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Abstract

Enzyme-based colorimetric assays have been widely used in research labs and clinical
diagnosis for decades. Nevertheless, as constrained by the performance of enzymes, their
detection sensitivity has not been substantially improved in recent years, which inhibits many
critical applications such as early detection of cancers. In this work, we demonstrate an
enzyme-free signal amplification technique, based on gold vesicles encapsulated with Pd-Ir
nanoparticles as peroxidase mimics, for colorimetric assay of disease biomarkers with
significantly enhanced sensitivity. This technique overcomes the intrinsic limitations of enzymes,
thanks to the superior catalytic efficiency of peroxidase mimics and the efficient loading and
release of these mimics. Using human prostate surface antigen as a model biomarker, we
demonstrated that the enzyme-free assay could reach a limit of detection at the femtogram/mL
level, which is over 10°-fold lower than that of conventional enzyme-based assay when the same

antibodies and similar procedure were used.
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Simple and affordable technologies for detection of disease biomarkers are essential to the
improvement of standard of living, especially for resource-constrained areas or countries.
Enzyme-based colorimetric assays [e.g., enzyme-linked immunosorbent assay (ELISA),
immunohistochemistry, and western blot] are broadly recognized as such kind of technology
because they can be performed by less-trained personnel with an inexpensive spectrophotometer,
ordinary light microscope, or even naked eyes.!”> Nevertheless, the major drawback for these
colorimetric assays is the relatively low detection sensitivity compared to other technologies
such as those based on fluorescence and plasmonics.*”

In conventional colorimetric assays, the detectable color signal is generated from enzymes
(in many cases, horseradish peroxidase, HRP) which are conjugated to antibodies and
specifically convert substrates to colored molecules.!” Therefore, their detection sensitivity is
largely determined by the performance of enzymes. Accordingly, a general strategy for
enhancing the sensitivity is to amplify color signal by assembling as many enzyme molecules as
possible on certain carriers (e.g., avidin, polymers, and nanoparticles).'%!® For example, Merkoci
et al. conjugated HRPs to gold nanoparticles (GNPs) as carriers and applied these conjugates as
labels to ELISA of breast cancer biomarker, of which detection sensitivity was several times
higher than conventional ELISA using HRP as label.'* Qian et al. further increased HRP loading
amount by employing a combination of GNPs and graphene oxide sheets as carriers, achieving a
64-fold improvement of sensitivity.!> Despite these demonstrations, the detection sensitivity is
ultimately limited by the catalytic efficiency of enzymes and the loading amount of enzymes on a
carrier.

Herein, we report an enzyme-free signal amplification technique to break the intrinsic
limitations of enzymes, achieving substantially enhanced detection sensitivity. In this technique,
sub-10 nm Pd-Ir nanoparticles (NPs) encapsulated gold vesicles (referred to as "Pd-Ir
NPs@GVs") are employed as alternatives to enzymes. In this study, we used ELISA as a model
platform to demonstrate the enzyme-free technique, because ELISA has been the gold standard
for detection and quantification of protein biomarkers for decades.? As shown in Figure 1, at
elevated temperature, gold vesicles (GVs) captured by analytes liberate thousands of individual
Pd-Ir NPs because of the heat-induced breakup of the GV membrane.!”!® The released Pd-Ir NPs
act as peroxidase mimics and generate intense color signal by catalyzing the oxidation of

3,3',5,5'-tetramethylbenzidine (TMB, a classic HRP substrate) by H202.2° It should be pointed



out that we have recently demonstrated the peroxidase-like property of Pd-Ir NPs and controlled
release of GVs.!”2° However, to date, there has been no report yet on the development of a signal
amplification platform based on the combination of these two systems. The ultralow detection
limit of this enzyme-free ELISA arises from the following distinctive features of the
amplification technique: i) Pd-Ir NPs as enzyme mimics possess much higher catalytic efficiency
than natural enzymes, providing enhanced color signal; ii) the loading capacity of enzyme
mimics is maximized by taking advantage of the large interior 3D space of the GVs as
carriers.”"?? In contrast, the loading of enzymes on carriers in current designs of ELISA is
limited by the surface area that allows for the conjugation of enzymes; iii) the loading of
label-free enzyme mimics of Pd-Ir NPs in the pocket of GVs avoids the loss of catalytic
efficiency caused by chemical conjugation; iv) Pd-Ir NPs could disperse in catalytic reaction
solution upon release, making them more active than immobilized catalysts on solid surfaces,
which is the case for conventional ELISAs.

