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Abstract: Colorimetric enzyme-linked immunosorbent assay (ELISA) has been widely applied as
the gold-standard method for cytokine detection over decades. However, it has become a critical
challenge to further improve the detection sensitivity of ELISA as limited by the catalytic activity of
enzymes. Herein, we report an enhanced colorimetric ELISA for ultrasensitive detection of interleu-
kin-6 (IL-6, as a model cytokine for demonstration) using Pd@Pt core@shell nanodendrites (Pd@Pt
NDs) as peroxidase nanomimics (named “Pd@Pt ND ELISA”), pushing the sensitivity up to
femtomolar level. Specifically, the Pd@Pt NDs are rationally engineered by depositing Pt atoms on
Pd nanocubes (NCs) to generate rough dendrite-like Pt skins on the Pd surfaces via Volmer-Weber
growth mode. They can be produced on a large scale with highly uniform size, shape, composition,
and structure. They exhibit significantly enhanced peroxidase-like catalytic activity with catalytic
constants (Kcat) more than 2000-fold higher than those of horseradish peroxidase (HRP, an enzyme
commonly used in ELISA). Using Pd@Pt NDs as the signal labels, the Pd@Pt ND ELISA presents
strong colorimetric signals for the quantitative determination of IL-6 with a wide dynamic range of
0.05-100 pg mL-1 and an ultralow detection limit of 0.044 pg mL-1 (1.7 fM). This detection limit is
21-fold lower than that of conventional HRP-based ELISA. The reproducibility and specificity of the
Pd@Pt ND ELISA are excellent. More significantly, the Pd@Pt ND ELISA was validated for analyz-
ing IL-6 in human serum samples with high accuracy and reliability through recovery tests. Our
results demonstrate that the colorimetric Pd@Pt ND ELISA is a promising biosensing tool for ultra-
sensitive determination of cytokines and thus is expected to be applied in a variety of clinical diag-
noses and fundamental biomedical studies.

Keywords: cytokine; interleukin-6; enzyme-linked immunosorbent assay; ultrasensitive colorimet-
ric detection; PA@Pt core@shell nanodendrites; peroxidase nanomimics

1. Introduction

Cytokines are a class of bioactive proteins with molecular weights of 6-70 kDa, se-
creted by immune cells (e.g., T lymphocytes, B lymphocytes, macrophages, monocytes,
natural killer cells, and mast cells), epidermal cells, endothelial cells, fibroblasts, etc. [1-4].
As cell signaling molecules, they participate in a diverse and broad spectrum of biological
activities, such as cell-to-cell communication, modulation of immune responses, as well
as regulation of cell maturation, growth, development, and differentiation [5-8]. As dis-
ease biomarkers, they are strongly associated with the immune status of hosts in many
diseases, such as infection, inflammation, trauma, lupus, sepsis, and cancer [4,9-12]. For
example, interleukin-6 (IL-6) is a pleiotropic cytokine that plays an important role in host
defense by modulating immune and inflammatory responses. It activates various im-
mune-related biological effects, e.g., the induction of B lymphocyte differentiation to pro-
duce immunoglobulin, the promotion of T lymphocyte proliferation and growth, and the
enhancement of blood cell differentiation, through cytokine network and cell-to-cell com-
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munication, thereby motivating the immune system for host defense [13-15]. It also in-
duces the production of C-reactive protein and procalcitonin and is directly related to the
inflammatory status in patients, thus serving as a key biomarker for early diagnosis of
inflammatory diseases, e.g., the prediction of occurrence of sepsis and cytokine storm syn-
drome [10,13,16-19]. Therefore, obtaining information about qualitative and quantitative
nature of cytokine expression and release is crucial for understanding immune-related
physiological and pathological processes and facilitating early diagnosis and treatment of
inflammatory diseases.

Colorimetric enzyme-linked immunosorbent assay (ELISA) has been broadly recog-
nized as the gold-standard analytical method for cytokine detection due to its competitive
advantages in simplicity, practicality, low cost, and easy operation [4,11,20,21]. However,
the major drawback of conventional colorimetric ELISA is the relatively low sensitivity
with the detection limits in the range of 0.7-1,437 pg/mL (i.e., 26.9-145,152 fM, see Table
S2) [22,23], making it insufficient for monitoring cytokines at ultra-low levels (e.g., fM
level). It should be emphasized that in many cases, the levels of expressed/released cyto-
kines in biological samples are typically below the detection limit of conventional colori-
metric ELISA, and the improvement of its sensitivity has become essential to acquire more
valuable information about the immune status with cytokines at ultra-low levels
[3,4,11,24,25]. Because the detection signal of colorimetric ELISA mainly originates from
the catalysis of enzymes [e.g., horseradish peroxidase (HRP)] toward substrates to pro-
duce colored products, the detection sensitivity is essentially confined by the inherent cat-
alytic efficiency of enzymes. Specifically, enzymes with higher catalytic efficiency can pro-
duce more colored products, thus generating stronger colorimetric signals for more sen-
sitive detection. As a result, a lower concentration of cytokines can be detected. Hence,
there is an urgent need to explore new catalysts with higher catalytic efficiency to further
improve the sensitivity of colorimetric ELISA for ultrasensitive cytokine detection.

Recent studies on peroxidase mimics made of inorganic nanostructures (i.e., peroxi-
dase nanomimics) have unveiled their potential in advanced bioassay systems [26-29].
Through rationally controlling the size, shape, composition, and structure, the catalytic
properties of peroxidase nanomimics can be precisely tailored to meet the requirements
of advanced bioassays. The first peroxidase nanomimic was reported by the Yan group
with the discovery of peroxidase-like catalytic activity of FesOs nanoparticles in 2007 [30].
Since then, a variety of inorganic nanostructures have been actively reported to possess
peroxidase-like catalytic properties [26-29]. Notable examples include metal oxide nano-
materials (e.g., CosOs nanoparticles, MnO:z nanowires, and V205 nanowires) [31-33], metal
sulfide nanomaterials (e.g., MoS2 and WSz nanosheets) [34,35], carbon nanomaterials (gra-
phene oxide and carbon nanotubes) [35,36], and noble metal nanomaterials (e.g., Au, Ag,
Pd, Pt, Ir, and Ru nanoparticles) [37-42]. Compared with natural peroxidases, these perox-
idase nanomimics have some demerits including increased toxicity, decreased accessibil-
ity, and more complicated considerations regarding waste disposal procedures, but they
show interesting merits including high catalytic activity, excellent stability, facile synthe-
sis, and easy storage, making them appealing candidates for peroxidases in bioassays [26-
29]. Among these nanostructures, Pt nanodendrites (NDs) have recently emerged as an
innovative peroxidase nanomimic for ultrasensitive colorimetric immunoassays because
of several more important advantages [43-49]. First, the nanoparticles made of Pt element
show a much higher peroxidase-like catalytic activity than those of other elements. Sec-
ond, the rough dendrite-like surface structure offers more active sites for the catalytic re-
action. Third, the nanoparticles can be easily functionalized with various functional mol-
ecules through thiol-Pt chemistry. Thus, the development of Pt ND peroxidase nanomim-
ics as an alternative to enzyme labels has become a viable approach to greatly improve
the sensitivity of colorimetric ELISA for cytokine detection. However, it has been chal-
lenging to large-scale production of Pt NDs while finely controlling the uniformity of their
size and shape, which seriously hinders their widespread implementation in sensitive cy-
tokine immunoassays.
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In this work, we developed an enhanced colorimetric ELISA for ultrasensitive detec- 99
tion of IL-6 (as a model cytokine) by employing Pd@Pt core@shell nanodendrites (Pd@Pt 100
NDs) as the peroxidase nanomimics (named “Pd@Pt ND ELISA”, Scheme 1). The Pd@Pt 101
NDs were synthesized by coating Pd nanocubes (Pd NCs) with a layer of rough dendrite- 102
like Pt skins on the surfaces. Different from the previously reported dendrite-like Pt na- 103
noparticles, the Pd@Pt NDs can be mass-produced with high uniformity in terms of both 104
size and shape, showing highly efficient peroxidase-like activity with catalytic constants 105
(Keat) up to 7-9 x 10¢ s1, 2000-fold higher than those of HRP. The immunoassay was carried 106
out in anti-IL-6 capture-antibody- (CAb-) immobilized microplate plates by coupling with 107
biotin-conjugated anti-IL-6 detection antibody (biotin-anti-IL-6 DAD) as the recognition 108
element and Pd@Pt ND-labeled streptavidin (Pd@Pt ND-SA) as the signal probe. In this 109
way, the sandwich-type immunocomplex (i.e., anti-IL-6 CAb/IL-6/biotin-anti-IL-6 110
DAb/Pd@Pt ND-SA) was formed on the microplate plates. Upon addition of substrates 111
[ie., 3,3,55-tetramethylbenzidine (TMB) and hydrogen peroxide (H:0:)], the labeled 112
Pd@Pt NDs catalyzed the oxidation of TMB by H202 to generate an intense colorimetric 113
signal for ultrasensitive detection of IL-6. Using conventional HRP-based ELISA as a 114
benchmark, we demonstrate that the sensitivity of our Pd@Pt ND ELISA could be en- 115
hanced by one order of magnitude (21 times). 116

