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ABSTRACT

The traditional immunochromatographic assay (ICA) using conventional spherical
gold nanoparticles (AuNSs, 3040 nm) as labeled probes usually suffers from low
sensitivity because of insufficient probe optical intensity. Previously, we demonstrated
that larger gold nanoflowers (AuNFs, 75 nm) possessed higher optical brightness can
greatly improve ICA sensitivity over conventional AuNSs. However, the improve
mechanism which resulted from either larger diameter or longer tips or both is not
clear. To elaborate the influence of tip length on the sensitivity of ICA while put
particle size aside temporarily, herein, three types of gold nanoparticles (AuNPs) with
similar diameter in the range of 3040 nm, including conventional AuNSs (no tip),
short-tip AuNFs (tip length, 7-8 nm), and long-tip AuNFs (tip length, 13—15 nm),
were synthesized. Results showed that long-tip AuNFs as labeled probes exhibited the
highest signal enhancement in ICA because of the strongest optical absorbance and
highest affinity to the sample. The cut-off limit (for visual qualitative detection), half
maximum inhibitory concentration, and detection limit (for quantitative analysis) of
long-tip AuNF-based strip were 2, 0.61, and 0.07 ng/mL which are 2.5, 2.75, and 4.14
times lower than those of AuNS-based strips, respectively. Additionally, taking into
account the cost, only 20% of AuNFs and antibody consumption for each strip using
long-tip AuNFs as labeled probe compared to AuNSs which significantly reduce
manufacturing costs in the large-scale production. Obviously, long-tip AuNFs show

great application potential as an alternative to traditional AuNSs in the ICA platform.
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1. Introduction
Immunochromatographic assay (ICA) is one of the most prevalent points of care
testing formats because of its unique advantages over laboratory-based testing, these
advantages include simplicity, rapidity, low cost, and acceptable selectivity and
precision.' Various colloid gold nanoparticle (AuNP)-based ICA products are widely
used for on-site screening detection of biomarkers, drugs, chemical contamination,
bio-toxins, and pathogens in clinical diagnosis, food safety, and environment
monitoring. However, conventional AuNP-based ICA usually suffers from relative
low sensitivity because of the insufficient optical density of the probe.” As such, many
novel nanoparticles (NPs), including luminescent (e.g., quantum dots, up-converting
phosphor NPs, and dye-doped NPs)*® and magnetic NPs,” have been introduced as
alternative labels to improve the analytical sensitivity of ICA because of their strong
fluorescent and magnetic properties. Colored NPs, such as colloidal carbon,® colloidal
selenium, as well as colloidal iron oxide NPs, have also been used to enhance the
sensitivity of ICA because of their high signal-to-noise ratio or signal intensity.”"
Several AuNP-based signal enhancement strategies, such as AuNP-modified
nanomaterials and dual AuNP-based signal enhancements, have been reported to
achieve high sensitivity in ICA."""

Although various novel NPs and signal amplified strategies have been successfully
applied to enhance the performance of traditional ICA, spherical AuNPs (AuNSs)

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

cost, good biocompatibility, as well as ease of preparation and bio-conjugation.
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Compared with AuNSs, multi-branched gold nanoflowers (AuNFs) exhibit more
unique optical characteristics, such as stronger surface-enhanced Raman scattering
and higher extinction coefficients, because its tips and core—tip interactions act as an
antenna to produce electromagnetic field enhancements.'>'® For example, Zhang et al.
used 280 nm AuNFs as probes to enhance the sensitivity of sandwich ICA, and
achieved a 10° cfu/mL detection limit for Escherichia coli O157:H7 because the large
surface-to-volume ratio of the AuNFs improves the antibody amounts of
immobilization.'” Previously, our group also used 75 nm multi-branched AuNFs to
develop a competitive ICA for the quantitative detection of aflatoxin B; with a half
maximal inhibitory concentration (ICso) at 4.17 pg/mL; this value is 10 times lower
than those of AuNS (20 nm)-based ICA systems.'® The above results confirmed that
the AuNFs with larger sizes are beneficial in improving ICA sensitivity.

