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a b s t r a c t

Black phosphorus (BP), as a rising star of 2D nanomaterials has drawn considerable attention in can-

cer therapy. However, the poor stability under ambient conditions limits their practical applications.

Herein, a multiple supramolecular assembly composed of adamantane-modified hyaluronic acid (HAADA),

ferrocene-modified cinnamaldehyde (Fc-CA), guanidinium-functionalized β-cyclodextrin (Guano-CD), and

black phosphorus (BP) nanosheets was successfully fabricated through cooperative host-guest and elec-

trostatic interactions. Owing to the cooperative contribution of these building blocks, the obtained

supramolecular assembly simultaneously possesses multiple functions including excellent stability, good

biocompatibility and targeting property, and a high inhibition effect toward cancer cells. We believe that

this work might provide new insights into designing a new generation of cancer theranostic protocols for

potential clinical applications.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Recently, black phosphorus (BP) nanosheets have become a ris-

ing star in biomedical applications [1-4]. Compared with other

2D materials, BP possesses excellent biocompatibility and good

biodegradability because BP can degrade into harmless phosphate

in physiological environments which is a vital element for living

organisms [5-8]. However, the practical applications of BP were

severely impeded as its rapid degradation upon exposure to am-

bient conditions [9-11]. Therefore, several approaches were devel-

oped to stabilize BP and fabricate BP-based delivery systems for

synergistic cancer therapy. For instance, Deng and co-workers re-

ported a strategy of using a platinum-based anticancer drug to

stabilize BP, which evades the potential clinical application risks

concurrently constructing a stable BP-based drug delivery system

for combined photothermal therapy (PTT) and chemo therapy [12].

Zhang and co-workers utilize the inherent Cu2+-capturing ability

of BP to develop BP@Cu nanostructures. The incorporation of Cu2+

not only enhances the photothermal performance/stability, but also
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provides the proof-of-concept application of BP-based materials in

positron emission tomography (PET)-guided, chemodynamic ther-

apy (CDT)-enhanced combination cancer therapy [13]. Mei and co-

workers developed a simple polydopamine modification method to

enhance the stability and photothermal performance of bare BP

nanosheets [14]. BP undergoes continuous oxidation and degra-

dation because its lone pair electrons is very reactive with oxy-

gen to form PxOy. The platinum-based anticancer drug and Cu2+

could stabilize BP mainly utilizing coordination interaction to sta-

bilize the lone pair electrons of BP, resulting in the formation of

P5+ species and inhibiting the oxidation of BP. Polydopamine could

stabilize BP due to the coating effect, and the polydopamine coat-

ing could adhere to the surface of BP and isolate the internal BP

from external oxygen and water, which could effectively prevent

the degradation of BP.

Although some strategies have been employed and exhibited

enhanced stability and photothermal performance, there still ex-

ist several challenges in fabricating BP-based synergistic delivery

systems such as the increased toxicity, the complicated construc-

tion procedure, and lack of specificity, which hinder the further

advance [15,16]. To this end, supramolecular chemistry provides a

promising and facile strategy to construct smart delivery systems

https://doi.org/10.1016/j.cclet.2024.110193
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Scheme 1. Construction of the multiple nanosupramolecular assembly NAs from BP, Guano-CD, Fc-CA, and HAADA.

to overcome these limitations [17,18], where they utilize nonco-

valent interactions such as host-guest interactions [19,20], electro-

static interactions [21-23], hydrogen bonding [24,25], π–π stacking

[26], and van der Waals interactions [27]. In this regard, the incor-

poration of supramolecular strategy and BP into a self-assembled

smart delivery system may confer several practical superiorities

in pharmacotherapy [28]. First, as compared with covalent assem-

blies, multicomponent supramolecular assemblies could be con-

structed by mixing the building blocks in solution with the assis-

tance of multivalent intermolecular noncovalent interaction, which

could avoid the multiple synthesis steps and a complicated purifi-

cation process [29,30]. Moreover, the noncovalent interactions, es-

pecially the host–guest interactions could be adjusted by external

stimuli, such as redox [31,32], temperature [33], pH [34,35], en-

zyme [36], and light [37], which could be utilized for fabrication of

stimuli responsive supramolecular assembly and endow the con-

venient dissociation. The representative macrocycles, such as cy-

clodextrin (CD) that is water-soluble, nontoxic, and possesses a hy-

drophobic cavity, have become a focus of interest for the construc-

tion of biocompatible assemblies [38-40]. In addition to the above-

mentioned advantages along with the water solubility, biocompat-

ibility and targeting ability could be concurrently enhanced in the

obtained supramolecular assembly, which endows the supramolec-

ular systems widely utilized in the biological field [41-45].

