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COVID-19 remains as a major threat to human society. A reliable, sensitive, rapid, and low requirement assay for
serum neutralizing antibodies is needed as a pandemic management tool for estimation of revaccination time and
implementation of “immune passport”. Using gold nanoparticle (AuNR) as an immunosensor, we have estab-
lished a semi-quantitative, instrument-free assay for measuring antibody level against SRAS-CoV-2 spikel (S1)
receptor binding domain (RBD) from fingertip blood samples. The testing results by the developed method

correlated well with those obtained from conventional ELISA assay, indicating reliable quantitation could be
achieved without use of plate reader. A declined of immunoglobulin G (IgG) antibody associated with vacci-
nation time was observed, which agreed well with the data from other reports. The developed method provides a
potentially complementary strategy for on-site measurement of COVID-19 antibodies.

1. Introduction

The first documented coronavirus pandemic has entered the third
year and remains as the top threat to public health [1,2]. Global efforts
are being made to build an immune barrier against COVID-19 by mass
immunization worldwide, which aims to provide sufficient specific an-
tibodies to neutralize the virus. Individual variations exist and affect
concentration of neutralizing antibodies [3,4]. A dropping trend of
antibody levels in vaccinated people and recovered COVID-19 patients
along the time have been reported [5]. Current golden standard to
quantitate the neutralizing power of antibodies requires intact viral
particles and live cells, along with specialized laboratory and sophisti-
cated lab equipment [6], which weakens its wider application in terms
of cost and expertise [7]. Therefore, a reliable, sensitive,
high-throughput, and low requirement assay for serum neutralizing
antibodies is needed as a pandemic management tool, which would be

beneficial for estimation of revaccination time as well as implementa-
tion of “immune passport” [8].

Anti-SARS-CoV-2 serum antibody measurements have been achieved
by enzyme-linked immunosorbent assay (ELISA) [9], lateral flow
immunoassay (LFIA) [10], and chemical or fluorescence illuminescent
approaches [7]. However, assays except AuNR based LFIA rely specific
device, while AuNR based LFIA lacks quantitation information. ELISA
remains as top choice for rapid detection and obtained FDA emergency
use authorizations for COVID-19 serodiagnosis [11]. While qualitative
change of ELISA could be recognized, it requires microplate reader for
quantitation due to limited sensitivity of human eye to same color scale.

The unique photoelectric and surface properties of AuNR have made
it attractive in colorimetric detection [12]. The optical signals of AuNR
could be manipulated by adjusting its aspect ratio with great dynamic
range [13,14]. Our previous studies demonstrated that the 3,3,5,
5’'-tetramethylbenzidine (TMB2+) ions generated by Horseradish
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Peroxidase (HRP) quantitatively etch AuNR to induce color change
recognizable to human eyes [14,15].

In the presented study, we established an AuNR based, equipment-
free, semi-quantitative assay of IgG antibodies against SARS-CoV-2
Spike RBD domain, and applied it for fingertip blood samples from
vaccinated volunteers. Using a naked-eye assigned color index score
(CIS), the assay showed comparable accuracy with conventional ELISA.
A reducing trend of IgG antibody associated with vaccination time was
observed, which agreed with conclusions drawn by standard approaches
from venous blood samples. The developed assay therefore provides a
potentially complementary strategy for on-site measurement of COVID-
19 antibodies.

2. Materials and methods
2.1. Materials

Humanized IgG Monoclonal Antibody against SARS-CoV-2 S1RBD
was purchased from ImmunoDiagnostics Limited (Hong Kong). The unit
concentration of humanized anti-S1 IgG monoclonal antibody was
calibrated with WHO International Standard (NIBSC 20/136). Spike
RBD domain protein was purchased from Sino Biological. All other
chemicals mentioned in the study, unless specifically mentioned, were
purchased from Thermofisher scientific (Maryland, USA). Sodium hep-
arinized disposable micro-capillary (Code-No. 9100260, Hirschmann,
Germany) was used for blood collection and serum separation. Deion-
ized water from Milli-Q water system (18.2 MQ, Millipore, Billerica,
USA) was used in all experiments.

