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Abstract

Although sonodynamic therapy (SDT) is a promising cancer treatment that induces DNA and macromolecular damage
through the generation of reactive oxygen species (ROS), its therapeutic efficacy is limited by local hypoxia and ROS de-
fense mechanisms in tumors. This study proposed a novel tumor treatment approach, focusing on ROS-mediated therapy by
targeting the nucleus and depleting glutathione (GSH) levels, which was achieved through a nanoplatform (Pt>*-CDs@PpIX)
with integrated functions including GSH detection and depletion, pH-responsive drug release, and nuclear targeting. The
Pt**-CDs@PpIX nanoplatform effectively differentiated normal and cancer cells and also exhibited excellent biocompatibil-
ity. Depletion of GSH levels and increased ROS sensitivity of cells significantly improved the effectiveness of SDT, as dem-
onstrated in vitro using Pt2+-CDs@PpIX, which also exhibited significant cellular uptake. Pt2+-CDs@PpIX exerted potent
antitumor effects in both two-dimensional and three-dimensional tumor microenvironment models (3DM-7721). Moreover,
in 3DM-7721 models, hepatoma cells (SMMC-7721) demonstrated significant inhibition of motility, invasion, and colony
formation after exposure to Pt>*-CDs@PpIX. Furthermore, intravenous administration of the Pt>*-CDs@PpIX nanoplatform
enabled precise and rapid tumor-targeting, followed by ultrasound-triggered therapy, without adverse effects in nude mice.
Hence, this nanoplatform provides a promising strategy for designing cancer therapies and delivering nuclear-targeted drugs.
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1 Introduction

Sonodynamic therapy (SDT) has emerged as a promising al-
ternative to conventional photodynamic therapy (PDT) and
chemical dynamic therapy (CDT), providing unique advan-
tages in deep-seated tumor treatment. Unlike PDT that de-
pends on visible/near-infrared (NIR) light with limited tis-
sue penetration (<1 cm) or CDT that requires endogenous
metal ions with insufficient reaction kinetics, SDT utilizes
low-intensity ultrasound (US) waves capable of penetrating
to a depth of >10 cm to activate sonosensitizers, thereby en-
abling noninvasive therapy for internal tumors [1-3]. This
acoustic trigger generates substantial amounts of highly toxic
reactive oxygen species (ROS) from oxygen molecules, in-
ducing programmed cell death through oxidative damage to
biological macromolecules, particularly DNA [4, 5]. Never-
theless, the overall therapeutic effect of SDT is inevitably
affected by several critical factors. First, the hypoxic micro-
environment caused by uncontrolled tumor cell prolifera-
tion severely impairs the efficient conversion of oxygen

(O2) into ROS [6, 7]. Therefore, the vicious cycle formed
by local oxygen consumption and disruption in oxygen sup-
ply severely limits the efficiency of SDT [8]. Furthermore,
L-glutathione (GSH), the most abundant ROS scavenger in
cancer cells, consumes a considerable quantity of ROS gen-
erated by US-stimulated sonosensitizers, thereby diminish-
ing the defense mechanism against ROS and mitigating
SDT-induced DNA damage [9-11]. Moreover, due to its
high sensitivity to ROS and its pivotal role in regulating
gene expression to control cellular activities, the cell
nucleus is deemed an ideal target for SDT [12-15]. Never-
theless, drug molecules face challenges in penetrating the
nuclear membrane barrier after cellular internalization via
nanocarriers [16, 17], because the nuclear membrane per-
mits only the passive diffusion of materials with a restricted
size range (e.g., <39 nm) [17]. Furthermore, there are limi-
tations, including restricted nuclear accumulation, short tar-
geted retention time, and low cell absorption of drug
therapy [18], which result in poor treatment outcomes and
significant adverse effects of SDT [19, 20]. Negligence of
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these factors will result in incomplete tumor ablation and
metastasis [21].

Conventional nanocarriers primarily improve the efficacy
of ROS-based tumor therapies by targeting a single factor.
For instance, some nanocarriers are loaded with HyO» cata-
lysts (e.g., catalase [22], manganese (IV) oxide (MnO>) [23],
and platinum nanoparticles [24]) to promote the decomposi-
tion of endogenous H2O2 (100 pmol/L to 1 mmol/L) into
oxygen within tumor tissues, thereby mitigating the
hypoxia-induced limitations of ROS therapy [25]. More-
over, some nanocarriers are loaded with GSH scavengers
and chemotherapeutic drugs [26, 27]. These drugs can bind
to intracellular GSH through glutathione S-transferase ca-
talysis and are subsequently effluxed from cancer cells,
thereby improving the efficacy of ROS therapy [28, 29]. Be-
cause neutrally and negatively charged compounds have dif-
ficulty in penetrating the nucleus, modified nanoparticles in-
corporating cationic amino acids, polyethylenimine,
Hoechst 33342 dye, and chitosan have been developed to fa-
cilitate nuclear-targeted therapy [30, 31]. In cancer therapy,
focusing on a single factor is inadequate; thus, combination
strategies—such as chemotherapy, immunotherapy, and
other modalities—are indispensable for enhancing therapeu-
tic efficacy [32-35]. Therefore, the integration of improving
the hypoxic microenvironment of tumors, inhibiting the
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ROS defense system after oxidative damage, targeting the
nucleus to increase sensitivity to ROS, and improving tar-
geted retention time and nuclear accumulation has provided
a novel direction for nanotherapeutic platforms.

This study developed a nanoplatform (Pt>*-CDs@PpIX)
for cancer diagnosis and therapy, aiming to improve the ef-
ficacy of SDT through multiple mechanisms. The platform
was constructed by synthesizing nuclear-targeting carbon
quantum dots (CDs), which were modified through an
oxidation—reduction reaction with Pt*t to form Pt?*-CDs,
followed by conjugation with protoporphyrin IX (PpIX)
through an amide reaction. This nanoscale drug delivery
system integrates nuclear targeting, pH-responsive drug re-
lease, GSH detection and depletion, and improved sonody-
namic performance, thereby effectively weakening the ROS
defense mechanism and amplifying SDT-induced DNA
damage (Fig. 1). The successful fabrication of the system
was confirmed through various characterization techniques,
and vital SDT parameters were optimized. Its therapeutic ef-
ficacy was evaluated in both two-dimensional (2D) and
three-dimensional (3D) tumor models, along with evalua-
tions of its biological safety and in vivo performance. To
summarize, the P*-CDs @PpIX nanoplatform represents a
promising strategy for improving SDT-based cancer therapy,
providing novel possibilities for biomedical applications.
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Fig. 1 Schematic of the synthesis and therapeutic application of Pt2+-CDs@PpIX for improved SDT
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2 Results and discussion

2.1 Synthesis and characterization of
Pt?>*-CDs@PplX

The synthesis process of Pt>*-CDs@PpIX was documented
under both natural sunlight and ultraviolet (UV) illumina-
tion, as depicted in Fig. 2a. The resulting nanomaterials
were further characterized to evaluate their morphology and
size distribution. The transmission electron microscopy
(TEM) diagram revealed that the CDs, Pt>*-CDs, and Pt**-
CDs@PpIX were spherical and had good dispersion. Their
average particle sizes evaluated using the ImageJ software
were (2.1240.03), (2.96+0.61), and (4.28+0.88) nm, respec-
tively (Fig. 2b), which were lower than the diameter of the
nuclear pore complex (9-15 nm) and thus conducive to

(a)

crossing the nuclear membrane and reaching the nucleolus
region [36].

Moreover, the composition of different elements in P2t
CDs@PpIX was analyzed by energy-dispersive X-ray spec-
troscopy (EDS) using an Xplore 30 system (Oxford Instru-
ments, UK), where C, N, O, Pt, and other elements were
clearly observed. This further indicates the successful prepa-
ration of the composites (Figs. S1 and S2 in the supplemen-
tary information).

The zeta potential and hydration radius of the prepared
materials were characterized. As shown in Figs. 2¢ and 2d,
the charge changed from negative to positive after loading
the CDs with Pt?*. This reversal was attributed to the
redox reaction between Pt** and CDs by the addition of
K>PtClg to the surface of the CDs, which inverted the
charge and increased the hydration radius from 78.8 to
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Fig. 2 Characterization of Pt2+—CDs@PpIX4 (a) Visual synthesis progression under daylight (left) and 405-nm UV light (right). (b) Typical
TEM images and size distributions of CDs, Pt2+—CDs, and Pt2+—CDs@PpIX. Zeta potentials (c), hydrated particle sizes (d), and Fourier transform
infrared spectroscopy (FTIR) spectra (e) of CDs, P**-CDs, PpIX, and Pt2+-CDs@PpIX. (f) X-ray photoelectron spectroscopy (XPS) survey of
Pt2+—CDs@PpIX (the percentage values in the figure represent the atomic percents). (g) Fluorescence emission spectra of Pt2+—CDs@PpIX
under different excitation wavelengths. Stability evaluation of P>+*-CDs@PpIX in cell culture medium over time, including hydration radius (h),
zeta potential (i), and UV-Vis absorbance spectrum (j). Data in (c, h, i) are expressed as mean=+standard deviation (n=3)
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164.4 d.nm. With the reduction of GSH-induced Pt** ions,
the hydrodynamic size of P?*-CDs decreased from
164.4 nm to 107.0 d.nm, and the surface zeta potential de-
creased from (6.56+2.1) to (2.34+1.6) mV. To address the
potential coagulation risks associated with the positively
charged surface of nanoparticles (designed to improve
nuclear internalization), we systematically investigated their
thrombogenic potential using murine anticoagulated whole
blood in vitro. As depicted in Fig. S3 (supplementary infor-
mation), all the tested formulations exhibited blood coagula-
tion indices (BCIs) comparable to the negative control
group. Remarkably, there were no statistically significant
differences between the experimental group (Pt-
CDs@PpIX) and controls, confirming that the cationic
nanoparticles do not accelerate intrinsic or extrinsic coagu-
lation pathways under physiological conditions. The
slightly positive surface charge ((4.36+0.44) mV) of PPt
CDs@PplX serves the following dual purposes: (1) facilitat-
ing cellular internalization via electrostatic interactions with
negatively charged cancer cell membranes [37] and (2)
avoiding the coagulation risks associated with highly cat-
ionic nanoparticles [38, 39]. Moreover, to obtain Pt**-CDs
with excellent GSH depletion properties, more Pt ions were
required to bind to the CD surface in a redox reaction with
the CDs. Therefore, Pt>*-CDs with a size of 78 d.nm were
synthesized using KoPtClg and CDs at a mass ratio of 1:5
(Fig. S4 in the supplementary information).