The optical intensity of AuNFs is not only associated with the morphology of the
AuNFs but also their size. However, a comprehensive study of the tip length of
AuNFs on the detection performances of ICA has yet to be published. To elaborate the
enhancing mechanism of AuNF tip length on the sensitivity of ICA further, we
synthesized three types of AuNPs with average diameters of 30—40 nm, including
conventional AuNSs (no tip), short-tip AuNFs (tip length, 7-8 nm), and long-tip
AuNFs (the tip length 13—-15nm), as labeled probes. Ochratoxin A (OTA), a
secondary metabolite mainly produced by several fungi of the Aspergillus and
Penicillium families, was chosen as the model analyte because it is one of the priority

mycotoxin contaminants in agricultural products, such as grains, cereals, nuts, beans,
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and maize."” ' Three types of AuNPs with different tip lengths were used as labeled
probes to prepare strips, and the effect of the tip length of these AuNPs on the
detection performance of ICA was evaluated in terms of several aspects; these aspects
include the binding kinetics between the probes and OTA-labeled bovine serum
albumin (OTA-BSA) conjugates on the test line and donkey anti-mouse antibodies on
the control line; consumption of AuNPs and antibodies for each strip; the cut-off limit
of the strips by the naked eye; ICs, detection limit (LOD) for quantitative analysis,

and the quantitative interpretation time.
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2. Materials and methods

2.1 Chemicals and materials

OTA, hydrogen tetrachloroaurate (III) hydrate (HAuCly-3H,0), trisodium citrate
(Na3C¢Hs07-12H,0), hydroquinone, and BSA were purchased from Sigma—Aldrich
(St. Louis, MO, USA). A sample pad, conjugate pad, nitrocellulose (NC) membrane,
and absorbent pad were obtained from Schleicher and Schuell GmbH (Dassel,
Germany). The OTA labeled BSA conjugates (OTA-BSA, molar ratio of 10:1) and
ascitic fluids containing anti-OTA monoclonal antibody (mAb) were provided by
Wuxi Zodoboer Biotech. Co., Ltd. (Wuxi, China). All other inorganic chemicals and
organic solvents used in this work were of analytical reagent grade or better. The
water used throughout the experiments was distilled and purified by a Milli-Q system
(Millipore, Milford, MA, USA). The BioDot XYZ platform combined with a motion
controller, BioJet Quanti3000k dispenser, and AirJet Quanti3000k dispenser for
solution dispensing was supplied by BioDot (Irvine, CA, USA).

2.2 Synthesis of AuNSs and multi-branched AuNFs

AuNSs with average diameters of 20 and 33 nm were prepared following a method
previously reported with slight modifications.” Briefly, a flask containing 100 mL of
0.01% (w/v) HAuCl, solution was heated to boiling under vigorous stirring and then
rapidly combined with 2.7 mL of 1% trisodium citrate solution. The solution was kept
boiling for another 15 min. The color of the solution changed to a deep red, indicating
the formation of 20 nm AuNSs. The 33 nm AuNSs were prepared by adding 1.35 mL

of trisodium citrate solution. The as-prepared AuNS solutions were cooled to ambient
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temperature and then stored at 4 °C prior to use. The concentrations of AuNSs with
average diameters of 20 nm and 33 nm were calculated at 1.17 nmol/L and
170 pmol/L according to the method proposed by Haiss et al.”*

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

d***  with some

growth approach according to a previously reported metho
modifications (shown in Scheme 1). Short-tip (35 nm) AuNFs were prepared as
follows: 375 uL of 1% (w/v) HAuCly, 220 pL of 1% trisodium citrate, and 2.5 mL of
as-prepared 20 nm AuNS seed solutions were added to 100 mL of pure water under
vigorous stirring. Subsequently, 1 mL of 30 mmol/L hydroquinone solution was added
to this mixture. The reaction mixture was maintained at room temperature for 30 min
with constant stirring and then centrifuged at 9000 g for 10 min. The pellets were
re-dissolved with 59 mL of 0.02% trisodium citrate solution.

To prepare long-tip (36 nm) AuNFs, the contents of the AuNS seed solution were
reduced to 2.0 mL, while other parameters were maintained consistent with the above
experimental conditions. After centrifugation at 9000 g for 10 min, the precipitate was
re-dissolved with 47 mL of 0.02% trisodium citrate solution. The final concentrations
of the both of as-prepared AuNF solutions were calculated at 50 pmol/L based on the
content of their AuNS seeds.

