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18 Abstract

19 Photothermal therapy (PTT) combined with chemotherapy is a promising cancer 

20 treatment approach, but its effectiveness is limited due to concerns about heat resistance 

21 mediated by heat shock proteins (HSPs) and the side effects of chemotherapy. In this 

22 study, we developed indocyanine green (ICG)-encapsulated tea leaf nanoparticles 

23 (TLNPs-ICG) as a photothermal nanoplatform. The TLNPs, approximately 140 nm in 

24 diameter, efficiently encapsulated ICG and demonstrated stable, concentration-dependent 

Page 1 of 36 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

8/
20

26
 1

1:
29

:0
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6TB00055J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tb00055j


2

1 photothermal heating under 800 nm near-infrared irradiation. TLNPs-ICG were readily 

2 internalized by keratinocytes and melanoma cells, likely via uptake via the EGCG/67 kDa 

3 laminin receptor, and exhibited selective cytotoxicity against melanoma cells. When 

4 combined with near-infrared irradiation, TLNPs-ICG exhibited potent photothermal cell 

5 killing, whereas TLNPs or free ICG alone were only marginally effective. Importantly, 

6 TLNPs-ICG attenuated the upregulation of HSP70 and HSP90 and suppressed the 

7 acquisition of thermotolerance in vitro and in vivo. In a B16 melanoma mouse model, 

8 intratumoral TLNPs-ICG combined with intermittent near-infrared irradiation 

9 significantly suppressed tumor growth without apparent systemic toxicity. These results 

10 suggest that TLNPs-ICG is a plant-derived biomaterial that integrates EGCG-mediated 

11 biochemical activity, heat shock regulation, and ICG-mediated photothermal effects, 

12 providing a platform for next-generation PTT-combined cancer therapy.

13

14 Introduction

15 Hyperthermia is a well-established cancer treatment method that uses external stimuli, 

16 such as light or an alternating magnetic field, to locally heat tumor tissue to approximately 

17 43°C [1,2]. Under well-controlled conditions, hyperthermia can be applied minimally 

18 invasively and preferentially damage malignant cells while sparing surrounding normal 

19 tissue. It can be combined with surgery, radiation therapy, and chemotherapy to enhance 

20 therapeutic efficacy. Photothermal therapy (PTT) is a representative form of 

21 hyperthermia. It involves administering a photothermal agent into the body and 

22 converting the absorbed energy into heat by irradiating the tumor with light, thereby 

23 increasing the tumor temperature and killing cancer cells. [3,4] Near-infrared (NIR) light 

24 is particularly widely used for PTT due to its relatively high tissue penetration and low 
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1 inherent phototoxicity. Combination strategies that integrate PTT with conventional 

2 chemotherapeutic agents are attractive because heat enhances the pharmacological 

3 activity of anticancer drugs, enabling more efficient treatment [5,6]. However, such 

4 approaches also raise concerns about off-target toxicity to normal tissues. Furthermore, 

5 heat exposure induces the production of heat shock proteins (HSPs), such as HSP70 and 

6 HSP90, promoting the acquisition of thermotolerance in tumor cells [7]. As a result, the 

7 effectiveness of repeated PTT sessions tends to decrease over time as tumors adapt to heat 

8 stress. Therefore, to maximize the effectiveness of PTT, a photothermal therapy agent 

9 that not only generates heat under near-infrared irradiation but also suppresses HSP 

10 induction and preferentially targets cancer cells is highly desirable.

11 Epigallocatechin-3-gallate (EGCG), a major polyphenolic catechin abundant in green 

12 tea leaves, has attracted attention in cancer treatment [8-10]. EGCG binds to the 67-kDa 

13 laminin receptor (67LR), which is overexpressed on the surface of many cancer cells, and 

14 exerts its anticancer effects through this interaction [11,12]. Furthermore, EGCG has been 

15 reported to inhibit the expression of HSP70 and HSP90, important molecular chaperones 

16 involved in the development of thermotolerance [13,14]. These properties suggest that 

17 EGCG may be a promising adjuvant for PTT by conferring tumor selectivity while 

18 attenuating the heat shock response. However, EGCG suffers from poor stability. EGCG 

19 is prone to degradation and structural changes in response to environmental factors such 

20 as light, pH, ionic strength, and temperature. To improve its stability and bioavailability, 

21 various strategies have been explored, including co-formulation with ascorbic acid [15], 

22 complexation with proteins or other carrier molecules [16,17], and encapsulation within 

23 liposomes or related nanocarriers [18,19]. While these approaches can enhance EGCG 
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1 stability, they often require laborious carrier preparation processes, potentially increasing 

2 formulation complexity.

3 Plant-derived nanoparticles (pdNPs) have recently emerged as a new class of bioinspired 

4 nanocarriers with potential advantages for drug delivery and disease treatment [20-22]. 

5 pdNPs are exosome-like nanoparticles isolated and purified from plant sources. They 

6 consist of heterogeneous vesicles, membrane fragments, and organelle-like structures. 

7 Nanoparticles isolated from plants such as ginseng [23], ginger [24], grapefruit [25], and 

8 grapes [26] have been reported to encapsulate plant-derived bioactive molecules, proteins, 

9 and nucleic acids and are being investigated as carriers for targeted delivery and 

10 therapeutic intervention. Because pdNPs are primarily composed of various 

11 phospholipids and other membrane components, they are expected to enable functional 

12 modifications similar to those of conventional liposomes while maintaining the 

13 biocompatibility and bioactivity associated with their plant origin. Some of these particles 

14 have also been reported to exhibit anticancer activity, making them useful as therapeutic 

15 materials [23, 24]. Recently, the design of aloe-derived nanoparticles containing 

16 indocyanine green for hyperthermia, which generate heat in response to near-infrared 

17 light, has been reported. However, considerations remain to be made regarding the 

18 development of thermotolerance through the production of HSPs [27]. Most ICG delivery 

19 systems reported to date include synthetic liposomes, polymeric nanoparticles, and plant-

