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Comprehensive Summary 

 

Nanoscale drug delivery systems (NDDSs) have emerged as promising carriers for combinational therapy by co-delivery of multiple 
drugs and modalities. However, most co-delivery systems require the use of complicated materials and formulations. Herein, we re-
port the single use of a polymeric material, namely mPEG-block-poly(phosphotyrosine) (mPEG-b-PpY), as a multi-functional carrier 
for the facile fabrication of NDDS Pt/Ce6@mPEG-b-PpY (PtCeNP) for the co-delivery of cisplatin and photosensitizer chlorin e6 (Ce6) 
via phosphato-platinum coordination and π-π stacking, respectively. PtCeNP improves the solubility, cellular uptake, and bioavaila-
bility of both parental drugs, and showed strong synergistic antitumor efficacy both in vitro and in vivo through combined 
chemo-photodynamic therapy. Our results indicate that PpY is a biocompatible, multifunctional, and promising carrier material suit-
able for a variety of drugs and may simplify the design for co-delivery systems. 
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Background and Originality Content 

Chemotherapy has played an important role in the fight against 
cancer. However, traditional chemotherapeutics often cause se-
vere systemic side effects and re-occurrence of tumors owing to 
nonspecific drug accumulation, low bioavailability, and drug re-
sistance.

[1-2]
 On the contrary, photodynamic therapy (PDT) pro-

duces spatiotemporal controllable cytotoxic reactive oxygen spe-
cies (ROS) generated by photosensitizers upon light irradiation, 
which can kill tumor cells with less damage to the surrounding 
tissues.

[3-7]
 Nevertheless, most photosensitizers are aromatic 

compounds with low aqueous solubility and poor bioavailability, 
which restrict their application in clinical use.

[8-9]
 In addition, due 

to the heterogeneity of tumor tissues, a single treatment modality 
usually cannot completely eliminate the tumor, resulting in poor 
prognosis.

[10-11]
 As such, combined chemo-photodynamic therapy 

has been developed in recent years to reduce side effects and 
improve treatment outcomes.

[12-20]
 However, simple bolus admin-

istration of chemotherapeutics and photodynamic therapeutics 
cannot achieve sustained synergistic therapeutic effects due to 
differential pharmacokinetics, biodistribution, and metabolism 
profiles of the drugs.

[21]
 Thus, various types of nanoscale drug 

delivery systems (NDDSs), such as liposomes,
[22-23]

 polymeric mi-
celles,

[24-30]
 mesoporous silica nanoparticles,

[31]
 and others,

[32-38]
 

have been developed for the co-delivery of chemotherapeutics 
and photodynamic therapeutics. NDDSs are expected to over-
come drug resistance by increased drug solubility, prolonged cir-
culation time, programmed drug release, and sometimes im-
proved cellular uptake.

[39-47]
 For example, Zhu et al. fabricated a 

layered double hydroxide nanohybrid to co-deliver photosensitiz-
ers and Pt(IV) prodrugs for overcoming cisplatin resistance via 
synergistic chemotherapy and PDT.

[35]
 Li et al. designed an intra-

cellular acid-switchable multifunctional micelle for combinational 
chemo- and phototherapy of the drug-resistant tumor.

[24]
 Chen et 

al. combined chemotherapy and phototherapy using an albumin- 
coordinated assembly of clearable platinum nanodots for cancer 
theranostics.

[36]
 Albeit these advances, the preparation and/or 

formulation processes of such co-delivery systems are often com-
plicated and multiple recipes/materials are necessary. This com-
plexity would inevitably cause issues in scale-up manufacturing, 
cost, reproducibility, and biosafety. Thus, NDDSs with simple 
components, high biocompatibility, and easy process are highly 
desirable. 

Poly(phosphotyrosine) (PpY) is a biomimetic polypeptide 
bearing a naturally occurring post-translational modification 
structure with good biocompatibility, enzyme responsibility, and 
biodegradability.

[48]
 In our previous studies, we found that the 

copolymer mPEG-block-poly(phosphotyrosine) (mPEG-b-PpY) is an 
effective carrier for the delivery of various cargos including pro-
teins and metallodrugs such as cisplatin (a.k.a. CDDP).

[49-52]
 In the 

CDDP delivery system, the drug cisplatin functions as a crosslinker 
via the phosphato-platinum coordination to form the core-shell 
structured nanoparticle (Pt@mPEG-b-PpY, PtNP).

