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in vitro and in vivo. The results show that platinum-cobalt@gemcitabine-hyaluronic
acid-polyethylene glycol (PtCo@Gem-HA-PEG) especially synergized with PDT has high
toxicity on 4T1 cells and tumor by enhancing the catalase-/peroxidase-like activities to
produce O,, O, and ‘OH, and increase the intracellular free radicals. PtCo@Gem-HA-
PEG inhibits tumor development by increasing drug accumulation in the tumor and
enhancing apoptotic mechanisms through synergistic activity with PDT. Nevertheless,
the major organ damage confirmed by the histological method in the long-term appli-
cation of PtCo@Gem-HA-PEG, makes their application challenging due to permanent
catalytic activity. However, results of improved drug permeability based on reduced
hypoxia, higher drug retention, and enzyme-like activity that could be synergized with
other therapeutic approaches like a PDT, have made their use attractive. Hence, this
study provides a promising path in the TNBC treatment by nanozymes, which requires
further toxicological investigations.
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Introduction

Triple-negative breast cancer (TNBC) with a lack of expression of estrogen, progester-
one, and human epidermal growth factor 2 receptors comprises approximately 15 to
20% of breast cancer cases (Alsughayer et al. 2022; Sharifi et al. 2021), which generally
have deleterious mutations in breast cancer gene-1 (Lgnning et al. 2022). The higher risk
of recurrence of TNBC compared to other subtypes of breast cancer and their very poor
prognosis has made the treatment path very challenging. Due to late diagnosis and inef-
ficiency of chemotherapy activities, surgery is considered the most important TNBC
treatment strategy (Alsughayer et al. 2022; Wang et al. 2022). Nevertheless, the thera-
peutic hopes resulting from combined approaches such as the integration of chemo-
therapy with photo-therapy, thermal-therapy, radio-therapy, etc., have directed attention
towards more non-invasive activities (Zeng et al. 2022; Wu et al. 2022).

Although drugs such as anthracycline, taxanes, docetaxel and cisplatin are considered
to be the most important chemotherapy drugs in the TNBC treatment (Zhu et al. 2022;
Igbal et al. 2021), the statistical trend based on Scopus, Web of Science and PubMed
reports (Fig. 1) shows that in the last 10 years the use of gemcitabine (Gem) has received
attention due to less side effects and improvement of treatment efficiency up to 79%
when combined with other drugs (Wengner et al. 2020; Pellegrino et al. 2021; Yardley
et al. 2018; Fan et al. 2017). For instance, it was determined that the timed release of
doxorubicin and Gem with hyaluronic acid (HA) resulted in 2.5-fold inhibition of ortho-
topic 4T1 tumor invasion in vivo compared to free doxorubicin and Gem (Vogus et al.
2017). In this regard, Xie et al. (2021) showed that the antitumor effect of birinapant,
a mitochondria-derived caspase activator, causes anti-proliferative activity in remain-
ing TNBC cells in addition to cell death. They demonstrated that Gem has a strong
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Fig. 1 Chronological increase in the scientific attention on nanozyme for triple-negative breast cancer
therapy, based on reports from Scopus, PubMed, and Web of Science sites

synergistic effect with birinapant compared to cisplatin, paclitaxel, Voxtalisib, dasatinib,
and erlotinib to induce caspase-mediated apoptosis (Vogus et al. 2017; Xie et al. 2021).
However, drug resistance in long-term use of Gem and systemic toxicities in high doses
have reduced its therapeutic capabilities in clinical activities (Paroha et al. 2021). There-
fore, continuous monitoring is still needed to reveal the therapeutic effects of Gem in
synergy with other therapeutic approaches to reduce toxicity via reducing the prescribed
dosage without reducing the efficacy and enhancing the penetration of Gem into cancer
cells along with their targeted administration in clinical activities.

Since TNBC has a relatively acidic environment and a high concentration of H,0,,
the presence of pH-sensitive nanozymes (NZ) and their retention in the tumor through
increased permeability of vessels and defects in the lymphatic system can enhance drug
delivery and retention, reduce hypoxia and the radical’s generation in a targeted way
(Sharifi et al. 2022; Xing et al. 2021). By strengthening catalytic approaches in order to
produce radicals, NZ enables greater penetration of medicinal compounds or induction
of apoptosis in cancerous cells (Falahati et al. 2022; Mansur et al. 2020; Bao et al. 2022).
In addition to the ability of targeted drug delivery with enzyme-like activities, these
compounds are very beneficial due to their high stability, cheapness and resistance to
environmental conditions (Bao et al. 2022; Sharifi et al. 2020). For example, Cen et al.
(2022) were able to effectively reduce primary tumor growth and metastatic activity of
breast cancer through the increase of reactive oxygen species (ROS) based on the per-
oxidase-like activity of palladium-ruthenium bimetallic NZ enhanced by photodynamic
therapy (PDT). In this regard, in a mice model, Nie et al. (2022) revealed that the use
of platinum NZ loaded on iron nanospheres containing 5-fluorouracil reduces the size
of breast tumors. They related the reduction of tumor volume to the intrinsic function
of NZ including peroxidase and catalase through the increase of ROS, and the hypoxia
reduction for greater drug penetration. Recently, Xi et al. (2022) enhanced the healing
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process by loading Gem in carbon NZ doped with nitrogen by improving the peroxi-
dase-like activity and the formation of ‘OH along with reducing the resistance to Gem
in tumor cells. However, it seems that the intrinsic activities of single-element NZ are
challenged by the moderately acidic tumor microenvironment. Hence, Bao et al. (2021)
by designing a bimetallic platinum—cobalt (PtCo) NZ with high radiation absorption for
damage DNA especially by Pt, and double catalase activity to convert H,O, to O, sig-
nificantly reduced the growth of lung tumor. Meanwhile, it has been revealed that the
use of photo-therapy, thermal-therapy and radio-therapy approaches effectively improve
the antitumor activities of single or multi-metallic NZ (Jiao et al. 2021; Gao et al. 2020;
Hou et al. 2022). For instance, Wu et al. (2022) with synergy of PDT and chemo-therapy
based on manganese oxide NZ containing doxorubicin not only improved drug deliv-
ery through modifying the membrane of TNBC cells and ROS to induce apoptosis, but
also provided a suitable opportunity for imaging by reducing hypoxia. Similarly, it was
determined that the use of PDT effectively increases the rate of O, release by CeO, NZ
containing Cinobufagin (Zeng et al. 2022). Sustained supply of O, led to greater drug
penetration, reduced cell migration, and reduced TNBC tumor size in a mice model.