Herein, a supramolecular noncovalent strategy was used to con-

struct an integrated multiple systems by a supramolecular surface

modification of BP with guanidinium functionalized β-cyclodextrin

(Guano-CD) which contains a guanidinium moiety as a bind-

ing group and a β-cyclodextrin cavity for further functionaliza-

tion. Taking advantage of the two-step synergistic noncovalent

modification process, i.e., the electrostatic interaction between BP

nanosheets and the guanidinium group, the supramolecular com-

plexation of β-CD cavity with the Fc group of ferrocene-modified

cinnamaldehyde (Fc-CA) and ADA group of adamantane-modified

hyaluronic acid (HAADA) [46-48], the multiple nanosupramolecular

assembly BP@Guano-CD/Fc-CA/HAADA (NAs) was successfully fab-

ricated (Scheme 1). There are some inherent features of such mul-

ticomponent nanosystems: (1) The supramolecular surface modifi-

cation of BP not only can increase the stability of BP but also pro-

vides sites for further functionalization. (2) CA is a promising re-

active oxygen species (ROS)-generator to boost endogenous H2O2

level in cancer cells, and Fc is a typical CDT catalyst. The integra-

tion of CA and Fc into a molecular structure could synchronously

elevate H2O2 level and catalytic iron amount in acidic tumor mi-

croenvironment, which could realize self-amplified Fenton reaction

for CDT. (3) The host-guest pair of cyclodextrin and Fc was used

as a stimulus-responsive site because of its redox-responses, which

enable the assembly to undergo rapid dissociation in the presence

of endogenous H2O2 accompanied by the release of hydroxyl rad-

icals [49]. (4) HA as a polysaccharide with good water solubility,

biocompatibility, and targeting effect, and the HA unit not only

serve as a hydrophilic biocompatible outer shell to improve sta-

bility and biocompatibility of assembly, but also ensure minimize

side effects and achieve the tumor-specific therapy [50,51].

BP nanosheets were prepared by basic solvent exfoliation from

bulk BP, and the morphology was characterized by transmission

electron microscopy (TEM) (Fig. S1a in Supporting information).

The size of BP nanosheets was 100–200nm, which was in accor-

dance with that measured from dynamic light scattering (DLS)

analysis (Fig. S2a in Supporting information). Benefiting from the

positively charged guanidinium moiety, BP@Guano-CD were pre-

pared by the supramolecular surface modification of BP with

Guano-CD via electrostatic interaction. TEM image showed that

the size of BP@Guano-CD was about 200nm, and the hydrody-

namic diameter of BP@Guano-CD measured from DLS was simi-

lar to that of the BP (Figs. S1b and S2b in Supporting informa-

tion). Supramolecular systems tend to form aggregates via self-

assembly in solution, and the size of aggregate particles is close to

colloidal particles. Therefore, the surface of aggregate particles will

also form a zeta potential with the solution, just like colloidal par-

ticles. The successful coating of Guano-CD onto BP nanosheets was

verified by zeta potential measurement. Fig. 1a presents the zeta

potential of Guano-CD as 15.54mV, and the corresponding values

of BP@Guano-CD increased from −25.43mV to −4.31mV compared

with BP nanosheets. Fourier-transform infrared (FTIR) spectra also

revealed the changes in the functional groups during coating (Fig.

