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Cisplatin (CDDP)-based chemotherapy is an effective strategy for the treatment of advanced nasopharyn-
geal carcinoma (NPC). However, serious toxic side effects of CDDP limit patient tolerance and treatment
compliance, which urgently needs to be addressed in clinical application. Liposomes have been consid-
ered ideal vehicles for reducing CDDP toxicity due to their high biocompatibility, low toxicity and passive
targeting ability. Nevertheless, CDDP’s poor water/lipid solubility usually results in a low liposome drug-
lipid ratio, limiting tumor delivery ability. Herein, a CDDP-polyphenol complex liposome was designed
to increase the drug loading capacity of CDDP to realize the reduction of toxicity and effective antitumor
effect simultaneously. The complex was prepared via complexation reaction of different stoichiometric ra-
tios of CDDP and polyphenolic substances (gallic acid, epigallocatechin gallate and tannic acid), followed
by encapsulation of complex in liposomes to improve tumor targeting. Notably, the molecular interaction
forces between CDDP and polyphenolic substances were intensively investigated through a binding force
disruption assay. In vitro studies demonstrated that the optimal formulation of CDDP-epigallocatechin
gallate complex liposome (CDDP-EGCG Lips) showed the highest CDDP encapsulation efficiency, favorable
stability, pH-sensitive release, enhanced cellular uptake and apoptosis effect. In vivo studies revealed that
CDDP-EGCG Lips retarded the elimination of CDDP to prolong their circulation time, inhibited the growth
of tumors, and significantly reduced the toxic side effects compared to CDDP monotherapy. This delivery
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strategy holds great promise for improving the clinical use of platinum-based drugs.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nasopharyngeal carcinoma (NPC) is one of the most common
malignant tumors of the head and neck and has become a se-
vere worldwide malignant disease threatening human health [1].
Due to the insidious site of onset, about 75% of patients are in lo-
cally advanced stages at the time of first consultation [2]. Cisplatin
(CDDP)-based therapy is effective in combatting the advanced NPC
[3]. However, clinical practice has shown that CDDP chemother-
apy can trigger severe toxic side effects, including renal toxicity,
peripheral nerve injury, myelosuppression, ototoxicity, nausea and
vomiting, etc. [4]. Several clinical studies have indicated that more
than one-third of patients on concurrent radiotherapy were un-
able to complete three cycles of concurrent CDDP chemotherapy
[5]. Therefore, despite the significant efficacy of CDDP in the treat-
ment of NPC, severe toxic side effects significantly limit patient tol-
erance and treatment adherence, which has become a key issue
that needs to be solved with strategies in clinical treatment [6].
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Liposomes (Lips) have been well-recognized as vital drug deliv-
ery systems and are widely used in oncotherapy [7,8]. Due to the
structure of the phospholipid bilayer and hydrophilic inner cavity,
Lips can load both hydrophilic and hydrophobic drugs [9,10]. Im-
portantly, favorable properties, such as high biocompatibility, low
toxicity, passive targeting ability, etc., have led to the widespread
application of Lips for encapsulating drug candidates for reduc-
ing toxicity and extending the duration of therapeutic effect [11].
Therefore, these advantages make Lips synthetically recognized as
ideal delivery carriers for reducing severe toxic side effects caused
by CDDP chemotherapy [12]. However, CDDP is poorly water/lipid-
soluble, resulting in inefficient Lip encapsulation, limiting the ef-
fective CDDP delivery to tumors and therapeutic outcomes [13].
Thus, further combining other technologies to improve CDDP de-
livery for effective anti-NPC chemotherapy is necessary.