[50]
 In addition, 

we previously observed weak physical association of PpY or 
mPEG-b-PpY in water despite its high charge density (Figure S1), 
suggesting the phenyl ring in the PpY has strong tendency to π-π 
stacking and hydrophobic interaction. This multimodal interacting 
pattern gives the polymer capability to encapsulate drug mole-
cules with different properties.  

Herein, we report a facilely fabricated NDDS, namely Pt/Ce6@ 
mPEG-b-PpY (PtCeNP), for the co-delivery of cisplatin and hydro-
phobic photosensitizer chlorin e6 (Ce6) by simply using mPEG-b- 
PpY as the carrier (Figure 1). The ratio of Pt/Ce6 in the PtCeNP 
nanoparticle could be precisely regulated for an optimal synergis-
tic effect. The physicochemical properties of PtCeNP including size, 
zeta potential, morphology, and release rate were studied. In vitro 

and in vivo antitumor experiment of the nanoparticle showed a 
superior safety profile and efficacy compared to parental drugs. 

 

Figure 1  Cartoon illustration of the formulation and action of the mech-

anism of PtCeNP. CDDP and Ce6 were co-encapsulated by using 

mPEG-b-PpY as a carrier to generate the PtCeNP nanoparticle for combi-

national chemo-photodynamic therapy. 

Results and Discussion 

Preparation and ratio optimization of PtCeNP 

PtNP, the precursor of PtCeNP, was firstly prepared in one 
step as previously described.

[50]
 When mixing PtNP and Ce6 to 

make the desired PtCeNP, we found that Ce6 could be completely 
encapsulated into nanoparticles at various feeding ratios with no 
evidence of aggregation or precipitation, underlying the excellent 
Ce6-encapsulation capability of PtNP. It was found that a maxi-
mum of 13.6 mg/mL Ce6 could be loaded into PtCeNP using 10.5 
mg mPEG-b-PpY15 under neutral conditions monitored by UV-Vis 
spectrophotometry, far exceeding the highest dose needed for 
PDT in clinical practices. 

In combination therapy, the interactions between drugs may 
enhance efficacy and reduce side effects, or vice versa, that is, the 
conflict between drugs may result in significantly reduced efficacy 
or even life-threatening toxicity.

[53]
 To quantify the synergistic 

effect, the concept of combination index (CI) was proposed,
[54]

 
where a value below 1.0 indicates synergy and a value equal to or 
larger than 1.0 suggests no synergy or even antagonism.

[55]
 To 

determine the optimal Pt/Ce6 ratio in the PtCeNP, we prepared 
PtCeNPs with varying Pt/Ce6 ratios, tested the in vitro cytotoxicity 
against A549 cells (Figure S3, Table S1), and calculated the corre-
sponding CI values according to the obtained IC50 numbers. As 
shown in Figure 2A, all PtCeNP tested in this study showed dif-
ferent levels of synergistic effect, with the smallest CI value of 
0.77 achieved at a Pt/Ce6 value of 3.2/1. As such, this composi-
tion was selected for the subsequent experiments. At this ratio, as 
shown in Table 1 and Figure 2B, the co-delivery system PtCeNP 
showed a similar anticancer potency with an IC50 value of 29.5 
μmol/L (calculated in Pt) without light, which was similar to that 
of PtNP (27.6 μmol/L). Since Ce6 has no obvious toxicity in dark, it 
is understandable that PtCeNP and PtNP were equally toxic. With 
light irradiation, however, the cytotoxicity of PtCeNP increased 
significantly due to the synergistic effect, with the IC50 value 
dropping to 11.0 μmol/L in Pt and 3.45 μmol/L in Ce6.  

Characterization and in vitro release kinetics 

The size and morphology of the nanoparticles were charac-
terized by dynamic light scattering (DLS) and transmission  
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Figure 2  In vitro potency of PtCeNP. (A) Combination index (CI) values of 

PtCeNP with different ratios of cisplatin and Ce6 with 660 nm light irradia-

tion. (B) A549 cell viability curves when treated with varying concentra-

tions of Ce6, PtNP, or PtCeNP with or without 660 nm light irradiation. 

Data are presented as means ± SD (n = 3).  

electron microscopy (TEM). As shown in Table 2, the hydrody-
namic size of PtCeNP was slightly enlarged from PtNP’s 75 to 79 
nm. 