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

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

2100, Tokyo, Japan). The maximum surface plasmon resonance (SPR) peaks of the
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above AuNPs were determined by double-beam UV-visible spectrophotometer
(CintralOe; GBC, Victoria, Australia).

2.3 Preparation of AuNS and AulNF probes

Anti-OTA ascitic fluids were used to label AuNSs and AuNFs directly according to
the method of Yokota et al.?® The as-prepared 33 nm AuNS solution (170 pmol/L) was
diluted with 0.02% (w/v) trisodium citrate solution to a final concentration of
50 pmol/L. The pH of the diluted AuNS, short, and long-tip AuNF solutions was
adjusted to 7.0 with 0.2 mol/L K,COs. To prepare AuNS, short, and long-tip AuNF
probes, 100 pL of anti-OTA ascitic fluids (0.45 mg/mL) was added dropwise to 10 mL
of each of the AuNP solutions (50 pmol/L) at room temperature with gentle stirring.
The obtained AuNS (AuNS-mAbs) and multi-branched AuNF (AuNF-mAbs) probes
were then blocked with 1 mL of 10% (w/v) BSA solution for another 60 min. After
centrifugation at 8000 g for 10 min to remove unbound ascitic fluids, the three probes
were dissolved with 500 pL of phosphate buffered saline (PBS) containing 5%
sucrose, 2% trehalose, 1% PEG 20,000, 1% BSA, and 0.25% Tween-20. The final
concentration of AuNPs of the three obtained probes was 1 nmol/L, and the
consumption of anti-OTA ascitic fluids per nmol probe was 9 x 10* ng .

2.4 Immunological Kkinetic analysis of the strip

An immuno-dynamic process between the probes and antigen interaction (OTA-BSA
on the T line and donkey anti-mouse IgG on the C line) on the strip was performed
according to our previous report.'® In brief, 2 uL of AuNS or AuNF probes (1 nmol/L)

was premixed with 80 pL of PBS, and then the mixture was pipetted into a sample
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well. After running for 1 min, the strip was inserted into a commercial HG-8 strip
reader (Shanghai Huguo Science Instrument Co., Ltd., Shanghai, China). The optical
densities on the test (ODr) and control (ODc¢) lines, as well as the ratio of OD1/ODc¢
(T/C), were recorded every 30 s for 60 min. Kinetic curves between the probes and
OTA-BSA, as well as between the probes and donkey anti-mouse IgG, were
established by plotting the ODrt, OD¢, and T/C values against time.

2.5 Preparation of AuNS and multi-branched AuNF based strips

The strips were prepared as our previous report with slight modifications.'® As shown
in Scheme 1, the test strip comprised five parts, including the sample pads, conjugate
pads, absorbent pads, an NC membrane, and polyvinyl chloride backing. The sample
pad was soaked in 0.1 M PBS (pH 7.4) solution containing 0.1% BSA, 0.4%
Tween-20, and 0.05% sodium azide and then dried at 60 °C for 4 h. The conjugate pad
was pretreated with 0.01 M PBS (pH 7.4) solution containing 0.2% Tween-20 and 2%
sucrose at 60 °C for 4h. The OTA-BSA conjugate (1.2 mg/mL) and donkey
anti-mouse IgG (0.4 mg/mL) were sprayed on the NC membrane as the test (T) and
control (C) lines with a dispensing density of 0.75 pL/cm. The distance between the T
and C lines was 5 mm. The NC membrane was then dried at 37 °C for 12 h.
AuNS-mAbs were jetted onto the conjugate pad at a density of 4 uL/cm. To produce
the same signal intensity with the AuNS-based strip on the T line, the dispensation
rates of multi-branched AuNF with short and long tips were set to 2.0 uLL/cm and
0.8 uL/cm, respectively. The as-prepared conjugate pads were then dried at 37 °C for

3h with a vacuum dryer. The NC membrane, conjugate pad, sample pad, and
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absorbent pad were laminated and pasted onto a PVC backing and then cut into 4 mm
wide strips. All of the strips were inserted into rigid plastic cassettes, packaged in a
plastic bag containing a desiccant gel, and stored at room temperature until use.