1b and Fig. S3 in Supporting information). Compared with that of

BP, the new peak at 1637 cm−1 appeared in FTIR of BP@Guano-

CD, which belonged to the C=N stretching vibration peak of Guano

group. Moreover, the vibration peak of hydroxyl (-OH, 3350 cm−1)

of CD was observed. Next, the structural changes of BP@Guano-

CD were characterized by Raman spectra. As shown in Fig. 1c, BP

exhibits three main Raman peaks, corresponding to A1g at 360.9

cm−1, B2g and A2g at 434.9 and 462.6 cm−1, respectively. The peaks
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Fig. 1. Characterization of BP@Guano-CD and NAs. (a) Zeta potentials of BP, Guano-CD, BP@Guano-CD, Fc-CA, HAADA, NAs. (b) FTIR spectra and (c) Raman spectra of BP,

BP@Guano-CD and NAs. (d) TEM image and (e) STEM and elemental distribution of NAs mapped by EDX.

of BP@Guano-CD are slightly red-shifted by about 1.2, 2.9, and 2.4

cm−1, respectively, probably because that the surface modification

of BP inhibited the vibration of surface P atoms to reduce the cor-

responding Raman scattering energy. These results proved the suc-

cessful coating of positively charged Guano-CD onto the negatively

charged BP through electrostatic interactions.

After the successful preparation of BP@Guano-CD, the multi-

ple nanosupramolecular assembly NAs were prepared by anchor-

ing Fc-CA and HAADA on BP@Guano-CD via host-guest interac-

tions. First, the complexation behavior of Guano-CD with Fc-CA

and Guano-CD with HAADA were evaluated with 1H NOESY spec-

trum. As shown in Fig. S3a, the clear correlation peaks of the pro-

tons of Fc with the interior protons of β-CD appeared in the 1H

NOESY spectrum of Guano-CD with Fc-CA. The 1H NOESY spectrum

of Guano-CD with HAADA (Fig. S3b) also exhibited the correlation

peaks of the protons of ADA with the interior protons of β-CD.

These results demonstrated that the Fc and ADA moiety were ef-

ficiently embedded into the cavity of β-CD via host-guest inter-

actions. Then zeta potential was performed, as shown in Fig. 1a,

compared to BP@Guano-CD, the zeta potential of the resulting NAs

decreased to −20.68mV, which proved the successful combination

of BP@Guano-CD, Fc-CA, and HAADA. The FTIR spectra (Fig. 1b and

Fig. S4 in Supporting information) further confirmed the prepara-

tion of NAs. Compared with the spectra of BP and BP@Guano-CD,

all the characteristic peaks of NAs appeared as C=N (Guano-CD)

at 1637 cm−1, Fe at 1729 cm−1, C=C at 1542 cm−1 (Fc-CA) and

NH–C=O (Fc-CA and HAADA) at 1638 cm−1. The successful con-

struction was also demonstrated by UV–vis spectra (Fig. S5 in Sup-

porting information). An obvious peak appeared at 310nm for NAs,

assigned to the adsorption of Fc-CA, which further verified the

combination of BP@CD and Fc-CA. The structural and morphologi-

cal information come from Raman spectra and TEM. In Fig. 1c, the

Raman spectra of NAs exhibit nearly identical peaks at 360.7, 437.3,

and 465.9 cm−1 corresponding to A1g, B2g, and A2g modes, respec-

tively, demonstrating that the BP nanosheets with supramolecu-

lar modification did not affect the structure of the corresponding

counterpart. Compared with BP@Guano-CD, TEM image showed

that the average size of NAs was about 200nm (Fig. 1d). The hy-

drodynamic diameter of NAs measured from dynamic light scat-

tering (DLS) analysis was around 230nm, which was suitable for

efficient accumulation in tumor sites (Fig. S2c in Supporting infor-

mation). The corresponding energy-dispersive X-ray spectroscopy

(EDX) analysis showed the elemental composition (Fig. 1e), further

confirming the successful construction of NAs based on the host–

guest complexation interactions.

Subsequently, the photothermal properties of NAs were evalu-

ated by examining the changes in temperature upon irradiation by

near-infrared light. BP and NAs in different concentrations were ir-

radiated with an 808nm near-infrared laser (1W/cm2) for 10min,

and the real-time temperature change was recorded with an in-

frared thermal imager (Fig. 2a). As shown in Figs. 2b and c, both

bare BP and NAs showed a clear concentration-dependent temper-

ature evaluation. As expected, the photothermal properties of NAs

was comparable to that of bare BP, both the temperature can re-

markably reach 44.9 °C after irradiation for 10min at a relatively

low BP concentration (containing 100μg/mL BP nanosheets). More-

over, the NAs also exhibited laser-power-dependent photothermal

property (Fig. 2d). These results confirmed that the supramolecu-

lar surface modification of BP exhibited negligible influence on the

photothermal properties of BP nanosheets. Subsequently, the sta-

bility of the NAs was evaluated. As shown in Fig. 2e, after irra-

diation with 808nm NIR laser (1W/cm2) for 5 cycles, there was

no obvious change in temperature during the cycling process, sug-

gesting satisfactory photostability. In addition, NAs also exhibited

excellent stability in aqueous solution for 7 days (Fig. S6 in Sup-

porting information).