TEM study confirmed the results of DLS and revealed an aver-
age diameter of the dried PtNP and PtCeNP of ~51 and 55 nm, 
respectively (Figures 3A, B). The zeta potential of PtCeNP in-
creased slightly to ‒17.6 mV from ‒21.5 mV of its precursor 

Table 1  IC50 values of Ce6, PtNP, and PtCeNP to A549 cells with or with-

out light irradiation 

 IC50/(μmol·L‒1) 

 Dark Laser (660 nm) 

Ce6 — 9.48 (In Ce6) 

PtNP 27.6 (In Pt) — 

Table 2  Hydrodynamic diameter, polydispersity, and zeta potential of 

PtNP and PtCeNP characterized by DLS 

 Diameter/nm Polydispersity Zeta potential/mV 

PtNP 75 0.24 ‒21.5 

PtCeNP 79 0.26 ‒17.5 

 
PtNP. PtCeNP remained stable in H2O, with no significant changes 
in particle sizes within 7 d (Figure 3C). 

The release kinetics of nanoparticles plays a vital role in the 
anticancer effect of drugs. Our results showed that in DMEM with 
10% FBS at 37 °C, the platinum release profile of PtCeNP was sim-
ilar to that of PtNP (Figure 3D), which gradually released ~50% 
platinum within 48 h. We also found that PtCeNP selectively re-
leased more platinum at a substantially faster rate upon incuba-
tion with a high level of ATP but not GTP/CTP/UTP (Figure 3E), 
also similar to PtNP.

[50]
 As far as the release of Ce6 was concerned, 

free Ce6 showed a characteristic burst release curve, whereas the 
release of Ce6 from PtCeNP was slower and more sustained (Fig-
ure 3F). This difference in Ce6 release implied that Ce6 distributed 
more homogenously in PtCeNP as compared with in water, with 
the latter showing obvious aggregation.  

Cellular uptake of PtCeNP 

Next, the cellular uptake of PtCeNP was examined from the 

 

Figure 3  Physicochemical properties and release kinetics. Size and morphology of PtNP (A) and PtCeNP (B) measured by TEM (scale bar = 200 nm). (C) 

Changes of hydrodynamic size of PtNP and PtCeNP in H2O within 7 d (37 °C). (D) Release kinetics of platinum from PtNP and PtCeNP in DMEM containing 

10% FBS at 37 °C. (E) Release kinetics of platinum from PtCeNP in PBS containing 10 mmol/L XTP (X = A, G, C, U). (F) Release kinetics of Ce6 from a bulk 

Ce6 solution and PtCeNP in DMEM containing 10% FBS (MWCO = 8000 Da). All data are presented as means ± SD (n = 3). P-value was determined by 

two-way ANOVA analysis: **p < 0.01.  
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aspects of both Ce6 and platinum. When treating A549 cells with 
PtCeNP or cisplatin at the same platinum concentration, ICP-MS 
gave higher levels of the internalized platinum for PtCeNP as 
compared to CDDP (Figure 4A). Meanwhile, when treating the 
cells with PtCeNP or free Ce6 at the same concentration (based 
on Ce6) for different periods of time, both flow cytometry analy-
sis of intact cells and absorption spectrophotometry of the cell 
lysates showed that the cancer cells uptake more Ce6 from 
PtCeNP than free Ce6 (Figures 4B—D). Moreover, the cellular 
uptake of PtCeNP plunged significantly when the cells were pre-
treated with NaN3 or 4 °C, whereas the uptake of both free cispla-
tin and Ce6 appeared not affected (Figures 4E—F). These results 
indicated that PtCeNP was mostly internalized through endocyto-
sis, whereas both parental Ce6 and cisplatin were accumulated 
through energy-independent routes such as diffusion.

[56]
  

 

Figure 4  Cellular uptake of PtCeNP by A549 cells. (A) The levels of plati-

num in the cell lysates measured by ICP-MS. (B) The levels of Ce6 in the 

cell lysates analyzed by absorption intensity at 660 nm. (C—D) The cellular 

levels of Ce6 uptake measured by flow cytometry. In the above experi-

ments, the cells were incubated with free Ce6 solution, CDDP, or PtCeNP 

at 37 °C for varied periods of time before analysis. (E—F) Cell uptake of 

platinum (E) or Ce6 (F) under various conditions (37 °C, 4 °C, or pretreated 

with 10 mmol/L NaN3). In the above experiments, cells were incubated 

with each material under designated conditions for 6 h before the meas-

urement of Ce6 with absorption intensity at 660 nm or platinum with 

ICP-MS. All data are presented as means ± SD (n = 3). P-value was deter-

mined by the two-tailed unpaired t-test: *p < 0.05, **p < 0.01, ***p < 

0.001. 

