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HEALTH AND MEDICINE

Streptavidin-conjugated gold nanoclusters as
ultrasensitive fluorescent sensors for early
diagnosis of HIV infection

Aditya Dileep Kurdekar', L. A. Avinash Chunduri?, C. Sai Manohar?,
Mohan Kumar Haleyurgirisetty?, Indira K. Hewlett*, Kamisetti Venkataramaniah'*

We have engineered streptavidin-labeled fluorescent gold nanoclusters to develop a gold nanocluster immu-
noassay (GNCIA) for the early and sensitive detection of HIV infection. We performed computational simulations
on the mechanism of interaction between the nanoclusters and the streptavidin protein via in silico studies and
showed that gold nanoclusters enhance the binding to the protein, by enhancing interaction between the Au
atoms and the specific active site residues, compared to other metal nanoclusters. We also evaluated the role of
glutathione conjugation in binding to gold nanoclusters with streptavidin. As proof of concept, GNCIA achieved
a sensitivity limit of detection of HIV-1 p24 antigen in clinical specimens of 5 pg/ml, with a detection range up
to1000 pg/ml in a linear dose-dependent manner. GNCIA demonstrated a threefold higher sensitivity and spec-
ificity compared to enzyme-linked immunosorbent assay for the detection of HIV p24 antigen. The specificity of
the immunoassay was 100% when tested with plasma samples negative for HIV-1 p24 antigen and positive for
viruses such as hepatitis B virus, hepatitis C virus, and dengue. GNCIA could be developed into a universal
labeling technology using the relevant capture and detector antibodies for the specific detection of antigens
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of various pathogens in the future.

INTRODUCTION

Metal nanoclusters are an interesting class of materials. They are
isolated particles with up to hundreds of metal ions and a size com-
parable to the Fermi wavelength of electrons (1). Their unique
characteristic properties arise as a result of their size being restricted
to around 2 nm, which restricts the motion of their free electrons in
a confined space that results in discrete electronic states (2). These
molecular-like transitions generate intense fluorescence, and thus,
nanoclusters have been extensively studied because of their wide
range of potential applications in bioimaging, biosensing, catalysis,
and various other applications (3-6). Moreover, metal nanoclusters
show size-dependent tunable fluorescence from visible to near-
infrared regions with high quantum yields (7). Their importance lies
in their biocompatibility for conjugation with various other bio-
logical molecules. Bioconjugated fluorescent metal nanoclusters
have been considered as powerful materials for the detection of low-
concentration analytes due to their facile synthesis, low cost, excellent
biocompatibility, and multifunctional surface chemistry (8).

Gold is the most extensively studied material due to its stable chem-
ical property, facile synthesis, and nontoxicity. With sizes approaching
the nanoscale level, radical changes are observed in their characteris-
tics. Gold nanoparticles (NPs) exhibit distinctive properties that differ
from other NPs, such as their surface plasmon resonance effect, size-
dependent electronic properties, and their photo-thermal effect in
biological therapy (9). Because of these unique characteristics, gold
NPs have been considered as one of the key materials for nanoscience
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and nanotechnology. However, recent advances make it possible to
further restrict the size of the gold NP to a few nanometers, permitting
the synthesis of gold nanoclusters (AuNCs) with tunable size or emis-
sion colors. AuNCs have an extremely high surface-to-volume ratio,
which allows for further surface modification and controllable bio-
conjugation. With all the above properties, AuNCs can be used in a
wide range of applications, such as biodetection, biosensing, biolog-
ical labeling, and bioimaging (10-14). Photoluminescent AuNCs
have emerged as an interesting sensing material, mainly because of
their ease in preparation, biocompatibility, large Stokes shift, and
long lifetime (15).

One of the most popular reactions used in NP-based biosensing is
the interaction of biotin and streptavidin. Streptavidin-biotin bio-
chemistry has been exploited for use in many protein and nucleic acid
detection technologies (16). Biotin is stable and small and can be easily
functionalized onto antibodies, which can react with streptavidin-
conjugated labels, allowing sensitive and specific detection. The
streptavidin-biotin interaction has been widely in use for the develop-
ment of robust and highly sensitive assays. Therefore, it is envisaged
that the combination of intense fluorescence properties of AuNCs
and conjugation with streptavidin will allow for the detection of
low-concentration analytes. This may provide attractive multi-
functional features for the development of AuNC-based assays.

Thus, we have engineered streptavidin-conjugated AuNCs (AuNC-SA)
for applications in biosensing and biodetection. We have evaluated
the thermodynamics and the mechanism of interactions between
the nanoclusters and the streptavidin protein via in silico studies
using computational simulations. Further, on the basis of the results
of the simulations, we have experimentally shown the successful
conjugation of AuNCs with streptavidin. Our findings confirm that
fluorescent-conjugated nanocluster-based immunoassays could in-
crease detection sensitivity and assay stability and have applications
for improved diagnosis and point-of-care use. A gold nanocluster im-
munoassay (GNCIA) could be developed into a universal labeling

10f 10



SCIENCE ADVANCES | RESEARCH ARTICLE

technology by replacing capture and detection antibodies for the de-
tection of antigens of various pathogens in the future.