The composition and surface functional groups of Pt**-
CDs@PpIX were evaluated by Fourier transform infrared
spectroscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS). In the FTIR spectra (Fig. 2e), the two stretch bands
of 3700-3500 and 1690-1630 cm™" in the infrared spectra
were amide N-H stretching and amide C=0O stretching, re-
spectively, indicating the formation of amide bonds be-
tween PpIX and P**-CDs [40, 41]. As depicted in Fig. 2f,
Pt2+—CDs@PpIX contains C, O, N, S, Cl, and Pt elements
(H elements cannot be detected by XPS), and their atomic
percentages are 71.27%, 14.37%, 9.97%, 1.36%, 2.40%, and
0.63%, respectively. The high-resolution spectrum of Cls
(Fig. S5a in the supplementary information) has three
peaks at 284.1, 285.9, and 288.1 eV, belonging to C-C/C=
C, C-N/C-0, and C=O0, respectively [42]. In the high-
resolution spectra of N 1s, O 1s, S 2p, and CI 2p
(Figs. S5b-S5e in the supplementary information), the
peaks at 398.9, 400.1, 531.0, 532.3, 163.2, 164.1, 167.9,
168.3, 169.1, 198.0, and 200.0 eV belong to N-H, C-N-C,
C-0, C=0, C-S (S 2p32), C-S (S 2p112), C-SO2, C-SO3,
C-S04, Pt-Cl (Cl 2p3p), and CI” (Cl 2pis2), respec-
tively [40, 43—45]. The high-resolution Pt 4f spectrum of
Pt2+-CDs@PpIX exhibits two peaks at binding energies of
72.2 and 75.5 eV (Fig. S5f in the supplementary informa-
tion), which are assigned to Pt>* ions. The presence of p*t
ions in Pt?*-CDs was attributed to the reduction of Pt** by
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CDs, which has been previously reported to adsorb onto car-
bon to form P2+ [3, 46]. These data indicate the presence
of abundant surface groups (-COOH, —-OH, and —-NH>) in
P**-CDs@PpIX, providing P**-CDs@PpIX with good
water solubility and excellent fluorescence properties.

The XRD diffraction peaks of Pt>*-CDs@PpIX (Fig. S6
in the supplementary information) include CDs, Pt>*-CDs,
and PpIX with sharp diffraction peaks, confirming the suc-
cessful synthesis of P*-CDs@PpIX. As depicted in Fig. S7
(supplementary information), Pt2+—CDs@PpIX has a new
peak between 280 and 320 nm due to the =—x transition
of the aromatic ring structure in the ultraviolet—visible
(UV-Vis) spectra of CDs, Pt>*-CDs, PpIX, and Pt**-
CDs@PpIX [47]. Moreover, four absorption peaks of Pt**-
CDs@PplIX appeared at 500, 540, 577, and 630 nm, which
were basically consistent with the UV-Vis spectrum of
PpIX, indicating the successful synthesis of P**-CDs@PpIX.

We next examined the optical properties of PPt
CDs@PpIX (Fig. 2g). At different excitation wavelengths,
there were two peaks at 520 and 660 nm. With an increase
in the excitation wavelength, the fluorescence intensity of
Pt2+-CDs@PpIX first increased and then decreased, reach-
ing its maximum at 360-nm excitation, and the emission
peak position was independent of the excitation wavelength.

The stability of nanomaterials is also a critical factor
for investigating their performance for practical applica-
tions. Therefore, we systematically examined the colloidal
stability of Pt2+-CDs@PpIX in cell culture media over ex-
tended periods. As depicted in Figs. 2h-2j, the hydration
radius, zeta potential, and UV-Vis absorption spectrum of
Pt2+—CDs@PpIX remained virtually unchanged after pro-
longed incubation in the culture media. These findings
demonstrate that the Pt2+—CDs@PpIX nanocomposite
maintains excellent colloidal stability under physiological
conditions.

2.2 Detection of GSH

Because the surface of P?"-CDs is abundant in carboxyl,
hydroxyl, amino, and sulfur groups, these functional groups
provide them with effective complexation of heavy metal
ions. Therefore, as depicted in Figs. S8a and S8b (supple-
mentary information), the fluorescence intensity of CDs is
sensitive to the concentration of Pt**. With an increase in
the concentration of Pt4+, the fluorescence intensity of CDs
gradually decreases. At a Pt** concentration of 1.8 pmol/L,
the fluorescence intensity of CDs was almost completely
quenched. CDs are complexed with metal ions to quench
their fluorescence, and the metal ions form complexes with
other chelates to restore their fluorescence [48]. In this
study, GSH was found to restore the fluorescence of P2t
CDs (Fig. 3a), with the fluorescence intensity gradually in-
creasing in a concentration-dependent manner (Fig. 3b).
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This effect can be attributed to the ability of GSH to capture
Pt** from the Pt>*-CDs complex, reduce it to metallic plati-

num [Pt(0)], generate oxidized glutathione (GSSG), and
consequently recover the fluorescence of CDs. At a GSH
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Fig. 3 GSH-responsive fluorescence recovery and 'Oy generation performance of Pt2+—CDS@PpIX. (a) Fluorescence enhancement upon GSH
addition. (b) Fluorescence spectra of Pt2*-CDs with increasing GSH concentrations (0—8 mmol/L). (c) Linear relationship of fluorescence intensity
(F/Fy) at 530 nm versus GSH concentration. (d) Selectivity of Pt>*-CDs for GSH over other biomolecules. (e—h) Time-dependent 'O, genera-
tion of Pt2+—CDs@PpIX and Pt2+—CDs@PpIX+GSH under US, with kinetic analyses and comparisons with free PpIX. (i) Fluorescence images
of different cell lines (SMMC-7721, LO2, HepG2, and HUVEC) incubated with Pt>*-CDs@PpIX over time. (j, k) GSH depletion ability of
Pt>*-CDs@PpIX using the DTNB assay. (1) Intracellular uptake of free CDs, PpIX, CDs@PpIX, and Pt2+-CDs@PpIX in SMMC-7721 cells
assessed by fluorescence microscopy. (m) Flow cytometry analysis of intracellular uptake efficiency in SMMC-7721 cells. Data in (c, d, f, h, k)
are expressed as meanz+standard deviation (n=3). LO2: human normal hepatic cell line; HepG2: human hepatocellular carcinoma cell line;
HUVEC: human umbilical vein endothelial cell; DTNB: 5'-dithiobis-(2-nitrobenzoic acid)
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concentration of 8 mmol/L, the fluorescence intensity of
CDs was completely restored. Therefore, Pt**-CDs can be
used to detect GSH. Within the concentration range of
0-8 mmol/L, a strong linear correlation was detected be-
tween GSH concentration and Pt>*-CDs fluorescence inten-
sity. The linear regression equation can be expressed by the
following formula: ¥=0.93+1.13X, and the correlation coef-
ficient was R*=0.996 (Fig. 3c). The detection limit of this
method was calculated as 1.8 pmol/L using the formula
LOD=3Sp/k, where Sp is the standard deviation of the
blank signal and & is the slope of the calibration curve. The
quenched P**-CDs could selectively detect GSH (Fig. 3d).
Therefore, Pt>*-CDs can detect GSH with high sensitivity
and selectivity and also have a wide detection range (0-
8 mmol/L) and low detection limit (1.8 umol/L).

We then measured the efficiency of 'O formation under
US irradiation using a 1,3-diphenylisobenzofuran (DPBF)
probe to determine the sonodynamic performance of |
CDs@PpIX in the presence and absence of GSH [8]. In the
absence of GSH, the 'Oy generation efficiency was 2.75
times higher than that of the original PpIX (0.048 min™')
under the same US irradiation conditions (Fig. 3e), whereas
in the presence of GSH, the singlet oxygen ('O2) generation
efficiency of Pt**-CDs@PpIX was 0.232 min~! (Fig. 3f). In
contrast, the rate constant of 'Oy generation in the Pt**-
CDs@PpIX group was 0.132 min~!, which was signifi-
cantly lower than that in the Pt**-CDs@PpIX+GSH group
(Figs. 3g and 3h). Moreover, the 'O, generation efficiency
of CDs@PpIX+GSH+US was lower than that of Pt**-
CDs@PpIX+GSH+US (Fig. S9 in the supplementary infor-
mation), indicating that Pt>*CDs@PpIX can enhance ROS
generation upon US activation. These data suggest that
Pt?"-CDs@PpIX possesses the ability to overcome GSH-
mediated resistance to SDT in cancer cells compared with
CDs@PpIX without Pt>*.