In vitro anticancer efficacy of PtCeNP 

The intracellular delivery of Ce6 can induce ROS production 
upon light irradiation, thereby executing its anticancer effect. To 
examine the efficiency of PtCeNP in ROS generation, the intracel-
lular ROS detection probe 2,7-dichlorodihydrofluorescein diace-
tate (DCFH-DA) was used to stain the cells that were treated with 
Ce6 or PtCeNP.

[57]
 As shown in Figure 5, the horizontal axis repre-

sents the Ce6 content, and the vertical axis represents the DCF 
fluorescence level, which is directly proportional to the intracel-
lular ROS content. While without irradiation, the ROS positive 
populations were less than 5% for both groups (Q2 panel), flow 

cytometry results indicated a remarkably higher population in 
ROS production upon irradiation in cells treated with PtCeNP as 
compared to those treated with free Ce6. The improved ROS 
production efficiency of PtCeNP over free Ce6 could be attributed 
to not only the higher uptake efficiency (Figures 4B—D), but also 
the more homogenous dispersion of Ce6. 

 

Figure 5  Intracellular ROS measurements in PtCeNP or free Ce6 treated 

A549 cells. The cells were incubated with designated materials at 5 μmol/L 

Ce6 for 6 h with or without irradiation at 660 nm for 15 min. The horizon-

tal axis represented the Ce6 signal intensity, the vertical axis represented 

ROS probe signal intensity.  

Next, we used the PI/FITC-Annexin V double staining to quan-
titatively analyze the efficacy of the drugs in inducing apoptosis of 
cancer cells. The results showed that the Ce6 group without light 
irradiation were mostly living cells, while 18% of the cells were 
apoptotic after irradiation. About 40%—50% of the cells treated 
with PtNP undergo apoptosis, and the light irradiation did not 
cause significant cytotoxicity change. For the cells incubated with 
PtCeNP, 60% of the cells were apoptotic before irradiation, while 
80% of the cells were apoptotic after irradiation, which was a 
significant increase compared to other controls (Figure S4). These 
results proved that PtCeNP combined with chemotherapy and 
photodynamic therapy could induce cell apoptosis more effec-
tively, demonstrating the high anticancer effect of this combina-
tional therapy strategy. 

In vivo antitumor efficacy of PtCeNP 

Encouraged by the in vitro synergistic anticancer effect, the in 
vivo antitumor efficacy of PtCeNP was evaluated in a xenograft 
mouse model. BALB/c nude mice bearing subcutaneously (s.c.) 
implanted A549 tumors ∼50 mm

3
 (n = 5—7) received PBS, CDDP, 

PtNP, or PtCeNP every two days via tail vein injection. Subse-
quently, the tumor site was subjected to PDT with 660 nm light 
irradiation. The tumor size in PBS and CDDP groups exceeded 
1500 and 700 mm

3
 on day 30, respectively. PtCeNP group without 

light irradiation also showed excellent antitumor efficacy, in line 
with our previous observation.

[47]
 To our delight, PtCeNP with 

light irradiation gave the best inhibition of tumor growth, with no 
significant tumor volume increase at the end of the study as 
compared to the size before treatment (Figure 6A). The volume 
and weight of the extracted tumors on day 30 also confirmed the 
superior efficacy of PtCeNP with light irradiation (Figure S5). In 
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terms of safety, the mice in the CDDP group experienced signifi-
cant body weight loss due to its notorious systemic toxicity, 
whereas all other groups were well-tolerated as shown by the 
almost unchanged body weight (Figure 6B). In a more aggressive 
model containing mixed T3M4 pancreatic cancer cells and inter-
stitial cells PSC in BALB/c-nu mice, the PtCeNP group with light 
irradiation again showed the best antitumor inhibition effect 
among all groups (Figure 6C), and was less toxic than the CDDP 
group (Figure 6D). The improved in vivo efficacy of PtCeNP ech-
oed with the synergistic effect of combined chemotherapy and 
PDT observed in vitro. Moreover, it was found the nanocarriers 
enjoyed additional benefits such as prolonged blood circulation 
and tumor accumulation as compared to CDDP (Figures S6, S7). 