RESULTS

Mechanistic rationale of conjugation of AuNC for
application in immunoassay

The interaction of biotin and streptavidin has been widely adopted as
the sensing interaction for many biomolecular assays for detection.
Streptavidin is a protein that is conjugated to the NP label using
well-established N-(3-dimethylamino propyl)-N’-ethylcarbodiimide
hydrochloride (EDC)-N-hydroxysuccinimide(NHS) chemistry
because, by itself, the protein interacts weakly with the NPs. The
streptavidin-biotin complex is the strongest known noncovalent inter-
action between a protein and a ligand (17). Bond formation between
biotin and streptavidin is very rapid and, once formed, is unaffected by
extremes of pH, temperature, organic solvents, and other denaturing
agents. Many proteins, such as antibodies, can be tagged with several
biotin tags, each having the possibility of binding to a biotin-binding
protein (18). Thus, stable conjugation of streptavidin to the nanoclus-
ters is essential, and each parameter involved in the conjugation needs
to be investigated.

To understand the mechanism of streptavidin conjugation with
AuNC and visualize the role of EDC-NHS conjugation, we pursued
the thermodynamics of this interaction at a molecular level. This re-
quired probing into the energetics of different steps in the conjuga-
tion that were accordingly simulated. For computational analysis, we
considered representative nanocluster systems analogous to the ex-
perimental work, building clusters of increasing size in the range of
1 to 57 atoms. We carried out the studies using Gaussian 09, Molec-
ular Operating Environment (MOE), and HEX.

Thermodynamics of formation of the conjugated

AuNC systems

First, we analyzed the thermodynamics of EDC-NHS activation step.
Gaussian was used to generate structures in three steps, as noted by
the reaction below

Au,-glutathione + EDC + NHS— Au,-glutathione-EDC
+ NHS—Au,-glutathione-NHS

The energies of the individual reactants and products in the pro-
cess described above were calculated for their MMFX94-optimized
confirmations and tabulated in Table 1. Values from the table indi-
cate that, with an increasing cluster size from 0 to 13, the energy de-
creases, rendering the most stable conformation in Au, ;-glutathione-NHS.

This demonstrates the driving spontaneity with the growth in AuNC
because of the greater negative free energy. The net free energy was
found to be positive in the absence of the gold cluster, indicating that
the reaction would not be thermodynamically spontaneous in the ab-
sence of the AuNC.

Role of the Au, clusters in formation of AuNC-SA

Figure 1 shows the binding interaction of the nanocluster with the
protein through interactions between the Au and the particular active
site residues. The role of AuNCs is very important, as established by
the energy calculations performed in the previous step. Further,
increasing the size of the cluster enhances the binding affinity.
Effect of surface functionalization on streptavidin
conjugation to AuNC

EDC-NHS activation is followed by conjugation with streptavidin.
Nanocluster interactions with EDC-NHS are mediated through the
ligands on the surface of the clusters. We evaluated the role of gluta-
thione in facilitating this process. In this regard, we carried out the
simulations by varying the number of glutathione molecules on
the nanoclusters. Au;; was taken as a model nanocluster to study the
role of increasing the number of glutathione tails. Our studies show
that increasing the number of the glutathione-NHS tails on the
AuNC enhanced binding to streptavidin, as shown in fig. S1, given that
each tail acquires its own binding residues in the active site pocket.
Effect of glutathione conjugation on the stability of AuNC-SA
The driving force for glutathione conjugation is the thermodynamic
spontaneity for the reaction with negative total free energy that sta-
bilizes the conjugated moiety. Thus, to determine the stability of the
entire structure, we evaluated the binding score of the gold cluster
interaction with the streptavidin protein. Further, we calculated the
difference in the stability in the presence and absence of glutathione.
The difference in the binding score confirms the substantial enhance-
ment in the binding affinity, as shown in Table 2. Thus, we observed
that the presence of glutathione is paramount for conjugation while
stabilizing the conjugated system.

Further, with respect to the interaction with streptavidin, our studies
indicate that conjugation of glutathione-NHS tails plays a key role.
Thus, we studied the change in the binding score for a variety of ligands.
The results showed that the best values were obtained with glutathione-
NHS tail compared to various other capping tails that are commonly
used in the synthesis of AuNCs. This study was performed on Au,; as
the common core, and results are presented in table S1.