2.3 Screening of cells by Pt?*-CDs@PpIX

We explored the potential of P**-CDs as GSH-responsive
fluorescent probes for tumor diagnosis by fluorescence im-
aging, for which we used the human normal hepatic cell
line (LO2), the human umbilical vein endothelial cell
(HUVEQC) line, and the human hepatocellular carcinoma
cell line (SMMC-7721, HepG2). In normal tissues, intracel-
lular GSH concentrations range from 2 to 10 mmol/L,
whereas extracellular GSH levels are much lower (2—
10 pmol/L). In tumor cells, GSH concentrations are 4—
7 times higher than those in normal cells [49, 50]. As
shown in Fig. S10a (supplementary information), free CDs
that were insensitive to GSH act as fluorescence imaging
probes, and when incubated with normal and cancer cells,
they were immediately internalized into the cytoplasm of all
these cells, with no fluorescence contrast distinction between

@ Springer

normal and cancer cells. Pt>*-CDs@PpIX and Pt**-CDs
were used as GSH-sensitive fluorescent probes (Fig. 3i;
Fig. S10b in the supplementary information). Both Pt
CDs@PpIX-labeled and Pt’*-CDs-labeled normal LO2
cells and HUVECs remained “negative” (exhibiting mini-
mal fluorescence contrast) even after 24 h of incubation. In
contrast, SMMC-7721 and HepG2 cells exhibited a high
fluorescence contrast (“positive”) after 6 h of incubation.
With an increase in the incubation time, the fluorescence
intensity within the hepatoma cells gradually stabilized
through a slow clearing of GSH in the cytoplasm. Further
analysis by flow cytometry (Fig. S11 in the supplementary
information) confirmed the reliability of these results
(Fig. 3i). In vitro fluorescence imaging revealed that Pt>*-
CDs and Pt2+-CDs@PpIX can be used as GSH-sensitive
fluorescent probes, which have significant potential in GSH
marker-based tumor diagnosis.

We next investigated the GSH depletion capacity of Pt>*-
CDs and Pt2+—CDs@PpIX composites using 5'-dithiobis-(2-
nitrobenzoic acid) (DTNB) as the detection index of
GSH [8]. As illustrated in Figs. S10c and S10d (Pt2+—CDs
in the supplementary information) and Figs. 3j and 3k (Pt**-
CDs@PplIX), the characteristic absorbance peak of DTNB
(412 nm) decreases dramatically with increasing incubation
time, indicating that Pt>*-CDs and Pt>*-CDs@PpIX deplete
GSH levels. No significant difference was observed in GSH
consumption between the two samples. Therefore, both ma-
terials can be used to determine the detection and consump-
tion of GSH.

2.4 Nuclear targeting performance of
Pt?>*-CDs@PplX

The cellular internalization effect of Pt**-CDs@PpIX was
observed by fluorescence microscopy. CDs and PpIX will
fluoresce under excitation, which can track the P2t
CDs@PpIX system, and the nuclei of SMMC-7721 cells
were stained with the commercial dye 4',6-diamidino-2'-phe-
nylindole (DAPI), which can localize the nuclei. Thus, we
investigated the cellular uptake and subcellular localization
of CDs, PpIX, CDs@PpIX, and Pt2+-CDs@PpIX. As de-
picted in Fig. 31, after 1 h of incubation with SMMC-7721
cells, Pt2+-CDs@PpIX was rapidly endocytosed into the
cells and released PpIX, which manifested as red fluores-
cence in the cytoplasm and nucleus, whereas only the cyto-
plasm of the free PpIX group demonstrated red fluores-
cence. The reason for this phenomenon was that Pt>*-CDs
carried PpIX into the nucleus and achieved nuclear target-
ing function, and Pt2+—CDs@PpIX showed green fluores-
cence, whereas free PpIX did not. Furthermore, compared
with the results obtained using the commercial dye DAPI,
the red fluorescence of Pt2+—CDs@PpIX and the blue fluo-
rescence of DAPI coincided, which further indicates that
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Pt2+-CDs@PpIX achieved the function of nuclear targeting.
Nevertheless, compared with the red fluorescence of
CDs@PplX, the intensity of Pt2+-CDs@PpIX red fluores-
cence in the cytoplasm was obviously weaker, which is due
to the fact that the Pt2+—CDs@PpIX nanoplatform possesses
a slow release capability, and the stability of the system was
significantly improved. The results of flow cytometry de-
picted in Fig. 3m further corroborate these findings, demon-
strating a stronger red fluorescence in the CDs@PpIX
group than in the Pt2+-CDs@PpIX group. These data indi-
cate a significant increase in the cellular uptake and nuclear
transport of CDs@PpIX and Pt**-CDs@PpIX compared
with those of free PpIX.

To obtain the maximum drug-loading rate, we designed
Pt?*-CDs and PpIX with different mass ratios for the amide
reaction. As illustrated in Fig. S12a (supplementary infor-
mation), the absorbance response of PpIX was strongest un-
der pH 6.2, which was thus selected for the loading condi-
tion. As depicted in Fig. S12b (supplementary information),
when the mass ratio was 2:1, the loading rate of PpIX
reached the maximum, and its drug-loading rate was 88.4%,
which is due to the optimal ratio of amino groups carried by
carboxyl and P**-CDs on PpIX under this condition. We
further explored the drug release phenomenon of Pt**-
CDs@PpIX. As shown in Fig. S13 (supplementary informa-
tion), the cumulative release of PpIX in CDs@PpIX and
Pt2+-CDs@PpIX systems at pH 5.0 was higher than that at
pH 7.4, indicating the pH-responsive characteristics of the
two systems. Under acidic conditions, the amide bond be-
tween Pt>*-CDs and PpIX hydrolyzes, causing the release
of PpIX.

2.5 Antitumor efficacy of Pt>*-CDs@PplIX
in vitro

To explore the therapeutic efficacy of Pt2+-CDs@PpIX
system-mediated SDT on SMMC-7721 cells, we conducted
tests on the intensity and duration of US, with the results de-
picted in Fig. S14 (supplementary information). We found
that the viability of SMMC-7721 cells decreased in a soni-
cation time-dependent manner under sonication at 1.5 W/em?
(Fig. S14a in the supplementary information) and also sig-
nificantly decreased in a US intensity-dependent manner,
with significant inhibition at 1.5 W/cm? US (Fig. S14b in
the supplementary information). To summarize, the greatest
inhibitory effect on tumor cells was observed at a US inten-
sity of 1.5 W/cm? and a US duration of 10 min.

The cell counting kit-8 (CCK-8) assay was performed to
explore the biocompatibility of the Pt>*-CDs@PpIX sono-
sensitizer, wherein SMMC-7721 cells were incubated to
evaluate its superior in vitro SDT performance. Without US
irradiation, CDs, PpIX, P**-CDs, CDs@PpIX, and Pt**-
CDs@PpIX agents exhibited no cytotoxicity even at a

concentration of 100 pg/mL (Fig. 4a; Fig. S15 in the supple-
mentary information). However, under US irradiation
(1.5 W/cmz) for 10 min, the viability of SMMC-7721 cells
incubated with Pt2+-CDs@PpIX decreased rapidly in a
concentration-dependent manner (Fig. 4b). Further analyses
showed that Pt**-CDs@PpIX exerted minimal toxicity and
side effects on LO2 cells under US irradiation (Fig. S16 in
the supplementary information), demonstrating its selective
targeting of cancer cells, because the ROS enhancement
effect did not appear in normal cells. Specifically, after in-
cubation under the same US conditions, the viabilities of
SMMC-7721 cells treated with PpIX, CDs@PpIX, and
Pt2+-CDs@PpIX were 66%, 28%, and 10%, respectively, in-
dicating that the depletion of GSH levels and the combina-
tion of PpIX with CDs significantly improved the therapeu-
tic effect of SDT (Fig. 4c). The live/dead costaining experi-
ment confirmed the superior SDT performance of Pt
CDs@PpIX (Fig. 4d). We also conducted the 2’,7'-dichloro-
fluorescin diacetate (DCFH-DA) staining assay to evaluate
the intracellular generation of ROS induced by Pt**-
CDs@PpIX under US irradiation. We detected no signifi-
cant ROS fluorescence signal in the control group of
SMMC-7721 cells or in groups exposed to US irradiation
alone or Pt2+—CDs@PpIX alone (Fig. 4e). In contrast, we
detected a bright ROS fluorescence signal in the Pt**-
CDs@PpIX+US group, confirming that the combination of
the nanoplatform improved the intracellular generation of
ROS. Subsequently, we applied it to a 3DM-7721 model
in vitro, as depicted in Fig. 4f, and the live/dead staining fur-
ther confirmed its significant therapeutic effect in the 3DM-
7721 model. Furthermore, the Pt2+-CDs@PpIX+US group
exhibited a significantly higher ROS fluorescence signal
than the other groups.

