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Abstract: The fragile antibody leads to a great challenge as a scaffold to fabricate the luminescent metal nanoclus-
ters using one-pot method. This study presents a stable single-chain anti-body (scFv57R-ATS) for the fabrication of
luminescent gold nanoclusters (AuNCs@scFv57R-ATS) and a quick, sensitive rabies virus detection in living cells.
In this paper, AuNCs@scFv57R-ATS was designed to specifically recognize antigen RV in modified Hela cells,

which promoted the demonstration of metal nanocluster fluorescent probes for antigen targeting and therapy.
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1 Introduction

The small metal nanoclusters (MeNCs) gener-
ally composed of only decade few atoms often show
size-dependent electronic transitions and intense lu-

. 1-3
mlnescence[ ].

The discrete electron energy levels
resulted in unique properties being highly different
from bigger nanoparticles and attracted more re-

) . [4-6]
searchers’ attention recently .

The gold nanoclus-
ters (AuNCs) fabricated directly by proteins often
show good solubility and excellent biocompatibility.
Additionally, the active surface groups as —COOH
and/or —NH,; in the protected protein endows it easi-
ly to be functionalized as purpose. Several commer-
cially available protein, such as bovine serum albu-
min  (BSA)"”, glucose
(GOx)™, horseradish peroxidase(HRP)"", and easi-

ly expressed proteins as GST'" and P53"" have been

[10-11]

lysozyme oxidase

successfully used to reduce and stabilize the lumi-
nescent AuNCs. However, the harsh conditions as
high temperature and extremely basicity used for the
fabrication sometimes lead to the partial denatur-
ation and/or biological function lost partially or even

1351 et alone the

entirely of these tolerant proteins
more fragile single-chain antibodies. Therefore, re-
garding of their important role in the immune re-
sponse of living organisms, antibodies have been
rarely used as scaffolds for the one-pot fabrication of
luminescent MeNCs. Several approaches to post-
conjugate the single-chain antibody to the plasmon
gold nanoparticles (AuNPs)"*” have been reported,
where the performance essentially based on the plas-
mon absorption rather than the sensitive lumines-
cence. To date, however, there is only one example
reported for the one-pot MeNCs synthesis using the

2 .
" Tt convinced

anti-BSA IgG directly as a model'
the single-chain antibody a reliable scaffold to re-
duce and protect luminescent MeNCs.

Besides, reputation as being inevitably fatal, to-
gether with its ability to affect all mammalian spe-
cies, facilitated the fears of rabies over the world.
Although post-exposure prophylactic (PEP) by ad-
ministering rabies vaccine and immunoglobulin
(RIG) protection  against

provided sufficient

infection, certain shortcomings limited their use suf-
ficiently. Therefore, genetically engineered antibod-
ies against the rabies virus (RV) came to research
recently instead of RIG™?. The single-chain vari-
able antibody fragment (scFv), grafted from the
heavy and light chains of immunoglobin, has sprung
up recently. Albeit sharing just the smallest unit,
the developed scFv possessed both the high binding
affinity and specific recognition of the matrilineal an-
tibody™.

Moreover, the successful expression of the scFv
in the prokaryotic system essentially decreased the

P For example, the sin-

cost of antibody-producing
gle-chain variable fragment, scFv57R, targeting the
glycoprotein of RV was achieved from a clinical
mono clone antibody (mAb) of CR57%".

the inherent low stability and short half-life versus

Besides,

the parent RIG were improved by fusing at the C-ter-
minus an acidic tail of synuclein (ATS) of human al-
protein. The ATS
scFv57R, generating a scFv57R-ATS, improved its

pha-synuclein labelling on

thermal stability and vastly extended its potential in
diagnosis and therapeutics™.

ATS was proposed to prevent protein aggrega-
tion under versatile stresses™””. The inhibition of
ATS-fusion on antibody aggregation under extremely
pH, high temperature or metal ions was achieved”".
Moreover, the ATS-tailed antibody showed no appar-
ent decrease on the binding affinity to antigen or
neutralizing potency of the original antibody. Re-
markably, the obtained scFv57R-ATS showed im-
proved thermal stability and a longer half-life in se-
rum compared to scFv57R. Notably, in the ELISA
test, the ATS-fusion vastly improved the protection
ability of scFv57R against fatal RV™™. Thus, ATS-
fusion is an effective strategy to stabilize antibodies
for practical use widely. In the present study, the
scFvS7R-ATS will be used both as reductant and
supported scaffold to directly fabricate the antibody
encapsulated AuNCs in one-pot. Thus, a new nano-
material, possessing both red-emission and immune
ability of scFv57R-ATS, was developed. The prod-
uct, AuNCs@scFv57R-ATS, image the RV-loaded

cells brightly and quickly, therefore, supplying a fast
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and sensitive luminescence approach for RV detec-

tion in cell.

