSA) were introduced and shaken at 100 rpm at 25 °C
for 2 h. Next, mouse anti-NP mAb (100 μL, 2 μg/mL) in
dilution buffer was added to bind with NP shaking at
100 rpm at 25 °C for 1 h. Finally, Pd-Ir nanocubes
(100 μL, 0.138 nM) conjugated with goat anti-mouse
IgG were introduced, followed by shaking at 100 rpm
and 25 °C for 1 h. TMB substrate (100 μL, 2 M H2O2,
0.8 mM TMB, 20 mM acetate buffer, pH 4.0) was then
introduced and incubated at 25 °C for 20 min. The cata-
lytic reaction was terminated by the addition of H2SO4

(20 μL, 2 M). A microplate reader was utilized to mea-
sure the UV-Vis absorbance at 450 nm to determine NP
concentration by comparing it with a standard curve.

For comparison, an HRP-based immunoassay was also
carried out for the detection of NP. Similarly, rabbit anti-
NP mAb, NP, and mouse anti-NP mAb were bound to the
wells of the microtiter plate as described above. Then,
HRP-goat anti-mouse IgG conjugates (100 μL, 0.5 μg/
mL) in dilution buffer was added, followed by shaking
at 100 rpm and 25 °C for 1 h. Finally, TMB substrate
(100 μL, 10 mM H2O2, 0.8 mM TMB, 20 mM acetate
buffer, pH 4.0) was added and incubated at 25 °C for
20 min. The UV-Vis absorbance at 450 nm was measured
by a microplate reader to determine NP concentration.
Similarly, immunoassays for PSA were performed as de-
scribed above except the use of antibodies specific for
PSA.

Characterizations

UV-Vis absorbance was measured with a Tecan micro-
plate reader or monitored by an Agilent Cary 60 UV-Vis
absorption spectrometer. SEM and EDX analyses were
carried out on a Hitachi S-4700 FE-SEM at 20 kV.
TEM analyses were performed with a JEOL JEM-2010
TEM at 200 kV. HR-TEM analyses were carried out on
an FEI Titan 80-300 LB TEM at 300 kV. HAADF-STEM
analyses and EDX mapping were performed on an FEI
Titan 80-300 HB Cubed microscope at 200 kV. An
Oakton pH meter was used to measure the pH of different
buffer solutions.
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Results and discussion

Working principle of the synthesis of Pd and Pd-Ir
nanocubes for immunoassays

As depicted in Fig. 1, Pd nanocubes are synthesized in a dis-
posable tube by sequential addition of metal precursors
(Na2PdCl4), capping agent (KBr), surfactant (polyvinyl pyr-
rolidone, PVP), and reducing agent (L-ascorbic acid, AA).
After reaction at 80 °C for 3 h, Pd nanocubes are obtained
with a yield of higher than 99%. Pd nanocubes are washed
twice by centrifugation and resuspension in water. To achieve
Pd-Ir nanocubes with outstanding peroxidase activity, thin Ir
layers are evenly deposited on the surface of Pd nanocubes.
As most surfactants are removed during the wash steps before
the deposition of Ir shells, the secondary antibody can be
efficiently coupled to Pd-Ir nanocubes through physical ad-
sorption. The resulting antibody-nanocube complexes display
both recognition ability and peroxidase activity and are
exploited for immunoassays of NP from SARS-CoV-2.
Capture antibodies are coated on the wells of a microtiter plate
by physical adsorption. In the presence of the target, the sec-
ondary antibody-nanocube complexes are captured on the
substrate through the binding with detection antibody, cata-
lyzing the oxidation of TMB with H2O2 to generate colored
oxidized products. The concentration of the targets is deter-
mined by comparing the absorbance of oxidized products with
a standard curve.

Characterization of Pd and Pd-Ir nanocubes

To ensure accurate and reproducible testing performance, Pd-Ir
nanocubes must be prepared with high yields and well-defined

