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Nanoparticle based sensors are good alternatives for non-enzymatic sensing applications due to their high
stability, superior photoluminescence, biocompatibility and ease of fabrication, with the only disadvantage
being the cost of the synthesis process (owing to the expensive precursors and infrastructure). For the first
time, we report the design of an immunosensor employing streptavidin conjugated copper nanocluster,
developed at a much lower cost compared to other nanomaterials like noble metal nanoparticles and
quantum dots. Using in silico tools, we have tried to establish the dynamics of conjugation of
nanocluster to the streptavidin protein, based on EDC-NHS coupling. The computational simulations
have successfully explained the crucial role played by the components of the immunosensor leading to
an efficient design capable of high sensitivity. In order to demonstrate the functioning of the Copper
Nanocluster ImmunoSensor (CuNIS), HIV-1 p24 biomarker test was chosen as the model assay. The

immunosensor was able to achieve an analytical limit of detection of 23.8 pg mL™ for HIV-1 p24 with
Received 14th August 2019 linear dynami f 27-1000 pg mL~". When tested with clinical pl les, CuNIS based
Accepted 16th November 2019 a linear dynamic range of 27— pg mL™. en tested with clinical plasma samples, Cu ase

p24 assay showed 100% specificity towards HIV-1 p24. With the capability of multiplexed detection and

DOI: 10.1039/c9na00503) a cost of fabrication 100 times lower than that of the conventional metal nanoclusters, CuNIS has the
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Introduction

A variety of nanomaterial-based assays have been developed for
application in medical diagnostics, their key features being
high specificity and sensitivity." Out of the various diagnostics
assay configurations available, sandwich immunoassays format
has been successfully modified to incorporate fluorescent
nanomaterials as fluorophores.> Consequently, a variety of
nanoparticle labels ranging from carbon nanomaterials,
quantum dots, noble metal nanoparticles, semiconductor
nanoparticles, hybrid nanostructures, dye-doped silica nano-
particles, and metal oxide nanostructures have been deployed
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potential to be an essential low-cost diagnostic tool in resource-limited settings.

in the immunoassay and immunosensors as fluorescent
probes.?

In the quest to develop fluorescent nanomaterials with high
performance and efficiency, metal-based nanomaterials have
been designed which have been successfully implemented in
biodetection.* As a result, significant attention has been focused
on the utilization of metal nanoparticles in analytical chemistry
as nanosized biosensing and immunosensing probes. In recent
years, noble metal nanoparticles like gold, platinum, silver, etc.
have been extensively used in the fabrication of novel biosen-
sors due to their unique optical and electrocatalytic proper-
ties.>® However, while these noble metal nanomaterials are
multifunctional, the economics of their extraction, synthesis,
and application are not favorable for their application to routine
and cost-effective diagnostic assays. This necessitates the quest
for an inexpensive substitute which mitigates the costs involved
while offering comparable detection sensitivities, similar or
preferably better, compared to the currently used methods. We
demonstrate in this intuitive study that a suitable alternative
which satisfies all these requirements with low cost and high
efficiency is copper.

Copper is one of the most widely used metals in the world. It
is reported that the availability of copper in the crust is around
0.0068%.” Copper-based nanomaterials have been widely used

This journal is © The Royal Society of Chemistry 2020
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in different fields due to their environmentally friendly prop-
erties, economical cost of manufacturing, ease of obtainability
and very high efficiency in sensing and electrocatalytic appli-
cations.®* Among the copper-based nanomaterials, the most
well-known nanoparticles are Cu nanoparticles which are
a prevalent fraction given their facile synthesis via the
straightforward reduction of the low cost and readily available
salts of copper.® Further restriction of the size of these nano-
materials leads to the formation of atomic clusters of copper,
which are called copper nanoclusters (CuNCs)." Based on their
tailored properties, copper nanoclusters are one of the most
important materials derived from copper.

CuNCs are clusters of copper atoms of diameter up to 2 nm,
which consist of a metallic core containing tens to hundreds of
atoms protected by ligands.' These CuNCs have exceptional
physicochemical properties such as chemical stability, excel-
lent photostability, ultra-small size and good biocompatibility
which have attracted wide attention due to their applications
in clinical diagnostics, nanotherapeutics, chemical catalysis,
biosensing and bioimaging, luminescence-based spectroscopy
and nano-optical devices.”” It is worth noting that due to
quantum confinement effects, CuNCs have fascinating core
size based optical and electronic properties, the most signifi-
cant of them being photoluminescence which can be applied
in diagnostics and monitoring of diseases.”® Combining the
photoluminescence properties of CuNCs with the current need
for low-cost, affordable and sensitive immunosensor, we
report the development of a versatile copper nanocluster
immunosensor.