Herein, bimetallic PtCo NZ coated with Gem-HA-poly[ethylene glycol] (PEG) was
designed to reduce TNBC growth based on the synergy of chemotherapy and enzyme-
like activity enhanced by PDT. HA-PEG coating was used for immune escape in blood
circulation and the possibility of NZ retention in cancer cells. An attempt was made to
provide an analysis of the effect of NZ in TNBC cells with peroxidase and catalase activi-
ties, by creating ROS and producing O, in a sustainable way to induce apoptosis and
higher drug effectiveness, respectively. In theory, NZ designed with enzyme-like activity
and drug delivery can increase the efficacy of Gem in the treatment of TNBC with lower
toxicity and higher efficiency.

Materials and method

Materials

H,PtCl,-6H,0, C,HcCoO,-4H,0 (99%), polyvinyl pyrrolidone (99%), and NaBH,
(98%) were purchased from the Merck Company (Germany). Dulbecco’s modified
Eagle medium (DMEM) cell culture, MTT powder, and fetal bovine serum (FBS) were
obtained from Gibco (Scotland). Hyaluronic acid (MW 10 kDa), NH2-poly[ethylene
glycol]-SH (MW 1 kDa), and gemcitabine hydrochloride (Gem) were purchased from
the Sigma Aldrich Company (USA). Tetra-methylbenzidine (TMB), and dimethyl sul-
foxide (DMSO) were purchased from Aladdin Reagent. Rabbit anti-phospho-histone
H2AX was purchased from Bioss. Ultrapure water was used throughout the experiment.
Annexin V-FITC kit was obtained from Iq products, Poland. The BALB/c mice and 4T1
cells were purchased from Pasteur Institute (Tehran, Iran).

PtCo@Gem-HA-PEG NZ preparation

In order to synthesize PtCo NZ, two separate solutions were generated (Wei et al. 2020).
The first solution: 24 mg of C,H;CoO,-4H,0 as cobalt source was dissolved with 400 mg
of PVP in 120 mL of deionized water to get a red solution. Then, 100 mL of NaBH, solu-
tion (4 mg/mL) was added to the above solution to produce a black suspension dur-
ing 20 s. The second solution: H,PtCl,-6H,O solution (0.25-1.3 mg/mL) was added to
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80 mL of deionized water. At the end, the second solution is added to the first solution
and stirred until the gas bubbles are removed. The final product was collected by centrif-
ugation and washed several times with deionized water. The PtCo NZ was stored at 4 °C.

To provide a Gem-HA-PEG coating on the PtCo NZ for drug delivery, stealth and
targeting, first of all, 2.67 mg of carbonyldiimidazole was dissolved in 200 pL of N,N-
dimethylformamide. Then, 50 mg of HA was dissolved in 0.5 mL of deionized water con-
taining the above solution for 2 h at 21 °C. After the activation of HA, 25 mg of PEG
dissolved in 100 pL of deionized water was added to the above solution with 10 pL of
trimethylamine. In the following, to load Gem onto HA-PEG, HA-PEG (200 mg) was
dissolved in 10 mL of phosphate-buffered saline (PBS) (pH=5.5). Then, Gem (60 mg),
EDC (60 mg) and NHS (52 mg) were added to the above solution and reacted at 25 °C
for 24 h under a nitrogen atmosphere. Finally, the products were purified using a PD-10
column and the thiol-containing Gem-HA-PEG was obtained by vacuum distillation
using a rotary evaporator. Previously, to optimize the loading of Gem in HA-PEG, dif-
ferent concentrations of Gem with a weight ratio of 15, 30, 45, 60 and 75% compared to
HA-PEG were investigated.

To assemble PtCo@Gem-HA-PEG NZ, 3 mL of PtCo NZ (30 mg) was added to 30 mL
of chloroform containing 30 mg/mL Gem-HA-PEG containing thiol group. The mix-
ture was stirred at room temperature for 8 h and then collected by centrifugation (at
10,000 rpm for 5 min). The obtained PtCo@Gem-HA-PEG NZ was washed by ethanol
and water. Then, PtCo@Gem-HA-PEG NZ was dispersed in 4 mL deionized distilled
water and stored at 4 °C.

