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Abstract
Photodynamic therapy (PDT) has significant advantages in treating primary tumors. However, the hypoxic tumor microenvi-
ronment hinders the generation of sufficient reactive oxygen species during PDT to effectively kill tumor cells, further greatly
limiting the applications of PDT in cancer treatment. Herein, we reported a temperature/pH dual controlled drug delivery
system LPC@PCN@PDA/Fe3+-AS1411 based on a porous coordination network (PCN (Mn)) coated with polydopamine
(PDA) and modified with an aptamer AS1411. β-lapachone (LPC) was loaded inside the PCN (Mn) framework, and Fe3+

was attached to the surface of the PDA coating. These nanoparticles (NPs) exhibited excellent multimodal cancer therapeutic
effects and tumor targeting ability with their photo- and chemodynamic properties. The therapeutic effect can be enhanced by
the production of sufficient oxygen by the internal hydrogen peroxide, which improves the photodynamic effect of the photo-
sensitizer PCN (Mn) and the chemotherapy effect of β-lapachone. Notably, the conversion of Fe2+ to Fe3+ in the tumor cells
exerts the Fenton effect, which generates hydroxyl radicals that cause lipid peroxidation in tumor cells and induce apoptosis,
thus enhancing the chemodynamic therapeutic effect. In vitro and in vivo experiments revealed that the NPs demonstrated
specific tumor targeting, excellent inhibition effect on tumor growth, and biocompatibility. Together, our findings can help
develop an intelligent multifunctional therapeutic nanoplatform for cancer therapy.
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Graphic abstract
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Introduction

In clinical cancer treatment, both chemotherapy and radiation
therapy have several limitations, such as chemoresistance,
incomplete treatment, andperiodic recurrence [1–3].Toover-
come these drawbacks, alternative strategies have beendevel-
oped, including multimodal combination therapy, which can
complement other therapies to improve the efficacy of tumor
treatment. Photodynamic therapy (PDT), a typical oxidative
therapeutic strategy, utilizes a photo-activated photosensi-
tizing agent along with ambient oxygen (O2) to produce
high levels of toxic reactive oxygen species (ROS) for killing
cancer cells [4, 5]. Due to its noninvasive nature, PDT pro-
vides rapid effect and on-demand controllability, making it
advantageous in primary tumor treatment. PDT is effective
in several types of tumors and can also overcome drug resis-
tance to enhance the effect of chemotherapy [6].

β-Lapachone (LPC) is a novel chemotherapeutic agent
that inhibits tumor cell proliferation via the accumulation
of positive DNA superhelix through direct interaction with
topoisomerase 1, disrupting DNA replication. Addition-
ally, tumor cells contain higher levels of NAD(P)H:quinone
oxidoreductase-1 (NQO1), which can catalyze LPC to pro-
duce hydrogen peroxide (H2O2) [7]. However, the ability
of LPC to produce H2O2 depends on the oxygen content
within the tumor. Tumor cells consume a large amount of
O2 to facilitate rapid cell proliferation, resulting in a long-
term hypoxic microenvironment, which significantly limits

the application of PDT and the antitumor effect of LPC [4,
8]. Therefore, improving the tumor’s hypoxic environment
is a prerequisite to ensure the efficacy of combined treatment
using PDT and chemotherapy.

In situ O2 generation is an effective strategy during tumor
therapy to overcome tumor hypoxia. Certain metal ions,
including iron and manganese ions, can react with H2O2 to
produce hydroxyl radicals (OH), which is collectively known
as the Fenton effect [9]. Therefore, Fenton or Fenton-like
catalysts show satisfactory therapeutic effects against malig-
nant tumors by catalyzing the generation of O2 and ·OH from
H2O2, which can alleviate hypoxia while enabling chemo-
dynamic therapy (CDT) [10–12].

Polydopamine (PDA) is a melanin analog with a high
photothermal conversion rate (about 40%). It is also pH-
sensitive and can be degraded under alkaline conditions [13,
14]. Therefore, we chose PDA as the encapsulation material
for the LPC-loaded porous coordination network (Mn) (PCN
(Mn)) to avoid leakage of LPC into the blood circulation
and achieve acid-responsive release in tumor cells. More-
over, the excellent photothermal properties of PDA promote
the complete release of LPC from the PCN organometallic
framework while generating local heat for PDT.

Herein,we reported a light/pH-dual-smart responsive nan-
odrug delivery system, which could effectively improve
tumor tissue hypoxia for multimodal combination therapy.
LPC was loaded into the PCN (Mn) formed by com-
bining manganese ions and the photosensitizer porphyrin.
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Scheme 1 a Schematic diagram
of synthesis of the LPPFA smart
drug delivery system and
b diagram of its in vivo
antitumor mechanism. LPPFA:
LPC@PCN@PDA/Fe3+-
AS1411; LPC: β-lapachone;
PCN: porous coordination
network; PDA: polydopamine;
TCPP: tetra(4-
carboxyphenyl)porphyrin; LPP:
LPC@PCN@PDA; LPPF:
LPC@PCN@PDA/Fe3+; PTT:
photothermal therapy; CDT:
chemodynamic therapy; PDT:
photodynamic therapy; ROS:
reactive oxygen species; NQO1:
NAD(P)H:quinone
oxidoreductase-1

Then, PDA was polymerized on the PCN (Mn) surface to
prevent drug leakage during transportation. Finally, triva-
lent iron ion (Fe3+) and a nucleic acid aptamer AS1411
were attached to the PDA surface to develop an intelligent
nanodrug delivery system (LPC@PCN@PDA/Fe3+-AS1411
(LPPFA)) with multimodal effect to achieve synergistic
enhancement. AS1411 can target the tumor cells and, com-
bined with passive targeting, enable drug accumulation in
tumor sites after the nanoparticles (NPs) enter the blood cir-
culation. After entering the tumor cells through endocytosis,
PDA in LPPFA undergoes acid degradation to release LPC,
porphyrins, andFe3+ ions under acidic conditions inside lyso-
somes. Then, laser irradiation of porphyrins exerts PDT to
reduceLPC resistance and achieve combinedPDTand chem-
ical therapy. The Fe3+ ions catalyze excess H2O2 in tumor
cells to produce O2, enhancing PDT to kill tumor cells effec-
tively. Moreover, H2O2 produced using LPC can act as the
substrate for the Fenton reaction. In addition, the generated
divalent iron (Fe2+) and manganese ion in the PCN (Mn)
produce the Fenton effect in the presence of H2O2 to further
release toxic ·OH. The metal reduction reaction also depletes

reduced glutathione (GSH) levels, diminishing the antiox-
idant capacity of cancer cells. Therefore, the LPPFA NPs
with light/pH-controlled release properties could improve the
tumor hypoxic environment and disrupt the redox homeosta-
sis of tumor cells to enhance the combined antitumor effect
of CDT and PDT (Scheme 1).