In this study, we have computationally designed and
experimentally tested the working of a low-cost Copper
Nanocluster Immunosensor (CuNIS) in a clinical setting. The
mechanistic rationale of the functioning of CuNCs vis-a-vis its
conjugation was probed using simulated modeling where the
factors influencing the interactions of CuNCs with streptavi-
din were studied using in silico tools. We attempted to ratio-
nalize the immunosensing by the CuNIS assay starting from
the thermodynamics of formation of the bio-functionalized
CuNC systems to their impact on the formation of streptavi-
din conjugated CuNCs. We also probed the role of surface
functionalization by determining how glutathione function-
alization affects the stability of streptavidin conjugated
CuCNs. Finally, the impact of Cu nanocluster conjugated
streptavidin on the interactions with biotin was evaluated.
Based on the design studies, we have attempted the bio-
conjugation of CuNCs to the streptavidin protein which can be
used for detection of any antigen or antibody using the cor-
responding biotin labeled antibody or antigen respectively.
This immunosensor was fabricated and its potential for the
detection of pathogens was evaluated with one of the most
fatal diseases, AIDS which has HIV-1 as the causative virus.

In order to demonstrate the working of CuNIS in clinical
settings, we chose HIV-1 p24, the biomarker for early detection
of HIV, as the model analyte. A final comparison analysis of the
sensitivity and cost against the other works of similar strategy
highlights the significance of this endeavor. The outcome of
this study will pave the way for the development of CuNC
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View Article Online

Nanoscale Advances

immunosensor based screening protocols with multiplexing
capabilities, which can perhaps be implemented in the detec-
tion of biomarkers for any disease.

Materials and methods

Computational design of the copper nanocluster
immunosensor

While many groups have reported the synthesis and application
of copper nanocluster in fluorometric sensing, their imple-
mentation in immunosensing has never been explored. Thus,
the aim of the present work was to develop a copper nanocluster
based immunosensor which can offer comparable or better
sensitivity compared to other nanoparticle based systems.

To establish the design that enhances the immunosensing
capabilities via in silico studies, the representative Cu, structures
ranging from Cu; to Cus; were optimized to the least energy
conformation using Gaussian 09.' The neutral Cu atom, icosa-
hedral Cuys, tetrahedral Cu,o and the icosahedral-core modeled
Cus; cluster were evaluated for their energetics in MOE compu-
tational software using the MMFX94 force field.”* We further
simulated the consequences of an increase in glutathione groups
present on the surface of the Cu,; as a capping agent to study the
influence of glutathione functionalization on the streptavidin-
CuNC interactions via the HEX molecular docking studies.'® Cu
nanoclusters of varying sizes were docked with the streptavidin
protein obtained from the protein data bank without its solvent
and ligands using the Hex 8.0.0 software. The different docking
conditions were set where the output searched for the top 100
best energy clusters, with shape only correlation type, 3D FFT
mode, grid dimension of 0.6, distance range of 40, and a trans-
lation step of 0.8. These molecular docking studies also helped
determine the impact of conjugated streptavidin in its interac-
tion with the biotin that was visualized using PyMol to capture
the active site residues in the protein."”

Synthesis and characterization of copper nanoclusters

The first step in the fabrication of the CuNIS is the preparation of
copper nanoclusters. The synthesis of copper nanoclusters was
achieved using the chemical reduction of copper sulphate.'®
Briefly, 80 mg of glutathione and 7 mg of copper sulphate were
dissolved in 5 mL of distilled water which over time resulted in
the formation of a supramolecular hydrogel. The next step was
reduction with hydrazine hydrate. Hydrazine hydrate was diluted
by a factor of 25 times in distilled water and 400 mL of the diluted
hydrazine hydrate was added to the hydrogel mixture. Subse-
quently, the solution was further stirred at 45 °C for 15 min which
led to the formation of a purple colored solution indicating the
formation of nanoclusters. These nanoclusters were precipitated
using isopropanol, centrifuged at 10 000 rpm, separated from the
supernatant and redispersed in distilled water and stored at 4 °C
for further applications in immunoassay.

To evaluate the morphology and size of the CuNC dispersion,
TEM characterization was carried out using a Joel 1400 Trans-
mission Electron Microscope operated at 80 kV. The UV-visible
absorbance and photoluminescence based characterization

Nanoscale Adv., 2020, 2, 304-314 | 305
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experiments and measurements were carried out using Shi-
madzu 2450 UV-vis spectrophotometer and SpectraMax M5
microplate reader. The samples were accordingly diluted by 100
folds for recording the spectra.

Bioconjugation of streptavidin to glutathione functionalized
copper nanoclusters

The conjugation of glutathione functionalized copper nano-
clusters requires activation of the carboxyl groups of gluta-
thione which was performed using EDC/sulfo - NHS protocol.*
The stepwise protocol is detailed below.

(1) 20 mg of CuNC was dispersed in 10 mM PBS and washed in
a NanoSep centrifugal ultrafiltration device (MWCO 300 kDa).

