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The prognosis for osteosarcoma patients, a devastating malignancy affecting young individuals, remains grim
despite multimodal therapeutic advances. Recently, the advent of cuproptosis, a novel programmed cell death,
offers hope in fighting osteosarcoma. In this study, we introduce SAHA,@{[Cu(HA-Cys)2]Cl2}n, an injectable
hyaluronate-L-cysteine hydrogel that integrates both copper ions (Cu?>*) and vorinostat (SAHA) for the possible
therapeutic effect. The Cu®" targets the TCA cycle, inducing cuproptosis in osteosarcoma cells. While SAHA acts

as both a histone deacetylase inhibitor and an ROS generator for eliminating tumor cells. The mechanism in-
volves amplifying FDX-1 expression via SAHA modulation of the TCA cycle, which was an original discovery.
Critically, the combined mechanisms and localized injection enables the hydrogel partially eradicating osteo-
sarcoma without metastasis in rats. Therefore, this study advances cuproptosis induced photothermal therapy for
promising clinical translations, shedding light on favorable prognosis for osteosarcoma.

1. Introduction

Osteosarcoma, a rare cancer in 0-19-year-olds, has an annual inci-
dence of 4.6-5.0/million [1], increasing notably from 1975 to 2017,
peaking recently [2]. Despite chemotherapy advancements raising
5-year survival from 20 % to 70 %, relapse and metastasis remain ob-
stacles [3-6]. A quarter of patients develop lung metastasis at diagnosis,
emphasizing the need for better treatments. Combination therapies like
chemo, immuno [7], photothermal [8] and ablation show promise but
tumor-free outcomes are elusive. Neoadjuvant chemo improves
relapse-free survival (RFS)but is limited by resistance, toxicity, and
rapid clearance. Therefore, Drug-delivering platforms to minimize side
effects and improve prognosis are lacking in practice. Studies implicate
PI3K/mTOR [9,10], WNT/pB-catenin [11,12], and RANKL/NF-kB [13] in
driving tumor cell proliferation, chemoresistance, and early metastasis
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[14]. Genomic loss of TP53 and RB inactivation are common in osteo-
sarcoma cells [15]. Unfortunately, targeted therapies within
drug-delivering platforms for these pathways have limited success at
present [14].

Cuproptosis, a new cell death pathway, offers hope for osteosarcoma
patients by extending RFS. This pathway targets lipoylated TCA cycle
[16-18] and Fe-S cluster proteins [19], disrupting mitochondrial
respiration and causing proteotoxic stress. Studies have shown
conserved lysine modification regulates carbon entry in the TCA cycle,
occurring on Dihydrolipoamide Branched Chain Transacylase E2 (DBT),
Glycine Cleavage System Protein H (GCSH), Dihydrolipoamide S-Suc-
cinyltransferase (DLST), and Dihydrolipoamide S-Acetyltransferase
(DLAT) [20,21]. Among them, Ferredoxin (FDX-1) is a key upstream
regulator of cuproptosis-induced cell death, emphasizing its potential in
cancer therapy.
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Cuproptosis shows promise in cancer therapy, yet challenges limit its
clinical potential. Cuproptosis as a standalone treatment may not fully
eradicate tumor cells [16], requiring exploration of combinatorial
strategies with other therapies like radiation, chemotherapy, photo-
therapy, and immunotherapy. Additionally, copper overload risk ne-
cessitates careful consideration in utilizing cuproptosis benefits.
Addressing challenges is key to advancing cuproptosis in cancer man-
agement. Based on our current understanding, incorporating additional
therapies with reduced copper may enhance cuproptosis effectiveness.
Considering the favorable photothermal conversion efficacy of copper
hydrogel, photothermal therapy is a highly suitable approach.

Intracellular copper levels are maintained low by conserved ho-
meostatic mechanisms mediated by copper-binding ionophores
(SLC31A1, ATP7A, ATP7B) [22-24]. Ionophores regulate copper influx
and efflux, ensuring tight control over cellular copper levels. However,
this precise copper regulation poses a challenge: extracellular copper
can become toxic before reaching therapeutic intracellular levels.
Fortunately, CD44, a hyaluronate receptor, enhances copper uptake,
implicating hyaluronate acid as a potential platform for targeted tumor
delivery [25,26].