20 derived nanoparticles (e.g., ginger, grapefruit, and aloe-derived pdNPs), primarily 

21 designed to improve ICG stability and tumor accumulation. However, photothermal 

22 therapy using these particles still faces a significant biological barrier: repeated heating, 

23 or even mild heating, can activate the heat shock response, leading to increased expression 

24 of HSP70/HSP90 and subsequent increased thermotolerance. In many cases, these 
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1 carriers function primarily as delivery vehicles and do not inherently suppress heat-

2 induced HSP signaling. As a result, additional exogenous HSP inhibitors or concomitant 

3 medications are often required, increasing formulation complexity and potentially raising 

4 safety concerns. Tea leaf-derived nanoparticles (TLNPs), a subtype of pdNPs derived 

5 from tea leaves, stably contain tea leaf components such as EGCG and have been shown 

6 to exhibit antitumor activity against human and mouse breast cancer cell lines [28]. These 

7 findings raise the possibility that TLNPs may function as natural EGCG-containing 

8 nanoplatforms that exert tumor-selective and HSP-modulating effects. Currently, there 

9 are few reports on the functionalization of pdNPs, including TLNPs, for photothermal 

10 therapy, and pdNP-based materials that can essentially suppress HSP expression to 

11 achieve more effective treatment are still lacking.

12 Based on these considerations, we hypothesized that loading photothermal agents into 

13 TLNPs would result in multifunctional nanomaterials that could selectively target cancer 

14 cells, exert their inherent anticancer activity via EGCG, and simultaneously enhance the 

15 efficacy of PTT. Furthermore, the incorporation of EGCG into TLNPs can be easily 

16 performed and may suppress the expression of HSP70 and HSP90 in the tumor 

17 microenvironment, potentially preventing or mitigating the development of 

18 thermotolerance during repeated PTT cycles. However, although such a multifunctional 

19 profile is highly desirable for achieving robust antitumor efficacy, only a limited number 

20 of materials have been reported that simultaneously possess these properties. In this study, 

21 we encapsulated ICG, a clinically used near-infrared-absorbing dye with well-

22 characterized photothermal properties, into TLNPs to create near-infrared-responsive 

23 photothermal TLNPs (TLNP-ICG) (Figure 1). In this study, TLNPs-ICG were developed 

24 as a multifunctional green tea–derived nanoplatform that synergistically integrates NIR-
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6

1 triggered photothermal heating with EGCG-mediated antitumor activity and cancer cell 

2 selectivity, while concurrently attenuating HSP70/90-associated thermotolerance, 

3 thereby enabling more effective PTT-based cancer therapy.

4

5 Figure 1 Schematic illustration of preparation of TLNPs-ICG. 

6

7 Experimental section

8 Materials

9 Human immortalized keratinocytes (HaCaT) were obtained from Cell Lines Service 

10 GmbH (Land Baden-Württemberg, Germany). The human malignant melanoma cell line 

11 A375 was purchased from the European Collection of Authenticated Cell Cultures 

12 (ECACC, Porton Down, England). The murine cutaneous melanoma cell line B16 was 

13 supplied by the JCRB Cell Bank, National Institutes of Biomedical Innovation, Health 

14 and Nutrition (Osaka, Japan). Phosphatidylinositol PI (17:0/20:4) was sourced from 

15 Avanti Polar Lipids (Birmingham, England). Indocyanine green, Dulbecco’s modified 

16 Eagle’s medium (DMEM), Eagle’s minimum essential medium (EMEM), trypsin–EDTA, 

17 and Dulbecco’s phosphate-buffered saline without calcium and magnesium [D-PBS (-)] 
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1 were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Fetal 

2 bovine serum (FBS) was obtained from Sigma-Aldrich (St. Louis, MO, USA). The 

3 lipophilic fluorescent tracers DiI [DiIC18(3)] and DiO [DiOC18(3)] were purchased from 

4 Setareh Biotech (Eugene, OR, USA). LysoTracker™ Green DND-26 was obtained from 

5 Thermo Fisher Scientific (Waltham, MA, USA). Rabbit polyclonal anti-HSP70 (human 

6 reactive) was purchased from Funakoshi Co. (Tokyo, Japan), and rabbit polyclonal anti-

7 HSP90 (human reactive) was obtained from COSMO BIO Co. (Tokyo, Japan). Seven-

8 week-old male C57BL/6 mice (body weight 17-21 g; Sankyo Laboservice Co., Ltd., 

9 Tokyo, Japan) were maintained under specific pathogen-free (SPF) conditions at Josai 

10 University. Tea leaves (Camellia sinensis, cultivar Kōro, harvested in October) were 

11 kindly provided by the Saitama Tea Research Institute (Saitama, Japan).

12

13 Preparation of Tea Leaf derived nanoparticles loaded with indocyanine green 

14 (TLNPs-ICG)

15 Tea leaf derived nanoparticles (TLNPs) were isolated and purified using a modified 

16 sucrose cushion method previously reported by previous study [29,30]. Briefly, fresh tea 

17 leaves were homogenized in D-PBS (-) using a blender to obtain a juice-like mixture. The 

18 homogenate was then centrifuged at 3,000 × g for 10 min at 4°C, followed by successive 

19 centrifugations at 10,000 × g and 16,500 × g for 60 min each. After removing insoluble 

20 debris, the supernatant was passed through a 0.45 µm filter (Minisart NML, Sartorius, 

21 Göttingen, Germany) to further remove residual particles. The filtrate was carefully 

22 layered onto a 30% (w/v) sucrose cushion prepared in D-PBS (-) and ultracentrifuged at 

23 141,000 × g for 90 min. The sucrose fraction containing TLNPs was collected, 

24 resuspended in D-PBS (-), and ultracentrifuged at 141,000 × g for 90 minutes. The 
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1 resulting precipitate was collected and resuspended in 500 µL of D-PBS (-). This final 

2 suspension was designated as TLNPs. For physicochemical characterization, the TLNP 