2.2. Synthesis of AuNR

To compare the effects of AuNRs generated from different protocols,
we tried three experiment conditions according to literature and syn-
thesized AuNRs accordingly. Briefly, all protocols started with prepa-
ration of seed solution by mixing 5 mL HAuCl; (0.5 mM) with 5 mL
cetyltrimethylammonium bromide (CTAB) (0.2 M) in a water bath
(30 °C). Fresh NaBH,4 (0.01 M) was added subsequently into seed solu-
tion with vigorous stirring for 2 min to obtain a brownish-yellow solu-
tion, which was kept at room temperature for at least 30 min before use.
Conditions were then slightly different for preparation of growth solu-
tion (Table 1 [15,16]). Briefly, 1 mM HAuCl, was added into a silver
assistant CTAB system containing 2,6-dihydroxybenzoic acid or sodium
oleate (NaOL). Solution pH was then adjusted with HCl and ascorbic
acid was added to obtain a colorless CTAB-NaOL solution. Seed solution
were then mixed with the prepared growth solution by vigorous stirring,
and kept undisturbed at 30 °C for half day. Specific conditions for these
three protocols are shown in Table 1. Finally, CTAB was replaced with
distilled water by centrifugation twice to obtain concentrated AuNRs,
which were subsequently diluted in 0.16 M CTAB for further experi-
ment. A UV Visible Spectrometer (Cary 8454 UV-Vis, Agilent Technol-
ogies, CA, USA) was used to measure the ultraviolet absorption spectrum
of these synthesized AuNRs. Transmission electron microscopy (TEM,
Tecnai G2 F20 S-TWIN, FEI, USA) was used to characterize the etching
effects of the AuNRs.

Table 1
Growth conditions for the AuNR growth solution.
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2.3. Construction of the reference color index scoring standard

Humanized S1-RBD Monoclonal IgG Antibody standard solutions
were prepared and diluted to include 0, 0.17, 0.34, 0.68, 1.36, 2.72 and
3.26 international unit (IU)/mL to be used for construction the reference
standard. Each 100 pL of standard was added to a reaction well immo-
bilized with Spike RBD and incubated for 30 min, respectively. After
washing for three times with 100 pL PBS, the bound RBD-IgG complex
was recognized by adding an anti-human secondary antibody coupling
with HRP. The unbound secondary antibody was washed away by PBS.
100 pL of TMB substrate solution was added and incubated for 15 min at
room temperature in the dark, followed by 100 pL of stop solution to
stop the colorimetric reaction. To induce a naked-eye recognizable
color, 100 pL of AuNP (0.24 nM, as previously optimized [14,15]) was
then added with gentle tap and incubated in dark for 90 s. A camera was
used to record the color of the constructed reference color index score
standard. Statistical analyses and figures data evaluation were per-
formed using OriginPro 2021 (Version 9.8.0.200) and Microsoft Excel
20109.

2.4. Human subject ethics

Blood samples were collected from 35 volunteers who received
COVID-19 vaccines. 20 pL of blood from volunteers was collected from
the fingertips by a capillary tube containing heparin.

Written informed consents were obtained from all 35 participated
volunteers. Fingertip blood serum was performed under the institutional
guidelines and approved by the ethical committee for biomedical
research of Affiliated Hospital of Putian University.

3. Results and discussion
3.1. General strategy of study

The general setup and procedure of the AuNR based, CIS-quantitated
assay is summarized in Fig. 1. Briefly, fingertip blood samples were
collected in a capillary tube containing heparin from 35 volunteers who
received COVID-19 vaccines. All participants have signed written con-
sent. 1 pL of fingertip blood was then diluted 100 fold with PBS and
subsequently reacted in the Spike RBD domain-coated well. RBD domain
of Spike protein were used as bait to capture the targeted anti-S1-RBD
IgGs in the sample. After incubation and washing, an anti-human sec-
ondary antibody coupling with HRP was added to recognize the RBD-
IgG complex and to generate oxidized TMB ions. Optimized AuNRs
were subsequently used as immunosensor to generate an eye-
recognizable color shift. A color index score was then assigned based
on a previously constructed reference CIS standard. Semi-quantitative
measurements of anti-S1-RBD IgG concentration in fingertip blood
samples were therefore achieved. ELISA assays were parallel performed
against to the same set of samples for comparison and evaluation.