Experimental section

Materials

Manganese dichloride tetrahydrate (MnCl2·4H2O), fer-
ric chloride hexahydrate (FeCl3·6H2O), fluorescein isoth-
iocyanate (FITC), and methylene blue (MB) were
purchased fromAladdinChemical Reagent Co., Ltd. (Shang-
hai, China). Tetra(4-carboxyphenyl)porphyrin (TCPP) was
purchased from TCI (Shanghai, China). LPC was obtained
from Bide Pharmatech Ltd. (Shanghai, China). Dopamine
hydrochloride (DA-HCl) and diphenylbenzofuran (DPBF)
were purchased from Sigma-Aldrich (USA). NH2-AS1411
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(5′-NH2-TTG GTG GTG GTG GTT GTG GTG GTG
GTG G-3′) was supplied by Sangon Biotech (Shanghai,
China). 4,6-diamino-2-phenylindole (DAPI), cell counting
kit-8 (CCK-8), 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH-DA), Calcein/PI cell viability/cytotoxicity assay
kits, mitochondrial membrane potential assay kits with
Rhodamine 123 and Annexin V-FITC apoptosis detection
kits were obtained from Beyotime Biotechnology Co., Ltd
(Shanghai, China). Dulbecco’s modified Eagle’s medium
(DMEM) and fetal bovine serum (FBS) were purchased
from Gibco (New York, USA). Penicillin and streptomycin
were purchased from Thermo Science (Beijing, China). Ala-
nine transaminase (ALT), aspartate aminotransferase (AST),
blood urea nitrogen (BUN), creatinine (CRE), malondialde-
hyde (MDA), and glutathione (GSH) assay kits were all
obtained from Nanjing Jiancheng Bioengineering Institute
(Jiangsu, China). All the chemical reagents were of analyti-
cal grade and used without further purification.

Cell lines and experimental animals

The mouse cervical cancer cell line U14 was purchased from
Tongpai Biotechnology Co., Ltd. (Shanghai, China). Human
lungmicrovascular endothelial cells (HMVECs) and cervical
cancer HeLa cells were obtained from Hongshun Biotech-
nology Co., Ltd. (Shanghai, China). The U14 cells were
passaged in themouse abdominal cavity, while the HMVECs
andHeLa cells were cultured and passaged in aDMEMcom-
plete medium (supplemented with 10% FBS, 1% penicillin,
and 1% streptomycin). Female Kunming mice ((20 ± 2) g)
were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China) and raised under a 12-
h-light/-dark cycle specific pathogen free (SPF) environment
with a relative humidity of (40± 10)% and room temperature
of (22 ± 2) °C.

Synthesis of LPPFA

Synthesis of the PCN (Mn) and LPC loading

The PCN (Mn) was synthesized using the solvothermal
method [15]. For this, 20 mg each of solid MnCl2·4H2O
and TCPP powders was weighed and dispersed in 20 mL
of dimethylacetamide (DMF) solution. After sonicating for
10min to dissolve completely, the two solutions were mixed.
Then, 400 μL of acetic acid was added simultaneously,
sonicated for 10 min, and transferred into a 50 mL Teflon
reaction-lined hydrothermal reactor. The reaction kettle was
sealed and placed in an oven at a temperature of 150 °C.
Approximately 12 h later, a black precipitate was obtained,
which was further lyophilized to obtain PCN (Mn).

Then, 6 mg of PCN (Mn) and 1mg of LPCwere dissolved
in 7 mL of ethanol, mixed well, transferred to a 10 mL cen-
trifuge tube, and fixed on an automatic tumblerwith tumbling
for 12 h to obtain LPC@PCN.

The encapsulation efficiency (EE) and drug loading (DL)
of the LPC in the LPC@PCN were evaluated using ultra-
centrifugation combined with ultraviolet (UV) spectroscopy.
The concentration of nonencapsulated LPC was determined
according to the standard curve of LPC ethanol solution con-
centration versus the optical density (OD) value at 430 nm.
Finally, EE and DL of LPCwere calculated using the follow-
ing formulas:

EE = Wg − Wu

Wg
× 100%, (1)

DL = Wg − Wu

Wgn
× 100%, (2)

whereWg,Wu, andWgn denote the gross drug mass, nonen-
capsulated drug mass in the supernatant solution, and the
gross mass of the LPC@PCN, respectively.

Synthesis and surface modification of LPC@PCN@PDA

Next, DA was polymerized on the surface of LPC@PCN
using an amide reaction to form the PDA coating. After dis-
solving 20 mg of solid LPC@PCN powder in 17 mL of
Tris–HCl buffer solution (pH = 10, 0.05 mmol/L), 20 mg
of DA-HCl solid powder was added and stirred for 10 min.
Then, 3 mL of isopropanol was slowly added as the block-
ing agent, and the reaction was performed for 6 h. Finally,
the PCN (Mn) with PDA coating LPC@PCN@PDA (LPP)
was obtained using high-speed centrifugation (13,000 r/min,
10 min).

To further chelate Fe3+ on the LPP, 40 mg of solid LPP
powder and 20 mg of solid FeCl3·6H2O were dissolved in
20 mL of ultrapure water, stirred using a magnetic stirrer for
6 h at room temperature, and centrifuged to obtain chelated
Fe3+ modified LPP NPs, known as LPC@PCN@PDA/Fe3+

(LPPF) NPs.
As PDA contains active C=C double bonds that can react

with several groups, such as –NH2 and –SH, NH2-AS1411
can be added to LPPF by amide reaction [16]. For this,
19 mg of LPPF NPs were weighed and dispersed in 5 mL of
Tris–HCl buffer solution (pH = 10, 0.05 mmol/L), trans-
ferred to a 10 mL centrifuge tube along with 30 μg/mL
of NH2-AS1411, and incubated for 24 h at room tempera-
ture. The mixture was centrifuged to derive the final product,
LPC@PCN@PDA/Fe3+-AS1411 (LPPFA).
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Characterization of materials

The size and morphology of the samples were observed by
transmission electron microscopy (TEM, HT-7700, Hitachi,
Japan). Dynamic light scattering (DLS) was used to eval-
uate the size distribution and zeta potential of the NPs
(Malvern Nano ZS90, Morven Instruments Ltd., UK). The
UV–Vis absorption spectra of the samples were measured by
aUV–Vis spectrophotometer (UV-2550, ShimadzuCo., Ltd.,
Japan). Themetal elemental contents were analyzed by scan-
ning electron microscope (SEM, S-4800, Hitachi, Japan).
AS1411was analyzed using agarose gel electrophoresis with
a gel imaging system (Omega fluor plus, Aplegen Inc., USA).

Photothermal property assay of LPPFA in vitro

The in vitro photothermal performance of LPPFAwas evalu-
ated by irradiating either 1mg/mLor different concentrations
of LPPFA using a fixed power setting of 2 W/cm2 or dif-
ferent powers of the 808 nm near-infrared (NIR) laser for
10 min. The solution temperatures were recorded every 30 s,
and the time–temperature curves were photographed with an
infrared thermal imager and plotted. To further evaluate the
photothermal stability of LPPFA NPs, 1 mg/mL of LPPFA
was irradiated with four consecutive “on/off” 808 nm NIR
laser irradiation cycles, and the temperature of the solution
was monitored every 30 s using a digital thermometer.