Drug concentration

Aggarwal et al. (2013) method was used to determine the loading efficiency (%) and
loading capacity (%) of Gem in HA-PEG. Briefly, 5 mg of Gem-HA-PEG was dissolved in
1 mL of acetonitrile and 4 mL of PBS (pH=7.4). Then, the mixture was stirred at room
temperature for 24 h. The supernatant obtained from centrifugation (12,000 revolutions
for 15 min) was analyzed by UV-visible spectrometry at 270 nm. The outcomes were
reported by the following 1 and 2 equations:

[initial amount of Gem — amount of Gem in supernatant]

Loading efficacy = , (1)

initialamountofGem

[initial amount of Gem — amount of Gem in supernatant]
amount of Gem — loaded PEG — HA

Loading capacity =

PtCo@Gem-HA-PEG NZ characterization

The morphology and size of the prepared PtCo NZ were observed on a SEM (Scanning
electron microscopy: JEOL-6700, Japan). Energy dispersive X-ray (EDX) spectrometer
study was carried out on a JEOL JEM2010 electron microscope at 100 kV. Transmission
electron microscopy (TEM: HRTEM, JEM-2010) images with an acceleration voltage
of 100 kV were used to examine the morphological status of PtCo@Gem-HA-PEG NZ.
Thermogravimetric analysis of the PtCo NZ and PtCo@Gem-HA-PEG NZ were inves-
tigated by a thermogravimetric analyzer (TG209-F3, USA) under argon with a heating
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rate of 10 °C/minute. Also, Zetasizer Nano ZS90 (Malvern Instruments, UK) was applied
to assess the hydrodynamic size distribution. The crystal phase of the PtCo NZ and
PtCo@Gem-HA-PEG NZ were determined using XRD analysis with Cu Ka radiation
(A\=1.5418 A) at 40 kV and 50 mA.

O, generation and catalase-mimic activity assays

The O, concentration in aqueous solutions was quantized by an oxygen electrode with
multi-parameter analysis (JPSJ-606L, China). In order to investigate the catalytic ability
of NZ, H,0, (100 uM) was added to 30 mL of O,-free water, and then the mixture was
placed in a three-necked flask (50 mL). The O, electrode probe was inserted into the
flask. When the concentration of O, in the initial solution reached equilibrium, 20 pg of
PtCo NZ and PtCo@Gem-HA-PEG NZ with and without laser irradiation (660 nm: 100
mW/cm?) was injected into system through a syringe. O, concentration was recorded
every 50 s for 5 min.

In addition, to determine the catalase activity of NZ, 20 pg/mL of PtCo NZ and PtCo@
Gem-HA-PEG NZ were mixed with 1 mL of PBS buffer (pH=6.5) and 20 mM H,0,.
After 10 min of incubation at 37 °C, the H,O, concentration is scaled according to the
decrement of absorbance at 240 nm, which indicates the catalase activity of NZ with and
without laser irradiation (660 nm: 100 mW/cm?).

Peroxidase-like activity assay and superoxide/hydroxyl radical detection

For the purpose to investigate the peroxidase performance of NZ with and without laser
irradiation (660 nm: 100 mW/cm?), TMB oxidation and absorption spectrum analysis
at 652 nm by UV-Vis spectrophotometer were used. 20 pg/mL of PtCo NZ and PtCo@
Gem-HA-PEG NZ were suspended in 30 mM PBS (pH=6.5) and then TMB was added
until the solution reached a final concentration of 800 pM. To create hypoxic condi-
tions, N, gas was injected into the PBS solution to remove O, before adding NZ. In addi-
tion, the effect of pH (5-7.5), temperature (20-50 °C), and DMEM + FBS concentration
(0-100 pg/mL) on PtCo@Gem-HA-PEG NZs peroxidase-like activity were measured for
achieving the optimal conditions.

Hydroethidine and terephthalic acid were used to detect O,"~ and ‘OH, respectively.
By considering the oxidation of hydroethidine to ethidine in the presence of O,"~ (emit-
ting bright red fluorescence) and the conversion of terephthalic acid to 2-hydroxy tere-
phthalic acid with unique fluorescence (at 430—435 nm) in the presence of *‘OH, quantity
amounts were detected.

Drug release

The Gem release profile was measured by applying the dialysis bag. The 200 pg of PtCo@
Gem-HA-PEG NZ was placed in a dialysis bag (MWCO 12,000). Next, dialysis bags
were suspended in 50 mL of PBS solution with pH of 7.4, 6.5 and 6.0 and 1 mM H,O,,.
The solutions were continuously shaken at 37 °C at 180 r.p.m. 5 mL of the solution was
taken from the tank for analysis at 0.01, 0.25, 0.50, 1, 1.5, 3, 6, 9, 12, 16 and 24 h, and the
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same amount of the initial buffer was added to them. The Gem released was evaluated by
UV spectroscopy at 260 nm. The Gem cumulative release was quantized based on Eq. 3:

5x Y01 Ci 450 x C,

. x 100.
weight of Gem on PtCo@Gem — HA — PEG

3)

Cumulative drug release (%) =

C; and C, refer to the of Gem concentration at time i and #, respectively.

In vitro trials

Cytotoxicity assay

The toxicity of Gem, PtCo NZ and PtCo@Gem-HA-PEG NZ with and without laser
irradiation (660 nm: 100 mW/cm? for 10 min) was evaluated by MTT method on 4T1
cells. Briefly, 4T1 cells were seeded in 96-well plates at a density of 6000 cells/well (100
pL) in DMEM +10% FBS and 1% penicillin/streptomycin, and incubated at 37 °C with
5% CO, and 1% O, (for mimicking the hypoxic environment) for 24 h. Then, different
concentrations of Gem and NZ were added to the wells. In order to synergize chemo-
therapy with PDT, 4T1 cell samples were exposed to laser irradiation 6 h after incuba-
tion for 10 min. Then the samples were incubated again. The cells were subsequently
incubated for 24 and 48 h in the CO, incubator at 37 °C with 5% CO, and 1% O, (for
mimicking the hypoxic environment). In the following, 10 uL of MTT solution (5 mg/
mL) was added to each well. Again, the plate was incubated for 4 h. By removing the cul-
ture medium and adding DMSO (100 pL) to each well, absorbance values were defined
with a Bio-Rad microplate reader at 490 nm. Finally, the percentage of cell viability was
evaluated by Eq. 4:

Cell viability (%) = (OD treated/OD control) x 100%. (4)