3 3§
Streptavidin « _ :;?-i::ﬁﬁ_ 3 3 3

Biotin -~ ot . 3§ 3¥ TMB+H:0;
OB sk
Anti-IL-6 DAb - - - - _:-,;ﬁ:..: : B S04

3 3 oxTVB

IL6 -----

Anti-IL-6 CAD -~~~ COD OOOOOOO%

IL-6 concentration (fM) —»
Microtiter plate 117

Scheme 1. Schematic illustration of the enhanced colorimetric ELISA for ultrasensitive detection of 118

IL-6 using Pd@Pt ND peroxidase nanomimics as the signal labels. 119
2. Materials and Methods 120
2.1. Preparation of 18 nm Pd NCs. 121

The Pd NCs with an edge length of 18 nm were prepared using a simple one-pot 122
synthesis protocol with some modifications [50]. Initially, 4.0 mL of 52.5 mg/mL poly(vi- 123
nylpyrrolidone) (PVP, Mw = 55,000) aqueous solution, 4.0 mL of 30 mg/mL L-ascorbicacid 124
(AA) aqueous solution, and 8.0 mL of 150 mg/mL KBr aqueous solution were hosted ina 125
40-mL glass vial and preheated at 80 °C under magnetic stirring for 20 min. Then, 6.0 mL 126
of 19 mg/mL Na:PdCls aqueous solution was added to the vial. The mixed solution was 127
incubated at 80 °C for 3 h. After cool-down, the 18 nm Pd NCs as products were collected 128
via centrifugation, and re-dispersed in 20 mL of DI water in a 40-mL glass vial for further 129
use (19.4 mM of Pd atomic molarity, 48.8 nM of particle concentration). 130

2.2. Synthesis of Pd@Pt NDs. 131

The Pd@Pt NDs were synthesized using a facile seed-mediated growth procedure 132
with the as-prepared 18 nm Pd NCs as the seeds. In a standard synthesis, 300 puL of the 18 133
nm Pd NCs suspension was added to 5.0 mL of 0.02% PVP aqueous solution in a 20-mL 134
glass vial. Subsequently, 100 pL of 50 mM Na:PtCls aqueous solution and 600 pL of 100 135
mM AA aqueous solution were added to the vial in sequence, followed by vigorous shak- 136
ing. The mixed solution was allowed to react at 80 °C in an oven for 3 h and then cooled 137
down to room temperature. After being washed once with DI water via centrifugation, the 138
Pd@Pt NDs as products were stored in 2.4 mL of DI water in a 20-mL glass vial for future 139
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use (6.10 nM in particle concentration). The molar ratio of Pt to Pd for this Pd@Pt ND 140
sample was 0.860. 141

To synthesize Pd@Pt NDs with different molar ratios (x) of Pt to Pd (i.e., Pd@Pt- NDs, 142
x = 0-3.44), similar procedures as above were used except for adding varied volumes of 50 143
mM NazPtCls aqueous solution in the range of 0-400 pL. 144

For the 60-fold scaled-up synthesis, the synthesis procedure remained the same ex- 145
cept that the volumes of all reagents were increased 60-fold and the 20-mL glass vial was 146
changed to a 500-mL round-bottom flask. This scaled-up synthesis could result in the pro- 147
duction of 144 mL of 6.10 nM Pd@Pt ND aqueous suspension, which contains 37.1 mg of 148
Pd and 58.5 mg of Pt (95.6 mg in total). 149

2.3. Apparent steady-state kinetic assays. 150

The steady-state kinetic assays were performed according to our recent reports with 151
minor modifications [51,52]. In brief, a series of 1-mL substrate solutions with different 152
concentrations of TMB and H20: were prepared in citrate-phosphate buffer (pH 4.0) in 153
cuvettes with a path length (I) of 1.0 cm at room temperature. For kinetic assays toward 154
TMB, the H20: concentration was fixed at 7.0 M, and the TMB concentration was altered 155
in the range of 0.02-0.8 mM. For kinetic assays toward H20z, the TMB concentration was 156
fixed at 0.8 mM, and the H202 concentration was altered in the range of 0.2-7.0 M. Subse- 157
quently, 1 pL of Pd@Pt NDs (0.0244 nM) was added to each of the substrate solutions and 158
mixed thoroughly. Right after mixing the substrate solution with Pd@Pt NDs, the absorb- 159
ance (at 652 nm) of each reaction solution was measured as a function of time with inter- 160
vals of 5 s for 5 min using a UV-vis spectrophotometer. The obtained “absorbance vs time” 161
curve was the kinetic curve of each reaction. The slope at the initial point (Slopemital) of 162
the kinetic curve was calculated using OriginPro 2021b software, and thus the initial rate 163
(v) of each reaction could be calculated by the equation: v = Slopeinitial/(€oxt™B-652 nm % [), 164
where eoxrmB-652nm is the molar absorption coefficient of oxidized TMB (oxTMB) at 652 nm 165
(€oxtMB652nm = 3.9 x 10¢ M1 cm). Finally, the apparent steady-state kinetic parameters (in- 166
cluding Vmax, Km, and Keat) could be obtained from the double-reciprocal plots of v versus 167
substrate concentrations, the Lineweaver-Burk equation: 1/v = Km/Vmax 1/[S] + 1/Vmax, and 168
the catalytic constant equation: Keat = Vmax/[E], where Vimax, [S], Km, Keat, and [E] represent 169
the maximal reaction rate, the concentration of substrate, the Michaelis constant, the cat- 170
alytic constant, and the concentration of catalyst, respectively. 171

2.4. Preparation of streptavidin-conjugated PA@Pt NDs (Pd@Pt ND-SA conjugates). 172

The Pd@Pt ND-SA conjugates were prepared through chemical modifications based 173
on our recently published procedures with some modifications [51,53]. Briefly, 200 pL of 174
the Pd@Pt NDs (6.10 nM) was mixed with 200 pL of 20 mg mL-' HS-PEG-COOH aqueous 175
solution. The mixture was incubated at room temperature for 3 h under gentle shaking, 176
followed by centrifugation at 13,000 rpm for 20 min. The obtained nanoparticles were 177
washed twice with DI water and then redispersed in 400 uL of 10 mM phosphate-buffered 178
saline (PBS, pH 7.4). After that, 100 uL of an aqueous solution containing 25 mM EDC and 179
50 mM NHS was added to the nanoparticle suspension. After incubation at room temper- 180
ature for 20 min, the nanoparticles were collected via centrifugation, washed twice with 181
DI water, and redispersed in 500 uL of PBS (pH 7.4). Subsequently, 10 uL of 1 mg mL" 182
streptavidin (SA) was added to the nanoparticle suspension, and the resulting mixture 183
was incubated at 4 °C in a fridge overnight with gentle shaking. Then, 200 pL of 10% BSA 184
in PBS (pH 7.4) was added to the reaction suspension. After incubation at room tempera- 185
ture for 60 min, the products (i.e., Pd@Pt ND-SA conjugates) were washed with PBST [PBS 186
(pH 7.4) containing 0.05% Tween 20] three times via centrifugation, redispersed in 100 uL 187
of PBST containing 1% BSA and 0.02% NaNs, and finally stored at 4 °C in a fridge for 188
future use (12.2 nM). 189

2.5. Colorimetric Pd@Pt ND ELISA of IL-6. 190
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Before detection, the 96-well microtiter plates were coated with 50 uL of 2.5 ug mL' 191
anti-IL-6 CAb in 10 mM carbonate-bicarbonate buffer (pH 9.6) at 4 °C overnight. After 192
washing with washing buffer (PBST) five times, the plates were blocked by 350 uL of 193
block-fix buffer (PBST containing 1% BSA and 15% sucrose) at room temperature for 3h. 194
Then, the block-fix buffer was aspirated, and the plates were dried at room temperature. 195
After being sealed with desiccant, the plates were stored at 4 °C in a fridge for further use. 19
In a standard assay procedure, 100 pL of IL-6 standards with different concentrations in =~ 197
dilution buffer (PBST containing 1% BSA) and 50 pL of 0.2 ug mL-! biotin-anti-IL-6 DAb 198
in dilution buffer were sequentially added to each well of the plates. After incubation at 199
room temperature for 2 h under shaking, the plates were washed five times with washing 200
buffer, followed by the addition of 100 uL of Pd@Pt ND-SA conjugates (0.122 nM) in di- 201
lution buffer into each well. After incubation at room temperature for 30 min under shak- 202
ing, the plates were washed again. Afterward, 100 uL of substrate solution [0.8 mM TMB 203
and 7.0 M H20: in citrate-phosphate buffer (pH 4.0)] was added to each well. After 20-min 204
incubation at room temperature, 50 pL of 0.5 M H250: was added to stop the reaction, and 205
the absorbance at 450 nm of the reaction solution in each well was measured with a mi- 206
croplate reader. 207