Chemotherapy, as adjuvant/neoadjuvant, improves survival when
combined with surgical resection of tumor/limbs [27-29]. Osteosar-
coma treatment commonly includes drugs like doxorubicin, cisplatin,
cyclophosphamide, etc. [30,31] Recent studies show SAHA enhances
doxorubicin and cisplatin cytotoxicity in osteosarcoma cell lines [32].
SAHA'’s immunological mechanisms are unclear, but its ROS generation
positions it as a potential novel osteosarcoma chemotherapy option
[33]. SAHA augments radiation response in osteosarcoma and rhabdo-
myosarcoma cell lines, highlighting its versatility [34,35]. However,
further research is needed to unravel SAHA’s immunological therapeutic
pathways.

Herein, we propose integrating SAHA into a hyaluronic acid hydro-
gel for cuproptosis-based osteosarcoma therapy (Scheme 1) [32,36,37].
SAHA is not only a histone deacetylase inhibitor (HDAC inhibitor), but
also an ROS generator for tumor cell elimination. In our study, SAHA
and Cu?* both are therapeutic molecular loaded in a
hyaluronate-L-cysteine hydrogel. Remarkably, our study uncovers
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SAHA’s mechanism, stimulating FDX-1 and lipoylated TCA cycle pro-
teins. This finding advances therapeutic potential of cuproptosis in os-
teosarcoma regression and metastasis prevention, deepening
understanding of copper-induced cell death via lipoylated TCA proteins
[16].

2. Materials and methods
2.1. Materials

Sodium hyaluronate (HA, 200 kDa) was purchased from Yunmo
Biotechnology (Shanghai) Co. Ltd, t-butyloxy carbonyl-L-cysteine (BOC-
L-Cys), 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide (hydrochlo-
ride) (EDC-HCI), 1-Hydroxybenzotriazole (HOBT), Trifluoroacetic acid
(TFA) were obtained from Adamas Co. Ltd (Shanghai). Vorinostat
(SAHA, Cat n0.8638-EG-050) was purchased from R&D Systems Inc.,
Minneapolis, MN, USA.

2.2. Fabrication and characterization of CHASA hydrogel

The injectable hyaluronate-L-cysteine hydrogel was fabricated and
characterized as described in supplementary materials.

2.3. Anti-tumor effect of CHASA hydrogel in vitro

2.3.1. Experimental investigation of cellular effects

Cell culture, in vitro cytotoxicity assay, cell apoptosis and intracel-
lular ROS level were conducted as ordinary protocols as described in
supplementary materials.

2.3.2. Quantitative real-time PCR analysis

Total RNA was extracted using the EZ-press RNA Purification Kit
(B0004D-100; EZBioscience, USA), following which reverse transcrip-
tion was carried out employing a cDNA Reverse Transcription Kit
(EZBioscience, USA) in a strict adherence to the manufacturer’s proto-
col. Quantitative analysis was then performed, employing SYBR Green I
Master Mix (EZBioscience, USA) along with a LightCycler® 480 Real-

4

)

Scheme 1. An Illustrative Depiction of the Fabrication of CHASA and Its Promising Anti-Tumor Mechanism, Featuring Cuproptosis Potentiated by Copper-Death
Enhancer SAHA and Photothermal Effect Triggered by 808 nm near-infrared laser. Abbreviations: poly-Cys (hyaluronate-L-cysteine hydrogel precursors, poly-HA-
Cys), SAHA (Vorinostat), CHASA (SAHAm@{[Cu(HA-Cys),]Cl;}n hydrogel), SLC31A1(Solute Carrier Family 31 Member 1), ATP7A/B(Copper-transporting P-type
ATPase) , TCA cycle (Tricarboxylic Acid Cycle), DLAT (Dihydrolipoamide S-Acetyltransferase) , LIAS(Lipoic Acid Synthase) , LA (Lipoic Acid).
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time PCR system (Roche, Basel, Switzerland). The qPCR primers were
obtained from Beyotime (Shanghai, China).

