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Dendritic Polyglycerol-Conjugated Gold Nanostars for
Metabolism Inhibition and Targeted Photothermal Therapy

in Breast Cancer Stem Cells

Yuanwei Pan, Sugiong Zhou, Chuang Liu, Xuehua Ma, Jie Xing, Badri Parshad,

Wenzhong Li,* Aiguo Wu,* and Rainer Haag*

Breast cancer stem cells (CSCs) are believed to be responsible for tumor
initiation, invasion, metastasis, and recurrence, which lead to treatment
failure. Thus, developing effective CSC-targeted therapeutic strategies is
crucial for enhancing therapeutic efficacy. In this work, GNSs-dPG-3BP, TPP,
and HA nanocomposite particles are developed by simultaneously
conjugating hexokinase 2 (HK2) inhibitor 3-bromopyruvate (3BP),
mitochondrial targeting molecule triphenyl phosphonium (TPP), and CSCs
targeting agent hyaluronic acid (HA) onto gold nanostars-dendritic
polyglycerol (GNSs-dPG) nanoplatforms for efficient eradication of CSCs. The
nanocomposite particles possess good biocompatibility and exhibit superior
mitochondrial-bound HK2 binding ability via 3BP to inhibit metabolism, and
further induce cellular apoptosis by releasing the cytochrome c. Therefore, it
enhanced the therapeutic efficacy of CSCs-specific targeted photothermal
therapy (PTT), and achieved a synergistic effect for the eradication of breast
CSCs. After administration of the synergistic treatment, the self-renewal of
breast CSCs and the stemness gene expression are suppressed, CSC-driven
mammosphere formation is diminished, the in vivo tumor growth is
effectively inhibited, and CSCs are eradicated. Altogether, GNSs-dPG-3BP,
TPP, and HA nanocomposite particles have been developed, which will
provide a novel strategy for precise and highly efficient targeted eradication of

1. Introduction

Breast cancer stem cells (CSCs) have
the capacity to undergo infinite prolif-
eration and differentiation into multiple
cancer cell types, which are highly tu-
morigenic and believed to be causative
for tumor initiation, invasion, metasta-
sis, and recurrence.l'3] Accumulating evi-
dence proposed that CSCs stemness prop-
erties are closely related to metabolism
modulation.] Therefore, inhibiting the
CSCs’ metabolism is a promising thera-
peutic strategy.> Glycolysis is the primary
metabolism form of cancer cells, which is
known as the Warburg effect,l’! and recent
studies found that breast CSCs exhibit dis-
tinctive metabolic features, particularly a
higher rate of glycolysis compared to can-
cer cells.®*¥ The first step of the glycoly-
sis is converting glucose to form glucose-
6-phosphate via transferring a phosphate
group from adenosine triphosphate (ATP)
to glucose, in which hexokinase 2 (HK2)
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is a key glycolytic enzyme involved in the
transfer.[') Moreover, HK2 bound to the
outer mitochondrial membrane by inter-
acting with voltage-dependent anion chan-
nel (VDAC), thereby the mitochondrial-
bound HK2 could acquire the adjacent ATP and consequently
accelerate the glycolytic rate."l In addition, the interactions
between HK2 and VDAC would also cause resistance to
apoptosis by closing the mitochondrial permeability transition
pores and suppressing cytochrome c release."”l The important
roles for integrating glycolysis promotion and apoptosis inhi-
bition make the HK2 an attractive target for inhibiting CSCs
metabolism.

3-bromopyruvate (3BP) has been presented as a potent HK2
inhibitor, which can be used to suppress the glycolytic capacity of
CSCs.[1315] However, owing to the non-specific properties of 3BP
and special defense mechanisms of CSCs, the CSCs metabolism
inhibition therapeutic efficacy of 3BP is limited. One potential
strategy to overcome these drawbacks is synergistic therapy.[161°]
Nanomaterial-mediated photothermal therapy (PTT) is a promis-
ing approach for CSCs synergistic therapy, which utilizes the
high temperature to ablate CSCs.[?"! The advantage of PTT is
minimally invasive, and highly localized ablation with minimal
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damage to normal tissue.?!l Various gold nanomaterials for PTT
have been reported, such as gold nanorods, gold nanoshells,
and gold nanocages.[??! Unlike their complex synthesis and the
potential toxicity from substrates such as cetyltrimethylammo-
nium bromide (CTAB), the synthesis of gold nanostars (GNSs)
is simple and CTAB-free. Furthermore, GNSs exhibit a high
absorption-to-scattering ratio in the NIR region, making them
ideal for an efficient PTT transducer.?*] Moreover, their localized
surface plasmon resonance (LSPR) in the near-infrared (NIR)
region matches the transparent window from 700 to 900 nm,
which could penetrate deeply into tumor tissues, especially the
CSCs located inside the tumor.**) We therefore want to explore
GNSs-mediated PTT along with CSCs metabolism inhibition to
kill CSCs.

The therapeutic efficacy of the synergistic nanoplatform is
largely determined by the selective targeting ability to the CSCs
in tumor.[26%7] Tt should be noted that, the majority of HK2 was
mainly bound to mitochondria, therefore mitochondrial target-
ing achieved by triphenyl phosphonium (TPP) could improve the
binding ability with HK2 and enhance the metabolism inhibition
efficiency of 3BP.[283% [n addition, inhibition of mitochondrial-
bound HK2 led to the mitochondrial permeability increase and
subsequent release of cytochrome c to induce the cellular apop-
tosis after the therapy.3!l Furthermore, functionalization of the
nanoplatform with hyaluronic acid (HA) for targeting the breast
CSCsis also an effective strategy, in which the HA can specifically
bind to cell surface marker CD44 that is overexpressed on breast
CSCs.321 'To improve the biocompatibility and obtain a long blood
circulation of the nanoplatform, dendritic polyglycerol (dPG) is
used. Our previous work has proven that the biocompatibility of
nanoparticles is significantly improved after modification with
dPG.I3*%] Moreover, the highly branched structure surface and
multiple attachment sites of dPG can also facilitate the attach-
ment of 3BP, TPP, and HA.3®® Therefore, based on the GNSs-
dPG nanoplatform conjugated with 3BP, TPP, and HA, the syn-
ergistic metabolism inhibition and CSCs specific-targeted PTT
could be achieved.

In the present study, we developed GNSs-dPG-3BP, TPP, and
HA nanocomposite particles by simultaneous conjugation of
HK2 inhibitor 3BP, the mitochondrial targeting molecule TPP,
and CSCs targeting agent HA onto GNSs-dPG nanoplatform
for combined metabolism inhibition and CSCs-specific targeted
PTT. The designed GNSs-dPG-3BP, TPP, HA nanocomposite
particles possess excellent biocompatibility, superior binding
ability with mitochondrial-bound HK2, effective CSCs-specific
targeted capability, and excellent photothermal performance un-
der NIR laser irradiation. Moreover, the nanocomposite parti-
cles could suppress the metabolism by inhibiting mitochondrial-
bound HK2 via 3BP and simultaneously enhancing the ther-
apeutic efficacy of PTT in breast CSCs by inducing cellu-
lar apoptosis through the release of the cytochrome c. Our
results demonstrated that the GNSs-dPG-3BP, TPP, and HA
nanocomposite particles can be utilized to effectively eliminate
the CSCs, achieving simultaneous synergistic metabolism inhi-
bition and CSCs-specific targeted PTT, and offering a tremen-
dous potential for precise and highly efficient elimination
of CSCs.
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2. Results and Discussion

The synthesis of GNSs-dPG-3BP, TPP, and HA nanocomposite
particles is shown in Figure 1. The GNSs were prepared by a
reported surfactant-free, seed-mediated growth method. Subse-
quently, thiolated dPG-3BP, dPG-TPP, and dPG-HA were mod-
ified onto the surface of GNSs respectively to obtain GNSs-
dPG-3BP, TPP, and HA via Au-S bonds. The dPG rendered
GNSs excellent biocompatibility, the conjugated 3BP and TPP
could be used for suppressing the metabolism by inhibiting
mitochondrial-bound HK2, and the HA was used for target-
ing CSCs via CD44 overexpressed on breast CSCs. Thus, the
prepared GNSs-dPG-3BP, TPP, and HA nanocomposite parti-
cles could be applied to eradicate CSCs by suppressing the
metabolism and CSCs-specific targeted PTT for the inhibition of
tumor growth.