3 suspension was diluted 10-fold with D-PBS (-), and the hydrodynamic diameter and zeta 

4 potential were measured using a Zetasizer Nano (Malvern, UK). The protein content of 

5 the recovered TLNPs was quantified by a microbicinchoninic acid (microBCA) assay 

6 using a BCA protein assay kit. The TLNP suspension was diluted 20, 40, 60, and 80 times, 

7 and a serial dilution series for the standard curve was prepared using bovine serum 

8 albumin (BSA). Each diluted sample or BSA standard solution (25 µL) was mixed with 

9 100 µL of prepared working reagent in a 96-well plate and incubated at 60°C for 30 

10 minutes. The absorbance at 562 nm was then recorded using a microplate reader (Synergy 

11 H1, Agilent BioTek, Tokyo, Japan), and the protein concentration of the recovered 

12 TLNPs was calculated from the BSA standard curve.

13 ICG solution (1.0 mg mL-1) and TLNP dispersion (1.0 mg mL-1) were mixed at a 1:1 

14 volume ratio and incubated at 37°C for 1 hour. The suspension was centrifuged for 20 

15 minutes, the supernatant was removed, and the resulting pellet was resuspended in D-

16 PBS (-) to obtain ICG-encapsulated TLNPs (TLNPs-ICG). The ICG concentration in the 

17 removed supernatant was quantified, and the ICG loading amount and loading efficiency 

18 of the TLNPs-ICG were calculated. The resulting TLNPs-ICG were diluted 10-fold with 

19 D-PBS (-), and the hydrodynamic diameter and zeta potential were measured by dynamic 

20 light scattering (DLS). The amount of ICG leakage from the TLNPs-ICG was evaluated 

21 by incubating the dispersion at 37°C for 1, 3, 6, and 24 hours, followed by centrifugation. 

22 The supernatant was collected, and the absorbance at 785 nm was measured using a 

23 microplate reader. The amount of ICG leakage was expressed as the ratio of the amount 

24 of ICG detected in the supernatant to the amount of ICG initially encapsulated in TLNPs-
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1 ICG. EGCG was quantified as previously study [27], with minor modifications. TLNPs 

2 were dissolved in methanol and centrifuged at 12,000 × g for 10 min, after which the 

3 supernatant was collected for analysis. The EGCG content in the supernatant was 

4 determined by high-performance liquid chromatography (HPLC; Shimadzu Corporation, 

5 Kyoto, Japan). Chromatographic separation was performed using solvent A (0.2% 

6 phosphoric acid in H₂O) and solvent B (methanol) as the mobile phases at a flow rate of 

7 0.85 mL min-1, with UV detection at 280 nm. The column oven was maintained at 45°C, 

8 and an Inertsil® ODS-3 column (3.5 µm, 4.6 × 150 mm) was employed for the analysis.

9

10 Evaluation of NIR-responsive photothermal effect of TLNPs-ICG

11 TLNPs and TLNPs-ICG (10, 50, 100 µg mL-1) dispersions were irradiated with near-

12 infrared (NIR) light at 800 nm (1 W cm-²) using a NIR light source (Irradiation device 

13 supplied by Iwasaki Electric Co., Ltd., Saitama, Japan). During irradiation, the 

14 temperature was recorded at 30-second intervals using a thermometer and infrared 

15 thermography (Compact Thermal Camera AD-5637, A&D Co., Ltd., Tokyo, Japan) to 

16 evaluate the photothermal response. To examine the durability of the photothermal effect, 

17 a TLNPs-ICG dispersion (50 µg mL-1) was irradiated with NIR light for 8 minutes, 

18 followed by a 12-minute cooling period, which was repeated five times. The temperature 

19 was measured every 30 seconds. The cooling temperature was also recorded at 30 s 

20 intervals, and the photothermal conversion efficiency was calculated (Supporting 

21 Information).

22

23 Preparation of fluorescent labeled TLNPs-ICG

24 　Fluorescent labeling of TLNPs-ICG was performed as in our previous study [28,29]. 
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10

1 TLNPs-ICG (50 µL, total protein concentration 1.0 mg mL-1) was mixed with DiO and 

2 DiI (2 µL each, 500 µmol L-1), and vortexed at 35°C for 10 minutes in the dark. The 

3 mixture was then centrifuged at 122,000 × g for 20 minutes to obtain TLNPs-ICG with a 

4 fluorescently labeled lipid membrane.

5

6 Evaluation of cellular uptake and cytotoxicity of TLNPs-ICG

7 HaCaT cells were cultured in D-MEM supplemented with 10% heat-inactivated FBS at 

8 37°C in a humidified atmosphere of 5% CO₂. A375 human melanoma cells were 

9 maintained under the same conditions in D-MEM supplemented with 15% heat-

10 inactivated FBS. B16 melanoma cells were cultured in E-MEM supplemented with 10% 

11 heat-inactivated FBS at 37°C in a humidified atmosphere of 5% CO₂. The cellular uptake 

12 of TLNPs was assessed by flow cytometry (FACS) and confocal laser scanning 

13 microscopy (CLSM). For FACS, HaCaT, A375, and B16 melanoma cells were seeded at 

14 1 x 10⁵ cells mL-1 in 24-well plates (VIOLAMO, AS ONE, Osaka, Japan) and allowed to 

15 adhere overnight at 37°C in a 5% CO₂ atmosphere. The culture medium was replaced 

16 with serum-free medium, and DiO-labeled TLNPs or TLNPs-ICG were added to a final 

17 concentration of 50 μg mL-1. After incubation for 1, 3, 6, or 24 hours, the medium was 

18 removed, and cells were washed with D-PBS (-) and detached by trypsinization. The cell 

19 suspension was transferred to a 2.0 mL tube and washed three more times with D-PBS 

20 (-). Finally, the cells were resuspended in 250 μL of FACS buffer (D-PBS (-) containing 

