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Negatively charged nanomaterials have good biocompatibility and low cytotoxicity, but the efficiency of
their entry into cells is relatively low. Thus, striking a balance between cell transport efficiency and
cytotoxicity is a challenging problem in the field of nanomedicine. In this work, negatively charged
Cuy 335 nanochains have shown a higher cellular uptake level in 4T1 cells than Cuj; 33S nanoparticles with
a similar diameter and surface charge. Inhibition experiments indicate that the cellular uptake of the
nanochains depends principally on the lipid-raft protein (i.e. caveolin-1) mediated pathway, although the
role of clathrin cannot be ruled out. Caveolin-1 can provide short-range attraction at the membrane
interface. Furthermore, by using biochemical analysis, blood routine examination and histological
evaluation on healthy Sprague Dawley rats, it is found that the Cuy 335 nanochains have no obvious toxic

Received 5th November 2022 . . . P

Accepted 26th January 2023 effect. The Cuy 335 nanochains have an effective photothermal therapy effect of tumor ablation in vivo
under low injection dosage and laser intensity. As for the best performing group (20 ug + 1 W cm™2), the
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rsc.li/nanoscale-advances =46 °C) at 5 min. These results reveal the feasibility of the Cu; 335 nanochains as a photothermal agent.
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1. Introduction

In recent years, nanomaterials have been widely used in
biomedical fields.*® Nevertheless, due to the anionic nature of
the cell membrane, these nanomaterials are often designed to
be positively charged to overcome the electrostatic barrier.””
However, because of cell-specific endocytic and mitochondrial
injury, the positively charged nanomaterials may induce side
effects affecting their biocompatibility, which in turn affects
their potential clinical use.'** By contrast, negatively charged
nanomaterials have good biocompatibility and low cytotoxicity.
Unfortunately, the efficiency of their entry into cells is relatively
low." Thus, striking a balance between cell transport efficiency
and cytotoxicity is a challenging problem in the field of
nanomedicine.

Fortunately, cell entry of negatively charged nanomaterials
has been observed in some nanostructures, such as DNA
cages,'® hierarchical dendron-virus complexes,"”” and two-
dimensional graphene oxide nanosheets.'® For example, some
self-assembled DNA nanostructures (icosahedral, tetrahedral,
and autonomous DNA) can enter mammalian cell lines such as
HeLa via receptor-mediated endocytosis, thus resulting in
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versatile therapeutic applications.*>*° These reports have shown
that nonspherical nanostructures may enter cells more effi-
ciently than spherical nanoparticles.

In the past few decades, photothermal therapy has been
diffusely used in cancer treatment and antibacterial fields.”***
Photothermal therapy offers a non-invasive therapy by making
use of the photothermal effect of photothermal agents (PTAs).
PTAs can convert the light energy of a near infrared (NIR) laser
into heat to trigger the local hyperthermic ablation of cancer.
The biological tissues can be transparent to the NIR laser,
allowing deep tissue penetration.*”*® One encouraging report is
that Halas's group demonstrated the initial results of clinical
trials in which gold-silica nanoshells were used in combination
with magnetic resonance-ultrasound fusion imaging to focally
ablate low-intermediate-grade tumors within the prostate.*” For
conducting safe and highly effective photothermal therapy
under low power density and dosage, an ideal candidate PTA
should meet two conditions at the same time, that is, high
photothermal conversion efficiency in the NIR region and
accumulation at the tumor site.?