Determination of drug release in vitro

The ability of PDA to be degraded under acidic condi-
tions and photothermally converted under irradiation with
an 808 nm NIR laser irradiation further promotes the dif-
fusion of small molecule drugs from PCN (Mn). The drug
release performance of LPPFA was determined by changing
the pH (phosphate buffer saline (PBS) buffer, pH= 7.4 or pH
= 5.0) of the dialysate with/without irradiation (808 nmNIR,
2 W/cm2). The LPPFA solution was divided into four parts
(1 mg/mL each) and added to dialysis bags, which were then
placed in PBS with magnetic stirring at 37 °C for dialysis at
either pH = 7 or pH = 5 with or without 808 nm NIR laser
irradiation. Every hour, 1 mL of the dialysate was collected
and its concentration was determined using the LPC standard
curve. The LPC release rate was calculated using Eq. (3) and
plotted on the LPC release curve.

LPC release = Wr

Wt
× 100%, (3)

where W t and W r denote the mass of the total loaded and
released drug, respectively, in the dialysate.

In vitro photodynamic performance evaluation

The samples of each group ((1) H2O (110 μL), (2)
H2O2 (10 μL) + H2O (100 μL), (3) H2O2 (10 μL) +
LPC@PCN@PDA/AS1411 (LPPA; 100 μL), and (4) H2O2

(10 μL) + LPPFA (100 μL)) were added into a centrifuge
tube containing 2 mL of ethanol solution of DPBF at a con-
centration of 100μg/mL. These sampleswere irradiatedwith
a 660 nm laser (50 mW/cm2, 10 min) and the UV absorption
of DPBF solution at 417 nm was measured 6 times every
5 min. The changes in absorbance of DPBF with different
treatments were recorded and plotted.

Hemolysis

For the hemolysis experiment, 5mLof bloodwas drawn from
the inferior wing vein of chickens and transferred into a cen-
trifuge tube containing the anticoagulant ethylenediaminete-
traacetic acid (EDTA) Na2. After mixing gently by turning
up and down, the samplewas centrifuged (1000 r/min, 5min)
to obtain the red blood cells (RBCs). LPPFA NPs dissolved
in normal saline at concentrations of 31.25, 62.5, 125, 250,
500, and 1000 μg/mL were mixed with the RBCs, incu-
bated at 37 °C for 30 min, and centrifuged at 2000 r/min for
10 min. Distilled water and normal saline were used as pos-
itive and negative controls, respectively. Finally, 200 μL of
the supernatant was placed in a 96-well plate in three parallel
groups each, and the absorbance of the samples was detected
at 570 nm using a multimode microplate reader (Varioskan
LUX, Thermo Scientific, USA). The hemolysis rates of NPs
were calculated according to Eq. (4):

Hemolysis = OD570s − OD570nc

OD570pc − OD570nc
× 100%, (4)

whereOD570s, OD570pc, andOD570nc denote the absorbances
of different concentrations of LPPFA-treated samples, pos-
itive control (distilled water), and negative control (normal
saline), respectively.

Cellular uptake and localization of LPPFA

Before the experiment, the PDAon theLPPFandLPPFANPs
was labeled using FITC [17]. Then, the cells were plated in a
24-well plate and were cultured, reaching a 60% fusion rate.
PBS, LPPF (1 mg/mL), or LPPFA nanoparticles (1 mg/mL)
were added and co-incubated with the cells for 12 h. After
the cells were washed with PBS 2–3 times, the nuclei were
stained with DAPI for 10 min. The cells were observed
and photographed using a fluorescence microscope (DM4B,
Leica,Germany). Thefluorescence intensity of FITC inHeLa
cells was quantified using flow cytometry (FCS) (FACSCal-
ibur, Becton, Dickinson & Co., USA).
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Intracellular ROS, MDA, and GSH content detection

Intracellular ROS production was detected using the fluores-
cent probe DCFH-DA kit [18]. The cells were seeded in a
24-well plate, and when the cell fusion rate reached approxi-
mately 50%, PBS, LPC, PCN@PDA/AS1411 (PPA), LPPA,
and LPPFA were added to each group, and three parallels
were set for each group. The cells were incubated in a CO2

incubator for 12 h to promote drug uptake. Then, after irra-
diating the PPA, LPPA, and LPPFA treatment groups using a
660 nmNIR laser, DAPIwas added to the cells and incubated
for 10 min. The diluted DCFH-DA was added and incubated
in the CO2 incubator at 37 °C for 20 min. The intracellular
ROS production in cells was observed under a fluorescent
microscope (DM4B, Leica, Germany). The levels of MDA
and GSH in cells and tumor tissues of different treatment
groups were measured according to the instructions on the
MDA and GSH kits.

Evaluation of cytotoxicity, mitochondrial membrane
potential, and cell apoptosis

We evaluated the cytotoxicity and proliferation inhibition of
the nanocarrier PCN@PDA and different formulas (PBS,
PPA, LPC, LPPA + 808 nm, LPPFA + 808 nm, LPPF +
808nm+660nm,LPPFA+808nm+660nm) onHMVECs
and HeLa cells line using the CCK-8 assay. One day after
seeding the cells in a 96-well plate (5 × 104 cells/well),
when the cell fusion rate was about 50%, the nanocarrier and
different formulas were added and incubated for 12 h. The
cells were either left untreated or irradiated with an 880 nm
NIR (2 W/cm2) or/and 660 nm NIR (50 mW/cm2) laser for
5 min. After incubating the cells in the CCK-8 solution for
1 h, the absorbance of the cells at 450 nm was measured by a
multimode microplate reader (Varioskan LUX, Thermo Sci-
entific, USA). The cell viability was calculated based on the
following equation:

Cell viability = ODs/ODc × 100%, (5)

where ODs was the mean absorbance at wavelength of
450 nm in the different tested groups and ODc was the mean
absorbance at wavelength of 450 nm in the PBS control
group.

As the mitochondrial membrane potential decreases dur-
ing the early stages of cellular apoptosis [19], we detected
the changes in the mitochondrial membrane potential caused
by LPPFA using a mitochondrial membrane potential assay
kit (Rhodamine 123). As Rhodamine 123 only enters the
mitochondria of living cells, the significant decrease in the
intensity of yellow–green fluorescence in the mitochondria
indicates apoptosis or necrosis. Cells treated with PBS, LPC,
LPPFA + 808 nm, and LPPFA + 808 nm + 660 nm were

incubated for 12 h. Then, after incubating the cells in 250μL
of Rhodamine 123 staining solution for 20–60 min in a CO2

incubator, the staining solution was replaced with DAPI to
stain the nuclei. The cells were observed and photographed
under a fluorescence microscope (DM4B, Leica, Germany).