21 2% FBS). Fluorescent signals were acquired using a flow cytometer (CytoFLEX, 

22 Beckman Coulter, Tokyo, Japan) and analyzed using CytExpert software. For confocal 

23 imaging, HaCaT, A375, and B16 melanoma cells were seeded at 1 × 10⁵ cells mL-1 onto 

24 glass-bottom dishes (IWAKI, Chiba, Japan) and cultured overnight at 37°C and 5% CO₂. 
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11

1 After replacing the medium with serum-free medium, DiI-labeled TLNPs-ICG were 

2 added at a final concentration of 50 μg mL-1, and the cells were incubated for 1, 3, 6, or 

3 24 hours. Endosome/lysosomal compartments and the nucleus were stained with 

4 LysoTracker™ Green DND-26 (excitation wavelength: 504 nm, emission wavelength: 

5 511 nm) and Hoechst 33342 (excitation wavelength: 352 nm, emission wavelength: 461 

6 nm), respectively. After staining, cells were washed twice with FBS-containing medium, 

7 overlaid with 1.0 mL of fresh medium, and observed using a fluorescence microscope 

8 (FLUOVIEW FV3000, Olympus Corp., Tokyo, Japan). Hoechst 33342, LysoTracker™ 

9 Green DND-26, and DiI-labeled TLNPs were excited with lasers at 405, 488, and 561 

10 nm, respectively.

11

12 Cytotoxicity evaluation and photothermal effect of TLNPs-ICG

13  The cytotoxicity of TLNPs was first evaluated in vitro. HaCaT, A375, and B16 

14 melanoma cells were seeded in 96-well plates (3 × 10⁴ cells mL-1, Nippon Genetics Co., 

15 Ltd., Tokyo, Japan) and cultured overnight at 37°C in a humidified 5% CO₂ atmosphere. 

16 The culture medium was then replaced with serum-free medium, and the cells were 

17 exposed to TLNPs (final protein concentrations: 10, 50, 100, and 200 μg mL-1) or free 

18 ICG solution (final concentrations: 10, 20, and 50 μg mL-1). After 24 h of incubation at 

19 37°C and 5% CO₂, 10 μL of WST-8 solution (Cell Counting Kit-8, Dojindo Laboratories, 

20 Kumamoto, Japan) was added to each well and the cells were incubated for an additional 

21 2 hours under the same conditions. The absorbance at 450 nm was recorded using a 

22 microplate reader (Synergy H1, Agilent BioTek, Tokyo, Japan). Cell viability was 

23 calculated by normalizing the absorbance of the treated wells to that of untreated control 

24 cells. 
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12

1 Moreover, the photothermal cytotoxicity of TLNPs-ICG in combination with NIR 

2 irradiation was evaluated. A375 and B16 melanoma cells were seeded at 3 × 10⁴ cells 

3 mL-1 in 96 well plates and cultured overnight at 37°C and 5% CO₂. After replacing the 

4 medium with serum-free medium, TLNPs or TLNPs-ICG were added to final 

5 concentrations of 10, 50, or 100 μg mL-1 and incubated for 22 h under standard culture 

6 conditions. Each well was then irradiated with NIR light for 10 min. Immediately after 

7 irradiation, 10 μL of WST-8 solution was added to each well and incubated for an 

8 additional 2 hours at 37°C and 5% CO₂. Absorbance at 450 nm was measured using a 

9 microplate reader, and cell viability was expressed as a percentage of the absorbance of 

10 treated cells relative to that of untreated controls.

11

12 HSP 70 and 90 expression analysis

13 A375 and B16 melanoma cells were seeded at 1 × 10⁵ cells mL-1 in 24-well plates and 

14 incubated overnight at 37°C in a humidified atmosphere containing 5% CO₂. The medium 

15 was then replaced with serum-free medium, and TLNPs or TLNPs-ICG were added to a 

16 final protein concentration of 10 or 50 µg mL-1. After 22 hours of incubation at 37°C and 

17 5% CO₂, the cells were exposed to mild hyperthermia at 42°C and 5% CO₂ for 1 hour, 

18 followed by an additional 1 hour of incubation at 37°C and 5% CO₂. Cells were harvested 

19 by trypsinization and washed three times with PBS to obtain a cell pellet. Total RNA was 

20 isolated from the cell pellet using a spin column kit (RNA Basic kit, Nippon Genetics 

21 Co., Ltd., Tokyo), and the RNA concentration was measured using a NanoDrop 1000 

22 spectrophotometer (Thermo Fisher Scientific, Tokyo). cDNA was synthesized using 

23 PrimeScript™ RT Master Mix (Takara Bio Inc., Shiga, Japan) in a TurboCycler Lite 

24 thermal cycler (Blue-Ray Biotech Inc., New Taipei City, Taiwan). Quantitative real-time 
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13

1 PCR was then performed using TB Green® Premix Ex Taq™ II with a Thermal Cycler 

2 Dice® Real Time System Lite (Takara Bio Inc.) to evaluate the mRNA expression levels 

3 of HSP70 and HSP90. The sequences of the various primers used are summarized in 

4 Supporting Information Table S1.

5

6 Antitumor evaluation using tumor-bearing mice 

7 All animal experiments were conducted in accordance with protocols reviewed and 

8 approved by the Animal Care and Use Committee of Josai University (approval No. 

9 JU24004). In line with the ARRIVE guidelines, efforts were made throughout the study 

10 to minimize animal use and discomfort and to ensure ethical handling of all animals. 

