ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 17 (2022) 767-777

S.cr72
Federation
rnam'a'u':onnl Sciences

journal homepage: www.elsevier.com/locate/AJPS

Asian Journal of

Available online at www.sciencedirect.com Pharmaceutical
Sciences =

ScienceDirect

Original Research Paper

Zinc-doped Prussian blue nanoparticles for )
mutp53-carrying tumor ion interference and ekt
photothermal therapy

Quanyi Jin% Wenbao Zuo®, Qian Lin% Ting Wu®, Cong Liu’, Nian Liu®, Jinxue Liu®,

Xuan Zhu%*

aFujian Provincial Key Laboratory of Innovative Drug Target Research, School of Pharmaceutical Sciences, Xiamen University, Xiamen

361005, China

b Cancer Research Center, School of Medicine, Xiamen University, Xiamen 361000, China

ARTICLE INFO

Article history:

Received 5 May 2022

Revised 6 July 2022

Accepted 24 July 2022

Available online 18 August 2022

Keywords:

Zinc

Mutant p53

Prussian blue
Photothermal therapy
Ion interference therapy

ABSTRACT

Quite a great proportion of known tumor cells carry mutation in TP53 gene, expressing
mutant p53 proteins (mutp53) missing not only original genome protective activities but
also acquiring gain-of-functions that favor tumor progression and impede treatment of
cancers. Zinc ions were reported as agents cytocidal to mutp53-carrying cells by recovering
p53 normal functions and abrogating mutp53. Meanwhile in a hyperthermia scenario, the
function of wild type p53 is required to ablate tumors upon heat treatment hence the effects
might be hindered in a mutp53 background. We herein synthesized zinc-doped Prussian
blue (ZP) nanoparticles (NPs) to combine Zn?* based and photothermal therapeutic effects.
An efficient release of Zn?* in a glutathione-enriched tumor intracellular microenvironment
and a prominent photothermal conversion manifested ZP NPs as zinc ion carriers and
photothermal agents. Apoptotic death and autophagic mutp53 elimination were found to
be induced by ZP NPs in R280K mutp53-containing MDA-MB-231 cells and hyperthermia
was rendered to ameliorate the treatment in vitro through further mutp53 elimination and
increased cell death. The combinatorial therapeutic effect was also confirmed in vivo in a
mouse model. This study might expand zinc delivery carriers and shed a light on potential
interplay of hyperthermia and mutp53 degradation in cancer treatment.
© 2022 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

signals [1] by regulating downstream factors to maneuver cell
cycle arrest, DNA repair, apoptosis, metabolism, senescence,
etc. [2,3]. Owing to various genome protective and tumor

Transcription factor p53, encoded by gene TP53, is one of suppressive functions, p53 is referred to as the “Guardian
the most studied cancer-related genes. It reacts to cell stress of the Genome” [4]. Over half of known cancers, however,
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Scheme 1 - The combinational effects of ion interference
and photothermal treatment of ZP NPs.

exhibit a mutated form of p53 (mutp53) [5-7], and a
large proportion of missense and nonsense mutations not
only annihilate the normal physiological functions of p53,
but support the development of cancer by endowing new
gain-of-functions (GOF) including proliferation, metastasis,
metabolism remodeling and resistance to various therapy [7-
11], further threating the health of patients and thwarting
cancer treatments.