3.2. Optimization of AuNR used for visualization of assay results

We have previously demonstrated that TMB%" ions can selectively
and quickly etch AuNRs at room temperature, causing a blue shift of
longitudinal plasmon band that ultimately leads to visual color shift
recognizable by naked eyes. Theoretically, AuNRs of all forms and

250 mL CTAB System

4 mM AgNO; (mL)

Seed Solution (mL) 12.1 M HCI (mL) 64 mM Ascorbic Acid (mL)

CTAB (g) 2,6-dihydroxybenzoic acid (g) NaOL (g)
Condition A 9 0.6 - 12 0.8 - 2
Condition B 7 - 1.234 24 0.4 1.5 1.25
Condition C 9 - 1.234 12 0.8 1.5 1.25
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Fig. 1. Illustration of the general setup and procedure of this study.

aspect ratios could be oxidized and etched to induce a shift in absor-
bance, leading to color change. However, limited range of human eyes
on absorbance spectrum confined the recognizable dynamics range
caused by AuNRs oxidization. Both TMB2* concentration produced and
the initial absorbance of AuNRs determines the dynamic range of our
assay. We therefore synthesized three different types of AuNRs accord-
ing to different published protocols (condition A-C, Table 1) to compare
their performance.

As shown in Fig. 2, all three AuNRs were synthesized and then used
at same concentration (0.24 nM) to test their performance by same set of
standards. All three AuNRs could generate eye-recognizable color
change with particular level of antibody. However, only AuNR produced
by our in-house approach (condition A, Fig. 2A) showed recognizable
color shifts at all concentration tested, indicating a better dynamic
range. Others either generated a less sensitive curve (Fig. 2C) or satu-
rated at very low concentration of standard (Fig. 2B), limiting their
practical use. Using UV-Vis spectra, we characterized the AuNRs
generated in condition A. An absorbance peak at 700 nm of AuNRs
would be the optimized condition to be used in our assay system, which
was consequently used condition A for subsequent experiments.

TEM was further used to characterize the etching effects of TMB ions
on AuNRs generated by condition A. TMB etching reduced the length of
nanoparticles, changing its morphology from rod-like to quasi-sphere
like (Supplementary Figure Sla-c). The aspect ratio of nanoparticles
was therefore reduced as well. as shown in the statistic analysis of
nanoparticles.

3.3. Setup of color index score reference

In order to achieve semi-quantitation of targeted antibody, a refer-
ence CIS need to be generated. A series dilution of anti-SIRBD IgG
monoclonal antibody was prepared, which unit concentration was
calibrated with WHO international standard (NIBSC 20/136) by
manufacturer [17]. Follow the procedure previously described, we used
AuNRs to develop a set of colors representing different concentration as
in Fig. 3. The waiting time and color stability of AuNRs formed in re-
action was evaluated (Supplementary Figure S2). As mixing and
photo-taking generally requires 90 s at least, three time points were
chosen to see if the color would shift between 90 s till 15 min. Results
indicated the differences between wells could be well separated even

after waiting for 15 min (Supplementary Figure S2). We then assigned
CIS from 1 to 7 corresponding to the color developed by the standards: 1
represents negative or less than 17 IU/ml, 7 represents overdose that
exceeds the dynamic range of the assay, while 2-6 indicates a concen-
tration from 17 to 326 IU/ml (NIBSC 20/136).

Therefore, a machine-free, semi-quantitative measurement for anti-
S1RBD IgG antibody would be achieved by directly comparing to the
reference CIS card (Fig. 3) to designate its CIS score. An averaged value
between corresponding CIS score would be designated if the sample
color happened to be in between of two standards. Using such strategy,
quantitative information could be obtained without the use of plate
reader, therefore greatly reduce the costs, and widen the application
scenarios.

