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ABSTRACT 15 

The traditional immunochromatographic assay (ICA) using conventional spherical 16 

gold nanoparticles (AuNSs, 30–40 nm) as labeled probes usually suffers from low 17 

sensitivity because of insufficient probe optical intensity. Previously, we demonstrated 18 

that larger gold nanoflowers (AuNFs, 75 nm) possessed higher optical brightness can 19 

greatly improve ICA sensitivity over conventional AuNSs. However, the improve 20 

mechanism which resulted from either larger diameter or longer tips or both is not 21 

clear. To elaborate the influence of tip length on the sensitivity of ICA while put 22 

particle size aside temporarily, herein, three types of gold nanoparticles (AuNPs) with 23 

similar diameter in the range of 30–40 nm, including conventional AuNSs (no tip), 24 

short-tip AuNFs (tip length, 7–8 nm), and long-tip AuNFs (tip length, 13–15 nm), 25 

were synthesized. Results showed that long-tip AuNFs as labeled probes exhibited the 26 

highest signal enhancement in ICA because of the strongest optical absorbance and 27 

highest affinity to the sample. The cut-off limit (for visual qualitative detection), half 28 

maximum inhibitory concentration, and detection limit (for quantitative analysis) of 29 

long-tip AuNF-based strip were 2, 0.61, and 0.07 ng/mL which are 2.5, 2.75, and 4.14 30 

times lower than those of AuNS-based strips, respectively. Additionally, taking into 31 

account the cost, only 20% of AuNFs and antibody consumption for each strip using 32 

long-tip AuNFs as labeled probe compared to AuNSs which significantly reduce 33 

manufacturing costs in the large-scale production. Obviously, long-tip AuNFs show 34 

great application potential as an alternative to traditional AuNSs in the ICA platform. 35 
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Keywords: immunochromatographic assay; multi-branched gold nanoflowers; tip 36 

length; detection performance.37 
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1. Introduction 38 

Immunochromatographic assay (ICA) is one of the most prevalent points of care 39 

testing formats because of its unique advantages over laboratory-based testing, these 40 

advantages include simplicity, rapidity, low cost, and acceptable selectivity and 41 

precision.
1
 Various colloid gold nanoparticle (AuNP)-based ICA products are widely 42 

used for on-site screening detection of biomarkers, drugs, chemical contamination, 43 

bio-toxins, and pathogens in clinical diagnosis, food safety, and environment 44 

monitoring. However, conventional AuNP-based ICA usually suffers from relative 45 

low sensitivity because of the insufficient optical density of the probe.
2
 As such, many 46 

novel nanoparticles (NPs), including luminescent (e.g., quantum dots, up-converting 47 

phosphor NPs, and dye-doped NPs)
3–6

 and magnetic NPs,
7
 have been introduced as 48 

alternative labels to improve the analytical sensitivity of ICA because of their strong 49 

fluorescent and magnetic properties. Colored NPs, such as colloidal carbon,
8
 colloidal 50 

selenium, as well as colloidal iron oxide NPs, have also been used to enhance the 51 

sensitivity of ICA because of their high signal-to-noise ratio or signal intensity.
9,10

 52 

Several AuNP-based signal enhancement strategies, such as AuNP-modified 53 

nanomaterials and dual AuNP-based signal enhancements, have been reported to 54 

achieve high sensitivity in ICA.
11,12

  55 

  Although various novel NPs and signal amplified strategies have been successfully 56 

applied to enhance the performance of traditional ICA, spherical AuNPs (AuNSs) 57 

with diameters of 30–40 nm are the most commonly labeled NPs because of its low 58 

cost, good biocompatibility, as well as ease of preparation and bio-conjugation. 59 
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Compared with AuNSs, multi-branched gold nanoflowers (AuNFs) exhibit more 60 

unique optical characteristics, such as stronger surface-enhanced Raman scattering 61 

and higher extinction coefficients, because its tips and core–tip interactions act as an 62 

antenna to produce electromagnetic field enhancements.
13–16

 For example, Zhang et al. 63 

used 280 nm AuNFs as probes to enhance the sensitivity of sandwich ICA, and 64 

achieved a 10
3
 cfu/mL detection limit for Escherichia coli O157:H7 because the large 65 

surface-to-volume ratio of the AuNFs improves the antibody amounts of 66 

immobilization.
17

 Previously, our group also used 75 nm multi-branched AuNFs to 67 

develop a competitive ICA for the quantitative detection of aflatoxin B1 with a half 68 

maximal inhibitory concentration (IC50) at 4.17 pg/mL; this value is 10 times lower 69 

than those of AuNS (20 nm)-based ICA systems.
18 

The above results confirmed that 70 

the AuNFs with larger sizes are beneficial in improving ICA sensitivity. 71 

  The optical intensity of AuNFs is not only associated with the morphology of the 72 