Cu,_,S nanochains, with anisotropic one-dimensional (1D)
assemblies and flexible features, are one form of nonspherical
nanostructures with NIR absorption, of which the nano-bio
interactions have not been investigated. Herein, we propose
negatively charged Cu,;3S nanochains as an ideal PTA by
demonstrating the endocytic pathway about uptake by 4T1
murine breast cancer cells (4T1 cells) in vitro, photothermal
therapy effect and biosafety evaluations in vivo. The uptake
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value of Cu, 33S nanochains is 4.5 times higher than that of
Cu, 33S nanoparticles in in vitro experiments, demonstrating
the structural advantage of the nanochains. Inhibitor experi-
ments showed that the caveolin-1 pathway plays a major role in
the uptake of the nanochains by cells. Eventually, the recorded
photothermal therapy for mice bearing 4T1 tumor with both
low injection dosage and laser intensity is achieved. Further-
more, the “health” on healthy Sprague Dawley (SD) rats and
pharmacokinetic evaluation on mice bearing tumor are applied
to assess the clinical application prospect of the nanochains.

2. Experimental section
2.1 Synthesis of Cu, 33S nanochains and nanoparticles

The Cu,33S nanochains (mean diameter = 8.7 nm) were
synthesized according to our previously reported protocol.** An
aqueous solution of Cu,33S nanochains was obtained using
a 0.016:12:36: 6 molar ratio of [poly (sodium 4-styrenesulfo-
nate) salt]/[CuSO,-5H,0]/[ascorbic acid]/[thioacetamide], with
a reaction time of 10 h at 30 °C. The final as-produced nano-
chain solution was a dark brown homogeneous aqueous
dispersion.

The laser-induced synthesis of Cu, ;35S nanoparticles involves
two general steps, including preparation of Cu, 33S nanochains
and subsequent disassemble into nanoparticles with similar
diameter by laser irradiation. A typical synthesis procedure for
the Cu,33S nanoparticles was as follows: 1 mL nanochain
aqueous solution was added into a centrifuge tube and then
irradiated with a 1064 nm laser (0.32 W cm ™~ ?) (MIL-N-1064 nm-
5 W-CL20447) for more than 20 min in total. The attained
solution was centrifuged at 8000 rpm for 15 min. The very little
white sediment was removed, resulting in purified Cu,33S
nanoparticle solution. The final as-produced nanoparticle
solution was a dark green homogeneous dispersion.

2.2 Cellular uptake of Cu, 33S nanochains and nanoparticles
by 4T1 cells

Firstly, 4T1 cells were evenly dispersed and pre-seeded in 6-well
plates. Then constant concentration Cu, 33S nanochains and
nanoparticles were respectively added into different wells to co-
incubate with the cells. Each experimental group included at
least three wells (n = 3). On reaching a certain co-incubation
time, the culture medium in the wells was discarded. The cells
were gently washed with phosphate buffered saline (PBS) three
times. After repeatedly frozen and thawed, the cells were
digested with concentrated nitric acid (guaranteed reagent) for
quantitative analysis by inductively coupled plasma mass
spectrometry (ICP-MS).

2.3 Studies on the endocytosis pathway of Cu, 33S
nanochains and nanoparticles

The 4T1 cells were pre-incubated with 450 mM sucrose (or 10
mM methyl-B-cyclodextrin) for 30 min. Then constant concen-
tration Cu, 33S nanochains or nanoparticles were added to the
cells to co-incubate for a certain time. During the entire

© 2023 The Author(s). Published by the Royal Society of Chemistry
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experimental process, the inhibitors (sucrose or methyl-B-
cyclodextrin) were retained in the culture medium.

2.4 Western blotting analysis

The expression levels of caveolin-1 after various treatments were
analyzed by western blotting. RIPA Lysis Buffer was used to
exact the cell membrane protein. The cell extracts were sepa-
rated by 12% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. The current and time during transfer onto the
membrane were individually set as 200 mA and 50 min.

2.5 In vivo photothermal therapy of Cu, 33S nanochains

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of “SPF
(Beijing) Biotechnology Co., Ltd” and experiments were
approved by the Animal Ethics Committee of “SPF (Beijing)
Biotechnology Co., Ltd”. The volume of tumors in 8 week-old
nude mice weighing 16 to 20 g grew to about 0.28 cm?® by
subcutaneous injection of 4T1 cells. The volume of the tumor
was measured by using the following equation:

Volume = length x width x height x 7t/6

The mice bearing 4T1 tumors were divided into five groups
(n = 3) according to the different injection doses and laser
power densities used in the experiments, as listed in Table 1. An
808 nm laser was used to irradiate the tumor sites of mice.

