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a b s t r a c t

In the treatment of B-cell lymphoma, chemotherapy as a monotherapy encounters significant challenges

like drug resistance, side effects, and limited cytotoxicity. A novel strategy combining chemotherapy and

photothermal therapy uses nanomaterials to convert light into heat, locally heating tumor tissues to in-

duce thermal ablation while enhancing the effectiveness of chemotherapeutic agents and reducing toxic

side effects on normal cells. Here, we developed a multifunctional black phosphorus nanosheets (BP NSs)

for chemo-photothermal synergistic therapy of lymphoma. BP NSs were synthesized from bulk black

phosphorus crystal powders utilizing a modified liquid exfoliation technique and functionalized with

polyethylene glycol (PEG) to improve stability. The PEGylated BP NSs were loaded with two chemother-

apeutic agents, gemcitabine (Gem) and doxorubicin (DOX), forming GD-BP@PEG NSs. The nanosheets

exhibit excellent physical stability, efficient photothermal conversion, and pH/near-infrared (NIR) dual-

responsive drug release. In vitro cell experiments demonstrated that GD-BP@PEG NSs significantly in-

creased cytotoxicity and apoptosis, especially with NIR laser irradiation. Furthermore, in vivo studies in

A20 lymphoma-bearing BALB/c nude mice revealed GD-BP@PEG NSs passively accumulated with high

concentrations at the tumor site, efficiently inhibiting lymphoma growth with minimal systemic toxicity,

demonstrating significant advantages over single treatments of chemotherapy or photothermal therapy

alone. In summary, this pH/NIR dual-triggered BP NSs system could serve as a promising nanoplatform

for chemo-photothermal synergistic treatment of B-cell lymphoma.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lymphoma is the fourth most common cancer globally, with

high morbidity and mortality rates. Diffuse large B-cell lymphoma,

with an estimated 150,000 new cases diagnosed annually, is the

most common subtype of lymphoma [1,2]. Currently, chemother-

apy is the primary treatment method for B-cell lymphoma [3].

Doxorubicin (DOX), a broad-spectrum antitumor agent, inhibits the

proliferation of tumor cells by intercalation with DNA, showing

efficacy against hematological malignancies and various solid tu-

mors [4]. However, DOX has significant side effects, including short
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half-life, lower bioavailability, and specificity for cancer cells, along

with nephrotoxicity, severe myelosuppression, and cardiotoxicity

[5,6]. Gemcitabine (Gem), a cytidine nucleoside derivative with

anti-tumor activity, is an important part of the treatment regi-

men for lymphoma [7,8]. Nonetheless, its clinical application has

been significantly limited by the poor pharmacokinetic properties,

short half-life, unsatisfactory biological distribution in tumor tis-

sues, more toxic side effects, long-term multiple administration,

and acquired drug resistance [9]. Therefore, enhancing the dis-

tribution of chemotherapy drugs in lymphoma tissues, maximiz-

ing their bioavailability, reducing side effects, and exploring treat-

ment modes other than chemotherapy are crucial for improving

the treatment effect of lymphoma.

Nano-drug delivery systems (nano-DDSs) have been widely

used for the therapy of cancer and other diseases due to their in-
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herent advantages, such as improved drug stability and solubility,

minimized side effects, extended circulation time, targeted deliv-

ery to specific tissues, and enhanced cellular uptake [10–14]. In re-

cent years, nanomaterial-mediated photothermal therapy (PTT) has

attracted significant interest due to its high efficiency, minimal in-

vasiveness, low cost, reduced tissue damage, and low systemic cy-

totoxicity [15,16]. By utilizing nano-DDSs to combine chemother-

apy with PTT, it is possible to effectively target the tumor sites,

minimize drug loss, enhance cellular uptake, and improve the

chemotherapy efficacy [17]. Additionally, by adjusting the inten-

sity of the external laser irradiation to precisely kill tumor cells,

thereby improving treatment efficiency, and reducing the risk of

tumor recurrence [18].