The procedure for HRP-based ELISA of IL-6 was the same as the standard procedure 208
for Pd@Pt ND ELISA of IL-6 except that the Pd@Pt ND-SA conjugates were substituted 209
with HRP-SA conjugates and the substrate solution was changed to 0.8 mM TMB and 2 210

mM H:O: in citrate-phosphate buffer (pH 4.0). 211
3. Results and Discussion 212
3.1. Synthesis and characterization of PA@Pt NDs. 213

The Pd@Pt NDs were synthesized by rapidly depositing a mass number of Pt atoms 214
on the surfaces of PANCs via a facile seed-mediated growth method. The Pd NCs withan 215
edge length of 18 nm were selected as the seeds because they can be easily prepared ona 216
large scale with high uniformity, purity, and quantity through a simple one-pot synthesis 217
(see Figure la-c) [50], making it conducive to producing Pd@Pt NDs of high quality. The 218
Pt dendritic nanostructures were chosen as the shells because they can exhibit highly ef- 219
ficient peroxidase-like catalytic activity [43-49], allowing for producing Pd@Pt NDs with 220
high catalytic activity. In addition, the lattice mismatch between Pd and Pt can be negligi- 221
ble (~0.8%) [54], and thereby Pt atoms can be more easily deposited on the surface of Pd 222
nanocubes for the successful synthesis of Pd@Pt core@shell dendritic nanostructures. By 223
combining the advantages of Pd NC seeds and Pt dendritic nanoshells, the resulted the 224
Pd@Pt NDs can not only be easily large-scale prepared with high quantity, but also exhibit =~ 225
high peroxidase-like catalytic activity. Other sizes, shapes, and elements of noble metal 226
nanoparticles may either require complicated synthesis procedures with low purity and 227
uniformity or exhibit relatively low peroxidase-like catalytic activity [55-58]. 228

In a standard synthesis of Pd@Pt NDs, three aqueous solutions including 18 nm Pd 229
NCs as the seeds, Na:PtCls as the precursor, and AA as the reductant were simply mixed 230
and heated at 80 °C for 3 h (see Materials and Methods for the detailed synthesis proce- 231
dure). Figure 1d,e, show representative low- and high-magnification transmission elec- 232
tron microscope (TEM) images of the Pd@Pt NDs obtained from a standard synthesis, re- 233
spectively. It can be observed that after the growth of Pt atoms on Pd NCs, i) the edge 234
length of the Pd NCs was increased from 18 nm to 27 nm; ii) a layer of rough dendrite-like 235
shells was uniformly coated on the surface of each Pd NC; and iii) the resulted nanoparti- 236
cles presented well-preserved uniformity in size and shape as the pristine Pd NCs. The 237
full energy-dispersive X-ray (EDX) spectra of the Pd@Pt NDs and Pd NCs confirm that 238
the Pd@Pt NDs were primarily composed of Pd and Pt elements, while the initial 18 nm 239
Pd NC seeds consisted of Pd element only (Figure 1c,f), indicating that the rough dendrite- 240
like shells were mainly constructed by Pt. These results demonstrate the successful for- 241
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mation of Pd@Pt core@dendrite-like-shell nanostructures for the Pd@Pt NDs. The for- 242
mation of dendrite-like Pt shells on Pd NC cores is mainly because Pt grows as a set of 243
branches on Pd surfaces following the Volmer-Weber growth mode under the condition 244
of fast reduction at relatively low temperature [59-61]. It is worth noting that the edge 245
lengths of the Pd@Pt NDs synthesized from three different batches were measured to be 246
27.3 £1.4 nm, 27.2 £ 1.5 nm, and 26.8 + 1.5 nm, respectively, with the coefficient of varia- 247
tion (CV) of 1.0% (n = 3, Figure S1), indicating that the Pd@Pt NDs can be readily repro- 248
duced with high uniformity. In addition, these Pd@Pt NDs can be easily scaled up 60-fold 249
to achieve a production of 95.6 mg per batch without compromising the quality (Figure 250
S2), while previously reported porous Pt NDs could only be produced at the scale of sev- 251
eral milligrams per batch [43-49]. Such a large-scale production (144 mL of 6.10 nM Pd@Pt 252
NDs) could allow 72,000 tests for the following Pd@Pt ND ELISA (100 uL of 0.122 nM per 253
assay). Therefore, the Pd@Pt NDs designed in this work can be readily produced in large 254
quantities with high quality, and thus they have great potential for application in the 255
large-scale production of ELISA Kkits. 256

Energy (keV) 257

Figure 1. Characterization of 18 nm Pd NCs and Pd@Pt NDs. (a,b) Low- (a) and high- (b) magnifi- 258
cation TEM images of 18 nm Pd NCs. (c) EDX spectrum of 18 nm Pd NCs deposited on a silicon 259
substrate. (d,e) Low- (d) and high- (e) magnification TEM images of Pd@Pt NDs. (f) EDX spectrum 260
of Pd@Pt NDs deposited on a silicon substrate. Insets in (¢, f) show the corresponding scanning 261
electron microscope (SEM) images of the region where the EDX spectra were acquired. 262

3.2. Peroxidase-like catalytic activity of PA@Pt NDs. 263

The peroxidase-like catalytic activity of Pd@Pt NDs was then investigated through 264
their catalysis toward the oxidation of TMB by H:0:. As shown in Figure 2a, i) when 265
Pd@Pt NDs were added to TMB+H:0: substrate solution, the reaction solution turned 266
from colorless to blue and exhibited a new distinct absorbance peak at 652 nm; and ii) 267
when H2S0s solution was further added to stop the catalytic reaction, the color of the re- 268
action solution changed from blue to yellow, and its absorbance peak shifted from 652 nm 269
to 450 nm. These results indicate that the Pd@Pt NDs could catalyze the oxidation of TMB 270
by H20: to produce oxidized TMB (oxTMB), which was consistent with many reported 271
Pt-based peroxidase nanomimics, [40,43-49,51,62-64] demonstrating the intrinsic peroxi- 272
dase-like catalytic property of Pd@Pt NDs. Similar to the enzyme HRP and many other 273
peroxidase nanomimics, [30,40,43-49,51,62-64] the peroxidase-like catalytic efficiency of 274
Pd@Pt NDs is strongly dependent on the concentrations of substrates (e.g, TMB and 275
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H20z), the pH of reaction solution, and the reaction temperature. The effects of these fac- 276
tors on the catalytic efficiency of Pd@Pt NDs were systematically examined, and the opti- 277
mal catalytic conditions for Pd@Pt NDs toward TMB+H2O: reaction were found to be a 278
TMB concentration of 0.8 mM, a H20: concentration of 7.0 M, a reaction pH of 4.0, and a 279
reaction temperature of 40 °C (Figure 2b-e). It should be noted that there was only a 27% 280
reduction in the catalytic efficiency when the reaction temperature is decreased from 40 281
°C to room temperature (~22 °C). Considering the simplification and practicability for the 282
use of Pd@Pt NDs in the following Pd@Pt ND ELISA, room temperature (~22 °C) was 283
selected for the catalytic reaction throughout the experiment while the other optimal cat- 284

alytic conditions remained unchanged. 285
a 20
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Figure 2. Verification and optimization of the peroxidase-like catalytic activity of Pd@Pt NDs. (a) 287
UV-vis spectra of TMB+H202 substrate solution (i), (TMB+H202)+Pd@Pt NDs solution (ii), and 288
(TMB+H202)+Pd@Pt NDs+H2S04 solution (iii). The bottom-right panel shows the corresponding 289
photographs taken from the three solutions. (b-e) Effect of TMB concentration (b), H202 concentra- 290
tion (c), pH (d), and temperature (e) on the peroxidase-like catalytic activity of Pd@Pt NDs. The 291
maximum point in each curve is set as 100%. 292
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Figure 3. Steady-state kinetic analysis of the peroxidase-like catalytic activity of Pd@Pt NDs. (a, b) 294
Kinetic analysis toward TMB: (a) plot of v versus TMB concentration, in which 7.0 M H202 was used; 295
(b) double-reciprocal plot converted from (a). (¢, d) Kinetic analysis toward H20z: (c) plot of v versus 296
H20:2 concentration, in which 0.8 mM TMB was used; (d) double-reciprocal plot converted from (c). 297