AuNFs but also their size. However, a comprehensive study of the tip length of 73 

AuNFs on the detection performances of ICA has yet to be published. To elaborate the 74 

enhancing mechanism of AuNF tip length on the sensitivity of ICA further, we 75 

synthesized three types of AuNPs with average diameters of 30–40 nm, including 76 

conventional AuNSs (no tip), short-tip AuNFs (tip length, 7–8 nm), and long-tip 77 

AuNFs (the tip length 13–15 nm), as labeled probes. Ochratoxin A (OTA), a 78 

secondary metabolite mainly produced by several fungi of the Aspergillus and 79 

Penicillium families, was chosen as the model analyte because it is one of the priority 80 

mycotoxin contaminants in agricultural products, such as grains, cereals, nuts, beans, 81 

Page 5 of 33 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



and maize.
19–21

 Three types of AuNPs with different tip lengths were used as labeled 82 

probes to prepare strips, and the effect of the tip length of these AuNPs on the 83 

detection performance of ICA was evaluated in terms of several aspects; these aspects 84 

include the binding kinetics between the probes and OTA-labeled bovine serum 85 

albumin (OTA-BSA) conjugates on the test line and donkey anti-mouse antibodies on 86 

the control line; consumption of AuNPs and antibodies for each strip; the cut-off limit 87 

of the strips by the naked eye; IC50, detection limit (LOD) for quantitative analysis, 88 

and the quantitative interpretation time. 89 

90 
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2. Materials and methods 91 

2.1 Chemicals and materials 92 

OTA, hydrogen tetrachloroaurate (III) hydrate (HAuCl4·3H2O), trisodium citrate 93 

(Na3C6H5O7·12H2O), hydroquinone, and BSA were purchased from Sigma–Aldrich 94 

(St. Louis, MO, USA). A sample pad, conjugate pad, nitrocellulose (NC) membrane, 95 

and absorbent pad were obtained from Schleicher and Schuell GmbH (Dassel, 96 

Germany). The OTA labeled BSA conjugates (OTA-BSA, molar ratio of 10:1) and 97 

ascitic fluids containing anti-OTA monoclonal antibody (mAb) were provided by 98 

Wuxi Zodoboer Biotech. Co., Ltd. (Wuxi, China). All other inorganic chemicals and 99 

organic solvents used in this work were of analytical reagent grade or better. The 100 

water used throughout the experiments was distilled and purified by a Milli-Q system 101 

(Millipore, Milford, MA, USA). The BioDot XYZ platform combined with a motion 102 

controller, BioJet Quanti3000k dispenser, and AirJet Quanti3000k dispenser for 103 

solution dispensing was supplied by BioDot (Irvine, CA, USA). 104 

2.2 Synthesis of AuNSs and multi-branched AuNFs 105 

AuNSs with average diameters of 20 and 33 nm were prepared following a method 106 

previously reported with slight modifications.
22

 Briefly, a flask containing 100 mL of 107 

0.01% (w/v) HAuCl4 solution was heated to boiling under vigorous stirring and then 108 

rapidly combined with 2.7 mL of 1% trisodium citrate solution. The solution was kept 109 

boiling for another 15 min. The color of the solution changed to a deep red, indicating 110 

the formation of 20 nm AuNSs. The 33 nm AuNSs were prepared by adding 1.35 mL 111 

of trisodium citrate solution. The as-prepared AuNS solutions were cooled to ambient 112 
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temperature and then stored at 4 °C prior to use. The concentrations of AuNSs with 113 

average diameters of 20 nm and 33 nm were calculated at 1.17 nmol/L and 114 

170 pmol/L according to the method proposed by Haiss et al.
23

 115 

  Multi-branched AuNFs with short or long tips were synthesized through a seeding 116 