3. Results and discussion

3.1 Synthesis and characteristics of the Cu, 33S nanochains
and nanoparticles

The Cu;33S nanochains are prepared by a self-assembly
strategy, as reported in our previous work.* For comparison,
the nanoparticles are synthesized by disassemble the nano-
chains into nanoparticles under laser irradiation. As shown by
the transmission electron microscope (TEM) image (Fig. 1A),
the Cu4 335 nanochains show a curved chain-like nanostructure,
with an average diameter of about 8.7 nm (Fig. S1t). The Cu, 335
nanoparticles synthesized by the laser-induced method have
a similar diameter to the Cu, 33S nanochains (Fig. 1B). High-
angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) and the corresponding elemental
mapping images reveal that Cu and S elements are evenly
distributed in the nanochains and nanoparticles (Fig. 1C and
D). The energy-dispersive X-ray spectroscopy (EDS) spectra
demonstrate that the as-produced nanochains and nano-
particles have the same Cu: S ratio (Fig. S2 and S3t). Further-
more, the composition and valence states of the elements in
both the nanochains and nanoparticles are studied by X-ray
photoelectron spectroscopy (XPS) and Auger electron spectros-
copy (AES) (Fig. S41). The Cu and S peaks can be observed in the
XPS survey spectra (Fig. S4At). The peak positions in the Cu 2p
region of the nanochains are close to the peaks for the nano-
particles (Fig. S4B7). The Cu 2ps/, and Cu 2p;,, peaks of both the
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Table 1 The grouping of the experimental mice
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Serial number of

the groups Named groups Drugs by injection Injection dosage Laser power density
Control group Saline + 0.75 W cm 2 Saline 100 pL 0.75 W cm ™2

Group 1 20 ug +1 Wem™? Cu, 33S nanochains 100 pL containing 20 pg Cu 1Wecem™2

Group 2 20 pg + 0.75 Wem 2 Cuy 33S nanochains 100 pL containing 20 pg Cu 0.75 W em >

Group 3 14 pg + 0.75 W em ™2 Cu, 33S nanochains 100 pL containing 14 pg Cu 0.75 W cm ™2

Group 4 7 ug +0.75 W cm 2 Cuy 35S nanochains 100 pL containing 7 pg Cu 0.75 W em ™2

nanochains and nanoparticles can be fitted into two groups of
peaks, indicating the coexistence of Cu®>" and Cu". And the fitted
peak area ratio of the two samples is similar, suggesting that the
Cu valence in the Cu,33S nanochains and nanoparticle is
similar. According to the AES spectrum (Fig. S4Ct), the possi-
bility of existing Cu(0) is excluded.**** The peaks in the S 2p
region can be fitted into four peaks (Fig. S4Dt), which corre-
spond to copper sulfide and sulfur in sulfate.** Note that the
atomic ratio of Cu/S of the nanoparticles is found to be
approximately 1.33, which further confirms that the composi-
tion of the nanochains and nanoparticles is similar.

As shown in the visible-NIR (vis-NIR) absorbance spectra
(Fig. 2A), the Cu, 33S nanochains display a broad absorbance
range from 550 to over 1300 nm. Compared with the Cu, 35S
nanoparticles, the maximum peak of the Cu, 33S nanochains
redshifts (Table S11). Nanomaterials with a distinct absorption
peak in the NIR region are perfect candidates as PTAs.** Due to
the existence of poly (sodium 4-styrenesulfonate) salt that serves
as the stabilizing ligand, the overall surface charge of both the
Cu, 33S nanochains and nanoparticles is negative. Their zeta

CE ST AT
¢

Fig. 1

potential values are tested to be —46.8 (nanochains) and —41.8
mV (nanoparticles) by dynamic light scattering, respectively
(Fig. 2B).

