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1. Introduction

Over the past few decades, lateral flow assays (LFAs) have been widely recognized and used as an
accessible point-of-care (POC) technique due to their end-user-friendly, simple, rapid, and cost-effective natures
[1,2]. Among various types of LFAs, colorimetric LFAs (CLFAs) stand out owing to their straightforward
readouts, which provide visible test results without the need for additional equipment to stimulate or read signals
[2]. This characteristic makes CLFAs particularly appealing for use in resource-limited settings [3].
Nevertheless, a significant drawback of CLFAs is their relatively low detection sensitivities compared to other
laboratory tests. Conventional CLFAs typically use solid gold nanoparticles (Au NPs) with an overall spherical
shape as labels (i.e., nanoscale particles pre-functionalized with bioreceptors that are responsible for specifically
producing a visible signal in the test/control lines of a CLFA test strip) [1,4]. The color signal in conventional
Au NP-based CLFAs originates from the plasmonic activities of Au NPs, which are intrinsically confined by
the size of particles [5]. In general, small Au NPs generate limited colorimetric signals. Larger Au NPs or Au
NP aggregates, however, can impede the mobility of the labels in the test strip [6]. Such a reduction of label
mobility results in non-specific retention of labels in the membrane of test strip, leading to prolonged assay time
and elevated background signals. In addition, bulky labels also cause steric hindrance that reduces the binding
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efficiency of the bioreceptors to analytes [7]. Because of the size effects, Au NPs of approximately 40 nm in
diameter are widely used in conventional CLFAs [8-10].

To address these limitations, recent advancements have introduced a novel approach to substantially
enhance the sensitivity of CLFAs. This approach employs platinum-group metal nanoparticles (PGM NPs) with
peroxidase-like catalytic activities as labels, which are also known as "peroxidase mimics" or "artificial
peroxidase" [11,12]. For example, in recent studies [8,13,14], conventional Au NPs were coated with Pt or Ir to
form Au-Pt or Au-Ir core-shell NPs. The Pt or Ir shells endowed the nanoparticles with high peroxidase-like
activities, which could generate intense color signals by catalyzing the oxidation of chromogenic substrates
(e.g., 3,3',5,5-tetramethylbenzidine (TMB) and 3,3'-diaminobenzidine (DAB) [15]) in the test region of CLFA.
Through this catalytic process, these PGM NPs can generate a much stronger color signal than conventional Au
NP-based labels that rely on intrinsic plasmonic activities, thereby significantly improving the sensitivity of
CLFA. Despite their advantages, PGM NPs are precious and costly materials. Most of the reported PGM NPs
used in CLFAs were solid particles [16], where only the surface layers contributed to catalytic activity [16,17].
In a sense, the underutilized PGM inside the solid particles causes extra materials costs.

In this work, we report a type of hollow PGM-based nanoparticles as labels for CLFA, namely silver-
platinum hollow nanoparticles (Ag-Pt HNPs). The Ag-Pt HNPs were synthesized through galvanic replacement
between silver nanoparticles (Ag NPs) and Pt?>* ions. The Ag-Pt HNPs possess hollow interiors and are mainly
made of less expensive Ag, greatly reducing the materials cost of PGM. Using prostate-specific antigen (PSA)
as a model analyte, we have demonstrated that the Ag-Pt HNP-based CLFA could offer a high sensitivity with
a limit of detection (LOD) over 20-fold lower than the LOD of conventional Au NP-based CLFA. The design
of labels in this work greatly enhances both the sensitivity and cost-effectiveness of CLFA, aligning with the
Affordable, Sensitive, Specific, User-friendly, Rapid/Robust, Equipment-free, and Deliverable (ASSURED)
criteria suggested by the World Health Organization (WHO) for POC diagnostics [18].