growth approach according to a previously reported method
24,25

 with some 117 

modifications (shown in Scheme 1). Short-tip (35 nm) AuNFs were prepared as 118 

follows: 375 µL of 1% (w/v) HAuCl4, 220 µL of 1% trisodium citrate, and 2.5 mL of 119 

as-prepared 20 nm AuNS seed solutions were added to 100 mL of pure water under 120 

vigorous stirring. Subsequently, 1 mL of 30 mmol/L hydroquinone solution was added 121 

to this mixture. The reaction mixture was maintained at room temperature for 30 min 122 

with constant stirring and then centrifuged at 9000 g for 10 min. The pellets were 123 

re-dissolved with 59 mL of 0.02% trisodium citrate solution.  124 

  To prepare long-tip (36 nm) AuNFs, the contents of the AuNS seed solution were 125 

reduced to 2.0 mL, while other parameters were maintained consistent with the above 126 

experimental conditions. After centrifugation at 9000 g for 10 min, the precipitate was 127 

re-dissolved with 47 mL of 0.02% trisodium citrate solution. The final concentrations 128 

of the both of as-prepared AuNF solutions were calculated at 50 pmol/L based on the 129 

content of their AuNS seeds. 130 

  The morphology and size distribution of AuNSs and multi-branched AuNFs were 131 

characterized by high-resolution transmission electron microscopy (TEM, JEOL JEM 132 

2100, Tokyo, Japan). The maximum surface plasmon resonance (SPR) peaks of the 133 
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above AuNPs were determined by double-beam UV-visible spectrophotometer 134 

(Cintra10e; GBC, Victoria, Australia). 135 

2.3 Preparation of AuNS and AuNF probes 136 

Anti-OTA ascitic fluids were used to label AuNSs and AuNFs directly according to 137 

the method of Yokota et al.
26

 The as-prepared 33 nm AuNS solution (170 pmol/L) was 138 

diluted with 0.02% (w/v) trisodium citrate solution to a final concentration of 139 

50 pmol/L. The pH of the diluted AuNS, short, and long-tip AuNF solutions was 140 

adjusted to 7.0 with 0.2 mol/L K2CO3. To prepare AuNS, short, and long-tip AuNF 141 

probes, 100 µL of anti-OTA ascitic fluids (0.45 mg/mL) was added dropwise to 10 mL 142 

of each of the AuNP solutions (50 pmol/L) at room temperature with gentle stirring. 143 

The obtained AuNS (AuNS-mAbs) and multi-branched AuNF (AuNF-mAbs) probes 144 

were then blocked with 1 mL of 10% (w/v) BSA solution for another 60 min. After 145 

centrifugation at 8000 g for 10 min to remove unbound ascitic fluids, the three probes 146 

were dissolved with 500 µL of phosphate buffered saline (PBS) containing 5% 147 

sucrose, 2% trehalose, 1% PEG 20,000, 1% BSA, and 0.25% Tween-20. The final 148 

concentration of AuNPs of the three obtained probes was 1 nmol/L, and the 149 

consumption of anti-OTA ascitic fluids per nmol probe was 9 × 10
4
 µg . 150 

2.4 Immunological kinetic analysis of the strip 151 

An immuno-dynamic process between the probes and antigen interaction (OTA-BSA 152 

on the T line and donkey anti-mouse IgG on the C line) on the strip was performed 153 

according to our previous report.
18

 In brief, 2 µL of AuNS or AuNF probes (1 nmol/L) 154 

was premixed with 80 µL of PBS, and then the mixture was pipetted into a sample 155 
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well. After running for 1 min, the strip was inserted into a commercial HG-8 strip 156 

reader (Shanghai Huguo Science Instrument Co., Ltd., Shanghai, China). The optical 157 

densities on the test (ODT) and control (ODC) lines, as well as the ratio of ODT/ODC 158 

(T/C), were recorded every 30 s for 60 min. Kinetic curves between the probes and 159 