While AuNCs are the most widely studied nanoclusters, other
metal nanoclusters that are being studied for biosensing applications
have also been synthesized. Thus, we compared the binding scores of
other nanoclusters such as silver and copper in conjugation with
streptavidin. Our simulations showed that gold has the best binding

Table 1. Energy profiles of the individual steps in the synthesis of the glutathione capped AuNCs.

Process step Energy (Eo) (kcal/mol)

Energy (E,) Energy (E¢) Energy (E;3)

Au,-glutathione + EDC + NHS 44.47

Auxglmath |one_EDC +NH5 ........................................... 42622 ...........................
Auxglmath , One _NH5 ...................................................... 463 07 ...........................
Netenergygam ................................................................ 1837 ...........................
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41.333 41.974 971.502

33.818 43.684 911.661

23.553 24.186 878.414

-17.78 —17.788 —93.088
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Fig. 1. Effect of the presence of Au clusters on the glutathione interaction with the streptavidin protein as captured by MOE. (A) Au,-glutathione, (B) Au;-
glutathione, (C) Aus-glutathione, (D) Au,s-glutathione, (E) Auyo-glutathione, and (F) Aus;-glutathione interactions with the streptavidin protein, as determined by MOE
docking. Red lines indicate the glutathione structure, while green and purple circles indicate the amino acids involved in the interaction with gold atoms and clusters.

Table 2. Comparison of the role of the glutathione in the conjugation
reaction with streptavidin for increasing cluster size.

Binding score without
glutathione-NHS to
streptavidin (kcal/mol)

Binding score with
glutathione-NHS to
streptavidin (kcal/mol)

Nanocluster

Au, —42.25 —279.06

AUG_H665 ................................... _28252 ..................
Au13_13772 ................................... _34592 ..................
Au20_20313 ................................... _38204 .................
Au57_31867 ................................... _3888 ...................

score compared to silver and copper nanoclusters. Results are tabu-
lated in table S2.

Characterization of the glutathione-functionalized AuNCs
The morphological characterization of the synthesized nanoclusters is
discussed in the Supplementary Materials. The transmission electron
microscopy (TEM) image indicated the size of the clusters to be
around 2 nm or less (fig. S2). We performed the ultraviolet-visible
(UV-Vis) and photoluminiscence characterization and observed that
nanoclusters were highly fluorescent and emitting at 615 nm (excita-
tion at 350 nm), as seen in fig. S3.
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Fluorescence polarization measurements

The confirmation of the conjugation of nanocluster with streptavidin,
as predicted by the computational study, was obtained experimentally
from fluorescence polarization (FP) measurements. Increase in the
value of FP indicates that the size of the bioconjugated NP has in-
creased after conjugation to the protein (19). The streptavidin binding
to the nanoclusters results in an increase in size, which decreases the
rotation when compared to the unconjugated nanoclusters. This
results in a higher magnitude of FP for the conjugated nanoclusters
compared to the unconjugated nanoclusters. We used a SpectraMax
M5 plate reader to perform the measurements in the FP mode. The FP
values of unconjugated and streptavidin-conjugated nanoclusters
from the FP equation were obtained by measuring the P and S polar-
ization values based on the formula (20)

I — G*L,

FP = ———
IH + G*IL

where | is the parallel polarized emission, | is the perpendicularly po-
larized emission, and G is the correction factor that is evaluated for the
sensitivity of the instrument.

The value of G, as obtained from the instrument, was 1. From the
calculations, we observed that the FP value for unconjugated parti-
cles was 0.098, while for the conjugated particles, the FP value was
0.131. Data are presented in table S3. As it can be inferred, the smaller
moieties have a small FP value, and larger particles have a relatively
higher FP value. Thus, comparing the FP values helps in monitoring
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the functionalization. It was seen that the FP value of the AuNC-SA
was definitely higher than pristine AuNCs, and this increase in the
value confirmed the conjugation of streptavidin to AuNCs.

To understand the increase in FP upon conjugation, the rela-
tionship between FP and size of the fluorophores needs to be com-
prehended. The unconjugated particles are smaller in size, which
causes their movement in solution, making the incident plane-
polarized excitation energy to be depolarized. This causes the low
polarization value to be lower in magnitude (21, 22). However,
when streptavidin is conjugated to AuNCs, there is a decrease in
the motion of the particle as the size and volume of the particles
increase. This leads to a reduction in the rotational motion of the
particle, which results in the excitation energy and the transmitted
energy to be in the same state of polarization. This exhibits as a
higher magnitude of FP value (23). This is the reason why a higher
value of FP is observed for the conjugated particle than for the un-
conjugated particle.

