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Green synthesis of gold nanodendrites involving autologous serum
proteins as both a template and stabilizer is reported. The nano-
dendrites, also termed as ‘Plasmonic NanoSera’ (PNS), with size
~150 nm, possess anisotropic dense branches with a broad extinc-
tion cross section across the visible-near infrared (I & Il) regions.
The PNS, with a photothermal conversion efficiency of ~58%,
demonstrated significant phototoxicity in cancer cells associated
with elevated intracellular reactive oxygen species. The PNS did not
cause acute toxicity with intravenous administration at 20 mg kg~*
dosage. Intra-tumoral injection of autologous mouse serum
protein-derived PNS followed by 808 nm Laser irradiation gener-
ated an ~78% higher localized temperature rise compared to a
saline control in the 4T1 breast tumor model, thereby suppressing
both the tumor growth and tumor burden-associated splenome-
galy. This proof-of-concept study validates the preclinical safety
and host-specific photothermal efficacy of PNS.

1. Introduction

Gold nanoparticles are one of the most explored classes of
nanomaterials in terms of diversity of shapes with appealing
optical, chemical and electronic properties.'™ While gold nano-
shells and nanorods dominated therapeutic applications, other
anisotropic gold nanostructures such as nanostars, nano flow-
ers and nanourchins with sharp, elongated branches posses-
sing a large extinction cross-section in near infra-red (NIR)
window demonstrate their promising photothermal capability
due to thin branches that allow easy penetration of an
electric field.>” Other applications of these nanostructures
are in two-photon photoluminescence imaging, computed
tomographic imaging, surface-enhanced Raman scattering
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New concept

Anisotropic gold nanoparticles with a unique shape, such as nanoden-
drites, often require synthetic surfactants, strong reducing agents and
multi-step processes for their fabrication. The present study puts forth a
green route of using host-derived serum proteins as templates and
stabilizers of gold nanodendrites. This approach validates a truly sustain-
able approach for personalized photothermal therapy. Moreover, the
highly branched structure of the nanodendrites possesses a broad
extinction cross-section both in the near infra-red I & I windows, allowing
versatility in their photoexcitation within deep-seated tumors. Alternative
to autologous serum proteins, the pH-driven method can also be utilized
with commercially available pristine albumin for non-specific large-scale
green synthesis of gold nanodendrites for various biomedical and cata-
Iytic applications.

and photodynamic therapy.® ™! Even though gold nanoparticles

have brought about excellent opportunities for exploration, the
use of synthetic surfactants and reducing agents limits their
scope for in vivo applications.”*™* Fabrication methods in
aqueous environments involving naturally sourced biodegrad-
able molecules such as peptides, poly nucleic acids, polymers
and proteins are considered as a ‘green route’ and are preferred
for therapeutic applications due to minimal toxicity, and mar-
ginal immunogenic response.'”™*°

Among various anisotropic morphologies that are known to
possess narrow and sharp localized surface plasmon reso-
nance, gold nanodendrites are unique for their hyperbranched
structure with absorption across visible and NIR I/II
regions.’’>* The nanodendritic architecture possesses multi-
ple arrays of branches consisting of pores with innumerable
binding sites enabling applications in drug delivery and cata-
lysis among others.>® Prior reports have demonstrated highly
branched gold nanodendrites synthesized by a seed mediated
method using amphiphilic bis(amidoethyl-carbamoylethyl)-
octadecylamine (C18N3) as a template.*® Alternative to single
chain C18N3 with a multi amine head, a mixture of long chain
primary amines could effectively control the degree of branch-
ing of nanodendrites allowing a photothermal effect tuneable
broadly within the NIR window.>®> While natural derivatives
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such as catechol grafted dextran have been used as a template
to form gold nanodendrites, there is immense scope to circum-
vent the use of synthetic precursors and multi-step processes by
yielding to greener routes.>®

Our group has recently developed autologous approaches to
utilize host derived serum proteins as stabilizers of drug
nanocrystals and metal quantum clusters broadly termed
‘NanoSera’.>”®® Considering the established preclinical safety
of this approach, in the present work we involved autologous
whole serum proteins to form gold nanodendrites, also named
Plasmonic-NanoSera (PNS). This rapid and seedless one pot
synthesis allows serum proteins to serve as both a template
and stabilizer of the nanodendrites. We observed that PNS
with adequate photothermal conversion efficiency could
aid in localized ablation of syngeneic 4T1 breast tumors in
Balb/c mice.
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2. Results and discussion