2.1. Synthesis and Characterization of GNSs-dPG-3BP, TPP, HA
Nanocomposite Particles

The obtained GNSs were observed by TEM. The TEM im-
ages of GNSs nanoparticles were well displayed the multi-
branched morphologies, which have a mean diameter of about
40 nm (Figure 2a). The hydrodynamic size of various nanocom-
posite particles was characterized by DLS. As shown in Fig-
ure 2b, the size of the GNSs was about 47.6 nm, which
suggested excellent dispersibility. The hydrodynamic diame-
ter was observed to be slightly larger than the TEM imag-
ing due to the interference of the dispersant into the hydrody-
namic diameter. The size of GNSs-dPG, GNSs-dPG-3BP, GNSs-
dPG-3BP, TPP, and GNSs-dPG-3BP, TPP, HA were 56.5 nm,
64.2nm, 70.0 nm, and 74.2 nm, respectively. The increased ra-
dius was attributed to the surface modification on the GNSs. The
UV-vis spectra of various nanocomposite particles were recorded
by UV—vis spectrometer (Figure 2c). The broad plasmon reso-
nance absorption bands of GNSs were from 500 to 1100 nm and
peak at 800 nm. The various nanocomposite particles that had
shown similar plasmon spectra indicated that each step of modi-
fication would not change the plasmon spectra and without se-
vere aggregation. The Fourier transform infrared (FTIR) mea-
surements further confirmed the successful functionalization of
dPG on the surface of GNSs (Figure S1, Supporting Informa-
tion) After coupling with the dPG, the O—H alcoholic stretching
(3500—3100 cm™!), aliphatic C—H stretching (3000—2850 cm™!),
and C—O-C ether stretching (1150—1000 cm™!) spectra were
recorded as characteristic signals of dPG scaffold. The bands lo-
cated at 1650—1550 cm™! corresponding to N—H stretching indi-
cated the presence of amino groups.

Photothermal performance plays important role in the PTT
therapeutic application. The GNSs have been reported as a su-
perior photothermal agent and exhibited excellent photothermal
efficacy owing to their multiple sharp branches and strong SPR
properties.?3] The photothermal performance of bare GNSs and
various GNSs nanocomposite particles was investigated by IR
thermal imaging system and an 808 nm laser. As shown in
Figure 2d, the GNSs were exposed to 808 nm laser at 1.5 W
cm~2, the temperature could obviously increase from 24.0 to
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Figure 1. Synthetic scheme of GNSs-dPG-3BP, TPP, HA nanocomposite particles for metabolism inhibition and targeted PTT in breast CSCs.

74.5 °C and after a rapid 5 min rise, the temperature reached
a plateau. Moreover, the different dPG conjugations did not af-
fect the photothermal performance, the temperature variation of
various GNSs nanocomposite particles was similar and exhibited
negligible variations. The corresponding thermal imaging pho-
tographs were also illustrated in Figure 2e, which were consis-
tent with the temperature curves. These results indicated that
the as-prepared GNSs and various GNSs nanocomposite parti-
cles had excellent photothermal performance upon laser irradia-
tion, which encouraged us to employ the GNSs nanocomposite
particles for the further PTT therapeutic in CSCs.

2.2. In Vitro Cellular Uptake

The cellular uptake and intracellular distribution of the
nanocomposite particles are key factors in determining the ther-
apeutic efficacy of CSCs. In particular, the binding affinity to the
HK2 and mitochondria are very important to the metabolism
inhibition. The CSCs targeting capability plays a major role in
PTT therapeutic efficacy against CSCs. Since the CSCs are lo-
cated in the internal center of solid tumors, therefore the in
vitro three-dimensional mammosphere cell culture is more suit-
able to mimic complex physiological conditions of CSCs in tu-
mors than two-dimensional cell culture.?4] More importantly,
the mammosphere cells, which had been enriched with breast
CSCs and highly expressed the CD44 membrane protein, could
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specifically bind by HA.*2l The morphology of mammosphere
cells was displayed as clustered round shape, which was differ-
ent from 2D-cultured cells. The mammosphere cells were uti-
lized to determine the cellular uptake and targeting penetration
capacity of the designed nanocomposite particles to CSCs in this
study.

We incubated GNSs-dPG, GNSs-dPG-3BP, GNSs-dPG-3BP,
TPP and GNSs-dPG-3BP, TPP, HA with mammosphere cells for
4 h first, and then investigated by ICP, flow cytometry, and CLSM.
First, the overall intracellular accumulation of gold was quanti-
fied using the ICP measurement, as shown in Figure 3a. The
intracellular accumulation amount in the cells incubated with
GNSs-dPG-3BP was slightly higher than the GNSs-dPG. Due
to the mitochondria targeting by TPP, the GNSs-dPG-3BP, TPP
showed significant enhancement in the intracellular accumula-
tion amount. Especially with the help of HA, which targeted to
CSCs, the cellular uptake of GNSs-dPG-3BP, TPP, and HA was
significantly boosted, and has shown four times higher accumu-
lation compared to GNSs-dPG, which was favorable for their ther-
apeutic applications in CSCs.

Moreover, to evaluate the cellular uptake and targeting capabil-
ity by flow cytometry and CLSM, the various GNSs nanocompos-
ite particles were labeled with the fluorescent probe IDCC first.
The cellular uptake of the nanocomposite particles, which was
characterized by flow cytometry, was realized by measuring the
fluorescence intensity of IDCC. The flow cytometry curves were
shown in Figure 3b, in which the fluorescence intensity of GNSs-
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Figure 2. a) TEM images of the GNSs. b,c) DLS curves and UV-vis absorption spectra of GNSs, GNSs-dPG, GNSs-dPG-3BP, GNSs-dPG-3BP, TPP and
GNSs-dPG-3BP, TPP, HA nanocomposite particles. d,e) Temperature variation and the corresponding IR thermal imaging of PBS, GNSs, GNSs-dPG,
GNSs-dPG-3BP, GNSs-dPG-3BP, TPP, and GNSs-dPG-3BP, TPP, HA nanocomposite particles upon laser irradiation.

dPG-3BP was slightly stronger than that of GNSs-dPG. Moreover,
a significantly stronger fluorescence intensity was observed in
GNSs-dPG-3BP, TPP, which indicated mitochondria targeting by
TPP increased the accumulation of nanocomposite particles in
the mammosphere cells. Notably, the fluorescence intensity in
cells incubated with GNSs-dPG-3BP, TPP, and HA was stronger
than that of GNSs-dPG-3BP, TPP, which suggested the HA modi-
fication could improve the accumulation. These results were also
consistent with the ICP results.