Table 1. Comparison of the kinetic parameters of Pd@Pt NDs and HRP toward the TMB+H202 re- 298

action.” 299
Catalyst [E] (M) Substance Knm (M) Vmax (M s1) Keat (s1)
2.44x1014 TMB 6.63x104 2.21x107 9.06x10°
Pd@Pt NDs
2.44x1014 H0: 3.82x100 1.86x107 7.62x10°
2.5x101 TMB 4.3x10+ 1.0x107 4.0x103

HRP (ref. 30)
2.5x101 H20:2 3.7x103 8.7x108 3.5x10°

[E] is the catalyst concentration, Km is the Michaelis-Menten constant, Vmax is the maximal reaction 300

rate, and Keat is the catalytic constant, where Kca=Vmax/[E]. 301

To further evaluate the peroxidase-like catalytic activity of Pd@Pt NDs, their catalytic 302
efficiency was quantified by determining the apparent steady-state kinetic parameters for 303
the catalytic reaction of Pd@Pt NDs toward the oxidation of TMB by H20. Initially, a se- 304
ries of v for the catalytic reaction of Pd@Pt NDs toward TMB and H2O: were measured 305
from the steady-state kinetic assays by varying the concentration of one substrate (TMB 306
or H20»2) while fixing the concentration of the other substrate (H202 or TMB, see Materials 307
and Methods for the detailed experimental procedures). Then, by plotting the v against 308
TMB and H20: concentrations, typical Michaelis-Menten plots were observed for both 309
TMB and H20: (Figure 3a,c). To calculate the apparent steady-state kinetic parameters of 310
the reaction, the Michaelis-Menten plots were further converted into the double-recipro- 311
cal plots (Figure 3b,d). It can be seen that for each of the plots, the reciprocal of the v was 312
in a linear relationship with the reciprocal of the substrate concentration, which could be 313
fitted to the Lineweaver-Burk equation: 314

1/v = (Km/Vmax) (1/[S]) + 1/Vimax 315
By coupling the linear fitting regression equation of the double-reciprocal plots with the 316
Lineweaver-Burk equation, the Km and Vmax of Pd@Pt NDs toward TMB and H20z could 317
be calculated, and the Kt could be obtained by the equation: Keat = Vimax/[E]. The calculated 318
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apparent steady-state kinetic parameters including Km, Vimax, and Kt were summarized in 319
Table 1. For comparison, the kinetic parameters for HRP [30] and many other reported 320
peroxidase nanomimics were also listed in Table 1 and Table S1, respectively. Because the 321
Keat determines the catalytic efficiency of a catalyst, which is directly correlated to the de- 322
tection sensitivity of ELISA, we mainly compared the Ket values of Pd@Pt NDs, HRP, and 323
other reported peroxidase nanomimics. As shown in Table 1, the Keat values of Pd@Pt NDs 324
toward TMB and H20: were calculated to be 9.06x10¢ s and 7.62x10¢ s, respectively, 325
which were more than 2000 times larger than those of HRP, indicating that Pd@Pt NDs 326
had much higher catalytic efficiency than HRP. More significantly, Pd@Pt NDs also 327
showed a predominantly larger Ker value and thereby higher catalytic efficiency in com- 328
parison to most of the reported peroxidase nanomimics (Table S1). The higher peroxidase- 329
like catalytic efficiency of Pd@Pt NDs could be attributed to the fact that i) Pt nanoparticles 330
generally show much higher peroxidase-like catalytic activity than nanoparticles made of 331
other elements; and ii) the rough dendrite-like nanosurfaces of Pd@Pt NDs provide a 332
larger surface area per particle and therefore more active sites for the reaction. [48,65] 333

In addition to the high catalytic efficiency, the catalytic activities of Pd@Pt NDs re- 334
mained relatively stable after they had been incubated at a range of pH values from 0 to 335
12 for 2 h, treated at a range of temperatures from 22 °C to 90 °C for 2 h, and stored for 336
half a year, demonstrating the outstanding chemical, thermal, and storage stabilities of 337
Pd@Pt NDs, respectively (Figure S3). As such, the excellent peroxidase-like catalytic prop- 338
erty and outstanding stability of Pd@Pt NDs have geared them as ideal signal labels to 339
substitute HRP for constructing more efficient ELISAs for ultrasensitive detection of cyto- 340
kines. 341

3.3. Effect of Pt content on the peroxidase-like catalytic activity of Pd@Pt NDs. 342

To better understand the role of Pt content in determining the peroxidase-like cata- 343
lytic efficiency of Pd@Pt NDs, a set of Pd@Pt NDs with different molar ratios (x) of Ptto 344
Pd (i.e., Pd@Pt: NDs, x = 0-3.44) were prepared using the standard synthesis procedure by 345
adjusting the amount of Pt precursor added (see Materials and Methods for the detailed 346
synthesis procedures), and their peroxidase-like catalytic efficiencies were evaluated us- 347
ing the steady-state kinetic assays. Here the Kt value toward TMB was used to evaluate 348
the catalytic efficiency. Figure 4 compares the Kt values of these Pd@Pt: NDs in the x 349
range of 0-3.44. The Kt value increased drastically from 0 to 3.10x10¢ in the range of x 350
from 0 to 0.086. Further increase of x to 0.860 leaded to a steady rise of the Kt value to 351
9.06x10¢, followed by a graduate elevation to the plateau. These results indicate that the 352
catalytic efficiency of Pd@Pt NDs possessed a strong positive relationship with the content 353
of Pt in Pd@Pt NDs. The insets of Figure 4 show the TEM images of four representative 354
Pd@Pt: NDs with x = 0, 0.086, 0.860, and 3.44, from which it can be seen that the particle 355
size of Pd@Pt: NDs increased with the increase of x. Because Pd@Ptosso NDs (i.e., the sam- 356
ple shown in Figure 1d,e): i) well balanced the catalytic efficiency of Pd@Pt NDs and the 357
utilization efficiency of Pt element; and ii) had an average particle size of 27 nm with ex- 358
cellent dispersion stability, they were chosen as the optimized Pd@Pt NDs in this study. 359
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Figure 4. Effect of Pt content on the peroxidase-like catalytic efficiency of Pd@Pt NDs. A plot com- 361
paring the Ket values toward TMB of Pd@Pt NDs with different molar ratios (x) of Pt to Pd (i.e., 362
Pd@Ptx NDs, x=0-3.44). Insets show the TEM images of four representative Pd@Pt: NDs with x=0 (i), 363
0.0860 (ii), 0.860 (iii), and 3.44 (iv). 364

3.4. Preparation and characterization of PA@Pt ND-SA conjugates. 365

To realize the application of Pd@Pt NDs in colorimetric ELISA, Pd@Pt NDs were bio- 366
functionalized with SA to form Pd@Pt ND-SA conjugates (see Materials and Methods for 367
the detailed preparation procedure). To verify whether the Pd@Pt ND-SA conjugates 368
could be successfully prepared using the above protocol, DLS analysis was carried out to 369
measure the hydrodynamic sizes of the Pd@Pt NDs before and after the bio-functionali- 370
zation of SA. As seen in Figure 5, the average hydrodynamic size of the Pd@Pt NDs in- 371
creased evidently from 58.27 nm to 94.89 nm after they were conjugated with SA, suggest- 372
ing the presence of SA biomolecules on the surface of the Pd@Pt NDs [66,67]. Here, the 373
increment of the hydrodynamic size (36.62 nm) was much larger than the size of a SA 374
biomolecule (~5 nm) [67]. The reason can be ascribed to the fact that i) HS-PEG-COOH 375
polymer (Mw = 3,400) is used as the linker for the conjugation of Pd@Pt NDs with strep- 376
tavidin biomolecules, and thus the increase of the particle size would be the combined 377
effect of HS-PEG-COOH polymer and SA biomolecules; and ii) the absorption of proteins 378
(e.8., SA) on the surface of nanoparticles (e.g., Pd@Pt NDs) creates the characteristic hard 379
and soft protein coronas, and thereby the DLS hydrodynamic size of Pd@Pt ND-SA con- 380
jugates is usually larger than their physical size [68]. 381

To further verify the the functionalization of HS-PEG-COOH and conjugation of SA 382
biomolecules on Pd@Pt NDs, FT-IR spectroscopy was performed on the Pd@Pt NDs before 383
and after the functionalization and conjugation. As shown in Figure 54, no obvious peak 384
was observed for the pristine Pd@Pt NDs in the wavenumber ranging from 750 to 4000 385
cm? (black curve). When HS-PEG-COOH was functionalized onto the Pd@Pt NDs, the 386
specific peaks at 2878 cm and 1104 cm™ for HS-PEG-COOH were observed due to the C- 387
H and C-O stretching of PEG monomer, respectively (red curve) [69,70], indicating the 388
successful functionalization of HS-PEG-COOH on Pd@Pt NDs. When SA biomolecules 389
were further bioconjugated to the HS-PEG-COOH-functionalized Pd@Pt NDs, the charac- 390
teristic peaks at 1642 cm™ and 1531 cm! related to amide I region (C-O stretching) and 391
amide II region (N-H bending and C- stretching) of SA proteins were observed (blue 392
curve) [70,71], revealing the successful conjugation of SA biomolecules on Pd@Pt NDs. 393
These results demonstrate the successful preparation of Pd@Pt ND-SA conjugates using 394
the above bio-functionalization protocol, thus providing a precondition for the following 395
colorimetric ELISA of IL-6 based on Pd@Pt NDs as the signal labels. 396
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Figure 5. Characterization of Pd@Pt ND-SA conjugates. DLS size distributions of Pd@Pt NDs (solid
curve) and Pd@Pt ND-SA conjugates (dashed curve) dispersed in DI water.