2. Materials and Methods

2.1. Materials and Reagents

Silver nitrate (AgNO3, >99.0%), gold(Ill) chloride trihydrate (HAuCls-3H,O, >99.9%), sodium citrate
dihydrate (=99%), L-ascorbic acid (=99%), potassium tetrachloroplatinate(Il) (K,PtCls-6H,0, 98%), hydrogen
peroxide solution (H,O, 30 wt % in H»0), 3,3',5,5'-tetramethylbenzidine (TMB, >99%), sodium acetate
(NaOAc, 299%), acetic acid (HOAc, >99.7%), sodium borohydride (NaBH4), prostate-specific antigen (PSA)
from human semen, bovine serum albumin (BSA, >98%), potassium phosphate monobasic (KH2PO4, >99%),
sodium phosphate dibasic (Na;HPOs, >99%), potassium chloride (KCl, >99%), sodium chloride (NaCl,
>99.5%), sodium azide (NaN3, >99.5%), sodium carbonate (Na,COs, >99.5%), human serum (male AB
plasma), TMB substrate solution for membranes, Tween 20, and NP 40 were all purchased from Sigma Aldrich.
Monoclonal mouse anti-human PSA detection antibody (referred to as "anti-PSA DAb") and polyclonal rabbit
anti-human PSA capture antibody (referred to as "anti-PSA CAb") were obtained from Abcam plc. Polyclonal
goat anti-mouse IgG antibody and Pierce protein concentrator (PES, 10K MWCO, 0.5 mL) were obtained from
Thermo Fisher Scientific, Inc. The patient serum sample with PSA was purchased from Boca Biolistics LLC,
Pompano Beach, Florida. Nitrocellulose (NC) membrane, glass fiber membrane, and absorbent pad were
obtained from Cytiva. Polyvinyl chloride (PVC) backing card was obtained from DCN Diagnostics. All
materials and reagents were used as received without further purifications and treatments. All aqueous solutions
were prepared using deionized (DI) water with a resistivity of 18.2 MQ-cm.

2.2. Instrumentations

The steady-state kinetic assays were recorded by an Agilent Cary 60 UV-vis spectrophotometer.
Transmission electron microscopy (TEM) images were taken using a JEOL 1011 microscope operated at 200
kV. High-angle annular dark-field scanning TEM (HAADF-STEM) and energy dispersive X-ray (EDX)
mapping images were taken using a FEI 200 kV Titan Themis scanning transmission electron microscope. The
concentrations of Au, Ag, and Pt ions (which were obtained from the digestion of nanoparticles by aqua regia)
were determined using an inductively coupled plasma mass spectroscopy (ICP-MS, Thermo Scientific iCAP
RQ). These concentrations could be converted to the particle concentrations of Au NPs and Ag-Pt HNPs once
the particle sizes and shapes had been resolved by TEM analyses. X-ray photoelectron spectroscopy (XPS) was
performed on a Physical Electronics 5400 ESCA spectrometer system. Fourier transform infrared spectroscopy
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(FT-IR) analyses were performed using a Shimadzu IRSpirit Infrared Spectrometer. The lateral flow assay test
strips were prepared by a ZX1000 Dispensing Platform and a CM4000 Guillotine Cutter (BioDot Inc.). The pH
values of all buffer solutions were measured by an Oakton pH 700 benchtop meter. Photographs of strips were
taken using a Canon EOS 80D digital camera.

2.3. Synthesis of Ag NPs and Au NPs

The ~40 nm, citrate-capped Ag NPs (see Supplementary Figure 1) were synthesized using a two-step
growth method [19]. First, the silver seed solution was prepared as follows: 12 mL of sodium citrate (SC)
aqueous solution (0.25%, w/v) was added to a 50 mL round-bottom flask with a condenser and heated to boiling
in an oil bath under magnetic stirring. Next, 270 pL of AgNO; (10 mg mL™") solution and 300 pL of freshly
prepared NaBH, (1.0 mg mL™!) solution were sequentially injected using a pipet. The reaction mixture was kept
boiling and stirring for 30 min until the solution color became bright yellow. After that, the silver seed solution
as the product was cooled to room temperature and stored in dark for future use. In the second step, the ~40 nm
Ag NPs were synthesized using a seed-mediated growth with minor modifications [20]. Briefly, 1.0 mL of
preformed silver seed solution was diluted to 35 mL with water in a 100 mL round-bottomed flask and heated
to 80 °C in an oil bath under magnetic stirring. After 10 min, 256 puL of SC solution (1%, w/v), 256 uL of L-
ascorbic acid solution (1%, w/v), and 256 uL of AgNOs; solution (1%, w/v) were sequentially injected using a
pipet with a time interval of ~1 min. The reaction was terminated after 30 min. The ~40 nm Ag NPs as final
products were cooled to room temperature and stored in dark for future use.

