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Purpose: Rapid detection and diagnosis of diseases facilitate timely and effective treatment of cardiovascular diseases (CVD). The
establishment of a one-step rapid detection method provides a new method for the initial screening and disease risk assessment of
patients with cardiovascular diseases in primary medical units.

Methods: Hollow gold nanoparticles (HGNPs) were synthesized using a cobalt template method followed by use as signal
amplification probes for ultra-sensitive quantitative detection of serum C-reactive protein (CRP). To induce the localized surface
plasmon resonance (LSPR) and improve protein labeling efficiency, we developed a sensitive detection mode by coating polyvinyl-
pyrrolidone (PVP-K30) on the HGNPs, resulting in a significant improvement in detection performance.

Results: Compared to traditional colloidal GNP-based LFTA, PVP-coated HGNPs exhibit a lower visual detection limit of 1 ng/mL,
which a 25-fold decrement compare to using GNPs as the antibody-labeled probe, and the detection limit could be reduced to 0.14 ng/
mL under the quantitative instrument.

Conclusion: The one-step method based on HGNP immunochromatographic strips modified with PVP established in this study can
be used for the detection of CRP and hs-CRP in biological samples. The performance of the immunochromatographic technique
designed in this study was evaluated from the perspective of synthetic markers, and the application conditions of this strip were
screened, verifying its high specificity, indicating that it has high sensitivity and strong detection limit compared to colloidal gold. The
sensitivity of the hollow gold immunochromatographic test strip in this article has been increased by about 25 times, providing a new
method for rapid detection of CVD in clinical diagnosis.

Keywords: C-reactive protein, lateral flow immunoassay, hollow gold nanoparticles, in vitro diagnostics, polyvinylpyrrolidone

Introduction

Cardiovascular disease (CVD) is one of the leading causes of death in the world. It is a chronic disease that develops gradually
over a lifetime. Symptoms usually occur only in advanced disease, and in severe cases, major cardiovascular events such as
acute myocardial infarction, stroke and pulmonary embolism occur. The World Health Organization estimates that CVD
causes about 30,000 deaths every day. In China, cardiovascular diseases account for the first place in the total death causes of
urban and rural residents, accounting for 46.74% in rural areas and 44.26% in urban areas.' With the younger age of tobacco
use, poor diet and lack of exercise, cardiovascular diseases are becoming more popular in young ages.” The economic burden

brought by cardiovascular diseases to residents and society is increasing gradually, and it has become a major public health
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problem. Therefore, early detection, diagnosis, and treatment are important for slowing the progression of cardiovascular
disease to advanced stages and improving overall outcomes. Electrocardiograms and cardiac magnetic resonance (CMR) are
often the gold standard for diagnosing certain cardiovascular diseases, but the application of these assistive tools are limited by
high cost, high requirements for technical expertise, and is not suitable as a screening tool for the general population.®* This
brings a lot of difficulties to early diagnosis of CVD and seriously affects the recovery of patients. In order to break through the
current bottleneck, emerging technologies such as immunochromatography and microfluidic technology have the advantages
of low cost, simple instruments, and easy integration, and have been developed to a relatively mature level.* They play an
important role in the early prevention, diagnosis, and treatment of cardiovascular diseases. However, considering the
application situation, microfluidic technology still has certain limitations.

Inflammation is an important player in chronic disease and cardiovascular disease.” The presence of chronic low-grade
inflammation also should be noted because immune senescence during aging leads to a higher incidence of metabolic and
cardiovascular complications in the elderly. C-reactive protein (CRP) is an acute reactive protein (APRP) synthesized by the
liver that can react with the C-polysaccharide in the Streptococcus pneumoniae capsule.® It is part of the non-specific immune
mechanism, and its main biological function is to activate the classical pathway of complement by binding to ligands
(phosphocholine of apoptotic and necrotic cells, or invading bacteria, fungi, parasites, etc.), enhance leukocytophagocytosis,
and stimulate the activation of lymphocytes or monocytes/macrophages as opsonins. Furthermore, serum CRP is an excellent
biomarker of CVD and a strong and independent predictor of adverse cardiovascular events.”* These will cause damage to the
intima of blood vessels, cause a large release of inflammatory substances, promote the interaction between blood leukocytes
and endothelial cells, and thus lead to and promote the occurrence and development of cardiovascular diseases.”'® Usually, the
concentration of CRP in the serum is very low (<5 mg/L), and CRP rapidly increases when the body experiences infections,
tissue damage, and inflammatory diseases. After the disease is cured, the content of CRP rapidly decreases and recovers within
aweek.'" In routine clinical tests, CRP is an excellent tool for rapid and early diagnosis of bacterial or fungal infections, with
pathological CRP exceeding 10-15 mg/L in the case of infection, the detection range of CRP is generally 10-150mg/L,
because the lack of high sensitivity is not enough to predict the normal range of low-degree inflammatory reactions (such as
CVD).'? C-reactive protein with high sensitivity (hs-CRP) is a kind of CRP with higher sensitivity and lower detection limit,
which makes the determination of low concentration CRP more accurate. '