DNA double-strand breaks

For this purpose, 4T1 cells (15,000 cells/well) were seeded in a 24-well plate and incu-
bated for 24 h at 37 °C and 5% CO, and 1% O, (for mimicking the hypoxic environment).
Then, Gem (37.5 pg/mL), PtCo NZ (75 pg/mL), and PtCo@Gem-HA-PEG (75 pg/mL)
were added to the 24-well plate with and without laser irradiation (660 nm: 100 mW/
cm? for 10 min). Again, the samples were incubated in the incubator for 24 h with the
hypoxic condition. Then, the immunofluorescence staining of y-H2AX was carried
out. So, the 4T1 cells were fixed (4% paraformaldehyde: 25 min) and 0.5% Triton X-100
(5 min) was used to penetrate the cells. Meanwhile, BSA was applied to prevent non-
specific protein interactions. Ultimately, the 4T1 cells were incubated with y-H2AX anti-
body (1:200) at 4 °C for 12 h. Next step, the FITC-labeled sheep anti-mouse secondary
antibody (1:500) was added for 2 h at 37 °C with the hypoxic condition. Then, the cover-
slips were washed by PBS. In addition, cell nuclei were stained by Hoechst.

ROS and apoptosis assays
To assess intracellular ROS, 4T1 cells (2 x 10° cells/well) were treated with Gem, PtCo
NZ and PtCo@Gem-HA-PEG NZ with and without laser irradiation (660 nm: 100 mW¥//
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cm? for 10 min). The 4T1 cells were gathered in serum-free DMEM after incubation for
24 h with 5% CO, and 1% O, (for mimicking the hypoxic environment). In the following,
DCFH-DA probe (10 uM) was added to the above suspension and incubated at 37 °C for
30 min in the dark. Fluorescent signals and fluorescent images were evaluated by flow
cytometer and fluorescent microscope (Olympus, Japan), respectively. For imaging, 4T1
cells were washed (3 times) with serum-free DMEM.

Meanwhile, in order to estimate apoptosis, the 4T1 cells were seeded (2 x 10° cells/
well) in six-well plates and incubated for 24 h in 5% CO, and 1% O, (for mimicking the
hypoxic environment) at 37 °C. In the next step, 4T1 cells treated with Gem (37.5 pg/
mL), PtCo NZ (75 pg/mL), and PtCo@Gem-HA-PEG (75 pg/mL) with and without laser
irradiation (660 nm, 30 mW/cm? for 10 min) were incubated again for 24 h with the
hypoxic condition. After that, the cells were collected (3000 g centrifugation for 3 min)
and stained with 5 uL Annexin V-FITC at room temperature for 20 min and followed by
10 pL propidium iodide (PI) for 5 min in the dark. The samples were evaluated by using
FACscan (BD Bioscience, USA).

In vivo trials

Animal model

All 6-week-old female Balb/c mice (23.1£2.4 g) and their experiments were complied
with the guideline of the Animal Care and Use Committee of Shahroud University of
Medical Sciences. Thirty-two mice were randomly divided into four groups, including
control, Gem (5 mg/kg), PtCo NZ (5 mg/kg), and PtCo@Gem-HA-PEG NZ (5 mg/kg)
with and without laser irradiation (660 nm: 100 mW/cm? for 10 min). The mice were
subcutaneously injected with 150 uL cell suspension (5x 10° 4T1 cancerous cells) to
develop tumors. After 22 days, when the tumors reached 141.24+7.8 mm?, the mice were
treated with drug and NZ.

Gem blood concentration and hematology analysis

In order to evaluate the level of Gem in blood, HPLC (SPD-M20A, Japan) method was
used. 0.50 mL of whole blood was collected at time intervals of 1, 2, 4, 6, 12, 24 and
48 h after the injection of Gem on days 1, 7 and 14. Then the plasma obtained from
blood centrifugation at 4 °C for 15 min at 1600 r.p.m. was kept at —20 °C. At the 21th,
28th, and 35th days, 8 h after Gem injection, blood samples (20 uL per blood sampling)
were collected from mice and sent to the laboratory for analysis of alanine transaminase
(ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), creatinine (CRA),
and blood urea nitrogen (BUN) after centrifugation at 4 °C for 15 min at 1600 r.p.m. The
levels of ALT, AST, ALP, BUN and CRA were detected by ELISA kits (MyBioSource).

Body weight, PDT and tumor status

To survey the biosafety, the weight of the mice were measured every 7 days and any
abnormal behavior of the mice were frequently considered. Furthermore, mice that were
treated with PDT, their tumor site every 7 days were irradiated with a near-infrared light
source with a power density of 100 mW/cm? for 10 min after 6 h of tail vein injection
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of PtCo@Gem-HA-PEG NZ. Meanwhile, to evaluate the tumor growth inhibition index
(TGI), the tumor volume was estimated every 7 days by the digital vernier caliper based
on Eq. 5, and then TGI was calculated by Eq. 6:

Tumor volume (mm?’) = % X <lenght X widthz), (5)

mean volume of control tumors — mean volume of treated tumors
TGI (%) = x 100.
mean volume of control tumors
(6)

At the indicated time, mice were euthanized on the 35th day, and the tumors were

used for histological assay after weighing and photographing.

Gem and PtCo NZ distribution

HPLC and atomic absorption methods were used to evaluate the amount of Gem and
PtCo NZ in liver, spleen, lung, heart, brain, kidney, and tumor tissues, respectively. In
order to determine the Gem concentration in the main tissues, tissue samples were first
washed with saline and dried on filter paper. Then, the tissues were digested in acetoni-
trile + water with an equal volume to extract the required liquid according to the method
of Zhang et al. (2010). At the end, 0.2 mL of the extracted liquid was analyzed using
HPLC (SPD-M20A, Japan). Likewise, to assess the concentration of PtCo NZ, main tis-
sue samples were digested by microwave and an acidic mixture (HNO3/HCIO4, (5:1)).
Each digested tissue (0.3 g) was diluted with deionized water (60 mL) and evaluated by
atomic absorption spectrophotometry.