3.2 Invitro cellular uptake of the Cu, 3;S nanochains and
nanoparticles by 4T1 cells

To investigate the cellular uptake level of the Cu; 33S nano-
chains and nanoparticles, the 4T1 cells co-incubated with the
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Fig. 2 (A) Vis-NIR absorbance spectra and (B) zeta potential values of

the Cuy 33S nanochains and nanoparticles.

HAADF Cu S

HAADF Cu §

(A) TEM image, (B) HAADF-STEM and corresponding elemental mapping images of the Cuj 33S nanochains. (C) TEM image, (D) HAADF-

STEM and corresponding elemental mapping images of the Cu; 33S nanoparticles.
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Fig. 3 (A) Quantitative analysis of intracellular copper content for the Cu; 33S nanochains and nanoparticles. (B) The caveolin-1 expression of

cells before and after being treated with inhibitors examined by using the western blotting image and (C) gray scale analysis of protein bands with
B-actin as the loading control. (D) Quantitative analysis of intracellular copper content for the Cu, 33S nanochains by 4T1 cells treated with
inhibitors. (E) Quantitative analysis of intracellular copper content for the Cuj 335 nanoparticles by using 4T1 cells treated with inhibitors.

nanochains or nanoparticles are handled by repeated freezing
and thawing. ICP-MS is used to quantitatively analyze the
intracellular copper contents. As Fig. 3A shows, the uptake value
of the Cu,33S nanochains and nanoparticles increases with
prolonging the co-incubation time. The maximal uptake values
of Cu, 35S nanochains and nanoparticles are respectively 3.12
and 0.69 pg copper per cell at a co-incubation time of 48 h.
Obviously, the Cu, 33S nanochains can be effectively taken up by
4T1 cells. And the uptake value of Cu, 33S nanochains is 4.5
times higher than that of Cu, 33S nanoparticles. The efficient
cellular uptake of Cu;33S nanochains is an interesting
phenomenon.

The PSS modified Cu,;33S nanochains are intrinsically
negatively charged in aqueous solution and are traditionally
regarded to have low cell transport efficiency. We next studied
the cell entry pathway of Cu,33S nanochains and Cuy33S
nanoparticles. To determine the endocytosis pathway, we
applied inhibitors to selectively block one of the pathways. M-f3-
CD is an inhibitor for the caveolae-mediated pathway by
depleting cholesterol and disrupting caveolae,*>*® while sucrose
is an inhibitor for the clathrin-mediated pathway.’”*®* The
expression of caveolin-1 in cells before and after being treated
with inhibitors is measured by western blotting. The inhibited
expression proportions of caveolin-1 are determined to be 28%
and 15% by m-B-CD or sucrose, respectively (Fig. 3B and C). The
inhibited proportions of endocytosis of nanochains are shown
in Fig. 3D. The uptake of Cu; 33S nanochains is greatly reduced
by 73% after treating the 4T1 cells with m-B-CD. Meanwhile,
with the treatment by using sucrose, the uptake of Cuy 33S
nanochains is suppressed by 62%. In contrast, after treating the

© 2023 The Author(s). Published by the Royal Society of Chemistry

cells with m-B-CD or sucrose, the uptake level of Cu, 35S nano-
particles slightly increases (Fig. 3E).