(2) After washing, CuNCs were mixed with EDC (10 mM) and
sulpho-NHS (20 mM) in PBS buffer for 30 min. This step acti-
vates the carboxyls of glutathione on CuNCs.

(3) The activated CuNCs were washed with glycine buffer. 50
uL of streptavidin protein (1 mg mL™") prepared in carbonate
buffer was added to the activated CuNCs.

(4) After an incubation period of 24 hours at 37 °C followed
by multiple washes with glycine buffer, streptavidin conjugated
CuNCs, which are the functional Copper Nanocluster Immu-
nosensors (CuNIS), were obtained which were diluted to 0.1 mg
mL~" concentration in PBS. The CuNIS was kept at 4 °C for
storage for future experimentation.

Post the completion of the above procedure, the next step is
confirmation of conjugation. A simple way to ascertain whether
the process of bioconjugation has produced conjugated nano-
particles is the fluorescence polarization (FP) method. The I
and I, were measured for the as produced nanoclusters in the
fluorescence polarization mode by SpectraMax M5 plate reader
and the FP ratio was calculated. Conjugation is confirmed by
the larger value of fluorescence polarization for CuNIS in
comparison to the unconjugated nanoclusters.

Application of CuNIS in HIV-1 p24 biomarker detection

The CuNIS was deployed for application in HIV-1 p24 sensing
which is an early biomarker for Human Immunodeficiency
Virus, the causative agent of HIV. The protocol followed was as
follows.

(1) 55 uL of capture antibodies of concentration 2 pug mL ™,
diluted in carbonate-bicarbonate buffer, were coated in a 96 well
plate. The plates were left at 4 °C for incubation for 24 hours.

(2) Post incubation step, the coated wells were washed 5
times with wash buffer. This was followed by blocking the wells
with 300 pL Casein Blocking Buffer (CBB) per well. Incubation
was continued for 30 minutes at 37 °C to ensure the blocking of
nonspecific adsorption sites.

(3) Stock antigen p24 solution was diluted with CBB to
prepare different concentrations of antigen. 100 uL of the
antigen was introduced in each microwell and incubated at
37 °C with stirring for 60 minutes.

(4) After washing the microwells 5 times with wash buffer,
100 uL of biotinylated detector antibody was added per well and
incubated at 37 °C for 30 minutes.
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(5) To this antibody-antigen—-antibody complex, 100 pL per
well of CuNIS was added and the mixture was incubated at 37 °C
with vigorous stirring for a period of 30 minutes.

(6) A final round of washing was performed with PBST buffer
for 5 times to avoid nonspecific interactions and reduce back-
ground noise. Finally, measurements of the fluorescence signal
from CuNIS were obtained via the SpectraMax microplate
reader (excitation at 394 nm and emission at 598 nm).

All experiments were performed in triplicate for statistical
significance. The calibration curve was obtained by plotting the
measured signal intensity values against the concentration of
HIV-1 p24 antigen.

Preparation of clinical samples for immunoassay

Clinical samples studies were performed to demonstrate the
performance of the immunosensor in the real world context.
CuNIS based p24 test was evaluated using 30 HIV positive and
30 HIV negative patient plasmas (Disclaimer - The plasma
samples used in the study were obtained from the patients with
their informed consent). These samples were prepared using
the procedure as follows.

Preparing plasma samples. They samples were confirmed to
be HIV positive or negative HIV using commercially available
HIV testing kits. To prepare the patient samples, 2 uL of plasma
was diluted in 188 uL of casein block buffer and 10 pL of Triton
X-100 (10% aq. sol.) was added.

HIV-1 p24 spiked plasma samples. To check the efficacy of
our detection system, the first step involved testing HIV negative
plasma samples spiked with known concentrations of p24
antigen. These spiked plasma samples were serially diluted with
PBS solution to obtain the desired concentrations. The samples
were then subjected to assay and the recovered concentrations
were calculated based on the calibration curve. The cross-
reactivity was also evaluated with 10 samples which were HIV
negative but HBV and HCV positive respectively.

Results and discussion

Computational evaluation of design and performance of the
CuNIS

The immunosensor is comprised of three major elements.

(1) Copper nanoclusters which function as the signal
transducers.

(2) Glutathione which function as the conjugating element.

(3) Streptavidin which function as the sensing element.

Designing and optimization of the performance of every
component of the CuNIS is vital to its functioning. In order to
predict the outcome of the proposed design strategy, we have
computationally analyzed each element of the sensor and esti-
mated the role played by them in the efficiency of CuNIS.