OTA-BSA, as well as between the probes and donkey anti-mouse IgG, were 160 

established by plotting the ODT, ODC, and T/C values against time.  161 

2.5 Preparation of AuNS and multi-branched AuNF based strips 162 

The strips were prepared as our previous report with slight modifications.
18

 As shown 163 

in Scheme 1, the test strip comprised five parts, including the sample pads, conjugate 164 

pads, absorbent pads, an NC membrane, and polyvinyl chloride backing. The sample 165 

pad was soaked in 0.1 M PBS (pH 7.4) solution containing 0.1% BSA, 0.4% 166 

Tween-20, and 0.05% sodium azide and then dried at 60 °C for 4 h. The conjugate pad 167 

was pretreated with 0.01 M PBS (pH 7.4) solution containing 0.2% Tween-20 and 2% 168 

sucrose at 60 °C for 4 h. The OTA-BSA conjugate (1.2 mg/mL) and donkey 169 

anti-mouse IgG (0.4 mg/mL) were sprayed on the NC membrane as the test (T) and 170 

control (C) lines with a dispensing density of 0.75 µL/cm. The distance between the T 171 

and C lines was 5 mm. The NC membrane was then dried at 37 °C for 12 h. 172 

AuNS-mAbs were jetted onto the conjugate pad at a density of 4 µL/cm. To produce 173 

the same signal intensity with the AuNS-based strip on the T line, the dispensation 174 

rates of multi-branched AuNF with short and long tips were set to 2.0 µL/cm and 175 

0.8 µL/cm, respectively. The as-prepared conjugate pads were then dried at 37 °C for 176 

3 h with a vacuum dryer. The NC membrane, conjugate pad, sample pad, and 177 
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absorbent pad were laminated and pasted onto a PVC backing and then cut into 4 mm 178 

wide strips. All of the strips were inserted into rigid plastic cassettes, packaged in a 179 

plastic bag containing a desiccant gel, and stored at room temperature until use. 180 

2.6 Performance comparison between AuNS and AuNF based strip 181 

The effects of AuNP tip lengths on the performance of the AuNP based-strips were 182 

evaluated. The performance of the three strips was compared in terms of consumption 183 

of AuNPs and anti-OTA ascitic fluids for each strip, as well as the cut-off limits for 184 

qualitative detection. The interpretation time, IC50, and LOD of the strip for 185 

quantitative analysis were also evaluated. The AuNP contents of each strip can be 186 

calculated via the following equation: NAu=Cprobes × V × W, where NAu is the mole 187 

quality of AuNPs on each strip (nmol), V is the dispensation rate of AuNP probe 188 

sprayed on the conjugated pad (µL/cm), and Cprobes and W are two constants 189 

representing the concentration of AuNP probes (1×10
-6

 nmol/µL) and the width of 190 

each strip (0.4 cm), respectively. The consumption of anti-OTA ascitic fluids for each 191 

strip could be calculated as NAu × 9 × 10
4
 (µg). The cut-off limit was defined as the 192 

minimum concentration of OTA that causes no color on the test line. The quantitative 193 

curves of the strips were established by plotting the competitive inhibition rate 194 

(1–B/B0) against the logarithm of the OTA concentrations according to our previous 195 

report,
18 

where B0 and B represent the ratio of T/C of the negative sample and an 196 

OTA-spiked PBS buffer containing 10% methanol, respectively. The regression 197 

equation was described by a logistic four-parameter equation. The LOD of the strip 198 
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was defined as 10% OTA competitive inhibition concentration. The IC50 value was 199 

obtained from five independent experiments.  200 

201 
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3. Results and discussion 202 

3.1 Synthesis and Characterization of AuNSs and AuNFs 203 

In the present study, the AuNSs were synthesized according to a citrate reduction 204 

method. The obtained AuNS solution appeared red. The TEM image in Fig. 1A 205 

reveals a relatively uniform sphere with an average diameter of 33 ± 2 nm (n = 50). 206 

The AuNFs with different tip lengths were synthesized using a seeding growth 207 

approach. The diameters of the resultant AuNFs were adjusted by changing the 208 

concentrations of hydroquinone, HAuCl4, and sodium citrate in the reaction, and the 209 

tip lengths of the AuNFs were regulated by adding different amounts of AuNS seeds 210 

(20 nm). Increasing amounts of AuNS seeds would supply fewer gold atom epitaxial 211 

depositions for each AuNS seed, resulting in short-tip growth.
24

 Fig. 1B and 1C 212 

demonstrate that the two kinds of as-synthesized AuNFs are purple and blue, 213 

respectively. The TEM image in Fig. 1B shows flower-like AuNPs with a solid core 214 

and several short tips with an average length of 7–8 nm. The TEM image of the 215 

AuNFs in Fig. 1C exhibits a solid core with some long tips (13–15 nm). The size 216 

distributions of the short- and long-tip AuNFs were determined to be 35 ± 2 nm and 217 

