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a b s t r a c t

Nitric oxide (NO) gas therapy has been regarded as a promising strategy for cancer treatment. However,

its therapeutic efficiency is still unsatisfying due to the limitations of monotherapy. Previous preclin-

ical and clinical studies have shown that combination therapy could significantly enhance therapeutic

efficiency. Herein, a graphene oxide (GO)-l-arginine (l-Arg, a natural NO donor) hybrid nanogenerator

is developed followed by surface functionalization of soybean lecithin (SL) for synergistic enhancement

of cancer treatment through photothermal and gas therapy. The resultant GO-Arg-SL nanogenerator not

only exhibited good biocompatibility and excellent endocytosis ability, but also exhibited excellent pho-

tothermal conversion capability and high sensitivity to release NO within tumor microenvironment via

inducible NO synthase (iNOS) catalyzation. Moreover, the produced hyperthermia and intracellular NO

could synergistically kill cancer cells both in vitro and in vivo. More importantly, this nanogenerator can

efficiently eliminate tumor while inhibiting the tumor recurrence because of the immunogenic cell death

(ICD) elicited by NIR laser-triggered hyperthermia and the immune response activation by massive NO

generation. We envision that the GO-Arg-SL nanogenerator could provide a potential strategy for syner-

gistic photothermal and gas therapy.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Recently, owing to the “green” treatment paradigm with ignor-

able side effects, gas therapy (GT) has drawn wide attention from

scientists [1–4]. Some gaseous transmitters, like NO (nitric oxide)

[5,6], CO (carbon monoxide) [7,8], and H2S (hydrogen sulfide) [9–

11] have been demonstrated to interfere with the pathophysiologi-

cal and physiological processes [12–14]. Among these gasses, nitric

oxide (NO) acts as a critical bioregulator, involved in modulating

blood vessels, neurotransmission, system infection of the immune

response, and other intracellular activities [15–19]. Motivated by

the versatile bio-functions, extensive efforts have been made to ex-
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plore the potential therapeutic agents, especially in the field of tu-

mor ablation. Therefore, numerous researches proved that NO is

capable of serving as a tumor inhibitor, including cell cycle arrest

and cellular apoptosis stimulation via various mechanisms, such

as cytotoxic substance (like ONOO-) formation [20–24], protein ni-

trification [25], cytochrome C generation [26], and mitochondrial

permeability increase [27]. However, the short half-life and ran-

dom diffusion properties substantially impend its clinical applica-

tion [28]. To achieve spatial and temporal controlled NO release in

desirable sites, continuous efforts in NO donors have been inten-

sively exploited. Nevertheless, a large amount of NO donors, like

BNN6 and N-nitrosamines, often produce undesirable by-products

that could in turn induce tumor [29,30]. Fortunately, l-arginine (l-

Arg), a natural NO donor presents superior biocompatibility and

https://doi.org/10.1016/j.cclet.2022.05.091
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Scheme 1. Schematic illustration of stepwise GO-Arg-SL fabrication for synergistic

antitumor effect of photothermal therapy and gas therapy.

could release NO under inducible NO synthase (iNOS) or ROS (re-

active oxygen species) catalyzation. Accordingly, it’s urgent to ex-

plore an ideal delivery platform to realize the precise and effective

NO generation in tumor cells [31,32].

Among the drug delivery platforms, graphene-based nanoma-

terials (like graphene oxide, GO) have been explored as a brilliant

system owing to the 2D planar nanostructure, large specific surface

area, and various functional groups on the surface [33,34]. Simulta-

neously, GO exerts diverse utilization in bio-imaging, bio-sensing,

and photothermal therapy. In which, photothermal therapy (PTT)

of GO is featured with non-invasive capability, high thermal con-

version efficiency, and low systemic side effects [35–37]. However,

hyperthermia-induced by near-infrared region light (NIR, 808nm)

usually leads to upregulating the expression of the heat shock pro-

tein, thereby resulting in the heat stress tolerance of tumor cells

and decreasing the therapeutic effects of PTT [38]. Therefore, it is

satisfactory to design a multi-functional nanosystem to rationally

combine other tumor therapy modulations with PTT for overcom-

ing the limitations of single PTT via a fascinating synergistic treat-

ment [39]. In view of the above investigation, the GO-based l-Arg

delivery nanoplatform candidate could be expected to synergisti-

cally combine GT with PTT to realize an ideal antitumor effect.