 
Figure 6  In vivo antitumor efficacy of PtCeNP. Tumor growth curve (A) 

and body weight change curve (B) in BALB/c-nu mice bearing xenografted 

A549 tumors (n = 7). The mice were administered with PBS, CDDP, or 

PtCeNP (with or without light irradiation) at a 1.5 mg/kg platinum dose 

once every two days via tail vein, and the administration was stopped on 

day 24. Tumor growth curve (C) and body weight change curve (D) in 

BALB/c-nu mice bearing xenografted T3M4 pancreatic cancer cells with 

interstitial PSC cells (n = 5). The mice were administered with PBS, CDDP, 

or PtCeNP (with or without light irradiation) at a 1.5 mg/kg platinum dose 

once every two days via tail vein. All data are presented as means ± SD. 

P-value was determined by two-way ANOVA analysis: *p < 0.05, **p < 0.01, 

***p < 0.001.  

Conclusions 

In summary, using the block polymer mPEG-b-PpY as a mul-
ti-functional carrier, we successfully prepared an NDDS, PtCeNP, 
for the dual delivery of CDDP and Ce6. CDDP and Ce6 have dis-
tinct physicochemical properties. Thus multiple components were 
usually required to formulate them into one nanocarrier.

[58-62]
 

Here, we achieved this goal via only single component through a 
facile formulation method. The simplicity in the formulation is 
empowered by the unique structure characters of PpY, which 
contains both anionic phosphate group for metallodrug chelating 
and aromatic moieties for the encapsulation of PDT drugs through 
π-π stacking. The PtCeNP not only enhanced the solubility and 
bioavailability of both parental drugs, but also improved their 
cellular uptake, blood circulation time, and tumor accumulation. 
Finally, this system showed prominent synergy in antitumor effect 
both in vitro and in vivo. Overall, our results indicated that PpY is 
a biocompatible, multifunctional, and promising carrier material 
suitable for a variety of drugs.  

Experimental 

Preparation of PtNP and PtCeNP 

The copolymer mPEG-b-PpY was synthesized according to a 
previous report.

[50]
 In brief, pOEt-TyrNCA was initiated by 

MeO-PEG-NH2 (Mw = 5000 Da) in anhydrous DMF to obtain the 
block copolymer mPEG-b-P(pOEt-Tyr). Bromotrimethylsilane 
(TMSBr) was then added to mPEG-b-P(pOEt-Tyr) in DCM to syn-
thesize mPEG-b-PpY. The product was purified by dialysis against 
100 mmol/L NaCl and subsequently ultrapure water. The degree 
of polymerization was determined by comparing the proton ratios 
of methylene units in PEG (–OCH2CH2–: δ = 3.7) and phenyl groups 
of PpY (–C6H4-: δ = 7.0) in 

1
H NMR spectra (Figure S2). 

PtNP, the precursor of PtCeNP, was prepared as follows. 
cis-Diamminedichloroplatinum(II) (cisplatin, CDDP) (8.0 mg, 26.6 
μmol) and AgNO3 (8.6 mg, 51.1 μmol) were stirred in H2O (1.0 mL) 
at room temperature in dark overnight. The suspension was cen-
trifuged at 13800 g for 15 min (MWCO = 3000 Da) and the super-
natant was then filtered by a 0.22 μm filter to obtain an aqueous 
solution of cis-[Pt(NH3)2(H2O)2](NO3)2. The above solution was 
added dropwise to mPEG-b-PpY15 (30.4 mg) in H2O (2.0 mL) at a 
feeding molar ratio Pt/P = 1/2. The reaction was stirred at 800 
r/min and 37 °C for 24 h to yield a light blue solution. The ob-
tained PtNP was purified and concentrated by ultrafiltration at 
4000 g for 20 min × 3 times (MWCO = 3000 Da).  

To prepare PtCeNP, Ce6 (5.0 mg, 8.4 μmol, *Pt+ : [Ce6] = 3 : 1) 
was dissolved in 1 mL CH3OH in a 5 mL glass vial. The solvent was 
removed under vacuum, and a film of Ce6 was obtained on the 
wall of the vial. The above PtNP solution was added to the vial 
and stirred at 37 °C for 24 h. The crude PtCeNP was subjected to 
dialysis (MWCO = 8000 Da) for 8 h, with water changed every 2 h, 
to remove free Ce6 to obtain pure PtCeNP. The concentration of 
Pt and Ce6 in PtCeNP was determined by inductively coupled 
plasma mass spectrometry (ICP-MS) and UV-Vis spectrophotom-
eter, respectively. 