The citrate-capped Au NPs with an average diameter of ~40 nm (see Supplementary Figure 2) were
prepared according to our previously reported procedures [8].

2.4. Synthesis of Ag-Pt HNPs

The Ag-Pt HNPs were synthesized based on the galvanic replacement reaction between the above-
mentioned ~40 nm Ag NPs as sacrificial templates and K,PtCls, according to published protocols with some
modifications [21,22]. In a standard synthesis, 10 mL of ~40 nm Ag NPs was added to a 50 mL round-bottomed
flask and preheated to 80 °C in an oil bath under magnetic stirring. Then, 160 pL of K,PtCls solution (0.005%,
w/v) was injected into the flask at a rate of 8 uLL. min™! using a syringe pump. After complete injection of the
K,PtCly solution, the reaction mixture was kept stirring at 80 °C for 10 minutes to allow reaction to complete.
The Ag-Pt HNPs as final products were collected by centrifugation and eventually redispersed in 1.0 mL of
water for future use.

2.5. Steady-State Kinetic Assays

All steady-state kinetic assays were performed at room temperature in cuvettes with a path length (/) of
1.0 cmusing 0.2 M NaOAc/HOACc buffer (pH = 4.0) as the reaction buffer [23,24]. A final particle concentration
at 8.6 x 1071* M for Ag-Pt HNP suspension was used for all kinetic measurements. Note that the particle
concentrations in this work were quantified using a combination of ICP-MS analysis and TEM imaging (see
the Instrumentations section for details). After the addition of the nanoparticles to the reaction solution
containing 2.0 M H,0, and TMB of different concentrations, the absorbance of the reaction solution at 653 nm
for each sample was immediately measured as a function of time using a UV-vis spectrophotometer for 1 min
(interval = 3 sec). The “absorbance vs. time” plots were then used to derive the slope at the initial point
(Slopemitial) of each reaction by performing the first derivation using Origin 2019 software. The initial reaction
velocity (v) was calculated by Slopemitial/ (€oxTMB-653 nm % [), Where goxtMB-653 nm 1S the molar extinction coefficient
of oxidized TMB at 653 nm (goxtMB-653 nm = 3.9 x 10* M™' cm™) [23,24]. The plots of v against TMB
concentrations were fitted using nonlinear regression of the Michaelis-Menten equation. The apparent kinetic
parameters were calculated based on the Michaelis-Menten equation: v = Viax X [S]/(Km + [S]), where Viay is
the maximal reaction velocity, [S] represents the concentration of TMB substrate, and Ky, is the Michaelis
constant. Vmax could be obtained from the double reciprocal plot (or Lineweaver-Burk plot) [25]. Finally, the
catalytic constant (Kca, Which is defined as the maximum number of colored products generated per second per
single nanoparticle) can be obtained from the equation: Kest= Vimax/[E], where [E] is the catalyst concentration
(i.e, 8.6 x 10713 M).

2.6. Conjugation of Antibodies to Nanoparticles
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A non-covalent method was used to conjugate Ag-Pt HNPs to antibodies [8,16]. Specifically, 2 pL of anti-
PSA DAb (2 mg mL ') was added to 100 pL of as-prepared Ag-Pt HNP suspension. After incubating at room
temperature for 30 min, the mixture was put in a refrigerator overnight at 4 °C. Subsequently, 10 pL of blocking
solution [10 mM phosphate buffered saline (PBS) buffer, pH 7.4, containing 10% BSA] was added to the
mixture and incubated for 1 h. The final products (i.e., Ag-Pt HNP-anti-PSA DAD conjugates) were collected
by centrifugation, washed twice by PBS, and redispersed in 100 puL of PBS solution containing 5% BSA, 0.5%
NP40, and 0.05% NaN3 for future use. The same conjugation procedure was used for functionalizing Au NPs
with anti-PSA DAb, which yielded Au NP-anti-PSA DADb conjugates as the final products.