2 Experiment

2.1 Materials

HAuCl,-3H,0, Na,HPO,"
12H,0, KCI, NaCl, and KH,PO,, NaOH were pur-
chased from Beijing Chemical Factory (Beijing,

sodium citrate,

China), with purities higher than 99%. Chemicals
obtained from commercial suppliers were used with-
out further purification. Distilled water (p =18.2
M-:cm, 25 °C ), used for all experiments, was ob-
tained from a water purification system (Millipore
Milli-Q).

The recombinant vector of scfv57TR-ATS was
constructed using the same method as reported"”.
The protein of scFv57R-ATS is composed of the
scFv57R and an ATS-tag (DPDNEAYEMPSEEGY -
QDYEPEA). The expression and purification of
the recombinant scFv57R-ATS are also the same as
described before®. SDS-PAGE analysis, together
with the western-blot assay, was used to identify
scFv57R-ATS based on a mouse anti-His mAb
accordingly.

2.2 Fabrication of the scFv57R-ATS Protected
Gold Nanoclusters

We added an aqueous solution of HAuCly
(10.0 mmol-L", 60-130 wL) into a solution of
ScFv57-ATS (5.0-20.0 mg-mL™, 500 wL), respec-
tively, distilled water (340-270 wL) was intro-
duced into the mixture under vigorous stirring. Af-
ter 10 s, 1.0 mol-L™"' NaOH was added to the mix-
ture to adjust the pH from 7.0 to 13.0. After it
turned from light yellow to colorless, the solution
was quickly heated to the target temperature (40—
120 °C, with an interval of 10 “C), respectively, and
then being kept there for different time (5-60 min)
to finalize the reaction. Once the reaction stops,
the solution was cooled down and then dialyzed for
24 h using a 10 ku dialysis bag to remove the ex-
cess reactants and refold the protein to its natural
state as much as possible. The products are stored
at 4 °C for further characterization and practical

use.

2.3 Binding Affinity Assay of scFvS57R-ATS
and AuNCs@scFv57R-ATS by ELISA

The solution of scFv57R-ATS or AuNCs@scFv
57R-ATS in different concentrations (0. 002-4.0
mg-mL™") was added into ELISA plates pre-coated
with the inactivated RV ERA strain being blocked.
After incubation at 37 °C for 1 h, the unbound pro-
teins were washed away with PBST (200 pL,
thrice). Then a diluted (1:1 000) HRP connected
anti-His tag antibody (Transking, China) was added
(100 pL/well), which reacted at 37 °C for 1 h.
Again, after washing with PBST (200 pL, thrice),
the substrate of tetramethylbenzidine (TMB) was
added (100 wL/well), which was incubated at 37 C
H,S0,
(2 mol* L™, 50 wL/well) is used to stop the reaction,

for another 5 min, protected from light.

and the RV binding ability was measured by the ab-

sorbance at 490 nm.

2.4 Cell Culture and Fluorescence Images of
AuNCs@scFv57R-ATS in RV-free and
RV-loaded Living Cells

To study the localization of AuNCs@scFv57R-

ATS in cells, particularly the fluorescence response

to RV, laser confocal scanning microscopy was ad-

opted to visualize the luminescence image. First,

HeLa cells (CCL-2, ATCC) were pre-cultured in a

96-well plate seeded with a density of 1. 0x10° cells

per dish (15.6 mm). Once growing up to a 40%

density, RV (MOI=0.01) were loaded in two cell

lines while another two free, grown at 37 ‘C under

5% CO,. After 24 h, followed by removing the medi-

um, 500 pL fresh DMEM with 10% serum medium

and AuNCs@scFv57R-ATS or not (final concentra-
tion is 1.2 mg*mL™ or 0) was added to each group
respectively. Next, the cells were incubated for an-
other 1, 2, 8 h, respectively, at 37 ‘C. Subsequently,
the cells were washed thrice using the ice-cold PBS

(pH 7.4). Finally, we recorded the cell images us-

ing an equipment of FV1000 (Olympus, Japan), un-

der the excitation of 490 nm. The staining of DAPI
was performed 2-3 min before the measurement, at
room temperature.

