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ABSTRACT: In this work, we report a peroxidase mimic composed of iridium (Ir) nanoparticles with an average size of only 1.1
nm that are coupled to a tungsten suboxide (WOz2.72) nanorod as support. Such a peroxidase mimic exhibited an area-specific cata-
lytic efficiency as high as 1.5 x 10* s nm?, outperforming most existing peroxidase mimics of noble metals. As proof-of-concept
demonstrations, the peroxidase mimic was applied to colorimetric immunoassays of carcinoembryonic antigen (a cancer biomarker)
and aflatoxin B1 (a potent carcinogen), which provided substantially enhanced detection sensitivities compared to conventional

enzyme-based assays.
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Recently, peroxidase mimics made of noble-metal (e.g., Pt,
Pd, Ir or Ru) nanomaterials have drawn great attention owning
to their distinct advantages relative to natural peroxidases,
such as enhanced stabilities and superior catalytic efficien-
cies.! They have been actively applied to many fields in bio-
medicine, including biosensing, imaging and therapy.!? Sig-
nificantly, their catalytic efficiency — a critical parameter that
largely determines their performance in certain bio-application
— can be tuned and optimized by carefully controlling the
physicochemical parameters (e.g., size, shape, elemental com-
position, and crystal structure).?

In conventional heterogeneous catalysis, maneuvering the
size of a noble-metal nanocatalyst has been proven to be a
highly effective approach to improve its catalytic activity.* In
many cases, ultrasmall nanoparticles (NPs), typically with
sizes of a couple or even sub-nanometers, tend to possess bet-
ter catalytic activities because of the more dominant low-
coordinated atoms on NP surface.’ For instance, Pt NPs of 0.9
nm deposited on electrode was reported to display ~2.5 and 13
times higher specific catalytic activities towards electrochemi-
cal oxygen reduction reaction than Pt NPs of 1.2 nm and 2.5
nm, respectively.® Nevertheless, in most bio-applications, NPs
are desired to be well dispersible in aqueous solution.” There-
fore, development and utilization of ultrasmall noble-metal
NPs as peroxides mimics in bio-applications are extremely
difficult because they tend to aggregate in aqueous solution
owing to the high surface energy.® To our knowledge, noble-
metal peroxidase mimics with sizes of a few nanometers or
smaller were rarely reported. Taken together, it is worthwhile
yet challenging to explore noble-metal NPs of ultrasmall sizes
as peroxidase mimics for bio-applications.

Herein, we report a facile one-pot synthesis of ultrasmall Ir
NPs coupled to WO2.72 nanorods (NRs) as peroxidase mimics,
which are termed “Ir/WO272 nanocomposites (NCs)” in fol-
lowing discussion. Those Ir NPs had an average size of only
1.1 nm (composed of less than 50 Ir atoms).” In our design,
WO:2.72 NR was chosen as support for Ir NPs because it can: i)

circumvent the aforementioned NP aggregation issue owing to
its high hydrophilicity;'® and ii) amplify the signal from catal-
ysis by assembling multiple Ir NPs on a single NR. Owing to
the ultrasmall size of Ir NPs, the Ir/WO2.72 NCs displayed an
area-specific peroxidase-like catalytic efficiency as high as
1.5x10* s’ nm, outperforming most previously reported no-
ble-metal peroxidase mimics. Moreover, the surface of
It/WO272 NCs are capped with citrate, allowing for convenient
conjugation of biomolecules (e.g., antibodies) through attrac-
tive electrostatic interactions between citrate and antibod-
ies.!12 As proof-of-concept demonstrations, the Ir/WO.7
NCs were applied to immunoassays of carcinoembryonic anti-
gen (CEA, a cancer biomarker'®) and aflatoxin B1 (AFBI, a
carcinogenic toxin'¥), which achieved much lower limits of
detection compared to conventional horseradish peroxidase
(HRP) based assays.