2.1.
(PNS)

Synthesis and characterization of Plasmonic-NanoSera

We developed a simple one-pot green synthetic method invol-
ving whole serum proteins as a template for the fabrication of
PNS with dendritic morphology (Fig. 1a). As an initial proof of
concept in terms of method optimization, characterization and
in vitro experiments, PNS was synthesized from fetal bovine
serum (FBS) and for preclinical assessment it was synthesized
from autologous mouse serum (MS). Serum proteins predomi-
nantly possess alpha helical conformation (Fig. 1c) and have an
overall isoelectric pH (IEP) of ~4.5 (Fig. S1, ESIf). Their
exposure to HAuCl, leads to a drop in pH to ~2.6. This
imparts an overall positive charge leading to electrostatic
interactions between the serum proteins and tetrachloroaurate.
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Fig. 1 Synthesis and characterization of PNS. (a) Schematic representation of Plasmonic NanoSera synthesized from whole serum proteins; (b)
appearance of the reaction mixture after the addition of FBS (1), HAuCl4 (2), NaOH (3) and AA (4); (c) CD spectra of the sample after the addition of
different components; (d) hydrodynamic size and zeta potential of PNS synthesized from FBS and MS; (e) FESEM (i) and particle size distribution (i) of
PNS-FBS; (f) TEM images of PNS—HS (human serum) (i) and (ii) and PNS-=MS {iii); (g) UV-Vis-NIR extinction spectra of PNS—FBS; (h) thermal image of
PNS-FBS irradiated with a NIR laser (808 nm, 2 W) for 5 min (-O-1 — PNS, -O- 2 — water and -O- 3 — room temperature); (i) photothermal change of PNS

from room temperature.
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This interaction as well results in a substantial decrease in
alpha helical structure (Fig. 1c) yielding a yellow turbid solution
(Fig. 1b). Subsequently, with the addition of NaOH, the pH
elevates to ~5 turning the solution colourless (Fig. 1b) due to
the dissociation of chloride ions. At this pH, the proteins
partially regain their structure with the disappearance of the
turbidity. This snap between conformation allows trapping of
aurate ions within the proteins and subsequently acts as multi-
ple nucleation centres for its further reduction to Au® with the
addition of ascorbic acid leading to the formation of a uni-
formly sized gold nanodendritic structure. Since one ascorbic
acid molecule can contribute 2 electrons for Au®* reduction in
AuCl, ", the role of ascorbic acid to gold chloride ratio must be
higher than 3: 2. This ratio plays a critical role as an increase in
ascorbic acid leads to augmented reduction of gold ions.'® In
the absence of NaOH, the direct addition of ascorbic acid to the
protein-tetrachloroaurate solution leads to hyper acidification
causing inhomogeneous precipitation of the proteins resulting
in polydispersed and unstable gold nanoparticles (Fig. S2,
ESIt). Post synthesis, the oxidation state of gold in the PNS
was confirmed by XPS analysis, where characteristic peaks
of Au® were observed at 83.7 ¢V and 87.3 eV (Fig. S3, ESI¥).>
PNS prepared from FBS and MS possessed a hydrodynamic size
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of 217.2 + 2.45 & 183.1 £ 2.6 and zeta potential of 24.03 &+ 0.55
and 22.4 + 0.62, respectively (Fig. 1d).

The external morphology of monodispersed spherical PNS
showed a non-smooth surface (Fig. le, (i)) as observed under
FESEM with particle size averaging around 150 nm (Fig. 1e, ii).
TEM of PNS-FBS (Fig. 1f, (i) and (ii)) and PNS-MS (Fig. 1f, (iii))
showed radially protruding branches typical of anisotropic
nanodendrites. These dendritic structures allow the PNS to
have a broad extinction cross section across the visible-near
infrared (I & II) regions from 500 nm to 1350 nm (Fig. 1g).*°
Plasmonic nanodendrites have been reported to possess excep-
tional photothermal transduction efficiency. PNS-FBS upon
808 nm Laser exposure generated an ~50 °C temperature rise
from RT with a photothermal conversion efficiency (PCE) of
58.3% (Fig. 1h and Fig. S1, ESIt). Post irradiation, while the
spectral pattern was mostly preserved, there was an overall
decrease in the absorbance by 22%, probably due to the effect
of irradiation on the colloidal stability (Fig. S5, ESI{). Consider-
ing the broad visible light absorption of PNS, the PCE under
white light irradiation was also measured and observed to be
only 0.57% (Fig. S6, ESIt). This implies that PNS can be
specifically used for localized hyperthermia with a NIR Laser
without any off-target effect due to visible light.
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Fig. 2 Biocompatibility and Anticancer activity. (a) Biocompatibility of PNS for 24 hours in fibroblast cells; (b) anticancer activity of PNS in the presence
and absence of Laser irradiation; (c) percentage intracellular ROS post treatment with 400 pg mL™! of PNS and 5 min laser exposure; (d) cancer cell
migration in the presence and absence of photothermal therapy (PNS-treated cells show enhanced contrast from background due to scattering from