3.5. Analytical performance of the colorimetric PA@Pt ND ELISA for detection of IL-6.

Based on the aforementioned studies of Pd@Pt NDs including the synthesis, charac-
terization, investigation of peroxidase-like catalytic activity, and bio-functionalization of
SA, a colorimetric ELISA was developed for the detection of IL-6 using Pd@Pt NDs as the
signal labels. The standard detection procedure can be found in Materials and Methods.
To demonstrate the features of Pd@Pt ND ELISA, its analytical performance toward IL-6
detection was evaluated, including the sensitivity, dynamic range, reproducibility, and
specificity.

The sensitivity and dynamic range of Pd@Pt ND ELISA toward IL-6 detection were
first evaluated by analyzing its response to IL-6 standards in the concentration range from
0 to 100 pg mL-1. The blue curve in Figure 6a shows the calibration curve of Pd@Pt ND
ELISA for IL-6 detection, which was established by plotting the absorbance at 450 nm of
the final detection solution against IL-6 concentration. The absorbance at 450 nm increased
with the increase of IL-6 concentration ranging from 0.05 to 100 pg mL-! (4 orders of mag-
nitude), indicating a wide response range of Pd@Pt ND ELISA for IL-6 detection. As
shown in Figure 6b, a high-quality linear dependence (R? =0.999) between the absorbance
and the concentration of IL-6 was obtained in the range of 0.05-2 pg mL-! with an ultralow
quantitative limit of detection (LOD) of 0.044 pg mL (1.7 fM), estimated at 3SD/k. Here,
SD is the standard deviation of the background signal (1 = 6) and k is the slope of the linear
regression curve. It is worth pointing out that this LOD is 21-fold lower than the LOD of
conventional HRP-based ELISA, where the same antibody pair and similar procedure
were employed (the violet curves in Figure 6a,c). More significantly, the achieved LOD at
fM level presents the highest sensitivity among commercially available colorimetric IL-6
ELISA kits (Table S2). The high sensitivity of our colorimetric Pd@Pt ND ELISA could be
ascribed to the outstanding peroxidase-like catalytic activity of Pd@Pt NDs.

It should be mentioned that the magnitude of color signal enhancement by Pd@Pt
NDs relative to conventional HRP in ELISA tests was ~21 times (Figure 6), while the mag-
nitude of color signal enhancement was ~2,000 in the case when Pd@Pt NDs and HRP
were suspended in aqueous solutions (Figure 3 and Table 1). Please note that in ELISA
tests, Pd@Pt NDs needed to be functionalized with HS-PEG-COOH, modified with SA,
reacted with biotin on the solid-liquid interface, and finally immobilized on the solid-lig-
uid interface (i.e., the surface of ELISA microplates). Therefore, the relatively low signal
enhancement in ELISA tests can be ascribed to the fact that: i) the functionalization of HS-
PEG-COOH on Pd@Pt NDs can partly inhibit the catalytic activity of Pd@Pt NDs due to
the formation of Pt-S bond [64,72]; ii) the modification of SA biomolecules on Pd@Pt NDs
can physically hide the active Pt surface in part; iij) compared to HRP (4 nm in size), the
larger size of Pd@Pt NDs (27 nm in edge length) impede the binding of Pd@Pt ND-SA
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conjugates with biotin-detection antibodies on the microplate surface because of steric 437
hindrance effect; and iv) the immobilization of Pd@Pt NDs on the microplate surface also 438
reduce the total surface area of active Pt surface as compared to the Pd@Pt NDs suspended 439
in aqueous solution. 440

The reproducibility of Pd@Pt ND ELISA toward quantitative determination of IL-6 441
was then evaluated by repeatedly assaying three different IL-6 standards at low (0.1 pg 442
mL1), medium (1 pg mL), and high (10 pg mL') concentrations using the same- and dif- 443
ferent-batches of Pd@Pt ND-SA conjugates. The intra- and inter-batch coefficients of var- 444
iation (CVs, n = 6) using the same- and different-batches of Pd@Pt ND-SA conjugates were 445
determined. As summarized in Table S3, the intra-batch CVs were 5.22%, 3.82%, and 446
5.39% for 0.1, 1, and 10 pg mL" IL-6, respectively, while the inter-batch CVs were 8.70%, 447
5.06%, and 7.27% for the three concentrations of IL-6, respectively. The low CVs could be 448
mainly due to the excellent uniformity and stability of Pd@Pt NDs, revealing the great 449
reproducibility and repeatability of the colorimetric Pd@Pt ND ELISA and its possibility 450
toward scale-up production for practical application. 451

The specificity of Pd@Pt ND ELISA toward IL-6 detection was verified by challenging 452
the assay with other possible interfering cytokines, e.g., tumor-necrosis-factor alpha (TNF- 453
o), interferon-gamma (IFN-v), interleukin-1 beta (IL-1p), interleukin-2 (IL-2), interleukin- 454
8 (IL-8), and interleukin-10 (IL-10). A low concentration of target IL-6 (1 pg mL') and a 455
high concentration of interfering cytokines (100 pg mL-") were used for evaluation. As 456
seen from Figure S5, the absorbance at 450 nm obtained from the high-concentration TNF- 457
o, IFN-y, IL-1f3, IL-2, IL-8, and IL-10 were lower than 0.0724 a.u., which was negligible as 458
the background signal, whereas the absorbance at 450 nm for the low-concentration IL-6 459
showed a significantly higher value of 0.4198 a.u., providing a highly specific detection of 460
IL-6 by the Pd@Pt ND ELISA. It should be noted that the introduction of Pd@Pt NDs didn’t 461
affect the specificity and could be applied to paired antibodies for any other target ana- 462

lytes using the conventional ELISA system. 463
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Figure 6. Detection of IL-6 standards using the colorimetric Pd@Pt ND ELISA (blue curve) and con- 465
ventional HRP ELISA (violet curve). (a) Calibration curves of Pd@Pt ND ELISA and HRP ELISA 466
that were generated by plotting the absorbance at 450 nm of the final detection solution against IL- 467
6 concentration. (b,c) Linear range regions of the calibration curves for Pd@Pt ND ELISA (b) and 468
HRP ELISA (c). 469

3.6. Analysis of real samples and method validation. 470

To examine the practical application of Pd@Pt ND ELISA under clinical scenarios, we 471
applied the assay to analyze six IL-6-spiked human serum samples. These samples were 472
prepared by spiking IL-6 of 0.2, 0.5, 1, 2, 5, 10 pg mL in concentration into negative hu- 473
man serum (i.e., heat-inactivated and sterile-filtered human serum). The IL-6 level in each 474
sample was quantified using the calibration and linear curves shown in Figure 6a,b (the 475
blue curves). The detection results were validated with recovery analysis, which is defined 476
as the measured level of IL-6 divided by the spiked level of IL-6 in the samples. As sum- 477
marized in Table 2, the recoveries for all 6 samples were determined to be in the range of 478
93.65-105.53%, and the CV values for all 6 samples were smaller than 9.96% (n=12). These 479
data imply that the Pd@Pt ND ELISA maintained its high accuracy and reliability in serum 480
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with complex background components, confirming the excellent analytical performance 481
of our colorimetric Pd@Pt ND ELISA in analyzing low-abundance IL-6 in real biological 482
samples. 483

Table 2. Analytical recoveries of Pd@Pt ND ELISA in detecting IL-6-spiked human serum samples. 484