2.7. Fabrication of CLFA Test Strips

The Ag-Pt HNP-based CLFA test strips were fabricated according to our previously reported protocol with
minor modifications [8]. Specifically, a ZX1000 dispensing platform and a CM4000 Guillotine Cutter (BioDot
Inc.) were used for the test strip fabrication. As shown in Figure 3A, a test strip comprises five main components:
an absorbent pad, a PVC backing card, a nitrocellulose (NC) membrane with test and control lines, a sample
pad, and a conjugate pad. The backing card and absorbent pad were used without pretreatment. The sample pad
was prepared by immersing the glass fiber membrane in PBS solution containing 5% BSA, 0.5% NP40, and
0.05% NaN3, followed by drying at room temperature for 4 h. The conjugate pad was prepared by dispensing
Ag-Pt HNP-anti-PSA DAD conjugates onto the glass fiber membrane at a rate of 25 uL cm ! using the ZX1000
dispensing platform, followed by drying at room temperature for 2 h. The NC membrane with test and control
lines was prepared by spotting anti-PSA CAb (1.1 mg mL™! in PBS buffer containing 0.05% NaNs, which was
pre-concentrated with a Pierce protein concentrator) at the test line region and anti-mouse 1gG (1.2 mg mL™! in
PBS containing 0.05% NaNj3) at the control line region using a ZX1000 dispensing platform at the spray rate of
1.0 uL cm™!. The interval between the test and control lines was set to 8.0 mm. Finally, the sample pad, the
conjugate pad, the NC membrane, and the absorbent pad were pasted to the PVC backing card with a 2 mm
overlap between each component. The assembled sheets were then cut into 3 mm wide strips. The resultant Ag-
Pt HNP-based CLFA strips were stored in refrigerator at —20 °C under dry conditions for future use.

The procedure for preparing Au NP-based CLFA strips was the same as that for the Ag-Pt HNP-based
CLFA strips, except that Ag-Pt HNP-anti-PSA DAb conjugates were substituted with the Au NP-anti-PSA DADb
conjugates of the same particle concentration.

2.8. Detection of PSA by CLFA

The assay procedure of Ag-Pt HNP-based CLFA for PSA detection involves two steps: a sample loading
step, which is a standard and routine procedure for CLFA, and a TMB substrate treatment step for color signal
development [8,14]. Specifically, in the first step, 100 pL of PSA standard or human serum sample was loaded
onto the sample pad of an Ag-Pt HNP-based CLFA strip using a pipet. Note, the serum samples were pre-diluted
2 folds by assay buffer (i.e., 1% BSA in PBS containing 0.05% Tween 20). The CLFA strip was then kept at
room temperature for ~10 min until the liquid flow stopped. In the second step, a PBS solution containing 5%
BSA, 0.5% NP40, and 0.05% NaN3 was dropped to the sample pad using a pipet to wash away the excess Ag-
Pt HNP-anti-PSA DADb conjugates in the NC membrane. Then, TMB substrate treatment process was applied
according to the following procedure: the Ag-Pt HNP-based CLFA strip was immersed in a plastic centrifuge
tube containing 1.5 mL of TMB substrate solution (i.e., a mixture containing 0.9 mL of TMB substrate solution
for membrane, 0.3 mL of 1.0 M NaOAc/HOAc buffer, pH 4.0, and 0.3 mL of 1.0 M H,0,) at room temperature.
After ~5 min of incubation, photograph of the CLFA strip was taken using a digital camera. For quantitative
analysis, all photographs were imported into a computer and converted to 8-bit grayscale images using Adobe
Photoshop software. The arithmetic mean of the pixel intensity in the test line region was measured as the color
signal intensity [14].

The assay procedure for the Au NP-based CLFA of PSA was the same as the procedure for Ag-Pt HNP-
based CLFA, except for the omission of TMB substrate treatment step.