2.3.3. Western blot analysis

Cells diluted 1:4 with 5 x loading buffer, heated at 95 °C for 5 min.
Protein extracts separated by 7.5 %, 10 %, or 15 % SDS-PAGE and
transferred to PVDF membranes. Membranes blocked with 5 % non-fat
milk for 2 h. Subsequently, PVDF membranes incubated overnight
with primary antibodies against FDX-1 (1:1000, Abcam) and DLAT
(1:1000, CST). Membranes washed 3times in TBST buffer and incubated
with HRP-conjugated secondary antibodies for 1 h at RT. Immunore-
active bands visualized using ECL kit (SQ201) and detected with
ChemiDoc Imaging System. GAPDH used as protein loading control.

2.3.4. Transwell assay of UMR106 and U20S

Approximately 5 x 10* UMR106/U20S cells seeded into wetted
Transwell insert (Corning, 8.0 pym). Added 500 pl complete medium (10
% FBS) to lower chamber. After 24 h incubation, aspirated medium and
fixed cells with 4 % PFA for 15 min, rinsed with ddH,0 twice. Removed
residual cells from upper chamber with sterile swab. Stained remaining
cells with 0.5 % crystal violet for 10 min, washed with ddH»0O twice.

2.3.5. The polarization of RAW264.7 cells assessment

RAW264.7 cells were seeded at 1.0 x 10%/well in 6-well plates. After
overnight incubation at 37 °C, cells were grouped into control, HA, CHA,
and CHASA (with/without radiation). Each group was stained with PE
anti-mouse CD86 (Biolegend, 105105) and APC anti-mouse CD206
(Biolegend, 141707). Flow cytometry was performed to assess
RAW264.7 polarization post-staining.

2.4. Regression and anti-metastasis of osteosarcoma in vivo

2.4.1. Rat osteosarcoma model and animal experiments

The rat osteosarcoma model was approved by the Animal Care
Committee of Naval Medical University. The male SD rats were anes-
thetized with 0.3 % barbiturate (1 ml1/100 g BW). The surgical site was
then prepared by shaving the fur and sterilizing the area with 75 %
alcohol. Initially, a suspension containing 4 x 10° UMR106 cells in 200
pL of PBS was injected subcutaneously into the tibia region of each SD
rat. 8 days later, rats were randomly assigned to saline, CHA, CHASA, or
CHASA + NIR groups (n = 5). Tumor growth was closely monitored and
documented without further surgical interventions. On day 0, hydrogel
was injected concurrently with grouping. Tumor volume and rat body
weight were consistently measured and recorded every 3 days for each
group. In addition, another 6 rats were used to study the survival curve.
Tumor volume was calculated using a standard formula:

Tumor volume (V) = (Tumor length) x (Tumor width)?/2

On day 15, all the rats were euthanized, tumor tissues and the lungs
were harvested for further evaluation.

2.4.2. Immunohistochemistry

Tumor samples were fixed with 4 % PFA to preserve structural
integrity. H&E staining visualized tissue architecture and cellular
morphology. In parallel, frozen tumor tissues were sectioned into thin
slices from each group. TUNEL staining (30 pM) quantified apoptosis
levels under a fluorescence microscope. IHC sections were pretreated
with 0.3 % H303 for 20 min to eliminate peroxidase. Antigen retrieval in
citrate buffer (pH 6.0) at 65 °C for 20 min enhanced accessibility.
Blocking with 5 % goat serum for 1 h minimized nonspecific binding.
Subsequently, sections were incubated with primary antibodies over-
night at 4 °C. Following this, sections were exposed to HRP-conjugated
secondary antibodies for 1 h at 25 °C.
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2.4.3. Histology for immunofluorescence staining

Tissue sections underwent dewaxing, antigen retrieval for IF stain-
ing, similar to IHC. Permeabilized with 0.1 % Triton X-100 for 20 min to
allow antibody access. Blocked with 5 % BSA for 1 h at RT. Incubated
with primary antibodies overnight at 4 °C for antigen recognition. After
PBS wash, treated with secondary antibodies and DAPI for nuclear
staining. NIKON ECLIPSE Cl1 system quantified positive staining,
revealing tumor tissue characteristics.

2.5. Statistical analyses

The data were shown as mean =+ standard deviation. For multiple-
group analyses, a one-way analysis of variance (ANOVA) was conduct-
ed, followed by Tukey’s post hoc test.