11 Tumor induction was performed following a previously described protocol [31].

12 C57BL/6 mice were obtained from Sankyo Labo Service Corporation (Tokyo, Japan) 

13 and housed in a temperature-controlled room (25 ± 2°C) under a 12 h light/dark cycle 

14 (lights on 9:00–21:00). Animals had free access to MF chow (Oriental Yeast Co., Ltd., 

15 Tokyo, Japan) and water. B16 melanoma cells were suspended in PBS, mixed with 

16 Geltrex™ (Thermo Fisher Scientific, MA, USA), and adjusted to a final density of 3.3 × 

17 10⁶ cells mL-1. Under anesthesia induced with a mixed anesthetic (medetomidine 

18 hydrochloride, 0.15 mg kg-1; butorphanol tartrate, 2.5 mg kg-1), 50 µL of the cell 

19 suspension was injected subcutaneously into the flank of each mouse. On day 7 after 

20 inoculation, when the tumor volume reached approximately 100 mm³, TLNPs or TLNPs–

21 ICG were administered intratumorally using a syringe (100 µL per tumor, corresponding 

22 to a total protein concentration of 50 µg mL-1). Twenty-two hours after injection, tumors 

23 were irradiated with NIR light for 10 min to evaluate the in vivo photothermal effect. Skin 

24 surface temperature over the tumor was monitored during irradiation using an infrared 
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14

1 thermal camera. This injection/irradiation cycle was repeated every 3 days, and antitumor 

2 efficacy was assessed over a 14-day period. On day 14, mice were euthanized, tumors 

3 were excised and weighed, and tissue sections were prepared for immunohistochemical 

4 staining of HSP70 and HSP 90 using anti-HSP 70 and anti-HSP90.

5

6 Statistical Analysis

7 Data are expressed as the mean and standard deviation within the indicated experiment 

8 or sample.

9

10 Results and Discussion

11 Preparation of Tea Leaf derived nanoparticles loaded with indocyanine green 

12 (TLNPs-ICG)

13

14 Figure 2 Characterization of TLNPs and TLNPs-ICG. (a) Diameter of TLNPs and 

15 TLNPs-ICG. (b) Absorption spectra of the TLNPs (black line) and TLNPs-ICG (blue 

16 line) in PBS. Excitation was performed at 785 nm.

17
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15

1

2 Table 1 Characterization of TLNPs and TLNPs-ICG

sample Diameter 
(nm)a

Zeta potential 
(mV)a

ICG containing 
amounts 

(µg/100 µg-protein)b

ICG 
loading rate 

(%)b

TLNPs 142.5 ± 2.4 -6.95 ± 1.0 - -
TLNPs-ICG 158.4 ± 5.0 -11.0 ± 1.8 54.4 ± 2.17 54.4 ± 2.17

3 (a) Determined by DLS.

4 (b) Determined by UV-vis.

5

6 TLNPs were isolated from tea leaves by fractionation using a sucrose cushion, as 

7 previously reported. The recovered TLNPs had a protein concentration of 2.7 mg mL-1 

8 and contained 2.62 μg of EGCG per 100 μg of protein. Dynamic light scattering analysis 

9 revealed an average hydrodynamic particle size of approximately 140 nm and a zeta 

10 potential of approximately -7.0 mV (Figure 2a, Table 1). The lipid composition was 

11 further analyzed by LC-MS/MS (Figure S1), showing the relative peak area ratios of each 

12 phospholipid fatty acyl species normalized to an internal standard. The phospholipids 

13 identified in TLNPs included lysophosphatidylcholine, phosphatidylcholine, 

14 lysophosphatidylethanolamine, phosphatidylethanolamine, lysophosphatidylglycerol, 

15 phosphatidylglycerol, phosphatidylinositol, phosphatidylserine, and sphingomyelin. 

16 These compositions are similar to those reported for other plant-derived nanoparticles, 

17 indicating that TLNPs are nanoscale aggregates primarily composed of phospholipids 

18 [28,29].

19 Next, we prepared ICG-loaded TLNPs (TLNP-ICG) and characterized their 

20 physicochemical properties (Figure 2a, b; Table 1). After ICG encapsulation, the average 

21 particle size increased to approximately 160 nm, and the ζ potential decreased to -11.0 

22 mV. This is attributed to the anionic sulfonic acid groups of ICG. UV-visible 
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16

1 spectroscopy revealed a clear absorption maximum around 800 nm only in TLNPs-ICG, 

2 confirming successful encapsulation of ICG into the TLNPs. The amount of ICG 

3 encapsulated was 54.4 μg/ 100 μg of protein, corresponding to an encapsulation efficiency 

4 of approximately 54%, indicating the formation of TLNPs-ICG.

5
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17

1 Evaluation of NIR-responsive photothermal effect of TLNPs-ICG 

2

3 Figure 3 Characterization of photothermal effects of TLNPs-ICG.  (a) Photothermal effect 

4 at each TLNPs-ICG concentration (wavelength 800 nm, 12 minutes of irradiation). (b) 

5 Thermography images of TLNPs-ICG at various concentrations (Top: before near-

6 infrared irradiation, Bottom: after 12 minutes of near-infrared irradiation). (c) 

7 Dependence of the maximum photothermally induced temperature on TLNPs-ICG 

8 concentration. (d) Photothermal effect of TLNPs-ICG by repeated NIR irradiation.

9

10 The photothermal heating profile of TLNPs–ICG under 800 nm NIR irradiation is shown 

11 in Figure 3. In dispersions containing TLNPs alone, no appreciable temperature increase 

12 was observed upon NIR exposure. By contrast, TLNPs–ICG dispersions exhibited a clear, 
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18

1 concentration-dependent photothermal response, in which both the maximum 

2 temperature reached increased with increasing TLNPs–ICG concentration (Figure 3a, b). 

3 The relationship between TLNPs–ICG concentration and the peak temperature attained 

4 is summarized in Figure 3c. The data indicated an approximately linear increase in 

5 maximum temperature as a function of TLNPs–ICG concentration, suggesting that the 

6 photothermal effect is governed by the concentration of encapsulated ICG. Notably, at 

7 protein-equivalent concentrations of ≥ 50 μg mL-1, TLNPs–ICG achieved temperatures 

8 above 43°C, which is generally considered sufficient for effective photothermal therapy. 