Calculation of combination index (CI) values 

A549 cells were seeded in 96-well plates at a density of 3.0 × 
10

3
 cells per well 24 h prior to treatment. The cells were incubat-

ed with PtCeNP with different ratios of Pt/Ce6 (9 samples, ratio 
from 10/1 to 1/10) at indicated concentrations. After 4 h, the 
medium was changed. The cells are then irradiated with 660 nm 
laser at a power of 5 mW·cm

‒2
 for 15 min and then incubated 

under normal conditions for 48 h. Cell viabilities were determined 
by Cell-Titer-Blue Cell Viability Assay (Promega, USA). IC50 values 
were calculated using GraphPad Prism version 5. 

The formula of calculating the CI values is called Chou-Talalay 
formula:

[54]
 

CI (combination index) =IC50(A)pair/IC50(A)+IC50(B)pair/IC50(B) 
where IC50 is the half inhibition concentration of individual drug A 
or B or paired A and B.

[55]
  

In vitro release assay 

The solution of PtCeNP at 5 mmol/L (concentration of Pt) in 1 
× PBS was placed into a dialysis bag (MWCO = 8000 Da) and incu-
bated in DMEM with 10% FBS (99.0 mL) at 37 °C. At each time 
point, 1.0 mL solution outside the dialysis bag was sampled. The 
concentration of Pt was measured by ICP-MS, and the concentra-
tion of Ce6 was analyzed by absorption intensity at 660 nm. To 
keep the total volume unchanged outside the dialysis bag, 1.0 mL 
fresh DMEM medium plus 10% FBS was added to the solution 
each time. 

The release kinetics in the presence of XTP (X = A, G, C, U) 
were performed with PBS solution containing 10 mmol/L XTP 
instead of DMEM medium solution. All experiments were re-
peated in triplicates. 
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In vitro cell uptake assays 

The in vitro cellular uptake assay was performed via both cell 
lysates quantification and flow cytometry. 

For cell lysates quantification, A549 cells (5.0 × 10
6
) were 

seeded in Corning 100 mm TC-Treated Culture Dishes 24 h prior 
to experiments. The cells were treated with Ce6 or PtCeNP at 
designated concentrations (2, 5, or 10 μmol/L for Ce6), and incu-
bated for 6 h. The cells were washed with cold PBS (5.0 mL × 2), 
trypsinized, suspended in cold PBS (5.0 mL), and then centrifuged 
(1000 g × 5 min at 4 °C) to afford cell pellets. After another two 
cycles of washing and centrifugation, the final pellets were re-
suspended in PBS (1.0 mL) and cell numbers were counted. The 
suspension was evenly divided into two groups: half of the cells 
were digested directly with concentrated MOS nitric acid (3.0 mL) 
for cellular Pt uptake analysis by ICP-MS, and the other half was 
used for Ce6 uptake analysis by the absorption intensity at 660 
nm after cell lysis. All experiments were repeated in triplicates. 

For flow cytometry analysis, A549 cells (1.0 × 10
5
/well) were 

seeded in a 6-well plate and incubated for 24 h at 37 °C. A fresh 
medium containing Ce6 or PtCeNP (5 μmol/L for Ce6) was then 
supplemented to the cells. After 2—5 h incubation, cells were 
washed with cold PBS buffer (5.0 mL × 2). The cells were then 
digested by Cellstripper, centrifuged, and resuspended in PBS for 
flow cytometry analysis. 

Endocytosis inhibition experiment 

A549 cells were incubated with fresh DMEM containing 10 
mmol/L sodium azide (NaN3) at 37 °C for 3 h or incubated with 
fresh DMEM at 4 °C for 3 h prior to treatment. Then, cells were 
treated with Ce6, PtNP, or PtCeNP (5 μmol/L for Ce6, 16 μmol/L 
for Pt). The determination procedures of cellular uptake of Ce6 
and Pt were the same as the abovementioned protocol.  