Polyphenolic compounds are naturally occurring compounds
derived from plants found in everyday life, often characterized by
polyhydroxy structures [14,15]. In their structures, the catechol and
pyrogallol groups can be complex with various metal ions, includ-
ing platinum, iron manganese, etc., to form coordination complexes
[16,17]. Primarily, the Pt(II) center in CDDP preferentially coordi-
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nates with two adjacent electron-donating groups to form stable
chelate rings, with the catechol structure being the most favorable
due to high complexation stability [18]. Several polyphenolic com-
pounds, such as gallic acid (GA), epigallocatechin gallate (EGCG)
and tannic acid (TA), demonstrate catechol structure with promis-
ing safety and are often used as complexation candidates [19].
This strategy of preparing the platinum-polyphenol complex can
significantly increase the water solubility of platinum drugs and
modify their physicochemical properties, simultaneously improv-
ing the encapsulation efficiency of platinum-based medications in
Lips [20,21]. In addition, the complexation of platinum drugs by
polyphenols to form complexed nanoparticles can also reduce the
systemic toxicity of platinum drugs without altering their antitu-
mor activity [22]. Therefore, screening CDDP with different kinds
of polyphenols to construct a complex is a promising approach to
improve the encapsulation efficiency of CDDP in Lips for combined
enhancement of therapeutic efficacy and toxicity reduction [23].

In this study, we prepared CDDP-polyphenol complex Lip for
effective treatment of NPC, especially reducing the toxic side ef-
fects induced by single-CDDP chemotherapy. We first prepared
and characterized various CDDP-polyphenol complexes for differ-
ent types of polyphenolic substances (GA, EGCG, and TA) and
CDDP: polyphenol ratios. Especially, we confirmed the molecular
interaction forces between CDDP and different polyphenolic sub-
stances through binding force disruption assay by incubating with
EDTA, KNO3, Tween 20 and CH4N,O, respectively. Then, CDDP-
polyphenol complex Lips were prepared and characterized to op-
timize the formulation. A pharmacokinetic study was also con-
ducted to evaluate the in vivo behavior of CDDP-EGCG Lips. Im-
portantly, we established a CNE-2 NPC tumor model to investigate
in vivo antitumor effects and biosafety of the preparations. CDDP-
polyphenol complex Lips reduced the toxic side effects of CDDP
and were effective in combating tumors, demonstrating the poten-
tial to improve the clinical application of platinum-based drugs for
chemotherapy.

First, different CDDP-polyphenol complexes were prepared by
CDDP and three types of polyphenolic substances (GA, EGCG and
TA), and characterized with particle size and polydispersity in-
dex (PDI) [24]. All three CDDP-polyphenol complexes (CDDP-GA,
CDDP-EGCG and CDDP-TA) showed favorable dispersibility with
uniform particle size distribution (Table S1 in Supporting in-
formation). Then, the preparation of the CDDP-polyphenol com-
plex was confirmed via the ultraviolet-visible spectroscopy (UV-
vis) method. Compared to the polyphenol solution, three CDDP-
polyphenol complexes all exhibited red-shift in the E2 band, which
may be due to the complexation of CDDP with polyphenols in-
creased the co-planarity of atoms and groups in the molecule (Figs.
1A-C). Three CDDP-polyphenol complexes were incubated with
EDTA, KNO3, Tween 20 and CH4N,O to investigate further molec-
ular interactions between CDDP and polyphenolic substances (GA,
EGCG and TA), respectively (Figs. 1D-0). As reported, EDTA, KNOs,
Tween 20 and CH4N,0 can destroy coordinate bonds, ionic bonds,
hydrophobic interaction and hydrogen bonds in complex, respec-
tively [25-28]. In the CDDP-GA complex, UV-vis scanning results
demonstrated that the interactions between CDDP and GA were
mainly coordinate and ionic bonds. In the CDDP-TA complex, the
interactions between CDDP and TA were mainly coordinate bonds,
ionic bonds, and hydrophobic interactions. In the CDDP-EGCG com-
plex, the interactions between CDDP and EGCG were mainly coor-
dinate and ionic bonds.