In a typical synthesis of It/'WO2.72 NCs, WCls and NasIrCle
as precursors were dissolved in ethanol simultaneously in the
presence of sodium citrate (Na3CA). The solution was trans-
ferred to a teflon-lined stainless-steal autoclave and heated to
180 °C for 24 h (Figure 1A). Experimental details are provided
in Supporting Information. Figure 1B and Figure S1 show the
typical transmission electron microscopy (TEM) images of the
Ir/WO272 NCs. The Ir/Y/WO272 NCs tended to align side by side
on TEM grid due to the intrinsic rich oxygen vacancies and
defects of WO2.72 NRs that led to strong interactions with each
other,!* while they could disperse well in aqueous solution
owing to their highly hydrophilic surfaces (see the inset pho-
tograph in Figure 1B). From the high-angle annular dark-field
scanning TEM (HAADF-STEM) image shown in Figure 1C,
the ultrasmall Ir NPs on WO2.72 NRs surface can be observed
due to the brighter image contrast of Ir relative to WO272. Sig-
nificantly, no obvious aggregation of Ir NPs were found. The
size of the Ir NPs was measured to be 1.1 + 0.4 nm from the
magnified STEM image (Figure 1D). The atomic ratio of ele-
mental Ir to W (Ir/W) in the NCs was determined to be
20.44% by inductively coupled plasma mass spectroscopy



(ICP-MS) analysis, which is close to the ratio of Ir and W
precursors initially added to the synthesis (i.e., 20%). The
high-resolution STEM image in Figure 1E and Figure S2
clearly show two sets of lattice fringe spacing: 0.37 nm from
the (010) plane of monoclinic WO272 NRs;!® and 0.21 nm
from the (111) plane of face-centered cubic (fcc) Ir NPs.!” The
energy-dispersive X-ray spectroscopy (EDS) analyses, includ-
ing the elemental mapping images (Figure 1F) and line-scan
profiles (Figure 1G), further confirmed that Ir NPs were dis-
tributed across the WO2.72 NR surfaces without obvious aggre-
gations.

One-pot
| l ‘ Synthesis
ey

—>
T

SE s A
oi-xy ot . o

Intensity (a.u.)

5 10 15 20 25
Scan Distance (nm)
W 4f af, — W:‘
— W5
4f7I2

I ok

) WO, 7, 516)
— Ir (46-1044)

(11;1 )(020)

Intensity (a.u.)
Intensity (a.u.) &<

20 30 40 50 60 70 80 90 56 60 64 63
26 (Degree) Binding Energy (eV)

32 34 36 38 40 42 44
Binding Energy (eV)

Figure 1. Synthesis and characterizations of Ir/WO2.72 NCs with
Ir/W atomic ratio = 20%. (A) Schematics showing the synthetic
method; (B) TEM image, along with a photograph of aqueous
suspension of I/'WO2.72 NCs (inset); (C) HAADF-STEM image;
(D) magnified HAADF-STEM. Yellow circles highlight the re-
gions containing Ir NPs; (E) High-resolution STEM image; (F)
EDS elemental mapping; (G) EDS line-scan profiles recorded
from the arrow direction in inset; (H) XRD pattern; (I) XPS Ir 4f
spectra; (J) XPS W 4f spectra.

The X-ray diffraction (XRD) pattern of the IY'WO272 NCs
(Figure 1H) clearly demonstrated the monoclinic structure of
WO272 (P2m, JCPDS 84-1516). A relatively weak and broad
Ir(111) peak was observed, implying the small size of Ir NPs.
The Ir/WOz2.72 NCs were also analyzed by X-ray photoelectron
spectroscopy (XPS, see Figures S3, 11 and 1J). Ir in the sample
was mostly in metallic state (Ir°), with the co-existence of a
small portion of Ir*", presumably caused by the surface Ir at-
oms coordinated with surfactant (Figure 11)!%. W element ex-
isted in both W*" and W (Figure 1J), suggesting the abundant
oxygen defects on WO272 NR surfaces.!® The fourier trans-
form infrared (FT-IR) spectroscopy of the Ir/WO2.72 NCs (Fig-
ure S4) shows the characteristic bands from C=O stretch
(~1610 cm™), as well as a wide band from the O-H stretch
(3300-3500 cm), suggesting the presence of NasCA on the