36 ± 2 nm, respectively, by calculating the average diameter of 50 gold particles in the 218 

TEM images. The UV-vis spectra in Fig. 1D demonstrate that the maximum SPR peak 219 

of the as-prepared AuNSs is 527 nm (red), whereas those of the short and long tip 220 

AuNFs exhibit maximum absorption peaks of SPR at 575 nm (purple) and 605 nm 221 

(blue), respectively, which is consistent with the optical color observed. The 222 

absorbances of the short and long tip AuNFs in Fig. 1D were 2.5 and 4 times more 223 
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than that of the conventional AuNSs at the same particle’s concentration (50 pmol/L). 224 

Under the same concentration, the higher absorbance means the higher extinction 225 

coefficient because the OD value of target analyte can be calculated via the following 226 

equation: A=ε·C·L, according to Lambert-Beer equation, where A is the absorbance 227 

of target analyte, ε is the extinction coefficient, C is the concentration of target analyte 228 

and L is the thickness of the liquid layer, respectively. Moreover, the three AuNP 229 

solutions were stored at room temperature for 60 d to evaluate their colloidal stability. 230 

All three types of AuNPs exhibited no flocculation or aggregation and could maintain 231 

a good colloidal stability in solution even after 2 months of storage. 232 

3.2 Preparation and characterization of AuNS and AuNF probes 233 

The surface chemistry properties of the AuNSs/AuNFs and the pH of the reaction 234 

buffers are two important factors influencing antibody adsorption and bioactivity.
27

 To 235 

obtain ligand properties identical to those of the as-prepared AuNSs, the 236 

hydroquinone on the surface of short- or long-tip AuNFs was replaced by 237 

re-dissolving the AuNFs in 0.02% trisodium citrate solution. The AuNSs and AuNFs 238 

with citrate as the ligand were directly labeled with the anti-OTA ascitic fluids. The 239 

optimal label pH of anti-OTA ascitics for AuNSs and AuNFs were determined by 240 

adding different volumes of 0.2 mol/L K2CO3 to a final pH of 6.5–9.0. The labeling 241 

efficiency and bioactivity of the AuNSs and AuNFs for the anti-OTA ascitic fluids 242 

were evaluated by recording the ODT value after running the same amounts of AuNS 243 

or AuNF probes on the strips. Fig. 2A indicates that the optimized pH values for 244 

ascitic fluids labeling on AuNSs, short-tip, and long-tip AuNFs were 7.0. The 245 
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maximum SPR peaks of AuNS, short-tip, and long-tip AuNF probes red-shifted by 4, 246 

6, and 12 nm, respectively (Fig. 1D), indicating that the anti-OTA ascitic fluids were 247 

successfully coupled on the surface of three kinds of AuNPs. Moreover, the saturated 248 

labeled amounts of anti-OTA ascitic fluids on three kinds of AuNPs were optimized 249 

by dropping 2.25, 4.5, 9.0, 13.5, 18, and 22.5 µg of anti-OTA ascitic fluids to 1 mL of 250 

pH adjusted AuNS and AuNF solutions (50 pmol/L). Fig. 2B indicates that the ODT 251 

value of the strip increases sharply with increasing ascitic fluids amount from 2.25 µg 252 

to 4.5 µg and then slowly declines with further increases in ascitic fluids amount. We 253 

speculate that the steric hindrance would lead to the low binding bioactivity of the 254 

mAbs to OTA antigen on the test line when an excessive density of the mAbs is on the 255 

surface of the AuNSs. Thus, the saturated labeled amounts of anti-OTA ascitic fluids 256 

on conventional AuNSs were 4.5 µg per mL of AuNS solution. For the short- and 257 

long-tip AuNFs, changes in ODT exhibited the same trend at low amounts of ascitic 258 

fluids ranging from 2.25 µg to 22.5 µg. When the labeled ascitic fluids amounts were 259 

further increased, the ODT continued to slowly ascend and then reached a maximum 260 

value. Fig. 2B indicates that the saturated labeled amounts of anti-OTA ascitic fluids 261 

on the short- and long-tip AuNFs were 9.0 µg and 13.5 µg per mL AuNF solution, 262 

respectively. Long-tip AuNFs possess a higher protein loading capacity compared 263 