To further investigate whether LPPFA treatment can
induce cell apoptosis, FCS was performed after Annexin
V-FITC/PI double staining. Cells treated with PBS, LPC,
LPPFA + 808 nm, and LPPFA + 808 nm + 660 nm were
digested with trypsin and transferred into centrifuge tubes.
After centrifugation (1000 r/min, 5 min), 200μL of Annexin
V-FITC and 10μL of PI staining solution were added to cells
sequentially. Then, FCSwas performed to evaluate apoptosis
(FACSCalibur, Becton, Dickinson & Co., USA).

Infrared thermal imaging in vivo

To further determine the photothermal effect of LPPFA in
mice,we conducted a series of in vivo thermal imaging exper-
iments. Five to seven days after subcutaneous inoculation of
tumor cells (2 × 106 U14 cells) in the left armpit of the
mice, LPPFA solution (5 mg/mL) was injected into the tail
vein when the tumor volume reached 1000 mm3. After 6 h,
808 nm-NIR-laser irradiation (2 W/cm2) was performed and
the infrared thermal photos were taken by the thermal imager
(Tix580, FLUKE, USA) at scheduled time points. To further
clarify the tumor-targeting property of LPPFA NPs, the non-
tumor sites in the contralateral axilla of tumors or tumor sites
were also irradiatedwith an 808nm laser for 10min. The tem-
perature changes at nontumor and tumor sites were detected
and photographed using an infrared thermal imager (Tix580,
FLUKE, USA).

Antitumor effect of LPPFA in vivo

After U14 cells were passaged in the abdominal cavity of
mice, the cell density was adjusted to 1 × 107 cells/mL, and
0.2 mL of the cell suspension was subcutaneously injected
into the left armpit of each mouse. After the inoculation,
the mice were randomly divided into seven groups and each
group was treated with the following: (1) normal saline (neg-
ative control), (2) PDA@PCN (PP) nanocarrier, (3) LPPA;
(4) LPPA + 808 nm, (5) LPPFA + 808 nm, (6) LPPF +
808 nm+ 660 nm, and (7) LPPFA+ 808 nm+ 660 nm. The
mice in the different groups were administered the respective
treatment every other day for 7 days. The laser irradiationwas
performed 6 h after the administration of treatment via the
tail vein on the same day. Themaximum andminimum diam-
eters of the tumors were measured and recorded. The tumor
volume was calculated using Eq. (6). The body weights of
the mice in each group were recorded. On the 15th day of the
experiment, the mice were euthanized using ether anesthesia
and dissected under aseptic conditions. The tumor tissues and
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major organs were harvested and weighed on an electronic
balance. The organ indices were calculated using Eq. (7).

Vt = (Lmax × L2
min)/2, (6)

where V t represents the tumor volume in mice, Lmax is the
maximum diameter of the tumors, and Lmin stands for the
minimum diameter of the tumors.

OI = mo/mb, (7)

where OI stands for the organ index, mo is the organ mass,
andmb is the body mass of the mouse on the day of sacrifice.

Pathological sections of the major organs (heart, liver,
spleen, lungs, and kidneys) and the tumors from theLPPFA+
808 nm+ 660 nmgroupwere prepared using neutral buffered
formalin. The tumor specimens from the normal saline and
LPPFA + 808 nm + 660 nm treated groups were stained
using hematoxylin–eosin (H&E), Ki67 immunohistochem-
istry and terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) to analyze the effects of LPPFA +
808 nm+ 660 nmadministration on themalignancy, cell pro-
liferation, and apoptosis. Blood samples were collected from
the mice in each group, including normal control, and used
to assess the liver and kidney function markers (ALT, AST,
BUN, CRE) according to the instructions on the reagent kits
to evaluate the in vivo toxicity of LPPFA. During the entire
experiment, the feeding, mental status, fecal color, and pres-
ence of excessive hair on the mice were monitored.

To further evaluate the photodynamic and chemodynamic
therapeutic effects of LPPFA on the tumor tissues in vivo, the
MDA levels and GSH activities were assessed using tumor
tissue homogenates.

Statistical analysis

The imagesweremerged using ImageJ software.Origin 2021
andGraphPad Prism 9 softwarewere used for statistical anal-
ysis. Students’ t-test (two groups) or one-way analysis of
variance (ANOVA) was used to analyze data from two or
more groups. All data were expressed as mean ± standard
deviation. Differences with P < 0.05 were considered statis-
tically significant.

Results and discussion

To construct theLPPFANPs, PCN (Mn)was first synthesized
using the solvothermal method. After loading LPC onto the
metal–organic framework to obtain LPC@PCN, PDA was
self-polymerized and coated onto the surface of LPC@PCN
under alkaline conditions to obtain LPP. Next, Fe3+ and
NH2-AS1411 were sequentially modified on PDA through

chelation and amide reactions, respectively, to form LPPFA
(Scheme 1a). As shown in Fig. 1a, the TEM images revealed
that the PCN (Mn) particles were square-shaped with a uni-
form average diameter of approximately 100 nm and good
dispersity. Next, after loading LPC onto the PCN, LPP was
generated by coating PDA on the PCN (Mn) surface via DA
oxidative polymerization. LPP possessed a core-shell spher-
ical structure with a particle size of about 160 nm (Fig. 1b).
Particle size analysis showed that the hydrodynamic diame-
ter of the PCNNPs was (80± 3.4) nm. After loading of LPC
and wrapping PDA, it increased to (142 ± 7.3) nm, which
further proved that PDA formed a coating structure with a
certain thickness on the surface of PCN (Fig. 1c). UV–Vis
spectrum analysis was performed to confirm the successful
loading of LPC on PCN, which showed a distinct absorbance
peak corresponding to LPC at 430 nm (Fig. 1d). This con-
firmed the LPC encapsulation on PCN with high loading
efficiency. The zeta potentials of various NPs were measured
to demonstrate the successful synthesis of LPPFA. As shown
in Fig. 1e, the PCN NPs were negatively charged with a zeta
potential of (− 8.2± 0.8)mV,while it was (− 15.5± 1.2)mV
for LPP due to the PDA coating. The zeta potential of LPPF
nanoparticles increased to (−5.2 ± 0.3) mV again due to
the presence of Fe3+ on the PDA surface. The zeta potential
of the LPPFA nanoparticles decreased to (−6.4 ± 0.5) mV
after the negatively charged AS1411 was linked. The SEM
energy spectrum analysis further confirmed the successful
chelation of Fe3+ on LPPFA (Fig. 1f). The successful mod-
ification of AS1411 on LPPFA was verified using agarose
gel electrophoresis. As shown in Fig. 1g, free AS1411, a
single-stranded DNA aptamer with only 26 bases, migrated
over a long distance due to its small size (Lane 2). LPPFA,
created by linking AS1411 and LPPF via amide reaction,
has a higher molecular weight and hence, it hardly migrated
and remained near the sample pore, as compared to the band
corresponding to the free AS1411, which might exist due to
incomplete linkage in the LPPFA sample (Lane 3).