To further detect the pharmacodynamic response of Pt**-
CDs@PpIX+US to SMMC-7721 cells, we analyzed the ex-
pression of 8-0xoG, 53BP1, and Bcl-2 proteins in the 3DM-
7721 model after treatment with the abovementioned seven
groups. The results of quantitative reverse transcription
polymerase chain reaction (QRT-PCR) revealed a signifi-
cant difference in the gene expression levels among the
seven groups after treatment. The expression results of
hepatoma-related genes (alpha-fetoprotein (AFP), CD24,
and TGF-f) demonstrated that the related genes of
SMMC-7721 cells were significantly inhibited after Pt**-
CDs@PpIX+US treatment (Figs. S17-S21 in the supple-
mentary information; Fig. 4g). We also measured the rela-
tive expression of apoptosis-related genes in the treated
cells and found significantly increased mRNA expression
levels of 53BPI and Bcl-2 after P**-CDs@PpIX+US
treatment. We further confirmed that Pt**-CDs@PpIX+
US exerted a significant effect after the external SDT

(Fig. 42).
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2.6 Effects of Pt>*-CDs@PplX on migration,
invasion, and colony formation

The migration, invasion, and antiproliferation ability of pt-
CDs@PpIX-treated SMMC-7721 cells in the 3DM-7721
model were evaluated using scratch, Transwell, and colony
formation assays. As shown in Figs. 5a and 5b, Pt
CDs@PpIX+US-treated SMMC-7721 cells in the 3DM-
7721 model exhibited the lowest migration capacity, as
determined by the scratch assay. The Transwell assay
(Figs. 5c and 5d) further confirmed that SDT combined
with Pt2+-CDs@PpIX significantly inhibited cell invasion
in the 3DM-7721 model, demonstrating the potent antipro-
liferative effect of this treatment. Furthermore, SMMC-
7721 cells in the 3DM-7721 model cotreated with Pt>*-
CDs@PpIX and US irradiation exhibited fewer colonies
even at low concentrations (20 ug/mL; Figs. 5e and 5f), sug-
gesting that Pt>*-CDs@PpIX possesses a US-triggered anti-
proliferative capacity. Overall, these findings demonstrate
that P?*-CDs@PpIX+US effectively inhibits the prolifera-
tion, migration, and invasion of SMMC-7721 cells in the
3DM-7721 model.

Pt*-CDs+US

To explore the effects of the Pt2+-CDs@PpIX nanoplat-
form on the proliferation, migration, invasion, and colony
formation of SMMC-7721 cells in the 3DM-7721 model,
we collected drug-treated SMMC-7721 cells, extracted RNA,
and performed cDNA synthesis for qRT-PCR analysis.
Results showed significantly downregulated expression lev-
els of the tumor proliferation marker Ki67 and the stem cell
markers CD133 and EpCAM, suggesting reduced invasion,
metastasis, drug resistance, and recurrence of SMMC-7721
cells in the 3DM-7721 model after treatment with Pt**-
CDs@PpIX (Figs. 5g-5i) [51-53].

2.7 Treatment mechanism of Pt>*-CDs@PplIX

It is well established that excessive ROS production in-
duced by microenvironmental stimulation can disrupt mac-
romolecular integrity, trigger oxidative stress responses,
damage mitochondrial DNA, and ultimately result in apop-
tosis and necrosis [54]. Moreover, because the nanodrug de-
livery system can successfully enter the nucleus, it directly
damages nuclear DNA, thereby improving the therapeutic
efficacy [55, 56]. In this study, immunofluorescence staining
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was performed to detect the expression of 8-0xoG in the
different treatment groups. Results showed that Pt**-
CDs@PpIX+US treatment significantly increased the ac-
cumulation of 8-0xoG, as indicated by the strong red
fluorescence (Figs. 6a and 6b). In the Pt**-CDs@PpIX
nanoplatform, p*t depleted the elevated GSH levels within
cancer cells. This depletion weakens the antioxidant de-
fense of cells, rendering them more susceptible to oxidative
stress. Combined with US-triggered SDT, this increased
oxidative stress results in the generation of ROS, which
causes DNA damage, as evidenced by the increased 8-oxoG
accumulation. Compared with other treatments, the interac-
tion of Pt2+, CDs, PpIX, and US remarkably increased the
expression of 8-0xoG, confirming that Pt**-CDs@PpIX+
US induces DNA oxidative damage through ROS produc-

tion (Figs. 6a and 6b). Another DNA damage-specific
Group 1 Group 2

Group 3 Group 4

Phalloidin

Group 1

Group 2 Group 3 Group 4

Group 5

Group 5

marker, 53BP1, was also detected by immunofluorescence.
Similar to 8-0xoG staining, an increase in 53BP1 expres-
sion in the nuclear region was detected after treatment with
Pt2+-CDs@PpIX+US (Figs. 6¢ and 6d). To summarize,
Pt?*-CDs@PpIX+US can induce the massive production of
8-0x0G and 53BP1, which causes extensive damage to the
genetic material through base mismatch and ultimately re-
sults in programmed apoptosis.

Next, western blotting was performed to evaluate the ex-
pression levels of key marker proteins involved in the treat-
ment response. As depicted in Figs. 6e and 6f, Pt**-
CDs@PpIX+US induced DNA damage, triggering p53-
mediated apoptosis in cancer cells. p53 expression was up-
regulated in all treatment groups, with the highest levels ob-
served in the Pt2+-CDs@PpIX+US group (Fig. 6f). Bcl-2
exerts an antiapoptotic effect by preventing cytochrome c
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release from mitochondria, whereas BAX promotes apopto-
sis by increasing mitochondrial outer membrane permeabil-
ity and facilitating cytochrome c release. As illustrated in
Figs. 6e and 6f, BAX and Bcl-2 exhibited contrasting ex-
pression trends. The Pt>*-CDs@PpIX+US treatment group
exhibited the highest BAX expression and the lowest Bcl-2
expression, confirming that P?*-CDs@PpIX+US effec-
tively induced mitochondrial dysfunction, ultimately result-
ing in the apoptosis of tumor cells.

2.8 Evaluation of the biosafety of
Pt?*-CDs@PplX in vivo

Considering the essential role of biosafety in drug deliv-
ery [57, 58], we evaluated the biosafety of the Pi2t-
CDs@PpIX nanoplatform in vivo. The results showed that
most hematological parameters, including white blood cells
(WBCs), mean corpuscular volume (MCV), hemoglobin
(HGB), hematocrit (HCT), mean corpuscular hemoglobin
(MCH), mean corpuscular hemoglobin concentration
(MCHC), red blood cells (RBCs), and platelets (PLT), re-
mained within normal ranges across all groups, with only
slight fluctuations at certain time points (Fig. 7a), indicat-
ing favorable hematological compatibility. Furthermore,
liver and kidney function markers—including aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
alkaline phosphatase (ALP), and blood urea nitrogen
(BUN)—showed no significant abnormalities among the
four groups, despite minor fluctuations in AST and ALP
levels (Fig. 7a). Moreover, we evaluated the potential
damage caused by Pt2+-CDs@PpIX to mouse organs. The
results of hematoxylin and eosin (H&E) staining showed
that the structures of the heart, liver, spleen, lung, and
kidney were intact, consistent with those in the control
group (Fig. 7b), and no significant injury or pathological
changes were detected. Hence, these data indicate that
Pt*>*-CDs@PpIX has good biocompatibility and exerts no
significant toxicity in vivo, making it a potential nano-
sized particle for the intracellular delivery of antitumor
agents.

2.9 Invivo fluorescence imaging for
determining the suitable US-exerting time

To optimize the precision of SDT in tumor treatment, we
conducted in vivo imaging experiments to evaluate the
tumor-targeting ability of Pt2+-CDs@PpIX, which was la-
beled with the NIR fluorescent dye indocyanine green
(ICG) and intravenously administered into BALB/c nude
mice. First, we determined the appropriate time to apply US
based on the results of the in vivo fluorescence imaging of
the administered Pt>*-CDs@PpIX. Fluorescence imaging
was performed at different time points (0, 8, 24, 48, 72, and

96 h). In vivo imaging (Figs. 8a and 8b) and organ imaging
(Fig. 8c) confirmed that Pt2+—CDs@PpIX exhibited strong
tumor-targeting capabilities through the well-documented
enhanced permeability and retention (EPR) effect [59, 60].
The strongest fluorescent signal at the tumor site was de-
tected 72 h after injection.

The fluorescence intensity of P?*-CDs@PpIX in the
liver also gradually declined, suggesting hepatic metabo-
lism as the primary clearance pathway, consistent with most
nanoparticles. This approach could reduce side effects in
clinical patients [61]. Quantification of the tumor fluores-
cence intensity (Figs. 8a—8c; Fig. S22 in the supplementary
information) revealed higher fluorescence at 24, 48, and
72 h than at 96 h. Therefore, 24, 48, and 72 h postadminis-
tration were selected as optimal time points for US applica-
tion. These findings further demonstrate the strong tumor-
targeting potential of Pt2+-CDs@PpIX, as evidenced by au-
tofluorescence imaging.