Next, the pH sensitivity of the supramolecular polysaccharide

assemblies NAs was investigated because of the acid-labile hydra-

zone bond in Fc-CA. Firstly, the pH-triggered release of CA from

Fc-CA at pH 5.7 was detected by peak intensity integration us-

ing HPLC. As shown in Fig. S7 (Supporting information), free CA

displayed a monodispersed peak at retention time of 5.5min. As

expected, the peak intensity of CA increased gradually with time

when the Fc-CA was incubated at pH 5.7, which confirmed the fa-

vorable pH-responsiveness of Fc-CA. Then, the pH-responsive CA

release behavior of NAs assembly was investigated at pH 5.7 and

7.2. 10.4% of CA was released from NAs at pH 7.2 over a 72h pe-

riod, whereas the corresponding value increased to 74.9% at pH

5.7 (Fig. S8 in Supporting information). That is the release rate of

CA at pH 5.7 (the endosomal pH of cancer cells) was significantly

higher than that at pH 7.2 (physiological pH). This result indicated

that the pH-responsive property of NAs could be ascribed to the
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Fig. 2. (a) Real-time infrared thermal images of NAs under 808nm NIR laser (1W/cm2) irradiation for 10min. Photothermal heating curves of (b) BP and (c) NAs at different

BP concentrations under 808nm laser irradiation. (d) Photothermal heating curves of NAs under 808nm NIR laser irradiation with different power density. (e) Photothermal

stability of NAs for five on/off irradiation cycles with an 808nm NIR laser.

acid-activated cleavage of hydrazone bond in Fc-CA. That is, NAs

would release free CA under acidic condition as a first step, and

then free CA undergoes a redox cycle to generate a large amount

of ROS and amplify H2O2 level for further enhanced therapeutic

effect.

Subsequently, the ROS generation performance of NAs was in-

vestigated by methylene blue (MB) degradation experiments. MB

is usually used as a probe to assess the Fenton reaction because

its absorbance decreased accompanied by its decomposition by the

generated hydroxyl radical. As displayed in Fig. 3a, in the presence

of H2O2, NAs could lead a significant decrease in the absorbance

of MB at 664nm in aqueous solution, while no apparent changes

in the absorbance was observed for MB solutions cultured with

H2O2 or NAs alone, revealing the degradation of MB by the hy-

droxyl radical generated via a Fenton-like reaction between H2O2

and NAs, indicating that this NAs could release hydroxyl radicals

upon exposure to H2O2 for potential CDT. Considering the pH-

responsive release of CA, the hydroxyl radical production capac-

ity of NAs in acidic conditions were further evaluated, and the re-

sult showed that the MB degradation efficacy was significantly in-

creased, that means the catalytic efficacy of Fenton reaction would

be enhanced at acidic pH value with the assistance of free CA.

Furthermore, given that BP could produce enormous amounts of

ROS when irradiated with an 808nm laser, the MB degradation

experiment was further investigated under 808nm laser irradia-

tion. As we expect, the degradation of MB could be accelerated

with NIR irradiation, such as the MB degradation efficacy increased

from 52.79% to 88.43% within 20min (Fig. 3b). Moreover, the H2O2

and BP dose-dependent degradation experiments were evaluated

(Figs. 3c and d). The degradation rates of MB increased with the

increase in H2O2 or BP dose, indicating more sufficient •OH gener-

ation. In addition, after undergoing Fenton reaction, the hydropho-

bic Fc moieties were oxidized into hydrophilic charged Fc+, which

could come out of the cavity of CD, causing the rapid dissociation

of NAs. These results indicated that this multiple nanosupramolec-

ular assembly NAs could ensure satisfactory CDT efficiency, which

could be developed to combine with photothermal therapy for syn-

ergistic therapy.