Then, the CDDP loading efficiency of CDDP-polyphenol com-
plex was investigated at different CDDP: polyphenol ratios (2:1, 3:1
and 5:1). The complex of CDDP-GA, CDDP-TA and CDDP-EGCG had
the highest drug loading efficiency at the 2:1 ratio, demonstrat-
ing 56.88% + 5.18% (Fig. S1 in Supporting information), 79.4% +
1.02 % (Fig. S2 in Supporting information) and 78.96 % + 5.21% (Fig.

Chinese Chemical Letters 37 (2026) 111450

——CppP

—GA
CDDP-GA complex
Physical mixture

5| _ ——coop
TA N\ EGCG
Physical mixture g 307 CDDP-EGCG complex

CDDP-TA complex g 254" Physical mixture

. 10]) \ \ 1.0 \ V‘T

0. - e
200 300 400 500 600 700
Wavelength (nm)

200 300 400 500 600 700 200 300 400 S00 600 700
Wavelength (nm) Wavelength (nm)

CDDP-EGCG in EDTA
CDDP-EGCG in H,0

—— CDDP-TA in H,0
—— CDDP-TA in EDTA N

3.
D ol —— CDDP-GA in H,0 E
—— CDDP-GA in EDTA

“ ol |\ < 0l
{ . \
054 \ 05 05{
00— | 0 —
200 300 400 500 600 700 800 200 300 400 500 600 700 $00
Wavelength (nm) Wavelength (nm)

—— CDDP-GA in H,0 H —copp-TAinH0 |1

5
—— CDDP-GA in KNO, . s —— CDDP-TA in KNO, 303,
g 25 5
H il
220 A £ 20!
£ £
215 1
z |
10 L
05
0 gl S 00—
200 300 400 500 600 700 800 200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)

—— CDDP-EGCG in KNO,
CDDP-EGCG in H,0

J Sp—————— g 3 L 357
30/ ——CDDP-GAinH,0 30| ——CODPTAIK,O 30 CDDP-EGCG inTween 20
o CDDP-GAinTween20 | _ _J/\ —— CDDP-TA in Tween 20 CDDP-EGCG in H,0
g 25 g 25
£ g
220 £ 20
H
2 1s Z1s
<
10 10
05 05

0.0+————— T T e 0.0 - R
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm)

0.0 —
200 300 400 500 600 700 800
‘Wavelength (nm) Wavelength (nm)

—— CDDP-GA in H,0
—— CDDP-GA in CH,N,0

g 25
H 5.0 |\
£ 20 £ 204 \ N 220
z £ V\ £
é L5 2159 \ 215
10 " 10 \ “ 10
0.5 0.5 \ 0.5
\

30/ — CDDP-EGCG in CHN,0
CDDP-EGCG in H,0

0.0+ —
200 300 400 500 600 700 800
Wavelength (nm)

X -
200 300 400 500 600 700 800
Wavelength (nm)

0.0 =
200 300 400 500 600 700 800
Wavelength (nm)

Fig. 1. Preparation and characterization of CDDP-polyphenol complex. UV scanning
spectrum of CDDP-polyphenol complex prepared by CDDP with (A) GA, (B) TA and
(C) EGCG. Evaluation of coordinate bond in CDDP-polyphenol complex via incuba-
tion of EDTA with (D) CDDP-GA, (E) CDDP-TA and (F) CDDP-EGCG. Evaluation of
ionic bond in CDDP-polyphenol complex via incubation of KNO; with (G) CDDP-GA,
(H) CDDP-TA and (I) CDDP-EGCG. Evaluation of hydrophobic interaction in CDDP-
polyphenol complex via incubation of tween-20 with (J) CDDP-GA, (K) CDDP-TA and
(L) CDDP-EGCG. Evaluation of hydrogen bond in CDDP-polyphenol complex via in-
cubation of CH4sNO, with (M) CDDP-GA, (N) CDDP-TA and (O) CDDP-EGCG.

S3 in Supporting information), respectively. Especially, the CDDP-
TA/CDDP-EGCG complex showed a significantly higher loading effi-
ciency than the CDDP-GA complex, possibly due to the increasing
phenolic hydroxyl reactive groups reacting with CDDP on TA and
EGCG in their structures [29].