structure. Pd nanocubes were synthesized using the one-pot ap-
proach as described above, followed by extensive washes to
remove capping agents. The sizes and morphologies of
nanomaterials were characterized by scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM). As
shown in Fig. 2, a and b, and S2, a and b, well-defined cubic Pd
nanoparticles are obtained with a yield greater than 99%, reveal-
ing an edge length of 18.2 ± 2.0 nm through statistical analysis
(Fig. 2c). The high yield of Pd nanocubes is attributed to the
homogenous nucleation of seed particles during one-pot synthe-
sis. After coating with thin Ir layers, Pd-Ir holds the cubic shape
without significant variation in particle size and morphology
(Fig. 2d and S2c). The presence of Ir shells is further confirmed
by energy dispersive X-ray analyses (EDX) (ESMFig. S2, d and
e), which exhibits apparent Ir peaks for Pd-Ir nanocubes in com-
parison with Pd nanocubes. Moreover, the crystal structure of
Pd-Ir nanocubes was characterized by high-resolution TEM
(HR-TEM, Fig. 2e), which reveals the typical lattice distance of
0.191 nm for Pd nanocubes and the epitaxial relationship be-
tween Pd and Ir together with the Fourier transform pattern
(ESM Fig. S2f). Finally, high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and EDX
mapping are employed to characterize the thickness and distri-
bution of Ir shells. As shown in ESM Fig. S2g, thin Ir shells can
be resolved by a close examination of the low-magnification
HAADF-STEM image for the brighter area. The thickness and
distribution of Ir shells are examined by high-magnification
HAADF-STEM analysis of a single Pd-Ir nanocube (Fig. 2f)
along with corresponding EDX mapping (ESM Fig. S2h), pre-
senting the uniform distribution of Ir around the Pd nanocube
with a shell thickness of about 1 nm. Taken together, this one-pot
synthesis approach can be utilized to prepare Pd-Ir nanocubes
with high yield and well-defined structures.

Fig. 1 Schematic illustration of
synthesis, functionalization, and
application of Pd-Ir nanocubes for
immunoassays
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Optimization of synthesis conditions for Pd
nanocubes

To demonstrate the advantages of our one-pot approach for
the synthesis of Pd nanocubes over the traditional method, the
yield of Pd nanocubes from three batches synthesized by both
methods were compared. As shown in ESM Figs. S3 and S4,
the one-pot method displays a significantly higher yield of Pd
nanocubes than the traditional method, revealing good consis-
tency and reproducibility of the one-pot synthesis approach
for the preparation of Pd-Ir nanocubes. Subsequently, the in-
fluence of reagent concentration on the yield of Pd nanocubes
was examined by lowering the concentration of each compo-
nent individually. As shown in Fig. 3 and ESM Figs. S5, S6,
and S7, an obvious decreasing yield of Pd nanocubes was
observed with decreasing concentrations of Na2PdCl4, L-
ascorbic acid, KBr, or PVP, accompanied by the appearance
of other morphologies of Pd nanoparticles. First, Pd nanorods
and irregular Pd nanoparticles (Fig. 3) were formed at

decreased concentrations of Na2PdCl4 (metal precursor) and
L-ascorbic acid (reducing agent), due largely to lowered reac-
tion kinetics. Second, Pd nanocubes were transformed into
spherical Pd nanoparticles with the reduction of KBr concen-
tration (ESM Fig. S6a), which is responsible for capping the
{100} crystal faces of Pd nanomaterials [37]. Furthermore,
large Pd particles were observed with lowered PVP concen-
trations (ESM Fig. S6b) possibly as a result of the aggregation
of Pd seeds during particle growth. Finally, this strategy is
explored for the synthesis of varying sizes of Pd nanocubes.
As shown in Fig. 4, Pd nanocubes with edge lengths of 50.7 ±
5.1 nm and 7.4 ± 1.5 nm are produced with high yields, dem-
onstrating the versatility of this synthesis method.

Catalytic kinetic assay of Pd-Ir nanocubes

The inherent peroxidase activity of Ir can be further en-
hanced by Pd through the electronic effect between two
metals [7]. Here, the peroxidase activity of Pd-Ir

Fig. 2 a SEM, b TEM, and c size
distribution analysis of Pd
nanocubes. d TEM, e HR-TEM,
and f HAADF-STEM image and
EDX mapping images of Pd-Ir
nanocubes
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Fig. 4 TEM analyses of a 51 nm
and b 7 nm Pd nanocubes.
Statistical size distribution
analyses of c 51 nm and d 7 nm
Pd nanocubes

Fig. 3 Synthesis of Pd nanocubes
with decreased concentrations of
a Na2PdCl4 and b L-ascorbic ac-
id. Default conditions: 17.6 mM
Na2PdCl4, 36.4 mM L-ascorbic
acid, 454 mM KBr, and
0.182 mM PVP

4640 Li J., Li Y.



nanocubes was demonstrated by catalyzing the oxidation
of TMB with H2O2. Pd-Ir nanocubes were mixed with
TMB and H2O2 in a cuvette in pH 4 buffer solution.
Then, the absorbance of oxidized TMB at 450 nm was
monitored in real time for 20 min to achieve the catalytic
kinetic curves. The initial reaction velocity (ν) was deter-
mined by the slope of the catalytic kinetic curve at the
starting point with the extinction coefficient of 5.9 ×