The generation of hydroxyl radicals in mouse 4T1 breast cancer

cells by NAs was evaluated via fluorescent confocal image experi-

ments by using the intracellular ROS probe 2′,7′-dichlorofluorescin
diacetate (DCFH-DA), which could be oxidized by ROS to gener-

ate green fluorescence. As shown in Fig. 4a, no green fluorescence

was observed in the cells incubated with PBS. In contrast, the cells

incubated with NAs exhibited intense green fluorescence, indicat-

ing that the ROS level increased by efficient Fenton reaction cat-

alyzed by Fc moiety of NAs. Importantly, the cells incubated with

NAs with 808nm laser irradiation showed enhanced green fluores-

cence than without NIR group, indicating that NIR could promote

the ROS generation, which was consistent with the results of MB

degradation experiments.

Benefiting from the good photothermal performance and effec-

tive ROS generation, NAs was utilized for combined PTT and CDT

applications. Then the cytotoxicity of the NAs was investigated by

measuring the relative cellular viability of cancer cells (4T1 cells

and A549 human lung cancer cells) over-expressing the HA recep-

tors, and normal cells (L929 mouse fibroblasts cells) through CCK-8

assay. As shown in Fig. 4b, NAs exhibited negligible cytotoxicity to

L929 cells in the absence of NIR irradiation due to the satisfac-

tory biocompatibility of the building blocks. As expected, NAs ex-

hibited a dose-dependent cytotoxicity against 4T1 cells and A549

cells without NIR laser irradiation (Figs. 4c and d). This could be

attributed to the self-amplified Fenton reaction of NAs and there-

after the generation of ROS within tumor cells. Besides, it could

be clearly observed that the cell viability of NAs in the 4T1 cells

and A549 cells were lower than that in the L929 cells. This re-

sult was attributed to the HA-enhanced targeted delivery towards

4T1 cells and A549 cells that over-express HA receptors on their

surface, thus achieving targeted delivery through receptor-ligand

binding and pH-responsive cascaded Fenton reaction. Furthermore,

after irradiation, NAs showed much higher cytotoxicity toward 4T1

cells and A549 cells at the equivalent concentrations of NAs with-
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Fig. 3. Characterization of the ·OH production capacity of NAs. (a) Time-dependent degradation of MB caused by ·OH generated from NAs in the presence or absence of H2O2

(10mmol/L) at pH 5.7 and 7.2. (b) MB degradation by ·OH generated from NAs in the presence or absence of H2O2 (10mmol/L) at pH 5.7 with 808nm NIR laser (1W/cm2)

irradiation. Insert: Photographs of MB+NAs +H2O2: (i) at 0min, (ii) at 120min, (iii) at 60min with NIR irradiation. (c) MB degradation by ·OH generated from NAs with

different concentrations of H2O2 (1, 2, 5, 10mmol/L) at pH 5.7 with 808nm NIR laser (1W/cm2) irradiation. (d) MB degradation by ·OH generated from NAs at different

concentration of BP (25, 50, 100μg/mL) with H2O2 (10mmol/L) at pH 5.7 under 808nm NIR laser (1W/cm2) irradiation.

Fig. 4. (a) CLSM images of detection of intracellular ROS generation in 4T1 cells by DCFH-DA. (b) Relative viabilities of L929 cells after treated with NAs at different BP

concentrations. (c) 4T1 cells and (d) A549 cells after treated with NAs at different BP concentrations without or with 808nm NIR laser (NIR, 1W/cm2) irradiation for 10min

(∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001).
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out NIR irradiation, which confirmed the photothermal cytotoxicity

of NAs. This result also indicated that NAs exhibited synergistic tar-

geted photothermal and chemodynamic cytotoxic towards tumor

cells.

In conclusion, black phosphorous-based pH/redox dual-

responsive noncovalent multiple nanosupramolecular assembly

NAs were successfully constructed for targeted photothermal

and chemodynamic synergistic therapy. The sequential deposi-

tion of Guano-CD, Fc-CA, and HAADA onto the BP was achieved

by cooperative electrostatic and host-guest interactions. In the

presence of overproduced endogenous H2O2 and acidic lysosome

environments of tumor cells, the NAs could be dissociated to

release CA and simultaneously achieve enhanced Fenton reaction

for synergistic chemodynamic/photothermal therapy. This drug

delivery system displayed a synergistic effect in suppressing cancer

cell proliferation and no obvious toxicity towards normal cells.

Such a BP NS-based platform holds great potential as PTT-based

combinational therapy platform.
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