Furthermore, the CLSM was used to observe the cellular up-
take and internalization of various nanocomposite particles. As
depicted in Figure 3c, the red fluorescence represented the in-
tracellular nanocomposite particles labeled by IDCC, the blue
fluorescence represented the nuclei, and the green fluorescence
of FITC represented the cytoskeleton. The internalization of the
GNSs-dPG could easily be observed, which was mainly located
in the cytoplasm. Importantly, it was found that GNSs-dPG-3BP,
and GNSs-dPG-3BP, TPP nanocomposite particles could accu-
mulate in mammosphere cells much more than GNSs-dPG,
which attributed to the binding of HK2 with 3BP and the mi-
tochondria targeting by TPP. Stronger fluorescence of the GNSs-
dPG-3BP, TPP, and HA nanocomposite particles was observed
in the mammosphere cells, which indicated that the internaliza-
tion of GNSs-dPG-3BP, TPP, HA was obviously enhanced. With
the HA modification, the GNSs-dPG-3BP, TPP, HA could pene-
trate into the center of the mammosphere cells more easily, sug-
gesting that the binding and targeting between the HA and the
CD44 overexpressed CSCs were stronger. The superior targeting
and penetration capacity of GNSs-dPG-3BP, TPP, HA may pro-
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vide a greater opportunity to approach the CSCs and promote the
therapeutic efficacy of CSCs.

It has been reported that the HK2 was upregulated in can-
cer cells and highly bind with mitochondria to obtain the ATP
for accelerating the glycolytic rate.'2] The 3BP could selec-
tively suppress the glycolytic capacity of cancer cells by inhibiting
mitochondrial-bound HK2. Therefore, the association between
HK2 and mitochondria was investigated in the mammosphere
cells using CLSM, which is illustrated in Figure 4b, the HK2 and
mitochondria were stained as red and green fluorescence, respec-
tively. It could be clearly observed that the majority of HK2 was
bound to mitochondria, which meant that mitochondria target-
ing would improve the HK2 inhibition by 3BP.

The intracellular distribution of the nanocomposite particles
is very important for the therapeutic efficacy of CSCs, especially
the binding affinity of our nanocomposite particles to HK2 and
mitochondria is the key factor for metabolism inhibition. There-
fore, to verify the intracellular binding affinity of the nanocom-
posite particles to HK2 and mitochondria in mammosphere cells,
the HK2 and mitochondria were stained with green fluores-
cence first, and the different layers of the mammosphere cells
were observed using CLSM by varying the z-axis (Figure 4a, S2,
and S3, Supporting Infrormation). As shown in Figure 4c-g,
there were negligible GNSs-dPG nanocomposite particles bind-
ing with HK2. However, GNSs-dPG-3BP could bind with HK2
more easily than GNSs-dPG, suggesting that the 3BP modifica-
tion has improved the binding affinity to HK2. Furthermore, due
to active mitochondria targeting and the mitochondrial-bound
HK2, the GNSs-dPG-3BP, TPP nanocomposite particles were up-
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Figure 3. a) The degree of cellular uptake quantified by ICP. Results are represented as mean + SD (n = 3). b) Flow cytometry curves and c) CLSM images
of mammosphere cells incubated with various nanocomposite particles (PBS, GNSs-dPG, GNSs-dPG-3BP, GNSs-dPG-3BP, TPP and GNSs-dPG-3BP,

TPP, HA) by measuring IDCC fluorescence.

taken by mammosphere cells significantly higher than GNSs-
dPG-3BP. Notably, more GNSs-dPG-3BP, TPP, and HA could
bind with HK2, which suggests that the HA modification could
greatly improve the attachment and internalization of GNSs-
dPG-3BP, TPP, HA. The same situation could be observed in
the mitochondria staining results (Figure 4h-1). Where the few
GNSs-dPG and GNSs-dPG-3BP nanocomposite particles were
bound with mitochondria, while with the mitochondria targeting
by TPP, abound GNSs-dPG-3BP, TPP nanocomposite particles
were found in the mammosphere cells. With the HA targeting,
more GNSs-dPG-3BP, TPP, and HA were uptaken by the cells.
In addition, the nanocomposite particles were observed at differ-
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ent layers of the mammosphere from top to bottom, owing to the
fact that CSCs were located in the inner region of solid tumors.
This indicated that our prepared nanocomposite particles could
penetrate into the center of the tumor and reach the CSCs.

2.3. In Vitro Photothermal Therapy of CSCs
The designed nanocomposite particles mediated in vitro PTT
therapeutic performance on CSCs was evaluated via the CCK8 as-

say. In brief, the mammosphere cells were irradiated with 808 nm
laser for 5 min after incubating with GNSs-dPG, GNSs-dPG-3BP,

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 5. In vitro viabilities of mammosphere cells treated with various nanocomposite particles (PBS, GNSs-dPG, GNSs-dPG-3BP, GNSs-dPG-3BP,
TPP and GNSs-dPG-3BP, TPP, HA) under 808 nm laser irradiation characterized by a) the CCK8 assay and c) live/dead cell staining (as green/red
color). b) Statistic results of flow cytometry analysis of ALDH" in mammosphere cells treated with various nanocomposite particles under 808 nm
laser irradiation. Results are represented as mean + SD (n = 3). d) Cytochrome ¢ immunofluorescence of mammosphere cells treated with various

nanocomposite particles under 808 nm laser irradiation.

GNSs-dPG-3BP, TPP and GNSs-dPG-3BP, TPP, HA nanocom-
posite particles with 0. 5, 10, 20, 30, 40 pg m1~" of gold, then the
cell viability was characterized. As shown in Figure 5a, the via-
bility of mammosphere cells incubated with GNSs-dPG was de-
creased gradually with an increase in concentration, and the via-
bility was measured to be 42.5% at a gold concentration of 40 pg
ml~!. Furthermore, more mammosphere cells were killed corre-
sponding to the GNSs-dPG-3BP and GNSs-dPG-3BP, TPP under
the same condition, in which the viability was 37.9% and 26.3%,
respectively, indicating that 3BP modification and the TPP tar-
geting would promote the PTT efficacy. It is noteworthy that the
GNSs-dPG-3BP, TPP, and HA exhibited the highest toxicity, the
cell viability was the worst and decreased to 22.7%, which could

Adv. Healthcare Mater. 2022, 11, 2102272 2102272 (7 of 1 6)

be attributed to enhanced uptake of nanocomposite particles ow-
ing to the HA targeting and further improve the PTT efficacy.
The results illustrated that GNSs-dPG-3BP, TPP, and HA have
excellent in vitro PTT therapeutic performance.

The number of CSCs is related to the malignancy and invasive-
ness of the tumor.?! Therefore, it is very important to investigate
the amount of CSCs subpopulation after the treatment. ALDH
has been proven as a specific intracellular marker of CSCs, in
which the ALDH* phenotypes have the CSCs cancer-initiating
characteristics.[?l The ALDH* proportion of mammosphere
cells was investigated via flow cytometry after treatment with the
designed nanocomposite particles mediated PTT. As shown in
Figure 5b, the untreated mammosphere cells showed the ALDH*

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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proportion of about 10.5%. After treatment with GNSs-dPG and
GNSs-dPG-3BP mediated PTT, the percentage of ALDH* cells
were significantly decreased to 2.2% and 1.9%. However, when
the GNSs-dPG-3BP, TPP exposed mammosphere cells were un-
der the laser irradiation, the ALDH* proportion decreased to
0.8%, which indicates the enhancement in therapeutic efficacy
in the presence of TPP. The GNSs-dPG-3BP, TPP, and HA me-
diated PTT showed the lowest ALDH* proportion (0.5%), which
is attributed to increased targeting uptake by CSCs, therefore it
eliminates the CSCs more efficiently. The decrease of the ALDH™
proportion demonstrated that GNSs-dPG-3BP, TPP, and HA me-
diated PTT have great potential for CSCs elimination and cancer-
initiating inhibition.