Black phosphorus nanosheets (BP NSs), are a new type of

two-dimensional nanomaterial with adjustable layer-dependent

bandgaps (0.3–2.0 eV) [19], high surface-to-volume ratio, and great

absorption in the visible and near-infrared (NIR) region. It has

shown great potential in biomedical fields such as bioimaging

[20], antibacterial uses [21], drug/gene delivery [22], photodynamic

therapy [23], and PTT [24]. Additionally, the major degradation

product of BP NSs is phosphate anions [25], which are non-toxic

to normal cells but can selectively induce tumor cell death [26,27].

At present, the research on the anti-cancer treatment of BP mainly

focuses on solid tumors [24,28,29], especially breast cancer, but its

application in hematological malignancies has been minimally in-

vestigated.

In this study, we synthesized BP NSs from black phosphorus

crystal powders employing a modified liquid exfoliation technique

with tip ultrasonic methods and functionalized with positively

charged polyethylene glycol (PEG) through electrostatic adsorption.

The PEGylated BP NSs effectively loaded two chemotherapeutic

drugs, Gem, and DOX, constructing a GD-BP@PEG NSs. PEG coat-

ing enhances the stability of the BP NSs, prolongs the circulation

time in vivo, and increases the uptake by lymphoma cells. Further-

more, GD-BP@PEG NSs exhibit pH/NIR dual-triggered drug release

and photothermal activity, demonstrating significantly better anti-

lymphoma efficacy in vitro and in vivo compared to chemotherapy

or PTT alone, indicating their potential as a promising nanoplat-

form for combined chemotherapy and PTT.

First, the synthesis process of the GD-BP@PEG NSs is illus-

trated in Scheme 1. In this study, the modified liquid exfolia-

tion technique with ultrasonication, as described in the previous

study [30], was used to prepare BP NSs from BP powder in N-

methyl-2-pyrrolidone (NMP). As observed by transmission electron

microscope (TEM), the lateral diameter of BP NSs was approxi-

mately 165nm (Fig. 1A). Dynamic light scattering (DLS) results in-

dicated that the average diameter of the BP NSs was 176±15nm,

Scheme 1. Schematic illustration of the construction of GD-BP@PEG NSs and its

application in combined chemo-photothermal therapy for lymphoma.

Fig. 1. (A) TEM image of BP NSs. The size distribution of (B) BP NSs and (C) GD-

BP@PEG NSs. (D) TEM image of GD-BP@PEG NSs. (E) Zeta potential measurements

of different NSs. (F) UV–vis-NIR absorption spectra of different NSs. (G) Photother-

mal heating curves of BP NSs and GD-BP@PEG NSs suspension (100μg/mL of BP

NSs equivalent, 808nm, 1.5W/cm2, 10min). In vitro (H) DOX and (I) Gem release

profile from GD-BP@PEG NSs in pH 7.4 and 5.0 media, (808nm, 1.5W/cm2, 5min)

indicated. Data are presented as mean± standard deviation (SD) (n=3).

with a uniform distribution (Fig. 1B). However, BP NSs exhibit

poor stability under physiological conditions, making them prone

to degradation in the presence of oxygen and water [31]. The main

modification strategies have been developed to enhance the sta-

bility of BP NSs include electrostatic interactions with function-

alized components, and covalent conjugation via chemical bonds

such as covalent bonds, coordinate bonds and π-bonding [31,32].

Commonly used modification materials typically alter the surface

charge through amino groups (-NH2) or enable further chemical

functionalization. Notably, amino-based modifications, particularly

PEG-NH2, have emerged as the most extensively studied strate-

gies for BP NSs stabilization [31]. Based on these findings, we se-

lected PEGylation to modify BP NSs to enhance their stability in a

physiological medium [33]. Although violet phosphorus (VP) shows

better environmental stability than BP NSs [34], we chose BP NSs

as the carrier material in this study due to its more established

biomedical applications and superior photothermal properties. The

narrower bandgap of BP NSs enables stronger NIR absorption and

higher photothermal conversion efficiency, making it particularly

effective for deep-tissue applications, while its well-characterized

surface modification strategies and cost-effective production fur-

ther support its practical implementation [35].