After successfully preparing LPPFA, we further evaluated
its stability and acid responsiveness. DLS was performed on
theNPs for five days, which showed no significant changes in
the particle size of the NPs from Day 1 to Day 5, and all NPs
remained around 160 nm in diameter (Fig. 1h). This indicated
that the LPPFA NPs were highly stable and dispersible in
serum. Figure 1i showed that LPPFA degraded into irregular
fragments under acidic conditions due to the acid sensitivity
of PDA.

We evaluated the photothermal performance of the PDA
in LPPFA using PCN and LPPFA with water as a blank con-
trol. As shown in Fig. 2a, after irradiation with an 808 nm
NIR laser (2 W/cm2), the temperature of both water and
PCN solution did not change significantly, while that of the
LPPFA solution (1 mg/mL) increased from room tempera-
ture of 25°C to 52 °C after 10 min of laser irradiation. This
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Fig. 1 Characterization of
LPPFA nanoparticles.
Representative TEM images of
a PCN and b LPC@PCN@PDA.
c Hydrodynamic size distribution
of PCN and LPC@PCN@PDA.
d UV-absorbance spectrum of
PCN, LPC, and LPC@PCN.
e Zeta potential changes during
the synthesis process of LPPFA.
f Representative SEM image of
LPPFA and corresponding Fe
element mapping of LPPFA.
g Agarose gel electrophoresis
image of AS1411 and the
reaction product of LPPFA.
h Stability test of LPPFA
nanoparticles in serum.
i Representative TEM image of
LPPFA nanoparticles in an acidic
environment (pH: 5.5). Data are
represented as mean ± standard
deviation (n = 3) in (e, h).
LPPFA:
LPC@PCN@PDA/Fe3+-
AS1411; LPC: β-lapachone;
PCN: porous coordination
network; PDA: polydopamine;
TEM: transmission electron
microscopy; UV: ultraviolet;
SEM: scanning electron
microscope; LPP:
LPC@PCN@PDA; LPPF:
LPC@PCN@PDA/Fe3+
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Fig. 2 Photothermal properties
and drug release profile of
LPPFA nanoparticles. The
temperature rise curves of
a water, PCN, and LPPFA under
808 nm NIR laser irradiation
(2 W/cm2), b LPPFA under
different laser powers, and
c LPPFA under different
concentrations. d Temperature
rise and fall curve of LPPFA.
e Infrared thermal images of
LPPFA solution at different time
interval irradiations. f Drug
release profiles of LPPFA in
different environments. LPPFA:
LPC@PCN@PDA/Fe3+-
AS1411; LPC: β-lapachone;
PCN: porous coordination
network; PDA: polydopamine;
NIR: near-infrared

indicated that LPPFA possessed good photothermal conver-
sion performance due to the PDA coating, whichwas directly
related to the laser power and solution concentration (Figs. 2b
and 2c). To verify its photothermal stability, we conducted
five photothermal switching cycles using LPPFA (1 mg/mL,
NIR laser power 2W/cm2).We observed that the temperature
of the LPPFA NPs was still able to rise to that after the first

irradiation within a certain period, even after repeated irradi-
ation, indicating that LPPFApossessed an ideal photothermal
stability (Fig. 2d). Furthermore, the temperature change of
LPPFA was better visualized by real-time thermal imaging
photos (Fig. 2e). Upon quantifying the photothermal conver-
sion performance of LPPFA, the photothermal conversion
efficiency was found to be 47.9% according to the heating-
and-cooling curve. The regional hyperthermia generated by
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photothermal conversion is effective for photothermal ther-
apy (PTT) of malignant tumors [20].

To determine the EE and DL of LPC in LPPFA NPs, a
standard curve was plotted using the absorbances at 430 nm
and different LPC concentrations. The EE and DL of LPC
in LPPFA were determined to be (92.15 ± 1.00)% and (5.55
± 0.47)%, respectively, indicating that LPC was efficiently
loaded into the porphyrin PCN (Mn) framework.

After that, the pH- and 808 nm irradiation-triggered
release behaviors of LPPFA were investigated in PBS (at
pH of 7.4 or 5.5) with or without 808 nm laser irradiation
(2 W/cm2, 10 min). LPC was released much more rapidly
in an acid environment (pH = 5.5) than under neutral con-
ditions (pH = 7.4) (Fig. 2f). After 8 h, the release rate of
LPC could reach (57.4 ± 0.7)% in an acidic environment,
while it was only (17.6 ± 0.5)% in a neutral environment,
indicating the pH-responsive release of LPC from LPPFA.
Both in neutral and acidic conditions, 808 nm laser irradi-
ation further promoted the release of LPC from the LPPFA
solution.Under acidic conditions alongwith laser irradiation,
the LPC release rate was increased to (78.2± 1.0)% after 8 h,
while under neutral conditionswith laser irradiation, the LPC
release rate reached (21.3± 0.8)%. These results showed the
dual responsive LPC release from LPPFA under specific pH
and 808 nm irradiation conditions. This effect was due to
acid degradation and the heat generated by the photothermal
effect of PDA, which promotes the molecular movement to
enhance the chemotherapeutic effect of LPC further.

The ability of LPPFA to catalyze H2O2 to produce ·OH
was evaluated usingMBas an indicator. ·OH radicals can oxi-
dize MB from blue to colorless at a maximum absorbance
of 654 nm. H2O2 (1 mmol/L) was supplemented in the MB
solutions to simulate the H2O2 levels inside tumor cells. The
fading of the blue color in LPPFA solution containing H2O2

andMBwasmore significant with increased LPPFA concen-
tration (Fig. 3a). When the concentration reached 1 mg/mL,
the solution turned almost colorless, suggesting the occur-
rence of the Fenton reaction in the presence of H2O2 due
to the chelated iron ions. This effect can be used for CDT
against malignant tumors.

As ROS are essential for the therapeutic effect of PDT, the
ROS production capacity of LPPFA NPs was further mon-
itored by the DPBF elimination method [21]. As shown in
Fig. 3b, the absorbance at 417 nm of LPPA solution with
H2O2 and DPBF decreased significantly under 660 nm laser
irradiation due to the fluorescence quenching of DPBF by
the generated ROS. Compared with the LPPA solution, the
quenching caused by LPPFA was more significant, indicat-
ing that the chelated Fe3+ onLPPFApromotedO2 production
via the Fenton effect, thereby generating more ROS, which
enhanced the PDT effect.

To further determine the intracellular photodynamic per-
formance of LPPFA, DCFH-DA was used as a ROS probe.