In order to confirm the effect of the designed nanocompos-
ite particles mediated in vitro PTT therapeutic performance, the
in vitro IR thermal imaging was characterized. As shown in Fig-
ures S4 and S5, Supporting Information, the mammosphere cells
were incubated with the designed nanocomposite particles first,
then irradiated with 808 nm laser, the heating curves and cor-
responding thermal imaging photographs were recorded. Un-
der 808 nm laser irradiation, the temperature of mammosphere
cells incubated with GNSs-dPG could increase to about 60.2 °C,
which is sufficient to destroy the mammosphere cells. Further-
more, the increased temperature of GNSs-dPG-3BP and GNSs-
dPG-3BP, TPP was significantly higher than GNSs-dPG, which
would kill the mammosphere cells more efficiently. In the case
of the mammosphere cells incubated with GNSs-dPG-3BP, TPP,
and HA, the temperature variation shows the highest increase,
suggesting the combined targeting effects of 3BP, TPP and HA,
that could enhance the PTT therapeutic efficiency on CSCs. Con-
sidering the negligible difference in photothermal performance
of the various GNSs nanocomposite particles, the PTT therapeu-
tic effect is related to the cellular uptake dose, suggesting specific
CSCs targeting could greatly improve the PTT therapeutic effi-
ciency.

Furthermore, to intuitively characterize the designed
nanocomposite particles mediated in vitro PTT therapeutic
performance on CSCs, the live and dead cells were stained
by CAM/EthD-1 agents. As shown in Figure 5c, the control
mammosphere cells were alive, and cell death was observed
when treated with GNSs-dPG. However, more dead cells could
be observed for GNSs-dPG-3BP, significant cell death and de-
stroyed mammosphere were observed for GNSs-dPG-3BP, TPP.
Moreover, the cells treated with GNSs-dPG-3BP, TPP, and HA
resulted in a significant scattered and decreased mammosphere,
which have the best PTT performance.

The interactions between HK2 and mitochondria not only af-
fect the metabolism, but also suppress the release of cytochrome
¢, which is a critical step in the apoptotic pathway, therefore re-
sulting in CSCs resistance to apoptosis. As a result, with the help
of HK2 inhibition ability by 3BP and the PTT treatment, the re-
lease of cytochrome c will increase and subsequently induce cell
apoptosis. To determine the effect of designed nanocomposite
particles mediated treatment on the cytochrome c release, we per-
formed the immunocytochemical staining of cytochrome c. As
shown in Figure 5d, the expression of cytochrome c was observed
in cells incubated with GNSs-dPG. Furthermore, increased ex-
pression levels were observed in GNSs-dPG-3BP treated cells,
and GNSs-dPG-3BP, TPP treated cells showed a more significant
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increased expression that demonstrated the mitochondria target-
ing by TPP could enhance the inhibition of HK2 and result in an
increase of cytochrome c release. Consistent with the above find-
ings, owing to CSCs active-targeting HA, the GNSs-dPG-3BP,
TPP, and HA treated cells had the best therapeutic efficiency, and
even more significant cytochrome c could be observed. These re-
sults suggest that with the inhibition of HK2, the interaction be-
tween HK2 and mitochondria could be disrupted after the CSCs
were treated by GNSs mediated PTT. It results in a dramatic in-
crease of the cytochrome c release and subsequently induces cell
apoptosis.

2.4. Inhibiting the Expression of Stemness-Associated Gene of
CSCs and In Vitro Mammospheres Formation Assay

After the treatment as described above, the stemness-related
genes expression of the manmosphere cells was determined
by measuring the CSCs-associated genes (SOX2, NANOG, and
OCT#4) using qRT-PCR. As shown in Figure 6a—c, the expressions
of SOX2, NANOG, and OCT4 were decreased in cells treated with
GNSs-dPG. Moreover, with the HK2 binding and mitochondria
targeting ability, the stemness genes expressions of GNSs-dPG-
3BP and GNSs-dPG-3BP, TPP treated cells were markedly sup-
pressed. Importantly, GNSs-dPG-3BP, TPP, and HA treated cells
demonstrate more significant suppression of the expression of
stemness associated genes, indicating that the CSCs targeting
molecule HA conjugation would evidently improve the suppres-
sion effect. This result suggests that PTT treatment based on
GNSs-dPG-3BP, TPP, and HA nanocomposite particles are very
effective in suppressing expression of CSCs-associated genes,
which is very important for eliminating CSCs.

To investigate the effect of the designed nanocomposite par-
ticles mediated PTT on CSCs elimination, the mammospheres
formation assay was employed. The decreased CSCs propor-
tion would prohibit mammosphere formation ability from CSCs,
which is regarded as a characteristic of CSCs.[*?! After incuba-
tion with various nanocomposite particles, the primary mammo-
spheres cells were treated with laser irradiation, then the cells
were collected and re-plated in suspension culture for 10 days to
form mammospheres. The formed secondary mammospheres
were counted and imaged. As shown in Figure 6d,e, abundant
mammospheres could be observed in the control, while cells
treated with GNSs-dPG mediated PTT decreased the amount of
secondary mammospheres, generating small and fragmentary
mammosphere. Moreover, a significant reduction in secondary
mammosphere formation could be observed in cells treated with
GNSs-dPG-3BP and GNSs-dPG-3BP, TPP. Furthermore, few
secondary mammospheres were formed after the treatment of
GNSs-dPG-3BP, TPP, and HA mediated PTT, and the number of
the formed mammospheres also decreased, which suggested HA
targeting significantly diminished the mammosphere formation
ability and eliminated more CSCs efficiently.

2.5. In Vivo Bio-Distribution, In Vivo Photothermal Effect and
PTT Therapeutic Effect Evaluation

High biocompatibility is vital factor for in vivo biomedical appli-
cations of the nanocomposite particles. The biocompatibility of
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Figure 6. a—c) The expression of stemness-associated genes (SOX2, NANOG, and OCT4) in mammosphere cells after the treatment with various
nanocomposite particles. d,e) After the treatment, the cells were seeded and maintained for 10 days for secondary mammospheres formation assay,
then counted the number of mammospheres (>50 um) and taken the optical micrographs. Results are represented as mean + SD (n = 3).

the nanocomposite particles was evaluated by H&E staining anal-
ysis of major organs in healthy nude mice. Briefly, the healthy
nude mice were injected with PBS, GNSs-dPG-3BP, GNSs-dPG-
3BP, TPP and GNSs-dPG-3BP, TPP, HA via the tail vein, after
four weeks, the major organs (heart, liver, spleen, lung, and kid-
ney) were analyzed by H&E staining. As depicted in Figure S6,
Supporting Information, no evident tissue damage in histological
specimens were observed at this injection dose, and obvious mor-
phology change in the major organs was not found. The results
indicated that the nanocomposite particles had good biocompat-
ibility and could be safe for biomedical applications.

To explore the potential applications in vivo and verify whether
the designed nanocomposite particles could accumulate in tu-
mors, the in vivo bio-distribution of two nanocomposite particles
was investigated. The tumor-bearing mice were intravenously in-
jected with GNSs-dPG-3BP and GNSs-dPG-3BP, TPP, HA. The
gold concentration in tumor and the main organs (including
heart, liver, spleen, lung, and kidney) were analyzed by using ICP-
MS at 24 h post injection. As illustrated in Figure 7a, the designed
nanocomposite particles could accumulate in the tumor tissue
due to the enhanced permeability and retention (EPR) effect. En-
couragingly, the accumulation amount of GNSs-dPG-3BP, TPP,
HA in tumors was found to be obviously higher than GNSs-
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dPG-3BP, confirming the significant CSCs targeting ability of
GNSs-dPG-3BP, TPP, HA in vivo. And considerable nanocom-
posite particles were accumulated in liver and spleen owing to the
macrophage phagocytosis. In contrast, only few nanocomposite
particles were detected in the heart, lung, and kidney. This result
demonstrated that the designed nanocomposite particles could
efficiently target the tumor site due to the appropriate particle
size and surface targeting ligand modification, by passive and ac-
tive targeting.