104 M−1 cm−1 for oxidized TMB [38]. A plot of ν versus
TMB or H2O2 concentrations displays a positive relation-
ship (Fig. 5, a and b), and the corresponding reciprocal
plots form straight lines with clear linear relationships
(Fig. 5, c and d), which are utilized to calculate the equi-
librium catalytic constant (kcat). As shown in ESM
Table S1, Pd-Ir nanocubes synthesized here display kcat
values of 2.91 × 106 S−1 and 2.55 × 106 S−1 for TMB and

Fig. 5 Plots of initial reaction
velocities versus a TMB and b
H2O2 concentrations. Double
reciprocal plots of initial reaction
velocities against c TMB and d
H2O2 concentrations

Fig. 6 Linear relationships
between UV-Vis absorbance of
oxidized TMB at 450 nm and NP
concentrations tested by a HRP-
based and b Pd-Ir nanocube-
based immunoassays. Linear re-
lationships between UV-Vis ab-
sorbance of oxidized TMB at
450 nm and PSA concentrations
tested by c HRP- and d Pd-Ir
nanocube-based immunoassays
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H2O2, respectively, which are comparable to that of pre-
viously described Pd-Ir nanocubes [7] and approximately
three orders of magnitude that of HRP. Therefore, this
method is promising to expand the application of Pd-Ir
nanocube-based immunoassay due to its simple and
high-yield synthesis.

Immunoassay of NP and PSA by Pd-Ir nanocubes

NP is the most abundant structural protein of SARS-CoV-
2 involved in the incorporation, package, replication, and
transcription of viral RNA, and are encoded within a rel-
atively conserved and stable gene, which make NP an
ideal candidate for the development of antigen-based im-
munoassays for the diagnosis of COVID-19 [39–41].
Hence, Pd-Ir nanocubes were conjugated with antibodies
to investigate the detection sensitivity for NP of SARS-
CoV-2 compared with standard HRP-based immunoassay.
As shown in Fig. 6, a and b, plots of absorbance at
450 nm versus the concentrations of NP display linear
relationships for both HRP- and Pd-Ir nanocube-based
immunoassays, with detection limits of 0.786 ng/mL and
0.023 ng/mL, respectively. It reveals that Pd-Ir nanocube-
based immunoassays are 34 times sensitive than standard
HRP-based immunoassays. Furthermore, Pd-Ir nanocube-
based method was employed for the detection of NP in
saliva. As shown in ESM Fig. S8, signal response in-
creased linearly with the concentration NP with a detec-
tion limit of 0.049 ng/mL.

We also employed these two methods for the detection of
prostate-specific antigen (PSA) to further confirm the advan-
tages of Pd-Ir nanocube-based immunoassays. Human PSA is
a serine protease used for liquefying the seminal fluid and has
been deemed as a specific blood biomarker for the diagnosis
of prostate cancer and monitoring the effect of treatment [42,
43]. As shown in Fig. 6, c and d, PSA was successfully de-
tected by both HRP- and Pd-Ir nanocube-based immunoas-
says with detection limits of 29.5 pg/mL and 0.348 pg/mL,
respectively. The results demonstrate that the detection sensi-
tivity for PSA has been enhanced 84-fold by Pd-Ir nanocube-
based immunoassay, compared to standard HRP-based immu-
noassay. Taken together, Pd-Ir nanocube-based immunoas-
says are promising for clinical diagnostics ascribed to its ex-
cellent detection sensitivity.

Conclusions

A simple and facile method is reported here to synthesize Pd
nanocubes for Pd-Ir nanocube-based immunoassay. The yield
and reproducibility of Pd nanocubes have been remarkably
improved due to the homogenous nucleation afforded by the
one-pot synthesis method. Pd nanocubes with sizes ranging

from 7 to 51 nm are readily obtained. Thin Ir layers can be
easily coated on the surface of Pd nanocubes with well-
defined surface structures, achieving Pd-Ir nanocubes with
good synthesis reproducibility and testing performance.
Peroxidase activity of Pd-Ir nanocubes described in this re-
search is about three orders of magnitude greater than HRP,
providing 34-fold and 84-fold increases in detection sensitiv-
ity for NP and PSA, respectively. With excellent features of
Pd-Ir nanocubes, such as high activity, good stability, and ease
of modification, we hope to further popularize Pd-Ir
nanocubes as powerful tools for use in high sensitivity
immunoassays.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03265-z.
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