In addition to the high detection sensitivity, our enzyme-free ELISA is featured by good
stability and simplicity. The Pd-Ir NPs@GVs are mainly made of inert noble metals with
excellent stabilities, enabling them to survive harsh environments. In particular, we have
demonstrated in our recent work that the peroxidase-like activity of Pd-Ir NPs was well retained
at high temperature (up to 200 °C) and in strong acidic/basic conditions.?’ In this regard, our
platform is more suitable for detection at some extreme conditions compared to natural
enzyme-based amplification techniques even though their detection sensitivities may be
comparable.”® As shown in Figure 1, the principle of our enzyme-free ELISA is essentially the
same as the conventional HRP-based colorimetric ELISA except for the substitution of HRP with
Pd-Ir NPs@GVs. The adoption of existing ELISA platform ensures the simplicity of the assay
without the involvement of additional materials and equipment other than the Pd-Ir NPs@GVs.
In contrast, other enzyme-free signal amplification systems (e.g., those based on quantum

dots?*?°) may require special materials and/or equipment.

RESULTS AND DISCUSSION
Synthesis and Characterization of Pd-Ir NPs. We started with the synthesis of Pd-Ir NPs

by coating an ultrathin layer of Ir on preformed sub-10 nm Pd seeds. In a standard synthesis, a

solution of NaslIrCls was injected slowly into a mixture containing Pd truncated octahedra with



an average size of 5.6 nm as the seeds (Figure S1), L-ascorbic acid as a reductant, and poly(vinyl
pyrrolidone) as a colloidal stabilizer (see Supporting Information for details). Figure 2a, b show
typical transmission electron microscopy (TEM) images of the produced Pd-Ir NPs. The Pd-Ir
NPs exhibit a high purity (>95%) and good uniformity (Figures 2a and S2). A close inspection of
the NPs shows that the Pd seeds retained their truncated octahedral shape after the deposition of
Ir, indicating a conformal coating of Ir (Figure 2b). The average size of the Pd-Ir NPs was
measured to be 6.1 nm, which was 0.5 nm greater than that of the initial Pd seeds. Therefore, the
average thickness of the deposited Ir shells was about 0.25 nm, indicating an approximate
monolayer coating of Ir on Pd(111) surfaces.?**” The molar ratio of Ir to Pd for these Pd-Ir NPs
was measured to be 0.28:1 by inductively coupled plasma-optical emission spectrometry
(ICP-OES). Based on this data, the morphology of Pd seeds, and the unit cell parameters of Ir,??
the average number of Ir atomic layers was estimated to be 1 for the Pd-Ir NPs, further
confirming the overall monolayer coating of Ir. We also characterized the structure and
composition of the Pd-Ir NPs by X-ray diffraction (XRD), high-resolution TEM (HRTEM),
high-angle annular dark-field scanning TEM (HAADF-STEM), energy-dispersive X-ray (EDX)
mapping/scanning, and X-ray photoelectron spectroscopy (XPS). The XRD patterns of initial Pd
seeds and Pd-Ir NPs were shown in Figure S3. It can be seen that the peaks for Pd-Ir NPs were
broadened and slightly shifted to the standard face-centered cubic (fcc) Ir peak positions as
compared to the peaks for fcc Pd seeds, suggesting the successful deposition of Ir on Pd seeds
and the retention of fcc crystal structure for the final Pd-Ir NPs. The typical HRTEM image of an
individual Pd-Ir NP reveals the continuous lattice fringes from Pd core to Ir shell, indicating an
epitaxial relationship between these two metals (Figure 2¢).?® The color difference between the
core (green = Pd) and the shell (red = Ir) of an individual Pd-Ir NP in the EDX maps (Figure 2d)
confirmed the Pd-Ir core-shell structures of the final products. The line-scan EDX profile shown
in along a corner-to-edge direction of an individual Pd-Ir NP (see Figure S4) verified that the
corners and edges were dominated by Ir, whereas the core was made of pure Pd. In addition,
XPS was used to identify the oxidation state of the Ir layers. The XPS survey spectrum of the
Pd-Ir NPs clearly showed the appearance of Ir 4f peaks (Figure S5a) as compared to the initial
Pd seeds, confirming the existence of Ir layers on the Pd cores. The high-resolution spectra of the
Ir 4f peaks (Figure S5b) revealed two chemical states for Ir species: i) Ir? 4£7/2 and 4f5/2 peaks
at 60.24 and 63.23 eV, and ii) Ir*" 4f7/2 and 4f5/2 at 61.25 and 64.46 eV, where the Ir® was



dominant. This data suggests that the shell of the Pd-Ir NPs is mainly composed of Ir(0).