Intracellular ROS measurements and apoptosis analysis 

A549 cells (1.0 × 10
5
/well) were seeded in a 6-well plate and 

incubated for 24 h at 37 °C. A fresh medium containing Ce6, PtNP, 
or PtCeNP (5 μmol/L for Ce6, 16 μmol/L for Pt) was then supple-
mented to the cells. After 6 h incubation, the cell medium was 
refreshed. For light treatment, the sample was exposed to irradia-
tion (660 nm laser at a power of 5 mW/cm

2
 for 15 min), followed 

by rapid washing with cold PBS (5.0 mL × 2). The cells were then 
digested by Cellstripper, centrifuged, and resuspended in PBS.  

For ROS detection, the ROS probe 2',7'-dichlorodihydrofluo-
rescein diacetate (DCFH-DA) (5 μmol/L) was added to the cell 
suspensions. DCFH-DA is an oxidative stress indicator without 
fluorescence, which is permeable to the cell membrane. After 
entering the cell, it will be hydrolyzed by esterase into 2',7'-di-
chlorodihydrofluorescein (DCFH), which would further interact 
with ROS, generating the fluorescent substance 2',7'-dichlorofluo-
rescein (DCF). The maximum excitation and emission wavelength 
of DCF are 480 nm and 525 nm, respectively. After 5 min incuba-
tion with DCFH-DA under dark conditions, the cells were centri-
fuged, washed, and resuspended (PBS, 1.0 mL). The intracellular 
ROS level was analyzed by flow cytometry. 

For apoptosis analysis, the cells were stained according to the 
instructions of Annexin V-FITC Apoptosis Detection Kit. Cell 
apoptosis was analyzed by flow cytometry. 

In vivo pharmacokinetics 

BALB/c mice (n = 3) were treated with CDDP, PtNP, or PtCeNP 
at a dose of 3 mg Pt/kg weight via tail-vein injection. At designat-
ed time points, blood was withdrawn from the orbit and treated 
with heparin for anticlotting and centrifuged to obtain plasma. All 
samples were completely digested by MOS nitric acid and evapo-
rated to dryness. The Pt concentration was measured by ICP-MS 
after redissolving the samples in water. 

In vivo biodistribution 

BALB/c-nu mice (n = 3) bearing A549 xenograft model were 
treated with CDDP, PtNP, or PtCeNP at a dose of 3 mg Pt/kg 
weight via tail-vein injection. Mice were sacrificed after 24 h to 
collect the tumors and organs. The tumors and organs were 
washed with cold PBS and weighted after removal of excess fluid. 
All samples were completely digested by MOS nitric acid and 
evaporated to dryness. The Pt concentration was measured by 
ICP-MS after redissolving the samples in water. 

In vivo tumor growth inhibition 

The A549 xenograft tumor model was established by subcu-
taneous injection of A549 cells (3.0 × 10

6
 cells in 100 μL PBS) into 

the right flank of each BALB/c-nu mouse. When the tumor 
reached ∼50 mm

3
 (∼10 days after tumor inoculation), the mice 

were randomized into 4 groups (n = 7). PBS, CDDP, PtNP, or 
PtCeNP therapy was administrated to the mice at a 1.5 mg/kg 
platinum dose once every two days via tail-vein injection. For 
photodynamic therapy, the mice in the PtCeNP group were fixed 
10 h after tail-vein injection, and the tumor was irradiated (660 
nm laser at a power of 5 mW/cm

2
 for 1 h). 

The pancreatic cancer model was established by subcutane-
ous injection of pancreatic cancer cells T3M4 and interstitial cells 
PSC at a ratio of 5 : 1 (3.0 × 10

6
 cells total in 100 μL PBS) into the 

right flank of each BALB/c-nu mouse to simulate the complex 
tumor environment of pancreatic cancer.

[63]
 When the tumor 

reached ∼50 mm
3
 (∼8 days after tumor inoculation), the mice 

were randomized into 4 groups (n = 5). PBS, CDDP, PtNP, or 
PtCeNP therapy was administrated to the mice at a 1.5 mg/kg 
platinum dose once every two days via tail-vein injection. For 
photodynamic therapy, the mice in the PtCeNP group were fixed 
10 h after tail-vein injection, and the tumor was irradiated (660 
nm laser at a power of 5 mW/cm

2
 for 1 h). 

Tumor volume was calculated by the following formula: 
V = L × W

2
/2 

Relative tumor volume was calculated by the formula: R = 
V/V0, where V0 is the average tumor volume on day 0 (the start 
date of therapy). The relative body weight (R) was calculated by 
the formula: R = W/W0, where W0 is the body weight before ad-
ministration. 
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The supporting information for this article is available on the 
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