3. Results and discussion
3.1. Characterization of CHASA hydrogels

By dropwise adding Cu®* to HA-Cys polymers (HA) at pH 7.4, the
hydrogel cross-links via Cu?' ions and amido/carboxyl groups into
pentacyclic chelates (Fig. S1), and formed a porous hydrogel (CHA) as
Fig. 1A and 1C showed. Notably, SAHA is incorporated into Cu?*
crosslinking in CHASA hydrogel, yielding a hydrogel of SAHA and so-
dium hyaluronate-L-cysteine.

SEM and EDS assessed crosslinking density and hydrogel network
disparities between HA and Cu?'. 10%-CHA hydrogel had the most
compact structure due to higher crosslinking density with Cu?*. EDS
elemental mapping showed distributions in 3 %, 5 %, and 10%-CHA
hydrogels (Fig. 1B). Accordingly, viscosity rise could be well observed
during Cu?* addition (Fig. 1C). In order to study the rheological prop-
erties of CHA hydrogels, we selected 10%-CHA hydrogels for verifica-
tion. Frequency sweep confirmed hydrogel formation with much higher
G’ than G, reflecting its elasticity and stability, and indicating the suc-
cessful preparation of the injectable CHA hydrogel (Fig. 1D). Addition-
ally, step strain sweep showed CHA hydrogel’s self-healing after 4 cycles
(Fig. 1E). 'H NMR examined CHA structural characteristics (Fig. S2A).
FT-IR spectrum showed the peak at around 3000 cm ™! belonged to -NH,
stretching from L-cysteine, while the peak at about 3600 cm ™! attached
to N-H stretching [38], both verifying the synthesis of CHA (Fig. S2B).

The injectability of hydrogel was depicted in Fig. 1F, demonstrating
the viscosities of CHA hydrogel underwent a notable reduction with
escalating shear rate. Swelling test revealed that 10%-CHA hydrogel
displayed the lowest swelling rate, consistent with observations made in
neutral and weak acidic environments (pH 7.4 and 6.5), which was
suitable for intratumoral or intratissue injection because it did not
impose additional negative pressure on the tissue (Fig. 2A). Because of
this, we chose 10%-CHA for the following degradation research. The
stability of the 10%-CHA hydrogel was assessed following immersion in
PBS at pH 6.5 and 7.4. As illustrated in Fig. 2B, a notable weight loss was
observed within 24 h, with degradation rate reaching 82.8 % and 77.1 %
in PBS at pH7.4 and 6.5 respectively, indicating the acceptable
biodegradation profile of CHA in vivo for tumor therapy.

3.2. Photothermal effect of CHA and CHASA hydrogels in vitro

As illustrated in Fig. 2C, the temperature of 10%-CHA hydrogel
increased from 17.65 °C to 43.92 °C under NIR laser irradiation within
just 4 min. In comparison, water experienced a much smaller tempera-
ture increase (from 18.68 to 28.02 °C). However, the 3%- and 5%-CHA
hydrogels didn’t reach temperature above 40 °C after 4 min of radiation
(3%-CHA was from 16.22 °C to 35.98 °C, 5%-CHA was from 17.74 °C to
38.38 °C), their relatively poor photothermal performance rendered
them unsuitable for tumor photothermal therapy. Therefore, we chose
10%-CHA hydrogel for the subsequent experiments.

The photothermal effect of 10%-CHASA hydrogel loaded with SAHA



S. Wang et al.

Materials Today Bio 29 (2024) 101368

e G
10004 ¢ G"

Wfﬂf-.

. °
b4 °
500 - - .

G’/G”(Pa)

| pe -
—'_ e

0+—r—
0 200

400 600 800
Time (s)

T
1000

800

G'IG"(Pa)

L | T

T v
0.1 1 10
Frequence (Hz)

60000
1

50000+

°
w 1 1
& 40000 §
g. 30000 ] ‘.
S 200004 ®
s -
10000 o,
e ..
o--,ﬁm-
0.01 0.1 1 10 100
shear rate (1/s)

Fig. 1. (A) The scanning electron microscope (SEM) images of a) 3%-CHA, b) 5%-CHA and c) 10%-CHA hydrogels. Scale bar: 100 pm. (B) Element mapping analysis
of a) 3%-CHA, b) 5%-CHA and c) 10%-CHA hydrogels; d) distribution of each element of 10%-CHA hydrogel. Scale bar: 250 pm. (C) Photographs of CHA hydrogel
preparation in the presence of Cu®>". The storage modulus (G') and loss modulus (G") of frequency sweep test (D), step strain sweep test (E) and static shear rate sweep

test (F) of 10%-CHA hydrogel.