Peroxidase-like Activity of Pd-Ir NPs. We quantitatively evaluated the peroxidase-like
activity of as-synthesized Pd-Ir NPs by apparent steady-state kinetic assay (see Supporting
Information and Figure S6 for details).?*?° Oxidation of TMB by H202 was chosen as a model
catalytic reaction. The catalytic efficiency, in terms of catalytic constant (Kcat, which measures
the maximum number of colored products generated per enzyme/mimic per second), for the
Pd-Ir NPs was measured to be 1.1x10° s™' (Table S1). In comparison, the values of Kcat for initial
Pd seeds and HRP? were 4.8x10° and 4.0x10° s, respectively. This data suggests that i) The
Pd-Ir NPs are ~28 times more efficient than HRP in generating color products (i.e., oxidized
TMB with maximum absorbance at 653 nm?>**!); and ii) the enhanced catalytic efficiency for

Pd-Ir NPs was ascribed to the coating of Ir monolayer on Pd seeds.

Encapsulation of Pd-Ir NPs to GVs. We then encapsulated the Pd-Ir NPs into GVs that
were achieved by assembling block copolymers (BCPs)-tethered GNPs in an aqueous suspension
of Pd-Ir NPs. GNPs with a diameter of 33.0+4.7 nm were first modified with thiol-terminated
BCPs of poly(ethylene oxide)-b-polystyrene (PEOa4s-b-PS260-SH, Figure S7a) and poly(acrylic
acid)-b-polystyrene (PAA23-b-PS250-SH, Figure S7b) at a molar ratio of 20:1.%? It should be
mentioned that we chose these GNPs of ~33 nm for the assemble of vesicles mainly because i)
the ease in the functionalization of GNPs with polymers via Au-S bond, in order to trigger the
formation of GVs and to conjugate biological moieties for sensing; ii) the good stability of
resultant GVs and their capability in retaining molecules (or nanoparticles) without noticeable
leakage for a long time. Our previous studies showed that GVs remain stable for months and
minimal leakage of small organic molecules (or drugs) was observed from GVs after weeks,
presumably owing to the jamming of particles in the vesicular membranes.'*>* In contrast, small
molecules tend to leak out from liposomes or polymersomes within a few hours, which makes
them less attractive for the present application;** iii) these GNPs are relatively uniform and
monodisperse;'” iv) The GNP size of 33 nm is greatly larger than that of Pd-Ir NPs (i.e., 6.1 nm),
making it convenient to distinguish Pd-Ir NPs from GNPs under electron microscope that is
critical for monitoring the heat-induced NP release process.

A film rehydration method, which is widely used for scalable fabrication of liposomes in

pharmaceutic industry, was used to fabricate the GVs.!7 Specifically, pristine GVs were prepared



by rehydrating a film of BCP-tethered GNPs in water under sonication, according to our
previously published procedures.!”! To encapsulate Pd-Ir NPs into GVs, an aqueous suspension
of Pd-Ir NPs at a high concentration (~4.5x10'¢ particles/mL) was used for the rehydration
process (see details in Supporting Information). As indicated by the TEM and scanning electron
microscopy (SEM) images shown in Figure S8a, b, the Pd-Ir NPs@GVs showed an overall
spherical shape. The low-magnification SEM image (Figure S8c) demonstrated that the Pd-Ir
NPs@GVs could be obtained with a high purity and a good uniformity. Our analyses on 100
random particles indicated that the products had an average diameter of ~400 nm with a standard
deviation of 48 nm. As shown by Figure S8d, the vesicular membranes of the GVs were
composed of a monolayer of densely packed GNPs, which is consistent with our previous
studies.!”*?° Based on the packing density and size of GV, the average number of GNPs in an
individual GV was roughly estimated to be 339 (Figure S9a). The loading amount of Pd-Ir NPs
in individual GVs was estimated to be 1,232 by quantifying elemental Pd and Au in GVs using
ICP-OES (see Figure S9b for detailed estimation).

Heat-triggered Release of Pd-Ir NPs. To demonstrate the heat-triggered release of Pd-Ir
NPs from GVs, we incubated aqueous suspensions of Pd-Ir NPs@GVs (~0.5 mg/mL in terms of
Au element) at different temperatures for 1 hour. The morphological change of samples caused
by heat treatment was monitored by TEM and SEM. We found that the assembled GVs gradually
collapsed as the temperature increased (Figure 3). Compared to the initial Pd-Ir NPs@GVs
(Figure 3a, e), small holes started to appear in the membranes of GVs when the temperature was
set to 70 °C (Figure 3b, f). At 80 °C, the holes in GVs became more evident and fragments began
to fall off of the vesicles (Figure 3¢, g). Finally, most of the GVs completely collapsed after 90
°C treatment (Figure 3d, h). We presume that the dissociation of GNPs is attributed to the
breakup of Au-S bonds due to the thermal instability of the bonds at a temperature above 70
°C.3637 The disassembly of GVs is associated with the release of encapsulated Pd-Ir NPs (Figure
3b-d). A number of Pd-Ir NPs can be observed outside the GVs. The heat-triggered release of
Pd-Ir NPs is further confirmed by dynamic light scattering (DLS) analysis. Pristine GVs and
Pd-Ir NPs were used as control groups. As shown in Figure 4a, after heating at 90 °C for 1 h, the
major size distribution peak of Pd-Ir NPs@GVs suspension shifted from 380 nm (solid, blue) to
260 nm (dashed, blue). In addition, two shoulder peaks at ~8.5 nm and ~32 nm were observed.