In our quest to understand the energetics involved in the
fabrication of streptavidin conjugated Cu nanoclusters, we
evaluated the thermodynamics of the reaction pathway involved
with conjugation of streptavidin to copper nanoclusters
(Scheme 1). Gaussian 09 is the software of choice to build and

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Schematic illustration of the reaction pathway involved in
EDC-NHS activation of glutathione functionalized copper
nanoclusters.

optimize the structures across the three steps as noted by the
following sequence:

Cu,-gluta + EDC + NHS — Cu,-gluta-EDC + NHS —
Cu,-gluta-NHS

The individual reactant and product energies for the afore-
mentioned processes were determined for their minimized
least energy MMFX94 states which are tabulated in Table 1. We
observed that with the increase in nanocluster size, we obtain
more stable conformations. This can be reasoned based on the
fact that as the size of copper nanoclusters increase, there is an
accompanying increase in the negative Gibbs free energy of the
reaction (as seen from Table 1), making the reaction more
spontaneous. Furthermore, we note that the combined free
energy (energy gain in Table 1) is positive when the number of
copper atoms is less. Thus, a larger copper core makes the
reaction more feasible.

Role of copper nanoclusters as signal transducers

Role of the Cu, clusters in formation of streptavidin conju-
gated copper nanoclusters. The role of copper nanoclusters is

View Article Online
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paramount as established in the energetics recorded above.
However, the direct implication of this behavior can be best
observed in the consequent binding interactions of these nano-
clusters with the streptavidin protein. The best-docked poses for
the various nanoclusters interacting with the active site residues in
the cavity can be seen in Fig. 1. We observe that as the cluster size
increases, the ligand settles deeper into the cavity, thus estab-
lishing more contact area between the electrovalent metal and the
charged residues in the protein active site for interactions. As the
number of interactions grow, greater binding occurs between the
ligand from the nanoclusters and the target protein. This results in
larger clusters having stronger binding with the protein. This is
further corroborated from the observed enhancement in the
binding affinity as demonstrated in the Table 2.

Role of glutathione as the conjugating element

Role of surface functionalization of glutathione in the
conjugation of copper nanocluster to streptavidin. The first step
in the nanocluster-streptavidin conjugation is EDC-NHS activa-
tion which is sequentially followed by reaction with streptavidin.
The interaction of EDC and NHS with the nanoclusters happens
through the electron density rich surface of the nanoclusters. In
this regard, the role of glutathione in bioconjugation was evalu-
ated further by altering the number of functionalized glutathione
tails on the surface of CuNCs. This is once again only a repre-
sentative simulation to mimic the actual systemic state as
a reaction trend. Cu;; was chosen as the model nanocluster for
determining the effect of the concentration of the glutathione
tails given that it has the maximum energy gain in the thermo-
dynamic profile recorded in Table 3. We observed from the table
that the growing number of the glutathione-NHS tails present on
the copper nanocluster remarkably enhanced the binding
affinity. This can be explained based on the increasing opportu-
nity for each gluta-NHS tail to interact with the active site resi-
dues in the streptavidin protein pocket. We also note the impact
of their steric repulsions on the interactions as the number grows
given that we have chosen a relatively small cluster.

The driving force in this conjugation is the large negative
total free energy that leads to the stability of the conjugated
product. Therefore, to determine the stability of the conjuga-
tion, the binding affinity of the metal nanocluster interactions
with streptavidin was calculated in the presence and also the
absence of glutathione across various cluster sizes. The marked
difference observed, as recorded in Table 4, confirms the role
played by glutathione in the enhanced binding affinity. This is
especially pronounced for the copper nanoclusters of smaller
size as compared to the larger one. We can therefore ascertain

Table 1 Comparison of free energies of formation of various species involved in the EDC-NHS activation of copper nanoclusters

Process steps AE, AE, AEg AE 3 AE,,
Cu,-glutathione + EDC + NHS 44.47 42.367 43.204 954.901 835.448
Cu,-glutathione-EDC 26.93 15.762 16.69 901.957 896.757
Cu,-glutathione-NHS 46.307 23.112 23.92 863.514 825.632
Energy gain (step 2) 19.377 7.35 7.23 —38.443 —71.125
Net energy gain (step 1 + step 2) —25.09 —35.02 —35.974 —993.34 —906.57

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Comparison of the best docked poses for the different sized Cu,-gluta-NHS clusters with the streptavidin protein for varying cluster sizes

of (a) Cu; (b) Cug (c) Cuyz (d) Cuyg (e) Cus; as determined by HEX.

Table 2 Binding affinity of the various copper clusters towards
streptavidin as obtained from the molecular docking studies using HEX

Ligand
Hex docking score

Cu,
—276.49

Cug
—275.59

Cuyz
—301.06

Cuyo
—344.62

Cus,
—388.80

Table 3 Effect of the number of glutathione molecules attached to
the nanocluster surface on the binding affinity of CuNC towards
streptavidin

HEX docking

No of glutathione tails score

Cuy;.glutathione-NHS —317.76
Cuy;.2 glutathione-NHS —388.24
Cu,3.4 glutathione-NHS —301.06
Cuy;.6 glutathione-NHS —344.62

the need of the glutathione conjugation as an important factor
for the designed immunoassay.