9 In addition, the NIR irradiation intensity was varied to 0.5 and 2.0 to confirm the heating 

10 effect (Figure S2). The maximum temperature increased from approximately 35 °C at 0.5 

11 W cm⁻² to ~54 °C at 2.0 W cm⁻². These results demonstrate a clear power-density-

12 dependent heating profile, enabling tunable temperature control to reach the therapeutic 

13 window required for PTT. Furthermore, the photothermal conversion efficiency (η) of 

14 TLNPs-ICG calculated from the cooling curve was 35.0% (Figure S2a, b), which is 

15 comparable to the reported value [32,33] for ICG-based photothermal agents, supporting 

16 the idea that TLNPs-ICG is a material that can be used for photothermal therapy. To 

17 assess the stability and reproducibility of the photothermal response, the TLNPs-ICG 

18 dispersion was subjected to five consecutive cycles of NIR irradiation (8 min) followed 

19 by cooling (12 min). As shown in Figure 3d, a rapid temperature increase was observed 

20 exclusively during NIR irradiation, and the terminal temperature after each 8 min 

21 irradiation remained above 43 °C across all five cycles. A slight decrease in the maximum 

22 temperature (~2 °C) was observed in the fifth cycle, which is likely attributable to partial 

23 photodegradation of ICG upon repeated irradiation. Importantly, TLNPs-ICG 

24 consistently reached temperatures within the effective range for photothermal therapy in 

Page 18 of 36Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

8/
20

26
 1

1:
29

:0
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6TB00055J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tb00055j


19

1 every cycle. These findings indicate that TLNPs–ICG can repeatedly generate heat in 

2 response to NIR light without apparent loss of photothermal performance. Collectively, 

3 these results demonstrate the successful preparation of TLNPs–ICG as NIR-responsive 

4 photothermal nanoparticles suitable for repeated photothermal treatment.

5
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20

1 Evaluation of cellular uptake and cytotoxicity of TLNPs-ICG

2

3 Figure 4 Evaluation of cellular uptake and cytotoxicity of TLNPs-ICG. (a) Representative 

4 histogram showing results obtained using FACS. HaCaT, A375 and B16 melanoma cells 

5 were treated with 3,3′-dioctadecyloxacarbocyanine perchlorate (DiO)-labeled TLNPs-

6 ICG for 1 (green line), 3 (blue line), 6 (yellow line) and 24 h (pink line). (b) CLSM images 

7 of HaCaT, A375 and B16 melanoma cells treated with 1,1′-dioctadecyl-3,3,3′,3′-

8 tetramethylindocarbocyanine perchlorate (DiI)-labeled TLNPs-ICG (red) for 24 h. Nuclei 

9 and lysosomes are stained with Hoechst 33342 (blue) and LysoTracker DND-26 (green), 

10 respectively. All scale bars are 20 µm. (c) CLSM images of HaCaT cells treated with 

11 EGCG followed by 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate 

12 (DiI)-labeled TLNPs-ICG (red) for the indicated times. Nuclei and lysosomes were 
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1 stained with Hoechst 33342 (blue) and LysoTracker DND-26 (green), respectively. All 

2 scale bars are 20µm. (d) Evaluation of cell viability of HaCaT, A375, and B16 melanoma 

3 cells treated with TLNPs-ICG at various concentrations. Data are expressed as the mean 

4 ± SD (n = 3) (e) Evaluation of cell viability by photothermal effect of TLNPs-ICG on 

5 A375 cells. Data are expressed as the mean ± SD (n = 3). (f) Evaluation of cell viability 

6 by photothermal effect of TLNPs-ICG on B16 melanoma cells. Data are expressed as the 

7 mean ± SD (n = 3).

8

9 The cellular uptake of TLNPs-ICG and its associated effects on cell viability were 

10 investigated in normal keratinocytes (HaCaT) and tumor cell lines (A375 and B16 

11 melanoma). Uptake was first assessed by flow cytometry (Figure 4a). In all three cell 

12 types, the fluorescence histogram of the DiO-positive cell population gradually shifted to 

13 higher intensity with increasing incubation time, indicating time-dependent cellular 

14 uptake of TLNPs-ICG. Consistent with these data, confocal laser scanning microscopy 

15 performed 24 hours after exposure to TLNPs-ICG revealed significant intracellular 

16 accumulation (Figure 4b). In merged images, nuclei were stained blue, 

17 endosomal/lysosomal compartments were stained green, and TLNPs-ICG was 

18 counterstained red. In each cell type, extensive overlap of green and red fluorescence was 

19 observed, indicating that internalized TLNPs-ICG was primarily localized in the 

20 endosomal/lysosomal system. These findings suggest that TLNPs-ICG is efficiently 

21 internalized by both normal and malignant cells and transported via the endocytic vesicle 

22 pathway. Because EGCG interacts with the 67 kDa laminin receptor (67LR) and has been 

23 suggested to undergo receptor-mediated internalization, the potential contribution of 

24 EGCG/67LR interaction to TLNPs-ICG uptake was examined by a competition assay 
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1 (Figure 4c). HaCaT cells were seeded and preincubated with various concentrations of 

2 EGCG before the addition of TLNPs-ICG. Without EGCG pretreatment, red fluorescence 

3 from TLNPs-ICG was readily detected in punctate structures colocalizing with 

4 endosomal/lysosomal markers, consistent with efficient uptake. In contrast, preexposure 

5 to EGCG at concentrations of 100 μmol L-1 or higher significantly reduced or eliminated 

6 the intracellular red signal, significantly inhibiting TLNPs-ICG cellular uptake. These 

7 observations are consistent with the idea that EGCG saturates or inhibits cell surface 

8 67LR, inhibiting the recognition of EGCG molecules displayed on TLNPs-ICG. Based 

9 on this competitive inhibition, it is suggested that TLNPs-ICG uptake may occur, at least 

10 in part, via the 67LR-dependent endocytic pathway.