The 8.5 nm peak matched well with the peak of pristine Pd-Ir NPs (solid, red), indicating the



successful release of Pd-Ir NPs from GVs. The 32 nm peak could be assigned to the dissociated
GNPs from GVs since this peak was also observed for pristine GVs after they had been heated
(dashed, black). Thermal treatment at 90 °C for 1 h was adopted for subsequent ELISA
experiments. We are aware that heating for 1 h may limit the practical application of the platform
for assays. The operation time of assays can be drastically reduced by speeding up the release of
payload from GVs via the irradiation of near-infrared light or the use of thermoresponsive

polymer tethers.!*33

Demonstration of Signal Amplification. We also designed a set of experiments to
demonstrate the color signal amplification mechanism shown in Figure 1. Briefly, aliquots were
taken from an aqueous suspension of Pd-Ir NPs@GVs before and after it had been heated at 90
°C for 1 h and were employed as catalysts for the oxidation of TMB by H20:. Colored products
were quantified by measuring the absorbance at 653 nm (4653 nm), £ = 2 min. For comparison,
aqueous suspensions of pristine GVs and Pd-Ir NPs with the same amounts of GVs and Pd-Ir
NPs (determined by ICP-OES), respectively, as those in Pd-Ir NPs@GVs were also tested. As
shown in Figure 4b, before heat treatment, the reaction solution with the presence of Pd-Ir
NPs@GVs was nearly colorless with 4653 nm = 0.04. After heat treatment, the catalytic activity of
Pd-Ir NPs@GVs was dramatically enhanced, generating an intense blue color (4653 nm = 1.6, see
the inset of Figure 4b). Since almost no absorbance at 653 nm was observed for GVs catalyzed
reaction solutions, the enhanced catalytic activity for heat treated Pd-Ir NPs@GVs could be
ascribed to the free Pd-Ir NPs released from GVs. It should be mentioned that, before heat
treatment, the absorbance of Pd-Ir NPs@GVs catalyzed reaction solution was similar to that of
GVs catalyzed reaction solution. This observation demonstrated that the GVs could effectively
prevent the leakage of encapsulated Pd-Ir NPs when there is no heating. Based on the values of
Aes3 nm, heat treated Pd-Ir NPs@GVs was as active as pristine Pd-Ir NPs, indicating that most of
the Pd-Ir NPs had been released from GVs and their catalytic efficiency was well retained. Taken
together, these results clearly demonstrated the signal amplification mechanism described in

Figure 1.

Immunoassay of Disease Biomarker. Finally, we applied the Pd-Ir NPs@GVs to ELISA of
human prostate surface antigen (PSA), according to the principle shown in Figure 1 (see details

in Supporting Information). PSA was chosen because it has been recognized as the key



biomarker responsible for prostate cancer recurrence in patients who have undergone radical
prostatectomy.® It is vital to detect minute concentrations of PSA at the earliest stage possible to
improve the survival rates of those patients.>>** Herein, antibodies were conjugated to Pd-Ir
NPs@GVs through the EDC/NHS-mediated coupling reaction between the -COOH groups of
PAA23-b-PS250-S- on GVs and the —NH2 groups on antibodies (see Figure S10).*'%* PSA
standards with a series of concentrations in dilution buffer were monitored in a 96-well
microtiter plate (Figure 5a) and quantified using a Perkin Elmer Victor 3 1420 multilabel plate
reader. The yellow color of the wells arose from the two-electron oxidation products of TMB
(i.e., diimine with Amax = 450 nm) that were formed when the catalytic reaction was quenched by
H2S04.3%% As shown in Figure 5b, a sigmoid curve regression between the logarithms of
absorbance and PSA concentration was obtained. The linear range of detection was found to be
0.2-200 pg/mL with a linear regression value of 72 = 0.997. The coefficient of variations (n = 8)
across the entire concentration range were 2.15-12.24%, indicating a good reproducibility of the
assay. The limit of detection (defined as the PSA concentration corresponding to a signal that is 3
times the standard deviation above zero calibrator***’) was calculated to be 31 fg/mL. To
evaluate the non-specific binding between antibodies conjugated Pd-Ir NPs@GVs and the
96-well microtiter plate/capture antibodies, we have performed a control experiment by
excluding antibodies conjugated Pd-Ir NPs@GVs from the blank well (i.e., 0 pg/mL PSA) while
keeping all other conditions unchanged. The absorbance at 450 nm for the control group was
measured to be 0.024, whereas the absorbance for the blank was 0.036 (both values of
absorbance represent the averages from 8 independent measurements). Therefore, on average,
the absorbance at 450 nm of each well caused by non-specific binding of antibodies conjugated
Pd-Ir NPs@GVs was approximately 0.012. This value is relatively low compared to the
absorbance measured from the wells of PSA standards (Figure 5b), suggesting a good specificity
of the antibodies conjugated Pd-Ir NPs@GVs.