3.4. Fingertip blood samples testing

To further validate the accuracy and suitability of our semi-
quantitative assay, 35 healthy volunteers who received COVID-19 vac-
cine jab(s) were recruited and their fingertip blood was collected. Each
individual’s informed consent had been obtained. The baseline infor-
mation of volunteers as well as their vaccination information were
summarized in Tables 1 and 2. Sample measurements were subsequently
performed using our assay to designate a CIS score by naked eye (Sup-
plementary Table 1). To evaluate the quantitation accuracy, ELISA assay
by commercial kit was performed in parallel (Supplementary Table 1).
The CIS scores of each individual were then directly compared with its
concentration obtained by ELISA. Measured CIS scores and corre-
sponding ELISA readouts were then fitted with four-parameter logistic
equation [18] with R? = 0.9658, indicating our semi-quantitative CIS
scoring assay could provide an accurate information for anti-SIRBD
antibody concentration without the need of a plate reader to obtain
the quantitative value of antibody concentration in ELSA assay (Fig. 4).

We then analyzed anti-S1RBD antibody concentration of each indi-
vidual and their association with their vaccination records (Tables 2 and
3). Although a significant difference was observed between 2-dose and
3-dose groups, no conclusion could be drawn due to the distinct differ-
ence of vaccination time between groups. However, no matter which
vaccine jabs received, a declining trend of IgG antibody of volunteers
associated to vaccination time could be observed (Fig. 5, R? = 0.828 for
mRNA, 0.795 for inactivated group). This observation agreed with
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Fig. 3. CIS reference for anti-SARS-CoV-2 S1RBD IgG.

Table 2
Baseline characteristics of the volunteers.
Inactivated (n = 26) mRNA (n =9) P value
Age, mean, + SD 299+71 30.4 £ 5.2 0.82
Male, % 53.8% 88.9%
2 doses, % 69.2% 44.4%
3 doses, % 30.8% 55.6%
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Fig. 4. Correlation analysis between colorimetric grade and SARS-CoV-2
S1RBD IgG antibody concentration. Data obtained as color index score from 35
subjects were fit into a 4-parameter logistic model against values from ELISA
assay. Error bars represented standard deviation. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

Table 3
Vaccination information for volunteers.
2 doses (n = 3 doses (n = P value
23) 12)
Age, mean, £+ SD 29.3+4.3 31.5+9.8 0.76
Male, % 52.2% 61.5%
Inactivated, % 78.3% 66.7%
mRNA, % 21.7% 33.3%
Weeks after last vaccination, mean, 27.1 £10.1 5.7 £2.0 <0.001
+ SD
4 mRNA
¢ Inactived
. —— ExpDec1, R? = 0.828
- °
—— ExpDec1, R? = 0.795
6 -

Color Index Score
N
L

0 10 20 30 40 50
Weeks after last vaccination

Fig. 5. SARS-CoV-2 S1RBD IgG antibody level in volunteers’ fingerblood cor-
relates with their vaccination time.

previous reports using venous blood samples measured by standard
plaque reduction neutralization test (PRNT) in large population [5,
19-21]. This agreement supported that our machine-free, semi--
quantitative assay could provide reliable quantitation data for serum
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antibodies. As it has been reported that PRNT and ELISA results gener-
ally correlate with each other [22], our assay could measure IgG con-
centration of vaccinated individuals. Furthermore, conventional
methods for viral titration requires venous blood which must be
collected by professionals, making it difficult for wider application or
on-site tests. Our data showed that fingertip blood, a sample source
easily obtainable, could reflect individual’s IgG level. While there is no
doubt that PRNT remains the gold standard for serological testing and
determining immune protection, given the much easier sample source
and machine free manner, fingertip blood testing by our established
assay provides a potentially complementary strategy for on-site mea-
surement of COVID-19 antibodies.

4. Conclusion

In this study, a semi-quantitative assay for measuring antibody level
in fingertip blood sample was established in instrument-free manner.
Our method showed that by using AuNRs as immunosensor, a reliable
quantitation could be achieved without the use of a plate reader. We also
showed that fingertip blood could be used as an alternative source for
measuring protective antibody levels. Given the sampling easiness, high
throughput and low requirement of the presented method, it provides a
potential complementary strategy for on-site measurement of COVID-19
antibodies.
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