2.6 Performance comparison between AuNS and AuNF based strip

The effects of AuNP tip lengths on the performance of the AuNP based-strips were
evaluated. The performance of the three strips was compared in terms of consumption
of AulNPs and anti-OTA ascitic fluids for each strip, as well as the cut-off limits for
qualitative detection. The interpretation time, ICsy, and LOD of the strip for
quantitative analysis were also evaluated. The AuNP contents of each strip can be
calculated via the following equation: Nay=Cprobes X V X W, where Ny, is the mole
quality of AuNPs on each strip (nmol), V is the dispensation rate of AuNP probe
sprayed on the conjugated pad (puL/cm), and Cpgpes and W are two constants
representing the concentration of AuNP probes (1x10° nmol/uL) and the width of
each strip (0.4 cm), respectively. The consumption of anti-OTA ascitic fluids for each
strip could be calculated as Na, x 9 x 10* (ug). The cut-off limit was defined as the
minimum concentration of OTA that causes no color on the test line. The quantitative
curves of the strips were established by plotting the competitive inhibition rate
(1-B/By) against the logarithm of the OTA concentrations according to our previous
report,'® where By and B represent the ratio of T/C of the negative sample and an
OTA-spiked PBS buffer containing 10% methanol, respectively. The regression

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

obtained from five independent experiments.
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3. Results and discussion

3.1 Synthesis and Characterization of AuNSs and AuNFs

In the present study, the AuNSs were synthesized according to a citrate reduction
method. The obtained AuNS solution appeared red. The TEM image in Fig. 1A
reveals a relatively uniform sphere with an average diameter of 33 £ 2 nm (n = 50).
The AuNFs with different tip lengths were synthesized using a seeding growth
approach. The diameters of the resultant AuNFs were adjusted by changing the
concentrations of hydroquinone, HAuCl,, and sodium citrate in the reaction, and the
tip lengths of the AuNFs were regulated by adding different amounts of AuNS seeds
(20 nm). Increasing amounts of AuNS seeds would supply fewer gold atom epitaxial
depositions for each AuNS seed, resulting in short-tip growth.”* Fig. 1B and 1C
demonstrate that the two kinds of as-synthesized AuNFs are purple and blue,
respectively. The TEM image in Fig. 1B shows flower-like AuNPs with a solid core
and several short tips with an average length of 7-8 nm. The TEM image of the
AuNFs in Fig. 1C exhibits a solid core with some long tips (13—15 nm). The size
distributions of the short- and long-tip AuNFs were determined to be 35 = 2 nm and
36 £ 2 nm, respectively, by calculating the average diameter of 50 gold particles in the
TEM images. The UV-vis spectra in Fig. 1D demonstrate that the maximum SPR peak
of the as-prepared AuNSs is 527 nm (red), whereas those of the short and long tip
AuNFs exhibit maximum absorption peaks of SPR at 575 nm (purple) and 605 nm
(blue), respectively, which is consistent with the optical color observed. The

absorbances of the short and long tip AuNFs in Fig. 1D were 2.5 and 4 times more
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than that of the conventional AuNSs at the same particle’s concentration (50 pmol/L).
Under the same concentration, the higher absorbance means the higher extinction
coefficient because the OD value of target analyte can be calculated via the following
equation: A=¢-C-L, according to Lambert-Beer equation, where A is the absorbance
of target analyte, ¢ is the extinction coefficient, C is the concentration of target analyte
and L is the thickness of the liquid layer, respectively. Moreover, the three AuNP
solutions were stored at room temperature for 60 d to evaluate their colloidal stability.
All three types of AuNPs exhibited no flocculation or aggregation and could maintain
a good colloidal stability in solution even after 2 months of storage.

3.2 Preparation and characterization of AuNS and AulNF probes

The surface chemistry properties of the AuNSs/AuNFs and the pH of the reaction
buffers are two important factors influencing antibody adsorption and bioactivity.27 To
obtain ligand properties identical to those of the as-prepared AuNSs, the
hydroquinone on the surface of short- or long-tip AuNFs was replaced by
re-dissolving the AuNFs in 0.02% trisodium citrate solution. The AuNSs and AuNFs
with citrate as the ligand were directly labeled with the anti-OTA ascitic fluids. The
optimal label pH of anti-OTA ascitics for AuNSs and AuNFs were determined by
adding different volumes of 0.2 mol/L K,COsto a final pH of 6.5-9.0. The labeling
efficiency and bioactivity of the AuNSs and AuNFs for the anti-OTA ascitic fluids
were evaluated by recording the ODr value after running the same amounts of AuNS
or AuNF probes on the strips. Fig. 2A indicates that the optimized pH values for