The most promising biosensing approaches for CVD biomarkers are immunoassays, sandwich immunoassays, and
competitive immunoassays, in which either enzyme labels or synthetic agents are used as signal reporters.'* Lateral flow
immunoassay (LFIA) has gained increasing attention and emerged as the most prominent point-of-care test (POCT) in
the past two decades with fewer processing steps and shorter analysis time.'>'® Based on their unique properties, gold
nanoparticles (GNPs) have been widely used as a detection probe in LFIA for medical diagnosis, drug testing,'”'° food
safety,”® and other protein tests. Although the use of GNPs simplifies the detection of biomolecules, traditional GNPs-

based LFIA techniques are highly dependent on the visual intensity of GNPs deposited on the membrane surface.*'**

23,24

Moreover, GNPs as probes hardly provide better sensitivity to fit the diagnostic requirement, which only could be

used to provide qualitative or semi-quantitative results (yes/no or positive/negative) and easily caused a visual error.>2°
While innovative research efforts continue to improve the detection performance of GNPs-based LFIA, it still cannot be
satisfied in the application of key factor detection, such as inflammation or infectious disease diagnosis.

Due to the optical properties of AuNPs being highly dependent on their shape,?’” we proposed HGNPs with a porous
and hollow structure could be a potential alternative material for LFIA. Compared to traditional GNPs, HGNPs exhibit
greater light extinction performance due to the shell of nuclear resonance between produced electromagnetic field
enhancement and local surface plasmon resonance, resulting in the extinction of intense light at visible wavelengths.
In addition, the colloid stability of HGNPs is significantly higher than that of GNPs of the same size. The HGNPs with
promoted total surface area and increased number of binding sites on the rough surface of hollow gold, which is
conducive to improving the conjugation rate of immobilized antibodies. The above advantages allow for a higher signal-
to-noise ratio (blue-black/white) and a clearer color signal when the same number of nanoparticles are gathered.

To ensure the colloidal stability of GNPs, the labeled pH is usually more alkaline than the isoelectric point of the protein to
be labeled which reduced the binding ability to the target protein due to interrupting the formation of the Au-S bond.
Therefore, we consider using polyvinylpyrrolidone (PVP) to improve the colloidal stability of HGNPs. PVP is an amphiphilic
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polymer that can be used to disperse nanoparticles in water and organic solvents. PVP coating onto the surface of a colloidal
particle as a dispersant shell has been used to stabilize colloidal particles independent of ionic strength, pH value, and solvent
polarity,?® as it can create steric repulsions upon compression of neighboring polymer chains. PVP-coated HGNPs could not
only conjugate with antibodies without affecting its activity but also maintain the protein absorption efficiency independent of
the protein isoelectric point, suggesting their advantages in LFIA immunochromatography.

In this study, we developed a one-step method based on immunochromatographic strips containing PVP-modified
HGNPs (Scheme 1A) as a detection label for the LFIA assay to high sensitivity detection of CRP and hs-CRP in
biological samples (Scheme 1B). PVP@HGNPs possess a stronger plasma signal and excellent colloid stability. PVP-
coated HGNPs exhibit a lower visual detection limit of 1 ng/mL, which a 25-fold decrement compared to using GNPs
as the antibody-labeled probe, and the detection limit could be reduced to 0.14 ng/mL under the quantitative
instrument. Our study paves the way for rapid, highly sensitive, and convenient POCT for CRP detection in clinical
diagnosis.

Materials and Methods

Materials and Instruments

Chloroauric acid was purchased from Shanghai Chemical Reagent Co., Ltd., sodium borohydride and sodium citrate from
Nanjing Chemical Reagent Co., Ltd., bovine serum albumin (BSA), trehalose and phosphate buffered-brine (PBS) from Yuan-
Ye Biological Co., Ltd., sodium chloride, sucrose, polyvinylpyrrolidone from Gansu Science Co., Ltd., CoCl, was purchased
from Guangdong Guanghua Sci-Tech Co., Ltd., (Guangdong, China). CRP monoclonal antibody (MC15 and MC18), sheep
anti-mouse IgG antibody (GMI06) and CRP standard substances (CRPO1) were purchased from Hangzhou Qitai
Biotechnology Co., Ltd., Phosphate buffered solution (PBS) was purchased from Jiangsu KeyGEN BioTECH Co., Ltd.,
All other reagents were analytical grade and were used without further purification.

The sample pad, plastic packing, nitrocellulose (NC) membrane, and absorbent pad were obtained from SARTORIUS
Germany. XYZ three-dimensional film spraying instrument and automatic cutting machine were supplied by Shanghai
Jinbiao Biological Technology Co., Ltd.