gold).
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Furthermore, SDS-PAGE analysis revealed predominance of
albumin in the proteins extracted from PNS as shown in Fig. S7
(ESIt). This observation prompted us to adapt the synthetic
method with only bovine serum albumin. FESEM and TEM
images of albumin-derived gold nanoparticles showed a similar
anisotropic structure to that of PNS from FBS, HS and MS (Fig.
S8 and S9, ESIf). Elemental mapping also confirmed the
presence of gold and nitrogen, the latter being from serum
proteins (Fig. S10, ESIf). These observations indicate that
while PNS enables host specific photothermal therapy, albumin
can be explored for non-specific large-scale green synthesis
of gold nanodendrites for various biomedical and catalytic
applications.

2.2. Biocompatibility and anticancer activity

PNS was found to be biocompatible for concentrations up to
800 ug mL™ " against fibroblast cells (L929) with >80% cell
viability (Fig. 2a). In the absence of laser irradiation, higher
concentrations of PNS caused a decrease in the number of
viable breast cancer cells in comparison to the control (Fig. 2b).

o e
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It is known that high surface curvatures on nanoparticles
associate stronger with the plasma membrane due to discrete
points of contact compared to their spherical counterparts.®*
Nanomechanical signatures of cancer cells include low
membrane stiffness that make them more susceptible to
damage compared to normal cells.>*** Furthermore, a concen-
tration dependent photothermally induced anticancer activity
was observed with PNS at 400 ug mL~" concentration incurring
high intracellular reactive oxygen species over control cells
(Fig. 2c¢). Similar concentration of PNS in the presence of a
laser significantly inhibited breast cancer cell migration, affect-
ing the overall morphology of the cells in comparison to other
groups (Fig. 2d). An effective photothermal activity in cells
encouraged preclinical evaluation of PNS fabricated using
pooled autologous mouse serum proteins.

2.3. Preclinical safety assessment and host specific
photothermal therapy

Acute safety studies were performed post 24 hours of PNS-MS
administration via an intravenous route. Liver, kidney and
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Fig. 3 Host specific photothermal therapy. (a) PNS dosage and laser irradiation regime; (b) relative body weight recorded for a period of 15 days in
different groups; (c) gold content in major organs (Li — liver; Tu — tumor; S — spleen; H — heart; Lu — lung; K — kidney) at day 1 (orange column) and day 8
(blue column) of the study; (d) thermal images of representative mice in the PNS and control groups pre & post 5 min laser exposure; (e) tumor regression
profile; (f) size and histological analysis of the tumor from different groups; (g) weight and size of the spleen from different groups post 15 days treatment
(n=3;* < 0.05 **p < 0.01, ***p < 0.001).
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heart functions were assessed by evaluating respective serum
markers. All markers such as creatinine, blood urea nitrogen,
aspartate aminotransferase, alanine transaminase and tropo-
nin-I were found to be within the normal range (Fig. S11, ESIT).
Additionally, histological analysis of the heart, kidneys, lungs,
liver and spleen post day 1 of PNS-MS intravenous injection
revealed no signs of inflammation or degeneration (Fig. S12,
ESIt). Furthermore, PNS-MS fabricated using pooled autolo-
gous serum proteins from 4T1 tumor bearing in-bred Balb/c
mice were assessed for host specific photothermal therapy.

Fig. 3a shows the timeline of the syngeneic 4T1 breast tumor
generation, dosage and regression analysis over 15 days. Overall
health of the mice was assessed by relative body weight in
different groups and found to be normal throughout the study
as depicted in Fig. 3b. Two doses of Laser irradiation for
5 minutes were administered at day 0 and day 7. To assess
the systemic spillover of the PNS post irradiation, elemental
analysis of gold at day 1 and day 8 was performed. It was
observed that gold was present in the spleen, liver and lungs at
day 1, where the content further increased in the spleen at day 8
(Fig. 3¢c). The presence of gold in these organs indicates that the
photothermal ablation could damage the tumor vasculature
and allow PNS to enter systemic circulation followed by ingres-
sion into the other organs. The tumor microenvironment is
typically abundant with proteinases that trigger protein
catabolism.®>® The degradation of proteins associated with
PNS was confirmed with exposure of the intricate pores in the
PNS as seen in TEM (Fig. S13, ESI¥).