11 The effects of TLNPs-ICG on cell viability were evaluated in HaCaT, A375, and B16 

12 melanoma cells (Figure 4d). HaCaT cells showed no significant reduction in viability up 

13 to 50 μg mL-1 (protein equivalent) of TLNPs-ICG, indicating minimal cytotoxicity to 

14 normal keratinocytes within this dose range. In contrast, A375 and B16 melanoma cells 

15 showed remarkable sensitivity, with cell viability of both tumor lines decreasing to less 

16 than 50% at 50 μg mL-1. These results revealed a concentration range in which TLNPs-

17 ICG preferentially reduces tumor cell viability while largely avoiding effects on normal 

18 cells. This pattern of tumor-selective cytotoxicity is consistent with previous reports of 

19 EGCG-induced antiproliferative effects in malignant cells, suggesting that the inherent 

20 cytotoxicity of TLNPs-ICG is primarily due to its EGCG content.

21 The cytotoxicity of the combined effects of TLNPs-ICG and with/without NIR-induced 

22 photothermal heating was evaluated (Figure 4e, f). NIR irradiation in the absence of 

23 TLNPs-ICG did not affect viability in any of the cell lines tested, confirming that the 

24 applied parameters did not damage cells without ICG. In addition, treatment of cancer 
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1 cells with free EGCG at a concentration equivalent to the EGCG content in TLNPs-ICG 

2 resulted in higher cell viability than treatment with TLNPs-ICG (Figure S4). This finding 

3 suggests that the retention of EGCG within TLNPs may enhance its stability, thereby 

4 increasing its effective bioactivity under the experimental conditions. Furthermore, in the 

5 absence of NIR, TLNPs-ICG and TLNPs exhibited similar viability profiles, indicating 

6 that ICG does not exert significant cytotoxicity under the conditions used. When TLNPs-

7 ICG-treated tumor cells were exposed to NIR irradiation, cell viability dramatically 

8 decreased to only a few percent. This significant decrease in viability is consistent with 

9 heat-induced cell death caused by the strong photothermal response of TLNPs-ICG. 

10 Overall, these results demonstrate that TLNPs-ICG combines EGCG-mediated 

11 biochemical cytotoxicity with NIR-responsive photothermal activity and can exert potent 

12 antitumor effects in vitro when combined with NIR irradiation.

13
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1 HSP 70 and 90 expression analysis 

2

3 Figure 5 Evaluation of TLNPs-ICG for suppressing HSP70 and HSP90 expression at the 

4 mRNA level. (a) Expression analysis of HSP70 (left) and HSP90 (right) in A375 cells. 

5 Data are expressed as the mean ± SD (n = 3). (b) Expression analysis of HSP70 (left) and 

6 HSP90 (right) in B16 melanoma cells. Data are expressed as the mean ± SD (n = 3).

7

8 It is well known that tumor cells acquire thermotolerance through repeated PTT cycles, 

9 and suppression of this thermotolerance is thought to be important for maximizing the 

10 effects of PTT. The heat shock proteins HSP70 and HSP90 are important mediators of 
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1 thermotolerance, and EGCG has been reported to inhibit their expression. Based on this, 

2 we evaluated changes in HSP expression at the mRNA level in A375 and B16 melanoma 

3 cells after TLNPs-ICG treatment (Figure 5a, b).

4 When A375 and B16 melanoma cells were exposed to TLNPs-ICG alone (37°C, without 

5 heat stress), the mRNA expression levels of HSP70 and HSP90 were comparable to those 

6 of the untreated control, indicating that TLNPs-ICG does not alter the basal expression 

7 of HSPs. In contrast, when cells were hyperthermia-treated at 42°C, a clear upregulation 

8 of HSP70 and HSP90 was observed in A375 and B16 melanoma cells, confirming the 

9 activation of a typical heat shock response to heat stress. On the other hand, when heat 

10 treatment was performed in the presence of TLNPs-ICG, the heat-induced increase in 

11 HSP70 and HSP90 expression was significantly attenuated, with expression levels 

12 comparable to those in the non-heated control group. This suppression of HSP induction 

13 in the TLNPs-ICG/heat-treated group is consistent with the known ability of EGCG to 

14 downregulate HSP70 and HSP90, suggesting that EGCG delivered via TLNPs-ICG 

15 inhibits the cellular heat shock response.

16 Integrated findings from these in vitro evaluations suggest that TLNPs–ICG function 

17 not only as a photothermal agent but also as an EGCG carrier, thereby suppressing heat-

18 stress–induced upregulation of HSP expression at the mRNA level. This dual action 

19 inhibits the development of thermotolerance during repeated PTT cycles, potentially 

20 contributing to the realization of more effective and sustained antitumor photothermal 

21 therapy.

22
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1 Antitumor evaluation using tumor-bearing mice

2

3 Figure 6 In vivo antitumor evaluation. (a) Tumor surface temperature during NIR light 

4 irradiation. (b) Time-course of mean body weight in mice for each treatment group. Data 

5 are expressed as the mean ± SD (n = 3). (c) Tumor growth in B16 melanoma–bearing 

6 mice. B16 melanoma cells were inoculated subcutaneously into the dorsal region of 

7 C57BL/6 mice, and treatment was initiated when tumor volume reached approximately 

8 100 mm³. Data are presented as the mean ± SD (n = 4). (d) Tumor volume for each 

9 treatment group on day 12 after treatment initiation. Data are presented as mean ± SD (n 

10 = 4). (e) Merged confocal laser scanning microscopy images of fluorescent 

11 immunostaining for HSP70 and HSP90 in tumor sections excised at the end of the 

12 treatment period. Blue: DAPI Green: HSP70 or HSP90.