The serum samples were obtained from Department of Cardiology, Affiliated Hospital of Yangzhou University. The
blood samples are all leftover from cardiovascular disease patients who have undergone necessary physiological and
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Scheme | Schematic demonstration of the process used to detect CRP using HGNPs-LFIA:(A) HGNPs@Abs fabrication. After the synthesis of hollow gold nanoparticles,
PVPK30 was added for stirring modification, and then CRP detection antibodies were modified for subsequent detection.(B) Qualitative analysis platform for the LFIA
systems. After the sample is dropped into the sample plate, the CRP in it is different from HGNPs@Abs Binding, as chromatography proceeds, binds to CRP capture
antibody on the t-line and develops color for observation of results.
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pharmacological analysis in the hospital, and the collection method is consistent with the hospital. All participants gave
their written consent prior to being included in the study. The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of the School of Pharmacy of China Pharmaceutical
University (approval number: 202109001).

Preparation of GNPs and HGNPs

GNPs were prepared using a sodium citrate-reduction method.?’ Briefly, a 1 mL solution of 1% (m/v) sodium citrate was
added to 100 mL boiling deionized water. When the mixture was heated to boiling again, a 1 mL solution of 1% (m/v)
HAuCl, was added rapidly by constant stirring. After the color of the solution changed to wine-red (in about 2 min), the
solution was boiled for another 10 min. After cooling, deionized water was added until the volume reached 100 mL. The
obtained gold colloidal was supplemented with 0.1% (m/v) of P300 and stored at 4 °C.

HGNPs were synthesized by cobalt template method as follows®**': Ultrapure water (100 mL), 2 mL of 0.05
M sodium citrate, and 100 pL of 0.4 M CoCl, solution were consecutively added to a 250 mL round-bottomed flask.
After connecting to a vacuum pump, 1 mL of a 0.13 mM NaBH, solution was added to the flask, followed by stirring for
10 min until the solution darkened. The reaction system will cool down during this process, and water mist may appear.
In this step we first get cobalt nanoparticles. The equation is as follows? (1-6):

2Co*" +4BH,~ + 9H,0 — CoyB + 12.5H, + 3B(OH), (1)
NaBHy + 2H,0 — NaBO;(aq) + 4H, )

Co** (aq) + 2NaBO, — Co(BO,), + 2Na* 3)

2C02B + Co(BO;), — 5C0° +2B,0, + O, — B,03 4)
4CoyB + 30, — 8C0" + 2B,0; (5)

2Co*" +4BH, + 9H,0 — Co,B + 12.5H,(gas) + 3B(OH), (6)

Metallic Co is formed as a Secondary Product. In this process, the preparation of cobalt nanoparticles is the key step. The
particle size and concentration of cobalt nanoparticles obtained by reducing cobalt chloride with sodium borohydride
under the protection of sodium citrate directly determine the subsequent formation of gold nanoparticles: the particle size
of cobalt nanoparticles is too small, and the hollow structure of gold nanoparticles becomes weak and tends to be solid.
On the contrary, when the particle size of cobalt nanoparticles is too large, the wall thickness of gold nanoparticles is too
thin, the particle size is too large, the shape is irregular, and it is easy to break. We then added 500uL of a 25 mM
HAuCly solution to the flask for stirring overnight, the solution will gradually turn black purple and exhibit the Tyndall
effect. The electrochemical replacement reaction between chloroauric acid and elemental cobalt produces a gold shell
which is wrapped on the surface of cobalt nanoparticles, and oxygen is quickly introduced to oxidize the cobalt
nanoparticles in the core, thus forming a cavity structure and preparing hollow gold nanoparticles, The equation is as
follows (7-9):

3C0° + 24uCl; — 24u° +3Co*" + 8CI~ (7)
Co® +0.50, — CoO (8)
3Co0 + 0.502 — C0304 (9)

Followed by the addition of 100 puL of a 20% (w/w) polyvinylpyrrolidone (PVP K30) solution to the reaction and stirring
for 30 min. The final reaction solution was centrifuged for 15 min at 10000 r/min at 4 °C, the supernatant was discarded,
and the precipitate was re-suspended with ultrapure water and stored at 4 °C until use.
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Characterization of HGNPs and GNPs

The HGNPs and GNPs particle size distribution was determined by dynamic light scattering on a Zetasizer Nano-ZS90
analyzer (Malvern Instruments, Malvern, UK). The zeta potentials of prepared HGNP solutions also were determined by
a Zetasizer Nano-ZS90 analyzer. The absorption spectra of HGNPs and GNPs, ranging from 400 nm to 900 nm, were
obtained using a UV-vis spectrophotometer (cat # 8453; Agilent Technologies, Santa Clara, CA, USA) at 25 °C. The
morphology observation of the synthesized HGNPs and GNPs was characterized by transmission electron microscopy
(TEM) (HT7700; Hitachi, Tokyo, Japan) using a charge-coupled device camera operating at an accelerating voltage of
100 kV.