Given the above tumor accumulation results, the GNSs-dPG-
3BP, TPP, and HA can be used as an ideal CSCs targeted PTT
therapeutic probe. To evaluate the in vivo photothermal effect of
the designed nanocomposite particles, the tumor-bearing mice
were intravenous injected with PBS, GNSs-dPG-3BP, GNSs-
dPG-3BP, TPP and GNSs-dPG-3BP, TPP, HA, and then exposed
to 808 nm laser irradiation at 24 h post injection. The thermal im-
ages were taken by an infrared thermal camera during the irra-
diation to detect the tumor temperature at different time points.
As shown in Figure 7b,c, the PBS injected tumors exhibited a
slight temperature change, which suggested a negligible heat-
ing effect of the laser on mice. In contrast, the GNSs-dPG-3BP-
treated tumors experienced a temperature rise to 48.9 °C over
the course of 5 min irradiation. It is noted that the GNSs-dPG-
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Figure 7. a) Bio-distribution of nanocomposite particles in different organs of 4T1 tumor-bearing nude mice at 24 h post i.v. injection with GNSs-dPG-
3BP, TPP and GNSs-dPG-3BP, TPP, HA quantified by ICP-OES measurement. Results are represented as mean = SD (n = 3). b,c) The temperature
variation and the corresponding IR thermal imaging of 4T1 tumor-bearing mice at 24 h post i.v. injection of PBS, GNSs-dPG-3BP, GNSs-dPG-3BP, TPP
and GNSs-dPG-3BP, TPP, HA upon 808 nm laser irradiation (1.5 W cm~2). d,e) H&E and TUNEL staining of the sliced tumors from 4T1 tumor-bearing

mice, which underwent 808 nm laser exposure (1.5 W cm™2, 5 min) at 24 h post i.v. injection of PBS or various nanocomposite particles, the tumors
were dissected for staining 24 h after the treatment.
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3BP, TPP and GNSs-dPG-3BP, TPP, HA-injected tumors exhib-
ited a higher temperature increase, reaching 52.5 and 55.0 °C af-
ter 5 min laser irradiation, which is high enough to ablate and
destroy the CSCs. This observation demonstrated that the en-
hanced accumulation by active targeting would improve the PTT
therapeutic efficiency. The thermal images of the tumor changed
from blue to red during the increasing tendency of temperature.
Therefore, the results revealed GNSs-dPG-3BP, TPP, and HA
may serve as an efficient CSCs-targeted PTT therapeutic probe
in vivo.

Afterward, to further evaluate the therapeutic effect of the de-
signed nanocomposite-mediated treatment in vivo, the 4T1 and
MDA-MB-231 tumor-bearing model of nude mice were estab-
lished. The 4T1 and MDA-MB-231 cell lines have been proven
that they possess an increased CSCs subpopulation, which is
a good candidate for in vivo CSCs xenograft tumor model
research.*!l The tumor-bearing nude mice were divided into five
groups and intravenously injected: PBS with laser irradiation
(PBS + L), GNSs-dPG-3BP, TPP, and HA without laser irradia-
tion (GNSs-dPG-3BP, TPP, and HA), GNSs-dPG-3BP with laser
irradiation (GNSs-dPG-3BP + L), GNSs-dPG-3BP, TPP with laser
irradiation (GNSs-dPG-3BP, TPP + L) or GNSs-dPG-3BP, TPP,
HA with laser irradiation (GNSs-dPG-3BP, TPP, HA + L). The
tumors were exposed to 808 nm laser irradiation for 5 min at
24 h post-injection. Subsequently, 24 h after the treatments, the
tumors were harvested and recorded by real photographs, then
sliced for hematoxylin and eosin (H&E) staining and terminal de-
oxynucleotidyl transferase dutp nick end labeling (TUNEL) stain-
ing.

As shown in Figures S7 and S8, Supporting Information, no
palpable change or damage was observed in mice injected with
PBS under the laser irradiation or only injected with GNSs-dPG-
3BP, TPP, and HA. However, the tumor sites of the other three
groups showed prominently necrosis and damaged areas. The tu-
mor shrinkage and dark colors could be observed clearly in treat-
ment center. These results demonstrated that the elevated tem-
perature induced by the PTT therapeutic effect was high enough
to destroy the tumor tissue.

Moreover, the H&E and TUNEL staining of the tumors were
carried out to evaluate the necrotic and apoptotic cells after the
nanocomposite-mediated treatment in vivo. As shown in Fig-
ure 7d,e, 4T1 tumor-bearing nude mice treated with PBS + L
and GNSs-dPG-3BP, TPP, HA were not showing obvious tu-
mor necrosis and pathological damage in H&E staining images,
and the TUNEL staining was negative. However, in GNSs-dPG-
3BP + L treated tumor, the sporadic necrotic and apoptotic areas
were revealed in H&E and TUNEL staining results. Furthermore,
large areas of tumor necrosis and apoptosis could be observed in
GNSs-dPG-3BP, TPP + L treated tumor, which indicated the ad-
vantage of mitochondria targeting. Notably, the extensive necro-
sis, the majority of damaged cancer cells, and significant apopto-
sis appeared in tumors treated with GNSs-dPG-3BP, TPP, HA
+ L, which suggested that the mitochondrial-bound HK2 tar-
geting induced metabolism inhibition and targeted ablation of
CSCs would enhance the therapeutic efficacy. As shown in Fig-
ure S9 and S10, Supporting Information, similar to the results
of 4T1 tumor-bearing nude mice, apparent extensive necrosis
and apoptosis also existed in MDA-MB-231 tumor-bearing nude
mice after the treatment. These results suggested that the de-
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signed nanocomposite-mediated treatment could effectively de-
struct the tumor in both 4T1 and MDA-MB-231 tumor-bearing
CSCsxenograft tumor model. Based on these results, the remark-
able necrosis and apoptosis induced by treatment would enhance
the CSCs therapeutic efficacy and further suppress the tumor
growth.

The existence of CSCs would initiate metastatic tumor forma-
tion, thereby reducing the therapeutic efficacy of the ongoing
treatment and making the treatment unsuccessful.’] To investi-
gate the in vivo anti-CSCs capacity of the designed nanocompos-
ite particles, we analyzed the CSCs expression in the tumors with
immunohistochemical (IHC) staining of CSCs marker CD44,
NANOG, and SOX2 after the in vivo treatments. As shown in
Figure 8a—c and Figure S11-S13, Supporting Information (4T1
and MDA-MB-231 tumor-bearing nude mice, respectively), the
expression of the three CSCs marker in tumors treated with the
PBS + L and GNSs-dPG-3BP, TPP, and HA were high and com-
parable. Moreover, both the GNSs-dPG-3BP + L and GNSs-dPG-
3BP, TPP + L treatments evidently reduced the ratio of CSCs.
More importantly the tumor treated with GNSs-dPG-3BP, TPP,
HA + L showed the best depletion of CSCs, which exhibited a
dramatic decrease on the expression of the CSCs marker. These
results demonstrate that GNSs-dPG-3BP, TPP, HA nanocompos-
ite particles can be used as in effectively targeting and eliminat-
ing the breast CSCs in vivo, which was attributed to its excellent
mitochondrial-bound HK2 targeting induced metabolism inhibi-
tion and CSCs targeted-photothermal ablation effect.