CDDP-polyphenol complex Lips were prepared via the reverse
evaporation method. We first optimized the formulation of CDDP-
polyphenol complex Lips by the encapsulation rate of CDDP
through the type of polyphenols, CDDP: phospholipid ratios (w/w),
CDDP: cholesterol ratios (w/w), organic-phase: aqueous phase ra-
tios (v/v), etc. As shown in Fig. 2A, the CDDP encapsulation rate
of CDDP-EGCG Lips was higher than CDDP-GA Lips and CDDP-TA
Lips, indicating that EGCG improved the encapsulation efficiency.
Then, we investigated the effect of CDDP:cholesterol ratio (w/w) on
particle size and encapsulation. CDDP-EGCG Lips exhibited moder-
ate particle size and the highest encapsulation rate of CDDP when
the CDDP:cholesterol ratio was set as 1:10 (Fig. 2B). Furthermore,
when the ratio (w/w) was 5:1 (Fig. 2C) and the organic-phase:
aqueous phase ratio (v/v) was 2:1 (Fig. S4 in Supporting infor-
mation), CDDP-EGCG Lips exhibited the smallest particle size and
highest encapsulation efficiency among the formulations. The opti-
mized Lips had a CDDP loading of 4.16% (w/w). Two CDDP-loaded
Lips (Lipoplatin® and SPI-77) under clinical investigation load 9.1 %
and 1.4 %, respectively. However, Lipoplatin® requires a technically
complex preparation process, including precisely controlling pH
and ionic strength to form reverse micelles and subsequent conver-
sion into Lips initially. In contrast, CDDP-EGCG Lips were prepared
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Fig. 2. Preparation and characterization of CDDP-EGCG Lips. (A) Encapsulation efficiency and particle size of CDDP-EGCG Lips, CDDP-GA Lips and CDDP-TA Lips. Optimization
of (B) SPC:CDDP ratio (w/w) and (C) SPC:cholesterol ratio (w/w) for preparation of CDDP-EGCG Lips. (D) Transmission electron microscope (TEM) images of CDDP-EGCG
complex. Scale bar: 200nm. (E) TEM image and (F) particle size distribution profiles of CDDP-EGCG Lips. Scale bar: 50 nm. In vitro release of (G) CDDP, (H) CDDP-EGCG
complex and (I) CDDP-EGCG Lips under different pH conditions (pH 5.0, 6.5 and 7.4). Data are presented as mean + SD (n=3).

using reverse-phase evaporation, a well-established and technically
straightforward preparation protocol.

According to transmission electron microscope observation,
CDDP-EGCG complex (Fig. 2D) and CDDP-EGCG Lips (Fig. 2E)
showed uniform spherical morphology. The particle size, PDI, and
zeta potential of the optimal CDDP-EGCG Lips formulation were
152.46 +4.50 nm, 0.268 +0.011, and —38.34+0.15 mv, respectively
(Fig. 2F and Table S2 in Supporting information). In vitro release
of preparations was conducted under different pH conditions (pH
5.0, 6.5 and 7.4). CDDP demonstrated similar release behavior un-
der various pH conditions (Fig. 2G) [30]. Differently, the release
of CDDP-EGCG (Fig. 2H) and CDDP-EGCG Lips (Fig. 2I) was pH-
responsive, with a slower release rate at physiological conditions
(pH 7.4) and accelerated drug release under acidic conditions.
This pH-sensitive release was attributed to the phenolic hydroxyl
groups in polyphenols. They underwent deprotonation (-O~), form-
ing stable coordination bonds with Pt(Il) [31]; while in acidic en-
vironments, the protonation of hydroxyl groups (-OH,*) reduced
their electron density weakening Pt coordination and promoted
drug release through complex dissociation. These results suggested
that CDDP could remain stable in the circulation and rapidly re-
lease CDDP at the tumor site, leading to reduced systemic toxicity.
A 28-day storage under 4°C did not significantly change the parti-
cle size and CDDP encapsulation efficiency of the CDDP-EGCG com-
plex (Fig. S5A in Supporting information) and CDDP-EGCG Lips (Fig.
S5B in Supporting information), indicating their promising stability
for application. CDDP-EGCG Lips demonstrated little changes in the
particle size and PDI after incubation with 10% serum-containing
phosphate buffer saline (PBS) at 37 °C for 12 h and, as a result, po-
tential stability against disassociation (Fig. S6 in Supporting infor-
mation).