2.5 Characterizations

A Shimadzu (Japan) RF-5301 fluorescence
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spectrophotometer is used to measure luminescence
spectra of AuNCs@scFv57R-ATS. UV-Vis absorp-
tion spectra measurements were performed on a Shi-
madzu UV-3600 spectrophotometer using a 1 em X 1
cm quartz cuvette. X-ray photoelectron spectroscopy
(XPS) measurement was performed on an ESCAL-
AB 250 spectrometer with a monochromic X-ray
source (Al Ka line, 1486. 6 eV). PMS 450 spectro-
polarimeter (Biologic, France) was used to record
the circular dichroism (CD) spectrum. All infrared
spectra were characterized by a Vertex 80 V vacuum
Fourier transform infrared (FT-IR) spectrometer
(Bruker, Germany), where the sample was dis-
persed in a KBr pellet. The photoluminescence
quantum yield (QY) of AuNCs@scFv57-ATS was
measured using Quantaurus-QY (Edinburgh Instru-
ments), including an excitation light source com-
posed of a Xe lamp and monochromator. Transmis-
sion electron microscopy (TEM) measurements of
AuNCs@scFv57R-ATS were conducted with JEM-
2200FS (Jeol Ltd, Japan), working with an acceler-

ating voltage of 120 kV. The decay curve of fluores-
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cence emission was measured using F1.S920 (Edin-
burgh Instruments, United Kingdom) via combining
with a fluorescence lifetime and steady-state spec-

trometer.

3 Results and Discussion

Under the limitation to vastly improve the pro-
tein concentration, initially, different amount of
HAuCl, were added respectively into a solution con-
taining fixed scFv57R-ATS. After heating for 1 h at
60 °C, the product was purified via dialysis, and the
measured

corresponding emission

(Fig. 1(a) ). The increases of HAuCl, in feeding

spectra were

materials led to bilateral emission changes of prod-
uct turned between 0. 8-0.9 mmol-L™"'. Meanwhile,
a unilateral blue-shift showed for the product along
with HAuCl, (Fig. 1(a) ), indicating a high ratio of
protein to HAuCl, tends to produce red emission as
revealed before for GST"Y and p53"". The plots in
Fig. 1(b) revealed that 0. 8 mmol-L™" was the best
concentration of HAuCl; which produced intensive
red-emission at 670 nm, albeit less HAuCl, resulted

in higher wavelength but feeble emission.
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(a) Luminescence spectra of AuNCs@scFv57R-ATS being fabricated at 60 °C, with different amounts of HAuCl, between

0.6-0.8 mmol-L™" (red) and 0.9-1.3 mmol- L™ (black) , respectively, when scFv57R-ATS is fixed at 10.0 mg-mL™".

(b)Plots of corresponding emission intensity and peak position of (a)(A,, =400 nm)

The effects of pH on AuNCs@scFv57R-ATS
fabrication were investigated by changing pH from
7.0 to 13.0, respectively, and the emission spectra
were recorded (Fig. S1(a)). The requirements for
intense and red-emission products resulted in an op-
timal pH of 12. 0 for the fabrication (Fig. S1(b) ).
Besides, the protein concentration of scFv57R-ATS
to produce high-luminescent AuNCs@scFv57-ATS

was either optimized (Fig. S1(c) ), showing that 20
mg-mL™" is preferred (Fig. S1(d)) for the following
synthesis. Finally, we optimized the reaction temper-
ature (Fig. S2) and time (Fig. S3) to improve the
optical properties of AuNCs@scFv57-ATS further.
As a result, the high luminescence and red-shift
products are achieved at 100 “C; while the most sub-

stantial emission ap-pears in 20 min, indicating a
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time to stop the reaction enough. In summary, a so-
lution containing fixed amounts of HAuCl, (0.8
mmol-L™") and scFv57R-ATS (20.0 mg-mL™) are
chosen to react at 100 °C for 20 min, as the best con-
ditions to fabricate the high luminescent, red-emis-
sive AuNCs@scFv57R-ATS in the present study.

The obtained AuNCs@scFv57-ATS emits at
700 nm under the excitation of 590 nm (Fig. 2(a)),

which results in a wide Stokes-shift and will benefit

(a)

Intensity/a. u.