Preparation of GNPs and HGNPs Labeled CRP detection antibody

The labeling procedure for the MC18 protein coupled to GNPs follows these steps. First, 1 mL of the GNPs solution was
adjusted to pH 8.5 using 0.1 M K,COj; solution, after which 25 pL of 0.2 mg/mL MCI18 protein solution in PBS was
added to the GNPs solution and incubated for 25 mins. After adding 10% BSA 100uL and incubating for 20 mins, the
GNPs suspension was centrifuged at 7500 rpm for 20 mins at 4 °C. The precipitate of the GNP-labeled MC18 protein
was resuspended in 50 pL of stabilizing buffer (20 mM Tris (pH 9.2), 0.3% sucrose, and 0.05% PEG 20000) and stored
at 4 °C until use. Reaction efficiency of the antibody was calculated using Equations (10).

Ay A4

RE(%) 5 % 100% (10)

0
Where A4, is the total mass of the added antibody, and As is the mass of the antibody in the supernatant.

Labeling of the CRP monoclonal antibody MC18 protein with HGNPs was performed as described previously, with
minor modifications. Briefly, 1 mL of the HGNPs solution was adjusted to pH 3.0 using 0.1 M HCI solution, 10 pL of
a 0.2 mg/mL MC18 solution in PBS was added to a 1 mL 0.05 mg/mL HGNPs solution and incubated for 20 mins. We
then added 10% BSA 100 pL and incubate for 20 mins, followed by centrifugation at 8500 rpm for 15 min at 4 °C. The
HGNPs precipitate was resuspended in 50 pL of the stabilizing buffer (3%BSA, 5% trehalose, 5% sucrose, 0.1% P300 in
0.01 M Tris-HCI) and stored at 4 °C until use.

Determination of the Time for Hollow Gold Labeled Antibodies

Adequate reaction time can ensure that the antibody is firmly coupled to the hollow gold surface, but prolonged
incubation time can lead to increased non-specific adsorption. Therefore, we need to choose an appropriate reaction
time. In this study, we investigated the T line, C line, and OD1/ODc changes at 10, 15, 20, 25, and 30 minutes of labeling
time to determine the optimal labeling time.

Determination of Sealing Time for Hollow Gold Nanoparticles

Sealants can reduce non-specific binding and the occurrence of false positives, but prolonged closure can also affect
experimental results. In this study, we investigated the changes in T line, C line, and OD1/OD¢ at 10, 15, 20, 25, and 30
minutes of labeling time to determine the optimal labeling time.

Preparation for LFIA

LFIA preparation was carried out as previously described.’*** The LFIA has the following sections: NC membrane,
plastic packing, conjugate pad, sample pad, and absorbent pad. The conjugate pad was treated with a buffer (3% BSA,
5% trehalose, 5% sucrose, and 0.1% P300 in 0.01 M Tris-HCI; pH=6.5) and dried at 60 °C for 2 h. Similarly, the sample
pad was treated with a buffer (0.2% BSA, 1% trehalose, 5% sucrose, 0.3% PVP K30, and 0.1% P300 in 0.01M Tris-HCI)
and dried at 60 °C for 2 h. The detector reagent (HGNPs@MADb conjugate) was applied onto the conjugate pad using
a BioDot platform at a jetting rate of 7.5 puL/cm and dried at 37 °C for 30 min. The capture reagent (CRP MAb
conjugate) and goat anti-mouse IgG antibody were composed of T and C lines positioned at a 7-mm interval. The CRP
MAD conjugate (1.5 mg/mL) and goat anti-mouse antibody (1.7 mg/mL) were spotted into the NC membrane at 0.9 pL/
cm and 0.8 pL/cm, respectively, to form the T and C lines. The NC membrane was dried at 37 °C under a vacuum for 3
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h. Using a ZQ2002 guillotine, the NC membrane, the probe-conjugated pad, the sample pad, and the absorbent pad were
subsequently attached to the plastic backing and cut into 4 mm wide immunochromatographic strips. The obtained LFIA
was then stored at 25 °C in silica gel (desiccant)-containing plastic bags.

Preparation of CRP and Samples

For HGNPs-LFIA, a series of concentration gradients were designed. A standard CRP solution was prepared by adding
standard CRP to 0.01 M PBS at final concentrations of 0 (as a negative control), 0.25, 0.5, 1.0, 2.5, 5.0, 7.5, 10.0, 25.0,
50.0, 75.0, and 100.0 ng/mL. For GNPs-LFIA, the concentration gradient ranges from 0 (as a negative control), 5.0, 7.5,
10.0, 25.0, 50.0, 75.0, 100.0, 125.0, 150.0, 200.0, and 250.0 ng/mL.

Collection of CRP Serum Samples

CRP levels in human serum samples were detected using the same protocol. To produce samples with values within the
dynamic range of the measurement, plasma or serum samples must be diluted 1:1000 with 0.01 M PBS sample dilution buffer.
Plasma samples were obtained by centrifuging at 2500 g for 15 min at 4 °C, and serum samples were stored at —80 °C.

CRP Quantification Using the HGNPs-LFIA
To demonstrate the sensitivity of the HGNPs-LFIA platform, CRP protein was quantified using the HGNPs-LFIA
system. Briefly, 120 uL of CRP standard solution at varying concentrations (in 0.01 M PBS) were added to the well
of the sample pad. Following 15 min of incubation, the optical density (OD) values of the test (ODt) and control (ODc¢)
lines were determined using an optical quantitative analyzer (Wuhan Zhongrui Biotechnology Co., Ltd., China). The
CRP quantitative analysis standard curve was established by plotting the (OD1/OD¢) curve.