2.10 Antitumor efficacy of Pt?*-CDs@PpIX
in vivo

Building on the efficient sonodynamic performance and
strong tumor-targeting ability of Pt2+—CDs@PpIX, we fur-
ther investigated its enhanced SDT efficacy in vivo. The
treatment regimen (Fig. 8d) consisted of a low-dose admin-
istration of 3.0 mg/kg P?T-CDs@PplIX, followed by US ir-
radiation (50 kHz, 2.0 W/cm?, 5 min) at 24, 48, and 72 h
postinjection. After extensively evaluating the biosafety of
P**-CDs@PpIX in vivo and in vitro, we subsequently in-
vestigated its synergistic antitumor effects.

We further evaluated the antitumor efficacy of Pt**-
CDs@PpIX in a BALB/c nude mouse SMMC-7721 hepato-
cellular carcinoma xenograft model. Tumor-bearing nude
mice with tumor volumes of approximately 70 mm® were
randomly divided into seven groups (n=3 in each group), in-
cluding group 1: control group (intravenous saline), group
2: +US (intravenous saline), group 3: Pt2+-CDs@PpIX (in-
travenous Pt**-CDs@PpIX), group 4: Pt>*-CDs+US (intra-
venous Pt>*-CDs and exposed to US irradiation), group 5:
PpIX+US (intravenous PpIX and exposed to US irradiation),
group 6: CDs@PpIX+US (intravenous CDs@PpIX and ex-
posed to US irradiation), and group 7: Pt2+-CDs@PpIX+
US (intravenous Pt>*-CDs@PpIX and exposed to US irra-
diation). Figures 8e and 8f show the digital photographs of
the resected tumors in each group on the last day of treat-
ment. By comparing the weight and volume of the dissected
tumors after treatment, as depicted in Figs. 8g and 8h, we
found that mice treated with Pt2+—CDs@PpIX+US (group 7)
obtained more significant tumor suppression than mice
treated in the other six groups. The trend of tumor volume
changes was monitored every 3 d, which further demon-
strated that the therapeutic effect of SDT has an encouraging
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synergistic potential to inhibit tumor growth (Fig. 8h).
Throughout the 21-d treatment period, there was no signifi-
cant weight loss in any group (Fig. 8i), suggesting that
intravenous nanomedicine and US irradiation were well
tolerated.

@ Springer

2.11 Immunohistochemical analysis of the
tumor after Pt2*-CDs@PpIX treatment

To further visualize the accumulation of ROS in the tumor
tissues, we used the DCFH-DA fluorescent dye as an ROS
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probe. The green fluorescence was the most significant in
the Pt2+—CDs@PpIX+US treatment group, suggesting that
Pt**-CDs@PpIX+US could induce a large amount of ROS
production in vivo (Fig. 8j). These data confirm the ideal
therapeutic effect of Pt>*-CDs@PpIX+US treatment to
increase the degree of ROS-induced oxidative damage to
tumor cells. Furthermore, H&E staining and Ki67, CD31,
and terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assays were performed to evaluate the
apoptotic effects in xenograft tumors. As depicted in Fig. 8k,
the positive signal of apoptosis detected by H&E staining
and TUNEL assay in the Pt2+—CDs@PpIX+US group was
stronger than that in the other groups. The tumor specimens
of tumor-bearing mice in the P?T-CDs@PpIX+US group
also demonstrated different degrees of cell necrosis, such as
cell atrophy, incomplete nucleus, and light staining. The
tumor cells in the control and US-treated groups were
closely arranged, with large and intact nuclei and deep stain-
ing. In contrast, the degree of apoptosis and necrosis of
tumor cells was higher in the Pt2+-CDs@PpIX+US group
than in the other six groups. CD31 was expressed on the
surface of vascular endothelial cells and can also be used to
evaluate tumor angiogenesis [62]. As illustrated in Fig. 8k,
the microvascular density of primary and distant tumors in
the P?T-CDs@PpIX+US group was significantly lower than
that in the other groups. As a marker of tumor proliferation,
the expression of Ki67 protein highly correlated with cell mi-
tosis and was directly proportional to the cell proliferation ca-
pacity [63, 64]. In the control, US, and Pt2+-CDs@PpIX
groups, a strong dark brown color was observed in the
nuclear positive signal (indicating tumor cell proliferation).
The number of Ki67-positive cells in the Pt**-CDs@PpIX+
US group was significantly reduced, which further con-
firmed that Pt>*-CDs@PpIX+US could inhibit the prolif-
eration of tumor cells. The level of Ki67 expression in the
P**-CDs@PpIX+US treatment group was significantly
lower than that in the other groups, thus indicating the im-
proved tumor-killing ability. These immunohistochemical
results are consistent with tumor growth data. Thus, SDT
plays a therapeutic role in inducing apoptotic cell death,
and the drug delivery system can significantly expand the
killing effect of treatment, ultimately inhibiting tumor
growth.

2.12 Transcriptome sequencing of tumors
after Pt>*-CDs@PpIX treatment

The therapeutic effects of Pt>*-CDs@PpIX+US on tumors
in nude mice were investigated using whole-transcriptome
RNA sequencing (RNA-seq). As shown by the Venn dia-
gram and bar chart in Fig. 9a, 1414 and 2028 differentially
expressed genes (DEGs) were identified in the control and
Pt2+—CDs@PpIX+US groups, respectively. Compared with
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those in the control group, there were 149 upregulated and
1089 downregulated genes in the Pt2+-CDs@PpIX+US
group. Significant DEGs were selected for further analy-
sis. The volcano plots shown in Fig. 9b depict the differen-
tial gene expression patterns, wherein red and blue indi-
cate significantly upregulated and downregulated genes,
respectively, and gray represents non-significant changes.
The clustering heat maps (Fig. 9c) show that after treat-
ment the tumors in the control and Pt**-CDs @PpIX+US
groups had different gene expression profiles, indicating
that different treatments produced tumors with different
microenvironments.

The Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway bubble charts of the DEGs are depicted in
Fig. 9d. Compared with those in the control group, the p53,
PI3K-Akt, TGF-p, and other signaling pathways in the Pt**-
CDs@PpIX+US group were significantly affected. It is
highly possible that Pt>*-CDs@PpIX+US exerts therapeu-
tic effects through these signaling pathways.

The functional evaluation of the DEGs was performed
through Gene Ontology (GO) enrichment analysis of the up-
regulated genes (Fig. 9e), which revealed that the Pt**-
CDs@PpIX+US group was primarily enriched in pathways
related to the positive regulation of cell death, response to
hydrogen peroxide, hydrogen peroxide catabolic process,
oxygen transport, oxygen binding, peroxidase activity, and
oxygen carrier activity.

As depicted in Fig. S23 (supplementary information), the
results of gene set enrichment analysis (GSEA) revealed
that, compared with that in the control treatment, the P2t
CDs@PpIX+US treatment promoted processes such as hy-
drogen peroxide catabolic process, DNA damage response,
p53 signaling pathway activation, and the positive regula-
tion of cell death. Moreover, signal transduction pathways,
including cell migration regulation, cell death, positive regu-
lation of cell migration, and the TGF-f receptor signaling
pathway, were suppressed.

To summarize, RNA-seq further confirmed that the
Pt**-CDs@PpIX+US nanoplatform improved ROS produc-
tion, resulting in cell apoptosis and also inhibiting cell mi-
gration and proliferation, thereby clarifying its underlying
mechanism.

The practical translation of P**-CDs@PpIX into clinical
applications depends on its scalability, biosafety, and regu-
latory compliance. Benefiting from a relatively simple and re-
producible synthesis process, this nanoplatform has potential
for large-scale production. Furthermore, its favorable bio-
compatibility and efficient tumor-targeting capabilities
support its translational prospects. However, it is necessary
to carefully address challenges such as long-term in vivo
biosafety, manufacturing consistency, and meeting strin-
gent regulatory standards. Future studies must focus on op-
timizing formulation stability, conducting comprehensive
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Fig. 9 Transcriptomic analysis of differential gene expression posttreatment. (a) Venn diagram and histogram of DEGs between the control and
Pt2+—CDS@PpIX+US groups. (b) Volcano plot depicting significantly upregulated/downregulated DEGs. (c) Heat map of the top DEGs in both
groups. (d) KEGG pathway enrichment analysis of the DEGs. (e) GO enrichment of upregulated genes in the Pt2+-CDs@PpIX+US group

pharmacokinetic and toxicological evaluations, and explor-
ing combination strategies to accelerate clinical adoption.

3 Conclusions

We developed a novel nanoplatform (Pt2+-CDs@PpIX)
that enhances ROS generation by targeting the nucleolus
and simultaneously weakens the ROS defense system by de-
pleting GSH levels. The Pt>*-CDs@PpIX composite not
only demonstrated a strong capability to deplete GSH lev-
els, enabling the fluorescence imaging of intracellular GSH,
but also allowed for the screening of cancer cells and nor-
mal cells with varying GSH levels. Immunofluorescence
and qRT-PCR experiments demonstrated that the Pt
CDs@PpIX+US SDT could promote DNA oxidation dam-
age. After treatment with Pt2+-CDs@PpIX, the cells dis-
played remarkable antitumor activities. Moreover, Pt**-
CDs@PpIX+US treatment significantly inhibited the migra-
tion, invasion, and colony formation of SMMC-7721 cells
in the 3DM-7721 model. Xenograft mouse models

confirmed the in vivo antitumor efficacy of the Pt
CDs@PpIX+US nanotherapeutic system. During treatment,
intravenous injection of Pt2+-CDs@PpIX followed by US
irradiation effectively suppressed tumor growth without no-
ticeable toxicity to the mice, resulting in a remarkable thera-
peutic outcome. Both in vitro and in vivo experiments indi-
cated that this probe can release drugs in the acidic tumor
microenvironment (TME), deliver drugs to target cells via
CDs, and significantly improve the efficacy of SDT by de-
pleting intracellular GSH levels. Therefore, our study sug-
gests that the Pt2+-CDs@PpIX+US-based nanoplatform has
a broad potential for cancer treatment and a wide range of
biomedical applications.