We benchmarked the Pd-Ir NPs@GVs based ELISA against the conventional HRP based
ELISA by using the same set of antibodies and procedures except for the exclusion of heat
treatment. Based on the calibration curve shown in Figure S11, the linear detection range and
overall coefficient of variations for the HRP based ELISA were found to be 0.2-100 ng/mL and
4.21-14.31%, respectively. The limit of detection was determined to be 48 pg/mL, which was
~1,500-fold higher than our enzyme-free ELISA. This significantly enhanced detection



sensitivity for the enzyme-free ELISA could be attributed to the signal amplification by Pd-Ir
NPs@GVs, because other conditions of both ELISAs were kept identical. We also evaluated the
correlation between the enzyme-free ELISA with conventional HRP based ELISA by quantifying
the same 12 PSA standards of concentrations in 0.5-50 ng/mL using the two ELISAs. For the
quantification with enzyme-free ELISA, the standards were diluted with dilution buffer to ensure
that the concentrations of PSA were located in the linear range. The final quantitative data was
obtained based on the detected PSA concentrations and the dilution factors. As shown in Figure
S12, a good correlation between the two ELISAs was found with a correlation coefficient » =
0.998 (n = 12). Taken together, these results demonstrate that our enzyme-free ELISA is
three-orders-of-magnitude more sensitive than conventional ELISA, while its reliability and
quantitativity are as good as those of conventional ELISA.

To demonstrate the potential application of the Pd-Ir NPs@GVs based ELISA in clinical
scenarios, we spiked human plasma samples (from a healthy female donor, provided by the UP
Health System-Portage, Houghton, Michigan, United States) with PSA standard at different
concentrations in range of 0.4-50 pg/mL and detected the concentrations of PSA. As summarized
in Table 1, the analytical recoveries (defined as measured amount of PSA divided by the amount
of PSA in original spiked samples*®) for the four PSA spiked human plasma samples were
determined to be in the range of 93.25-105.85%. The coefficient of variation (n = 8) for all
samples was below 10.14%. This data implies that the performance of Pd-Ir NPs@GVs based
ELISA was not compromised by the complex components in plasma, suggesting the feasibility of

this technique in detecting clinical samples.

CONCLUSIONS

In summary, we have demonstrated an enzyme-free signal amplification technique based on
Pd-Ir NPs@GVs for colorimetric assay with substantially enhanced detection sensitivity. To the
best of our knowledge, such an enzyme-free signal amplification strategy using enzyme-like NPs
encapsulated responsive GVs has never been demonstrated elsewhere. The enzyme-free
technique we developed can be potentially extended to a variety of other enzymes-based
diagnostic technologies beyond ELISA such as immunohistochemistry, western blot, and
point-of-care tests. Importantly, this technique is compatible with equipment and procedures of

existing sensing technologies, making it practically useful for clinical diagnostics. Further
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optimization of the Pd-Ir NPs@GVs system (e.g., size of GV, loading amount of Pd-Ir NPs,
particle release time, and catalytic efficiency) and detection of clinical samples are the subjects

of our future research.

METHODS

Chemicals and Materials. Sodium hexachloroiridate(Ill) hydrate (Nas;IrCls-xH,O, MW=473.9),
sodium tetrachloropalladate(Il) (Na,PdCls, 98%), gold(Ill) chloride trihydrate (HAuCls-3H,0, >99.9%),
potassium bromide (KBr, >99%), L-ascorbic acid (AA, >99%), poly(vinylpyrrolidone) (PVP,
MW=55,000), 3,3',5,5-tetramethylbenzidine (TMB, >99%), hydrogen peroxide solution (30 wt. % in
H,0), acetic acid (HOAc, >99.7%), sodium acetate (NaOAc, >99%), human prostate surface antigen
(PSA, >99%), Tween 20, bovine serum albumin (BSA, >98%), sodium chloride (NaCl, >99.5%),
potassium chloride (KCI, >99%), N-hydroxysulfosuccinimide sodium salt (NHS, >98%),
N-Ethyl-N'-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, >99%), sodium phosphate
dibasic (Na;HPO4, >99%), potassium phosphate monobasic (KH2POas, 299%), tris base (=99.9%), sodium
citrate, dimethylformamideand (DMF), tetrahydrofuran (THF), sodium azide (NaNs3, >99.5%), and
sulfuric acid (H2SO4, 95-98%) were all obtained from Sigma-Aldrich. Ethylene glycol (EG) was obtained
from J. T. Baker. Mouse anti-PSA monoclonal antibody (mouse anti-PSA mAb) and rabbit anti-PSA
polyclonal antibody (rabbit anti-PSA pAb) were obtained from Abcam plc. Goat anti-mouse I1gG and
HRP-goat anti-mouse IgG conjugate were obtained from Thermo Fisher Scientific, Inc.. 96-well
microtiter plates (polystyrene, clear, flat bottom) was obtained from Corning Inc.. All aqueous solutions
were prepared using deionized (DI) water with a resistivity of 18.0 MQ-cm.