Role of streptavidin as the sensing element

Role of streptavidin conjugated CuNCs in interaction with
biotin. As compiled in Table 5, we observe that there is

a significant contribution from metal nanocluster towards the
interactions of streptavidin protein with biotin. From the Cu,
to the Cuy, we observe a major increase in the binding affinity
of streptavidin by almost 40 units. The interacting amino acid
residues in the active sites of the protein are largely glycine
and threonine. Active sites of Gly 16, Gly 68, Gly 98 and Thr 71
interact with the carboxylic group in the biotin chain. We can
clearly see that the optimal size of the nanocluster with
highest interactions is Cu,, after which the interactions again
return to the native state. This can be attributed to the steric

Table 5 The binding score of the interactions of the biotin and its
corresponding active site residues for the best-docked poses of
various Cu,-streptavidin protein

BA_biotin (kcal

Nanocluster ~ mol ™) Interacting active site residues

Cu, —224.65 Gly 16, Glu 98

Cu, —264.78 Gly 16, Gly 68, Gly 98, Thr 71

Cug —265.58 Gly 16, Gly 68, Gly 98, Thr 71

Cuy; —254.13 Gly 16, Gly 98, Thr 71

Cuy, —273.37 Gly 16, Ile 17, Gly 68, Gly 98, Thr 71
Cus, —234.20 Gly 16, Glu 98

Table 4 Binding affinity of copper nanoclusters towards streptavidin in the presence and absence of glutathione

Binding affinity in Binding affinity in
Nanocluster absence of glutathione-NHS tail (kcal mol™") presence of glutathione-NHS (kcal mol ™)
Cu, —37.70 —276.49
Cug —114.95 —275.59
Cuy, —137.85 —301.06
Cuyg —185.36 —344.62
Cus, —294.07 —388.80
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Gly 68

Fig. 2 The best docked pose for the interactions of the biotin with the streptavidin-Cu,q simulated through Pymol.

size of the bigger metal nanocluster. The highest binding
score could be explained by the presence of the additional
interactions with the Ile 17 solely for this protein conforma-
tion. The best-docked pose for the interactions of the biotin
with the streptavidin-Cu,, is captured using PyMol as shown
in Fig. 2. The inset shows the binding interactions of biotin
with the specific amino acid residues demonstrated as
spheres.

Based on this study, we can predict that as the particle size
increases, the interactions also increase between streptavidin
and the biotin ligand.

Synthesis and characterization of the glutathione
functionalized copper nanoclusters

The synthesis of copper nanocluster required a technique that
does not have much infrastructural requirement and can be
performed with cost-effective reagents in a short reaction
duration. This is achieved with the chemical reduction method.
In this method, the copper salts are reduced using a reducing
agent to create zero-valent copper atoms.* In our set up, copper
sulphate pentahydrate was the salt of choice. Glutathione was
chosen as the capping agent.”

The mechanism of formation of copper nanoclusters
involves hydrazine. The copper salt and glutathione are allowed
to react first to form the hydrogel. Following this, hydrazine is
added to the mixture and stirred for 15 minutes at 45 °C to
reduce the hydrogel to generate the desired copper nano-
clusters.”® The stirring which redistributes the heat in the
system is vital, for it supports the formation of stable nano-
clusters. The reaction is depicted in the equation below:

stirring

Cu**(aq) + GSH(aq) ——=, [Cu(GSH)]**

hydrazine
E—

Cu[GSH]|

The TEM characterization of the copper nanocluster is pre-
sented in the ESI Fig. S1,7 while the UV-vis absorbance and
photoluminescence spectroscopy is presented in ESI Fig. S2 in
the ESLT

This journal is © The Royal Society of Chemistry 2020

Experimental evaluation of conjugation of copper
nanoclusters to streptavidin

The design of an immunosensor involves a sensing reaction
which is essentially an interaction between the sensing
elements on the sensor and analyte (directly or indirectly).”* In
CuNC immunosensor, streptavidin was chosen as the sensing
element which interacts with the biotin on the detector anti-
body. So the most important step of fabricating CuNC immu-
nosensor is the conjugation of streptavidin to CuNCs.

The process of conjugation of streptavidin to copper nano-
cluster was carried out using the 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC)-N-hydroxysuccinimide (NHS) coupling mech-
anism which is well established.” EDC reacts and activates the
carboxylic acid groups present in glutathione leading to the
formation of a reactive O-acylisourea intermediate. When the
amino groups on the streptavidin attack the nanocluster, the
intermediate is easily displaced allowing the primary amine groups
to form an amide bond with the carboxyl groups form glutathione.
The intermediate is an unstable by-product which doesn't undergo
any further reaction with non-amine groups, thus ensuring that no
other moieties interfere in this reaction.