Application of AuNC-SA in GNCIA for the detection of
HIV-1 p24 antigen

We next used the AuNC-SA in gold nanocluster immunoassay
(GNCIA). HIV-1 p24 antigen was selected as the target viral protein
in this study due to its abundance in the early stages of HIV infection.
This is the stage where the antibody concentrations are below the
measureable limits. The immunoassay deploys a sandwich immuno-

Coating the wells with capture
antibodies

| | |

Measurement of
fluorescence

Y Capture | | @@ Casein IJlock1 HIV-1p24

antibody buffer antigen

Addition of block buffer to
the well

Addition of AuNC-SA to the sandwich
complex through streptavidin-biotin interaction

. Biotinylated
detector
antibody N

assay format, which involves an antibody-antigen-antibody sandwich
complex, and the detection is based on chemistry between the bio-
tinylated detector antibody and AuNC-SA, which is illustrated in
the schematic (Fig. 2). Strong noncovalent chemistry between biotin
and streptavidin is the principal interaction involved in the detection
process, which immobilizes the fluorophore to the sandwich complex.
Upon excitation, the fluorophore emits, and the emitted signal intensity
is proportional to the amount of AuNC-SA. The amount of AuNC-
SA is in turn proportional to the amount of p24 present. Thus, the
concentration of p24 present in the sample determines the signal in-
tensity. The fluorescence signal intensity was then recorded using a
spectrophotometer (SpectraMax M5 microplate reader) (24). The
calibration plot for the signal intensity versus the concentration of
purified HIV-1 p24 antigen was plotted with the measured data, as
depicted in Fig. 3.

Demonstration of performance of AUNC-SA through GNCIA
We obtained the signal cutoff value for GNCIA based on the sum of
the means methods, which is based on the sum of the means of the
signal intensity of negative controls plus double their SD. The cutoff
value was calculated to be 10.15 relative fluorescence units (25). For
the linear dynamic range of 5 to 1000 pg/ml, the limit of detection
was found to be 3.8 pg/ml for a signal-to-cutoft (S:Co) value of 2:1.
This ratio is important as it is the criteria for determining whether
the sample was HIV positive or HIV negative (26). The equation

Interaction of HIV-1 p24 antigen
with capture antibody

Biotinylated detector antibody
interaction with the antigen

5 = g NP
@& St'el.)tawdm = ~Excitation
\/—conjugated | |- ~ )
AUNC ¥ source
uNC =

J

Detector

Fig. 2. Schematic representation of GNCIA in detection of HIV-1 p24 antigen. Capture antibodies are coated on the microtiter wells that capture the HIV-1 p24.
Subsequently, secondary biotinylated anti-p24 antibodies, which bind to the captured p24 antigen, are added. The immunocomplex then attaches to the AuNC-SA,
which recognizes and interacts with the above biotinylated sandwich complex. After multiple wash steps, the signal released from the wells is recorded with a SpectraMax M5

multiplate reader (27).
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Fig. 3. Results of GNCIA. (A) Calibration plot of (GNCIA). The target analyte in this study was the purified HIV-1 p24 antigen [range, 5 to 1000 pg/ml in serial dilution in
phosphate-buffered saline (PBS)]. The dashed line represents the cutoff value of negative control. Error bars represent the SD of at least three independently repeated
experiments for each assay. RFU, relative fluorescence units. (B) The calibration curve of GNCIA with resolved axis that shows the lowest concentration measured

at 5 pg/ml (27).

presented below was the equation of linear correlation obtained on
the basis of the calibration curve

FI =6.31*C + 15.32

where FI is fluorescence intensity and C is the concentration of p24.

It can be seen that there is an excellent linear correlation between
the concentrations of HIV-1 p24 and the fluorescence intensity in
GNCIA. This is further confirmed by the value of the coefficient
of correlation, which was determined to be R* = 0.99941. This also
goes on to suggest that the nature of GNCIA is that of a linear dose-
response assay (27). Furthermore, we also report that GNCIA has
realized an analytical sensitivity at the picogram level, which is as
good as or better than sensitivities achieved using traditional color-
imetric enzyme-linked immunosorbent assay (ELISA). Table 3 com-
pares the sensitivity of different detection techniques involving AuNCs,
including the present study.

Effect of interfering protein and coexistent virions on the
immunoassay protocol

The samples that are used for testing with the immunoassay contain
various other proteins and biomolecules. This further demands the
testing of the interference from other coexisting biomolecules on the
immunoassay. For purposes of testing, bovine serum albumin (BSA)
was taken as a model protein. The results of the assay confirmed that
BSA has no effect on the signal intensities in the immunoassay. Figure
S4A proves that there is hardly any variation in the signal strength
with changing BSA concentration. This further demonstrates the sta-
bility of the assay (27).

In addition, to further examine the degree of specificity and cross-
reactivity of GNCIA, we spiked hepatitis C virus (HCV)-positive
plasma samples with HIV-1 p24 antigen and tested with GNCIA.
To perform the test, we spiked a fixed concentration of 250 pg/ml
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in the samples. The results, as shown in fig. S4B, indicate that there
is no visible change in the fluorescence signal from the HCV virions,
suggesting that GNCIA is a remarkably specific and stable testing
procedure.