Herein, we have successfully fabricated GO nanomaterials via

a modified Hummers’ strategy. Then, the formed carboxyl group

on GO surface and large specific surface area facilitate l-Arg load-

ing (GO-Arg). Lastly, the surface of GO-Arg nanogenerator was then

functionalized with soybean lecithin (SL) to improve its hydrophilic

capability and biocompatibility (Scheme 1). After intravenous in-

jection into 4T1 breast tumor-bearing mice, the resultant GO-Arg-

SL nanogenerator could be effectively accumulated at the tumor

sites by EPR (enhanced permeability and retention) effect and then

efficiently internalized by tumor cells. Moreover, l-Arg could be ef-

ficaciously released in the cytoplasm of tumor cells then it was

catalyzed by iNOS to generate massive NO for GT. Meanwhile,

GO nanomaterial can act as a photothermal agent for hyperther-

mia generation. Therefore, tumors were remarkably eliminated at-

tributed to the enhanced antitumor effect of PTT and GT. More im-

portantly, this nanogenerator can efficiently cut down on the tu-

mor recurrence rate due to the ICD (immunogenic cell death) in-

duced by NIR laser-triggered hyperthermia and the immune acti-

vation by abundant NO generation [40]. This synergistic therapy of

our GO-Arg-SL nanogenerator holds great potential for eradicating

malignant tumors in clinical.

In this work, the size and morphology of as-prepared nanopar-

ticles were characterized. Fig. 1a showed the thin sheets of GO

with a size of ∼120nm as determined by transmission electron

microscopy (TEM). Moreover, according to the atomic force mi-

Fig. 1. TEM images of (a) GO, (b) GO-Arg and (c) GO-Arg-SL. (d) SEM, element map-

ping and merged images of GO-Arg-SL by EDS analysis. Representative AFM images

and height profiles of (e) GO, (f) GO-Arg and (g) GO-Arg-SL based on AFM analysis.

croscopy (AFM) image, the thickness of GO nanomaterial was an-

alyzed as ∼1.0 nm (Fig. 1e). After l-Arg-loaded on the GO surface

via electrostatic interaction, the sheet-like morphology of GO-Arg

was maintained (Fig. 1b), but the thickness of GO-Arg slightly in-

creased to ∼1.3 nm (Fig. 1f), demonstrating the integration of l-Arg

and GO nanomaterial was successful. Subsequently, SL was modi-

fied on the surface of GO-Arg (GO-Arg-SL) by a thin-film strategy

in order to prevent serious premature l-Arg leakage, improve bio-

compatibility and long blood circulation [41]. TEM and AFM im-

ages showed GO-Arg-SL with lamellar nanostructure was similar

to GO and GO-Arg (Figs. 1c and g), and the thickness was a bit

increase, demonstrating that SL modification only caused an in-

significant change in GO morphology. Meanwhile, ultra-thin and

monodisperse nanomaterials were further demonstrated as shown

in Fig. S1 (Supporting information). Scanning electronic microscopy

(SEM) images also revealed that GO-Arg-SL has consisted of ran-

domly stacked nanosheets (Fig. 1d). Then element mapping was

performed by energy-dispersive X-ray spectroscopy (EDS) analysis

to obtain more insight into the distribution of the elements in our

GO-based nanosystem. Excitedly, C, O, N and P were found to be

dispersed all over the GO surface (Fig. 1d, Fig. S2 and Table S1 in

Supporting information). C and O could be primarily derived from

the GO, N and P originated from l-Arg and SL, respectively. In ad-

dition, substantial improvement of dispersibility and stability can

be observed in GO-Arg-SL, attributing to the effective modification

of SL (Fig. S3 in Supporting information). All results confirmed the

successful construction and homogeneous composition of GO-Arg-

SL.