The EDC-NHS methodology was chosen as the preferred
method of bioconjugation due to two main reasons:

(1) The EDC-NHS method is a very well-known method which
can be easily repeated in any setting given the protocol is fol-
lowed. This allows for standardization of the protocol to a great
extent allowing a minimal variation in sensitivity of the assay
with every new batch of nanoclusters.

(2) The EDC-NHS establishes a very strong and stable amide
bond between the conjugating entities. In the course of the
conjugation, EDC-NHS are eliminated from the end product.
This also helps in keeping the chemical identity of the conju-
gating molecules intact.

The as-obtained product of the coupling reaction can be
ascertained for conjugation using the method of fluorescence
polarization (FP). Fluorescent polarization is defined as
a phenomenon where a fluorophore radiates light in different
axes of polarization with different intensities. This anisotropy is

Nanoscale Adv., 2020, 2, 304-314 | 309
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dependent on the size and motion of the fluorophore, which can
be tuned by the conjugation and surface functionalization.**
Thus, fluorescence polarization can be used to confirm the
conjugation of biomolecules to fluorophores.

We, therefore, adopted the FP method to test the conjuga-
tion of streptavidin to copper nanocluster. The FP measure-
ments were made in SpectraMax M5 microplate reader in the
fluorescence polarization mode.

The change in the FP value corresponds to the increase in the
size of the fluorophore after conjugation. The binding of the
protein to the nanoclusters increases its dimensions, which
slows down its molecular rotation compared to the nano-
clusters which are unconjugated.>*?® This causes the FP value to
be higher for streptavidin conjugated nanoclusters compared to
unconjugated nanoclusters. I and I, values were obtained
from the spectrophotometer. The calculation of the FP values
was done based on the formula

_IH—GXIL

FP= —"——+—
IH+G><IL

The corresponding data is tabulated in Table 6. As it can be
inferred, the FP value increases with size of the particles. Thus,

Table 6 Comparison of fluorescence polarization value of the
unconjugated CuNCs with the conjugated CuNCs

Sample I I, FP
Unconjugated CuNCs 94 78 0.093
Conjugated CuNCs (CuNIS) 132 99 0.143

Coating the wells with capture
antibodies

Measurement of

Addition of block buffer to
the well

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

View Article Online
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FP becomes an easy tool to monitor the functionalization of any
moiety where an increase in the size is expected. The FP value of
the copper nanocluster conjugated to streptavidin was higher
than unconjugated copper nanocluster (CuNCs), which
confirmed the conjugation of streptavidin to CuNCs.

The as-obtained structure post-EDC-NHS based streptavidin
conjugation protocol is the functional Copper Nanocluster
ImmunoSensor (CuNIS) which can be tested for implementa-
tion in various immunodiagnostic applications.

Deployment of copper nanocluster immunosensor (CuNIS) in
HIV diagnostics CuNIS based sandwich immunoassay for
HIV-1 p24 detection

Acquired immune deficiency syndrome (AIDS) is one of the
most severe health issues that humanity has come across.””
Since, there is no stipulated treatment that can cure this
disease as yet, the only way to control and further avoid the
transmission of this disease is by spreading social awareness
at a community level and early detection of new infections at
a clinical level.”® Clinical diagnostics utilize either RNA based
PCR techniques or HIV-1 p24 antigen-based molecular biology
techniques.” In this study, we have chosen AIDS as the
disease of the choice to test the performance of CuNIS. HIV-1
p24 biomarker has been chosen as the target analyte due to its
abundant availability in the bloodstream when the infection
is in early stages and concentrations of HIV antibodies is
low.*®

HIV-1 p24 biomarker test was chosen as the model assay to
study the real world performance of CuNIS. The HIV-1 p24
immunoassay that we have adopted is a sandwich format assay

Interaction of HIV p24 antigen

| with capture antibody

Biotinylated detector antibody

HIV p24

@ Casein block ‘
bulfer Antigen

fluorescence
Capture
antibody

. Biotinylated

interaction with the antigen
L oy

I Strep bwidin | | ~Excitation
i conjugated | |- S s |
CuNC ®

detector
antibody

Detector

Scheme 2 Schematic illustration of CuNIS application for detection of HIV-1 p24 antigen.
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wherein a sandwich of antibody-antigen-antibody complex is
formed. The detector antibodies are biotinylated which interact
with the streptavidin from CuNIS in the detection step (Scheme
2). The strong interactions between biotin and streptavidin
attach the CuNIS to the sandwich complex which emits when
excited with the excitation energy. The signal intensity measured
using the SpectraMax M5 microplate reader is dependent on HIV-
1 p24 concentration in the sample. The measured signal intensity
was plotted against the concentration of p24 antigen to obtain
the calibration curve as depicted in Fig. 3(a) and (b).