showed that the drug loading had negligible effect on photothermal
performance (17.80-43.60 °C, Fig. 2C). Meanwhile, 10%-CHASA
hydrogel showed outstanding photothermal stability over five cycles
(Fig. 2D), with temperature maintained at the same level after

intermittent laser irradiation. Hence, such characteristic made 10%-
CHASA hydrogel promising for photothermal therapy.
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Fig. 2. (A) Swelling test of CHA hydrogels. (B) Degradation test of 10%-CHA hydrogels under different environments at room temperature (a: pH6.5, b: pH7.4). (C)
The photothermal effect profile and infrared thermal of hydrogels after laser radiation for 10 min. (D) The photothermal cycling test of 10%-CHASA under the NIR
light irradiation (808 nm, 1 W cm2). (E) Cu®" and (F) SAHA release from 10%-CHASA hydrogel with or without NIR irradiation at pH 7.4 and 6.5 in Vitro. The data

shown as means + SD (n = 3).

3.3. Drug release from CHASA hydrogel in vitro

The releases of Cu>" and SAHA from CHASA were examined under
varying pH conditions (pH 7.4 and 6.5) both with NIR irradiation for 4
min or without that (Fig. 2E and F). The findings revealed that, after 48
h, the accumulative release of SAHA at pH 7.4 was 71.80 + 3.47 %
without NIR irradiation, while it was 72.78 + 1.82 % at pH 6.5. Simi-
larly, the release of Cu?* was 66.16 + 12.17 % at pH7.4 and 71.05 +
4.78 % at pH 6.5 without NIR irradiation. This suggests that both SAHA
and Cu* could be effectively released from hydrogel in both neutral (pH
7.4) and acidic (pH 6.5) environments.

It was worthing that NIR laser irradiation significantly enhanced the
release of SAHA and Cu?" in both neutral and acidic environments.
Specifically, under NIR irradiation, the accumulative release of SAHA at
pH 6.5 was 86.58 + 3.71 % within 48 h, compared to 71.80 + 6.24 %
without irradiation, while the accumulative release of Cu®>t was 93.57
+ 5.83 % vs. 71.05 + 4.78 %. These findings suggested that NIR irra-
diation could enhance the release of both SAHA and Cu?* by inducing
local hyperthermia, which destabilized the hydrogel network and co-
ordination bonds, thereby facilitating the efficient release of payloads.

3.4. In vitro antitumor effects of CHASA hydrogel

Cell viability of different cell lines was detected to assess the anti-
tumor effect of CHASA hydrogels (HA, HASA, CHA, CHASA, CHASA
+ laser). In this assay, the HA group was equal to the CHA group with a
Cu®* concentration of 0, the HASA group correspond to the CHASA
group with a Cu®" concentration of 0. As shown in Fig. 3A-C, HA-treated
cells showed comparable survival to untreated controls, demonstrating
the biocompatibility of hydrogel precursors, while CHA and CHASA
hydrogels significantly decreased cell survival, especially when the
concentration of Cu?" more than 25.5 pM in U20S and UMR106 cell
lines, indicating their significant antitumor ability. Under the 808 NIR
irradiation, our copper-ionized hydrogel exhibited a remarkable anti-
tumor effect at a copper ion concentration of 12.75 pM compared to
the hydrogel precursors (HA and HASA) with irradiation in various cell
lines, suggesting the induction of photothermal effects and cuproptosis
mediated by copper ions. Notably, the ICso of CHASA + laser group
(13.79 £ 0.76 puM for Ccy2.) decreased by 1.10-fold in UMR106 cell line
compared to that observed in the CHASA group (15.16 + 1.02 pM for
Ccu2+), by 2.39-fold in U20S (9.76 + 0.68 v.s 23.32 + 2.78 pM for
Ccu2+) and 1.19-fold in Saos-2 (29.92 + 0.83 v.s 35.67 + 7.65 uM for
Ccu2+) cell lines, demonstrating the enhanced photothermal effect of our
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Fig. 3. MTT assessment of tumoricidal activities of hydrogels with/without radiation (NIR light irradiation, 808 nm, 1 W/cm?). The tests were conducted with (A)
Saos-2, (B)U20S, and (C)UMR106 cell lines. Apoptosis analysis of UMR106 (D), Saos-2 (E) treated with HA, HASA, CHA, CHASA accordingly compared with the
control group. (F) Fluorescent confocal images of intracellular ROS generation in Saos-2 cell lines after incubation with PBS, HA, CHA, CHASA, CHASA separately by
using DCFH-DA dye. (G) Merging of fluorescent confocal images and optical images under microscope. Scale bar: 100 pm. Data in (A), (B) and (C) are shown as mean
=+ SD (n = 3). Significant differences among groups were determined by one-way ANOVA and post hoc Dunnett’s test; *p < 0.05; **p < 0.01; and ***p < 0.001.