Zhang et al. [36] reported that mitoxantrone (MTX) absorbed

onto BP NSs via electrostatic interaction, and the synthesized

MTX@BP NSs showed significant effect in inhibiting breast can-

cer tumor growth, which was significantly superior to chemother-

apy with MTX alone. Therefore, we evaluated BP@PEG NSs as a

therapeutic delivery platform. First, Gem and DOX were mixed

with BP@PEG NSs solution in different ratios (the mass ratios

of Gem and DOX to BP NSs were 0.5, 1, 2, 3, and 4, respec-

tively), stirred overnight and then removed excess free Gem or

DOX molecules, the drug loading rate of BP@PEG NSs was mea-

sured by the ultraviolet-visible (UV–vis) spectra. The results indi-

cated that the drug loading capacity increased linearly with rising
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concentrations of Gem/BP and DOX/BP (Figs. S1A and B in Sup-

porting information). Finally, a mass ratio of BP:Gem:DOX=1:3:2

was selected to prepare GD-BP@PEG NSs. The encapsulation ef-

ficiency (EE) was determined to be 86.18% for DOX and 10.35%

for Gem. DOX and Gem were adsorbed to the wavy surface of

BP NSs through non-covalent bonds. Numerous studies have con-

firmed that nanoparticles within a size range of 20–200nm pos-

sess an enhanced permeability and retention (EPR) effect within

tumor tissues, which can effectively avoid premature clearance by

the kidneys and ensure a high drug loading rate [37,38]. As shown

in Figs. 1C and D, the thickness of BP NSs increased and the sur-

face became rougher after loading with the drugs DOX and Gem,

and the particle size of GD-BP@PEG NSs measured by DLS was ap-

proximately 213±21nm. In general, encapsulating chemotherapy

drugs within nano-carriers can change their entry mechanism into

cancer cells, shifting from passive diffusion to active endocytosis,

which enhances drug utilization while potentially reducing side ef-

fects on normal cells [39].

After PEG modification, the zeta potential of BP NSs increased

from −27.6mV to −23.6mV, and after loading with Gem and DOX,

the zeta potential further increased to −5.3mV (Fig. 1E), which

demonstrated the successful preparation of GD-BP@PEG NSs. As

shown in UV–vis-NIR absorption spectra result, BP NSs exhib-

ited strong absorption bands throughout the UV to NIR regions,

with absorption intensity gradually increasing as concentration in-

creased (Fig. S1C in Supporting information). Fig. 1F demonstrated

the changes in UV–vis-NIR absorption spectra of BP NSs before

and after loading with Gem and DOX. Free Gem has obvious ab-

sorption at 267nm, while free DOX shows absorption at 490nm.

Characteristic peaks in GD-BP@PEG NSs had a slight red shift from

267nm to 268nm and 490nm to 493nm, verifying interactions

between the drugs and BP NSs [40]. Changes in size, charge rever-

sal, and characteristic variations in UV–vis-NIR absorption spectra

suggested that Gem and DOX had been successfully loaded onto BP

NSs. Additionally, Figs. S2A and B (Supporting information) showed

no significant changes in size and polydispersity index (PDI) of GD-

BP@PEG NSs within 7 days, indicating that it has high structural

stability.

BP NSs exhibit broad NIR absorption across the visible light

spectrum and efficiently convert light into localized heat, making

them ideal for PTT to induce thermal ablation of tumor cells

and cell death [41]. Initially, we measured temperature changes

in BP NSs and GD-BP@PEG NSs suspensions under 808nm NIR

laser irradiation to assess their photothermal effects. Both BP

NSs and GD-BP@PEG NSs (100μg/mL, 1.5W/cm2) demonstrated a

temperature increase of ∼26.2 °C under identical conditions, while

pure water raised by only about 5.8 °C (Fig. 1G). This indicates

that BP NSs can effectively convert NIR laser energy into thermal

energy with minimal impact from surface modifications of Gem

and DOX on their photothermal properties. Fig. S3A (Supporting

information) demonstrated that the synthesized GD-BP@PEG NSs

maintained their peak temperature even after five laser irradiation

cycles, suggesting excellent thermal stability. The temperature

change curves of GD-BP@PEG NSs solutions at varying concentra-

tions (10–200μg/mL) under laser irradiation (808nm, 1.5W/cm2)

were examined (Fig. S3B in Supporting information). Even at a

very low concentration (10μg/mL), the solution achieved a tem-

perature rise of ∼11.0 °C after 10min of laser exposure. Besides,

the temperature of the GD-BP@PEG NSs aqueous solution signif-

icantly raised with higher laser power (0.5–2.0W/cm2) (Fig. S3C

in Supporting information). Moreover, there were no significant

changes in the UV–vis-NIR absorption spectrum of GD-BP@PEG

NSs following 808nm laser exposure (Figs. S4A and B in Support-

ing information), further affirming their outstanding light stability.