ascitic fluids labeling on AuNSs, short-tip, and long-tip AuNFs were 7.0. The

Page 14 of 33



Page 15 of 33

©CoO~NOUTA,WNPE

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

Analytical Methods

maximum SPR peaks of AuNS, short-tip, and long-tip AuNF probes red-shifted by 4,
6, and 12 nm, respectively (Fig. 1D), indicating that the anti-OTA ascitic fluids were
successfully coupled on the surface of three kinds of AuNPs. Moreover, the saturated
labeled amounts of anti-OTA ascitic fluids on three kinds of AuNPs were optimized
by dropping 2.25, 4.5, 9.0, 13.5, 18, and 22.5 pg of anti-OTA ascitic fluids to 1 mL of
pH adjusted AuNS and AuNF solutions (50 pmol/L). Fig. 2B indicates that the ODr
value of the strip increases sharply with increasing ascitic fluids amount from 2.25 pg
to 4.5 pg and then slowly declines with further increases in ascitic fluids amount. We
speculate that the steric hindrance would lead to the low binding bioactivity of the
mAbs to OTA antigen on the test line when an excessive density of the mAbs is on the
surface of the AuNSs. Thus, the saturated labeled amounts of anti-OTA ascitic fluids
on conventional AuNSs were 4.5 pg per mL of AuNS solution. For the short- and
long-tip AuNFs, changes in ODy exhibited the same trend at low amounts of ascitic
fluids ranging from 2.25 pg to 22.5 pg. When the labeled ascitic fluids amounts were
further increased, the ODy continued to slowly ascend and then reached a maximum
value. Fig. 2B indicates that the saturated labeled amounts of anti-OTA ascitic fluids
on the short- and long-tip AuNFs were 9.0 ng and 13.5 pg per mL AuNF solution,
respectively. Long-tip AuNFs possess a higher protein loading capacity compared
with conventional AuNSs and short-tip AuNFs because of their complex
three-dimensional structure and large surface area. To eliminate the influence of
antibody amounts on the surface of AuNPs on the immuno-reaction of the strip, AuNS

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

3.3 Immunological kinetics analysis of the ICA

The development of OD values of the strip can indirectly reflect the antibody-antigen
dynamic interactions between the AuNP probes and OTA-BSA antigen (on the T line)
or donkey anti-mouse IgG (on the C line) of the strips. To elaborate the length of tips
of AuNPs on the signal intensity and affinity of the probe, two kinds of AuNF and one
AuNS probes were used to run strips at the same experiment conditions, including
2 uL of probes (1 nmol/L), 1.2 mg/mL of OTA-BSA on the T line and 0.4 mg/mL of
donkey anti-mouse IgG on the C line. The results of immunological kinetics analysis
of the strips are shown in Fig. 3A. In the AuNS-based strip, the signal intensities on
the T and C lines increased with the increase of immuno-reaction time, and then
reached an immuno-dynamic balance after 26 min (ODs achieved a constant
intensity). The maximum ODs on the T and C lines were 430 + 8 and 667 + 6,
respectively. For the short-tip AuNF-based strip, the immuno-dynamic balance time
(22 min) was slightly less than that of the AuNS-based strip. The maximum ODs on
the T and C lines were 1156 = 19 and 1231 + 17, respectively, which are 2.69 and
1.85 times higher than that of the AuNS-based strip. For the long-tip AuNF-based
strip, the maximum ODrt and OD¢ values were 1736 + 10 and 1349 + §, respectively,
which are 4.04 and 2.02 times higher than that of the AuNS-based strip. The
immuno-dynamic balance time for long-tip AuNF-based strip is 15 min. The above