Preparation of 5.6 nm Pd truncated octahedra to be used as seeds. In a typical synthesis, 30 mL of
an EG solution containing 600 mg of PVP was hosted in a glass vial and preheated to 160 °C in an oil
bath under magnetic stirring for 10 min. Then, 15 mL of an EG solution containing 240 mg of Na,PdCl4
was quickly injected into the reaction solution using a pipette. The reaction was allowed to continue for 3
h. After being washed with acetone once and ethanol twice via centrifugation, the final product was
re-dispersed in 10 mL of EG for future use. The concentration of Pd element in the final product was
determined to be 7.5 mg/mL by ICP-OES, which could be converted to a particle concentration of
~5x10" particles/mL (assuming that the particles were perfect octahedra).

Preparation of Pd-Ir core-shell nanoparticles (Pd-Ir NPs). Pd-Ir NPs were prepared by coating a
monolayer of Ir on Pd seeds according to our previously published procedure with some modifications.”
In a standard procedure, 100 mg of PVP and 60 mg of AA were mixed with the 10 mL Pd seeds in EG and

were hosted in a 50-mL three-neck flask. The mixture was preheated to 200 °C in an oil bath under

11



magnetic stirring for 10 min. Then, 8.0 mL of NazIrCle-xH,O solution (7.0 mg/mL, in EG) was injected to
the flask at a rate of 1.5 mL/h using a syringe pump. The reaction was allowed to proceed for an
additional 10 min after the NasIrCle-xH,O precursor had been completed injected. The products (i.e.,
Pd-Ir NPs) were collected by centrifugation, washed once with acetone, two times with water, and finally
redispersed in 1 mL of DI water for future use. Particle concentration for the suspension of Pd-Ir NPs was
estimated to be 4.5x10'® by ICP-OES.

Evaluation of peroxidase-like activity. Peroxidase-like activity was measured by the steady-state
kinetic assays.?*** All assays were carried out at room temperature in 1.0-ml cuvettes (path length, / = 1.0
cm), with 0.2 M NaOAc/HOACc solution, pH 4.0 being used as the reaction buffer. After addition of TMB
and H>O; in the buffer system containing nanoparticles as peroxidase mimics, the absorbance of the
reaction solution at 653 nm of each sample was immediately measured as a function of time with interval
of 6 seconds using a spectrophotometer for 3 min. These "Absorbance vs. Time" plots were then used to
obtain the slope at the initial point (Slopemiial) of each reaction by conducting the first derivation of each
curve using OriginPro 9.0 software. The initial reaction velocity (v) was calculated by Slopemita /
(&TMB-653nm X [), Where e1mB.ss3nm is the molar extinction coefficient of TMB at 653 nm that equals 3.9x10*
M'-cm™. The plots of v against TMB concentrations ([S]) were fitted using nonlinear regression of the
Michaelis-Menten equation. The apparent kinetic parameters K and Vmax Were obtained from the double
reciprocal plot (or Lineweaver-Burk plot) that was generated from the Michaelis-Menten equation v =
Vinax % [S]/ (Kmt[S]),*” Where Vimax is the maximal reaction velocity and K, is the Michaelis constant. Ky
was derived from Kcat = Vimax/[E], Where [E] represents the particle concentration of peroxidase mimics.

Synthesis of amphiphilic block copolymers (BCPs) and gold nanoparticles (GNPs). Amphiphilic
BCPs of poly(ethylene oxide)-b-polystyrene and poly(acrylic acid)-b-polystyrene terminated with a thiol
group at polystyrene end (PEO-b-PS-SH and PAA-b-PS-SH) were synthesized following the reversible
addition-fragmentation chain-transfer (RAFT) polymerization procedures reported previously.'” The
BCPs samples were designed with similar polystyrene (PS) lengths (PEOu4s-5-PSx60-SH and
PAA3-b-PS»s50-SH) as verified by proton nuclear magnetic resonance ('H NMR) as shown in Figure S7.

GNPs with diameters of 33.0+4.7 nm were prepared by sodium citrate reduction method.*® Briefly, a
10 mg of HAuCls was dissolved in 500 mL H,O and heated to boiling under stirring. A 3 mL of sodium
citrate (1 wt. %) solution was then quickly injected. The reaction mixture was refluxed for 30 min and
then used as seeds for further growth of GNPs in the presence of sodium citrate at 80 °C. The resultant
33.0 nm GNPs were collected by centrifugation.