The photothermal conversion efficiency (η) was calculated to be

28.0% (Fig. S5 in Supporting information).

Next, we evaluated the drug release behaviors of GD-BP@PEG

NSs under conditions of pH 7.4, 6.8 and 5.0, with or without NIR

laser irradiation. As the release curve of DOX shown in Fig. 1H and

Fig. S6 (Supporting information), approximately 44% of DOX was

released from GD-BP@PEG NSs within 48h at pH 5.0, compared to

20.9% at pH 6.8 and only 11.9% at pH 7.4. A similar result for Gem

was shown in Fig. 1I and Fig. S6 (Supporting information), which

also exhibited a faster release rate in the acidic environment of pH

5.0. This enhanced release could be attributed to the protonation

of amino groups in the DOX and Gem molecules in an acidic

environment, facilitating greater drug release. Additionally, BP NSs

gradually degrade in acidic conditions, generating phosphate ions

that further increase acidity, promoting drug release from the BP

NSs-based delivery system in mildly acidic environments [42].

Given that the tumor microenvironment is typically acidic, the

pH-dependent release of DOX and Gem from GD-BP@PEG NSs is

advantageous for targeted drug delivery applications in tumors

[43], corroborated with similar studies [36,44,45].

Moreover, DOX and Gem also exhibited laser irradiation-

dependent release behaviors. As shown in Figs. 1H and I, under

both pH 5.0 and 7.4 conditions, the cumulative release of DOX and

Gem significantly increased after treated with irradiation (808nm,

5min, 1.5W/cm2), reaching 63.6% and 47.1% after four exposures,

respectively. This can be attributed to the photothermal proper-

ties of the nanomaterials, which weaken their interaction with the

drugs and accelerate drug movement [46]. Concurrently, NIR irradi-

ation causes the composite structure to degrade, further promoting

drug release [45]. Therefore, the prepared GD-BP@PEG NSs remain

stable under normal physiological conditions but effectively release

drugs upon internalization into the weakly acidic tumor environ-

ment due to its pH sensitivity and NIR laser exposure, achieving

synergistic chemotherapy and photothermal therapy of lymphoma.

The cytotoxicity of layered BP NSs is primarily due to their

nanoscale size and layered structure [47]. We evaluated the bio-

compatibility of BP@PEG NSs using the MTT cytotoxicity assay on

A20 cells, human umbilical vein endothelial cells (HUVEC), and

HeLa cells (Fig. S7A in Supporting information). The results showed

that the relative viability of A20 cells was maintained at 92.6 %

even at a high concentration of 100μg/mL, demonstrating good cell

compatibility of BP@PEG NSs. Further investigation revealed the

photothermal killing capability of BP@PEG NSs against lymphoma

cells (Fig. S7B in Supporting information). Independent NIR laser

irradiation had minimal impact on lymphoma cell growth, while

BP@PEG NSs exhibited a concentration-dependent photothermal

effect. Notably, under 808nm laser irradiation, 100μg/mL of

BP@PEG NSs induced over 40% cell death in A20 cells, confirming

their efficiency of BP@PEG NSs in PTT. To investigate the cellular

internalization mechanism of GD-BP@PEG NSs, we systematically

examined their uptake pathways. Nanomaterials typically enter

cells via three primary endocytic mechanisms: caveolae-dependent

endocytosis, clathrin-mediated endocytosis, and macropinocytosis

[48]. As shown in Fig. 2A, we employed specific pharmacological

inhibitors targeting each pathway: Methyl-β-cyclodextrin (MβCD)

for caveolae-mediated uptake, sucrose for clathrin-mediated endo-

cytosis, and amiloride for macropinocytosis [40]. The intracellular

fluorescence intensity demonstrated a remarkable reduction in

nanosheets uptake only upon amiloride treatment, clearly indi-

cating that GD-BP@PEG NSs predominantly enter cells through

macropinocytosis.