Histological assay

For the purpose of histological studies, the main organs and tumors were collected from
mice after 48 h from the last injection. Harvested tumors and organs were fixed with
10% paraformaldehyde, embedded in paraffin, sectioned at 4 pm, and finally stained with
H&E. Histology was performed at Tehran University College of and the samples were
evaluated with an 4,559,607 Carl Zeiss microscope.

Gene expression

4T1 cells obtained from density gradient centrifugation of tumors digested by colla-
genase IV (Sigma-Aldrich) which obtained from control, Gem and PtCo@Gem-HA-
PEG NZ were used. In the next step, Trizol reagent was used to extract total RNA from
tumors (~ 100 mg) according to the manufacturer’s protocols. To remove genomic DNA
contamination, the RNA was treated with DNase I and cDNA was generated from 1 pg
of RNA by applying reveres Aid First Strand cDNA Synthesis Kit (Biosystems ", UK).
Amplification was carried out with UltraSYBR Mix (COWIN Bioscience Co., China) by
applying a Stratagene Mx3005P qRT-PCR system. The specific primers are including of
TNF-a (F:5'-GCTTCAACGGCACCGTGACAAT-3' and R:5-CTGAGTCCTGGGGGT
TTGTGACATT-3'), Bcl-2 (F:5-GAGTTCGGTGGGGTCATGTG-3' and R:5-CAC
CTACCCAGCCTCCGTTA-3'), Caspase 9 (F:5'-CCTTCCTCTCTTCATCTCCTGCT-
3’ and R:5-TTGCTGTGAGTCCCATTGGT-3'), Caspase 7 (F:5'-CGGAGCTGGAAA
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AGGTGGAT-3’ and R:5-GGATTCATCAACGAACGGCG-3'), Caspase 3 (F:5'-CTT
GTGAGTTCTGGTTTGTGTGG-3' and R:5-GATGCTTTCCAAGTCCTGTGTG-3')
and B-Actin (F:5'-AATTCCATCATGAAGTGTGA-3' and R:5'-ACTCCTGCTTGCTGA
TCCAC-3'). Gene expression was normalized using -actin as the reference gene under
the following reaction situations: 95 °C for 15 s, 60 °C for 60 s, and 72 °C for 30 s. The

specific gene expression value was applied by calculating 2744,

Statistical analysis

GraphPad Prism 7 was used for statistical analysis. All the data were reported as
mean + standard error of means. The differences between groups were evaluated by
one-way analysis of variance and Student’s t-test. P<0.05 were considered as statistical
significance.

Results

Fabrication and characterization of PtCo@Gem-HA-PEG

As shown in Fig. 2A, HA reacted with NH,-PEG-SH in the presence of carbonyldiimida-
zole reagent. The change of NMR spectrum in the region of 3 to 4 ppm, especially in the
region of 3.6 ppm (related to ethylene chain resonance) and 2.65 ppm region (related to
amide coupling reactions) indicates the coupling reaction of the above two compounds.

MIRAS TESCAN|

60

75

52734 35 % 40 42 44 46 45 %0 52 54 55 55 60 62 64 6o 6 70 72 74 76 78 80 62 84 86
GomHA-PEG (36, wiw) Degree (26)

Fig.2 A 'HNMR spectrum of hyaluromc acid (HA) HA-(poly[ethylene glycol])PEG and gemcitabine
(Gem)-HA-PEG. B Loading capacity% and loading efficacy%. C Schematic view of platinum-cobalt
(PtCo) nanozyme synthesis. D, E Representative SEM image and elemental mapping of PtCo nanozyme.
F Representative TEM image of PtCo@Gem-HA-PEG nanozyme. G-l Thermogravimetric analysis, sizes
distribution, and XRD patterns of PtCo and PtCo@Gem-HA-PEG
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On the other hand, the change of signals in the regions of 3.9, 4.2, 6.15, 6.2 and 7.8 ppm
in Gem-HA-PEG confirms the loading of Gem in HA-PEG polymer. In the following, it
was revealed that HA-PEG has a high loading capacity (%) for Gem loading (Fig. 2B), but
the loading efficiency (%) output shows that despite the solubility of Gem in water, its
amount decreases with the rise of drug concentration. Thus, the optimal point of Gem
concentration used in loading based on the loading capacity (17.05%) and the loading
efficiency (51.04%) is 60 mg per 200 mg of HA-PEG (Fig. 2B).

PtCo NZ based on a reduction strategy were synthesized via the addition of Pt to Co-
B-O complex intermediates at room temperature (Fig. 2C). Scanning Electron Micro-
scope (SEM) images (Fig. 2D) show a relatively uniform morphology with a size of
40-60 nm, while dynamic light scattering (DLS) output confirmed the size of PtCo NZ
with dimensions of ~50 nm (Fig. 2H). In addition, TEM and DLS results exhibited Gem-
HA-PEG deposition on PtCo NZ with increasing particle size from ~50 nm to ~73 nm.
Also, TGA confirmed thiol-containing Gem-HA-PEG on PtCo NZ by showing a 15%
reduction in the weight of the PtCo@Gem-HA-PEG (Fig. 2G). In this regard, the change
in the main diffraction intensity of the XRD peaks at 39.9° (111), 44.2° (200), 69.9° (220)
and 82.1° (311) confirms the presence of Gem-HA-PEG on PtCo NZ (Fig. 2I).
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The ability of PtCo@Gem-HA-PEG catalytic activities