surfaces.'” All these characterization results demonstrated the
successful synthesis of Ir/WO272 NCs that composed of ul-
trasmall Ir NPs deposited on WO272 NRs with NasCA on the
surface.

It is worth mentioning that the atomic ratio of elemental Ir
to W (Ir/W) in the Ir/WO2.72 NCs can be conveniently con-
trolled by simply varying the amount of Ir precursor in a syn-
thesis (see Supporting Information for details). As examples,
It/'WO272 NCs with Ir/W of ~10% and ~30% were obtained
(see Figure S5 for TEM images of both samples). Their ele-
mental compositions were confirmed by ICP-MS (see Table
S1). As shown in Figure S6, Ir NP sizes of all the three sam-
ples were similar (i.e., in the range of 1.1-1.3 nm). It should be
noted that when the loading amount of Ir was increased to
It/W = 30%, Ir NPs in the sample tended to aggregate (Figure
S5B). Interestingly, if no W precursor was added to the syn-
thesis, significant aggregation of Ir NPs occurred (Figure
S7A); while if no Ir precursor was added, WO272 NRs could
still be obtained with a similar morphology to those NRs
shown in Figure 1 (see Figure S7B). These results suggest the
significance of WO2.72 NRs in preventing the ultrasmall Ir NPs
from aggregation.
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Figure 2. Peroxidase-like catalytic efficiencies of Ir/WOz2.72 NCs
with different Ir/W atomic ratios. (A) UV-vis spectra recorded
from different catalysts-mediated reaction solutions at # = 1 min.
The amount of Ir was kept the same for all I/WO272 NCs. The
amount of pristine WO2.72 NRs was the same as that of I/WO2.72
NCs with Ir/W = 20%; (B) Michaelis—Menten curves; (C) Fitted
double-reciprocal plots generated from (B); (D) Histograms com-
paring Kcat and Keatspecific values of Ir NPs in I/'WO2.72 NCs of
different Ir/W ratios. Error bars in (B, C) indicate standard devia-
tions of three independent measurements.

Peroxidase-like catalytic activities of the Ir/WO27. NCs
were evaluated through the oxidation of 3,3°,5,5-
tetramethylbenzidine (TMB, a classic substrate of peroxi-
dase®) by H202 as a model reaction. This catalytic reaction
yields a blue-colored oxidation product with Amex = 653 nm
(i.e., 0xXTMB) that can be monitored through a UV-vis spec-
trophotometer.?’ Figure 2A compares the UV-vis spectra rec-
orded from reaction solutions catalyzed by three different
Ir/'WO272 NCs with various Ir/W ratios, as well as pristine
WO272 NRs. The results demonstrated that Ir/'WO2.72 NCs with
Ir/W = 20% displayed the highest catalytic activity. It should
be pointed out that pristine WO2.72 NRs could barely catalyze



the reaction. Moreover, if the WO272 NRs were selectively
etched away from the Ir/WO2.72 NCs, Ir NP agglomerates were
obtained (Figure S8). The Ir NP agglomerates displayed pe-
roxidase-like catalytic activity (Figure S9). These results
demonstrated that Ir NPs were the catalytic active centers of
IrY'WO272 NCs. The relatively low catalytic activities of
Ir/WO2.72 NCs with Irt/W ~ 10% and 30% might be ascribed to
the sparseness and aggregation of catalytic active centers, re-
spectively.?!