For in vitro lymphoma treatment, the MTT assay together with

live/dead assay was performed to evaluate the therapeutic efficacy

of GD-BP@PEG NSs (Figs. 2B and C). A20 cells were exposed to dif-

ferent concentrations of DOX, DOX+Gem, and drug-loaded BP NSs

for 24h. The cytotoxicity of free DOX, DOX+Gem, and drug-loaded

BP NSs showed a dose-dependent response. Combination therapy

with DOX+Gem demonstrated stronger cytotoxicity compared to
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Fig. 2. (A) Mechanism of GD-BP@PEG NSs cellular up taken by A20 cells. (B) Rela-

tive viability of A20 cells treated with various concentrations of BP NSs-based plat-

forms compared to DOX alone, and DOX+Gem at the same DOX dose, with or

without irradiation. Data are presented as mean± SD (n=3). (C) Live/dead staining

of A20 cells treated with various concentrations of BP NSs-based platforms. Scale

bar: 100μm. (D) Flow cytometric analysis of A20 cells co-stained with Annexin V-

APC and 7-AAD. The irradiation condition: 808nm, 1.5W/cm2, 5min.

DOX alone, leading to enhanced inhibition rates. While the cyto-

toxicity of GD-BP@PEG NSs was slightly reduced compared to free

DOX+Gem, this may be due to the slower endocytosis mechanism

associated with many nanoparticle delivery platforms [28,40,49].

Importantly, after irradiation (808nm, 1.5W/cm2), cells treated

with GD-BP@PEG NSs exhibited the lowest survival rate due to the

synergistic effects of NIR-triggered photothermal ablation and DNA

damage induced by DOX and Gem, indicating the strongest cyto-

toxic effect from combined chemotherapy and photothermal ther-

apy. The chemo-photothermal combination showed synergistic ef-

ficacy (combination index (CI)=0.83, Chou-Talalay method [50]).

Overall, this pH/NIR dual-triggered release mechanism significantly

enhanced the anti-lymphoma efficacy of the drugs.

Phototherapy from BP NSs and chemotherapy from DOX and

Gem induced apoptosis, which was confirmed by further analy-

sis of Annexin V-allophycocyanin (APC)/7-aminoactinomycin D (7-

AAD) staining to demonstrate the anti-lymphoma effects of GD-

BP@PEG NSs (Fig. 2D). As shown, without NIR laser irradiation,

BP@PEG NSs treatment did not significantly induce apoptosis com-

pared to the control group, with apoptosis rates of 5.47% and

5.19%, respectively. However, when cells were exposed to NIR laser

irradiation, the apoptosis rate for BP@PEG NSs-treated cells was

12.51% (with 10.9% at the early stage and 1.61% at the late stage).

Importantly, under 808nm laser irradiation, the apoptosis rate for

cells treated with GD-BP@PEG NSs reached 41.5% (with 19.9% at

the early stage and 21.6% at the late stage), significantly higher

Fig. 3. (A) The biodistribution fluorescence images of free Cy5 and Cy5@BP NSs at

different time points. (B) Quantitative analysis of fluorescence intensity statistics

of tumor tissues. (C) The fluorescence images and (D) quantitative analysis of ma-

jor organs and tissues at 48h. Data are presented as mean± SD (n=3). ∗ P<0.05,
∗∗P<0.01, ∗∗∗P<0.001.

than other groups, indicating that combined chemotherapy and

photothermal therapy yielded the strongest cytotoxic effects. Quan-

titative analyses of cell apoptosis are presented in Figs. S8A and B

(Supporting information).