3. Results and Discussion

3.1. Synthesis and Characterization of Ag-Pt HNPs



Materials and Interfaces 2024, 1, x https://doi.org/10.xXXX/XXX

Ag-Pt HNPs were synthesized through galvanic replacement reaction between the ~40 nm Ag NPs as
sacrificial templates and K,PtCls (see the Experimental section) [21]. Figure 1A and 1B show typical
transmission electron microscopy (TEM) images of the Ag-Pt HNPs at low- and high-magnifications,
respectively. It can be observed that the Ag-Pt HNPs had good uniformities in terms of both shape and size. The
Ag-Pt HNPs were of overall spherical shape with a hollow interior. By randomly analyzing 100 particles in the
TEM images, the average outer diameter of the particles was measured to be 42.4 nm and their average wall
thickness was measured to be 5.2 nm. In addition to morphology (i.e., size and/or shape), we also examined the
elemental composition of these nanoparticles. The energy-dispersive X-ray (EDX) mapping images of an
individual Ag-Pt HNP (see Figure 1C) revealed that elemental Ag and Pt co-exist in the particles in the form of
Ag-Pt alloy, which is consistent with our previous study [21]. The overall molar ratio of Ag to Pt in the Ag-Pt
HNPs was quantified to be roughly 4:1 by inductively coupled plasma mass spectrometry (ICP-MS) analysis.
This result suggests that the nanoparticles were primarily made of less expensive silver, ensuring a low material
cost relative to those solid nanoparticles of pure PGMs.

D E Ag 3d F —— Ag-Pt HNP agueous suspension
Ag 3d;, 9 —— Sodium citrate aqueous solution
- - Agddy,  Ag) =
E 3 ( Ed
E: S &Agm) Y
> 2 g
% FRES n 368 s
2 c o P £
2 2 PL4f ) £ s
1= c 52 t(0) g C=0 stretching
- © Lewd
Ft('“] -PH(2+) ‘l: 0O-H stretching
T T T T T T — T T T T T T
600 400 200 0 80 78 7% 714 72 70 68 4000 3500 3000 2500 2000 1500 1000
Binding Energy (eV) Binding Energy (eV) Wavenumber (cm-')

Figure 1. Morphological, structural, and compositional analyses of the Ag-Pt HNPs. (A,B) TEM images at low
and high magnifications, respectively. (C) EDX mapping image of an individual particle (magenta = Ag, blue =
Pt). (D) XPS survey spectrum. (E) High-resolution XPS spectra of the Ag 3d and Pt 4f regions shown in (D).
(F) FT-IR spectra taken from an aqueous suspension of Ag-Pt HNPs and an aqueous solution of sodium citrate.

Surface chemistry of the Ag-Pt HNPs was characterized by X-ray photoelectron spectroscopy (XPS) and
Fourier transform infrared spectroscopy (FT-IR). Figure 1D shows a full XPS spectral survey recorded from the
Ag-Pt HNPs. The observation of peaks for Ag 3d, Pt 4p, Pt 3d, and Pt 4f confirmed that the nanoparticles were
composed of Ag and Pt elements. The high-resolution XPS spectra of the Ag 3d and Pt 4f regions (Figure 1E)
revealed that the Ag-Pt HNPs were mainly composed of zero-valent Ag(0) and Pt(0). The co-existence of
relatively small amounts of oxidized metal atoms was presumably because of surface oxidations (e.g., by
dissolved oxygen in nanoparticle suspensions) [26]. Notably, as shown by the full spectral scan (Figure 1D) and
the high-resolution spectra (see Supplementary Figure 3), C 1s and O 1s peaks were observed, hinting at the
absorbance of citrate on the surface of Ag-Pt HNPs. This assumption was confirmed by the FT-IR results (see
the red spectrum in Figure 1F). Specifically, the peak observed at ~1600 cm™! was representative of the C=0
stretch. The broad peak between 3100 and 3400 cm™' was attributed to be from the O—H stretch. These
characteristic peaks of citrate on nanoparticle surface were overall consistent with the peaks observed from
pristine citrate (black spectrum in Figure 1F). These FT-IR analyses along with the XPS data confirmed the
absorption of citrate on the surface of Ag-Pt HNPs. Note that this result implies that the citrate acting as a
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colloidal stabilizer on initial Ag NP templates was retained on particle surface after the galvanic replacement
reaction. The capping of citrate on particle surface allows for convenient conjugation of the Ag-Pt HNPs with
antibodies through attractive electrostatic interactions [27,28].