IL-6 level IL-6 level
Ccv Recovery
Sample no. spiked meaured
(%, n=12) (%)
(pg mL™) (pg mL)
1 0.2 0.19 9.96 94.69
2 0.5 0.47 7.55 93.65
3 1 0.98 5.60 97.55
4 2 1.92 6.70 96.12
5 5 5.28 8.86 105.53
6 10 9.97 8.34 99.74
485
4. Conclusions 486

In conclusion, we have demonstrated an enhanced ELISA for colorimetric detection 487
of cytokines (IL-6 as a model cytokine) with femtomolar sensitivity based on the rational 488
design of Pd@Pt NDs with dendrite-like nanostructures as the signal labels. The Pd@Pt 489
NDs possess outstanding peroxidase-like catalytic activity and stability, and can be scaled 490
up for massive production with high purity, yield, and uniformity. Owing to these ad- 491
vantages, our colorimetric Pd@Pt ND ELISA: i) enables highly sensitive detection of IL-6 492
with ultralow LOD down to 0.044 pg mL- (1.7 fM); ii) exhibits excellent reproducibility =~ 493
and specificity; and iii) is suitable for large-scale production and application of the immu- 494
noassay. To the best of our knowledge, our study is the first to demonstrate a femtomolar- 495
sensitivity ELISA for colorimetric detection of IL-6, where only one-step signal amplifica- 496
tion is involved. The unprecedented LOD of our colorimetric Pd@Pt ND ELISA, one order 497
of magnitude lower than the LOD of commonly used HRP-based colorimetric ELISA, al- 498
lows the monitoring of lower levels of IL-6 in human serum with high accuracy and reli- 499
ability. We believe that the colorimetric Pd@Pt ND ELISA presents a promising in-vitro 500
diagnostic tool for quantitative detection of ultralow-level cytokines in real biological 501
samples, and has vast applications in fundamental biomedical research and practical clin- 502
ical diagnosis. 503

Supplementary Materials: The following are available online at https://www.mdpi.com/arti- 504
cle/10.3390/chemosensors*******/s1, Figures S1 and S2: TEM image of Pd@Pt NDs, Figure S3: Stabil- 505
ity evaluation for the peroxidase-like catalytic activity of Pd@Pt NDs, Figure S4: FT-IR spectra of =~ 506
Pd@Pt NDs, Pd@Pt ND-S-PEG-COOH complex, and Pd@Pt ND-SA conjugates, Figure S5: Specific- 507
ity of Pd@Pt ND ELISA toward IL-6 detection, Table S1: Comparison of the kinetic parameters of 508
various catalysts toward the TMB+H:02 reaction, Table S2: Comparison of the limits of detection 509
(LODs) of different IL-6 ELISA kits, and Table S3: Intra- and inter-batch coefficients of variation 510
(CVs) of Pd@Pt ND ELISA in IL-6 detection. 511

Author Contributions: Dr. Z. Gao designed the project, conducted all the experiments, and wrote 512
the manuscript. C. Wang assisted in the nanoparticle synthesis and electron microscope characteri- 513
zation. Dr. J. He assisted in the detection of IL-6 using ELISA. Prof. P. Chen provided constructive = 514
guidance for the overall design and direction of the experiments and manuscript editing. All authors 515
contributed to the data analysis and reviewed the manuscript. 516

Funding: This research was funded by the National Institutes of Health (NIH) MIRA R35GM133795 517
and National Science Foundation (NSF) CAREER CBET-1943302. 518

Institutional Review Board Statement: Not applicable. 519



Chemosensors 2022, 10, x FOR PEER REVIEW 14 of 17

Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Thomson, A.W.; Lotze, M.T. The cytokine handbook, two-volume set. Elsevier: 2003.

2. Preedy, V.R.; Hunter, R. Cytokines. Taylor & Francis: 2011.

3. Stenken, J.A.; Poschenrieder, A.]. Bioanalytical chemistry of cytokines — a review. Anal. Chim. Acta 2015, 853, 95-115.

4. Liu, C.; Chu, D.; Kalantar-Zadeh, K.; George, J.; Young, H.A.; Liu, G. Cytokines: From clinical significance to quantification.
Adv. Sci. 2021, 8, 2004433.

5. Stanley, A.C.; Lacy, P. Pathways for cytokine secretion. Physiol. 2010, 25, 218-229.

6.  Altan-Bonnet, G.; Mukherjee, R. Cytokine-mediated communication: A quantitative appraisal of immune complexity. Nat. Rev.
Immunol. 2019, 19, 205-217.

7. Dembic, Z. The cytokines of the immune system: The role of cytokines in disease related to immune response. Academic Press: 2015.

8. Goldring, M.B.; Goldring, S.R. Cytokines and cell growth control. Crit. Rev. Eukaryot. Gene Expr. 1991, 1, 301-326.

9. Mizoguchi, L; Higuchi, K.; Mitobe, K.; Tsunoda, R.; Mizuguchi, J.; Yoshimoto, T. Cytokine frontiers: Regulation of immune
responses in health and disease. 2013.

10.  Cron, R.Q.; Behrens, E.M. Cytokine storm syndrome. Springer: 2019.

11.  Vancurova, I. Cytokine bioassays. Springer: 2016.

12.  Chen, P.; Chung, M.T,; McHugh, W.; Nidetz, R.; Li, Y.; Fu, J.; Cornell, T.T.; Shanley, T.P.; Kurabayashi, K. Multiplex serum
cytokine immunoassay using nanoplasmonic biosensor microarrays. ACS Nano 2015, 9, 4173-4181.

13. Tanaka, T.; Narazaki, M.; Kishimoto, T. IL-6 in inflammation, immunity, and disease. Cold Spring Harb Perspect Biol 2014, 6,
a016295-a016295.

14. Velazquez-Salinas, L.; Verdugo-Rodriguez, A.; Rodriguez, L.L.; Borca, M.V. The role of interleukin 6 during viral infections.
Front. Microbiol. 2019, 10, 1057.

15.  Schaper, F.; Rose-John, S. Interleukin-6: Biology, signaling and strategies of blockade. Cytokine Growth Factor Rev. 2015, 26, 475-
487.

16. Hack, C.E,; De Groot, E.R; Fert-Bersma, R.J.F.; Nuijens, ].H.; Strack Van Schijndel, R.J.M.; Eerenberg-Belmer, A.J.M.; Thijs, L.G,;
Aarden, L.A. Increased plasma levels of interleukin-6 in sepsis. Blood 1989, 74, 1704-1710.

17.  Molano Franco, D.; Arevalo-Rodriguez, I.; Roqué i Figuls, M.; Montero Oleas, N.G.; Nuvials, X.; Zamora, J. Plasma interleukin-
6 concentration for the diagnosis of sepsis in critically ill adults. Cochrane Database Syst. Rev. 2019. 4, CD011811.

18.  Rincon, M. Interleukin-6: From an inflammatory marker to a target for inflammatory diseases. Trends Immunol. 2012, 33, 571-
577.

19. Zhang, C; Wu, Z; Li, ].-W.; Zhao, H.; Wang, G.-Q. Cytokine release syndrome in severe COVID-19: Interleukin-6 receptor
antagonist tocilizumab may be the key to reduce mortality. Int. J. Antimicrob. Agents 2020, 55, 105954.

20. Shankar, G.; Cohen, D.A. Enhanced cytokine detection by a novel cell culture-based elisa. |. [mmunoass. 1997, 18, 371-388.

21.  Liu, G;; Zhang, K.; Nadort, A.; Hutchinson, M.R.; Goldys, E.M. Sensitive cytokine assay based on optical fiber allowing localized
and spatially resolved detection of interleukin-6. ACS Sens. 2017, 2, 218-226.

22. Tongdee, M.; Yamanishi, C.; Maeda, M.; Kojima, T.; Dishinger, J.; Chantiwas, R.; Takayama S. One-incubation one-hour multi-
plex ELISA enabled by aqueous two-phase systems. Analyst 2020, 145, 3517-3527.

23.  Schweitzer, B.; Roberts, S.; Grimwade, B.; Shao, W.; Wang, M.; Fu, Q.; Shu, Q.; Laroche, I.; Zhou, Z.; Tchernev, V. T.; Christiansen,

J.; Velleca, M. Kingsmore, S. F. Multiplexed protein profiling on microarrays by rolling-circle amplification. Nat. Biotechnol. 2002,

520

521

522

523

524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561



Chemosensors 2022, 10, x FOR PEER REVIEW 15 of 17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

20, 359-365.

Adalsteinsson, V.; Parajuli, O.; Kepics, S.; Gupta, A.; Reeves, W.B.; Hahm, J.I. Ultrasensitive detection of cytokines enabled by
nanoscale zno arrays. Anal. Chem. 2008, 80, 6594-6601.