Intratumoral administration of PNS-MS followed by 808 nm
Laser irradiation imparted a localized temperature rise of
~22 °C above the physiological temperature. However, the
saline control irradiated under similar conditions caused only
an ~5 °C temperature rise as shown in (Fig. 3d). Significant
tumor suppression was observed in the photothermal therapy
group owing to localized ablation (Fig. 3e). In contrast to this,
an ~10-fold increase in tumor growth over the study period
was observed in the control groups. This also implies that both
PNS and Laser irradiation could synergistically inhibit tumor
growth over a period of 15 days. Further histological examina-
tion of the tumor microstructures at the end of the study
revealed significant necrosis in the photothermal group in
contrast to the highly viable tumor mass in control groups
(Fig. 3f).>® A hyperactivated immune response due to tumor
antigens causes splenomegaly in tumor bearing mice.’” PNS-
mediated personalized photothermal therapy by inhibiting
tumor growth allowed retention of spleen weight in the normal
range (Fig. 3g). However, the control groups showed signifi-
cantly enlarged spleens due to the associated tumor burden.
These observations warrant further exploration of PNS as a
viable personalized nanotransducer for photothermal therapy.

3. Conclusion

Near infrared light absorbing plasmonic nanoparticles are
considered a unique and strong class of photothermal agents

© 2023 The Author(s). Published by the Royal Society of Chemistry
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for ablating solid tumors. However, the reaction components
utilized for fabricating them require careful consideration for
in vivo administration and safety. We have conceptually demon-
strated a sustainable method involving autologous serum pro-
teins for the synthesis of anisotropic gold nanodendrites
having localized surface plasmon tuneable across the NIR I &
II windows. Plasmonic NanoSera fabricated from autologous
tumor-bearing mouse derived serum proteins were found to
generate a significant photothermal effect localized to the
tumor tissue. Albumin was found to be the major protein
contributing to the nanodendrite formation. Thus, the
approach can also be applied with commercial pristine albu-
min for generic large-scale green synthesis of gold nanoden-
drites. Moreover, post synthetic enzymatic removal of the
proteins from the nanodendrites exposes the intricate pores
within the branched structure where therapeutic cargo such as
small molecules can be seamlessly loaded for diversified nano
medicinal approaches.

4. Materials and methods

4.1. Synthesis

A one-pot synthesis was carried out in a vial, in which
different components were added in a series of 5 mM HAuCl,
to 10 mg mL~' of fetal bovine serum (FBS) or mouse
serum (MS) followed by 100 mM NaOH and then 100 mM
ascorbic acid. The volume was made up to 1000 pL and
after gentle mixing centrifuged at 5000 rpm for 5 min. The
supernatant was discarded and the pellet was redispersed into
water and sonicated (GT SONIC ultrasonic cleaner) until
redissolved.

4.2. Characterization

Size and zeta potential were attained with a Zetasizer (Mal-
vern, U.K.). AJEM 2100 (JEOL, Japan) operating at 200 kV was
used to acquire transmission electron microscope (TEM)
images of the nanoparticles and a JEOL JSM-7610FPlus for
FESEM. The particle size distribution was done by using
Image] software. Conformational changes of proteins during
synthesis steps were evaluated using a JASCO J-1500 CD
spectrometer. Extinction spectra of PNS in the UV-Vis-NIR
were recorded from 200 to 1400 nm (Agilent Cary-5000). The
oxidation state of PNS was measured with X-ray photoelec-
tron spectroscopy (Thermo k-alpha). Proteins extracted
from PNS were resolved in 12% polyacrylamide gel and
visualized with Coomassie brilliant blue staining (Biorad
ChemiDoc XRS).