Optimization of GNCIA

Capture antibody

The sensitivity of the assay is substantially affected by the concentra-
tion of capture antibodies (27). There is an optimum concentration
of capture antibody at which the signal strength is maximum; at con-
centrations higher than the specific optimum concentration, the
background signal is also higher, and at concentrations below this,
the signal strength shall be weak (28). The concentration of capture
antibody requisite for the assay was optimized by testing different
concentrations of 0.2, 0.5, 1.0, 1.2, and 1.5 pug/ml, followed by check-
ing the signal response. The signal response was weak for 0.2, 0.5,
and 1.0 ug/ml, as shown in fig. S5A. There was no steady correlation
between the observed signal and antibody concentration. However, a
strong response was observed at 1.2 pg/ml. For concentrations higher
than 1.2 ug/ml, there was no change in the response. This behavior can
be attributed to the saturation of the detection area with capture anti-
bodies at 1.2 ug/ml (27). As a result, for further studies, 1.2 ug/ml was
chosen as the optimum concentration of capture antibody.
AuNC-SA

AuNC-SA play the role of the fluorescent probes in GNCIA. AuNC-SA
allow the streptavidin-biotin interaction, which in turn allows AuNCs
to indirectly interact with the detector antibody. When the probes are
excited with the excitation signal, the emission signal is recorded. The
amount of antigen present is calculated from the intensity of the
output (fluorescence) signal (27). A sensitive spectrophotometer
(SpectraMax M5) was used for recording the emitted signal. The
calibration curve is plotted on the basis of the linear correlation ob-
served between the fluorescence intensity and the p24 antigen
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Table 3. Comparison of sensitivity of GNCIA with other NP-based immunoassays and conventional ELISA.

Serial number Name of the assay

Sensitivity measured (pg/ml) Reference

1 Zinc oxide NP immunoassay

concentration. The concentration of AuNC-SA greatly affects the
performance of the assay. Seven concentrations of AuNC-SA
(0.05,0.1,0.25,0.5, 1.0, 1.5, and 2.0 pg/ml) were taken under consid-
eration to study their effects on the signal-to-blank ratio (S:B ratio)
in GNCIA. The blank measurements were recorded by performing
the immunoassay without the p24 antigen. The concentration of
AuNC-SA was optimized by calculating the S:B ratio for fluores-
cence signals measured for p24 antigen with a fixed concentration
of 250 pg/ml. Figure S5B shows an absence of linearity in the rela-
tionship between the concentration of AuNC-SA and the S:B ratio.
The S:B ratio was detected to be maximum at a concentration of
0.5 pug/ml. This can be attributed to the increase in the signals
measured from the blank wells. With an increase in the concentration
of AuNC-SA past the optimal concentration, there was a corresponding
increase of blank intensity, which is due to the nonspecific absorption of
AuNC-SA in the wells.

Clinical evaluation of GNCIA

We evaluated the sensitivity of GNCIA by testing samples from infected
individuals (HIV-positive samples). The testing protocol requires the
plasma samples to be diluted 100 times before experimentation. Fifty
HIV-positive samples (which were confirmed by commercial ELISA
kits) were tested using GNCIA, wherein no false negatives were re-
corded. We evalutated specificity using 10 HBV-positive/HIV-negative
and 10 HCV-positive/HIV-negative plasma samples (27). The signal
intensity obtained from these samples was minimal, comparable to the
fluorescence signal measured from the negative control. Fluorescence
signal intensities from different plasma samples are compared in Fig. 4
(A to C). Thus, it was proved that the assay is specific to p24 antigen
and is not susceptible to cross-reactivity effects from other virions and
biomolecules. Data are summarized in table S4. High specificity and
no cross-reactivity are features of GNCIA.

An important observation was that some of the samples that were
borderline positive by the current assay system were detected by GNCIA.
Hence, all the samples tested were positive, and no discrepancies were
noted. Similarly, all HIV-negative samples from healthy individuals
were negative using GNCIA. Future studies will be dedicated to the
performance of GNCIA with clinical samples that contain extremely
low quantities of virus.

GNCIA could achieve high-sensitivity levels without any major
requirement of sophisticated instruments and costly reagents, unlike
nucleic acid testing. GNCIA has been proved to be a highly sensitive
immunoassay due to its inherent features of stable signal strength
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Present study

and high signal-to-noise ratio. The assay does not use detection meth-
odologies based on enzymatic reactions, specific high-end instrumen-
tation for performing reactions, and specialized storage conditions
for reagents. The high specificity of AuNC-SA is a great strength
in this protocol, which shall allow GNCIA to be developed into a
complete labeling technology applicable to any detection protocol.
GNCIA can be easily modified for the detection of any disease agent
by choosing the relevant primary and detector antibodies specific to
antigens of disease. Further, GNCIA does not demand technically
trained staff to perform the assay, as it is similar to traditional ELISA.
GNCIA has the potential to be developed into a rapid and ultrasensi-
tive testing platform for clinical diagnosis and laboratory research in
resource-limited settings.