To obtain analytical sensitivity, we assessed limit-of-detection (LOD), which is defined by the American Chemical
Society as the lowest reliably detectable concentration. There are common LOD calculation methods when a calibration
curve is already available. [UPAC Method.* by Eq. (11):

XL :XB+KSB7 CL:ksB/m (11)

Here, X; is the smallest measure (signal at LOD), X3 is the mean blank signal, and k is a numerical factor chosen
following the confidence level (K = 3 for 99.86%, K = 2 for 97.7% with normal distribution), Sg is the mean blank
sample standard deviation, m is the slope of the calibration curve, and C; is the LOD.

Statistical analysis was performed using Bland-Altman methods®®’

(comparing two groups of data detected by
immunoturbidimetry and HGNPs-LFIA) with a minimum confidence level of 0.05 for significant statistical differences.

All values are reported in terms of mean and standard deviation.

Statistic Analysis

Statistical analysis was performed using a standard Student’s #-test and One-Way ANOVA with a minimum confidence
level of 0.05 for significant statistical differences. All values are reported in terms of mean and standard deviation. Data
were expressed as mean = SD and at least triplicate independent experiments were carried out. Data were analysed using
Prism 8.0 software (GraphPad, La Jolla, CA).

Results and Discussion
The optical and colloidal properties of GNPs are critical for the sensitivity and stability of the LFIA assay. However, the
size and shape of GNPs have a significant impact on the surface plasma resonance (SPR) band, colloidal stability, color,
and optical absorption intensity. In this study, conventional GNPs and HGNPs were synthesized using citrate reduction
and cobalt template methods, respectively.zg*31

GNPs and HGNPs had maximum SPR absorptions at 528 and 607 nm, respectively, which is consistent with the
optical color observed (red and blue for GNPs and HGNPs, respectively) (Figure 1A). The extinction coefficient of
HGNPs increases approximately 2.62-fold at the same concentration, the concentration of HGNPs is determined by

Atomic Absorption Spectroscopy (AAS) and was 47.71+0.30 pg/mL. To further assess colloidal stability, all GNP
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days). (C) Size distribution and TEM image (insert) of the GNPs. (D) Size distribution and TEM image (insert) of the HGNPs.

solutions were long-term stored at room temperature. As shown in Figure 1B, GNPs had clear stratification after 21 days
of storage, whereas the HGNPs exhibited no flocculation or aggregation in the solution. It indicates that GNPs have slight
sedimentation aggregation, while HGNPs have a certain stabilizing effect due to the modification of PVP, and the
aggregation phenomenon is not obvious. Figure 1C and D show the size distribution of GNPs and HGNPs as determined
by the Zetasizer Nano-ZS90 analyzer using dynamic light scattering. The average particle sizes of GNPs and HGNPs
were determined to be 21.40 + 0.854 nm and 69.263 + 1.737 nm, respectively, with polydispersity indices of 0.342 +
0.023 and 0.164 + 0.015. TEM images revealed that the resultant GNPs were relatively uniform spheres, whereas the
synthesized HGNPs were uniform and orderly hollow nanospheres with a rough surface and a 5 mm thick PVP layer.
It was found that the pH of the reaction buffer and the surface chemistry properties of the GNPs could influence the
adsorption and bioactivity of antibodies.*® The characteristics and immunoreaction dynamics of HGNPs@Abs were shown in
Figure 2. The labeling efficiency of the protein was qualitatively investigated by Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) under different pH conditions, SDS-PAGE results are shown in Figure 2A. pH=5.5 is a labeled
environment that has not been acidified, two bands appeared at 55 and 30 kDa, which represent the heavy chain, Cyxl, and the
light chain, Vy, of anti-CRP Abs respectively, which was reduced by 2-mercaptoethanol in the loading buffer. Anti-CRP Abs
standard also yielded two bands, which were not detected in samples containing unlabelled HGNPs, indicating that the
surfaces of the HGNPs were successfully modified with anti-CRP Abs. In addition, it has the deepest band color under
acidification pH=3.0, which indicates that the labeling efficiency is the highest under this condition. The effect of the pH of the
HGNPs on the sensitivity of the strip during labeling is shown in Figure 2B. The optical density of the C line and T line was
significantly enhanced after acidification with HCI, with a maximum pH of 3.0. However, significant differences in OD/OD¢
values were not found when the pH varied between 2.0 and 4.5. This is consistent with the results indicated by SDS-PAGE.
The aforementioned findings support the utilization of a running buffer with a pH value of 3.0 for the recognition of
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Figure 2 (A) SDS-PAGE analysis of HGNPs@Abs under different label pH conditions. (B) Effects of label pH value on the ratio of OD+/OD¢. (n=3) (C) TEM image of the
HGNPs@Abs. (D) the surface plasmon bands of HGNPs and HGNPs@Abs probes. (E) Size distribution of the HGNPs and HGNPs@Abs. (n=3, **P<0.01, ****P<0.0001)
(F)iImmunoreaction dynamics of OD+/ODc at different CRP spiked concentrations (0, 5.0, 10.0 and 25.0 ng/mL). (G) The selectivity of the HGNPs-LFIA assay for three
potential cross-reactant samples. (n=3, ****P<0.0001).