Next, we studied the in vitro antitumor effect of preparations.
As shown in Figs. 3A and B, the blank Lip demonstrated little in-
fluence on cell viability of both CNE-2 and 5-8F cells under the
experimental concentration range, indicating that the carrier had
good biocompatibility and biosafety. The CDDP-loading prepara-
tions, free CDDP, CDDP-EGCG complex and CDDP-EGCG Lips, ex-
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Fig. 3. In vitro antitumor effects. Cytotoxicity of free Lips, CDDP, CDDP-EGCG and
CDDP-EGCG Lips for CNE-2 and 5-8F cells under the CDDP concentration of 0.1,
1, 5, 10, 20 and 30pug/mL. (C) Representative flow cytometry image and (D) quan-
titative analysis of FITC, FITC-CDDP-EGCG and FITC-CDDP-EGCG Lips after cellular
uptake by CNE-2 cells. (E) Representative flow cytometry images and (F) quantita-
tive analysis for cell apoptosis evaluation of CNE-2 cells after treatment with CDDP,
CDDP-EGCG and CDDP-EGCG Lips. ***P < 0.001, ****P < 0.0001. Data are presented
as mean + SD (n=5).
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hibited significant dose-dependent cytotoxicity against both tumor
cells. When the drug concentration reached 30pug/mL, the survival
rate of CNE-2 cells and 5-8F cells was nearly 50%. All three for-
mulations showed potent antitumor activity on CNE-2 and 5-8F
tumor cells, with comparable inhibitory effects. Then, we investi-
gated the ability of preparations to induce apoptosis of CNE-2 cells.
The three preparations significantly induced apoptosis of CNE-2
cells compared to the untreated negative control group (Figs. 3C
and D). Specifically, the total percentage of early and late apop-
totic cells in the CDDP-EGCG Lip-treated group was 51.5% + 0.59 %,
comparable to the CDDP-treated group 55.33% + 7.08%. In ad-
dition, the apoptosis fluorescence images of CNE-2 cells demon-
strated that CDDP, CDDP-EGCG complex and CDDP-EGCG Lips in-
duced shrinkage and nuclear chromatin condensation of CNE-2
cells, suggesting the occurrence of tumor cell apoptosis (Fig. S7 in
Supporting information). These results indicated that CDDP-EGCG
Lips could effectively induce apoptosis on tumor cells, similar to
CDDP. The enhanced proapoptotic effect of the preparation was
due to the effective drug cellular uptake. As depicted in Figs. 3E
and F, the fluorescein isothiocyanate (FITC) fluorescence intensity
of the CDDP-EGCG-FITC Lips group was significantly higher com-
pared to CDDP-EGCG-FITC (P < 0.0001).

Finally, we studied the in vivo performance of the prepara-
tions. All animal experimental procedures were approved by the
Ethics Committee of China Pharmaceutical University (approval No.
202406068). First, the pharmacokinetics were evaluated within
24h on Sprague-Dawley rats. The plasma concentration of CDDP
was detected via inductively coupled plasma mass spectrometry
(ICP-MS) [32]. Remarkably, under the same dose of CDDP adminis-
tration, CDDP-EGCG Lips significantly delayed elimination and pro-
longed the circulation of CDDP than single CDDP administration
(Figs. 4A and B and Table S3 in Supporting information), demon-
strating an approximately 10-fold increase in the elimination half-
life and 4-fold increase in bioavailability. The improved in vivo be-
havior of CDDP by the Lips could facilitate the delivery of CDDP
to tumor sites and decrease accumulation in normal tissues, ef-
fectively combating cancer and reducing toxic side effects. More-
over, the significantly prolonged in vivo circulation and improved
bioavailability of CDDP-EGCG Lips could prolong the action dura-
tion and reduce the frequency of administration in clinical appli-
cations.