It is worth noting that all these characterization data demonstrate that the Ag-Pt HNPs had a similar size
and shape and the same surface ligand as the ~40 nm citrate-capped Au NPs — a type of widely used label in the
CLFA industry [9,29]. Such similarities facilitate a direct and reasonable comparison of the Ag-Pt HNPs and
Au NPs in CLFA performance.

3.2. Catalytic Activities

The peroxidase-like catalytic activities of Ag-Pt HNPs were assessed using the oxidation of TMB (a typical
peroxidase substrate) by H,O, as a model catalytic reaction. This catalytic reaction yielded a blue product (i.e.,
oxidized TMB [30]) with maximal absorbance at ~653 nm, which could be easily tracked and quantified by a
UV-vis spectrophotometer (see Supplementary Figure 4). It is worth noting that in addition to TMB, 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 3,3'-diaminobenzidine (DAB), and o-
phenylenediamine (OPD) are commonly used peroxidase substrates that can yield blue/green-, brown-, and
orange-colored products, respectively [31]. Nevertheless, in the context of application in CLFA, the catalytic
products from the peroxidase substrates are preferred to meet the following expectations: 7) The color should
be easily distinguished from that of the samples (e.g., red for whole blood samples); ii) The products can be
rendered to be insoluble by a precipitator to avoid being washed away by the liquid flow in the test strip; and
iii) the products exhibit minimal toxicities to human and environment. Taking all these into consideration, TMB
is the optimal choice among all the peroxidase substrates.

To quantify the catalytic efficiency of Ag-Pt HNPs, an apparent steady-state kinetic assay was conducted,
in which the particle concentration of Ag-Pt HNPs (£) was fixed at 8.6 x 107'3 M (details are provided in the
Experimental section). Note that the catalytic efficiency is measured by a parameter — catalytic constant (Kca)
that is defined as the maximum number of colored molecules produced per second per catalyst [23,24]. Figure
2A shows the Michaelis-Menten curve, which was obtained by nonlinear fitting of the initial reaction velocity
(v) at varying TMB concentrations. This curve was further transformed into a double reciprocal plot (Figure
2B), from which a maximum reaction rate (Vmax) of 9.6 x 1077 M s™! was derived. Therefore, the catalytic
constant K, was determined to be 1.1 x 10° s™!, according to the equation Keat = Vinax/[E]. Notably, the Key of
Ag-Pt HNPs as peroxidase mimics is several orders of magnitude higher than that of horseradish peroxidase
(HRP, a typical natural peroxidase with a Kex= 4.0 x 10° s7') [24]. It is worth mentioning that the molar
extinction coefficient of ~40 nm citrate-capped Au NPs is approximately at the level of 10! M~! cm™ as reported
in previous studies [8,32]. In comparison, the equivalent molar extinction coefficient of the Ag-Pt HNPs (which
is defined as the total light extinction of color products yielded at catalytic reaction time ¢ = 5 min [8]) is
estimated to be at the regime of 10'> M™' cm™!, based on their catalytic efficiency. In a sense, the color signal
from the catalytic Ag-Pt HNPs (with a short reaction time of 5 minutes) is orders of magnitude stronger than
that from conventional plasmonic Au NPs.
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Figure 2. Kinetic assays of the Ag-Pt HNPs as catalysts for the oxidation of TMB by H20:. The initial reaction
velocity (v) was measured from 0.2 M HOAc/NaOAc buffer solution (pH 4.0) containing 2.0 M H202, 8.6 X
10713 M Ag-Pt HNPs, and TMB of various concentrations at room temperature. (A) Plot of v against TMB
concentration. (B) Double-reciprocal plot derived from the data in (A). Error bars denote the standard deviations
of three independent measurements.
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3.3. Application in CLFA