The optimization of the concentration of CuNIS has been
presented in the ESI through ESI Fig. S3.1

Analytical performance of CuNIS in HIV-1 p24 immunoassay

Statistically, the immunoassay employing CuNIS had a fluores-
cence cut-off value of 10.15 RFU (Relative Fluorescence Units).**
The limit of detection (LOD) for this assay was recorded to be

R?=0.99541

—=— Standard Curve,
—— Linear fit for
standard Curve

Fluorescence Intensity (RFU)

27 pg/mL

" 1 T L T
0 200 400 600 800
Concentration of p24 (pg/mL)

R*=0.99541

—=— Standard Curve
Linear fit for
standard Curve

Fluorescence Intensity (RFU)

27 pg/mL
T L T L T Y T L T v T L T L 1
20 30 40 50 60 70 80 90 100

Concentration of p24 (pg/mL)

Fig. 3 (a) Calibration curve of CuNIS based HIV-1 p24 assay (b) the
calibration curve of CuNIS based HIV-1 p24 assay with resolved axis
showing the lower end of the linear dynamic range.
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23.8 pg mL ™" in the dynamic range of 27-1000 pg mL . The
signal to cutoff ratio was set to be 2 : 1 for positive samples.*?
The linear correlation equation was as follows

Fluorescence intensity = 1.26 x concentration of p24 + 10.71

A good correlation was observed between p24 antigen
concentrations and the signal count from CuNIS. The value of
the coefficient of correlation was * = 0.99541, which leads to
the inference that this assay can be explained as a linear dose
dependent-model. Thus, it can be reported from this study that
the CuNIS based assays could achieve detection sensitivity at
the picogram per milliliter level. To our knowledge, this is one
of the highest sensitivity reported using copper nanoclusters in
biochemical sensing. This high value of sensitivity can be
attributed to the utilization of highly specific streptavidin-
biotin interaction as the sensing reaction. Table 7 compares the
detection sensitivities of other copper nanocluster based
detection methodologies with CuNIS based detection protocol.

Clinical serum sample analysis

Furthermore, we tried to establish the effectiveness of CuNIS by
testing its specificity. The testing with interfering biomolecules
showed no effect on the performance of CuNIS, as depicted in
ESI Fig. S4.1 In order to test the recovery rate of the assays, HIV
negative samples clinical plasma samples were spiked with HIV-
1 p24 concentrations and the assay was performed to calculate
the recovered concentrations based on the calibrations curve.
The data of the study is presented in Table S1 of the ESL.{

The specificity was further assessed by performing the assay
on samples from HIV positive individuals. In this regard, the
plasma samples were first diluted 100 times prior to the anal-
ysis. We tested 30 samples confirmed as HIV positive and 30
samples confirmed as HIV negative (tested by 4th gen
commercial ELISA kits) using CuNIS and no false negatives or
false positive were observed. We tested the performance of
immunosensor for cross-reactivity with 10 HBV positive and 10
HCV positive plasma samples, all of which were confirmed as
HIV negative. We observed that the signal intensity from these
samples was as low as the negative control. The comparison of
the signal intensities from the samples is presented in Fig. 4(a-
c). This allowed us to conclude that the CuNIS based p24 assay
is very specific to p24 antigen and is not susceptible to

Table 7 Comparison of sensitivities of various other copper nano-
cluster based sensors

Analyte Limit of detection Reference
Hydrogen sulphides 650 nM 33
Fe** metal ions 23.4 nM 34
Nitrate ions 3.4 uM 35
Dopamine 0.5 nM 36
Cyanide ions 0.37 uM 37
RNA of hepatitis B 12 x 10° molecules 38

HIV-1 p24 23.8 pg mL " Present work

Nanoscale Adv., 2020, 2, 304-314 | 311
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Fig.4 (a) Results for CuNIS based p24 assay for (a) 10 HIV +ve samples
(b) 10 HIV —ve samples (c) HIV —ve, HBV +ve/HIV —ve, and HCV +ve/
HIV —ve.

interference from other pathogen biomarkers. As it is clearly
evident, the CuNIS has very high specificity with negligible
cross-reactivity.

Comparison of cost of fabrication of various metal
nanocluster based immunosensor

The key highlight of this research endeavor was the design and
fabrication of a robust, selective and specific low-cost immu-
nosensor. The other metal nanoclusters of gold, silver, and
platinum are known to be expensive which limits their appli-
cation in developing low-cost assays. But copper is economically
priced, affordable to all margins of society and there are a wide
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range of precursors that are available to synthesize copper
nanoclusters. Table 8 demonstrates that using copper nano-
clusters can reduce the cost of the immunosensor by almost 10
times in comparison to silver and almost 100 times in
comparison to the gold nanocluster, even while their perfor-
mance is comparable. This could be an enormous gain, espe-
cially, when we are looking at a global disease. Thus, CuNIS
could be the preferred choice for deployment of these diag-
nostic immunoassays especially in the resource-limited settings
that are the crucial areas of the disease prevalence.