To study the in vivo biodistribution of BP NSs, the BALB/c nude

mice (male, 4–6 weeks) were provided from the Sun Yat-sen Uni-

versity Experimental Animal Center. All animal experiments were

approved by the Animal Care and Use Committee of Sun Yat-sen

University (approval No. SYSU-IACUC-2024–00239). A lymphoma-

bearing mouse model was established by subcutaneously injecting

A20 cells for animal experiments. BP NSs were labeled with the

fluorescent dye Cy5. Due to the formation of Cy5@BP NSs aggre-

gates, the absorption peak shifted from 640nm to 645nm (Fig. S9

in Supporting information). Mice were intravenously injected with

free Cy5 or Cy5@BP NSs, and fluorescence imaging was performed

at various time intervals to assess the distribution and tumor accu-

mulation of the nanosheets platform in vivo. As shown in Figs. 3A

and B, both groups of mice exhibited strong systemic blue flu-

orescence within the first 2 h post-injection, which gradually di-

minished after 6 h due to dye clearance. Notably, the Cy5@BP NSs

group showed higher signals in tumor tissue compared to the free

Cy5 group. After 24h, fluorescence signals in both groups contin-

ued to decrease, but strong fluorescence persisted in the tumor tis-

sue of the Cy5@BP NSs group, indicating sustained accumulation of

the synthesized nanosheets platform in tumor tissues through the

bloodstream, demonstrating EPR effects. All mice were sacrificed

after 48h, and tumors and major organs were collected for fluores-

cence imaging and quantitative analysis (Figs. 3C and D), revealing

intense fluorescence in the tumor tissue of the Cy5@BP NSs group.

The fluorescence levels in the heart and spleen were significantly

lower than that of other organs, suggesting that BP NSs is easily

captured by reticuloendothelial system (RES)-associated organs be-

fore renal clearance [51].

Based on the cytotoxic effect of GD-BP@PEG NSs on A20 cells

and its passive lymphoma-targeting capability in vivo, we fur-

ther evaluated its anti-lymphoma activity in combination with

chemotherapy and photothermal efficacy. As shown in Fig. 4A,

when the tumor volume reached 100–150mm3, 35 mice were ran-

domly divided into seven groups and administered via tail vein in-

jection with saline, BP@PEG NSs, DOX+Gem, and GD-BP@PEG NSs,

with a total of five injections (on days 1, 3, 5, 7, and 9). Twenty-

four hours after each injection, mice in the laser group received ir-

4



X. Liu, C. Xu, R. Zhang et al. Chinese Chemical Letters 37 (2026) 111401

Fig. 4. (A) Schematic illustration of the GD-BP@PEG NSs -induced anti-lymphoma

therapy. (B) The IR thermal images of mice after intravenous injection with dif-

ferent formulations for 24h, followed by exposure to irradiation. (C) Time depen-

dent temperature rise curve under irradiation (n=3). (D) Morphology of tumors

of groups. (E) Tumor-growth curves, (F) the average tumor weight, and (G) body

weight changes of mice of groups (n=5). (H) H&E staining and TUNEL analysis of

lymphoma tissues from various treatment groups. Scale bar: 250μm. The irradiation

condition: 808nm, 1.5W/cm2, 5min. Data are presented as mean ± SD. ∗∗∗P<0.001,
∗∗∗∗P<0.0001.

radiation (808nm, 1.5W/cm2, 5min) at the tumor site. On day 15,

all groups of mice were euthanized for analysis. To monitor the in

vivo photothermal effect, an infrared thermal camera tracked real-

time infrared thermal images and temperature changes at the tu-

mor site (Figs. 4B and C). Notably, under 808nm laser irradiation,

local tumor temperatures in mice injected with BP@PEG NSs or

GD-BP@PEG NSs rapidly increased to 46.1 and 46.5 °C, respectively.
These temperatures are conducive to effective tumor ablation [36].

In comparison, the tumor temperature in the saline group showed

a slight increase, indicating that cancer cells remained intact.

By monitoring tumor growth, we further assessed the efficacy

of GD-BP@PEG NSs in combination with PTT. The photograph of

the tumor tissues and the tumor volume change curve during

treatment and was shown in Figs. 4D and E, respectively. The

individual tumor growth curves of different treatment groups

were shown in Fig. S10 (Supporting information). Saline and

saline+NIR groups exhibited rapid tumor growth, indicating that

NIR laser irradiation showed minimal effect on tumor growth

rate. BP@PEG NSs without irradiation only slightly suppressed

lymphoma growth, likely due to the inherent anticancer activity of

BP NSs, which may involve high uptake and rapid degradation of

BP NSs within cells, leading to a transient increase in cytoplasmic

phosphate anion levels, thus inducing G2/M-phase arrest followed

by apoptosis and autophagy-mediated death of tumor cells [26].