2.6. In Vivo PTT

The CSCs could initiate tumor formation and have an influence
on tumor growth. The in vivo therapeutic efficacy of CSCs was
further explored by assessing tumor growth curves for 14 days.
The tumor-bearing nude mice were randomly divided into five
groups, then intravenously injected, and treated with PBS + L,
GNSs-dPG-3BP, TPP, GNSs-dPG-3BP + L, GNSs-dPG-3BP, TPP
+ L and GNSs-dPG-3BP, TPP, HA + L, respectively. The tu-
mor volumes of mice were measured every other day after treat-
ment. As depicted in Figure 9a, tumor growth for treatments with
GNSs-dPG-3BP, TPP, and HA was slightly inhibited compared to
the PBS + L treated control, which would be attributed to the in-
hibition of metabolism. While without laser irradiation, the slight
tumor suppression could not affect the tumor growth rate. The
group treated with GNSs-dPG-3BP + L shown inhibition of tu-
mor growth, and the tumor growth in the GNSs-dPG-3BP, TPP +
L treated group was further slowed down, thereby demonstrating
a more effective tumor inhibition. These results indicated that
the mitochondrial-bound HK2 targeting induced metabolism in-
hibition together with the PTT could effectively inhibit tumor
growth. Although the tumor suppression was realized by GNSs-
dPG-3BP + L and GNSs-dPG-3BP, TPP + L treatment, while
the tumor showed continued regrowth from day 6 owing to the
incomplete apoptosis and the survival of CSCs. In sharp con-
trast, with the CSC-targeting advantage, GNSs-dPG-3BP, TPP,
and HA + L exhibited the best anti-tumor capacity, the tumor
growth was remarkably suppressed. The results demonstrated
that GNSs-dPG-3BP, TPP, HA nanocomposite particles have an
extraordinary capability for effectively eliminating the CSCs and
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Figure 8. (a) CD44, (b) NANOG, and (c) SOX2 immunohistochemical staining of the sliced tumors from 4T1 tumor-bearing mice, which underwent
808 nm laser exposure (1.5 W cm™2, 5 min) at 24 h post i.v. injection of PBS or various nanocomposite particles, the tumors were dissected for staining

24 h after the treatment.

excellent in vivo therapeutic efficiency. The in vivo inhibition of
tumor growth was attributed to mitochondrial-bound HK2 tar-
geting induced metabolism inhibition and targeted ablation of
CSCs by hyperthermia. These results were consistent with the re-
sults of in vitro viability assays. Moreover, the real photographs of
tumor-bearing nude mice in different groups were taken, which
clearly showed the variations of tumor volume at different days
(Figure 9e). Subsequently, tumors were harvested and weighed
on the final day (Figure 9c¢), which corresponded with the in vivo
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results of tumor suppression. The in vivo therapeutic results con-
cluded that GNSs-dPG-3BP, TPP, and HA could coordinate PTT
with metabolism inhibition, obtain excellent in vivo anti-cancer
efficiency on CSCs and have potential for clinical applicability as
CSCs-targeted therapeutic nanocomposite particles.

Moreover, to assess the risk and toxicity of the treatment, the
body weight was recorded every two days. Subsequently, at the
end of the treatment, the major organs in mice were collected for
histological analysis. As shown in Figure 9b, the treatments did
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Figure 9. a) The change of relative tumor volume and b) body weight of the 4T1 tumor-bearing mice in each group (n = 6) after the treatment, recorded
every 2 days. c) The tumors in each group were collected and weighed on day 14. d) H&E staining images of major organs (heart, liver, spleen, lung,
and kidney) of tumor-bearing mice in each group on day 14. e) Representative digital images of the mice under different treatments on different days.

Results are represented as mean + SD (n = 6).

notlead to obvious side effects or significant body weight loss, im-
plying the health condition of nude mice and excellent biocom-
patibility of the designed nanocomposite particles. In addition, as
presented in Figure 9d, no evident tissue damage, and no obvi-
ous necrosis, fibrosis, or inflammatory were observed in the H&E
stained tissue slices. This suggested that the major organs func-
tioned properly and the minimal systemic toxicity in mice. These
results preliminarily proved that the designed nanocomposite-
mediated treatments were safe and had no acute toxicity to mice,
which would have potential clinical application in CSCs therapy.

3. Conclusion

In summary, we have successfully developed GNSs-dPG-
3BP, TPP, and HA nanocomposite particles, which exhibited
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metabolism inhibition and photothermal ablation ability. With
the 3BP, TPP and HA decorated on the GNSs-dPG nanoplat-
forms, the nanocomposite particles exhibited superior bind-
ing ability with mitochondrial-bound HK2 and effective CSCs-
specific targeted capability. Our results demonstrated that tar-
geting the mitochondrial-bound HK2 via 3BP resulted in sup-
pression of metabolism and further induced cellular apoptosis
through the release of cytochrome ¢, which remarkably enhanced
the therapeutic efficacy of PTT in breast CSCs and thus achiev-
ing a synergistic inhibitory effect. Moreover, the self-renewal of
breast CSCs and the stemness gene expression were suppressed.
The CSC-driven mammospheres formation was diminished af-
ter administrating the synergistic treatment. In addition, the in
vivo tumor growth was effectively inhibited, and CSCs were erad-
icated, revealing effective tumor therapy of the nanocomposite
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particles. Therefore, this work provided an attractive strategy and
demonstrated a great potential for precise and highly efficient tar-
geted eradication of CSCs.

4. Experimental Section

Reagents:  Gold (I11) chloride hydrate (HAuCl,-4H,0O), ascorbic acid,
silver nitrate (AgNO3), 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride (EDC-HCI), N-hydroxysuccinimide (NHS), 3-bromopyruvic
acid (3BP), 2-iminothiolane hydrochloride (Traut’s reagent), and (4-
Carboxybutyl) triphenylphosphonium bromide (TPP) were purchased
from Merck. Sodium hyaluronate (HA, M,, = 10 KDa) was purchased
from Lifecore Biomedical (Chaska, MN, USA). dPG amino (M, =
5 kDa) was synthesized with 50% amination according to a previ-
ously published method by the group.l*?l Dulbecco’s modified Eagle’s
medium/Ham’s nutrient mixture F12 (DMEM/F12), bovine serum al-
bumin (BSA) and insulin were bought from Merck. Fetal bovine serum
(FBS), Cell Light Mitochondria-GFP, BacMam 2.0, penicillin, and strepto-
mycin were purchased from Invitrogen (USA). B-27 supplement, fibrob-
last growth factor-basic (FGF), and epidermal growth factor (EGF) were
purchased from Thermo Fisher Scientific. The ALDEFLUOR kit was pur-
chased from STEM CELL Technologies (Vancouver, Canada). All reagents
were used as received. Milli-Q water (18.2 MQ cm) was used in all
experiments.