Inhibition experiments show that the cellular uptake of the
Cu, 33S nanochains depends principally on the lipid-raft protein
(i.e. caveolin-1) mediated pathway, although the role of clathrin
cannot be ruled out. Having elucidated the biochemical
mechanism of Cu, 33S nanochain uptake, combined with the
underlying physical mechanism for like-charge attraction,***°
the cellular uptake process of the Cu, 33S nanochains can be
described as follows: the negatively charged cell membrane is
essentially a semi-fluid membrane consisting of unevenly
distributed neutrally, negatively, and positively charged lipids.*
Upon approaching the membrane, nanochains push away the
negatively charged lipids and draw close the positively charged
molecules, resulting in charge redistribution in the semifluidic
membrane. And then, caveolin-1 can provide short-range
attraction for endocytosing the nanochains, as shown in
Scheme 1.

nanochains oo nanoparticles

o
%
charge redistribution ange a ract|on charge redistribution

A A T
HH ggtuwwgggﬁwww

onegative @neutral ¢positive lipid head %caveolin ¥clathrin

Scheme 1 Schematic illustration of the cellular uptake mechanism of
the Cuy 33S nanochains and nanoparticles.
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3.3 Invivo toxic effects and pharmacokinetics of the Cu, 33S
nanochains

Next, the possible side effects of the Cu, 33S nanochains are
evaluated through biochemistry analysis and blood routine
examination on healthy SD rats intravenously injected with the
nanochain solution (300 pL containing 97 pug Cu) by the tail-veil.
The biochemistry index values, the rats' liver function markers,
i.e. alanine aminotransferase, and aspartate aminotransferase
numerical values, are constant in the normal range after
nanochain injection, showing that the nanochains have no
hepatic toxicity. The other markers, including total protein,
albumin, creatinine, and uric acid, which are the main indices
of renal function, also are constant in the normal range, sug-
gesting that the kidney of rats has good function after nano-
chain injection (Fig. S57).

Control

1st day

3rd day

20th day

Fig. 4 HG&E stained images of the major organs collected from rats
intravenously injected with Cu; 335 nanochains on different days. Age-
matched untreated rats are employed as the control.
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The hematological evaluation is determined by blood
routine examination (Fig. S61). The white blood and platelet
counts are reduced within a relatively short time (initial three
days), but can recover to the normal level over 20 days. There is
no distinct difference in all values of red blood cells between the
control group and nanochain treated groups.

Furtherly, hematoxylin and eosin (H&E) staining analysis
reveals that the structural patterns of the major organs of the
treated groups have no obvious organ abnormalities and lesions
compared with those of the control group (Fig. 4 and S77).
According to the above systematic evaluation, the Cu,33S
nanochains show trivial side effects and systemic toxicity on the
health of rats.

Then, blood is drawn from the abdominal aorta of healthy
SD rats injected with nanochain (300 pL containing 92.7 pg
Cu) saline solution via the tail-vein. The blood circulation data
fit a two-compartment model pharmacokinetic profile.** The
half time of blood circulation is calculated to be 2.618 h
(Fig. 5A).

The accumulation of nanochains in the tumor and the
major organs of 4T1 tumor-bearing mice are determined after
being intravenously injected with nanochains (200 pL con-
taining 64.8 pg Cu) via the tail-vein (Fig. 5B). The tumor accu-
mulation value of Cu, 33S nanochains reaches a relatively high
level, 15% ID g * at 24 h post injection, compared to other
reports as listed in Table S2.f To visualize the tumor accumu-
lation of Cu, 33S nanochains, the bio-TEM images are taken to
show the original appearance of nanochains in the tumor slice
(Fig. 5C-E and S8-101). A uniform distribution of the nano-
chains in tumor tissues is observed. The accumulation of
nanochains at tumor sites is consistent with the results of
quantitative analysis.
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(A) Blood circulation profile of the Cuy33S nanochains in healthy SD rats. (B) Quantitative analysis for biodistribution of the Cuj33S

nanochains in the mice bearing 4T1 tumors. Bio-TEM images for showing tumor accumulation of the Cujy 335 nhanochains, (C) 6 h, (D) 10 h, and (E)

24 h post intravenous injection. Data are presented as the mean £+ SD, n
difference at p < 0.05.
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=3, one-way ANOVA Tukey's post-injection, and * denotes the statistical
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Fig. 6 (A) Infrared thermal images and (B) the temperature profiles for the tumor site surface of tumor-bearing mice recorded during the laser

irradiation. (C) Tumor growth inhibition profiles and (D) corresponding photographs as a function of time post treatment. Data are presented as

mean + SD, and n = 3.