Preparation of gold vesicles (GVs) and Pd-Ir NPs@GVs. GVs and Pd-Ir NPs@GVs were
prepared by assembling GNPs tethered with BCPs in the presence of DI water and aqueous suspension of

Pd-Ir NPs, respectively, according to our previously reported procedure with minor modifications.
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The surface of GNPs was modified with BCPs using the ligand exchange method.*> A 5 mg BCPs of
PEQ4s5-b-PS»60-SH and PAA»3-b-PS»50-SH with a molar ratio of 20:1 were dissolved in 10 mL DMF. Then,
a concentrated solution of GNPs (~2 mg/mL) was slowly added into the BCP solution under vigorous
shaking. The mixture was subsequently sonicated for 1 h to avoid the aggregation of GNPs and was then
kept static without stirring overnight. The BCP-tethered GNPs were purified by removing free polymers
through centrifugation (6-8 times) and were finally redispersed in THF at a concentration of ~0.05
mg/mL.

Self-assembly of BCP-tethered GNPs was conducted by the film rehydration method as reported
previously."” Briefly, a solution of BCP-modified GNPs in THF was first dried under nitrogen flow to
form a thin film on a glass substrate, followed by rehydration in DI water (for pristine GVs) or an aqueous
suspension of Pd-Ir NPs at 4.5x10'¢ particles/mL (for Pd-Ir NPs@GVs) with sonication for 1 min. The
resultant GVs and Pd-Ir NPs@GVs were collected by centrifugation (5000 rpm, 5 min), washed 8 times
with DI water, and finally re-dispersed in water for future use.

Preparation of Pd-Ir NPs@GVs-goat anti-mouse IgG conjugates. Anti-mouse IgG was
conjugated to Pd-Ir NPs@GVs using EDC and NHS as coupling agents (see Figure S10).2>*'** In brief,
50 uL of Pd-Ir NPs@GVs (~0.5 mg/mL in terms of Au element, in DI water) was added to a 450 puL of 10
mM phosphate buffered saline (PBS, pH 7.4) buffer at room temperature under stirring. Then, 5 puL of
EDC (25 mM, in DI water) and 5 pL of NHS (50 mM, in DI water) were added. After 15 min, the
particles were washed with DI water twice and redispersed in 50 pL PBS. Subsequently, 50 puL of goat
anti-mouse IgG (2 mg/mL, in PBS) was added to the particle suspension. After incubation at room
temperature for 30 min, the reaction solution was put in a refrigerator overnight at 4 °C. Then, 100 uL of
blocking solution (5% BSA in PBS) was added to the reaction solution. After 2 h, the final products were
collected by centrifugation, washed twice with PBS, and redispersed in 50 pL of PBS containing 1% BSA
and 0.05% NaN3 for future use.

Pd-Ir NPs@GVs-based ELISA of PSA. First, 96-well microtiter plates were coated with rabbit
anti-PSA pAb (100 pL per well, 5 pg/mL in carbonate/bicarbonate buffer pH9.6) at 4 °C overnight. After
washing the plates three times with washing buffer (10 mM PBS pH 7.4 containing 0.5% tween 20,
PBST), the plates were blocked with 200 pL blocking buffer (3% BSA in PBST) for 2 h at room
temperature. The plates were then washed three times with washing buffer, followed by the addition of
100 pL PSA standards or human plasma sample in dilution buffer (1% BSA in PBST). Note that plasma
was pre-diluted 2 folds by dilution buffer prior to spiking of PSA and detection. After shaking at room
temperature for 2 h, the plates were washed three times with washing buffer, and 100 pL mouse anti-PSA
mAb (2 pg/mL, in dilution buffer) was added. After 1 h shake at room temperature, the plates were
washed three times, and 100 pL. Pd-Ir NPs@GVs-goat anti-mouse IgG conjugates (1:2000, in dilution
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buffer) was added, followed by 30 min shake at room temperature. After washing four times, 60 uL DI
water was added. After being sealed with a plastic film, the plate was put to an oven set to 90 °C for 1 h.
After the plate had been cooled down to room temperature, 50 pL freshly prepared substrate solution (1.6
mM TMB and 4.0 M H,0O; in 0.4 M HOAc/NaOAc buffer, pH 4.0) was added to each well. After 30 min
incubation at room temperature, 50 pL of 2 M H»>SOj as a stopping solution was added. The absorbance
of each well at 450 nm was read using a microplate reader.