The fact that tumor progression relies on mutp53 with GOF
[12-14] posits mutp53 a drug target to treat cancer [15,16].
Agents have been found and reported to degrade mutp53
via proteasome (arsenic compounds, statins, NSC59984, 17-
AAG and ganetespib) [17-21], or through autophagy (MCB-613,
SAHA, gambogic acid and capsaicin) [22-25]. Zn?* has also
been found to be an effective agent. Since mutp53 is prone
to lose Zn?* required in active center and subsequently to
misfold and aggregate [26], supplementation of zinc has been
shown to recover wild type p53 (wtp53) functions [27] and
trigger degradation of harmful and redundant mutp53 [28,29].
Although ion interference therapy with body-constituting
metal ions like Zn?* is convenient and effective, specific
delivery methods are required to circumvent physiological
homeostasis and efficiently regulate ion levels of target sites
[30]. ZnO was first found to be more effective in killing
mutp53 carrying cells than those with wild type p53 and p53
knockdown [31]. Especially designed Zn?* carriers include a
zinc-chelator complex, Zn(II)-curc, which reactivated missing
p53 functions [32] and trigger mutp53 degradation via
endoplasmic reticulum (ER) stress [33] and subsequent
autophagy [29]. Another group fabricated nanosized ZnFe-4
particles [34] and peptide-modified ZIF-8 particles [35], and
both manifested proteasomal degradation of mutp53. The
safety of zinc delivery methods remains to be improved
and further zinc carriers still await exploitation. In addition,
the selection of degradation pathway in a zinc interference
scenario remains unclear.

Hyperthermia is another long-lasting hot keyword in
tumor therapy [36], and wtp53 was reported to respond to
heat signal and hence played a role in hyperthermia cancer
therapy, where mutp53 mitigated the therapeutic effect [37].
Although a few studies revealed heat-compromised mutp53
levels [38], little has been investigated on how hyperthermia

and zinc ion interference therapy might interplay with each
other, especially in a tumoricidal context. We herein seek
to design a nano-sized carrier combining Zn?* delivery
and hyperthermia production. Hence, we selected Prussian
blue (PB) for (1) its biosafety manifested by FDA-approved
clinical application in cesium and thallium elimination
(Radiogardase® from fda.gov) [39,40], (2) its outstanding
photothermal conversion efficiency [41] and potential as a
photothermal therapeutic agent [42], and (3) its relatively
facile largescale preparation of nanoparticles (NPs). Although
works have been carried out to harness PB as ion carriers
of metal ions including Cu?* [43,44] and Mn?* [45], but
limited attempt has been made to deliver Zn?* with PB
NPs.

In this work, we were able to fabricate zinc-doped
Prussian blue nanoparticles (ZP NPs) by substituting
iron of already prepared PB NPs with free Zn?* with an
unscathed photothermal effect. The construct, with a
capability to degrade and release zinc ions in a neutral
and GSH rich environment, could be deemed as a Zn?*
delivery carrier. Furthermore, ZP NPs induced death of
model mutp53-expressing cells, MDA-MB-231, and drastically
downregulated their mutp53 levels via autophagy (Scheme 1).
Both cytotoxicity and mutp53 destabilization effects were
further expanded with laser triggered hyperthermia and
combination of ZP and photothermal treatment achievement
an ideal tumoricidal results in a mouse model. These findings
might provide clues to mutp53 ablation and photothermal
therapy in cancer treatment and rendered PB as a promising
carrier in Zn based ion interference therapy.

2. Materials and methods
2.1. Materials

Poly(vinylpyrrolidone) (PVP K30), ferricyanide
(K3[Fe(CN)g]-3H,0), hydrogen chloride (HCl), zinc acetate
(Zn(OAc),), trisodium citrate (Na3(C¢Hs07)-2H,0),
monosodium  phosphate, disodium phosphate and
glutathione (GSH) were purchased from Aladdin Reagent,
Ltd (Shanghai, China). Dulbecco’s modified Eagle medium
(DMEM) was purchased from Cytiva (USA). Fetal bovine
serum (FBS) was purchased from ABW (China). Penicillin-
streptomycin stock solution was purchased from Beyotime
Biotechnology (China), Calcein-AM/Propidium Iodine (PI)
Live/Dead Cell Double Staining Kit was purchased from
Bestbio (China). Annexin V-FITC/PI Apoptosis Detection Kit
was purchased from 4A Biotech (China). Anti-rabbit GAPDH
antibody (10494-1-AP) was purchased from Proteintech Group
(USA). Anti-rabbit mutant p53 antibody (mutp53, Y5, ab32049)
and HRP conjugated anti-rabbit IgG secondary antibody
(ab6721) were purchased from Abcam (USA).