Figure 3A based on O, generation reveals that the PtCo NZ designed with and without
PDT has catalase activity in the presence of H,O,. While the use of Gem-HA-PEG as
a coating decreased the catalase activity of PtCo NZ. However, the catalase activity of
PtCo@Gem-HA-PEG NZ is significantly enhanced by using PDT (Fig. 3A). In confirma-
tion of this finding, the decrease in H,0, level indicates the catalysis activity of PtCo NZ
and PtCo@Gem-HA-PEG NZ, which the application of PDT reduces the level of H,0O,
in a more obvious way (Fig. 3B). Therefore, it seems that the destruction of the Gem-
HA-PEG coating in the lysosome of the TNBC cells increases the possibility of O, gen-
eration, especially in PDT. Meanwhile, the results of Fig. 3C also show the capability of
peroxidase-like activity in PtCo NZ and PtCo@Gem-HA-PEG NZ based on TMB cataly-
sis in the presence of H,0,. Despite the increase in the peroxidase-like activity of PtCo
NZ and PtCo@Gem-HA-PEG NZ synergized with PDT, the results of Fig. 3 appearance
that the peroxidase-like activity of NZ is dependent on the pH and temperature of the
environment. The results show a significant increase in the enzymatic activity of PtCo@
Gem-HA-PEG NZ in pH below 6.5 and temperature 35 to 45 °C. Therefore, the acid-
ity of the tumor microenvironment (with a pH between 6.2 and 7) along with its tem-
perature (between 37 and 39 °C) can enhance the performance of PtCo@Gem-HA-PEG
NZ. Meanwhile, Fig. 3F displays the stability of catalytic activity (above 60%) of PtCo@
Gem-HA-PEG NZ in physiological conditions containing various proteins, which can
be a guarantee of PtCo@Gem-HA-PEG NZ activity inside the cell. Since the activity of
NZ in the treatment of tumors is generally evaluated by the production of radicals, the
results of Fig. 3G and 3H, respectively, based on the increase in the fluorescence inten-
sity of hydroethidine and 2-hydroxyterephthalic acid, confirmed that PtCo@Gem-HA-
PEG NZ, effectively produces O2°~ and *OH, especially with synergistic activity of PDT.

Drug release from PtCo@Gem-HA-PEG

The release rate of Gem at pH 6.0, 6.5 and 7.4 illustrations that the drug release profile
is time dependent. The highest release level of Gem in pH 6 and 6.5 were 71.1% and
56.3% compared to the control. The release rate of Gem at pH 6.0, 6.5 and 7.4 shows
that the drug release profile is time dependent. Sensitivity to environmental acidity in
Gem release is considered an ideal system because the tumor microenvironment has a
relatively acidic environment (pH 6.0 to 6.5) (Khan et al. 2021). It seems that increasing
the acidity of the environment by weakening and degrading the amide bonds located in
Gem-HA-PEG greatly accelerates the release rate of the drug. Therefore, based on NZ
being sensitive to environmental pH, it can be hoped that the drug will be less loaded in
normal tissues with pH higher than 6.9.

In vitro activities with PtCo@Gem-HA-PEG

As can be seen in Fig. 4A, B, the synergism of chemotherapy by PtCo@Gem-HA-PEG
NZ with PDT by laser irradiation (660 nm, 30 mW/cm? for 10 min) on cancerous cells
causes the greatest toxicity in 4T1 cells compared to other groups. Despite the increase
in toxicity with increasing doses of PtCo@Gem-HA-PEG or bare Gem, the toxicity
results show that there is no significant difference between PtCo@Gem-HA-PEG NZ
with PtCo@Gem-HA-PEG NZ+PDT or PtCo@Gem-HA-PEG NZ with bare Gem
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groups in the applied concentrations. Nevertheless, increasing the time of presence of
PtCo@Gem-HA-PEG NZ with and without PDT and Gem in the culture medium from
24 to 48 h caused significant toxicity between different groups. Therefore, the toxicity
of NZ with and without PDT depends on the duration of their presence in the environ-
ment in addition to the dosage. On the other hand, genomic damage caused by applying
Gem with and without nanocarriers based on y-H2AX immunofluorescence staining in
Fig. 4C confirms that the use of PtCo@Gem-HA-PEG NZ compared to bare Gem will
have more destructive effects on 4T1 cells compared to bare Gem through DNA dam-
age. Likewise, the synergistic activity of PtCo@Gem-HA-PEG NZ with PDT increases
the intensity of damage to 4T1 cancer cells more than 1.5 and 2 times compared to
PtCo@Gem-HA-PEG NZ and bare Gem (Fig. 4D). In this line, the results of ROS gener-
ation based on the increase of 2.45 and 1.43 times green fluorescent intensity in PtCo@
Gem-HA-PEG NZ +PDT group compared to bare Gem and PtCo@Gem-HA-PEG NZ,
respectively, indicate the high effectiveness of chemotherapy combined with PDT in
removing 4T1 cells (Fig. 4E, F). In the following, the output of Fig. 4A and ] confirmed
that compared to bare Gem, PtCo@Gem-HA-PEG has a more significant toxicity due
to its higher capacity in intracellular ROS formation and increased level of apoptosis in
Q2 (late apoptosis) and Q3 (early apoptosis) regions. The synergistic activity of PtCo@
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Gem-HA-PEG with PDT not only increased the intracellular ROS in an outstanding

way, but also shifted the increased approach of apoptosis from Q3 region to Q2 (Fig. 4F
and ).