Synthesis of GNSs-dPG-3BP, TPP, and HA Nanocomposite Particles:
The GNSs were prepared by a literature reported seed-mediated growth
method.[*}] The seed solution was synthesized by a citrate reduction
method. Subsequently, 8 pl of the synthesized seed solution and 0.4 ml of
5 mM HAuCl, solution were mixed with 8 ml water under vigorous stirring
(800 rpm), followed by the addition of 64 ul of AgNO; (10 mM) and 40 pl
of freshly prepared ascorbic acid (100 mM) to the mixture simultaneously.
After 30 s stirring, the solutions rapidly turned from light red to dark blue.
To synthesize the GNSs-dPG-3BP, TPP, HA nanocomposite particles, the
GNSs were modified with dPG-3BP, dPG-TPP, and dPG-HA, respectively.
For dPG-3BP, dPG-TPP and dPG-HA preparation, the 3BP, TPP, and HA
were conjugated with dPG amine (M,, = 5 kDa, with 50% amino function-
ality) by EDC/NHS activation technique via acylation reaction between the
terminal carboxyl of 3BP, TPP, HA, and the amino group of dPG. In brief,
3BP (2.5 mg, 15 umol carboxyl groups), TPP (6.7 mg, 15 umol carboxyl
groups), and HA (3 mg, 7.5 umol carboxyl groups) were respectively mixed
with 2.4 times theoretical amount of EDC-HCl and NHS, and then kept on
stirring for 8 h to activate the carboxyl groups. After that, the activated 3BP,
TPP, and HA were added into dPG amine solution (11 mg), respectively,
and stirred for 24 h. The product of dPG-3BP, dPG-TPP, and dPG-HA was
dispersed in 11 ml water and used for further modification of GNSs. The
dPG-3BP, dPG-TPP, and dPG-HA containing extra amino functionalities
available for conversion to thiols by Traut's reagent.[*] Briefly, dPG-3BP,
dPG-TPP, and dPG-HA solution (0.25 ml) was mixed with Traut’s reagent
(0.07 mg) for 20 min and then added into the prepared GNSs solution un-
der stirring. After stirring for 30 min, the prepared dPG-3BP, dPG-TPP, and
dPG-HA containing thiols group were modified onto the surface of GNSs
through Au-S bonds to obtain GNSs-dPG-3BP, TPP, and HA. Finally, the
resultant GNSs-dPG-3BP, TPP, and HA were collected by centrifugation
and redispersed in water.

Photothermal Performance: The photothermal performance of various
GNSs nanocomposite particles was investigated by 808 nm laser and an
infrared thermal imaging system (P1400, Optris, Germany). T ml of various
GNSs nanocomposite particles (40 ug ml~") was transferred to cuvettes
and irradiated under 808 nm laser (1.5 W cm~2) for 10 min, the tempera-
ture value was recorded every 10 's, and the thermal imaging was mapped
every minute.

Characterization: Transmission electron microscopy (TEM) images
were obtained on a FEI Talos L120C electron microscope. The dynamic
light scattering (DLS) and zeta potential experiments were character-
ized by Zetasizer Nano-ZS (Malvern Instruments). The UV-vis absorption
spectra were conducted using a UV-vis spectrophotometer (Lambda 950,
Perkin Elmer). Inductively coupled plasma optical emission spectrometry
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(ICP-OES) was performed with an Optima 2100 instrument from Perkin
Elmer.

Cell Culture: The MDA-MB-231 cell line of human breast cancer was
obtained from Sigma. The MDA-MB-231 human breast cancer cell line
was cultured in DMEM/F12 supplemented with 10% FBS, 100 units ml~!
of penicillin, and 100 pg ml~" of streptomycin at 37 °C with 5% CO,.
The mammosphere cells were obtained by three-dimensional suspension
culture, MDA-MB-231 cells (20000 cells mI~") were cultured in ultralow
attachment plates with serum-free DMEM/F12 supplemented with 0.4%
BSA, 20 ng ml~1 FGF, 20 ng ml~! EGF, 5 ug ml="insulin, and B27. After
10 days of culture, the mammospheres were collected and then cultured
for further experimental use.

Cellular Uptake Assay: To evaluate targeted cellular uptake by ICP, the
mammosphere cells were cultured in 12-well ultralow attachment plates
with the concentration of 1x 10° cells mI~! for 24 h and incubated with
various GNSs nanocomposite particles (40 ug ml~) for another 4 h. The
cells were rinsed with PBS thrice and further harvested by centrifugation
at 1000 rpm for 5 min. Subsequently the cells were counted and lysed with
aqua regia solution. The amount of gold in the cells incubated with various
GNSs nanocomposite particles was determined by ICP-OES.

To investigate targeted cellular uptake by FACS, the various GNSs-
dPG-IDCC nanocomposite particles were prepared by a reported
procedure.3®#] The mammosphere cells were incubated with various
GNSs-dPG-IDCC nanocomposite particles. After being rinsed with PBS
three times and harvested by centrifugation, the cells were detected by
a flow cytometer (BD FACS Calibur, USA). The internalized cellular accu-
mulation was analyzed by the intensity of IDCC fluorescence.

To investigate the targeted cellular uptake of nanocomposite particles
by confocal laser scanning microscope (CLSM), 200 ul mammosphere
cells (2 x 10* cells per well) were seeded in IBIDI u-Slide 8-well confo-
cal culture ultralow attachment plates for 24 h and incubated with various
GNSs-dPG-IDCC nanocomposite particles (40 ug ml~") for another 4 h,
respectively. After incubation, the cells were rinsed three times with PBS to
remove the free nanocomposite particles, and fixed with 4% paraformalde-
hyde, permeabilized with 0.2% Triton X-100, and incubated with 1% BSA
to block nonspecific binding sites. Finally, the nucleus and cytoskeleton
of cells were stained with 4’,6-diamidino-2-phenylindole (DAPI, Life Tech-
nologies), and phalloidin-FITC (Abcam), and the fluorescent images were
obtained by a CLSM (Leica TCS SP8).

The HK2 and Mitochondria-Targeted Cellular Uptake Assay: To evalu-
ate the HK2 targeting ability, the mammosphere cells were incubated
with various GNSs-dPG-IDCC nanocomposite particles and treated as
described above. Then, the cells were incubated with primary antibody
(Anti-Hexokinase Il antibody, Abcam) at 4 °C overnight. Afterwards, the
cells were rinsed with PBS and stained with fluorochrome-conjugated sec-
ondary antibody (Anti-rabbit IgG H+L, Alexa Fluor 488 Conjugate, cell sig-
naling) and subsequently stained the nucleus with DAPI. Then the fluores-
cent images were obtained by a CLSM.

To evaluate the mitochondria targeting ability, mammosphere cells
were incubated with the Cell Light Mitochondria-GFP, BacMam 2.0 in ad-
vance for 16 h at 37 °C according to the protocol to label mitochondria.
After being incubated with various GNSs-dPG-IDCC nanocomposite par-
ticles, the cells were subsequently stained with DAPI and measured by
CLSM.

To evaluate the associated bound relationship between HK2 and mito-
chondria, the mitochondria of mammosphere cells were labeled first, after
being fixed, permeabilized. and blocked, the cells were incubated with pri-
mary antibody (Anti-Hexokinase Il antibody, Abcam) at 4 °C overnight.
Then stained with fluorochrome-conjugated secondary antibody (Anti-
rabbit 1IgG H+L, Alexa Fluor 594 conjugate, cell signaling) and DAPI. The
fluorescent images were obtained by a CLSM.

In Vitro Photothermal Therapy Efficacy: To evaluate the in vitro PTT
therapeutic efficacy of CSCs, the mammosphere cells were seeded into
96-well ultralow attachment plates and incubated with PBS, 5-40 pg ml~!
of various nanocomposite particles for 4 h. After that, the cells were col-
lected by centrifugation and then the pellets of the cells were irradiated by
an 808 nm laser at a power density of 1.5 W cm~2 for 5 min. Meanwhile, the
temperature value was recorded and corresponding thermal imaging was
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Table 1. Primer sequences of target genes for qRT-PCR.
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Gene Forward primers (5'-3") Reverse primers (5'-3")
GAPDH GCAAGAGCACAAGAGGAAGAG AAGGGGTCTACATGGCAACT
SOX2 GGGAAATGGGAGGGGTGCAAAAGAGG TTGCGTGAGTGTGGATGGGATTGGTG
OCT4 GACAGGGGGAGGGGAGGAGCTAGG CTTCCCTCCAACCAGTTGCCCCAAAC
NANOG CAGCCCCGATTCTTCCACCAGTCCC CGGAAGATTCCCAGTCGGGTTCACC

taken. After laser irradiation, the cells were re-suspended in fresh medium
and cultured in 96-well ultralow attachment plates for another 24 h at 37
°C. Finally, the cellular viability was assessed by CCK8 assay. Furthermore,
the viabilities of the mammosphere cells incubated with various nanocom-
posite particles (40 ug ml~1) under the irradiation were also characterized
by CAM/EthD-1 staining and then analyzed by using a fluorescence micro-
scope.