No green fluorescence was observed in the PBS-treated cells,
indicating an extremely low cellular ROS content (Fig. 3c).
Moderate green fluorescence was generated in the LPC-
treated cells as the catalysis of LPC by NQO1 in tumor
cells selectively increases the ROS levels in cancer cells. The
cells treated with PPA and 660 nm laser irradiation produced
strong green fluorescence, indicating that the photodynamic
properties of the porphyrin organometallic framework oxi-
dized the cellular macromolecules to produce ROS. The
fluorescence intensity of cells treated with LPPA followed by
660 nmwas stronger than that of the PPA+ 660 nm laser irra-
diation group due to LPC’s photodynamic properties and the
ROSproduced byNQO1-mediated catalysis.Meanwhile, the
fluorescence intensity of the cells treated with LPPFA com-
bined with laser irradiation was the strongest. This indicated
the highest ROS production due to the combined action of
the photodynamic properties of porphyrin on PCN (Mn) and
Fe3+-mediated hydrolysis of H2O2 of LPPFA via the Fenton
reaction, which further enhanced the photodynamic proper-
ties of porphyrin of PCN (Mn). Moreover, more H2O2 was
produced by the LPC, which was the substrate of the Fenton
reaction during catalysis by NQO1, further enhancing the
photodynamic performance of PCN (Mn).

To explore the effective accumulation of LPPFA NPs
inside the cells mediated by the targeting effect of AS1411,
the uptake of NPs by HeLa cells was detected using fluores-
cence microscopy and FCS with fluorescein FITC labeled-
LPPA and LPPFA, respectively. As shown in Fig. 4a, the
uptake of NPs was higher in the LPPFA-treated cells than
that in the LPPF-treated cells, indicating that AS1411 pro-
moted the uptake of NPs into cells by binding to the nucleolin
overexpressed on the tumor cell membrane. This enhanced
the tumor active targeting of LPPFA NPs, further confirmed
by the FCS results (Fig. 4b).

To further evaluate the inhibitory effect of LPPFA NPs
on cell proliferation in vitro, HMVECs and HeLa cells were
cultured for CCK-8 assay. As shown in Fig. 4c, treatment
with different concentrations of PCN@PDA did not signif-
icantly inhibit cell proliferation compared with PBS-treated
cells, indicating that the nanocarrier had good biosafety. The
LPPFA NPs had a weak cytotoxic on the proliferating cells,
even at a 100 μg/mL concentration, as the cell survival rate
was still (77.3 ± 1.2)%. The presence of less nucleolin on
the surface of normal epithelial cells decreases the uptake
of NPs by these cells. Moreover, only LPC was released to
achieve chemotherapy by inhibiting DNA polymerase with-
out laser irradiation. Next, we further evaluated the inhibitory
effect of different NPs combined with laser irradiation on
tumor cells (Fig. 4d). HeLa cells treated with varying con-
centrations of PP nanoparticles maintained high viability
without any significant inhibition of cell proliferation, indi-
cating that the empty carrier possessed good biosafety. The
LPC, LPPA + 808 nm, LPPFA + 808 nm, and LPPFA +
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Fig. 3 Hydroxyl radical and ROS
are produced by LPPFA
nanoparticles in vitro and in vivo.
Effect of LPPFA + 660 nm on
the in vitro production of a ·OH
and b ROS. c Effect of different
nanodrugs on intracellular ROS
production. ROS: reactive
oxygen species; LPPFA:
LPC@PCN@PDA/Fe3+-
AS1411; LPC: β-lapachone;
PCN: porous coordination
network; PDA: polydopamine;
DPBF: diphenylbenzofuran;
PBS: phosphate buffer saline;
PPA: PCN@PDA/AS1411;
LPPA:
LPC@PCN@PDA/AS1411;
DAPI:
4,6-diamino-2-phenylindole;
DCF: 2′,7′-dichlorofluorescein

808 nm+ 660 nm treatment groups showed similar inhibition
effects on cell proliferation at a concentration of 12.5μg/mL,
with cell survival rates of (75 ± 2.5)%. The tumor cell sur-
vival rate decreased significantly with an increase in the
concentration of NPs in each group. The cell viability of
the LPPFA + 808 nm + 660 nm treatment group was the
lowest and the tumor cell survival rate was only (12.7 ±
3.1)% at a concentration of 100 μg/mL. Tumor prolifera-
tion was also inhibited in the other groups (LPC, LPPA +
808 nm, and LPPFA + 808 nm), indicating that chemother-
apy using a single drug, PTT and aptamer, and PTT-enhanced
CDT and aptamer, all exerted potent tumor growth inhibition
effect. The multimodal combination of synergistic enhanced
chemotherapy–PTT–enhanced PDT–enhanced CDT exhib-
ited the most effective antitumor effect.

To further verify the multimodal effect of LPPFA NPs
on HeLa cells, live/dead cell fluorescence staining was con-
ducted. As shown in Fig. 4e, compared with the PBS-treated
group, treatment with free LPC exerted a chemotherapeutic
effect by inhibiting tumor growth. This effect was stronger
in the LPPA + 808 nm treatment group due to the enhanced
chemotherapy mediated by the PTT and aptamer combina-
tion. Compared with LPPA + 808 nm treatment, LPPFA +
808 nm treatment manifested more significant cytotoxicity
on HeLa cells due to the combined effect of PTT-enhanced
aptamer-mediated CDT. Moreover, the LPPFA + 808 nm

+ 660 nm treatment group demonstrated a potent inhibitory
effect and the strongest cytotoxic effects on HeLa cells due
to the synergistic action of PDT and CDT enhanced by PTT
and aptamer.

Rhodamine 123 can enter the mitochondria of living cells
and emit bright yellow–green fluorescence. The intensity
of this fluorescence is significantly reduced during cellu-
lar apoptosis or necrosis. Compared with the PBS-treated
cells, this fluorescence was significantly decreased in free
LPC-treated cells, indicating that LPC acted on topoiso-
merase in the nucleus to induce apoptosis in tumor cells, thus
decreasing the mitochondrial membrane potential. This flu-
orescence intensity was significantly reduced in the LPPFA
+ 808 nm treated group, indicating further loss of mito-
chondrial membrane potential in HeLa cells due to the
enhanced chemotherapeutic effect by the combined action
of PTT-enhanced aptamer-mediated CDT. The mitochon-
drial membrane potential in the cells treated with LPPFA
+ 808 nm + 660 nm was further reduced compared with the
LPPFA + 808 nm treatment cells, indicating the presence of
more apoptotic cells in the latter group (Fig. 4f). The results
of cellular apoptosis quantified using FCS with an Annexin
V-FITC/PI apoptosis detection kit were consistent with the
previous findings. Figure 4g showed that LPPFA + 808 nm
+ 660 nm treatment could induce cellular apoptosis up to
(30.71 ± 1.6)%, which was much higher than that of LPC
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Fig. 4 Cellular uptake and
cytotoxicity profile of LPPFA
nanoparticles. a Fluorescence
images of LPPFA in HeLa cells.
b Flow cytometry quantification
of fluorescence intensity in HeLa
cells treated with PBS, LPPF, and
LPPFA. Effect of nanoparticles
on the c cell viability of
HMVECs and d HeLa cells
(combined with NIR laser
irradiation). e Fluorescent images
of live/dead staining of tumor
cells. f Changes in intracellular
mitochondrial membrane
potential after treatment with
different nanoparticles. g Flow
cytometry analysis of the
apoptosis-inducing effect of
different nanoparticles. Data are
represented as mean ± standard
deviation (n = 3) in (c, d).
LPPFA:
LPC@PCN@PDA/Fe3+-
AS1411; LPC: β-lapachone;
PCN: porous coordination
network; PDA: polydopamine;
PBS: phosphate buffer saline;
LPPF: LPC@PCN@PDA/Fe3+;
HMVECs: human lung
microvascular endothelial cells;
NIR: near-infrared; DAPI:
4,6-diamino-2-phenylindole;
FITC: fluorescein isothiocyanate
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((21.43 ± 1.6)%) and LPPFA + 808 nm ((23.43 ± 1.5)%)
treatment groups.