To quantify the catalytic efficiencies of Ir NPs on those
three different Iry'WO..72 NCs, the apparent steady-state kinetic
assay was performed (see Supporting Information for de-
tails).”? Typical Michaelis—Menten curves (Figure 2B) and
corresponding fitted double-reciprocal plots (Figure 2C) for
the Ir/WO2.72 NCs were obtained. From these curves and plots,
various kinetic parameters of Ir NPs were derived and summa-
rized in Table S1. As a key parameter, the catalytic constant
(Kcat, defined as the maximum number of substrate conver-
sions per second per catalyst’?) that measures the catalytic
efficiency was highlighted in Figure 2D. Ir NPs on Ir/'WO2.72
NCs with ItYW = 20% showed the highest Kca value of
5.7x10* s’ Significantly, area-specific efficiency (Kcatspecific,
defined as normalized Kea to the surface area of an individual
catalyst??) of these Ir NPs was determined to be as high as 1.5
x10* s nm™. To the best of our knowledge, these ultrasmall Ir
NPs exhibited the highest area-specific efficiency among all
reported peroxidase mimics of noble metals. As shown by
Table S2, the Keatspecific values of other noble-metal peroxidase
mimics are up to the regime of 10° s nm™?.

To demonstrate potential bio-applications of the Ir/WOz.72
NCs, we applied them to bioassays. Colorimetric enzyme-
linked immunosorbent assay (ELISA, a widely used bioassay
technology®*?’) was chosen as a model platform. The
[t/'WO272 NCs with Ir/W = 20% (sample in Figure 1) that pos-
sess maximized catalytic efficiency were used as labels. To
assess the generality and versatility of the Ir/'WO272 NCs-
based ELISA (IrY'WO..72 ELISA), we applied it to two different
and general assay formats — “sandwich mode” and “competi-
tive mode”.? In both ELISAs, the Ir/WO272 NCs are conjugat-
ed to secondary antibodies and act as peroxidase mimics to
specifically generate color signal by catalyzing the oxidation
of TMB by H»02.%" The intensities of color signal in the
“sandwich” and “competitive” ELISAs, respectively, are di-
rectly and inversely proportional to the amount of analyts pre-
sent in the sample.?* For comparison, the Ir/WQ,.72 ELISA was
benchmarked against conventional horseradish peroxidase-
based ELISA (HRP ELISA), where the same set of antibodies
were used in both ELISAs. It is worth noting that the
Ir/WO2.72-goat anti-mouse IgG conjugates can be conveniently
prepared by simply mixing Ir/WO2.72 NCs and IgG in phos-
phate-buffered saline (PBS) buffer.!> Details about assembly
and procedures of these ELISAs are provided in the Support-
ing Information.
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Figure 3. IYWO272 NC- and HRP-based ELISAs of CEA in a
“sandwich mode”. (A) Schematics of both ELISAs. (B) Photo-
graphs of the ELISAs of CEA standards. (C) Calibration curves
(left) and linear range regions (right) of the detection results in (B).
Error bars indicate standard deviations of eight independent
measurements.