HGNPs@ADbs probes and CRP protein. These data indicate that, under the action of PVP, HGNPs remain stable in a strong
acid environment, and because the pH of the solution is below the isoelectric point of the protein, the antibody to be labeled
can be combined with HGNPs via strong electrostatic adsorption, which significantly improves the labeling efficiency of
HGNPs.
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The orientation of immobilized antibodies influences the possibility and efficiency of their interaction with antigenic
sites.>® In the corresponding TEM, it could be seen that under optimal labeling conditions, the antibody adhered to the
surface of the HGNPs, forming a uniform distribution like flowers (Figure 2C). The surface plasmon bands of
HGNPs@Abs were broadened and the red-shift was 9 nm (607-616nm) under optimal labeling conditions, the
corresponding redshift was only 6nm (607—610nm) in the unacidified condition (Figure 2D). This was due to modifica-
tion by the antibody, which changes the refractive index around the HGNPs.** Figure 2E showed the size distribution of
HGNPs and HGNPs@Abs under unacidified and optimal pH conditions as determined by the Zetasizer Nano-ZS90
analyzer using dynamic light scattering. The average particle sizes of HGNPs, HGNPs@Abs (pH=5.5), and
HGNPs@Abs (pH=3.0) were determined to be 69.263 £+ 1.737 nm, 83.507 £ 0.995 nm, and 96.810 + 4.932 nm. The
above evidence was sufficient to confirm the previous findings and indicates that the anti-CRP Abs were successfully
attached to the surface of the HGNPs. The connection ratio between CRP antibody protein and Au under the mark
condition of pH=3.0 was 72.3 £ 9.0%, but in the pH=5.5 labeled environment, the protein binding rate was only 32.0 £+
4.6%. So we select the condition of pH=3.0 as the label environment in subsequent operations. At the same time, by
adding the amount of antibodies and the binding rate between antibodies and gold nanoparticles, it can be calculated that
the amount of antibody labeling under the optimal pH conditions is 3.615 + 0.450 ug.

The main factors affecting the sensitivity of immunochromatographic strips are (1) the number of mAbs on the surface of
the HGNPs; (2) the volume of the mAbs-HGNPs in the conjugate pad; and (3) the concentration of the captured antibody
conjugate on the test line. Therefore, an orthogonal L9” test was performed to optimize the aforementioned parameters.*' The
ODs on the test and control lines, as well as the OD1/ODc ratio, were used to determine the optimal parameters. The
orthogonal test analysis results presented in Table 1 demonstrate that the optimal combination was as follows:

The interpretation time may influence the accuracy of the quantitative analysis. To determine the optimal time for
interpretation, kinetic curves of the OD1/OD¢ against immunoreaction time were established under varying CRP spiked
concentrations. As shown in Figure 2F, the ratio of OD1/OD( reached a constant value after 15 min of run time, despite higher
CRP concentrations. These results indicate that the 15-min incubation was necessary for LFIA quantitative analysis.

From the experimental results in Table 2, it can been seen that the labeling time of antibodies is not necessarily better,
but rather there exists an optimal labeling time. This might be because when the time is too long, some non-target binding
takes advantage, thereby weakening the binding of the target protein to our hollow gold sensor. After considering the
brightness of the C-line and T-line as well as the OD1/OD¢ value, we chose an antibody labeling time of 25 minutes.

From the experimental results in Table 3, it can been seen that the incubation time of the sealing agent is not
necessarily better, but rather there exists an optimal time. It can be found that after 20 minutes, the OD1/OD( value does
not significantly increase, but the stability also decreases. After considering the SD value and OD1/OD¢ value, the
sealing agent incubation time is selected as 20 minutes.

Table I The Analysis Results of the Orthogonal Test (HGNPs)

No | The Volume of | The Quality of The Concentration of | The ODs | The ODs OD+/ODc
MCI18-HGNPs | Detection Capture Antibody of Test of Control | (%)
(pL) Antibody (ng) (pL/cm) Lines Lines
[ 1.5 1.5 1.3 303 1142 0.2653
2 1.5 2 1.5 322 111.3 0.2893
3 1.5 25 1.7 34.0 109.9 0.3093
4 3.0 1.5 1.7 44.7 118.2 0.3781
5 3.0 2 1.5 50.3 122.8 0.4096
6 3.0 25 1.3 43.9 1234 0.3557
7 45 1.5 1.5 48.1 124.9 0.3851
8 45 2 1.7 49.5 123.5 0.4008
9 45 25 1.3 473 126.5 0.3739