4.3. Photothermal conversion efficiency

The photothermal conversion efficiency of the 400 pug mL "
solution was measured by irradiating the sample with an
808 nm Laser at 2 W for 5 minutes and a xenon arc lamp at
450 W for 5 minutes. Temperature changes were recorded for
10 minutes (Laser ON-5 min, Laser OFF-5 min) with an FLIR
One thermal imaging camera. Photothermal conversion
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efficiency was calculated using the below formula following
previously reported methods.***°

_ /1S(Tmax - Tsurr) - QdiSS
I(1 — 10-AS05)

4.4. MITT assay

Plasmonic-NanoSera (PNS) was tested on 4T1 breast cancer
cells and L929 fibroblast cells using an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay.
Cells were seeded at a density of 4 x 10° cells per well and
incubated at 37 °C under 5% CO, for 24 hours. For biocompat-
ibility, cells were then treated with PNS at different concentra-
tions (0 to 800 ug mL~ ") and for the anticancer effect, PNS was
treated at the same concentration range with a 5 minutes
exposure session of the laser (2 W, 808 nm). Post treatment
MTT was incubated for 4 hours followed by DMSO and the
absorbance was recorded at 590 nm.

. ... . absorbanceof the treated cells
Cell viability % = absorbance of the control cells x 100

4.5. Cell migratory assay

A fully confluent 96 well plate was subjected to a wound with a
200 pL microtip and further washed with PBS to remove free
floating cell debris. The cells were then treated with PNS, laser
alone, or PNS + laser at 400 pg mL™" for 24 hours and imaged
using an inverted microscope.

4.6. Reactive oxygen species (ROS) assay

4T1 cells were seeded at a density of 2.5 x 10> cells per well for
the control and treated with 400 pg mL™~' PNS + 5 min Laser
exposure. Post treatment cells were incubated with H,DCFDA
for 60 minutes at 37 °C. Measurements were recorded following
excitation at 488 nm and emission at 535 nm using a Bio Tek
plate reader.

4.7. Animal housing and dosing

4- to 8-week-old, female C57BL/6 and Balb/c mice were used for
preclinical and PTT studies respectively with approval from the
institute of animal ethics committee of IISER Mohali (IISERM/
SAFE/PRT/2020/001). Animals were housed in individually
vented cages and acclimatized for two weeks before starting
the experiments. Mice were randomly assigned to four major
groups having three mice each.

Group 1-Control: mice injected intratumorally with 100 pL PBS.

Group 2-PNS: mice injected intratumorally with 100 uL PNS.

Group 3-Laser: mice injected intratumorally with 100 pL PBS
with 5 minutes of laser irradiation.

Group 4-PNS + Laser: mice injected intratumorally with
100 uL PNS with 5 minutes of laser irradiation.

4.8. Serum biomarker analysis

An acute response by the vital organs is assessed by the
quantitative colorimetric ERBA kits, measuring the standard
serum markers post day 1 of injection. A qualitative lateral flow

6180 | Mater. Adv, 2023, 4, 6175-6182
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test kit by standard diagnostics, Inc. was used to evaluate serum
Troponin I level, a single band indicating <0.5 ng mL™" or a
double band >0.5 ng mL .

4.9. Tumor development and PTT

A 4T1 syngenic mouse model was developed by subcutaneously
injecting 8 million cells into the mammary fat pad of female
Balb/c mice. PNS was synthesized using serum retrieved from
125 mm? palpable tumor bearing mice. In vivo PTT efficiency
was evaluated after intratumorally injecting PNS and irradiat-
ing with an 808 nm laser for 5 minutes. Temperature changes
were recorded with a thermal imaging camera (FLIR One Pro).
Laser exposure was given twice on day 0 at 1 hour post
intratumoral injection and on day 7 of the study. The change
in tumor volume was monitored with a vernier calliper at every
third day of the study along with the body weight of the animal.
The spleen and tumor were excised on the 15th day for
histological analysis and signs of splenomegaly.

4.10. Tissue analysis

Histopathological analysis of the liver, lungs, kidneys, heart,
spleen and tumor was performed for preclinical study and host
specific photothermal therapy. The organs were excised and
fixed in 10% neutral buffer formalin. A 5 pm thin section of the
organs embedded in paraffin wax was stained with haematox-
ylin and eosin dye and examined under an Olympus light
microscope.

4.11. ICP-MS

Tumor, spleen, liver, heart, lungs and kidneys were excised at
day 1, day 8 and day 15 of the host specific study. Organs were
treated with ICP-MS grade HNO; at 60 °C until digested.
Samples were then diluted with deionized water and analysed
using inductively coupled plasma mass spectrometry (Thermo
Fisher K-Alpha).

4.12. Statistical analysis

All data points were recorded in triplicate and indicated as
mean with standard deviation (mean + standard deviation).
One-way ANOVA and a two tailed #test was performed for
significance (*p < 0.05, **p < 0.01, ***p < 0.001).
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