2.2.  Preparation of ZP NPs

First, PB NPs was fabricated with a typical hydrothermal
method. 790.2mg Kj[Fe(CN)¢]-3H,O0 and 9g PVP were
magnetically stirred in 120ml deionized water with 10 mM
HCl to a clear yellow solution, heated to 80 °C for 20 h, and aged
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at room temperature for 24h. Then, PB NPs were obtained
from resulting solution with centrifugation, washed with
deionized water for 3 times, and dried at 60°C for 2h. Next,
PB NPs, Zn(OAc),, PVP and Na3(CgHs0;)-2H,0 are mixed and
magnetically stirred in water at a 1:2:2:1.35 mass ratio for 4h,
and further stirred with addition of K3[Fe(CN)g]-3H,0 at 1/4
mass of original PB NPs for another 1h. Finally, the mixture
was aged for 24 h and ZP NPs were collected via centrifugation
and washed with ethanol and water for 3 times.

2.3. Characterizations

The sizes and morphologies of NPs were observed and
imaged with transmission electron microscopy (TEM, Tecnai
G2 Spirit BioTWIN, FEI, Holland, and HT-7800, Hitachi, Japan)
and scanning electron microscopy (SEM, GeminiSEM 500,
Zeiss, Germany). Elemental and structural analyses of NPs
were further carried out with SEM based energy-dispersive
spectrometry (EDS) and elemental mapping, ultraviolet-
visible (UV-vis) absorbance spectra (UV- 2550, Shimadzu,
Japan), X-ray photoelectron spectroscopy (XPS, Escalab Xi+,
Thermo Fisher Scientific, USA), and X-ray diffractometry (XRD,
XRD-7000, Shimadzu, Japan). All quantification of metal is
carried out with inductively coupled plasma optical emission
spectrometry (ICP-OES, SPECTROBLUE FMX36, SPECTRO,
Germany).

2.4. Ion release

NPs are confined in 3.5 kMW dialysis bags and soaked in
20 mM phosphate buffers with corresponding pH values and
GSH concentrations to an indicated final NP concentration.
The solutions were shaken at 37°C and sampled at each
time point, and the metal ion concentrations of samples were
measured with ICP-OES. TEM images were also taken after
soaking NPs in corresponding buffer solutions for 12 h.

2.5.  Photothermal effect evaluation

200 pl water and various concentration of NP suspensions
were irradiated with varied power densities of 808nm
laser, and the temperature changes were detected via
a thermocouple thermometer (TES1310, TES electronics
industry Co. Ltd. China). In each heat-cooling cycle, the
material dispersion was irradiated with 1.0 W/cm? 808nm
laser for 6min (ON) and allowed to naturally cool down to
room temperature (OFF, also 6 min in the study).

2.6. Cell culture

Human breast cancer cells MDA-MB-231 were purchased from
American Type Culture Collection (ATCC, MD, USA). Cells
were cultured in a humidified 37 °C and 5% CO, atmosphere
in DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin antibiotics.

2.7. Cellular cytotoxicity and apoptosis

Cells were seed in 12-well plates at a density of ~5 x 10°
cells per well, and were treated with NP suspensions with

or without inhibitors for 8h (apoptosis) or 24h (live/dead
double staining). In PTT groups, cells were irradiated 4h
after treatment with laser at corresponding power density for
4min. Cells were harvested and wash with PBS twice and
stained following protocols in the kits and analyzed with
flowcytometry (ATTUNE 22 NXT, Thermo Fisher Scientific,
USA).

Confocal scanning laser microscopy (CLSM) was conducted
to live/dead double stained cells 16 h after treatment.

2.8. Intracellular uptake

ZP NPs were labeled with ICG by mixing 1mg NPs with 5ml
ICG water solutions (1 mg/ml) and incubated overnight. The
resulting NPs were collected and washed with water. 6-well
plate seeded cells were treated with 100 pg/ml labeled ZP NPs
and harvested at each time point to allow flowcytometric
analysis. Cells were also treated with 100pg/ml ZP NPs for
Zn element measurement. Harvested cells were counted and
digested with concentrated nitric acid and hydroperoxide for
ICP-OES quantification.