copper-ionized hydrogel. Additionally, regardless of laser treatment, the
CHASA group was more effective than the CHA group, with a similar
trend for HASA and HA, suggesting a synergistic effect between SAHA
and hydrogel, enhanced by infrared light.

Cells were stained with AnnexinV-APC and 7-AAD to detect
apoptotic cells in various phases by flow cytometry. As shown in Fig. 3D,
both CHA and CHASA gel groups induced early (7.07 %, 6.71 %
respectively) and late apoptosis (50.28 %, 59.43 % respectively).
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Notably, upon treatment with CHASA gel, a remarkable 59.43 % of cells
progressed into late apoptosis.

To assess ROS generation by CHA and CHASA gels, Saos-2 cells were
stained with DCFH-DA and observed under a confocal microscope.
Fig. 3F and G showed elevated ROS levels in CHA and CHASA-treated
cells compared to control and HA. ROS increase attributed to Cu (II)-
mediated -OH generation via Fenton-like reactions [39,40]. Notably, the
CHASA + laser group exhibited the most pronounced generation of ROS,
which may be attributed to SAHA’s function preset that was released
completely due to hydrogel fracturing induced by photothermal effect.

3.5. Molecular mechanism of CHASA's antitumor activity in vitro

As studies suggested, cell death by copper involves Fenton’s reaction,
ROS, Fe-S clusters, and enzyme lipoylation. A basic framework of the
key enzyme alterations in the early stages of death was established by
comparing the signals and protein changes of different groups applied
with comparable materials, which were opposite to the findings of
several studies on terminal death changes, then we focused on antitumor
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mechanisms of CHA & CHASA gels.

In Fig. 4A, genes related to lipoic acid pathway (FDX-1, LIPT1, etc.)
and lipoylation targets (PDHA1, PDHB) were upregulated in HASA,
CHA, CHASA vs. control and HA. Additionally, Combined hydrogel
treatment upregulated GCSH, LIPT1, downstream signals of lipoic acid
metabolism. It is known contrasting late-phase depletion of lipoylated/
Fe-S proteins, early cuproptosis upregulates lipoic acid pathway, hence,
early protective mechanisms against cuproptosis in osteosarcoma cells
was stressed by copper-overloaded environment. Significantly, SAHA in
HASA gel upregulates FDX-1, enhancing early cell death and
cuproptosis.

We analyzed protein expression levels related to cuproptosis and
apoptosis (Fig. 4B and C; uncropped gels in Fig. S3). Coherently,
Caspase-3 levels remained unchanged in CHASA group. However, BAX
expression altered in CHASA hydrogel compared to others. This
observed difference may be due to SAHA enhancing ROS generation by
the copper ionized hydrogel, leading to significant apoptosis.

Numerous studies have reported that Cu-based therapy triggers
cuproptosis regulated by FDX-1. In our study, we examined FDX1 and
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Fig. 4. (A) Expression levels of FDX-1, MTF, LIAS, DBT, PDHA1, PDHB, GCSH and LIPT1 genes in U20S treated with control, HA, HASA, CHA, CHASA separately for
1 day, as evaluated by RT-PCR. The housekeeping gene GAPDH served as an internal control. (B) Western blots of lysates from U20S treated with control, HA, HASA,
CHA, CHASA separately. Blots were probed with antibodies against apoptosis related markers (BAX, Caspase3) and cuproptosis related markers and pathway markers
(DLAT, FDX1). f-Tubulin is set as loading control. (C) Quantitation of relative protein concentration in U208 treated with indicated hydrogels. With the data shown
as means =+ SD. Significant differences among groups were determined by one-way ANOVA and post hoc Dunnett’s test; “p < 0.05; **p < 0.01; and ***p < 0.001. All
immunoblots were cropped from the original here and in subsequent figures. Experimental U20S were treated with the indicated materials. Control and experimental