3.4 In vivo photothermal therapy of the Cu, 33S nanochains

In our previously published paper, we have calculated the
photothermal conversion efficiency of Cu, 33S nanochains as
80.7% under an 808 nm laser (0.75 W cm™>).?' Here, the pho-
tothermal therapy effect of the nanochains on subcutaneous
mouse tumor models is tested. When the tumor volume reaches
about 0.28 c¢m®, the mice bearing 4T1 tumors are randomly
divided to five groups (three mice per group) according to the
injection dosage and laser intensity (see the Experimental
section). All tumor sites are then irradiated with an 808 nm laser
for 10 min, with a thermal camera monitoring the local
temperature in real time. Compared with control group mice
injected with an equal volume of saline solution, the local
temperatures of mice injected with the nanochains have obvi-
ously increased, even in group 4 (7 pg + 0.75 W cm™?), as
demonstrated by Fig. 6A and B. As for the best performing group
(20 pg + 1 W cm™?), the temperature of the tumor site rapidly
increases within the initial 3 min, and then rises to a plateau of
79 °C (AT =46 °C) at 5 min (Movie S1}). As shown in Movie S1,}
under the irradiation of a laser, a thermal spot at the tumor site
appears. With the extension of the irradiation time, the thermal
spot quickly brightens, demonstrating the rapid increase of the
temperature of the tumor site.

To observe the photothermal therapy effects, the tumor
growth curves are tracked and are shown in Fig. 6C. After
treatment, the tumor volume of the control group mice (saline +
0.75 W cm™?) gradually increases. On the 21st day, the tumor
volume is 4.9 times bigger than that before treatment. In
contrast, the tumor growth in group 1 (20 pg + 1 W cm™?) is
suppressed after treatment. And then, the tumor gradually
dwindles and eventually disappears after 21 days, indicating
effective photothermal therapy performance. The real photos of
mice before and after treatment in different groups are shown

© 2023 The Author(s). Published by the Royal Society of Chemistry

in Fig. 6D. These phenomena are even better than those of
previously reported PTAs (Table S371). These results prove that
Cu, 33S nanochains can be applied as highly efficient and safe
PTAs in vivo with a low injection dosage (100 pL containing 20
ug Cu) and low laser intensity (1 W cm™2).

4. Conclusions

In summary, we propose Cu, 33S nanochains as a candidate PTA
with effective cellular uptake in vitro and a safe and efficient
photothermal therapy effect of tumor ablation in vivo. In vitro
experiments show that the negatively charged Cu, 33S nano-
chains have higher cellular uptake by 4T1 cells than Cuy 33S
nanoparticles with a similar diameter and surface charge.
According to the results of inhibition experiments, the cellular
uptake of the Cu, 33S nanochains depends principally on the
lipid-raft protein (i.e. caveolin-1) mediated pathway, although
the role of clathrin cannot be ruled out. By using biochemical
analysis, blood routine examination and histological evaluation
on healthy SD rats, the Cu,;3S nanochains have no obvious
toxic effect. In addition, pharmacokinetics and biodistribution
experiments demonstrate that due to long blood circulation, the
Cu, 33S nanochains have a high tumor accumulation level,
compared to the reported PTAs. In vivo experiments demon-
strate that the Cu, 33S nanochains with a low injection dosage
(20 pg Cu) can exhibit an effective photothermal therapy effect
on tumor ablation under low laser intensity (1 W cm™2). All the
results support that the Cu, 33S nanochains can be an advanced
PTA.
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