Then, the physical and chemical structure of the as-synthesized

nanomaterials was further investigated. Fig. 2a exhibited that

GO-Arg-SL appeared maximum absorption peaks at 202nm and

230nm, which were assigned to the characteristic peaks of l-Arg

and C=O in GO, respectively. As shown in Fig. 2b, compared to the

absorption peaks of GO, a new peak at 1553 cm−1 was detected

in GO-Arg which attributed to the stretching vibration peak of
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Fig. 2. (a) UV-vis, (b) FTIR and (c) Raman spectra of GO, l-Arg, GO-Arg and GO-Arg-SL. (d) Nitrogen adsorption-desorption and pore size distribution of GO. (e) Size dis-

tribution and (f) zeta potential of GO, GO-Arg, and GO-Arg-SL. (g) Photothermal curve of different formulations with 808nm laser irradiation. Temperature curve of (h) GO

and (j) GO-Arg-SL under 808nm laser irradiation with different power density. (i) Temperature curve of GO with different concentrations under 808nm laser irradiation for

various times. (k) Temperature curve and (l) photothermal images of GO-Arg-SL with different concentrations under 808nm laser irradiation for various times.

-C=N- in l-Arg. Interestingly, the above characteristic peaks of both

-C=C- and -C=N- almost disappeared in GO-Arg-SL, approving the

successful coating of SL. Moreover, the Raman spectrum was of-

ten used to distinguish the crystal performance of carbon-based

nanomaterials. The manifested D band (1343 cm−1) and G band

(1584 cm−1) can be observed in GO, GO-Arg, and GO-Arg-SL, veri-

fying the existence of GO nanomaterials. Importantly, in compari-

son with the intensity ratio of ID/IG band of GO (0.96), that of GO-

Arg-SL obviously increased to 1.03, demonstrating that the mod-

ification of l-Arg and SL has influenced the surface of graphene

sheets. In short, the Raman spectra further proved the success-

ful modification of l-Arg and SL (Fig. 2c). Immediately, the spe-

cific surface area of GO nanomaterial was determined by a con-

ventional nitrogen adsorption/desorption method and further cal-

culated by a model of Brunauer Emmet Teller (BET). As shown

in Fig. 2d, our as-prepared GO nanomaterial presented a specific

surface area of ∼364.9 m2/g with the pore diameter of ∼5.5 nm

which facilitates a large amount of l-Arg loading. We then inves-

tigated the size distribution of GO-Arg-SL by dynamic laser scan-

ning. As displayed in Fig. 2e, the size of GO-based nanomateri-

als gradually increased from 176nm to 195nm, further proving

the reliability of our approach for l-Arg loading and SL modifi-

cation. Simultaneously, after l-Arg loading, zeta potential signifi-

cantly decreased owing to charge neutralization between -NH2 in

l-Arg and -COOH in GO. In addition, the negative charge of GO-

Arg-SL increased again, resulting from phosphate groups in SL (Fig.

2f). In vitro hemolysis assay was explored after SL coating of GO-

Arg, fortunately, no hemolytic effects occurred even in presence of

200μg/mL GO-Arg-SL nanomaterials, proving the enhanced hemo-

compatibility of SL modification (Fig. S4 in Supporting informa-

tion). Meanwhile, in vitro photothermal evaluation of the nanoma-

terials under an 808nm laser irradiation was investigated by IR

camera. Fig. 2g showed the temperature of GO (400μg/mL) reached

about 80 °C within 300 s, meanwhile, that of GO-Arg-SL with the
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Fig. 3. (a) CLSM images of 4T1 cells after incubation with GO-Arg-SL-ICG and ICG for different time. Scale bars: 40 μm. (b) CLSM images of intracellular NO in groups of PBS,

free l-Arg, GO-Arg-SL without and with 808nm laser irradiation, respectively. Scale bars: 50 μm. Cell viability of (c) 4T1 cells and (d) A549 cells after PBS (control), GO-SL,

GO-Arg-SL, GO-SL+L and GO-Arg-SL+L treatments under various concentrations. (e) Flow cytometry studies and quantitative analysis of PBS+L (control), GO-SL, GO-Arg-SL,

GO-SL+L and GO-Arg-SL+L induced apoptosis/necrosis in 4T1 cells.

same concentration exhibited similar photothermal performance

with a slight high temperature reduced (68 °C). This is mainly due

to l-Arg conjugation and SL modification. In sharp contrast, the

temperature of the PBS group had ignorable fluctuation, demon-

strating a high thermal conversion efficiency of GO and GO-Arg-

SL (Figs. 2g–l). Meanwhile, the concentration-dependent photother-

mal property was found from the infrared thermal images (Figs. 2i,

k, and l). We could intuitively observe that the temperature was

positively correlated with GO concentration, furthermore, GO-Arg-

SL evinced photothermal stability even after four cycles of 808nm

NIR irradiation (Fig. S5 in Supporting information), suggesting that

our GO-Arg-SL was an ideal photothermal agent for tumor cell ab-

lation.