DISCUSSION

In this study, we have demonstrated a computational methodology to
verify and test the possibility of using AuNC-SA in biological de-
tections. On the basis of our results, we have validated the feasi-
bility of using AuNCs to detect HIV-1 p24 antigen at picogram
levels using an antigen-based sandwich immunoassay (GNCIA).
These AuNCs exhibited high photostability, narrow emission
widths, and high quantum yield when compared to dye-doped
NPs. The characteristic large Stokes shift and very low nonspecific
binding have resulted in the reduction of background fluores-
cence. This has enabled the enhanced detection sensitivity. Bio-
compatibility of AuNCs is another very vital characteristic that
is useful for targeted diagnostic applications.

On the basis of our studies of reaction energetics and binding
mechanisms, we could study the feasibility of successful conjugation
of nanoclusters with the streptavidin protein. While the results showed
that the conjugation will be stable, we tested the predictions using the
conjugated nanoclusters in immunoassay for detection of HIV. We ob-
served an analytical sensitivity of 5 pg/ml in GNCIA, which exhibited
threefold higher analytical sensitivity when compared to traditional
ELISA. A strong linear correlation that was observed between the target
concentration and signal intensity shall be useful for quantitative detec-
tion of antigen in plasma samples.

Our findings confirm that the application of streptavidin-conjugated
fluorescent AuNCs in the immunoassay has markedly increased the
detection sensitivity. This shows that GNCIA can have applications in
improved diagnosis and point-of-care use. There are multiple assay
platforms where these nanoclusters can be used to develop a robust
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Fig. 4. Application of GNCIA to clinical samples. (A) Results of GNCIA for 10 samples tested as HIV positive chosen at random (blue bars). (B) Results of GNCIA for two
randomly chosen samples tested as HIV negative in comparison with the lowest positive tested sample and blank. Blue and black bars indicate the intensity of the HIV-
positive sample and the blank. (C) Results of GNCIA for two randomly chosen HIV-negative, HBV-positive/HIV-negative, and HCV-positive/HIV-negative samples, re-
spectively, in comparison with the intensity of the lowest positive tested sample and blank. Blue and black bars indicate the intensity of the HIV-positive sample and the
blank, while the red, green, and yellow bars indicate HIV-negative, HBV-positive/HIV-negative, and HCV-positive/HIV-negative samples, respectively (27).
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sensing platform. Although many such assays exist, GNCIA holds the
capability to detect HIV-1 p24 antigen in the picogram per milliliter
range, which makes it a great tool in identifying early HIV infection
cases. These research findings are very vital for those working on
creating highly sensitive labels and assays for the estimation of HIV
incidence and detection of acute cases. As part of the strategy toward
an AIDS-free generation, this highly sensitive GNCIA for HIV detec-
tion would also assist in improving the blood safety by decreasing the
antibody-negative window period in patients in resource-limited set-
tings where nucleic acid testing is not possible.

In GNCIA, the background fluorescence is not sufficiently low
enough to allow for higher S:B ratios. This limits its sensitivity and
prevents attaining subpicogram-level limits of detection. To circum-
vent this issue, we need to use signal enhancement methodologies
that can specifically enhance the fluorescence signal and suppress
the background noise. Metal-enhanced fluorescence (29) or surface
plasmon-coupled emission (30) may be incorporated for signal
enhancement to achieve higher S:B ratios, thus realizing still better
sensitivities with fluorescent reporters. Sandwich immunoassay
formats have the limitation that there are multiple incubation steps
involved, which increase the assay time substantially. In a clinical
setting, a longer assay time can mean a longer wait period for the test
results, which can be a problem at the point-of-care use. The assay
duration can be reduced by transferring the assay from the micro-
plate platform to a microfluidic platform. The use of paper as a sub-
strate has been widely adopted for rapid assays. Moreover, there will
also be a reduction in the consumption of reagents, resulting in re-
duced cost of the assay. Paper-based microfluidic GNCIA reduces
the assay period from 5 to 6 hours to almost 1 hour (31). Addressing
these shortcomings can render GNCIA to be an ultrasensitive, highly
specific, affordable, user-friendly, rapid, and robust platform for early
detection of diseases in point-of-care applications for resource-limited
settings.