Liu, G.; Qi, M.; Hutchinson, M.R.; Yang, G.; Goldys, E.M. Recent advances in cytokine detection by immunosensing. Biosens.
Bioelectron. 2016, 79, 810-821.

Wei, H.; Wang, E. Nanomaterials with enzyme-like characteristics (nanozymes): Next-generation artificial enzymes. Chem. Soc.
Rev. 2013, 42, 6060-6093.

Wu, J.; Wang, X.; Wang, Q.; Lou, Z,; Li, S.; Zhu, Y.; Qin, L.; Wei, H. Nanomaterials with enzyme-like characteristics (nanozymes):
Next-generation artificial enzymes (II). Chem. Soc. Rev. 2019, 48, 1004-1076.

Ye, H.; Xi, Z.; Magloire, K.; Xia, X. Noble-metal nanostructures as highly efficient peroxidase mimics. ChemnNanoMat 2019, 5,
860-868.

Liu, X.;; Huang, D.; Lai, C,; Qin, L.; Zeng, G.; Xu, P.; Li, B.; Yi, H.; Zhang, M. Peroxidase-like activity of smart nanomaterials and
their advanced application in colorimetric glucose biosensors. Small 2019, 15, 1900133.

Gao, L.; Zhuang, J.; Nie, L.; Zhang, J.; Zhang, Y.; Gu, N.; Wang, T.; Feng, ].; Yang, D.; Perrett, S.; Yan, X. Intrinsic peroxidase-like
activity of ferromagnetic nanoparticles. Nat. Nanotechnol. 2007, 2, 577-583.

Mu, J.; Wang, Y.; Zhao, M.; Zhang, L. Intrinsic peroxidase-like activity and catalase-like activity of CosOs nanoparticles. Chem.
Comm. 2012, 48, 2540-2542.

Wan, Y.; Qi, P.; Zhang, D.; Wu, ].; Wang, Y. Manganese oxide nanowire-mediated enzyme-linked immunosorbent assay. Biosens.
Bioelectron. 2012, 33, 69-74.

André, R.; Natalio, F.; Humanes, M.; Leppin, J.; Heinze, K.; Wever, R.; Schroder, H.-C.; Miiller, W.E.G.; Tremel, W. V20s nan-
owires with an intrinsic peroxidase-like activity. Adv. Funct. Mater. 2011, 21, 501-509.

Lin, T.; Zhong, L.; Guo, L.; Fu, F.; Chen, G. Seeing diabetes: Visual detection of glucose based on the intrinsic peroxidase-like
activity of MoSz nanosheets. Nanoscale 2014, 6, 11856-11862.

Lin, T.; Zhong, L.; Song, Z.; Guo, L.; Wu, H.; Guo, Q.; Chen, Y.; Fu, F.; Chen, G. Visual detection of blood glucose based on
peroxidase-like activity of WSz nanosheets. Biosens. Bioelectron. 2014, 62, 302-307.

Song, Y.; Qu, K.; Zhao, C.; Ren, ].; Qu, X. Graphene oxide: Intrinsic peroxidase catalytic activity and its application to glucose
detection. Adv. Mater. 2010, 22, 2206-2210.

Jv, Y.; Li, B.; Cao, R. Positively-charged gold nanoparticles as peroxidiase mimic and their application in hydrogen peroxide
and glucose detection. Chem. Comm. 2010, 46, 8017-8019.

Jiang, H.; Chen, Z.; Cao, H.; Huang, Y. Peroxidase-like activity of chitosan stabilized silver nanoparticles for visual and colori-
metric detection of glucose. Analyst 2012, 137, 5560-5564.

Lan, J.; Xu, W.; Wan, Q.; Zhang, X.; Lin, J.; Chen, J.; Chen, J. Colorimetric determination of sarcosine in urine samples of prostatic
carcinoma by mimic enzyme palladium nanoparticles. Anal. Chim. Acta 2014, 825, 63-68.

Ma, M.; Zhang, Y.; Gu, N. Peroxidase-like catalytic activity of cubic Pt nanocrystals. Colloids Surf. A Physicochem. Eng. Asp. 2011,
373, 6-10.

Su, H.; Liu, D.-D.; Zhao, M.; Hu, W.-L.; Xue, S.-S.; Cao, Q.; Le, X.-Y,; Ji, L.-N.; Mao, Z.-W. Dual-enzyme characteristics of poly-
vinylpyrrolidone-capped iridium nanoparticles and their cellular protective effect against H2Oz-induced oxidative damage.
ACS Appl. Mater. Interfaces 2015, 7, 8233-8242.

Ye, H.; Mohar, J.; Wang, Q.; Catalano, M.; Kim, M. J.; Xia, X. Peroxidase-like properties of ruthenium nanoframes. Sci. Bull. 2016,
61, 1739-1745.

Jiang, T.; Song, Y.; Wei, T,; Li, H.; Du, D.; Zhu, M.-],; Lin, Y. Sensitive detection of escherichia coli 0157:H7 using Pt—Au bimetal

nanoparticles with peroxidase-like amplification. Biosens. Bioelectron. 2016, 77, 687-694.

562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603



Chemosensors 2022, 10, x FOR PEER REVIEW 16 of 17

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Jiang, T.; Song, Y.; Du, D.; Liu, X; Lin, Y. Detection of p53 protein based on mesoporous Pt-Pd nanoparticles with enhanced
peroxidase-like catalysis. ACS Sens. 2016, 1, 717-724.

Gao, Z.; Xu, M,; Lu, M; Chen, G.; Tang, D. Urchin-like (gold core)@(platinum shell) nanohybrids: A highly efficient peroxidase-
mimetic system for in situ amplified colorimetric immunoassay. Biosens. Bioelectron. 2015, 70, 194-201.

Kwon, E.Y,; Ruan, X.; Wang, L.; Lin, Y.; Du, D.; Van Wie, B.]. Mesoporous Pd@Pt nanoparticle-linked immunosorbent assay for
detection of atrazine. Anal. Chim. Acta 2020, 1116, 36-44.

Fu, Z,; Zeng, W.; Cai, S.; Li, H,; Ding, J.; Wang, C.; Chen, Y.,; Han, N.; Yang, R. Porous Au@Pt nanoparticles with superior
peroxidase-like activity for colorimetric detection of spike protein of SARS-CoV-2. J. Colloid Interface Sci. 2021, 604, 113-121.
Ge, C; Wu, R; Chong, Y.; Fang, G,; Jiang, X.; Pan, Y.; Chen, C.; Yin, ].-J. Synthesis of Pt hollow nanodendrites with enhanced
peroxidase-like activity against bacterial infections: Implication for wound healing. Adv. Funct. Mater. 2018, 28, 1801484.

Jiao, L.; Zhang, L.; Du, W.; Li, H,; Yang, D.; Zhu, C. Au@Pt nanodendrites enhanced multimodal enzyme-linked immunosorbent
assay. Nanoscale 2019, 11, 8798-8802.

Jin, M; Liu, H.; Zhang, H.; Xie, Z; Liu, J.; Xia, Y. Synthesis of Pd nanocrystals enclosed by {100} facets and with sizes <10 nm
for application in CO oxidation. Nano Res. 2011, 4, 83-91.

Gao, Z; Lv, S.; Xu, M.; Tang, D. High-index {hk0} faceted platinum concave nanocubes with enhanced peroxidase-like activity
for an ultrasensitive colorimetric immunoassay of the human prostate-specific antigen. Analyst 2017, 142, 911-917.

Gao, Z.; Ye, H.; Tang, D.; Tao, J.; Habibi, S.; Minerick, A.; Tang, D.; Xia, X. Platinum-decorated gold nanoparticles with dual
functionalities for ultrasensitive colorimetric in vitro diagnostics. Nano Lett. 2017, 17, 5572-5579.

Gao, Z.; Song, Y.; Hsiao, T.Y.; He, ].; Wang, C.; Shen, ].; MacLachlan, A ; Dai, S.; Singer, B.H.; Kurabayashi, K.; Chen, P. Machine-
learning-assisted microfluidic nanoplasmonic digital immunoassay for cytokine storm profiling in COVID-19 patients. ACS
Nano 2021, 15, 18023-18036.

Lu, N.; Wang, J.; Xie, S.; Brink, ].; Mcllwrath, K.; Xia, Y.; Kim, M.]. Aberration corrected electron microscopy study of bimetallic
Pd-Pt nanocrystal: Core-shell cubic and core-frame concave structures. J. Phys. Chem. C 2014, 118, 28876-28882.

Shi, Y.; Lyu, Z.; Zhao, M.; Chen, R.; Nguyen, Q.N.; Xia, Y. Noble-metal nanocrystals with controlled shapes for catalytic and
electrocatalytic applications. Chem. Rev. 2021, 121, 649-735.