400 500 600 700 800 900
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Fig.2
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its bioapplications. Meanwhile, no absorption peak
is shown between 500-700 nm in the spectrum
(Fig. 2(b) ), excluding giant NPs formation during the
fabrication. Also, the TEM image illustrates highly
monodisperse metal cores (Fig. 2 (c) ), most of them
locate between 1.35-1. 65 nm in size based on a sta-
tistic of 200 particles in TEM images (Fig. 2 (d) ).
Compared to the reported AuNCs@GST", the distribu-

tion of particle size is relatively narrow here.

(b)
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(a) Fluorescence excited (red) and emitted (black) spectrum. (b) UV-visible absorption spectrum of the optimized

AuNCs@scFv57R-ATS, respectively. Image of TEM (¢) and the distribution of particle size calculated from TEM images

(d), insetin (¢) is the crystal lattice of the representative particle

We then conducted XPS to investigate the va-
of gold AuNCs@scFv57R-ATS.
Fig. 3(a), the peaks cantered around 84.1 eV and
87.8 eV are assigned to 4f;, and 4f5, of Au™ . The
deconvolution of 84. 1 eV into 84. 0 eV and 85.0 eV

lences in In

(dot lines) confirms the coexistence of Au (0)/Au
(I) in the metal core. The ratio of the integrated ar-
eas supplied a content of ~61. 4% Au(0) in AuNCs,
indicating more than 3/5 gold is presented as Au(0)
in the core, whereas the left is present as Au(I) at
the surface via scFv57R-ATS to stabilize the gold

core.

The conformation kept of antibody is crucially
necessary to extend the applications of AuNCs@scFv
57R-ATS. We measured infrared (IR) spectra to
clarify the antibody structural changes after AuNCs
encapsulation. The amide I and II bands locate
between 1 700-1 500 cm™ show no difference be-
scFvS7R-ATS and AuNCs@scFv57R-ATS
(Fig. 3(b) ), indicating the small size AuNCs inside

tween

does not induce an actual conformational change of an-
tibody. Moreover, two negative peaks at 190 nm and
212 nm in the CD spectrum (Fig. 3(¢) ) indicate the

essential (3 -sheet structure. The high consistency
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Fig.3 (a) XPS spectra of the optimized AuNCs@scFv57R-ATS. (b) FT-IR spectrum of scFv57R-ATS and AuNCs@scFv57R-

ATS in KBr pellet. (¢) CD spectra in PBS solution (20 mg-mL™") , respectively. (d) Time-resolved luminescence decay
curve of AuNCs@scFv57R-ATS in PBS solution(20 mg+mL™")

between it and that of AuNCs@scFv57R-ATS con-
intact structure of scFv57R-ATS after
Combining FT-IR and CD

firms the
AuNCs encapsulation.
spectra concludes that scFv57R-ATS maintained its
structure well after embedding AuNCs inside, which
is significant for keeping the biofunctions and bind-
ing affinity of the achieved nanomaterial to RV.

We then measured the time-resolved emission
decay curve of AuNCs@scFv57R-ATS (Fig. 3 (d))
and evaluated the corresponding parameters accord-
ingly. A sole lifetime of 7; = 1.009 ws (100%) is
revealed based on the curve-fitting (¥ = 1.174).
Compared to the AuNCs@GST" and AuNCs@BSA™
achieved before, this value is close but unique, indi-
cating the homogeneity of metal core in products.
The quantum yield (QY) of the AuNCs@scFv57R-
ATS was test based on a standard method™ "', which
offers a value of 1. 06% for the optimized AuNCs@
scFv57R-ATS in PBS buffer.

Such a deal is not

high, even among the red-emission metal NCs"**",

However, the ATS-fusion paved the way by developing

fragile antibodies as a scaffold to fabricate lumines-
cent metallic NCs.

The stability of AuNCs@scFv57R-ATS was as-
sayed (Fig. S4 (a) ), its emission intensity main-
tained almost the same as initial value after keeping
in dark for three months (4 °C). Besides, the time-
dependent fluorescence spectra were test at 4, 25,
37, 50, 60 °C, respectively, confirmed the excellent
thermal stability (Fig. S4 (b), (¢) ) as that of
AuNCs@BSA™ at identical conditions.
the AuNCs@scFv57R-ATS has high stability as

AuNCs@BSA in water, which is vital to extend it to

Therefore,

luminescence tests and images in living cells.