2.9.  Western blotting

Cells lysates were obtained from 8h treated cells. Proteins
from lysates were isolated with 10% SDS-PAGE gels,
transferred onto PVDF membranes, and blotted with primary
and secondary antibodies. The membranes were imaged with
Tanon 5200S (Tanon, China).

2.10. Animals and tumor models

All animal experiments followed protocols approved by the
Institutional Animal Care and Use Committee of Xiamen
University. 4-6-week-old Female Balb/c nude mice were
purchased from Shanghai SLAC laboratory Animal Co,,
Ltd. MDA-MB-231 cells was subcutaneously planted in the
right thigh position of mice at a density of ~1x107. All
experiments were conducted after tumor growth for 1 week.
The volumes of tumors were measured follow V=L x W2/2,
with L and W designating the lengths and widths of tumors,
respectively.

2.11. In vivo fluorescent imaging

The tumor bearing mice were intravenously injected with
ICG-labeled ZP NPs (dose 6.25 mg/kg). The fluorescent images
were collected at various time points with an animal imager
(Caliper IVIS Lumina II, USA).

2.12. In vivo infrared thermal imaging

The tumor bearing mice were injected with saline, PB and ZP
NPs (both at a dose of 6.25mg/kg) intravenously. After 24h,
tumor sites of each group were irradiated with 808 nm laser
with a power density of 1.0W/cm? for 5min. The thermal
images were taken and real-time temperature was recorded
every minute with near-infrared thermography (AVS-C528,
China).
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2.13. In vivo tumoricidal effect investigation - -
ff 9 3. Results and discussion
4 treatment groups of mice, saline (NC), PB+laser, ZP and 3.1 p A dch L. 7P NP
ZP+laser, were randomly assigned (n=5). Saline and NPs o reparation and characterization of S

(dose: 6.25 mg/kg) were injected intravenously every 4 d and
laser treatment (808 nm, 1.0 W/cm?, 5min) were carried out
24h post-injection. The tumor sizes and body weights were
recorded every 4 d over the entire 2-week treatment period.
Tumors weights were measured after sacrifice of mice and
tumors and other organs were collected for Hematoxylin and
eosin (H&E) staining.

2.14. Statistical analysis

Student’s t-test was conducted for statistical analysis and the

significance was determined as *P < 0.05, **P < 0.01 and ***P
< 0.001.

ZP NPs used in this study were prepared with a two-step
strategy. Firstly, PB NPs were synthesized with a typical
hydrothermal method. K3[Fe(CN)g] and PVP were heated in
an acidic solution, and, as displayed in TEM and SEM, PB
NPs were featured by a cubic shape with sizes around 80-
110nm (Fig. 1A). Combining the XRD data of PB NPs showing
characteristic peaks which correspond to the standard
pattern of Fe4[Fe(CN)g]3 (JCPDS #73-0687) [46], the successful
formation of PB structure was further confirmed (Fig. 1D).
PB NPs were then stirred in a Zn?* solution to allow ion
exchange reaction and ZP NPs were finally obtained. ZP
NPs maintained the morphology and sizes of PB NPs except
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slightly dented edges of original PB cubes (Fig. 1B and 1C).
In the XRD spectra of ZP NPs, the peaks of PB NPs were
detected with apparently less intensities without new peaks
emerging, indicating partial loss of original PB crystalline
structures at the particle surfaces during the random Zn
substitution process (Fig. 1D). EDS mapping analysis based on
an SEM image rendered a homogenous dispersion of Fe and
Zn elements in the particles (Fig. 1E). Additionally, the UV-
vis spectra depicted a red shift of the absorption peak after
zinc substitution (Fig. 1F), consistent with previous reported
results [47], also indicating the existence of Zn?* in PB lattices.