After laser irradiation, the tumor volume in the BP@PEG NS group

rapidly decreased in the initial days, but then grew slowly, indicat-

ing insufficient suppression. In contrast, the GD-BP@PEG NSs+NIR

treatment group significantly inhibited lymphoma growth, at-

tributed to the EPR effect leading to greater accumulation of NSs

in lymphoma tissues, while the heat generated by NIR irradiation

effectively killed lymphoma cells and facilitated the release of DOX

and Gem from the BP NSs carrier. Fig. 4F and Fig. S11 (Supporting

information) showed the average tumor weight and relative tumor

weight in different groups, with the residual tumor tissue in the

GD-BP@PEG NSs+NIR group significantly smaller than in other

groups. These results indicate that the combination of GD-BP@PEG

NSs and NIR irradiation has outstanding efficacy in chemotherapy

and photothermal therapy.

After 14 days of treatment, hematoxylin and eosin (H&E) and

TdT-mediated dUTP nick-end Labeling (TUNEL) staining analyses

were performed on the tumor tissues (Fig. 4H). The control group

showed tightly arranged tumor cells with no obvious fragmen-

tation, while other treatment groups exhibited varying degrees

of nuclear dissolution, necrosis, and fragmentation. In contrast,

the GD-BP@PEG NSs+NIR laser treatment group showed signif-

icant symptoms of nuclear membrane dissolution, severe necro-

sis, and nucleolus disappearance, with almost no visible viable

lymphoma cells, indicating remarkable therapeutic effects. Further-

more, TUNEL assay results revealed that the saline group showed

no significant apoptosis in lymphoma cells, whereas the GD-

BP@PEG NSs and GD-BP@PEG NSs+NIR treatment groups exhib-

ited varying degrees of therapeutic effects, with the GD-BP@PEG

NSs+NIR group demonstrating the strongest lymphoma-killing ef-

fect. Thus, GD-BP@PEG NSs hold great promise for applications in

chemo-photothermal synergistic therapy.

In assessing potential in vivo toxicity, aside from the DOX+Gem

group, which experienced a slight weight loss due to the combined

chemotherapy side effects, other groups maintained a slight up-

ward trend (Fig. 4G). H&E staining images of major organs (Fig. S12

in Supporting information) also showed no significant abnormali-

ties, indicating that the application of BP NSs-based nanoplatform

is relatively safe. Blood count and serum biochemical indicators

(alanine aminotransferase (ALT), aspartate aminotransferase (AST),

alkaline phosphatase (ALP), blood urea nitrogen (BUN), creatine ki-

nase (CK), creatinine (CREA), white blood cell (WBC), hemoglobin

(HGB), and platelet (PLT)) were measured to assess long-term tox-

icity. The blood parameters and biochemical indicators of the BP

NSs and GD-BP@PEG NSs groups were not significantly differ-

ent from those of the control group, indicating that BP NSs and

GD-BP@PEG NSs do not exhibit significant bone marrow suppres-

sion or liver and kidney toxicity (Fig. S13 in Supporting infor-

mation). However, compared to the control group, mice receiving

the DOX+Gem combination chemotherapy showed significantly

elevated levels of ALT and AST (P<0.0001), suggesting potential

drug-induced liver damage. Additionally, WBC in the DOX+Gem

treated group showed significantly lower than in the control group

(P<0.05), possibly related to drug-induced bone marrow sup-

pression. These results indicate that GD-BP@PEG NSs offer bet-

ter biosafety and effectively reduce systemic toxic side effects of

DOX+Gem.

In summary, we have developed a novel multifunctional

drug delivery nanoplatform, GD-BP@PEG NSs, for the combined

chemotherapeutic and photothermal treatment of lymphoma. This

nanoplatform demonstrates good stability, with drug release exper-
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iments confirming its pH-responsive and NIR radiation-triggered

drug release characteristics. Importantly, both in vitro and in vivo

results confirm that GD-BP@PEG NSs exhibit significantly supe-

rior anti-lymphoma activity compared to chemotherapy or pho-

tothermal treatment alone while having lower side effects. Thus,

GD-BP@PEG NSs may serve as a promising strategy for combined

chemotherapeutic and photothermal therapy.
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