MATERIALS AND METHODS

Chemicals

Chloroauric acid (HAuCly), glutathione, EDC (98%), sulfo-NHS,
BSA, casein block buffer, and streptavidin were of analytical grade,
purchased from Sigma-Aldrich (India), and used without further puri-
fication. PBS buffer (pH 7.2) and carbonate-bicarbonate buffer were
prepared in laboratory by following the established procedures, and a
blocking buffer was purchased from Thermo Fisher Scientific. All
experiments were performed with double-distilled water. Sri Sathya
Sai Institute of Higher Medical Sciences (Prasanthigram, India)
provided the plasma samples from HIV-infected and healthy in-
dividuals (study ID SSIHL/IEC/PSN/BS/2012/01). The samples
were tested in a blinded manner after their details were coded.
Samples were tested with a Microlisa HIV Ag and Ab ELISA kit
(J. Mitra & Co. Pvt. Ltd.) and determined whether they were pos-
itive or negative.

Computation simulations on streptavidin

conjugation of AuNC

Given the minimal mechanistic understanding of the immunoassay
in the sensing, we pursued the rationale that drives the appropriate
design of the gold assay. In this regard, we evaluated the mechanism
of the interaction between the nanoclusters and the streptavidin pro-
tein via in silico studies using the computational simulations. First, to
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explain the thermodynamics of these processes, we sought to under-
stand the energetics of the individual reactants and products at every
step. Each of these structures was built and energetically minimized
in Gaussian 09 (32). Second, we elucidated the role of the growing Au
clusters in the interaction where the various sizes of gold clusters
(Au,) were built using Gaussian ranging from Au, to Aus;. For this,
we obtained the density functional theory-optimized structures
ranging from Ag; to Ags; atoms to be treated as consequent ligands
(33). The smallest being the neutral Ag atom, to the consequent
icosahedral Ag;s, tetrahedral Ag,,, and the biggest being the icosa-
hedral core-based Aggs cluster whose energetics were determined by
MOE using MMFX94 force field (34). Last, we increased the number
of glutathione-NHS tails attached to the individual gold Ag;; nano-
cluster in G09 and also built assemblies of multiple capping agents.
This ascertained the role of glutathione conjugation in the assay
through the HEX docking interactions of these conjugated species
with streptavidin (35).

Synthesis and characterization of AuNCs

The method that we followed was chemical reduction of gold salt.
Chloroauric acid (HAuCly) is the salt of gold ions that acts as the
source in the synthesis. Freshly prepared aqueous solutions of
HAuCl, (20 mM, 0.50 ml) and glutathione (100 mM, 0.15 ml)
were mixed with 4.35 ml of ultrapure water at 25°C. The reaction
mixture was heated to 70°C under gentle stirring (500 rpm) for
24 hours. An aqueous solution of strongly orange-emitting AuNCs
was formed. Synthesized AuNCs were centrifuge dried and stored
by refrigeration at 4°C for additional characterization and use in
immunoassay.

To understand the structure and morphological characteristics
including the size of the AuNC dispersion, a Joel 1400 TEM operated
at 80 kV was used. AuNCs were prepared for the imaging by drop-
casting them on a copper grid and vacuum drying before imaging.
The optical characterization studies were performed using a Shimadzu
2450 UV-Vis spectrophotometer for UV-Vis absorption characteriza-
tion and a SpectraMax M5 microplate reader for fluorescence emis-
sion characterization. Dilution of samples was carried out to obtain
the absorbance and fluorescence spectra.

Bioconjugation of streptavidin to
glutathione-functionalized AuNCs

Carboxyl groups present on the glutathione-functionalized AuNCs
were covalently conjugated with primary amines of streptavidin using
EDC/sulfo-NHS chemistry (36). In the initial step, 20 mg of AuNC
dispersed in 10 mM PBS was washed in a Nanosep centrifugal ultra-
filtration device (molecular weight cutoff, 300 kDa; Pall Life Sciences,
Ann Arbor, MI, USA). After washing, carboxyl groups present on
AuNCs were activated with 10 mM EDC and 20 mM sulfo-NHS in
PBS buffer for 30 min. After washing these activated particles with
glycine buffer, 50 pl of streptavidin (1 mg/ml) in the carbonate buffer
(pH 9.0) solution was added. The subsequent step involved incubation
of the mixture for 24 hours at room temperature, followed by washing
five times with glycine buffer. The resultant streptavidin-conjugated
nanoclusters were diluted to 0.1 mg/ml in PBS and stored at 4°C for
immunoassay experiments.

Fluorescence polarization
Since there was no direct way to determine whether conjugated NPs

were produced, FP experiments were used. The FP value was obtained
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by exciting the sample at 345 nm, recording its emission at 615 nm,
and then using the value in the formula

I - G,

FP =
IH —+ G*IL

The FP mode was used to obtain I and I, values in the plate reader
(SpectraMax M5 plate reader), which were then substituted in the formula
to obtain the FP ratio. The higher magnitude of FP of conjugated AuNCs in
comparison to unconjugated AuNCs confirms the conjugations of AuNCs.