The procedure of HRP based ELISA was the same as the Pd-Ir NPs@GVs-based ELISA except for
the substitutions of Pd-Ir NPs@GVs-goat anti-mouse IgG conjugates with 100 uL HRP-goat anti-mouse
IgG conjugates (1 pg/mL, in dilution buffer), the difference in the components of substrate solution (0.8
mM TMB and 5 mM H,O; in citric acid-Na,HPO4 buffer, pH 5.0), and the exclusion of heat treatment
step.

Characterizations. The UV-vis spectra were recorded using an Agilent Cary 60 UV-vis
spectrophotometer. TEM images were taken using a JEOL JEM-2010 microscope operated at 200 kV.
High-resolution TEM (HRTEM) images, high-angle annular dark-field scanning TEM (HAADF-STEM)
images and energy dispersive X-ray (EDX) mapping were acquired using a double Cs-corrected JEOL
ARM200F TEM at Brookhaven National Laboratory. The concentration of Pd, Ir, and Au ions were
determined using an inductively coupled plasma-optical emission spectroscopy (ICP-OES, Perkin Elmer
Optima 7000DV), which could be converted to the particle concentration of Pd seeds, Pd-Ir NPs, and Au
NPs once the particle sizes and shapes had been resolved by TEM imaging. The X-ray photoelectron
spectroscopy (XPS) measurements were performed on an SSX-100 system (Surface Science Laboratories,
Inc.) equipped with a monochromated Al Ka X-ray source, a hemispherical sector analyzer (HSA) and a
resistive anode detector. X-ray diffraction (XRD) pattern was taken using a Scintag XDS2000 powder
diffractometer. Dynamic light scattering (DLS) analysis was conducted using a Photocor-FC light
scattering instrument. '"H NMR spectra were recorded with a Bruker AV-400 MHz high-resolution NMR
spectrometer in CDCl;. The absorbance of samples in microtiter plates was read using a Perkin Elmer
Victor 3 1420 Multilabel Plate Reader. Microtiter plates were shaken using a Corning LSE Digital
Microplate Shaker. pH values of buffer solutions were measured using an Oakton pH 700 Benchtop
Meter. Photographs of samples in tubes and microplates were taken using a Canon EOS Rebel T5 digital

camera.
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Figure 1. Schematic illustration of utilizing Pd-Ir NPs@GVs based ELISA for detection of

disease biomarkers. The Pd-Ir NPs released from captured GVs act as effective peroxidase

mimics to catalyze chromogenic substrates.
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Figure 2. Structural and compositional analyses of Pd-Ir NPs prepared by depositing Ir atoms on
5.6 nm Pd truncated octahedral seeds. (a,b) low (a) and high (b) magnification TEM image of
Pd-Ir NPs. The inset is a 2D schematic model. (c) HRTEM image of an individual Pd-Ir NP; (d)
HAADF-STEM image and EDX mapping of an individual Pd-Ir NP (red = Ir, green = Pd).
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Figure 3. Heat-triggered release of Pd-Ir NPs from GVs. Representative (a-d) TEM and (e-h)
SEM images of the Pd-Ir NPs@GVs treated at different temperatures (marked in each image) for
1 h. In (b-d), insets show magnified TEM images of corresponding regions marked by red boxes.

Some of the released Pd-Ir NPs are indicated by black arrows.
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Figure 4. Comparison of the properties of Pd-Ir NPs@GVs before and after heat treatment (90
°C, 1 h). (a) DLS analysis of different samples: GVs (black), Pd-Ir NPs@GVs (blue), and Pd-Ir
NPs (red); (b) Absorbance at 653 nm measured from catalytic reaction solutions containing
different particles (marked under the bars) at = 2 min. Concentrations of GVs were kept the
same for suspensions of GVs and Pd-Ir NPs@GVs, while the concentrations of Pd-Ir NPs were
kept the same for suspensions of Pd-Ir NPs@GVs and Pd-Ir NPs. Inset shows photographs of
reaction solutions corresponding to Pd-Ir NPs@GVs. All tests in (a) and (b) were conducted at

room temperature (~22 °C).
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Figure 5. Pd-Ir NPs@GVs based ELISA of PSA. (a) Representative photographs taken from the
ELISA of PSA standards; (b) Corresponding calibration curve (m) and imprecision profile (0) of
the detection results shown in (a). Note that absorbance of the blank (i.e., 0 pg/mL PSA) was
subtracted from those of PSA standards. Inset shows the linear range region of the calibration

curve. All the data points represent the averages from 8 independent measurements.
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Table 1. Analytical recoveries of Pd-Ir NPs@GVs based ELISA in detecting PSA spiked human

plasma samples.

PSA amount PSA amount Coefficient of Relative

spiked measured variations errors Re%%ery
(pg/mL) (pg/mL) (%, n=28) (%)
0.40 0.37 10.14 -6.75 93.25
2.00 2.12 7.71 5.85 105.85
10.00 9.87 3.92 -1.28 98.72
50.00 51.71 6.85 3.41 103.41
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