As illustrated in Figure 3A, the Ag-Pt HNPs were applied as labels to CLFA. Prostate-specific antigen
(PSA, a biomarker for recurrence of prostate cancer [33]) was detected as a model disease biomarker to
demonstrate the potential application of Ag-Pt HNP-based CLFA in medical diagnostics. After capturing the
Ag-Pt HNP-antibody conjugates in the test and control line regions of the test strip, a simple TMB substrate
treatment process was applied, which took only ~5 min and was operated at room temperature. Details of the
CLFA assembly and assay procedures are provided in the Experimental section. It should be mentioned that
instead of directly dropping the substrate solution onto the test and control lines as reported in previous studies
[8,14], in this work we immersed the test strip in a substrate solution hosted in a plastic tube. Such a modification
of the substrate treatment procedure ensures good assay reproducibility and relatively low background at the
expense of extra substrate solution, which is inexpensive [34]. Notably, the Ag-Pt HNPs display a visible color
(gray) due to their plasmonic activities. Nevertheless, this color is significantly weaker than the color signal
produced from the nanoparticles-medicated catalytic reaction [8]. Therefore, the color signal in the test and
control lines of Ag-Pt HNP-based CLFA test strip is primarily from the catalytic reaction products (i.e., oxidized
TMB). For comparison, conventional CLFA using ~40 nm citrate-capped Au NPs (see Supplementary Figure
2) as labels was fabricated using the same antibodies and materials as Ag-Pt HNP-based CLFA.
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Figure 3. Ag-Pt HNP-based CLFA and conventional Au NP-based CLFA for detection of PSA. (A) Schematics
illustrating the principle of Ag-Pt HNP-based CLFA. (B) Representative photographs of both CLFAs of PSA
standards. Asterisks (*) indicate the detection limits by the naked eyes. (C) Corresponding calibration curves of
the detection results shown in (B). Error bars denote standard deviations of six independent measurements. Inset
shows linear range region of the Ag-Pt HNP-based CLFA.

PSA standards with concentrations ranging from 10 pg mL ' to 10 ng mL ! were detected by both the Ag-
Pt HNP- and Au NP-based CLFAs. For quantitative analyses, the detection results were recorded with a digital
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camera (see Figure 3B). The color bands of the test line region were quantified using Adobe Photoshop software
to generate the corresponding calibration curves (Figure 3C). For the Ag-Pt HNP-based CLFA, blue bands
(originated from the oxidized TMB) at the test lines were visible to the naked eye at concentrations as low as
20 pg mL™". In contrast, the red bands (from the plasmonics of Au NPs) in Au NP-based CLFA could only be
observed at PSA concentrations above 500 pg mL ™. These results suggest the naked-eye detection limit of Ag-
Pt HNP-based CLFA was about 25 times lower than that of Au NP-based CLFA. As shown by the calibration
curves in Figure 3C, the Ag-Pt HNP-based CLFA exhibited a good linear correlation in 10-200 pg mL™!' PSA
with an R? of 0.994. The limit of detection (LOD, which is defined by the 3SD method [35,36]) of the Ag-Pt
HNP-based CLFA was determined to be 3.07 pg mL™!, which was ~27 times lower than the LOD of Au NP-
based CLFA (82.64 pg mL™!, which was calculated based on its calibration curve).

These results demonstrate that the Ag-Pt HNPs with peroxidase-like activities can lower the detection limit
of conventional Au NP-based CLFA by more than 20 times. Such a substantial improvement in CLFA sensitivity
is only paid by a simple substrate treatment process at room temperature. Remarkably, the hollow structure and
composition of Ag-Pt HNPs significantly reduce the usage amount of previous noble metals in CLFA, making
the Ag-Pt HNP-based CLFA cost-effective. Taken together, the Ag-Pt HNP-based CLFA outperforms
conventional Au NP-based CLFA from the aspects of both sensitivity and cost effectiveness.