with conventional AuNSs and short-tip AuNFs because of their complex 264 

three-dimensional structure and large surface area. To eliminate the influence of 265 

antibody amounts on the surface of AuNPs on the immuno-reaction of the strip, AuNS 266 

and two AuNF probes were prepared by labeling the same amounts of anti-OTA 267 
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ascitic fluids (4.5 µg) with 1 mL of AuNS or AuNF solutions (50 pmol/L) in 268 

subsequent experiments. 269 

3.3 Immunological kinetics analysis of the ICA 270 

The development of OD values of the strip can indirectly reflect the antibody-antigen 271 

dynamic interactions between the AuNP probes and OTA-BSA antigen (on the T line) 272 

or donkey anti-mouse IgG (on the C line) of the strips. To elaborate the length of tips 273 

of AuNPs on the signal intensity and affinity of the probe, two kinds of AuNF and one 274 

AuNS probes were used to run strips at the same experiment conditions, including 275 

2 µL of probes (1 nmol/L), 1.2 mg/mL of OTA-BSA on the T line and 0.4 mg/mL of 276 

donkey anti-mouse IgG on the C line. The results of immunological kinetics analysis 277 

of the strips are shown in Fig. 3A. In the AuNS-based strip, the signal intensities on 278 

the T and C lines increased with the increase of immuno-reaction time, and then 279 

reached an immuno-dynamic balance after 26 min (ODs achieved a constant 280 

intensity). The maximum ODs on the T and C lines were 430 ± 8 and 667 ± 6, 281 

respectively. For the short-tip AuNF-based strip, the immuno-dynamic balance time 282 

(22 min) was slightly less than that of the AuNS-based strip. The maximum ODs on 283 

the T and C lines were 1156 ± 19 and 1231 ± 17, respectively, which are 2.69 and 284 

1.85 times higher than that of the AuNS-based strip. For the long-tip AuNF-based 285 

strip, the maximum ODT and ODC values were 1736 ± 10 and 1349 ± 8, respectively, 286 

which are 4.04 and 2.02 times higher than that of the AuNS-based strip. The 287 

immuno-dynamic balance time for long-tip AuNF-based strip is 15 min. The above 288 

results indicated that long-tip AuNF-mAb probes possessed the strongest signal 289 
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intensity (approximately four fold signal enhancement on the T line) and the highest 290 

antibody-antigen dynamic efficiency because of its short balance time (15 min). In 291 

general, probes with a high affinity to the antigen on the T line or with a quicker 292 

migration rate on the NC membrane would produce a quicker immuno-dynamic 293 

reaction for strip assay. In theory, high-affinity probes could produce a higher T/C 294 

values because the probes are more easily captured by the antigen on the strip, 295 

whereas the probes with a quicker migration rate should not affect T/C values.
21,28 

Fig. 296 

2B shows that the T/C ratio of AuNF-based strip is remarkably higher than of 297 

AuNS-based strip (T/C = 0.67 ± 0.03), and long-tip AuNF-based strip exhibited the 298 

highest T/C value at 1.29 ± 0.02. The stereogram of the strips displayed in the inset of 299 

Fig. 2B indicates that the visual color of the AuNS-based strip on the T line is 300 

significantly weaker than that on control line; the opposite results were observed for 301 

the long-tip AuNF-based strip. These results demonstrated that the long-tip 302 

AuNF-mAbs possess a higher affinity to OTA-BSA on the T line compared with other 303 

two kinds of AuNP-mAb probes, suggesting that the complicated three-dimensional 304 

structure of the long-tip AuNF could make antibody more exposure and stretch. Thus, 305 

the long-tip AuNF as probes for the strip assay are involved in two signal enhance 306 

mechanisms, including excellent optical property and higher affinity to detection 307 

antigen. 308 

3.4 Performance comparison between AuNS and AuNF based strip 309 

AuNF-mAbs as labeled probes could significantly enhance signal intensity of T and C 310 

lines. Theoretically, fewer AuNF-mAbs could achieve the same absorbance as 311 
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AuNS-mAbs in the strip test, which is beneficial to the sensitivity of competitive 312 