13

14 In vivo antitumor activity was evaluated using a B16 melanoma tumor-bearing mouse 

15 model (Figure 6). Treatment began when tumor volume reached approximately 100 mm³. 
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1 Each formulation was administered via intratumoral injection (100 μL per tumor) using 

2 a syringe. During subsequent NIR light irradiation, temperature near the tumor was 

3 monitored (Figure 6a). In mice administered ICG-free TLNPs, no significant increase in 

4 tumor temperature was observed upon NIR exposure, indicating the absence of carrier-

5 specific photothermal activity. In contrast, in mice administered free ICG or TLNPs-ICG, 

6 a clear NIR-responsive heating profile was detected, with tumor temperature increasing 

7 to approximately 43°C. This temperature range is considered suitable for photothermal 

8 therapy (PTT), suggesting that PTT-related hyperthermia can be achieved under the 

9 applied conditions. No significant weight change or obvious systemic toxicity was 

10 observed in any group throughout the experimental period (Figure 6b). The anti-tumor 

11 effects are summarized in Figures 6c and d. Based on longitudinal analysis of tumor 

12 volume (Figure 6c), tumors in the free ICG group grew at a rate similar to that of the D-

13 PBS control group, indicating that ICG alone cannot suppress tumor progression under 

14 these conditions. In the TLNP, TLNP-ICG, and TLNP + NIR groups, tumor growth was 

15 delayed compared to the control group, but maintained an overall increasing trend. This 

16 trend is consistent with previously reported anticancer effects of EGCG and tea leaf-

17 derived nanoparticles, suggesting moderate growth-suppressing activity. A similar tumor 

18 growth-suppressing effect was observed in the ICG + NIR group, likely due to 

19 photothermal damage. However, because NIR irradiation in this experiment was 

20 performed every 3 days under relatively mild conditions, the tumors showed net growth 

21 over time. Surprisingly, a significant decrease in tumor volume was observed only in the 

22 TLNPs–ICG + NIR group, with a reduction of approximately 50% compared to the initial 

23 tumor volume. This remarkable tumor growth inhibition is likely due to the synergistic 

24 interaction between EGCG-mediated biochemical effects and ICG-induced photothermal 

Page 27 of 36 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

8/
20

26
 1

1:
29

:0
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6TB00055J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tb00055j


28

1 heating, enabling effective tumor suppression even under an intermittent (3-day cycle) 

2 treatment schedule. Similarly, analysis of mean tumor weight on day 12 revealed that 

3 only the TLNPs–ICG + NIR group exhibited a significantly lower tumor mass compared 

4 to the other groups (Figure 6d). In addition, the survival curves for each treatment group 

5 show a progressive decrease in survival associated with tumor growth, whereas only the 

6 TLNPs–ICG + NIR group maintained 100% survival over the extended observation 

7 period, indicating a pronounced therapeutic benefit (Figure S5). Moreover, in conjunction 

8 with the longitudinal body-weight profiles (Figure 6b), the concomitant reduction in 

9 tumor volume and improvement in survival suggest that the treatment did not elicit overt 

10 systemic toxicity or severe adverse effects under the tested conditions.

11 To further explore the underlying mechanisms associated with thermotolerance, tumor 

12 sections excised at the end of the study were subjected to immunofluorescence staining 

13 for HSP70 and HSP90 and analyzed by CLSM (Figure 6e). In the ICG + NIR group, both 

14 HSP70- and HSP90-derived green fluorescence signals were significantly enhanced, 

15 indicating the induction of heat shock proteins in response to photothermal stress. In 

16 contrast, in the TLNPs–ICG + NIR group, no obvious enhancement of HSP70- or HSP90-

17 derived fluorescence was detected, despite tumor heating during NIR irradiation, and the 

18 staining pattern was comparable to that observed in the untreated (NT) control group. 

19 These findings suggest that the presence of TLNPs–ICG in the tumor microenvironment 

20 suppresses heat-induced HSP expression in vivo, consistent with in vitro observations. 

21 Collectively, these results suggest that TLNPs-ICG exhibit efficient photothermal activity 

22 while concurrently suppressing HSP70/90 expression, thereby attenuating the acquisition 

23 of thermotolerance. Whereas tumor-volume reduction by PTT has also been reported 

24 previously [27], the present model enables comparable antitumor outcomes with a shorter 
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1 NIR irradiation duration and fewer administrations of TLNPs–ICG. This improvement is 

2 likely attributable to the combined contributions of maintaining temperatures within the 

3 therapeutically effective photothermal window, the intrinsic antitumor activity of TLNPs, 

4 and suppression of HSP expression, which mitigates thermotolerance. In synergy with 

5 their tumor-selective cytotoxic activity, these complementary functions are expected to 

6 enhance the overall antitumor efficacy of PTT in this model.

7

8 Conclusion

9 In this study, we developed tea leaf-derived nanoparticles (TLNPs) efficiently 

10 encapsulating the near-infrared dye indocyanine green (ICG) and synthesized TLNPs-

11 ICG, which exhibited stable, concentration-dependent photothermal activity under 800 

12 nm irradiation. TLNPs-ICG was readily internalized by both normal keratinocytes and 

13 melanoma cells, at least in part via the EGCG-67kDa laminin receptor. At moderate 

14 concentrations, it exhibited dose-dependent cytotoxicity, preferentially reducing tumor 

15 cell viability while sparing normal cells. When combined with near-infrared irradiation, 

16 TLNPs-ICG induced potent photothermal cytotoxicity, whereas TLNPs or ICG alone 

17 (with or without NIR irradiation) had limited antitumor effects. Furthermore, TLNPs-ICG 

18 suppressed hyperthermia-induced upregulation of HSP70 and HSP90 in tumor tissues in 

19 vitro and in vivo, suggesting that it effectively inhibits the acquisition of thermotolerance 

20 during repeated photothermal therapy. In a B16 melanoma mouse model, intratumoral 

21 administration of TLNPs-ICG combined with intermittent NIR irradiation achieved 

22 significant tumor growth inhibition without apparent systemic toxicity. These findings 

23 suggest that TLNPs-ICG function as a biologically derived photothermal biomaterial, 

24 integrating EGCG-mediated biochemical antitumor activity with ICG-driven 

Page 29 of 36 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

8/
20

26
 1

1:
29

:0
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6TB00055J

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tb00055j


30

1 photothermal heating and HSP suppression. Therefore, tea leaf-derived nanoparticles 

2 hold promise as a promising edible plant-based functional material for next-generation 

3 combined photothermal cancer therapy because they are naturally enriched with EGCG 

4 and present a vesicle architecture that supports intrinsic anticancer activity.
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