results indicated that long-tip AuNF-mAb probes possessed the strongest signal
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intensity (approximately four fold signal enhancement on the T line) and the highest
antibody-antigen dynamic efficiency because of its short balance time (15 min). In
general, probes with a high affinity to the antigen on the T line or with a quicker
migration rate on the NC membrane would produce a quicker immuno-dynamic
reaction for strip assay. In theory, high-affinity probes could produce a higher T/C
values because the probes are more easily captured by the antigen on the strip,
whereas the probes with a quicker migration rate should not affect T/C values. > Fig.
2B shows that the T/C ratio of AuNF-based strip is remarkably higher than of
AuNS-based strip (T/C = 0.67 + 0.03), and long-tip AuNF-based strip exhibited the
highest T/C value at 1.29 + 0.02. The stereogram of the strips displayed in the inset of
Fig. 2B indicates that the visual color of the AuNS-based strip on the T line is
significantly weaker than that on control line; the opposite results were observed for
the long-tip AuNF-based strip. These results demonstrated that the long-tip
AuNF-mADbs possess a higher affinity to OTA-BSA on the T line compared with other
two kinds of AuNP-mADb probes, suggesting that the complicated three-dimensional
structure of the long-tip AuNF could make antibody more exposure and stretch. Thus,
the long-tip AuNF as probes for the strip assay are involved in two signal enhance
mechanisms, including excellent optical property and higher affinity to detection
antigen.

3.4 Performance comparison between AuNS and AuNF based strip

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

lines. Theoretically, fewer AuNF-mAbs could achieve the same absorbance as
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AuNS-mAbs in the strip test, which is beneficial to the sensitivity of competitive
ICA.* To verify whether the AuNFs could improve the sensitivity of the ICA, three
types of strips were prepared by using AuNS-mAbs, short-tip AuNF-mAbs, and
long-tip AuNF-mAbs as labeled probes. The ODr values of the three strips were
controlled at the same level to detect OTA-free samples. For the competitive
immunoassay, the amount of AuNP-mAbs and the concentration of OTA-BSA were
considered the most important parameters controlling the sensitivity of the strip and
the ODr value on the T line in negative samples. First, the parameters of AuNS-based
strip were optimized by a similar “checkerboard titration” method with different
AuNS-mAbs contents under a series of BSA-OTA conjugates on the T line for various
combinations.”® As we know, the ODs of the strip on the both lines for negative
sample and the competitive inhibition rates for positive sample were considered as the
two important factors to evaluate the performance of the strip. As shown in table 1,
the competitive inhibition ratio of the No. 7 combination is the best, but its OD value
on the test line is too weak (ODt=171.1). For No. 1 combination, two visual clear
bands were observed on both lines for detection of negative samples, and the means
of ODrand ODc of are 314 and 302, respectively, whereas the competitive inhibition
rate of the 2 ng/mL OTA-spiked sample was achieved at 65.7%. Thus, the No 1
combination was considered as the optimal conditions with 4 pL/cm dispensation rate
of AuNS-mAbs on the conjugation pad and 1.2 mg/mL BSA-OTA on the T line,
respectively. To prepare the two other types of AuNF-based strips, the concentration

of AuNF-mAb probes and the content of BSA-OTA antigen on the T line were
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consistent with those of AuNS based strip; the absorbance on the test line was
controlled by changing the jetted volumes (pL/cm) of the short- or long-tip
AuNF-mADb probes on the conjugate pads. The results showed that 2.0 pL/cm of
short-tip AuNF probes and 0.8 pL/cm of long-tip AuNF probes are sufficient to
achieve the nearly same signal intensities on the T line for short-tip AuNF-based strip
(ODr = 307) and long-tip AuNF-based strip (ODt = 311), respectively. Then, the
cut-off limits of three kinds of strips for visual qualitative detection were determined.
The Fig. 4D indicates that the cut-off limit of AuNS-based strip was 5 ng/mL,
whereas those of the short- and long-tip AuNF-based strips were 3 and 2 ng/mL,
respectively. The quantitative performances of the three types of strips including the
interpretation time, 1Cso, and LOD, were also evaluated. As shown in Fig. 3B, the
constant T/C values of AuNS-, short-tip AuNF-, and long-tip AuNF-based strips were
observed after 17, 15, and 12 min, respectively. Thus, the interpretation times of
AuNS-, short-tip AuNF-, and long-tip AuNF-based strips for quantitative analysis
were 17, 15, and 12 min, respectively. Long-tip AuNFs as labeled probes showed a
higher immunological kinetic efficiency, and therefore, were more suited for on-site
detection in food safety monitoring. The quantitative standard curves of three kinds of
strips for OTA detection were described by a logistic four-parameter equation (Fig.
4A, 4B, and 4C). The regression equation of AuNS-based strip is y = 145.6914/[1 +
(x/2.9255)19°41-1.8735 (R* = 0.9903), where y is the competitive inhibition rate
(1-B/By) x 100% and x is the OTA concentrations from 0 ng/mL to 5 ng/mL. The ICs