Note: The bold font represents the optimal parameters of the HGNPs-LFIA.
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Table 2 Results of Screening for Antibody Incubation Time

No. | Mark The ODs of The ODs of OD+ SD
Time(mins) | Test Lines Control Lines 10D¢(%)
| 10 35.8 64.5 0.5550 0.0051
2 15 45.75 74.73 0.6041 0.0048
3 20 46.33 76.56 0.6051 0.0039
4 25 49.43 78.3 0.6312 0.0125
5 30 48.10 80.75 0.5956 0.0090
Note: The bold font represents the optimal parameters of the HGNPs-LFIA.(n=3).
Table 3 Screening Results of Incubation Time for Sealing Agents
No. | Incubation The ODs of | The ODs of OD+ SD
Time(mins) Test Lines Control Lines | /OD¢(%)
[ 10 11.20 49.50 0.2263 0.0022
2 15 14.20 54.90 0.2586 0.0063
3 20 19.33 60.58 0.3191 0.0008
4 25 17.83 55.47 0.3214 0.0068
5 30 18.62 57.76 0.3223 0.0053

Note: The bold font represents the optimal parameters of the HGNPs-LFIA.(n=3).

To further evaluate the potential cross-reactivity of the HGNPs-LFIA platform in CRP protein detection, three
samples of potential cross-reactants (hemoglobin, bilirubin, and glycerin trilaurate) were tested. No false-positive results
were observed, indicating that the developed HGNPs-LFIA platform for CRP detection is highly specific (Figure 2G).

As a marker of cardiovascular disease (CAD), CRP indicates the risk of CAD when its serum concentration ranges from
1 pg/ mL - 10 pg/mL,** the critical value is 1pg/mL. In order to reduce non-specificity during the actual test, the sample is
diluted one thousand times with PBS, so the corresponding critical value is 1ng/mL. This requires that the sensitivity of the
detection technology can reach 1ng/mL, which is to achieve a balance between specificity and practical detection needs.
Figure 3A presented images of HGNPs-LFIA and GNPs-LFIA strips for various concentrations of CRP in PBS under
optimal experimental conditions. The HGNPs-LFIA sterecogram demonstrates that the blue band on the test line becomes
stronger as the CRP concentration increases from 0 ng/mL to 100 ng/mL. In the case of GNPs-LFIA, it was 0 ng/mL to 250
ng/mL, indicating that the visual dynamic detection limit of HGNPs-LFIA was 1 ng/mL, while GNPs-LFIA was 25 ng/mL.
From the visual inspection line results, it can be seen that hollow gold has a very excellent improvement in sensitivity
compared to colloidal gold, which means that hollow gold can be applied to more flexible scenarios and has a great market
prospect. The proposed HGNPs-LFIA displays linearity over the range of 1 — 100 ng/mL in high sensitivity mode, and the
calibration equation was determined to be y=130.11x?-48.164x+3.9458 with a reliable correlation coefficient (R*=0.9831).
The error bars are based on three duplicate measurements at different CRP concentrations. We found that the HGNPs-LFIA
platform has a simple and accurate linear relationship at low concentrations. The calibration equation was determined to be
y=22.289x-0.144 with a reliable correlation coefficient (R*=0.9971) in the range of 0-10 ng/mL (Figure 3B-D). In
comparison, the calibration curve of GNPs-LFIA was also plotted under optimal experimental conditions. The calibration
equation was determined to be y=0.0026x+0.0779 with a reliable correlation coefficient (R*=0.9792) in the range of 0 — 250
ng/mL (Figure 3E and F). These results demonstrated that using HGNPs as a colored probe instead of conventional 20 nm
GNPs increased the sensitivity of the LFIA for CRP detection by approximately 25-fold.

The precision and accuracy of the developed HGNPs-LFIA were evaluated by analyzing the recoveries of three
spiked extracts with CRP final concentrations of 1 ng/mL, 5 ng/mL, and 10 ng/mL. Experimental results shown in
Table 4 indicate that the average recoveries (n=5) for intra-assay trials ranged from 94.8% to 111.0% with CVs ranging
from 3.5% to 14.3%, while the inter-assay recoveries ranged from 87.6% to 95.0% with CVs from 9.1% to 12.6%. The
acceptable recoveries and low CV reveal that the new HGNPs-LFIA system is suitable for CRP quantitative analysis.
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Figure 3 (A) Representative photographs are taken from the LFIA of CRP standards. The asterisks indicate detection limits by the naked eye. (B) Calibration curves of the
HGNPs-LFIA strips for different concentrations of CRP. Fit curve of HGNPs-LFIA, |-10ng(C), I-100ng(D). (E) Calibration curves of the GNPs-LFIA. (F)Fit curve of GNPs-LFIA.
(G) Determination of the cutoff value of HGNPs-LFIA for serum CRP detection through mean test value of NC+3 standard deviation (SD). (H) A Bland-Altman methods analysis
between HGNPs-LFIA and immunoturbidimetry methods in the detection of serum CRP for Seven clinical samples at different concentrations (95% confidence intervals).