To further explore the feasibility of LPPFA for PTT and
achieve better drug accumulation in tumor tissues, we estab-
lished mice cervical cancer models combined with in vivo
thermal imaging to study the in vivo photothermal perfor-
mance and tumor targeting effect of LPPFA NPs (Fig. 5a).
After the mice were intravenously injected with saline, the
temperature of the tumor site did not change significantly
after 10min of NIR laser irradiation, indicating that the phys-
ical irradiation of laser did not increase the temperature of
tumors (Fig. 5b). However, the temperature of the tumor sites
gradually increased under NIR 808 nm laser irradiation for
6 h after the LPPFANP injection, reaching 53 °C after 10min
of irradiation. This showed the successful accumulation and
good photothermal conversion efficiency of LPPFA NPs in
the tumor sites of mice. Six hours after intravenous injection
of LPPFANPs, no noticeable temperature changes were seen
in the contralateral nontumor sites irradiated by the 808 nm
laser for 10 min (Fig. 5c). These findings indicated that the
circulating NPs successfully targeted and accumulated in the
tumor sites due to passive targeting by the enhanced perme-
ability and retention (EPR) effect and specific targeting by
AS1411 to exert a photothermal conversion effect.

To assess the antitumor effect of LPPFA + 808 nm +
660 nm laser irradiation in vivo, we established cervical can-
cer mice models by subcutaneously inoculating U14 cells
into the mice axilla. The established models were randomly
divided into seven groups (n = 5 mice/group) and adminis-
teredwith the following: (1) normal saline (negative control),
(2) PP nanocarrier, (3) LPPA, (4) LPPA + 808 nm laser, (5)
LPPFA + 808 nm laser, (6) LPPF + 808 nm + 660 nm
laser, and (7) LPPFA + 808 nm + 660 nm laser. Differ-
ent nanomaterials were injected into the tail vein and 6 h
later, the mice were irradiated with 808 nm or/and 660 nm
laser (Fig. 5d). As shown in Figs. 5e and 5f, compared with
the normal saline group, tumor growth inhibition in the PP
treatment group was insignificant, further confirming PP’s
biosafety as a nanodrug carrier material. However, LPPA sig-
nificantly inhibited tumor growth due to the combined effect
of LPC and AS1411. After treatment with LPPA + 808 nm
laser irradiation, the tumor growth was further decreased due
to the enhanced chemotherapeutic effect mediated by PTT
and AS1411. The tumor growth was significantly reduced
in the mice treated with LPPFA + 808 nm as the Fe3+ ions
improved the CDT effect alongwith PTT andAS1411. Com-
pared with the LPPFA + 808 nm treatment group, the tumor
growth rates of mice in the LPPF + 808 nm + 660 nm and
LPPFA + 808 nm + 660 nm treatment groups were further
decreased because of enhanced PDT. However, there was no
significant difference between these two groups. We specu-
lated that this might be due to the limited number of AS1411
linked to the delivery system and the lack of any therapeutic

effect of AS1411 in vivo. After 13 days of treatment with dif-
ferent NPs, the tumorweight ofmicewasmeasured (Fig. 5g).
The tumor inhibition rates of the LPPA, LPPA + 808 nm,
and LPPFA+ 808 nm treatment groups were (51.2± 2.1)%,
(73.3 ± 3.1)%, and (78.7 ± 4.3)%, respectively. LPPF +
808 nm + 660 nm and LPPFA + 808 nm + 660 nm treat-
ment groups achieved similar tumor inhibition effects with
tumor inhibition rates of (87.6 ± 2.8)% and (88.3 ± 3.0)%,
respectively, consistent with the results of the tumor volume
growth curve.

To further understand the mechanism of inhibition of
tumor proliferation by LPPFA NPs combined with sequen-
tial irradiation with 808 nm and 660 nm lasers, we performed
H&E, Ki67 immunohistochemical (IHC), and TUNEL stain-
ing assays on the tumor tissue slices from saline-treated
control and LPPFA + 808 nm + 660 nm treated mice,
respectively (Fig. 6a). The H&E staining results showed that
compared with the normal saline treatment group, the tumor
tissues of the LPPFA-treated mice showed more pink areas
and reduced nucleocytoplasmic ratios in the cells, indicat-
ing that the tumor cells had undergone apoptosis or necrosis.
This showed that malignancy of the tumor tissue was sig-
nificantly reduced. Ki67 IHC staining results indicated that
LPPFA-treated mice displayed a substantially lower posi-
tivity rate for Ki67 than the saline control group, indicating
significant inhibition of tumor growth. The results of the one-
step TUNEL apoptosis assay showed that compared with the
normal saline treatment group, obvious green fluorescence
was observed in the tumor tissue sections of the LPPFA +
808 nm + 660 nm treatment group, indicating that this treat-
ment exerted a potent therapeutic effect on tumor tissues,
inducing their apoptosis.

As a photosensitizer, PCN can produce ROS and cause
lipid peroxidation under aerobic and light conditions [22].
Furthermore, LPC-loaded in LPPFA can generate ROS under
the action of quinone oxidoreductase. Meanwhile, the Fe3+

induced by LPPFA byproducts can act as a CDT substrate
to accelerate CDT and produce more ·OH, further increas-
ing the oxidative damage and causing lipid peroxidation of
tumor tissues. Meanwhile, as GSHwas consumed during the
conversion of Fe3+ to Fe2+ during CDT, we used MDA lev-
els and GSH content as indicators to analyze the changes in
redox balance in the tumor tissues after LPPFA treatment.
Compared with the normal saline treatment group, the MDA
content in the LPPFA + 808 nm treatment group was mod-
erately elevated, indicating that LPC generated ROS under
the action of quinone oxidoreductase and Fe3+ induced CDT,
resulting in lipid peroxidationof tumor cells. TheMDAlevels
in the LPPFA + 808 nm + 660 nm and LPPFA + 808 nm +
660 nm treatment groups were increased significantly com-
pared with the LPPFA+ 808 nm treatment group, indicating
further enhancement of PDT induced by PCN. The MDA
content in the LPPFA + 808 nm + 660 nm treatment group