4 Experimental section
4.1 Materials and characterization

The following materials were provided by Sinopharm
Chemical Reagent Company (Beijing, China): L-cysteine,

@ Springer



792

Bio-Design and Manufacturing (2025) 8:776-799

m-phenylenediamine (mPD), PpIX, hydrogen hexachlorop-
latinate hexahydrate (HpPtClg, 6H20, 99.0%), penicillin-
streptomycin, porcine skin gelatin, phenyl-(2,4,6-trimethyl-
benzoyl)phosphonate lithium (LAP, a photoinitiator, PI), di-
methyl sulfoxide (DMSO), and N,N-dimethylformamide
(DMF). Mack Ward Biologics Co., Ltd. (Nanjing, China)
supplied 1-hydroxybenzotriazole (HOBt), N,N’-dicyclohex-
ylcarbodiimide (DCC), phosphate-buffered saline (PBS),
Dulbecco’s modified Eagle medium (DMEM; pH 7.4 or
6.8), fetal bovine serum (FBS), and other cell culture re-
agents. Chuangsai Technology Co., Ltd. (Shanghai, China)
provided the dialysis tubing MD34 (with a molecular
weight cutoff of 8—14 kDa). Abclonal Technology (Wuhan,
China) supplied 8-oxonine (8-oxoG), AFP, proliferative
marker protein Ki-67 (Ki67), and albumin (ALB). The
CCK-8 and DAPI were obtained from BestBio (Shanghai,
China). Normal cells (LO2), HUVECs, and human hepato-
cellular carcinoma cells (SMMC-7721, HepG2) were pro-
vided by Wuhan Purcell Life Science & Technology Co.,
Ltd., China. Because all reagents were of analytical quality,
they did not require additional purification. Deionized water
supplied by Shanghai Yiheng Scientific Instrument Co.,
Ltd. (Shanghai, China) was used for the UPT-II ultrapure
water system.

The morphological features of CDs were evaluated under
a high-resolution transmission electron microscope (JEOL-
2100F, Tokyo, Japan). A UV-Vis spectrophotometer
(METASH UV-8000, Shanghai, China) with a wavelength
range of 190-1200 nm was used to produce the absorption
spectra. XRD measurements were performed using the
Rigaku 18 kW D/max-2550. An FLS-980 fluorescence
spectrophotometer (Edinburgh Instruments, UK) was
used for determining the fluorescence spectra. Dynamic
light scattering (DLS) was used for measuring the zeta
potential of the system and the particle size (Malvern
7590, UK). Cell morphology was recorded using a Cyta-
tion5 Imaging Reader (BioTek, USA). The 3D bioprinter
employed in this study was manufactured by Envision
TEC GmbH. A spectrophotometer (NanoDrop OneC,
Thermo Scientific, USA) was used for measuring the
quantity and quality of RNA. RNA was transformed into
complementary DNA (cDNA) using Takara’s Prime-
Script™ RT Master Mix. RT-PCR analysis was per-
formed using the Biosystems'™ QuantStudio™ 6 Flex
RT-PCR system and Premix Ex Taq'™ II (Takara, Japan).

4.2 Preparation of Pt?*-CDs@PplIX

The CDs were prepared according to previous studies [53, 65].
Briefly, 30 mL of deionized water was used to dissolve 0.3 g
of mPD and 0.675 g of L-cysteine, which were then well
combined and swirled. The combined liquid was added to a
muffle furnace, which was then placed inside a box-type
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resistance furnace. The temperature inside the box-type resis-
tance furnace was adjusted to 160 °C, and after 10 h of reac-
tion, the CDs were produced. Subsequently, 1 mL of K;PtCle
aqueous solution was gradually added to 1 mL of the previ-
ously prepared aqueous CD solution, and the mass ratio of
K2oPtClg to CDs was adjusted to 1:30-1:1. After 30 min of
incubation at 25 °C, centrifugation at 10,000 r/min for 5 min,
and centrifugation three times, the Pt>*-CDs were obtained.

Next, 2 mg of PpIX, 2.69 mg of DCC, and 1.76 mg of
HOBt were dissolved in 5 mL of DMSO and reacted at
room temperature for 6 h to activate the carboxyl groups of
PpIX. Then, 4 mg of P?*-CDs was dissolved in 5 mL of
DMSO and mixed with the activated PpIX solution. The
mixture was stirred magnetically at 25 °C in the dark for
12 h and then centrifuged at 4000 r/min for 5 min, followed
by dialysis against water using a membrane with a molecu-
lar weight cutoff of 3500 Da for 24 h to remove excess
PpIX. It was then freeze-dried to obtain the drug-loaded sys-
tem Pt>*-CDs@PpIX. The prepared CDs, Pt>*-CDs, and
Pt2+-CDs@PpIX were characterized by TEM, UV absorp-
tion spectra, fluorescence spectra, zeta potential, and hydra-
tion radius.

Before using the abovementioned PpIX and P?*-CDs
drug dosages, we calculated the maximum drug-loading
rate using the following experimental design: different mass
ratios of Pt**-CDs to PpIX (0.5, 1.0, 1.5, 2.0, 2.5, 3.0) were
used for synthesizing the abovementioned Pt2+-CDs@PpIX,
the solution outside the dialysis bag was taken after the
completion of the dialysis, and the UV absorbance of PpIX
at 400 nm was measured. According to the calibration
curve of the concentration and absorbance of PpIX, the opti-
mal amount of PpIX linked to PZ*-CDs was obtained, and
the highest drug-loading rate was calculated. In Eq. (1), Ao
is the amount of the drug bound and A; is the amount of the
total drug added.

DrugLoading=A0/A1X100%. (1)

4.3 Invitro coagulation assay

Fresh anticoagulated human blood was obtained from the
First Hospital of Shanxi Medical University, Shanxi Prov-
ince, China. Whole blood was diluted with PBS at a 1:1 ra-
tio. In a 24-well plate, 1 mL of PBS was mixed with
0.05 mL of the diluted blood, followed by the addition of
60 pg/mL of each of the following samples: CDs, PpIX,
P**-CDs, P**-CDs+GSH, and Pt**-CDs@PpIX. The
control group received an equal volume of deionized water.
After incubation at 37 °C for 1 h, 100 pL of the solution
from each well was transferred to a 96-well plate, and the
absorbance was measured at 540 nm. The BCI was calcu-
lated using the following formula:

BCI=(E-G)/(F-G)x100%, )
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where E is the absorbance of the experimental group, F is
the absorbance of the control group, and G is the absor-
bance of deionized water.

4.4 Sensitivity and selectivity of Pt2*-CDs for
GSH detection

For detecting sensitivity, 1 mL of Pt**-CDs (60 pg/mL)
was transferred into each of nine centrifuge tubes. Then
50-uL samples of GSH solution at concentrations of 0, 1, 2,
3,4,5,6, 7, and 8 mmol/L were added to the abovemen-
tioned nine centrifuge tubes. The reaction system was
stirred evenly using a magnetic stirrer, and after 30 s, the
fluorescence spectrum of the abovementioned solutions was
measured under an excitation wavelength of 400 nm.

For detecting selectivity, 1 mL of P?*-CDs (60 pg/mL)
was transferred into each of 11 centrifuge tubes, and then
different electrolytes and biomolecules (deionized water,
AA, BSA, PBS, GSH, NaCl, KCIl, MgClp, L-Thr, Arg, and
Asp) at a concentration of 8 mmol/LL were respectively
added to these tubes. The reaction system was stirred
evenly using a magnetic stirrer, and after 30 s, the solution
was sequentially measured under an excitation wavelength
of 400 nm.

GSH (1 mmol/L) was mixed with the P*-CDs@PpIX
solution. Then, 50 pL of the mixed solution was mixed
with PBS (450 pL) and DTNB (2 pL) at different time
points. After centrifugation (10,000 r/min, 5 min) to re-
move Pt2+—CDs@PpIX, the absorbance of the superna-
tant was measured using a UV-Vis spectrophotometer
(412 nm).

4.5 Quantitative analysis of ROS generation

To detect the superoxide anion radical 'Oz, DPBF (1 mg/mL,
20 pL) was added to Pt**-CDs, PpIX, and Pt**-CDs@PpIX
solutions. The absorbance of the mixed solution was mea-
sured at 420 nm to quantify the oxidation rate of DPBF
under Pt2+—CDs@PpIX+US (at different time points of 0,
1,2, 3,4, and 5 min).

4.6 Cytotoxicity and cell imaging

SMMC-7721 cells were seeded in 24-well culture plates
and cultured under sterile conditions for 24 h. The cell cul-
ture medium was discarded, the cells were washed three
times in PBS, and 1 mL of fresh medium was added. Then,
the SMMC-7721 cells were supplemented with different
concentrations of CDs, Pt2+-CDs, PpIX, CDs@PpIX, and
Pt2+-CDs@PpIX (0, 20, 40, 60, 80, and 100 pg/mL) and ex-
posed to US radiation (1.5 W/em?) for 10 min, after which
the viability of CCK-8 cells without irradiation was statisti-
cally analyzed.