To validate the sensitivity of HGNPs-LFIA detection in plasma, normal human serum was used as a negative control

(NC), and a serum sample with an appropriate amount of CRP standard (10 ng/mL) as a positive control (PC) in the
HGNPs-LFIA assay. The LOD for serum CRP was 0.14 ng/mL based on the mean concentration plus 3 times the
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Table 4 The Precision and Accuracy of the HGNPs-LFIA

Sample (ng/mL) Intra-Assay Precision Inter-Assay Precision

Mean % SD (ng/mL) Accuracy (%) CV (%) Mean % SD (ng/mL) Accuracy (%) CV (%)

| I.11 £0.09 111.0% 8.1% 0.95 £ 0.12 95.0% 12.6%
25 2.37 £0.23 94.8% 9.7% 2.19 £ 024 87.6% 10.9%
10 10.28 + 0.36 102.8% 3.5% 9.30 £ 0.85 93.0% 9.1%

Table 5 Accuracy of HGNPs-LFIA in Detecting Clinical Serum

Samples
Sample | Immunoturbidimetry | HGNPs-LFIA | Relative
No. (ng/mL) (ng/mL) Deviation
| 4.59 4.70+0.74 2.51%
2 8.67 8.43+1.44 —2.75%
3 14.62 16.07+2.98 9.92%
4 21.72 23.93+£3.46 10.44%
5 39.02 40.60+7.23 4.10%
6 53.14 54.36+6.87 2.57%
7 79.53 76.31+5.06 —3.41%

Notes: Serum samples were obtained from the Affiliated Hospital of Yangzhou
University. The measurement result is the concentration of CRP. When measuring
HGNPs LFIA, all samples measure three times in parallel.

standard deviation from 10 negative CRP samples (Figure 3G), which is approximately 170 times better than the visual
LOD (vLOD; 25 ng/mL) previously reported for GNPs-LFIA.

To validate the diagnostic accuracy of the HGNPs-LFIA technique, seven clinical plasma samples were collected
from the Affiliated Hospital of Yangzhou University. The immunoturbidimetry diagnostic kit was used as a reference.
Immunoturbidimetry was used to determine the various concentrations of CRP in plasma. Human serum with varying
concentrations of CRP was applied to HGNPs-LFIA under optimized conditions. The samples containing human CRP
spiked in serum that had been diluted by a factor of 1000 in PBS were used to perform the CRP detection experiments.
The results presented in Table 5 indicate that the two methods had a positive correlation (r=0.987). A Bland-Altman
methods analysis as shown in Figure 3H, the consistency limit of the Bland Altman method (—7.9332, 1.9906) did not
exceed the professional value of —13.5 to 7.5, indicating that the CRP level in serum in the 7 clinical serum samples
showed a very strong concordance between the HGNPs-LFIA and Immunoturbidimetry test results. These findings
suggest that the proposed method has a high potential for analyzing CRP levels directly in clinical plasma samples.

To the best of our knowledge, HGNPs were introduced as a signal-amplification reagent for LFIA systems due to their
large size, high molar extinction coefficient, and outstanding colloidal stability. Under optimized conditions, HGNPs-
LFIA were found to be 25 times more sensitive than GNPs as a colored probe. The LOD of the proposed quantitative
strip was found to be as low as 0.14 ng/mL for CRP. Therefore, the HGNPs can be used as a novel signal-amplification
probe in LFIA systems, with great potential for use in the ultra-sensitive detection of chemicals in clinical diagnostics.

Conclusion

The LFIA platform has been widely used in various aspects such as cardiovascular disease and other diseases, including
disease prevention, diagnosis, treatment, and prognosis. However, there are still some problems, such as false positives
caused by non-specific binding, difficulty in meeting detection requirements due to the optical properties of colloidal gold
itself, and issues with specificity and stability. These can affect the accurate judgment of disease progression, ultimately
leading to delayed diagnosis of the disease and poor prognosis. Compared to commonly used colloidal gold, hollow gold
has a larger particle size, is less prone to aggregation, and is a porous structure with a larger specific surface area and
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greater affinity for functional molecules. Therefore, it can significantly increase the loading capacity of functional
molecules, thereby improving the detection threshold of disease markers and avoiding the occurrence of false positives.
We utilized the characteristics of hollow gold to develop an HGNPs LFIA platform based on hollow gold nanomaterials,
and studied the process parameters. The HGNPs-LFIA platform we developed will be applied to the detection of serum
CRP protein in patients with cardiovascular diseases. The results showed that the detection sensitivity of the HGNPs
LFIA platform was 25 times higher than that of colloidal gold (GNPs LFIA platform), and it had a good linear
relationship and specificity, which indicates that our developed HGNPs LFIA platform is an excellent serum CRP
detection strategy. In addition, due to the simple synthesis and low manufacturing cost of hollow gold nanoparticle
materials, as well as the convenient detection methods of the developed HGNPs LFIA platform, this means that hollow
gold test strips (HGNPs LFIA platform) have huge market prospects and competitive advantages.
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