3.4. Demonstration of Clinical Use

We first assessed the influence of biological matrices on the performance of Ag-Pt HNP-based CLFA. To
this end, we applied the CLFA to quantify PSA from spiked human serum samples. Note, serum is one of the
most common types of clinical samples in medical diagnostics [37-39]. All serum samples were diluted 2-fold
by assay buffer prior to the loading of sample onto test strip. Four spiked samples with final PSA concentrations
in 25-150 pg mL! were prepared by spiking a PSA-free human serum sample (purchased from Sigma-Aldrich)
with PSA standards. These samples were then detected by the Ag-Pt HNP-based CLFA. For quantitative
analysis, the intensities of color signal at test lines of the CLFA strips were quantified and compared with the
calibration curve shown in Supplementary Figure 5, from which the concentrations of PSA were determined.
As summarized in Table 1, the analytical recoveries (which is defined as the PSA amount measured as a
percentage of the PSA amount initially added to the serum) of the Ag-Pt HNP-based CLFA in detecting the four
PSA-spiked serum samples were in the range of 94.81-102.92%. In addition, the coefficient of variation (n = 6)
of all the spiked samples was <6.8%, indicating a good reproducibility of the CLFA test. These results
demonstrated that the performance of Ag-Pt HNP-based CLFA was not significantly influenced by the
biological matrices in human serum.

Table 1. Analytical recoveries of the Ag-Pt HNP-based CLFA in detection of PSA spiked human serum samples.

PSA amount spiked (pg PSA amount measured (pg Coefficient of variations (%, Recovery

mL™) mL™) n=06) (%)
25 24.00 437 96.00+4.20
50 51.46 331 102.9243.19
100 97.88 5.51 97.88+4.99
150 14222 6.80 94.81£6.45

Finally, to demonstrate the potential clinical use of Ag-Pt HNP-based CLFA, we used it for detecting PSA
in a positive serum sample that was collected from a patient. This patient sample was purchased from Boca
Biolistics (donor code #D106968). The sample was analyzed by a certified method (a commercial
chemiluminescence immunoassay kit, Ortho-Clinical Diagnostics VITROS) to contain 0.5 ng mL ™! of PSA. We
intended to determine whether the PSA concentration measured by our Ag-Pt HNP-based CLFA agrees with the
"known concentration" (i.e., 0.50 ng mL™!) within experimental error. To this end, we analyzed the sample six
times (n = 6) by our CLFA and measured the PSA concentrations. The measured values were 0.51, 0.40, 0.42,
0.49, 0.52, and 0.43 ng mL"! PSA, giving a mean of ¥ = 0.46 and a standard deviation of s = 0.051. Based on
these results, we performed the Students t test [40]. Specifically, for six measurements, there are 5 degrees of
freedom and thus #osy, = 2.57. The 95% confidence interval [which is expressed as ¥ =+ s/v/n] is calculated to be
0.46 + 0.054. The known concentration (0.50 ng mL ™) is within the 95% confidence interval. Therefore, we
can conclude that the detection result from our CLFA (0.46 ng mL™' PSA) agrees with the result from the
commercial diagnostic kit (0.50 ng mL™! PSA) within experimental error at a 95% confidence level. These
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results demonstrated the potential application of the Ag-Pt HNP-based CLFA in clinical settings. A more
comprehensive assessment of the clinical performance of the CLFA using large-scale samples will be the subject
of our future study.

4. Conclusions

In summary, we have demonstrated a sensitive and cost-effective CLFA. The CLFA relies on Ag-Pt HNPs
as colorimetric labels. The Ag-Pt HNPs possess strong peroxidase-like catalytic activities, allowing them to
produce sensitive color signals through catalysis. Moreover, the Ag-Pt HNPs have hollow interiors and are
primarily made of less expensive silver, which effectively reduces materials cost of previous noble metals in
CLFA. The Ag-Pt HNP-based CLFA was successfully applied to the detection of a cancer biomarker PSA, of
which sensitivity was much higher than conventional solid Au NP-based CLFA. We believe the CLFA presented
in this work as a sensitive and cost-effective point-of-care technology has great potential for diagnostic
applications, especially in resource-limited settings.
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