Then, the samples were stained as follows: 5 pLL of CDs
(60 pg/mL), Pt>*-CDs (60 pg/mL), and Pt**-CDs@PpIX
(60 pg/mL) solutions were added to the abovementioned
culture plate containing the cells, incubated at 37 °C for
20 min, and the changes in fluorescence of the cells were
observed under a fluorescence microscope to obtain the
fluorescence imaging after incubation with different cells.
Using DTNB as a GSH indicator, we measured the time of
GSH depletion in Pt>*-CDs and P**-CDs@PpIX solutions
and detected the UV absorption spectrum of the solutions at
different time points. To the abovementioned culture plate
containing the cells, 5 uL of CDs, PpIX, CDs@PpIX, and
Pt2+—CDs@PpIX solutions were added and incubated at
37 °C for 20 min, after which the nuclear entry of the drugs
was observed under a fluorescence microscope. For the
quantitative analysis of fluorescence intensity, the cells
were digested and resuspended in PBS. Flow cytometry
was used for quantifying the intracellular signal.

4.7 Extracorporeal SDT

SMMC-7721 cells were seeded in 24-well culture plates
and cultured under sterile conditions for 24 h. After discard-
ing the cell culture medium, the cells were washed three
times with PBS and then incubated with 1 mL of fresh me-
dium. The experimental groups were set up as follows:
group 1 (control), group 2 (4+US), group 3 (P*-
CDs@PpIX), group 4 (Pt>*-CDs+US), group 5 (PpIX+
US), group 6 (CDs@PpIX+US), and group 7 (P>*-
CDs@PpIX+US). All treatments were prepared in DMSO
and diluted to a final concentration of 1 mg/mL; 5 pL of
the abovementioned solution was added to the culture
plate containing the cells and incubated at 37 °C for
20 min, and groups 2, 4, 5, 6, and 7 were exposed to US ra-
diation (1.5 W/cm?) using a US instrument for 10 min, after
which the survival rate of CCK-8 cells was analyzed in
each group. After different treatments, SMMC-7721 cells
were costained with live/dead dyes (PI and Calcein-AM)
for fluorescence imaging. SMMC-7721 cells were costained
with DAPI and DCFH-DA (ROS) after various treatments.

4.8 Application of the nanoplatform in the
3D tumor microenvironment model
(3DM-7721)

The 3DM-7721 model was constructed based on previous
research [66]. For preparing the core printing fraction, a
mixed solution of 10%/6% GelMA/gelatin was prepared.
SMMC-7721 cells (density of 5%10° cells/mL) were mixed
with the 10%/6% GelMA/gelatin solution to generate a cell
suspension. Then, 3 mL of the cell/biomaterial mixture was
pumped into a sterile syringe equipped with a 30G needle
(160 pm) for defoaming. After degassing, it was placed in a
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3D printer with a barrel temperature of 25 °C and left for
30 min. The printing process was carried out under the fol-
lowing parameters: barrel temperature at 25 °C, platform
temperature at 0 °C, nozzle diameter of 0.128 mm, printing
pressure of 1 bar (1 bar=100 kPa), and printing speed of
13.0 mm/s. Both front and back flow delays were set to
0 s, with an interlayer waiting time of 15 s to allow for
photo-crosslinking (performed at approximately 405 nm,
20 W/cm?). The minimum printable line length was
0.4 mm, and the material density was set to 1.00 g/cm®. A
35-mm-diameter Petri dish was used to collect the printed
structures. The printed model was supplemented with 2 mL
of preprepared medium and transferred to a 37 °C, 5% CO»
incubator for incubation. The medium was changed every
2d.

Regarding the construction of the peripheral model, a
high-precision UV-curing 3D printer was used to print a
resin-cured ring model. The printed 3DM-7721 model was
placed in the middle of the curing ring, and 300 pL of the
10%/3% GelMA/gelatin mixed solution was added to the
curing ring to wrap the printed 3DM-7721 model. The
model was then cross-linked and cured with UV blue light
(approximately 405 nm, 20 W/em?) for 15 s to generate the
3DM-7721 model. The 3DM-7721 model was incubated in
a 37 °C, 5% CO incubator with 2 mL of preprepared me-
dium. The medium was changed every 2 d.

The constructed TME model was used to assess the appli-
cation and efficacy of the drug-loading system. Solutions
from groups 1 (control), 2 (+US), 3 (Pt2+-CDs@PpIX),
4 (PP*-CDs+US), 5 (PpIX+US), 6 (CDs@PpIX+US), and
7 (Pt2+-CDs@PpIX+US) were diluted with DMSO to a
concentration of 100 ug/mL. Then, 5 pL of the abovemen-
tioned solution was added to the culture plate containing the
3DM-7721 model, incubated at 37 °C for 20 min, and
groups 2, 4, 5, 6, and 7 were subjected to US (1.5 W/em?)
sonication using a US instrument for 10 min. After different
treatments, SMMC-7721 cells were costained with live/
dead dyes (PI and Calcein-AM) for fluorescence imaging.
SMMC-7721 cells were also costained with DAPI and
DCFH-DA (ROS) after various treatments.

4.9 Effects of Pt>*-CDs@PplX on migration,
invasion, and colony formation

Collagenase II was added to the medium to degrade
(2 mg/mL, 0.5 h) the treated 3DM-7721 model to obtain
treated SMMC-7721 cells. The sample was filtered using a
70-pm filter to avoid the formation of clumps or particles of
undigested polymers. The suspension was centrifuged at
2000 r/min for 5 min, and the supernatant was discarded to
collect the obtained SMMC-7721 cells.

Scratch experiment: Horizontal lines were evenly drawn
using a marker pen across the back of a 12-well plate,
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ensuring that each well had at least three lines. The SMMC-
7721 cells extracted from the above-described 3DM-7721
model were seeded in the 12-well plate. Cells were cultured
at 37 °C and 5% CO; for 24 h. The next day, using a
200-uL pipette tip, vertical scratches were made along the
lines on the back of the plate, ensuring that the pipette tip
was perpendicular and not tilted. Cells were washed with
PBS three times to remove any detached cells, serum-free
media were added, and then the marker pen lines on the
back of the plate were removed. The cells were incubated
for 1 h with the following different treatments: control, +US,
P**-CDs@PpIX, Pt**-CDs+US, PpIX+US, CDs@PpIX+
US, and Pt2+-CDs@PpIX+US. After incubation, the cells
were exposed to US radiation (1 MHz, 1.5 W/cmz, 10 min).
The scratched area after laser irradiation for 0, 12, and 24 h
was photographed.

Transwell invasion experiment: SMMC-7721 cells were
obtained separately from the 3DM-7721 model after treat-
ment in different groups (control, +US, Pt**-CDs@PpIX,
P**-CDs+US, PpIX+US, CDs@PpIX+US, and Pt**-
CDs@PpIX+US). The excess Matrigel fluid was gently
aspirated from the upper chamber, and 200 pL (5%
10* cells/mL) of the treated SMMC-7721 cell suspension
was added to resuspend the treated SMMC-7721 cell sus-
pension using serum-free medium, after which 500 pL of
complete medium was added to the lower chamber. After
24 h, the medium of the upper and lower chambers was dis-
carded, both chambers were washed three times each with
PBS, and the noninvasive cells in the upper chamber were
wiped off with a cotton swab. Cells were fixed with 4%
paraformaldehyde for 20 min at room temperature. Then,
500 pL of 0.1% crystal violet-stained cells was added to the
lower chamber and incubated for 30 min, and the staining
solution was washed with PBS. Images were acquired using
a microplate reader.

Colony formation capacity experiment: SMMC-7721
cells were obtained separately from the 3DM-7721 model
after treatment in different groups (control, +US, Pt**-
CDs@PpIX, Pt>*-CDs+US, PpIX+US, CDs@PpIX+US,
and Pt>*-CDs@PpIX+US), and the single-cell suspension
(2.5%10% cells/mL, 2 mL/well) of each group was seeded
into a 6-well plate and incubated for 14 d, with the medium
being changed every 3 d. After two washes with PBS, the
cells were fixed with 4% paraformaldehyde for 20 min at
room temperature. The cells were then stained with 0.1%
crystal violet for 30 min. Images were acquired using a
microplate reader.

4.10 Protein and mRNA expression

SMMC-7721 cells were seeded in 24-well plates and incu-
bated for 24 h under sterile conditions. The cell culture me-
dium was discarded, the cells were washed three times in
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PBS, and 1 mL of fresh medium was added. Samples from
groups 1 (control), 2 (+US), 3 (P**-CDs@PpIX), 4 (Pt**-
CDs+US), 5 (PpIX+US), 6 (CDs@PpIX+US), and 7 (Pt>*-
CDs@PpIX+US) were diluted with DMSO to a concentra-
tion of 1 mg/mL. Then, 5 pL of the abovementioned solu-
tion was added to the cell-containing culture plates and in-
cubated at 37 °C for 20 min, and groups 2, 4, 5, 6, and 7
were exposed to US radiation (1.5 W/em?) for 10 min using
a US instrument. These cells were cultured for 2 d and
washed three times in PBS, after which immunofluores-
cence staining was performed to detect 8-oxoG, 53BPI,
AFP, EpCAM, Ki67, and ALB proteins. Finally, fluores-
cence images were obtained using a Cytation5 imaging
reader.