conditions for all functional assays were the same, except controls.
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DLAT protein levels in early cuproptosis via Western blot and qPCR, and
both assaies showed FDX-1 levels elevated in CHA, further in HASA. All
these results suggested that SAHA-loaded hydrogel stresses osteosar-
coma cells in early cuproptosis. Notably, the expression level of FDX-1
was significantly upregulated in CHASA group, suggesting its reliable
activation of cuproptosis-related early signals. Studies had shown Cu™-
driven DLAT oligomerization was crucial for cuproptosis [41,42].
Interestingly, the total expression level of DLAT remained unchanged
across all experimental groups, indicating that DLAT oligomerization
may only occur in the late stage of cuproptosis.

In summary, SAHA can stimulate cuproptosis-related signals, such as
FDX-1, MTF, LIAS, DBT, PDHA1, PDHB, GCSH, and LIPT1. The com-
bined CHASA hydrogel eliminates cancer cells via cuproptosis and
apoptosis. The synergy amplifies effects by activating ROS generation
and stressing lipoic acid metabolism, and the later mechanism so far
seems a new finding.

3.6. In vivo antitumor activity
The in vivo photothermal performance of CHASA hydrogel at the
tumor site was verified using near-infrared imaging. Fig. 5A showed

CHASA hydrogel’s significant temperature increase under 808 nm NIR
(1W/cm?, 4 min), outperforming HASA, indicating copper’s excellent

1 min

0 min

A

HASA

2 min
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photothermal conversion. CHASA hydrogels’ antitumor efficacy in vivo
was investigated through combined chemo-photothermal therapy. In
this therapy, copper and SAHA were expected to be effectively released.
Initially, a rat bone tumor model was established, with rats divided into
control, CHA, CHASA, CHASA + laser groups. Without surgical removal
of tumors, gels were administered every 3 days starting from Day 0, and
tumor growth was closely monitored (Fig. 5B).

Fig. 5C and D shows rapid tumor growth in the control group, while
it was significantly slower in the CHA, CHASA and CHASA + laser
groups, indicating their substantial inhibitory effect on tumor progres-
sion. Remarkably, in the CHASA + laser group, tumor sizes peaked on
day 3 and decreased, indicating effective antitumor response. On day 15,
CHA and CHASA hydrogel-treated rats showed reduced tumor size or
regression (Fig. 5C), and the tumor weight of the CHA, CHASA, and
CHASA + groups exhibited a significant decrease compared to the
Control group (Fig. 5E). Notably, no rat died in the CHASA + laser group
during a 28-day survival observation period (Fig. 5F), demonstrating
outstanding achievement with combined therapy. Moreover, CHASA +
laser, CHASA and CHA therapies diminished tumor size without
affecting rat weights, and no significant weight differences across groups
(Fig. 5G), highlighting the safety of each therapy.

Therapeutic efficacy of CHA and CHASA hydrogels further confirmed
by histology and immunofluorescence. H&E staining showed
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weight evaluation of the rats in different groups (n = 5). The photothermal laser therapy was conducted under NIR light irradiation (808 nm, 1 W/cm?). With the
data shown as means + SD. Significant differences among groups were determined by one-way ANOVA and post hoc Dunnett’s test; *p < 0.05; **p < 0.01; ***p <
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discontinuities and fragility in hydrogel group tumor tissues (Fig. 6A).
Notably, CHASA groups showed sparse, aggregated nuclei, indicating
damage to tumor tissue. Furthermore, TUNEL staining was conducted to
assess apoptosis levels (Fig. 6B). The control group had lower apoptosis
intensities; CHA and CHASA groups showed increased intensities,
correlating with tumor tissue disintegration. This suggested an
enhanced apoptotic effect induced by CHA and CHASA hydrogels. To
further validate the effective activation of the cuproptosis-related
pathway, FDX-1 and DLAT levels are measured to validate cuproptosis
pathway activation (Fig. 6C). Consistent with late-phase cuproptosis
studies, FDX-1 and DLAT levels decreased in CHA, CHASA, and CHASA
+ laser groups, most in CHASA + laser. This further confirms that SAHA
and copper ions triggered FDX-1 and Fe-S cluster aggregation in late-
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phase osteosarcoma death.