123



968 Bio-Design and Manufacturing (2024) 7:955–971

Fig. 5 In vivo tumor targeting and synergistic antitumor effects of
LPPFA nanoparticles. a Schematic diagram of in vivo thermal imag-
ing. Infrared thermal images of bmice injected with saline and LPPFA
under 808 nm laser irradiation (2 W/cm2) for 10 min and c different
locations of tumor-bearingmice irradiatedwith 808 nm laser (2W/cm2)
6 h after injection. d Schematic diagram of the treatment procedure for
the U14 tumor-bearing mice models. e Images of tumor tissues with
different treatment regimens on Day 13 of the experiment. f Tumor
growth curves and g tumor weights of mice from different treatment

groups on Day 13. Data are represented as mean ± standard deviation
(n = 5) in (f, g). ****P < 0.0001 compared with the normal saline con-
trol group; ###P < 0.001 and ##P < 0.01 compared with the LPPA +
808 nm treatment group; &P<0.05 and &&&P<0.001 compared with the
LPPFA + 808 nm treatment group. LPPFA: LPC@PCN@PDA/Fe3+-
AS1411; LPC: β-lapachone; PCN: porous coordination network; PDA:
polydopamine; PP: PDA@PCN; LPPA: LPC@PCN@PDA/AS1411;
LPPF: LPC@PCN@PDA/Fe3+
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Fig. 6 Tumor inhibition
mechanism of LPPFA and safety
evaluation in vivo. Images of
tumor tissues from
LPPFA-treated mice subjected to
a H&E, Ki67
immunohistochemical, and
TUNEL staining (magnification:
10 × 20). Changes in b the MDA
activity, c GSH content in tumor
tissues, and d the body weight of
tumor-bearing mice treated with
different drugs. e Effect of
different drug treatments on the
organ indices of tumor-bearing
mice. f Observation of
pathological sections of major
organs in LPPFA + 808 nm +
660 nm treated group
(magnification: 10 × 20).
g Hemolysis rate at different
LPPFA concentrations. h Effect
of LPPFA on liver and kidney
function indicators. Data are
represented as mean ± standard
deviation (n = 5) in (b–e) and (g,
h). ****P < 0.0001 and *P < 0.05
compared with the normal saline
control group; ####P < 0.0001,
###P < 0.001, and #P < 0.05
compared with the LPPFA +
808 nm treatment group; &P <
0.05 compared with the LPPF +
808 nm + 660 nm treatment
group. LPPFA:
LPC@PCN@PDA/Fe3+-
AS1411; LPC: β-lapachone;
PCN: porous coordination
network; PDA: polydopamine;
H&E: hematoxylin–eosin;
TUNEL: terminal
deoxynucleotidyl transferase
dUTP nick end labeling; MDA:
malondialdehyde; GSH:
glutathione; LPPF:
LPC@PCN@PDA/Fe3+; PP:
PDA@PCN; LPPA:
LPC@PCN@PDA/AS1411;
ALT: alanine transaminase; AST:
aspartate aminotransferase; CRE:
creatinine; BUN: blood urea
nitrogen; GPT: glutamic pyruvic
transaminase; GOT: glutamic
oxalacetic transaminase
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was higher than that in the LPPF + 808 nm + 660 nm treat-
ment group, possibly due to active targeting by AS1411, in
increasing the accumulation ofNPs in tumor tissues (Fig. 6b).
The GSH content in the tumor tissues in the different groups
was lower than that in the saline control group,with the lowest
level seen in theLPPFA+ 808 nm+ 660 nm treatment group.
This indicated the increased consumption of GSH in tumor
tissues, which enhanced the PDT, CDT, and chemothera-
peutic effects (Fig. 6c). These experiments further verified
that treatment with LPPFA + 808 nm + 660 nm achieved
enhanced chemotherapy due to the synergistic action of PDT
and CDT.

As shown in Figs. 6d and 6e, there were no significant
changes in mice’s body weight and organ index in the differ-
ent treatment groups, indicating the lack of toxic side effects
on mice. To further evaluate the biosafety of LPPFA NPs
in vivo, pathological observations were performed using the
significant organs (heart, liver, spleen, lungs, and kidneys)
of the mice in the LPPFA + 808 nm + 660 nm treatment
group 13 days after drug administration (Fig. 6f). The results
showed that the tissue structure of each organ in the LPPFA
+ 808 nm + 660 nm treated group was similar to that of the
normal control group without any tissue damage, degenera-
tion, or edema. This validated that the LPPFA NPs showed
negligible in vivo cytotoxicity.

We further conducted a hemolysis assay to verify the
safety ofLPPFAnanoparticles in blood circulation.As shown
in Fig. 6g, the hemolysis rates in the groups treated with dif-
ferent concentrations of LPPFANPs were all lower than 5%,
indicating that LPPFA NPs could be safely transported in
blood with low hemolytic toxicity for intravenous adminis-
tration.

To further clarify whether the treatment of LPPFA NPs
exerted hepato- or renal-toxicity on tumor-bearing mice, the
biochemical indices of liver and kidney functions (CRE,
BUN,AST/GOT,ALT/GPT)ofLPPFA-treatedmice andnor-
mal mice were tested (Fig. 6h). There were no significant
changes in the levels of all these indicators in the serum of
LPPFA-treated mice compared with the normal mice group,
indicating that LPPFA + 808 nm + 660 nm treatment dis-
played no significant toxic effects on the liver and kidneys
of the tumor-bearing mice. However, the acute and sub-acute
toxicity of these nanoparticles need to be systematically ana-
lyzed in the future.

Conclusions

In summary, we successfully developed a light/pH-dual-
smart responsive nanodrug delivery platform to overcome
tumor hypoxia and achieve the enhanced effect of com-
bined PDT, CDT, and chemotherapy. LPC and PCN were
specifically released into the tumor microenvironment via

acid-responsive degradation of PDA and fully accumulated
at the tumor site. LPC binds to topoisomerase to cause the
accumulation of positive DNA superhelix, thus effectively
inhibiting tumor cell proliferation. The Fe3+ chelated on
the surface of the PDA coating catalyzed the generation of
O2 from the excess H2O2 in the tumor environment, which
effectively increased the ROS level generated by LPC and
the porphyrin photosensitizer, boosting the tumor inhibitory.
Meanwhile, the Fe2+ generated during catalysis via the
Fenton reaction that produced ·OH, caused lipid peroxida-
tion in tumor cells to exert CDT. Experiments in vitro and
in vivo revealed that the NPs demonstrated specific tumor
targeting, excellent tumor growth inhibition effect, and bio-
compatibility. Taken together, our findings can facilitate the
development of an intelligent multifunctional therapeutic
nanoplatform for cancer therapy.
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