Then, the in vivo pharmacodynamic study of CDDP, CDDP-EGCG
complex and CDDP-EGCG Lips on CNE-2 tumor-bearing mice (Fig.
S8 in Supporting information). As shown in Figs. 5A-C, com-
pared to the control (saline) group, the preparation treatment us-
ing CDDP, CDDP-EGCG complex and CDDP-EGCG Lips significantly
inhibited tumor growth after 13-day treatment, with the CDDP
group and CDDP-EGCG Lips group showing higher tumor growth
inhibition. The immunohistochemical staining displayed that the
percentage of Ki-67-positive cells in tumor tissues in the control
group was 12.71% + 1.83%, while the Ki-67-positive rates in the
groups treated using the three preparations were 6.59% + 0.84%,
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7.80% + 0.44% and 7.04% + 1.40%, respectively (Figs. 5D and E).
The results indicated that CDDP-EGCG Lips effectively inhibited the
proliferation of tumor cells.

We also investigated the biosafety of the preparations. In vitro
hemolysis examination demonstrated that CDDP-EGCG Lips did not
cause significant hemolysis even at a high CDDP concentration
of 500pug/mL, indicating favorable blood compatibility and non-
significant damage to erythrocytes (Fig. 6A) [33]. Then, we mon-
itored the body weight changes during the treatment period in
each group of mice to assess the systemic toxicity of different
dosing regimens to mice [34]. Mice in the CDDP group showed
significant body weight loss after administration, suggesting that
CDDP monotherapy has substantial systemic toxicity. In contrast,
the body weight of mice in the CDDP-EGCG Lips group maintained
a normal growth trend, with non-significant alteration compared
to the control group, indicating remarkable biosafety (Fig. 6B). Or-
gan pathological changes showed that CDDP had strong toxic ef-
fects on several organ tissues, and no significant tissue damage
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was seen in the CDDP-EGCG Lips group, with a good safety pro-
file (Fig. 6C). This enhanced biosafety and reduced systemic toxic-
ity mainly because the CDDP-EGCG Lips could enhance tumor ac-
cumulation of CDDP and reduce drug distribution in normal tis-
sues. Moreover, the pH-sensitive release of CDDP-EGCG Lips could
compromise drug release in normal tissues and minimize toxic-
ity to the body. CDDP-EGCG Lips were capable of rapidly releas-
ing CDDP in response to the acidic condition in tumor microenvi-
ronment (pH 6.0-7.0) and endosome-lysosomes (pH 4.0-5.0), while
remaining stable in the near-neutral condition in normal tissues
(pH 7.2-7.4) to reduce CDDP accumulation and decrease toxic side
effects [35,36].

In summary, to address the shortcomings in the clinical
chemotherapy of CDDP, we developed a CDDP-polyphenol complex
Lip nanoplatform. We first screened different kinds of polyphe-
nol compounds and drugs, such as polyphenol ratios, to prepare a
CDDP-polyphenol complex with high CDDP-loading efficiency, ef-
fectively improving the poor water/lipid solubility properties of
CDDP. The optimal CDDP-EGCG complex was further encapsulated
in Lips by reverse evaporation to enhance their biosafety, pro-
long in vivo circulation, and improve tumor accumulation. The
CDDP-EGCG Lips could dramatically alleviate the toxic side ef-
fects caused by CDDP chemotherapy and significantly enhance the
drug’s safety while ensuring the antitumor efficacy. In addition,
this drug-polyphenol-Lip strategy has great potential to be applied
to other cancer chemotherapy medicines, aiming to reduce toxic
side effects and improve therapeutic efficacy.
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