The fabricated ZP NPs were further analyzed with XPS.
The XPS survey of ZPs demonstrated the existence of Zn and
Fe elements in the particles (Fig. S1). Peaks at 1021.33eV,
1044.80eV, 707.94eV and 721.18eV match Zn2ps/,, Zn2p;,
(Fig. 1G), Fe2ps, and Fe2p,, (Fig. 1H), respectively. By
calculating ratio of 2ps/, peak areas, the Fe:Zn molar ratio was
estimated to be 1:2.7, while when the metal elements were
quantified with ICP-OES, the mean zinc mass concentration
and the mean Fe:Zn molar ratio of ZP NPs were measured to

be 5.3% and 5.6:1, respectively. Considering the thin surface-
probing nature of XPS techniques, the contrasting results of
relative Fe/Zn amount suggested that Zn substitution might
mainly happen at the surface of PB NPs.

3.2.  Photothermal effects of ZP NPs

The photothermal-conversion abilities of PB NPs and ZP NPs
were then investigated to confirm photothermal therapeutic
potential. Possessing absorption peaks that cover 808 nm
wavelength, PB and its analogues are capable of producing
heat under the radiation of 808 nm laser. The 5 min irradiation
of 1.0 W/cm? 808 nm laser raised the temperature of 100 pg/ml
PB NPs by 39.9°C, significantly higher than the pure water
group (9.9°C). Under the same condition, ZP NPs exhibited
a similar temperature increase (41.6°C) to the PB group,
indicating little detriment to photothermal performance
was brought by Zn substitution (Fig. 2A). In addition, the
heating efficiency of ZP NPs rose with their concentrations
(Fig. 2B) and laser power density (Fig. 2C), elucidating
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a concentration- and power-dependent photothermal
performance of the material. The photothermal stability
of ZP NPs was studied by carrying out 5 heat-cooling cycles
(Fig. 2D). The recorded temperature changes depicted little
deterioration of photothermal effects, confirming a stable
capability of ZP NPs to induce hyperthermia under laser
irradiation. The photothermal conversion efficiencies of ZP
was measured with the method from another published work
of our group [44] and calculated to be 9.9% (Fig. S2).

3.3.  ZP NPs release ion in response to GSH concentration
One of the most crucial properties of the ion delivery carrier is
releasingions at the target site, and in this scenario, unloading
free Zn?t in intracellular environment of a cancer cell. As
cytosol is known of 2 to 3 level higher concentration of
GSH than extracellular environment [48], phosphate buffers
of pH 5.6 and 7.4 containing various concentrations of
GSH are used to incubate ZP NPs to figure out their ion
releasing behaviors. Comparing to all acidic groups, a GSH

concentration-dependent Zn?t release was monitored in a
12 h observation (Fig. 2E). The trend was consistent with TEM
images of ZP NPs receiving corresponding treatments, where
NPs in acidic solutions and the GSH free neutral solution
maintained their initial sizes with only mild morphological
changes after 12 h but those in the GSH addition neutral group
collapsed into debris of smaller sizes and random shapes
(Fig. 2F). The ion releasing behavior was also investigated
with or without laser irradiation treatment, and photothermal
effects didn’t seem to affect the release of Zn?* in any of
the studied media (Fig. S3). The results indicated that GSH-
enriched cytoplasm of cancer cells might be where ZP NPs
break apart once internalized. Meanwhile, as released Zn?* in
a large amount is the basis of a successful ion interference,
this process enables further function of delivered intracellular
Zn%t,

GSH, with reported chelating ability and affinity to Zn?*
might be responsible for the ion release. The ion binding
ability of GSH increases with pH rising above 6.0 when
a carboxyl group provides an extra coordination site via
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ionization [49], consistent with observed higher Zn?+ release
in our experiment.