In “sandwich ELISA” (Figure 3A), carcinoembryonic anti-
gen (CEA, a cancer biomarker'®) as a model analyte was de-
tected. CEA standards of different concentrations were ana-
lyzed in microtiter plate wells (Figure 3B), where the catalytic
reaction of TMB and H.O. was quenched by H2SOs4 to yield
yellow-colored product (i.e., diimine, Amax = 450 nm?°) that can
be quantified by a microplate reader. Figure 3C compares the
calibration curves of both Ir/WO2.7. and HRP ELISAs of CEA.
The It/YWO2.72 ELISA displayed a linear detection range of 10-
2000 pg/mL with low coefficients of variation in 2.3%—8.7%.
Limit of detection (LOD, defined the CEA concentration cor-
responding to a signal that is three times the standard deviation
above the zero calibrator’®) of the IY'WO.72 ELISA was de-
termined to be 2.2 pg/mL based on its calibration curve, which
is 174-fold lower than that of HRP ELISA (382 pg/mL). Such
a significantly enhanced detection sensitivity of the Ir/'WO2.72
ELISA could be ascribed to the high catalytic efficiency of
ultrasmall Ir NPs that were well dispersed on WO272 NRs. To
support this argument, we also tested the Ir agglomerates ob-
tained from WO2.72 NRs etched away from the [r/'WO2.72 NCs
(Figure S8), and they provided a lower detection sensitivity
when applied to ELISA of CEA (Figure S10). Notably, the
Ir/YWO272 ELISA demonstrated good stabilities, in addition to
high sensitivity. No obvious change of detection signal across
all CEA concentrations was observed for the Ir/'WO..72 ELISA
during the period of 21-day storage (see Figure S11). These
results imply that either Ir was not further oxidized during the
21-day storage, or the oxidation of Ir NPs did not influence
their performance in bioassay.
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Figure 4. [/WO272 NC- and HRP-based ELISAs of AFBI1 in a
“competitive mode”. (A) Schematics of both ELISAs. BSA: bo-
vine serum albumin. (B) Photographs of the ELISAs of AFBI1
standards. (C) Calibration curves (left) and linear range regions
(right) of the detection results in (B). Error bars indicate standard
deviations of eight independent measurements.

In “competitive ELISA” (Figure 4A), aflatoxin B1 (AFB1, a
potent carcinogen in contaminated foods produced by certain
molds'¥) as a model analyte was assayed. Unlike the “sand-
wich ELISA”, in this type of ELISA, AFB1 in sample com-
pete with a reference (i.e., BSA-AFB1 conjugate) for binding
to a limited amount of antibody.? The intensity of color signal
is inversely proportional to the amount of AFBI1 in samples.
AFBI standards of various concentrations were analyzed by
both the Ir/WO27. and HRP ELISAs (Figure 4B). Figure 4C
compares the calibration curves of both ELISAs of AFB1. The
Ir/WO272 ELISA displayed a linear detection range of 2-50
pg/mL with low coefficients of variation in 3.6%—8.5%. The
LOD (defined as the AFB1 concentration corresponding to a
signal that is 90% of the negative control’®) for Ir/WO27
ELISA was determined to be 2.3 pg/mL, which is 10-folds
lower than that of HRP ELISA. It should be mentioned that,
compared to Ir/YWO272 ELISA, HRP ELISA required five
times more usage amounts of BSA-AFB1 conjugates and de-
tection antibodies in order to ensure similar color signal at
negative controls for both ELISAs. If such usage amounts
were kept the same, HRP ELISA would provide much lower
detection sensitivity (see Figure S12). Similar to Ir/WO272
ELISA of CEA, the performance Ir/WO27 ELISA of AFBI1
was compromised when WO27. was removed from the
Ir/WO272 NCs (Figure S13). As shown by Figure S14, the
Ir/'WOa2.72 ELISA of AFB1 also showed good stabilities.

In summary, we have demonstrated a type of highly effi-
cient and versatile peroxidase mimic — ultrasmall Ir NPs (1.1
nm in size) deposited on WO2.72 nanorods. The ultrasmall Ir
NPs possess an area-specific catalytic efficiency as high as 1.5
x10* 5! nm™, outperforming most already reported peroxidase

mimics of noble metals. The Ir NPs-based mimics were ap-
plied to immunoassays of CEA (a cancer biomarker) and
AFB1 (a potent carcinogen) that showed substantially en-
hanced detection sensitivities compared to conventional natu-
ral peroxidase-based assays.
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A highly efficient peroxidase mimic composed of ultrasmall Ir nanoparticles (1.1 nm in size) coupled to a WO2.72 nanorod was de-
veloped. The mimic was successfully applied to colorimetric bioassays, which provided much higher detection sensitivities com-
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