Discussion

Over that last couple of decades, there have been many sensitive
nanoparticle based biosensors which have been designed and
proposed by research groups all over the world.****' Most of
them demonstrated high sensitivity and excellent stability. But
the cost, deployment and the shortcomings of the specific
nanoparticle system remained a key challenge, making such
nanoparticle based biosensors inadequate in many applications
and preventing their widespread uses.”” Copper nanocluster
based immunosensor has clearly demonstrated the ability to
overcome these challenges. With an easy synthesis protocol,
requiring bare minimum infrastructure, and a straightforward
bioconjugation technique, CuNIS definitely opens the door to
the world of low cost immunosensing.

The important facet of CuNIS is that it could achieve pg mL ™"
sensitivity without the need for any highly specialized instru-
ments or expensive chemicals and reagents, like those required
in PCR based methods. Based on the performance of the CuNIS,
it can be said that CuNIS is a robust and sensitive immunosensor
because of its good signal strength and high signal to noise ratio.
Also, there are no requirements for sophisticated equipments
and specific storage conditions as CuNIS is not an enzyme-based
immunosensor. Due to the high specificity of CuNIS, it could be
developed into a multifunctional biosensor applicable in any
detection protocol where biotinylated biomolecules are in use.
This feature of CuNIS makes it possible to develop it as
a universal label which can be used for detection of any pathogen
just by changing the capture antibodies and detector antibodies
specific to the disease biomarker. This allows for multiplexed
detection of diseases as specific antibodies can be used specifi-
cally to detect a disease biomarker. This kind of multiplexed
platform for clinical diagnostics can greatly benefit in reducing
the wait time for an assay as multiple diseases can be detected
simultaneously. Interestingly, there is no need for specific
training of technicians to employ CuNIS in immunoassays as it is
similar to traditional ELISA which is widely practiced across
various laboratories and clinics.

One important observation is that the CuNIS, with a limit of
detection of 23.8 pg mL™" for HIV-1 p24, has a sensitive
comparable to the current generation ELISA.** The matter of
fact is that this experiment was a pilot study to demonstrate the
working of the conjugation and the immunosensing strategy of
CuNIS. We have not really focused on optimization of the
parameters to the best possible conditions. We believe that on
further optimization of conditions such as the method of

This journal is © The Royal Society of Chemistry 2020
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Table 8 A cost comparison of different metal nanocluster immunosensors

S. No Nanocluster Precursor Cost® per milligram® ($ per US)
1 Platinum Chloroplatinic acid hexahydrate 1.33

2 Gold Tetrachloroauric(III) acid 1.07

3 Silver Silver nitrate 0.175

4 Copper Copper(u) sulphate pentahydrate 0.012

“ All the costs have been based on the commercial prices for the chemicals from Sigma-Aldrich. ® The equivalent masses were calculated taking into

account the amount of precursor used for each reaction.

synthesis, bioconjugation protocol and optimization of
concentrations of components involved, CuNIS can actually
break the 5 pg mL™" barrier. With further application of plas-
monic enhancers and microfluidic platforms, we foresee that it
can even detect the analyte at sub-picogram level. Presently,
these modifications are being implemented by our group to
enhance the sensitivity of CuNIS to the highest possible level.

Thus, we predict that on optimization and simplification,
CuNIS could be developed into a rapid and ultra-sensitive
immunodiagnostic tool for real-world diagnostics which can
even be deployed in resource-constrained regions.

Conclusions

Fluorescent copper nanoclusters were synthesized to engineer
the streptavidin labeled fluorescent copper nanoclusters. They
were designed and evaluated for immunosensing via methods
that highlighted the impact of conjugated copper nanocluster
systems on the formation of streptavidin conjugated CuNC. It
also established the role played by surface functionalization in
the interaction of streptavidin conjugated CuCNs with biotin.
The performance of CuNIS was tested by deployment in HIV-1
p24 assay, with HIV-1 p24 being the biomarker for AIDS-
causing HIV virus. 100% specificity was observed in CuNIS
based assay when tested with HIV negative plasma samples and
those infected with other viruses such as HBV and HCV. Results
also indicated that positive plasma samples were accurately
detected as positive by CuNIS. The CuNIS was found to work
efficiently in detecting p24 in the linear working range of 27 pg
mL " to 1000 pg mL " with a limit of detection of 23.8 pg mL™".
This dynamic range observed here is very crucial for the
detection of p24 antigen concentration within days after expo-
sure up to 3 weeks, after which owing to seroconversion, the
antigen becomes undetectable.

The presented results in this study pave the way for new
methodologies that can be applied for the detection of various
disease-causing agents. Based on our findings, we conclude that
CuNIS can offer high sensitivity and specificity which can be
deployed for improved point-of-care diagnostics at minimal
fabrication cost.
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