HIV-1 p24 antigen detection by GNCIA
In this experiment, the chosen format is the sandwich immunoassay
format where p24 antigen is sandwiched between the capture and
detector antibodies. The fluorophore used here is the AuNCs bound
to the detector antibodies.
Protocol for GNCIA
An established protocol for an NP-based immunoassay was followed
(27). A capture antibody concentration of 2 pg/ml was prepared by
diluting with carbonate-bicarbonate buffer [100 mM (pH 9.6)]. Fifty-
five microliters of capture antibody at a concentration of 2 ug/ml was
coated onto a 96-well plate and left for overnight incubation at 4°C.
After the incubation step, the wells were repeatedly washed five times
with wash bulffer, following which 300 ul of casein blocking buffer was
added per well. The wells were allowed to incubate for 30 min at 37°C
so that all the sites are blocked for any nonspecific adsorption. Differ-
ent concentrations of antigen solution were prepared by diluting a
stock p24 solution with block buffer or plasma sample. To each well,
100 pl of the p24 antigen was added at an incubation temperature of
37°C, with shaking for 1 hour. The wells were again repeatedly washed
five times with wash buffer, following which a biotinylated detector
antibody (100 pl per well) was added and incubated for 30 min at
37°C. To this sandwiched complex, 100 ul of AuNC-SA (0.5 ug/ml)
was added to each well, and the mixture was incubated for 30 min at
37°C with shaking. This was followed by final washing five times with
PBS with Tween 20 buffer to reduce the background noise and prevent
nonspecific interactions. Last, the sandwiched immunocomplex was
excited with the excitation signal, and the emitted fluorescent signals
from the sandwich immunocomplexes were read directly from the
microplate in the end point format with the SpectraMax microplate
reader (excitation at 345 nm and emission at 615 nm) (20). All ex-
periments were performed in triplicate. Fluorescence intensity values
were plotted against the concentration of p24 antigen. A sample with
an S:Co ratio greater than 2 was considered to be positive for HIV-1 p24.
Control experiment
The effect of interference of proteins was tested by performing a con-
trol experiment that involved using BSA as an interfering protein
and studying the effects of its presence on GNCIA (27). Five various
concentrations of BSA were taken (0.1, 0.5, 1.0, 5.0, and 10.0 pug/ml)
for a fixed p24 concentration of 500 pg/ml. The effects on the pres-
ence of BSA on the fluorescence signal was observed.

Additional tests were also performed to see the interference effect
of coexistent virions. HCV was taken as the interfering moiety, asitis a
commonly known coinfection in HIV patients (27). Thus, it was neces-
sary to study the effect of the presence of HCV as an interfering moiety in
the immunoassay. To that effect, solutions with 10x, 20x, 50x, and 100x
dilutions of the HCV-positive plasma sample spiked with p24 antigen
(500 pg/ml) were prepared in addition to the undiluted plasma sample.
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The immunoassay was conducted on the samples spiked with p24 anti-
gen. The signal intensities were recorded and plotted for further analysis.

HIV detection in blood plasma samples

Preparing plasma samples

Before the preparation of the plasma samples for the immunoassay,
they were confirmed to be HIV negative or HIV positive using stan-
dard HIV detection kits. The preparation of the test sample was
carried out by diluting 188 pl of casein block buffer with 2 ul of
plasma being tested. Furthermore, 10 ul of 10% aqueous solution of
Triton X-100 was added to the above prepared solution (27).
Validation of GNCIA with clinical samples

Testing the performance of the assay with clinical samples is essential
to evaluate its deployment in clinical and real world testing. Validation
of GNCIA was performed using 50 HIV-positive and 50 HIV-negative
samples (27). Sample preparation was carried out on the basis of the
protocol described before. The cross-reactivity was also evaluated with
10 HBV-positive/HIV-negative and 10 HCV-positive/HIV-negative
plasma samples.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/11/eaar6280/DC1

Fig. S1. HEX docking scores of the best poses for the increasing glutathione-NHS tails on the
AuNC core with the streptavidin protein.

Fig. S2. TEM image of AuNCs, which indicates the size of the AuNCs to be around 2 nm or less.
Fig. S3. Absorption and emission spectra of AuNCs.

Fig. S4. Effect of the presence of interfering moieties on the GNCIA stability.

Fig. S5. Optimization of concentration of capture antibodies and AuNC-SA for optimal assay
performance.

Table S1. Comparison of HEX energies of AUNC-SA for various capping agents on Au; cluster.
Table S2. Comparison of binding scores for gold, silver, and copper nanoclusters for increasing
cluster sizes, where x denotes the number of atoms.

Table S3. Comparison of FP values of unconjugated AuNCs with conjugated AuNCs.

Table S4. Results of clinical serum analysis that shows the high specificity of GNCIA.
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