In vivo activities with PtCo@Gem-HA-PEG

In addition to in vitro evaluations, toxicological and therapeutic evaluations of bare Gem
and PtCo@Gem-HA-PEG NZ with and without PDT were performed on mice based on
schematic process Fig. 5A. After the intravenous tail injection of bare Gem and PtCo@
Gem-HA-PEG NZ, the drug distribution in the blood at different times shows that the
highest level of Gem release in the blood at the initial time corresponds to the bare Gem
(Fig. 5B). While the lowest clearance of Gem based on its more stable presence in the
blood belongs to the PtCo@Gem-HA-PEG NZ. Therefore, the higher circulating profile
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of Gem by PtCo@Gem-HA-PEG NZ can provide the possibility of their presence in the
tumor. Nevertheless, the results of Fig. 5C show that the presence of PtCo@Gem-HA-
PEG NZ for more stable Gem in the blood significantly increases liver markers including
ALP, AST and ALT compared to bare Gem and the control groups. Likewise, kidney
markers including BUN and CRA are increased by using PtCo@Gem-HA-PEG NZ
(Fig. 5D). In the following, it was determined that the use of bare Gem and PtCo@Gem-
HA-PEG NZ with and without PDT had no effect on the weight of mice compared to
the control (Fig. 5E). But, the synergy of PtCo@Gem-HA-PEG NZ with PDT effectively
prevented the development of tumors compared to other groups (Fig. 5F). In confirma-
tion of this finding, after collecting the tumors, it was observed that the weight of the
tumors in the PtCo@Gem-HA-PEG NZ group was significantly reduced compared to
the control and bare Gem (Fig. 5 G); whereas, the application of PDT with PtCo@Gem-
HA-PEG NZ has significantly reduced the weight of tumors compared to other groups
(Fig. 5G, H).

In the antitumor activities of PtCo@Gem-HA-PEG NZ, it was revealed that despite
the favorable accumulation of Gem in tumor tissue and their significant reduction in
main tissues (Fig. 6A), the accumulation of PtCo@Gem-HA-PEG NZ in the main tis-
sues, especially the liver, spleen, and lung (Fig. 6B), increases the possibility of side
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Fig. 6 A Gemcitabine (Gem) and B platinum-cobalt nanozyme concentrations in tumor, liver, spleen, lung,
kidney, heart and brain tissues in the Gem and platinumCobalt@Gem-hyaluronic acid (HA)-poly[ethylene
glycol] (PtCo@Gem-HA-PEG) groups. C Histological investigations through H&E staining of main organs
include of brain, kidney, liver, spleen, lung and heart after 35 days of treatment with Gem and PtCo@
Gem-HA-PEG NZ with and without PDT. Scale bars are 100 um. "P<0.05, "P<0.01, “"P<0.001 and
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effects; whereas, synergized PtCo@Gem-HA-PEG NZ with PDT significantly reduced
the weight of tumors compared to other groups (Fig. 5G, H). In this regard, the histo-
logical results in Fig. 6C show that morphological changes such as increased fibrosis in
the parenchyma of liver tissue, shrinking of liver cells, increased heterochromatin nuclei
(decrease in nuclear activity) and removal of the nucleus in some liver cells in the PtCo@
Gem-HA-PEG NZ is considerable. Similarly, removing the nucleus of some kidney
cells, increasing the thickness of renal tubules and reducing the internal diameter of the
ducts, tearing of some renal tubules, destruction of tissue integrity and tissue inflam-
mation in kidney tissue can be seen in PtCo@Gem-HA-PEG NZ. In addition, NZ in the
lung caused the destruction of the cell membrane and rupture of the air sacs. Moreover,
primary damage caused by PtCo accumulation in spleen tissue can be followed. Mean-
while, the use of PtCo@Gem-HA-PEG NZ combined with PDT has effectively reduced
the level of damage. However, the morphological changes of TNBC tissue including of
cytoplasmic loosening, destruction of tissue integrity, and nuclear condensation along
with removal of the nucleus in some tumor cells caused by PtCo@Gem-HA-PEG NZ,
especially in the synergistic activity with PDT, are promising (Fig. 5I).

The evaluation of the apoptosis mechanism in Fig. 7 shows the high effectiveness
of PtCo@Gem-HA-PEG NZ combined with PDT in inducing the apoptosis in both
intrinsic and extrinsic processes. In this way that the synergy of PtCo@Gem-HA-PEG
NZ with PDT causes an increase in the relative expression of TNF-a and Caspase-7

associated with the extrinsic pathway of apoptosis, and decrease/increase in relative
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expression of Bcl-2/Caspase-9 related to the internal pathway of apoptosis. In the fol-
lowing, synergized PtCo@Gem-HA-PEG NZ with PDT irreversibly leads to tumoral
cell death through a 1.5- and twofold increase in Caspase-3 compared to other groups
(Fig. 7). Taken together, these results show that combined therapeutic activities induce
higher apoptosis in TNBC cell.