3.4. ZP NPs induce MDA-MB-231 cell death and mutp53
degradation

MDA-MB-231 breast cancer cell, containing R280K mutation
in p53, was chosen as a model cell line to investigate the
potential antitumor bioactivity of ZP NPs. Calcein-AM/PI
live/dead double staining assay was performed 24h after
corresponding treatments. According to the flowcytometry
results, 100 pg/ml PB NPs applied a negligible impact on
the survival of cells, exhibiting their ideal safety as a
biomaterial. While an equivalent amount of ZP NPs induced
significant cell death in comparison (Fig. 3A and S4)
and the cytotoxicity displayed concentration dependency
(Fig. 3B and S5). The similar trend could also be depicted
in CLSM image of live/dead double stained cells (Fig. 3C).
As demonstrated further in the Annexin V-FITC/PI staining
assays, the consistent results to live/dead staining could
elucidate that ZP-triggered cell death was apoptotic (Fig. 3D).
Since in mutp53 containing cell lines, cell growth relies on
mutp53, such that abrogation of mutp53 would compromise
cell survival. The mutp53 degradation ability of Zn?* should
be consistent with the cell survival results [29,34,35]. As
expected, ZP delivered Zn?t exhibited a dose dependent
mutp53 depletion ability, as shown in Western blotting (WB)
images (Fig. 3E).

Zn-doped version of PB, in comparison with relatively
safe PB, appear to be toxic to MDA-MB-231 cells. To
render the toxicity of Zn?*, ZP NPs are supposed to be
firstly internalized by cells and elevate the intracellular Zn
levels. The internalization was tested with ICG-labeled ZP
NPs. The fluorescent signal positive cell count increase in
6h was measured with flowcytometry, indicating gradual
population growth of successful NP uptake cells (Fig. 3F).
The intercellular Zn levels were monitored with ICP-OES for

the first 2h after ZP incubation and a drastically increased
Zn amount was observed in the ZP group (Fig. 3G), also
indicating efficient uptake of ZP NPs by cells. Furthermore,
a cell permeable Zn?* specific chelator, N,N,N’,N’-Tetrakis(2-
pyridylmethyl)ethylenediamine (TPEN), was introduced to the
study. TPEN was considered to deplete intracellular Zn level
with its affinity to Zn?* and was widely used in the research
of Zinc-related functions. The toxicity of ZP was shown to be
dependent on the elevated zinc level per se, since the addition
of TPEN, significantly neutralized ZP induced apoptosis
(Fig. 4A and 4C) and the degradation of mutp53 (Fig. 4B).

3.5.  ZP-Triggered cell death and mutp53 depletion are
autophagy dependent

The mutp53 levels of MDA-MB-231 cells co-treated with
ZP and potential inhibitors were investigated with WB.
An autophagy inhibitor, chloroquine (CQ), recovered ZP
induced mutp53 degradation, while the co-treatment with
a proteasome inhibitor, MG132, accelerated the mutp53
elimination on the contrary (Fig. 4B). The mutp53 degradation
in this scenario followed an autophagy dependent pathway,
and the MG132 treatment result is consistent with one of its
reported functions as an autophagy activator [50].

The survival of cells was supportive to the result. CQ
protected cells against the challenge of ZP while MG132
exacerbated the cell death (Fig. 4C), interpreting that ZP
induced cell death relies on autophagy, and autophagic
protein degradation might plays an important role.

3.6. Combinational effect of ZP NPs and photothermal
treatment

Having witnessed the Zn?* dependent cytotoxicity of ZP,
we attempted to figure out the potential combinational
effect of ZP treatment and laser induced hyperthermia. In
the unsubstituted PB group, neither mere PB treatment nor
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Fig. 5 - Combinational effects of ZP and laser irradiation. (A) Calculated live/dead double-stained PI+ cells and upon PB/ZP
treatment (both 100 pg/ml) with or without laser irradiation. n=3. ** P <0.01. Student’s t-test. (B) Representative CLSM
images. Scale bars, 100 pm. (C) Cell apoptosis upon PB/ZP treatment (both 100 pg/ml) with or without laser irradiation. (D)
Western blotting of cell mutp53 levels upon above NP with or without laser treatment.

PB+laser irradiation at the current experimental condition
caused apparently detectable cell death. In contrast, the same
laser treatment to ZP groups seemed to further elevated the
ZP NP-induced cell death rate (Fig. 5A, 5C and S6). Consistent
results were also shown in CLSM images taken from ZP+laser
treatment cells (Fig. 5B).