Wei, Z.; Xi, Z.; Vlasov, S.; Ayala, ].; Xia, X. Nanocrystals of platinum-group metals as peroxidase mimics for in vitro diagnostics.
Chem. Commun. 2020, 56, 14962-14975.

Khoris, I.M.; Takemura, K.; Lee, J.; Hara, T.; Abe, F.; Suzuki, T.; Park, E.Y. Enhanced colorimetric detection of norovirus using
in-situ growth of Ag shell on Au NPs. Biosens. Bioelectron. 2019, 126, 425-432.

Choleva, T.G.; Gatselou, V.A.; Tsogas, G.Z.; Giokas, D.L. Intrinsic peroxidase-like activity of rhodium nanoparticles, and their
application to the colorimetric determination of hydrogen peroxide and glucose. Microchim. Acta 2018, 185, 22

Xie, S.; Choi, S.-I.; Lu, N.; Roling, L.T.; Herron, J.A.; Zhang, L.; Park, ].; Wang, J.; Kim, M.].; Xie, Z.; Mavrikakis, M.; Xia, Y. Atomic
layer-by-layer deposition of Pt on Pd nanocubes for catalysts with enhanced activity and durability toward oxygen reduction.
Nano Lett. 2014, 14, 3570-3576.

Jiang, M.; Lim, B.; Tao, J.; Camargo, P.H.C.; Ma, C; Zhu, Y.; Xia, Y. Epitaxial overgrowth of platinum on palladium nanocrystals.
Nanoscale 2010, 2, 2406-2411.

Fang, P.-P.; Duan, S.; Lin, X.-D.; Anema, J.R; Lj, J.-F.; Buriez, O.; Ding, Y.; Fan, F.-R.; Wu, D.-Y.; Ren, B.; Wang, Z.L.; Amatore,
C.; Tian, Z.-Q. Tailoring Au-core Pd-shell Pt-cluster nanoparticles for enhanced electrocatalytic activity. Chem. Sci. 2011, 2, 531-
539.

Gao, Z.; Xu, M.; Hou, L.; Chen, G.; Tang, D. Irregular-shaped platinum nanoparticles as peroxidase mimics for highly efficient
colorimetric immunoassay. Anal. Chim. Acta 2013, 776, 79-86.

He, W.; Liu, Y,; Yuan, J.; Yin, J.-].; Wu, X,; Hu, X,; Zhang, K,; Liu, J.; Chen, C.; Ji, Y.; Guo, Y. Au@Pt nanostructures as oxidase

604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645


https://www.sciencedirect.com/science/article/pii/S0956566318308856?casa_token=UD5YZdoS1SYAAAAA:hrqFn0eHPea2xOjtOdd29HiNGSJ9zYw3BPUwAkhSs8y13HvUO3N1mv-oZE7iRDwvqdNFLDyanQ#!
https://www.sciencedirect.com/science/article/pii/S0956566318308856?casa_token=UD5YZdoS1SYAAAAA:hrqFn0eHPea2xOjtOdd29HiNGSJ9zYw3BPUwAkhSs8y13HvUO3N1mv-oZE7iRDwvqdNFLDyanQ#!
https://www.sciencedirect.com/science/article/pii/S0956566318308856?casa_token=UD5YZdoS1SYAAAAA:hrqFn0eHPea2xOjtOdd29HiNGSJ9zYw3BPUwAkhSs8y13HvUO3N1mv-oZE7iRDwvqdNFLDyanQ#!
https://www.sciencedirect.com/science/article/pii/S0956566318308856?casa_token=UD5YZdoS1SYAAAAA:hrqFn0eHPea2xOjtOdd29HiNGSJ9zYw3BPUwAkhSs8y13HvUO3N1mv-oZE7iRDwvqdNFLDyanQ#!
https://www.sciencedirect.com/science/article/pii/S0956566318308856?casa_token=UD5YZdoS1SYAAAAA:hrqFn0eHPea2xOjtOdd29HiNGSJ9zYw3BPUwAkhSs8y13HvUO3N1mv-oZE7iRDwvqdNFLDyanQ#!
https://www.sciencedirect.com/science/article/pii/S0956566318308856?casa_token=UD5YZdoS1SYAAAAA:hrqFn0eHPea2xOjtOdd29HiNGSJ9zYw3BPUwAkhSs8y13HvUO3N1mv-oZE7iRDwvqdNFLDyanQ#!
https://www.sciencedirect.com/science/article/pii/S0956566318308856?casa_token=UD5YZdoS1SYAAAAA:hrqFn0eHPea2xOjtOdd29HiNGSJ9zYw3BPUwAkhSs8y13HvUO3N1mv-oZE7iRDwvqdNFLDyanQ#!

Chemosensors 2022, 10, x FOR PEER REVIEW 17 of 17

64.

65.

66.

67.

68.
69.

70.

71.

72.

and peroxidase mimetics for use in immunoassays. Biomaterials 2011, 32, 1139-1147.

Gao, Z.; Tang, D.; Tang, D.; Niessner, R.; Knopp, D. Target-induced nanocatalyst deactivation facilitated by core@shell
nanostructures for signal-amplified headspace-colorimetric assay of dissolved hydrogen sulfide. Anal. Chem. 2015, 87, 10153-
10160.

Lim, B.; Jiang, M.; Camargo, P.H.C.; Cho, E.C; Tao, J.; Lu, X.; Zhu, Y.; Xia, Y. Pd-Pt bimetallic nanodendrites with high activity
for oxygen reduction. Science 2009, 324, 1302-1305.

Avvakumova, S.; Colombo, M.; Galbiati, E.; Mazzucchelli, S.; Rotem, R.; Prosperi, D., Chapter 6 - bioengineered approaches for
site orientation of peptide-based ligands of nanomaterials. In Biomedical applications of functionalized nanomaterials, Sarmento, B.;
das Neves, ]., Eds. Elsevier: 2018; pp 139-169.

Kuzuya, A.; Numajiri, K.; Kimura, M.; Komiyama, M. Single-molecule accommodation of streptavidin in nanometer-scale wells
formed in DNA nanostructures. Nucleic Acids Symp. Ser. 2008, 52, 681-682.

Bhattacharjee, S. DLS and zeta potential - What they are and what they are not? J. Control. Release 2016, 235, 337-351.
Mukhopadhyay, A.; Joshi, N.; Chattopadhyay, K.; De, G. A facile synthesis of PEG-coated magnetite (FesOs) nanoparticles and
their prevention of the reduction of cytochrome C. ACS Appl. Mater. Interfaces 2012, 4, 142-149.

Leopold, L.F,; Tédor, L.S.; Diaconeasa, Z.; Rugina, D.; Stefancu, A.; Leopold, N.; Coman, C. Assessment of PEG and BSA-PEG
gold nanoparticles cellular interaction. Colloids Surf., A 2017, 532, 70-76.

Wang, C.; Huang, C.; Gao, Z.; Shen, J.; He, ].; MacLachlan, A.; Ma, C.; Chang, Y.; Yang, W.; Cai, Y.; Lou, Y.; Dai, S.; Chen, W; Li,
E.; Chen, P. Nanoplasmonic sandwich immunoassay for tumor-derived exosome detection and exosomal PD-L1 profiling. ACS
Sens. 2021, 6, 3308-3319.

Xia, X.; Zhang, J.; Lu, N.; Kim, M. J.; Ghale, K.; Xu, Y.; McKenzie, E.; Liu, J.; Ye, H. Pd-Ir core-shell nanocubes: A type of highly
efficient and versatile peroxidase mimic. ACS Nano 2015, 9, 9994-10004.

646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666


https://www.sciencedirect.com/science/article/pii/S0168365916303832?casa_token=488K9f6S9msAAAAA:9VSOdVP5WWOgkS9DJ0jrzqbdWEd2xgtfOTBrxgBkH-oYOUEC0vMrcr2r-XbWhc9lrkRAdXkokw#!
https://www.sciencedirect.com/science/article/pii/S0927775717306234#!
https://www.sciencedirect.com/science/article/pii/S0927775717306234#!
https://www.sciencedirect.com/science/article/pii/S0927775717306234#!
https://www.sciencedirect.com/science/article/pii/S0927775717306234#!
https://www.sciencedirect.com/science/article/pii/S0927775717306234#!
https://www.sciencedirect.com/science/article/pii/S0927775717306234#!
https://www.sciencedirect.com/science/article/pii/S0927775717306234#!
https://pubs.acs.org/doi/abs/10.1021/acssensors.1c01101?casa_token=OGpK0qdu0lIAAAAA:6HOVudIUl744hdvqdNaJ3loxcWV6MzQ7GsgP4CAkiMSeKJWgG59f_DKiOeAYZ7Sw-fotdVWIxPQpyWE