Discussion
The PtCo NZ is of great interest compared to other peroxidase—catalase mimics due to
their easy preparation, high catalytic ability in a wide pH and temperature range, tun-
able size, good stability, and favorable response to PDT (Hao et al. 2020; Ren et al. 2022).
Despite the favorable effects of PtCo NZ synthesized with the same atomic ratio (1:1),
there have been reports indicating higher catalytic effects of Pt:Co atomic ratio 3:1 in
NZ (Wei et al. 2020; Zhang et al. 2018). However, the increase of catalytic activity is not
considered a special indicator in therapeutic activities due to the increased possibility of
toxicity in non-target tissues with long-term presence. Nevertheless, the increased catal-
ysis activity of NZ, which in tumors can reduce the level of hypoxia for greater drug pen-
etration (Jiao et al. 2021; Zhu et al. 2020; Wang et al. 2020), was a criterion for enhancing
the catalytic activity of PtCo@Gem-HA-PEG NZ by PDT (Fig. 3A, B). Although the rate
of O, generation in this research (Fig. 3A), similar to the study of Wang et al. (2018), was
lower than the report of Nie et al. (2022) and Bao et al. (2021), the catalase- and peroxi-
dase-like activities of PtCo@Gem-HA-PEG NZ enhanced with PDT effectively reduced
the level of hypoxia (Fig. 3G, H). Therefore, the use of PtCo@Gem-HA-PEG NZ with
enzymatic dual behavior that shows stable enzyme activity in a wide range of pH, tem-
perature and physiological conditions (Fig. 3D-F) can not only guarantee the reduction
of hypoxia, but also lead to more effective treatment of TNBC through O,’~ generation.
Although in this research it was not determined which radicals type will be more effec-
tive in therapeutic activity, but in hypoxic conditions rich in H,0,, is conceivable O,"~
and ‘OH generation by synergized PtCo@Gem-HA-PEG NZ with PDT (Fig. 3G, H), in
agreement with Zeng et al. (2023) and Jiao et al. (2021). In this line, by proving the com-
petence of PtCo@Gem-HA-PEG NZ, especially in synergistic activity with PDT in caus-
ing toxicity on 4T1 cells (Fig. 4B) through enhancing intracellular ROS (Fig. 4E-G) and
raising the production of nuclear foci (Fig. 4D) caused by DNA breakage that is likely
related to the radicals produced and the concentration of Gem in nucleus, can improve
the treatment of TNBC. The increasing fluorescence intensity in hypoxic conditions
indicates the dominance of PtCo@Gem-HA-PEG NZ over hypoxia and the production
of ROS even in deep tissues, that tissue depth is limiting PDT activity (Sun et al. 2022).
In the in vivo activities, it was found that the higher circulating activity of PtCo@Gem-
HA-PEG NZ in the blood (Fig. 5B) could enhance the presence of Gem in the TNBC
based on the EPR approach (Sharifi et al. 2022), which is confirmed by the results of
Fig. 6A, B. In addition, based on the type of Gem release diagram in the blood, it seems
that PtCo@Gem-HA-PEG NZ follows a two-compartment model, based on the in vitro
Gem release (Fig. 3I), the first compartment releases Gem as a burst release due to drug
washout and the second compartment releases the drug slowly through polymer degra-
dation. However, the more stable presence of PtCo@Gem-HA-PEG NZ to preserve Gem
in the blood caused adverse changes in liver (ALT, AST, and ALP) and kidney (BUN
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and CRA) factors, which indicates the damage caused to them. Despite the reduction
of damage in the synergized PtCo@Gem-HA-PEG NZ with PDT, it seems that due to
the high capacity of PtCo@Gem-HA-PEG NZ accumulation in main organs, especially
the liver, spleen, lung, and kidney (Fig. 6B), the probability of damage could increase in
these groups. However, the outputs of tumor status in Fig. 5F-H show that PtCo@Gem-
HA-PEG NZ combined with PDT effectively prevents tumor growth and development.
Increasing Gem loading in the TNBC tissue (Fig. 6A) and strengthening the production
of radicals (based on the results of Fig. 4E, F) in cancerous tissue are the main reasons.
While the low effectiveness of PtCo@Gem-HA-PEG NZ in stopping tumor development
compared to the synergistic approach can be related to the severe hypoxic condition of
the tumor and the weakness of PtCo NZ in reducing hypoxia in real condition similar to
the study by Wang et al. (2018). Hence, Wang et al. (2018) added MnO, to the designed
PtCo NZ (MnO,@PtCo) and achieved high success in stopping tumor growth due to the
excellent ability of manganese oxide to reduce hypoxia. Despite the report of the non-
toxicity of MnO,@PtCo NZ in main tissues by Wang et al. (2018) during 14 days, this
research revealed that the long-term presence of PtCo@Gem-HA-PEG NZ (35 days) can
cause damage to liver and kidney tissue (based on the results of Figs. 5C, D and 6C),
despite the expected damage in cancerous tissue (Fig. 5I). Based on the results of Liu
et al. (2020), Li et al. (2018) and Wang et al. (2018), it seems that the accumulation of NZ
in non-target tissues in the long term and the increase in catalytic activity for the pro-
duction of ROS are the main factors in the occurrence of toxicity. Therefore, regardless
of the type of NZ, it seems that the use of production approaches to reduce the accumu-
lation of NZ in non-target tissues such as reducing particle size, using coatings to reduce
or stop their catalytic activity, and increasing their loading in cancerous tumors is con-

sidered as a vital activity.

Conclusion

In this research, by designing a combined treatment platform based on NZ obtained by
integrating Pt and Co with HA-PEG coating containing Gem and synergistic activity
with PDT, the following objectives were investigated: (1) intrinsic properties of PtCo@
Gem-HA-PEG NZ to produce O,"~ and *OH in hypoxic conditions; (2) effects of PtCo@
Gem-HA-PEG NZ toxicity on 4T1 cells based on the state of the nucleus and ROS accu-
mulation in the cells; (3) drug distribution in blood and vital tissues; (4) toxicology of
PtCo@Gem-HA-PEG NZ on main tissues, and (5) tumor status and apoptosis induc-
tion pathways in them. By integrating drug delivery and catalytic activities enhanced
with PDT, PtCo@Gem-HA-PEG NZ had excellent antitumor properties in vitro and
in vivo without reducing the weight of mice. Higher drug loading in cancer tissues and
strengthening of apoptosis stimulating factors in cancerous cells, along with increasing
the drug’s retention time in the blood, the hopes of TNBC treatment were strengthened
by synergized PtCo@Gem-HA-PEG NZ with PDT. Nevertheless, the occurrence of tox-
icity in the liver and kidney tissues and the change in their function challenges the path
of using PtCo@Gem-HA-PEG NZ in therapeutic activities. It seems, this study provides
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a clear concept of the effectiveness of antitumor activities of NZ and its mechanism in
the treatment of TNBC with possible toxicities.
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