Meanwhile, mutp53 level changes were also investigated
through WB. PB caused hyperthermia, although failed to lead
to significant cell death, slightly destabilized mutp53 at least
in R280K expressing MDA-MB-231 background (Fig. 5d left).
Similar results have been reported in other PTT scenarios
[38,51], where mutp53 was downregulated at a transcriptional
level, different from the direct degradation of mutp53 proteins
triggered by Zn [34,35]. The mutp53 in the irradiated ZP groups,
concordantly, was further degraded due to both effects of Zn?*+
and heat (Fig. 5d right). The photothermal treatment alone
might trigger mutp53 degradation insufficient to kill cells,
probably due to a lack of wtp53 [37], but exacerbate the toxicity
of Zn?*, indicating death triggered by Zn?* reactivated p53
[27].

3.7.  Invivo tumoricidal effect of ZP NPs

To further study the antitumor performance of ZP NPs in
vivo, MDA-MB-231 cells were seeded subcutaneously in
Balb/c nude mice to establish a xenographic tumor model.
Firstly, the distribution of ZP NPs were observed via in
vivo fluorescent imaging. After injection of ICG-labeled ZP
NPs (NP dose: 6.25mg/kg), we captured the concentrated
ICG signals at time points 12h to 48h at the tumor site
(Fig. 6A), and the signals were apparently detectable in the
ex vivo image of the tumor collected at 48h post-injection
(Fig. 6B). Both results manifested the effective retention of
ZP NPs at tumor sites. The photothermal efficacy was then
investigated with infrared thermal imaging. The tumor-
bearing mice were injected intravenously with saline, PB
NPs and ZP NPs (NP dose: 6.25mg/kg) and the tumor sites
were irradiated with an 808 nm laser (1.0 W/cm?). The images
and recorded temperature of tumors in PB and ZP groups
exhibited an apparently fast elevation than those of the
saline group (Fig. 6C and S7), indicating hyperthermia
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Comparing to the saline group, student’s t-test. (G) Body weight changes. n=5.

created by NPs accumulated at tumor sites under laser
treatment.

A 2-week treatment was also performed within 4 randomly
divided mice groups: saline, PB+laser, ZP and ZP +laser.
The treatment session began at the 7th day after tumor
implantation. Agents were delivered every 4 d via intravenous
injection to correspondent group of mice (NP dose: 6.25 mg/kg)
and laser treatment was performed to PB+laser and ZP+laser
groups at 24h post-injection. The body weights and tumor
sizes were measured every 4 d. The mice were sacrificed at
the 16th and tumor weights were measured. In relative tumor
size data, both PB plus laser treatment group and ZP group
displayed slight tumor ablation (Fig. 6D-6F), which seemed
less remarkable in tumor weights and pictures probably due a

varied distribution of starting tumor sizes. All three figures,
however, consistently demonstrated the best tumoricidal
effect of ZP + laser treatment, namely, the combination of zinc
delivery and PTT. None of the 4 groups displayed significant
body weight fluctuation (Fig. 6G). Little pathological changes
were spotted in H&E stained samples from main organs (Fig.
S8), manifesting relative safety of the treatment.

4, Conclusions

To summarize, with ZP NPs as zinc ion carriers and
photothermal agents, we were able to deliver Zn?t with
PB and reveal combinational therapeutic effects of Zn?*



776 ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 17 (2022) 767-777

and NIR laser triggered hyperthermia in mutp53 containing
MDA-MB-231 cells in vitro and in vivo. Zn?* was doped
in PB frameworks via substitution while maintaining the
original photothermal ability of PB. ZP NPs collapsed and
released Zn?* in a GSH concentration sensitive manner in a
neutral environment. Released Zn?*, subsequently, triggered
autophagic degradation of mutp53 and apoptotic cell death,
and laser treatment accelerated mutp53 abrogation and
augmented the cytotoxicity. A decent tumoricidal effect
combining Zn%* delivery and PTT was also rendered in the
mouse subcutaneous tumor model. ZP NPs were elucidated
to be a zinc delivery carrier treating tumors, especially
mutp53 carrying tumors, and hence, a promising antitumoral
nanomaterial.
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