Cytochrome ¢ Immunocytochemical Staining:  To verify the release of cy-
tochrome c after the PTT, the mammosphere cells were seeded in IBIDI
u-Slide 8-well confocal culture ultralow attachment plates, then incubated
with various nanocomposite particles (40 ug ml~") and treated with PTT.
After that, the cells were fixed, permeabilized, and blocked. For the release
of cytochrome c staining, the cells were incubated with primary antibody
(Cytochrome ¢ Mouse mAb, cell signaling) at 4 °C overnight and then
stained with a fluorochrome-conjugated secondary antibody (Anti-mouse
1gG H+L, Alexa Fluor 555 Conjugate, cell signaling). After subsequently
staining the nucleus with DAPI, the fluorescent images were obtained by
a CLSM.

Determination of ALDH* Proportion In Vitro:  To evaluate the propor-
tion of CSCs after the PTT, the mammosphere cells were seeded into
12-well ultralow attachment plates followed by incubation with various
nanocomposite particles and treated with PTT. The treated cells were har-
vested and trypsinized. The ALDEFLUOR kit was used to analyze the ac-
etaldehyde dehydrogenase (ALDH) activity of the collected cells. The cells
were determined with a BD FACS calibur flow cytometer (Beckton Dickin-
son).

Expression of Stemness-Associated Gene:  The mammosphere cells were
incubated with various nanocomposite particles and treated with PTT.
Further, the RNA of the cells was isolated and pooled via TRI Reagent,
and then precipitated in isopropanol and washed with 75% (vol/vol)
ethanol/water. The RNA content was quantified by a spectrophotometry
(Thermo Fisher; Nano-Drop). One microgram of total RNA was reverse
transcribed to cDNA using the SuperScript IV VILO Master Mix (Invit-
rogen). qRT-PCR was performed with the SYBR Green PCR Master Mix
(Thermo Fisher) on the PIKOREAL 96 Real-Time PCR system. Relative
mRNA expression levels of SOX2, OCT4, and NANOG were normalized
to the housekeeping gene GAPDH using the delta-delta Ct method. Fi-
nally, the mRNA levels were normalized to those of the cells treated with
irradiation alone. Primer sequences used for qRT-PCR are listed in Table 1.

In Vitro Mammospheres Formation Assay: ~ For in vitro mammospheres
formation assay, the primary mammosphere cells were incubated with
various GNSs-dPG nanocomposite particles and treated with or with-
out by PTT as described above. Afterwards, the cells were collected and
trypsinized, then 2000 cells were seeded in a new 96-well ultralow attach-
ment plate. After incubation for 10 days in a 5% CO, incubator at 37 °C,
the number of secondary mammospheres (>50 pm) was counted under a
microscope and the optical micrographs were also taken.

In Vivo Biocompatibility: ~ All the animal experiments and animal care
were conducted under the protocols approved by the Regional Ethics Com-
mittee for Animal Experiments at Ningbo University (Permit No. SYXK Zhe
2019-0005). For in vivo biocompatibility evaluation of the nanocomposite
particles, 12 healthy female Balb/c (nu/nu) nude mice were randomly di-
vided into four groups and intravenously injected by 100 ul of PBS, GNSs-
dPG-3BP, GNSs-dPG-3BP, TPP and GNSs-dPG-3BP, TPP, HA at the dose
of 10 mg kg™". After one month, the major organs including the heart, liver,
spleen, lung, and kidney of the nude mice were harvested and stained with
hematoxylin and eosin (H&E) for histological analysis.
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Tumor Model:  Female Balb/c nude mice (14-16 g, 4-5 weeks old) were
used to establish the tumor models of 4T1 and MDA-MB-231 in this work.
Briefly, the 4T1 cells (1 x 10° cells, 100 ul) containing RPMI-1640 were in-
oculated subcutaneously into the back of each mouse. The MDA-MB-231
cells (1x 107 cells, 100 pl) suspended in a mixture of DMEM and matrigel
were inoculated subcutaneously into the back of each mouse. A digital
caliper was used to measure the tumor size. The animal experiments were
carried out when the tumor reached about 50-100 mm3 (tumor volume =
(tumor length) x (tumor width)?/2).

In Vivo Bio-Distribution: 4T1 tumor-bearing nude mice were intra-
venously injected by 100 pL of GNSs-dPG-3BP and 100 pL of GNSs-dPG-
3BP, TPP, HA, respectively by using the concentration of 3 mg ml~'. Af.
ter 24 h, the mice were sacrificed, and the main organs (including heart,
liver, spleen, lung, kidney, and tumor) were collected and weighted. Fur-
ther, lysed with aqua regia solution, and heated in a Teflon-lined stainless-
steel autoclave. The resulting solutions were diluted with water and the Au
amount in each measured organ was determined by ICP-OES.

In Vivo Photothermal Effect Evaluation: 4T1 tumor-bearing nude mice
were intravenously injected by PBS, GNSs-dPG-3BP, GNSs-dPG-3BP, TPP,
and GNSs-dPG-3BP, TPP, HA, respectively. After 24 h, the mice were ex-
posed to the 808 nm laser (1.5 W cm~2) for 5 min. The temperature fluctu-
ations in the tumors were recorded and the infrared thermal imaging was
taken by using an infrared thermometer.

In Vivo PTT Therapeutic Effect and CSCs Markers’ Expression Staining:
4T1 tumor-bearing nude mice and MDA-MB-231 tumor-bearing nude
mice were intravenously injected with various nanocomposite particles
and treated with PTT. 24 h after the irradiation, the tumors were dissected,
photographed, and stained with H&E for tumor injury analysis. Further-
more, TUNEL, CD44, SOX2, and NANOG immunohistochemical staining
were also performed, and the nuclei were stained using DAPI.

In Vivo PTT:  For in vivo therapy, 4T1 tumor-bearing nude mice were
randomly divided into the following five groups (six mice per group). In-
jection of PBS with laser irradiation (PBS + L), injection of GNSs-dPG-
3BP, TPP, and HA alone (GNSs-dPG-3BP, TPP, and HA), injection of
GNSs-dPG-3BP with laser irradiation (GNSs-dPG-3BP + L), injection of
GNSs-dPG-3BP, TPP, and HA with laser irradiation (GNSs-dPG-3BP, TPP
+ L), and injection of GNSs-dPG-3BP, TPP, and HA with laser irradiation
(GNSs-dPG-3BP, TPP, HA + L). At 24 h post intravenous (i.v.) injection
of 100 ul 3 mg ml~" of various samples, the tumors were irradiated with
or without the 808 nm laser (1.5 W cm~2) for 5 min. As the treatment
started, the tumor volumes and body weights were measured at two days
intervals. On the 14th day, the mice were sacrificed, and the main organs
(including heart, liver, spleen, lung, and kidney) were dissected for H&E
staining.

Statistical Analysis: ~ All results are represented as mean =+ standard de-
viation (S.D.) with independent experiments. Statistical analysis of the
experimental data was performed using one-way analysis of variance
(ANOVA) with the Tukey significant difference post hoc test using Origin
9.0 software. A p-value of 0.05 was considered as the level of significance,
and the data were classified as (¥) for p < 0.05, (**) for p < 0.01, and (**%*)
for p < 0.001.
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