ICA.
29

 To verify whether the AuNFs could improve the sensitivity of the ICA, three 313 

types of strips were prepared by using AuNS-mAbs, short-tip AuNF-mAbs, and 314 

long-tip AuNF-mAbs as labeled probes. The ODT values of the three strips were 315 

controlled at the same level to detect OTA-free samples. For the competitive 316 

immunoassay, the amount of AuNP-mAbs and the concentration of OTA-BSA were 317 

considered the most important parameters controlling the sensitivity of the strip and 318 

the ODT value on the T line in negative samples. First, the parameters of AuNS-based 319 

strip were optimized by a similar “checkerboard titration” method with different 320 

AuNS-mAbs contents under a series of BSA-OTA conjugates on the T line for various 321 

combinations.
30

 As we know, the ODs of the strip on the both lines for negative 322 

sample and the competitive inhibition rates for positive sample were considered as the 323 

two important factors to evaluate the performance of the strip. As shown in table 1, 324 

the competitive inhibition ratio of the No. 7 combination is the best, but its OD value 325 

on the test line is too weak (ODT =171.1). For No. 1 combination, two visual clear 326 

bands were observed on both lines for detection of negative samples, and the means 327 

of ODT and ODC of are 314 and 302, respectively, whereas the competitive inhibition 328 

rate of the 2 ng/mL OTA-spiked sample was achieved at 65.7%. Thus, the No 1 329 

combination was considered as the optimal conditions with 4 µL/cm dispensation rate 330 

of AuNS-mAbs on the conjugation pad and 1.2 mg/mL BSA-OTA on the T line, 331 

respectively. To prepare the two other types of AuNF-based strips, the concentration 332 

of AuNF-mAb probes and the content of BSA-OTA antigen on the T line were 333 
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consistent with those of AuNS based strip; the absorbance on the test line was 334 

controlled by changing the jetted volumes (µL/cm) of the short- or long-tip 335 

AuNF–mAb probes on the conjugate pads. The results showed that 2.0 µL/cm of 336 

short-tip AuNF probes and 0.8 µL/cm of long-tip AuNF probes are sufficient to 337 

achieve the nearly same signal intensities on the T line for short-tip AuNF-based strip 338 

(ODT = 307) and long-tip AuNF-based strip (ODT = 311), respectively. Then, the 339 

cut-off limits of three kinds of strips for visual qualitative detection were determined. 340 

The Fig. 4D indicates that the cut-off limit of AuNS-based strip was 5 ng/mL, 341 

whereas those of the short- and long-tip AuNF-based strips were 3 and 2 ng/mL, 342 

respectively. The quantitative performances of the three types of strips including the 343 

interpretation time, IC50, and LOD, were also evaluated. As shown in Fig. 3B, the 344 

constant T/C values of AuNS-, short-tip AuNF-, and long-tip AuNF-based strips were 345 

observed after 17, 15, and 12 min, respectively. Thus, the interpretation times of 346 

AuNS-, short-tip AuNF-, and long-tip AuNF-based strips for quantitative analysis 347 

were 17, 15, and 12 min, respectively. Long-tip AuNFs as labeled probes showed a 348 

higher immunological kinetic efficiency, and therefore, were more suited for on-site 349 

detection in food safety monitoring. The quantitative standard curves of three kinds of 350 

strips for OTA detection were described by a logistic four-parameter equation (Fig. 351 

4A, 4B, and 4C). The regression equation of AuNS-based strip is y = 145.6914/[1 + 352 

(x/2.9255)
-1.0554

]-1.8735 (R
2
 = 0.9903), where y is the competitive inhibition rate 353 

(1-B/B0) × 100% and x is the OTA concentrations from 0 ng/mL to 5 ng/mL. The IC50 354 

of AuNS-based strip was 1.68 ng/mL (n = 5), and the LOD was 0.29 ng/mL according 355 
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to a 10% OTA competitive concentration. The IC50 values of the short-tip AuNF- and 356 

long-tip AuNF-based strip were calculated using their regression equations as 0.84 357 

and 0.61 ng/mL, and the LOD values were 0.10 and 0.07 ng/mL, respectively. The 358 

above results indicated that long-tip AuNFs exhibited the most significant advantages 359 

in improving sensitivity, as well as the immunological kinetic efficiency of the strip. 360 