An indirect ELISA™ was used to evaluate the
binding affinity of AuNCs@scFv57R-ATS to RV. Be-
cause of a His-tag containing in scFv57R-ATS, the
ScFvs that had already bind to RV were measured us-
ing an anti-His mAb from mouse which was further
validated by the HRP-conjugated rabbit anti-mouse
IgG. As a result, the binding ability of AuNCs@scFv5
TR-ATS to RV was revealed significantly weaker in
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comparison to that of scFv57R-ATS itself but was
very close to that of negative control (Data not
shown). Such value may be attributed to the occupa-
tion of His-tag in AuNCs@scFv57R-ATS through
strong binding of histidine to the metal surface™",
which consequently lost the binding ability to the
mAD of anti-His.

To further confirm it, a novel ELISA by utilizing
RVG179 after biotinylation™ was then performed.
RVG179 is a truncated G protein (residues 179-281)
derived from the ERA strain of RV, which contained
the binding epitope and is often used to evaluate the
binding ability of the antibody to RV instead of the in-
tact RV particle. Therefore, the binding abilities of
AuNCs@scFv57R-ATS and scFv57R-ATS to RV were
evaluated through the novel ELISA by utilizing the bio-
tin-labelled RV179 and HRP-conjugated streptavidin
(Fig. S5(a) ). The binding ability of AuNCs@scFv57
R-ATS to RV (Fig. S5(b) ) was nearly identical to
that of scFv57R-ATS itself according to the recorded
0Dysp, confirming the intact function of the antibody af-
ter AuNCs encapsulation. Besides, the binding affinity
difference between novel ELISA and anti-His mAb in-
deed indicated the blocking of His-tag in AuNCs@sckv
57R-ATS, possibly together with other binding sites in
ATS and/or ScFv to the metal core.

The AuNCs@scFv57R-ATS was then applied to
perform the fluorescence image in living cells. The
clearly shown Hela cells, in the control groups with-
out the participation of AuNCs@scFv57R-ATS (Fig.
4(a), (b)), valid the good growth of them after RV-
loading and DAPI staining. The merging of them
(Fig. 4(c¢) ) indicates that DAPI is genuinely locat-

38 .
B8 Besides,

ed in the cells’ nucleus accordingly
without DAPI staining and AuNCs@scFv57R-ATS,
only a dark field is shown for the blank (Fig. 4(d)).
However, for the RV-loaded Hela cells, in the pres-
ence of 5 (Fig. 4(e)) or 10 mg-mL™" (Fig. 4(f))
AuNCs@scFv57R-ATS in medium, 30 min incuba-
tion lead bright-red color in cells under the 490 nm
irradiation. The exact amount of AuNCs@scFv57R-
ATS was either added for RV-free cells in parallel.

After incubation for 2 h or even 8 h, almost no color

was shown for the test group (Fig. S6). Therefore, it

suggests that the quick entry of AuNCs@scFv57R-
ATS to the RV-loaded cells essentially attributes to
the highly specific recognition of scFv57R-ATS to
RV, which pushes the probe entry will be used for

the fast RV detection in live cells™.

Fig.4 Cell images of the RV-loaded HeLa cells without
((a)-(d)) and with AuNC@scFv57R-ATS((e)-(f)).

(a)-(d) The control groups, no AuNCs present dur-
ing incubation except PBS solution: (a)under white-
light, (b) after DAPI staining, (c)image merging of
(a) plus (b), (d)dark field. (e)—(f) The RV-loaded
Hela cells with 5 mg-mL™" (e) and 10 mg-mL™ (f)
AuNCs@scFv57R-ATS, respectively, after 30 min
incubation(A,, = 490 nm)

4  Conclusion

In summary, based on a well-designed single-
chain antibody, a novel gold nanocluster, AuNCs@
scFv57R-ATS, was successfully fabricated using the
one-pot approach. The characterizations by XPS,
TEM, FT-IR, and CD spectra confirmed the intact
structure of scFv57R-ATS after AuNCs encapsula-
tion. Remarkably, the keeping of anti-body property
in ligand was used for the fluorescence image of RV-
loaded cells and further the quick and sensitive RV
detection in living cells. Therefore, a direct fluores-
cence approach for RV detection in cells was estab-
lished. Furthermore, both the design concept and
the synthetic approach can be applied to the synthesis
of metal nanoclusters using other species of fragile

antibodies after improvement.

Supplementary Information and Response Letter are
available for this paper at: http://cjl. lightpublishing.
cn/thesisDetails#10. 37188/CJL. 20240191.
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