To analyze gene expression, cells were collected after di-
gestion with trypsin, treated with frozen TRIzol™ reagent,
and allowed to sit for 15 min with intermittent shaking to
isolate total RNA. cDNA was synthesized from the ex-
tracted RNA using the PrimeScript™ RT Master Mix kit
according to the manufacturer’s instructions. qRT-PCR was
performed with TB Green™ Premix Ex TaqTM II (Takara)
using the Applied Biosystems QuantStudio 6 Flex real-time
PCR system. Real-time PCR was performed to detect the
mRNA expression of SMMC-7721 genes, including Ki67,
AFP, CD133, EpCAM, TGF-f, CD24, Bcl-2, and 53BP]I.
The relative gene expression levels of these genes were cal-
culated using the 27AACT method [33]. The antibody infor-
mation and primer sequences are shown in Tables S1 and
S2 (supplementary information). Gene expression was nor-
malized to recombinant human f-actin (f-actin), and all
qRT-PCR analyses were performed for 40 cycles. Data are
expressed as meanzstandard deviation (n=3).

4.11 Western blot analysis

Cell treatment and protein extraction: SMMC-7721 cells were
seeded in 6-well plates at a density of 2.5%10° cells/well
and allowed to adhere. After attachment, the cells were
treated with the following experimental groups: control (un-
treated), +US (US only), Pt2+-CDs@PpIX (nanoplatform
only), P**-CDs+US, PpIX+US, CDs@PpIX+US, and
Pt2+-CDs@PpIX+US. Then, the cells were incubated at
37 °C for 20 min, after which groups 2, 4, 5, 6, and 7 were
exposed to US radiation (1.5 W/cmz) for 10 min. Next, the
medium was aspirated, and cells were gently washed three
times with ice-cold PBS to remove the residual drugs and
medium impurities. Total protein was extracted using radio-
immunoprecipitation assay (RIPA) lysis buffer supplemented
with phenylmethylsulfonyl fluoride (PMSF; 1:100, volume
ratio), followed by incubation for 20 min at 4 °C. The ly-
sates were then transferred to 1.5-mL microcentrifuge tubes
and centrifuged at 13,000 r/min for 20 min at 4 °C. The re-
sulting supernatant was collected, mixed with 5X sodium

dodecyl sulfate (SDS) loading buffer (1:4 ratio), and dena-
tured by boiling at 100 °C for 10 min with intermittent
vortexing.

Gel preparation and electrophoresis: SDS-PAGE gels
(separation and stacking gels) were prepared according to
the Elabscience® SDS-PAGE Gel Preparation Kit protocol.
After polymerization, denatured protein samples (20 pL)
were loaded into each lane. Electrophoresis was performed
in a I1X SDS running buffer under optimized voltage and
current conditions.

Protein transfer and blocking: After electrophoresis, the
proteins were transferred onto polyvinylidene fluoride
(PVDF) membranes at a constant current of 200 mA for
1.5 h in a 1X transfer buffer. To minimize the background,
the membranes were blocked with 5% nonfat milk in PBST
(PBS+0.1% Tween-20) for 2 h at room temperature with
gentle shaking.

Antibody incubation and detection: Membranes were in-
cubated with diluted primary antibodies (refer to Table S3
in the supplementary information for concentrations) over-
night at 4 °C on a shaker, after which they were washed
three times with tris-buffered saline with Tween 20 (TBST)
(10 min per wash) to remove unbound antibodies. Then, the
membranes were incubated with horseradish peroxidase
(HRP)-conjugated goat antirabbit immunoglobulin G (IgG;
1:5000 dilution) for 2 h at room temperature in the dark. Af-
ter washing three times with TBST (10 min each), protein
bands were visualized using the enhanced chemilumines-
cence (ECL) chemiluminescence substrate and imaged with
a chemiluminescence gel documentation system. Band in-
tensities were analyzed using the Imagel software, and rela-
tive protein expression levels were compared across treat-
ment groups.

4.12 Animal and tumor models

In vivo tumorigenicity assays were performed using BALB/c
nude mice (male, aged 5-6 weeks, weighing 18-25 g). The
3DM-7721 model (containing 1x10® SMMC-7721 cells,
1x10° human dermal fibroblast (HDF) cells, 1.5x10°
HUVECs) was prepared as described earlier and cultured in
medium for 7 d. Collagenase was added to the medium for
degradation (2 mg/mL, 0.5 h) and filtered through a 70-um
filter to avoid clumps or particles of undigested polymer.
The supernatant was discarded after centrifuging the sus-
pension for 5 min at 2000 r/min. ABW® Matrigel was
mixed with PBS in a 1:1 ratio (at 4 °C), and then cells
were added to form a suspension. The cell suspension
(100 pL/mouse) was injected into the armpit of nude mice
(four mice per model) using a precooled syringe (precooled
at 4 °C). After waking up, they were housed in specific
pathogen-free (SPF) animal cages with free access to water
and food. The tumor volume was measured using vernier
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calipers and calculated as 1/2xwidth’>xlength. Mice can be
used for further experiments after the tumor volume reaches

approximately 80—100 mm?>.

4.13 Invivo fluorescence imaging and
biodistribution

The Pt>*-CDs@PpIX solution was diluted with DMSO to
a concentration of 1 mg/mL. To label P**-CDs@PpIX,
20 pg/mL of indocyanine green (ICG) was vigorously
stirred in DMSO for 24 h and then assembled onto the sur-
face of Pt2+-CDs@PpIX. After stirring, the unassembled
ICG was removed by centrifugation at 10,000 r/min for
10 min. The resulting solution was gradually diluted with
NaCl to reduce the proportion of DMSO to 10%. The
ICG-labeled Pt2+—CDs@PpIX was then intravenously
injected into SMMC-7721 tumor-bearing mice for NIR
fluorescence imaging. At different time points (0, 8, 24, 48,
72, and 96 h), in vivo NIR fluorescence imaging was per-
formed using the IVIS Lumina II in vivo imaging system
(PerkinElmer, USA). The excitation wavelength was
745 nm, and the collection wavelength was 820 nm.

The in vivo biocompatibility test was as follows: Pt>*-
CDs@PpIX (3 mg/kg) was injected intravenously into
healthy BALB/c mice. On Days 1, 7, 14, and 30 after dos-
ing, blood was collected to evaluate biosafety in mice by
routine blood testing. The major organs of mice (heart,
liver, spleen, lungs, and kidneys) were extracted and
paraffin-embedded, and sections were subjected to H&E
staining to examine the toxicity of Pt**-CDs @PpIX in vivo.

4.14 Invivo antitumor therapy

Mice with subcutaneous SMMC-7721 tumors were ran-
domly divided into seven groups (n=3) as follows: group 1
(control), group 2 (+US), group 3 (Pt2+-CDs@PpIX),
group 4 (Pt>+-CDs+US), group 5 (PpIX+US), group 6
(CDs@PpIX+US), and group 7 (P**-CDs@PpIX+US).
Groups 1 and 2 were intravenously injected with NaCl solu-
tion. Groups 3—7 received intravenous injections (100 pL)
of different formulations at a concentration of 100 pg/mL
as follows: group 3, Pt>*-CDs@PpIX; group 4, Pt**-CDs;
group 5, PpIX; group 6, CDs@PpIX; group 7, Pt
CDs@PpIX. US irradiation (1.5 W/cm?, 10 min) was ap-
plied at 24, 48, and 72 h postinjection. Tumor volumes and
mouse body weights were determined every 3 d for the 21 d
of growth (Days 0, 3, 6, 9, 12, 15, 18, and 21). Nude mice
were sacrificed by cervical dislocation after 21 d, and the
tumor was removed, photographed, and weighed. The tumor
specimen was cut into 5-pm-thick slices to prepare samples.

To further explore the efficacy of different treatment mo-
dalities, paraffin-embedded sections were obtained from the
tumor tissues, and their apoptosis response was evaluated
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by TUNEL staining. H&E, CD31, and Ki67 staining were
performed to evaluate the efficacy of the photodynamic
combination therapy on the tumor tissues. The antibody in-
formation is listed in Table S4 (supplementary information).

4.15 RNA sequencing and bioinformation
analysis

Transcriptome sequencing was performed on tumors of the
control and Pt2+—CDs@PpIX groups after treatment. Total
RNA was isolated from tumor tissues created in nude mice
and then quantified. Three technical replicates of RNA se-
quencing were used in the analysis, which was performed
by OE Biotech Co., Ltd., Shanghai, China. The tumor tis-
sues of the three models were analyzed using DESeq2 for
differential expression. Significant DEGs were deemed to
have a Q value of <0.05 and twofold changes as their
thresholds. Using the OECloud platform (https://cloud.oe-
biotech.com/task/), heat maps and volcanic maps were gen-
erated using the R software. R (v3.2.0) was used to screen
for significant enrichment items after using the hypergeo-
metric distribution approach to perform the GO enrichment
analysis of DEGs. The GSEA tool was used to perform
gene set enrichment analysis.

4.16 Statistical analysis

Statistical Package for the Social Sciences (SPSS) 17.0 was
used to perform one-way analysis of variance on all data.
Data were expressed as meanz+standard deviation. *p<0.05,

“p<0.01, and ““p<0.001 indicated statistical significance.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1631/bdm.2500021.
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