These distinctive advantages of long-tip AuNFs as labeled probes in ICA can be 361 

attributed to two aspects including their higher molar extinction coefficient and higher 362 

affinity as labeled probes. In addition, cost is also an important consideration for strip 363 

production. In the present study, the amounts of long-tip AuNFs and anti-OTA ascitic 364 

fluids for each strip were 0.32 fmol and 0.29 µg, which is only 20% consumption of 365 

conventional AuNS-based strips. Thus, using long-tip AuNFs as an alternative to 366 

conventional AuNSs for labeled probes require lower costs for large-scale strip 367 

production.
31,32

 368 

369 
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4. Conclusions 370 

In this work, we demonstrated that the morphology of AuNPs can significantly 371 

influence the detection performance of ICA. Long-tip AuNFs as labeled probes in 372 

ICA show improved performance in sensitivity and immunological kinetic efficiency 373 

compared with the ICA based on conventional AuNSs as labels. The cut-off limit of 374 

the long-tip AuNF-based strip for visual inspection reached 2 ng/mL, which is 375 

2.5-fold lower than that of conventional AuNS-based strip. The IC50 and LOD of the 376 

long-tip AuNF-based strip are also 2.75, and 4.14 times lower than those of the 377 

conventional AuNS-based strip. In addition, the consumption of the AuNPs and 378 

antibodies for each long-tip AuNF-based strip are only 20% of the AuNS-based strip, 379 

which helps reduce the manufacturing costs of large-scale strip production. In 380 

summary, long-tip AuNFs exhibit significant application potential as an alternative to 381 

traditional AuNSs for labeled probes in the ICA platform. 382 

383 
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Table 451 

Table 1. Optimization of the parameters of the AuNS-based strip
#. 452 

Notice:
 #

 The labeled amounts of anti-OTA ascitic fluids per mL AuNS solution (50 453 

pmoL/L) was 4.5 µg; * The optimal combinations. 454 

455 

No 

 

 

The dispensation rate of 

AuNS-mAbs on the 

conjugation pad (µL/cm) 

The concentration of 

OTA-BSA on the test 

line (mg/mL) 

OD value 

on the test 

line 

OD value on 

the control 

line 

The competitive 

inhibition ratios, 

(1-B/B0) × 100% 

1* 4.0 1.2 314 301.9 65.7 

2 5.0 1.0 305.2 505.2 43.5 

3 6.0 0.8 221.7 344.3 54.3 

4 4.0 1.0 274.6 415.1 58.7 

5 5.0 0.8 197.5 388.7 54.7 

6 6.0 1.2 428.6 502.2 54.5 

7 4.0 0.8 171.1 357.0 79.6 

8 5.0 1.2 339.3 407.3 40.9 

9 6.0 1.0 325.2 494.3 56.9 
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Figure Captions 456 

Scheme 1. Schematic demonstration of the length of tips of AuNFs on the detection 457 

performance of immunochromatographic assay.  458 

Figure 1. Characterization of AuNSs and AuNFs. A–C: TEM images of AuNSs, 459 

short-tip AuNFs, and long-tip AuNFs. Inset: Corresponding single particle images and 460 

photographic images of the as-synthesized AuNP solution; D: UV-visible spectra of 461 

the three types of AuNPs (solid line) and AuNP-mAb probes (dash line).  462 

Figure 2. Preparation and characterization of AuNS and AuNF probes. A: 463 

Optimization of labeling pH of anti-OTA ascitic fluids on AuNSs and AuNFs ; B: 464 

Optimized saturated labeled amounts of anti-OTA ascitic fluids on AuNSs and 465 

AuNFs.  466 

Figure 3. Immunological kinetics analysis of the ICA strips. A: Immunoreaction 467 

dynamics of ODT and ODC of AuNSs, short-tip AuNFs, and long-tip AuNFs against 468 

immunoreaction time; B: Immunoreaction dynamics of the ratio of T/C of AuNSs, 469 

short-tip AuNFs, and long-tip AuNFs against immunoreaction time; Inset: stereogram 470 

of the strips with 2 µL of AuNS-mAb, short-tip AuNF-mAb, and long-tip AuNF-mAb 471 

probes (1 nmol/L). 472 

Figure 4. Calibration curves of strips for different concentrations of OTA. A: 473 

spherical AuNPs based strip; B: short-tip AuNFs based strip; C: long-tip based strip; 474 

D: the stereograms of three types of strips. 475 

 476 
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Scheme 1. Xu et al. 478 
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Figure 1. Xu et al. 481 

482 

Page 29 of 33 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



 483 

Figure 2. Xu et al. 484 
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Figure 3. Xu et al. 487 
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Figure 4. Xu et al. 490 
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