Effective cellular internalization plays a vital role in drug de-

livery. To estimate the cellular internalization efficiency, indocya-

nine green (ICG), as a fluorescent probe, labeled GO-Arg-SL (GO-

Arg-SL-ICG) through the π-π stacking interaction. As displayed in

Fig. 3a of confocal laser scanning microscope (CLSM) images, com-

parative cells exerted red fluorescence and no signals presented in

nuclei with both ICG and GO-Arg-SL-ICG incubation for 1h or 3h,

proving the effective endocytosis capability of tumor cells under

GO-Arg-SL-ICG co-incubated condition. Interestingly, after 6h co-

culture, the red fluorescence in the free ICG group became weaker

and fluorescent intensity was obviously lower than that of GO-Arg-

SL-ICG treatment. This might be attributed to the relatively high

drug delivery and low exocytosis capacity of GO-based nanocarrier

in comparison with free drugs. Subsequently, we evaluated con-

secutive NO generation in the cytoplasm with a typical NO indi-

cator, DAF-FM DA probe. To directly demonstrate the NO genera-

tion from l-Arg, a series of tumor cell groups were set including

PBS, free l-Arg, and GO-Arg-SL groups without and with an 808nm

laser irradiation. As expected, a considerable amount of NO gen-

eration was found in GO-Arg-SL and GO-Arg-SL+L groups which

exhibited the strongest fluorescence compared with other groups

regardless of light variations, while only weak NO was generated

in the l-Arg group owing to the finite free l-Arg entered into tu-

mor cells (Fig. 3b). In addition, cytoplasm NO generation was also

investigated thoroughly by flow cytometry that NO amount in GO-

Arg-SL and GO-Arg-SL+L was exceedingly higher than other four

groups (Fig. S6 in Supporting information), further demonstrat-

ing GO-based nanocarrier was suitable for l-Arg delivery. Subse-

quently, CCK-8 assay and living/dead staining were used to evalu-

ate the cytotoxicity of nanoparticles. Obviously, the cytotoxicity of

GO-Arg-SL+L was much stronger than that of other groups (Figs.

3c and d, Figs. S7 and S8 in Supporting information), revealing the

synergistic effect of GT and PTT. Besides, the tumor cells inhibition

ability of l-Arg loaded GO-based nanocarrier was further detected

by flow cytometry. Undoubtedly, GO-Arg-SL with an 808nm laser

had the best ability to induce tumor cell apoptosis compared with

other groups (Fig. 3e), which was identical to the above results of

cell viability and living/dead cell staining.

Inspired by in vitro cellular internalization results of GO-Arg-SL,

we then examined the tumor accumulation capacity and biodis-

tribution of GO-Arg-SL in BALB/c mouse with 4T1 breast tumor.
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Fig. 4. (a) NIR-II fluorescence images of tumor-bearing BALB/c mouse after intravenous injection of ICG and GO-Arg-SL-ICG at different time points. (b) The quantitative

analysis of NIR-II signal intensity of major organs and tumors in BALB/c mouse after intravenous injection of ICG and GO-Arg-SL-ICG at 24h. Insert, ex vivo NIR-II fluorescent

image of major organs and tumors. (c) Photothermal images of BALB/c mouse with 808nm laser illumination for various times after 24h intravenous injection of PBS

(control), GO-SL and GO-Arg-SL. (d) Reprehensive temperature increase curve of photothermal images in the above three groups.