of AuNS-based strip was 1.68 ng/mL (n = 5), and the LOD was 0.29 ng/mL according
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to a 10% OTA competitive concentration. The ICsy values of the short-tip AuNF- and
long-tip AuNF-based strip were calculated using their regression equations as 0.84
and 0.61 ng/mL, and the LOD values were 0.10 and 0.07 ng/mL, respectively. The
above results indicated that long-tip AuNFs exhibited the most significant advantages
in improving sensitivity, as well as the immunological kinetic efficiency of the strip.
These distinctive advantages of long-tip AuNFs as labeled probes in ICA can be
attributed to two aspects including their higher molar extinction coefficient and higher
affinity as labeled probes. In addition, cost is also an important consideration for strip
production. In the present study, the amounts of long-tip AuNFs and anti-OTA ascitic
fluids for each strip were 0.32 fmol and 0.29 pg, which is only 20% consumption of
conventional AuNS-based strips. Thus, using long-tip AuNFs as an alternative to
conventional AuNSs for labeled probes require lower costs for large-scale strip

. 3132
production.””
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4. Conclusions

In this work, we demonstrated that the morphology of AuNPs can significantly
influence the detection performance of ICA. Long-tip AuNFs as labeled probes in
ICA show improved performance in sensitivity and immunological kinetic efficiency
compared with the ICA based on conventional AuNSs as labels. The cut-off limit of
the long-tip AuNF-based strip for visual inspection reached 2 ng/mL, which is
2.5-fold lower than that of conventional AuNS-based strip. The ICsy and LOD of the
long-tip AuNF-based strip are also 2.75, and 4.14 times lower than those of the
conventional AuNS-based strip. In addition, the consumption of the AuNPs and
antibodies for each long-tip AuNF-based strip are only 20% of the AuNS-based strip,
which helps reduce the manufacturing costs of large-scale strip production. In
summary, long-tip AuNFs exhibit significant application potential as an alternative to

traditional AuNSs for labeled probes in the ICA platform.
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Table 1. Optimization of the parameters of the AuNS-based strip™

No The dispensation rate of The concentration of OD value OD value on The competitive

AuNS-mADbs on the OTA-BSA on the test on the test the control inhibition ratios,

conjugation pad (uL/cm) line (mg/mL) line line (1-B/By) x 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 3443 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 3252 494.3 56.9

Notice: * The labeled amounts of anti-OTA ascitic fluids per mL AuNS solution (50

pmoL/L) was 4.5 pg; * The optimal combinations.
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Figure Captions

Scheme 1. Schematic demonstration of the length of tips of AuNFs on the detection
performance of immunochromatographic assay.

Figure 1. Characterization of AuNSs and AuNFs. A—C: TEM images of AuNSs,
short-tip AuNFs, and long-tip AuNFs. Inset: Corresponding single particle images and
photographic images of the as-synthesized AuNP solution; D: UV-visible spectra of
the three types of AuNPs (solid line) and AuNP-mAD probes (dash line).

Figure 2. Preparation and characterization of AuNS and AuNF probes. A:
Optimization of labeling pH of anti-OTA ascitic fluids on AuNSs and AuNFs ; B:
Optimized saturated labeled amounts of anti-OTA ascitic fluids on AuNSs and
AuNFs.

Figure 3. Immunological kinetics analysis of the ICA strips. A: Immunoreaction
dynamics of ODt and OD¢ of AuNSs, short-tip AuNFs, and long-tip AuNFs against
immunoreaction time; B: Immunoreaction dynamics of the ratio of T/C of AuNSs,
short-tip AuNFs, and long-tip AuNFs against immunoreaction time; Inset: stereogram
of the strips with 2 uL of AuNS-mAb, short-tip AuNF-mAb, and long-tip AuNF-mAb
probes (1 nmol/L).

Figure 4. Calibration curves of strips for different concentrations of OTA. A:
spherical AuNPs based strip; B: short-tip AuNFs based strip; C: long-tip based strip;

D: the stereograms of three types of strips.
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