The safety of our intervention was assessed with serum biochemical
indicators including ALT, AST, TBIL, UREA, CREA, and UA, revealing no
significant differences when compared to those observed in the control
group (Fig. 6D).

3.7. Metastasis of the tumor in vitro and in vivo

The anti-tumor metastasis effects of Cu** and SAHA in HA hydrogel
formulations are deeply probed into by integrated methods. Based on
the findings from the transwell assay, CHA and CHASA gels effectively
impeded tumor cell migration in vitro, with CHASA showing the best
results (Fig. 7A). In the evaluation of M2 cell polarization rates in Saos-2
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Fig. 6. (A) H&E and (B) TUNEL staining of tumor tissues from the different treatment groups. (C) Immunohistochemical analysis for DLAT, FDX-1 in different
groups. Scale bars: 100 pm. (D) Serum biochemical analysis of ALT, AST, TBIL, CREA, UREA and UA in different treatment groups (n = 3). With the data shown as
means =+ SD. Significant differences among groups were dete rmined by one-way ANOVA and post hoc Dunnett’s test.
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cell lines treated with HA, CHA, and CHASA, both CHA (32.89 %) and
CHASA gels (23.04 % without radiation, and 23.51 % with radiation)
attenuated the polarization of MO cells towards M2 (Fig. 7B), thus
further restraining the metastatic potential of tumor cells. The anti-
metastatic properties of those gels were confirmed in osteosarcoma rat
models. CHA group showed reduced metastatic sites, while CHASA and
CHASA + laser groups had no metastatic foci, highlighting the potential
of SAHA as a cuproptosis enhancer (Fig. 7C).

3.8. The mechanism of CHASA'’s anti-tumor activity

In our study, the CHASA hydrogel demonstrated remarkable anti-
tumor efficacy, with related mechanisms shown in Fig. 8. Upon inter-
nalization into tumor cells, the CHASA hydrogel led to a cascade of
events. Intracellular GSH and FDX-1 facilitated the reduction of Cu®" to
Cu+, subsequently triggering HyO9 stimulation for ROS generation.
Notably, SAHA synergistically promoted ROS production, augmenting
intracellular levels. Moreover, up-regulation of FDX1 not only enhanced
free radical generation but also reinforced the early cuproptosis
signaling pathway through LIAS up-regulation, thereby promoting
cuproptosis progression. Finally, under 808 nm laser irradiation, the
CHASA-mediated photothermal effect facilitated the release of Cu** and
SAHA from the hydrogel while inducing tumor cell death via heat shock
response. In summary, our designed CHASA hydrogel exhibited excep-
tional anti-tumor efficacy against osteosarcoma cells through these
aforementioned mechanisms.

4. Conclusion

This work originates from the clinical demand for novel combined
osteosarcoma treatments. Our initial approach has centered on localized
injection-induced thermotherapy using copper ions. However, we find
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that intracellular copper levels, regulated by copper-binding iono-
phores, limited the therapeutic efficacy. By introducing L-cysteine to
sequester copper ions and hyaluronate to elevate intracellular copper
levels, we develop cuproptosis-induced osteosarcoma photothermal
treatment in rats within a novel hydrogel, SAHA,,@{[Cu(HA-Cys),]
Cly}, (CHASA), eliminating surgical intervention for 2 weeks. Copper-
based hydrogels stand out for tumor therapies due to tunable formula-
tions, copper-induced cell death, ROS generation, and photothermal
compatibility. While SAHA shows powerful versatility in various
combining therapies, our study reveals SAHA’s upregulation of FDX-1 in
cuproptosis, enabling the in-situ injection gel regressing osteosarcoma
and inhibiting metastasis in rats. Therefore, with integrating copper and
SAHA into a hyaluronic acid matrix, our in-situ injection hydrogel shows
promising prospect for clinical translation of cuproptosis-mediated
photothermal therapy, offering potential strategy against the devast-
ing osteosarcoma.
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