All animal experiments were conducted in accordance with rel-

evant guidelines approved by the Institutional Animal Care and

Use Committee of Xiamen University (Ethics Approval: No. XMU-

LAC20180037). Fluorescence imaging is an ideal diagnostic imag-

ing platform to monitor the tumor size and tumor morphology for

therapeutical guidance due to the high resolution, noninvasive dis-

crimination between the tumor and normal tissues. We firstly en-

trapped ICG into GO-Arg-SL (GO-Arg-SL-ICG) to investigate the tu-

mor accumulation behavior with the assistance of NIR-II (second

near-infrared region, 900–1700nm) fluorescence imaging system

(1000nm long pass filter) under an 808nm laser illumination after

intravenous administration in vivo. Excitedly, NIR-II fluorescent sig-

nal of free ICG group can only be detected after 3–12h injection in

the liver, however, no obvious fluorescence signal was detected at

the tumor during the whole procedure (Fig. 4a). This result should

be attributed to the rapid clearance and low blood retention prop-

erties of free ICG. Contrarily, it presented that the NIR-II fluores-

cent signal of GO-Arg-SL-ICG treatment in tumor site substantially

enhanced from 12h post-injection. The maximum tumor accumu-

lation of GO-Arg-SL-ICG was found after intravenous injection at

24h, demonstrating the effectively active tumor accumulation abil-

ity of GO-based nanoparticles (Fig. 4a and Fig. S9 in Supporting

information). Compared with free ICG group, ex vivo NIR-II fluores-

cent images of major organs and tumors exhibited that the fluo-

rescence intensity of the GO-Arg-SL-ICG group was the strongest

intensity at tumor site which are consistent with cellular internal-

ization data (Fig. 4b). Motivated by maximum accumulation value

at tumor site after 24h injection, subsequently, in vivo hyperther-

mic performance induced by NIR laser irradiation was carried out

at this time point. Photothermal images of control, GO-SL, GO-Arg-

SL treatment with continuous 808nm laser (0.5W/cm2) were ob-

tained via IR thermal camera. The control group with PBS adminis-

tration only presented negligible temperature rose, comparatively,

the local temperature in GO-SL, GO-Arg-SL injection group rapidly

climbed to 47.5 °C within 5min (Figs. 4c and d), further confirming

the high photothermal converting capability of GO-based nanoma-

terials.

Attested by the excellent tumor accumulation of GO-Arg-SL

after intravenous administration, we next performed the anti-

tumor effect of GO-Arg-SL in vivo. BALB/c mice with subcuta-

neous 4T1 breast tumor (n=5) have been intravenously vacci-

nated with PBS+L (control), GO-SL, GO-Arg-SL, GO-SL+L and GO-

Arg-SL+L, respectively. All GO-based administration groups had the

same equivalent GO-Arg-SL concentration (10mg/kg). Tumor vol-

ume, body weight, and surviving mice were recorded every three

days. As shown in Figs. 5a and b, and Fig. S9, in contrast with

the control group, the tumor outline and tumor volume in GO-

Arg-SL treated mice displayed some extent antitumor effect while

still presenting homologous tumor growth trend as GO-SL. Contrar-

ily, GO-SL+L and GO-SL-Arg+L administrated tumors were clearly

smaller or totally disappeared with tumor volume significantly re-

duced (Figs. 5a and b, Fig. S10 in Supporting information). Interest-

ingly, tumor recurrence can be detected after 12 days of treatment

in GO-SL+L group, reflecting that even PTT can be an effective lo-

cal antitumor modality, but it might not completely eradiation all

tumor cells, resulting in tumor recurrence or metastasis (Figs. 5a, b

and e, and Fig. S10). The above result further proved single PTT or

GT was inadequate for effective tumor eradication. Finally, tumor

cell apoptosis status was further analyzed by hematoxylin & eosin

(H&E) and terminal deoxynucleotidyl transferase dUTP nick end la-

beling (TUNEL) staining analysis. In contrast, remarkable loosen tu-

mor cells and apoptotic cells were found in GO-SL-Arg+L group

with strikingly higher survival rate in comparison with other for-

mulations (Figs. 5d and f). Meanwhile, no body weight variation,

little biochemistry fluctuations, and negligible blood routines al-

ternation and pathological changes were found during the whole

treated procedure, indicating the biocompatibility and low side ef-

fect of the GO-based nanomaterials (Fig. 5c and Figs. S11–S13 in

Supporting information). Exactly, 7 days in our work was insuffi-

cient for a long-term toxicity evaluation and the systemic toxic-

ity of our GO-Arg-SL with long time durations will be comprehen-
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Fig. 5. (a) Photographs of resected tumors after various treatments for 18 days. The red dotted rectangle represented the disappeared tumors. (b) Tumor volume curves, (c)

body weights fluctuation, (d) survival rates, (e) tumor volume curves of each mouse with different treatments. (f) H&E and TUNEL staining images of tumor after various

treatments for 18 days. ∗∗∗P < 0.001 and ∗∗P < 0.01. Data above are presented as means with standard deviations (mean ± SD, n=5).

sively studied in the future. Collectively, the above results indicated

that the combination of PTT and GT of GO-Arg-SL+L with high

biosafety may be an effective therapeutic agent that can success-

fully suppress tumor growth and inhibit malignancy recurrence.

Encourage by the tumor recurrence inhibition ability after GO-

Arg-SL+L treatment, we were motivated to explore the underlying

mechanism. An emerging area of interest is the activating effect

of PTT on the immune system since PTT not only induces tumor

cell death but also releases tumor antigens from dying tumor cells,

one of the most popular characteristics of ICD [40,42]. The tumor

antigens then could be transported into spleen or lymph nodes,

then they were expected to stimulate the dendric cells (DCs) hom-

ing and maturation which could promote a systemic host immune

response [43]. The mature DCs (CD80+/CD86+) was estimated in

the tumor draining lymph nodes at day 7 post-treated with var-

ious formulations, in addition, the increased DCs percentage was

most pronounced in GO-Arg-SL+L administration (16.1%, Figs. 6a

and c). In comparison with single PTT of GO-SL+L (11.1%), GO-

Arg-SL+L induced more DCs generation, the underlying mecha-

nism was attributed to the immunosuppressive tumor microen-

vironment reversion effect of massive NO generation [44]. More-

over, the antigen-presenting DCs’ maturation activated the innate

immunity which can prime cytotoxic T lymphocytes (CTLs) for an-

titumor immunity [45]. We then evaluated the CTLs content via

flow cytometry in various formulations. As a consequence, the

CD8+CD4−/CD3+ significantly increased in the spleen with GO-

Arg-SL+L treatment which was identical to mature DCs percentage,

indicating the capability of PTT-induced and gas therapy mediated

ICD to elicit an adaptive immune response for further reducing tu-

mor invasion and enhancing anti-tumor immune responses (Figs.

6b and d).

In conclusion, because of the high specific surface area and

massive pore in GO, l-Arg was loaded into GO nanomaterials via

electrostatic interaction. For biocompatibility and adverting l-Arg

from leakage, SL was coated on the surface of GO right after l-

Arg loading (GO-Arg-SL). Interestingly, ICG labeled GO-Arg-SL pre-

sented more valid breast tumor cell uptake in comparison with

free ICG in vitro. Furthermore, substantial NO generation was found

in the cytoplasm after GO-Arg-SL treatment, suggesting that GO-

Arg-SL is an optimal gas therapy agent. NIR-II fluorescent imaging

results of GO-Arg-SL treated BALB/c mice with subcutaneous breast

tumor further proved the effective tumor accumulation capability

of GO-Arg-SL. Therefore, breast tumors were totally inhibited via

gas therapy from l-Arg precise delivery and hyperthermia-induced
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Fig. 6. Flow cytometry analysis of (a, c) mature DCs maturation (CD80+CD86+ gated on CD11c+) in the tumor draining lymph node and (b, d) CTLs (CD8+CD4− gated

on CD3+) in the spleen after 7 days treatments of PBS+L (control), GO-SL, GO-Arg-SL, GO-SL+L and GO-Arg-SL+L. ∗∗∗P < 0.001, ∗∗P < 0.01, and ∗P < 0.05. Data above are

presented as means with standard deviations (mean ± SD, n=4).

cell death from GO under an 808nm laser exposure. Furthermore,

the above synergistic effect-induced immunotherapy could fur-

ther inhibit malignancy recurrence. Our GO-based l-Arg delivery

nanocarriers are expected to act as a powerful nanoplatform for

synergistic eradication of carcinomas in clinical.
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