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Background: Recently, combined photodynamic therapy (PDT) and photothermal therapy 

(PTT) has become a desired treatment for cancer. However, the development of economic, high-

efficiency, and safe photosensitizers/photothermal agents remains a significant challenge.

Methods: A novel nanocomposite has been developed via the assembly of iron oxide carbon 

dot (Fe
3
O

4
-CDs) nanoparticles and black phosphorus quantum dots (genipin [GP]-polyglutamic 

acid [PGA]-Fe
3
O

4
-CDs@BPQDs), and this nanocomposite shows a broad light-absorption band 

and a photodegradable character.

Results: In vitro and in vivo assays indicated that GP-PGA-Fe
3
O

4
-CDs@BPQDs were highly 

biocompatible and exhibited excellent tumor-inhibition efficacy, due to the synergistic PTT 

and PDT via a near-infrared laser. Importantly, in vivo tumor magnetic resonance imaging 

(MRI) results illustrated that GP-PGA-Fe
3
O

4
-CDs@BPQDs can be specifically applied for 

enhanced T
2
 MRI of tumors. This work presents the first combined application of a PDT and 

PTT effect deriving from BPQDs and MRI from Fe
3
O

4
-CDs, which may promote utilization 

of black BPQDs in biomedicine.

Conclusion: As expected, GP-PGA-Fe
3
O

4
-CDs@BPQDs displayed a dramatically enhanced 

ability to destroy tumor cells, due to the synergistic combination of PTT and PDT.

Keywords: black phosphorus quantum dots, biocompatible, photothermal, photodynamic, 

T
2
 MRI

Introduction
With the development of nanobiotechnology, it is feasible to design multifunctional 

nanostructured materials that can simultaneously diagnose and treat cancers via the 

integration of molecular imaging and therapy technologies.1–5 The integration of diag-

nosis and treatment, which can improve the survival rate and quality of life among 

postoperative patients, has provided an attractive avenue for detecting and treating 

cancer. Imaging-guided photothermal therapy (PTT), which is a novel therapeutic 

method of precision therapy, can be used to eliminate residual cancer cells completely 

with precise guidance in the future.6,7 PTT converts absorbed light into thermal energy 

and generates local hyperthermia in the tumor mass to ablate cancer cells without 

causing damage to surrounding normal tissue.8–10 Photodynamic therapy (PDT), a 

minimally invasive and high-efficiency anticancer approach, has recently received 

extensive research attention. PDT involves photosensitizers that absorb light and further 

transfer energy to oxygen in the surrounding tissue. Highly reactive oxygen species 
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(ROS), which work in the form of free radicals and singlet 

oxygen, can foster oxidation in cellular and subcellular com-

partments, including the plasma membrane, mitochondria, 

lysosomes, and the nuclear membrane, which finally leads to 

irreversible damage to tumor cells.11,12 The drawbacks of poor 

penetration depth, excitation at short wavelengths (600–700 

nm), and chemical-structure variation have prompted the 

search for alternative photosensitizers.13 To overcome these 

drawbacks, several delivery approaches that are capable of 

stabilizing hydrophobic PDT drugs in aqueous solutions, 

including graphene, gold, silica nanoparticles, and black 

phosphorus (BP), have been demonstrated. The combina-

tion of PTT with PDT, termed phototherapy, can complete 

enhanced treatment efficacy by synergistic function. There-

fore, the development of effective and safe photosensitizers/

PT agents with good biodegradability and biocompatibility 

is still highly probable.14,15

The failure caused by single treatment in cancer therapy 

has pushed researchers to explore the feasibility of combined 

treatments, such as combined PDT and PTT.16 We chose ultras-

mall BP nanosheets (referred to as BP quantum dots [BPQDs]) 

to serve as effective photosensitizers/PT agents in order to 

generate singlet oxygen (1O
2
).17 Atomically thin BPQDs, 

new two-dimensional nanomaterials, have been focused on 

because of their distinct optical and electronic properties, 

as well as their promising applications.18 Considering their 

unique and tremendously different physical properties com-

pared to those of their bulk counterpart, BPQDs are thought to 

be a new high-efficiency photosensitizer for generating ROS, 

with great potential in cancer therapy. Their ability to photo-

degrade elements to biocompatible phosphorus oxides, their 

broad light absorption, and their excellent biocompatibility in 

living tissues further indicate that BP has the potential to be a 

therapeutic agent for cancer treatment.19 In addition, BPQDs 

show broad absorption across the entire visible-light region, 

resulting in near-infrared (NIR) PT properties suitable for 

PTT.20 Considering the unique electronic structure of BPQDs, 

we expect that it may be a new metal-free semiconductor 

to generate singlet oxygen, which can be further applied in 

catalysis and PDT applications. All the unique properties of 

BPQDs make them a promising new nanostructured system 

in terms of multimodal therapy for cancer.

Significant efforts to assist physicians in diagnosing and 

monitoring the response to therapy have been made using 

advances toward personalized therapeutic approaches and 

by increasing the precision of surgical techniques using 

multimodal imaging.20 Researchers have already explored 

many methods for enhancing the accuracy and efficiency 

of selective localization during treatment, such as magnetic 

targeting, molecular targeting, and imaging guidance. In 

particular, magnetic targeting, which can be achieved using 

iron oxide nanoparticles in the treatment platform, not only 

locates the physical position of drugs but also simultane-

ously realizes the magnetic resonance imaging (MRI)-guided 

therapy effect.19 The emergence of the MRI scanner in the 

manner of MRI offers doctors more precise information 

regarding tumor localization and boundary identification. 

Accompanied by advancements in high-performance imaging 

technology, high-performance all-in-one multimodal contrast 

agents are especially appealing and have recently gained 

the most attention, because they are needed for accurate 

diagnosis and therapy.21 With advances in nanotechnology, a 

variety of different nanoparticulate systems, such as Gd(III)- 

or Mn(II)-based T
1
 MR contrast agents and magnetic iron 

oxide (Fe
3
O

4
) nanoparticle-based T

2
 MR contrast agents, 

have been developed for MRI applications. Our previous 

work has shown that Fe
3
O

4
 carbon dots (CDs) with good 

colloidal stability and high r
2
 relaxivity can be prepared using 

a hydrothermal method. The as-prepared Fe
3
O

4
-CDs can be 

further functionalized with different functional groups to 

alleviate macrophage cellular uptake.22

Here, we prepared a highly dispersed suspension of 

ultrasmall BPQDs of ~3.6 nm (lateral) and thickness of 

~1.26 nm using a simple liquid exfoliation technique. Con-

sidering that BPQDs have a unique property of absorbing 

NIR light with high tissue-penetration depth, we successfully 

designed a theranostic agent that integrated BP with iron 

oxide nanoparticles using ordinary electrostatic attraction and 

chemical cross-linking reaction. Based on the PD nature of BP 

nanosheets, we extended the new function of PDT and PTT 

for accurate selective localization using targeting and imaging 

guidance. Due to the PD/PT effect of BPQDs, the MR signal of 

Fe
3
O

4
, and the tumor-targeting and MRI-guiding ability of iron 

oxide nanoparticles, this nanoplatform exhibited a remarkably 

enhanced therapeutic effect and improved selectivity compared 

to traditional remedies. As expected, the BPQDs displayed a 

dramatically enhanced ability to eliminate tumor cells, benefit-

ing from the synergistic combination of PTT and PDT.

Materials and methods
Materials
All chemicals were analytically pure reagents and used 

directly without further purification. BP bulk crystals were 

purchased from a commercial supplier (99.998%; XFNano 

Materials Tech, Nanjing, China) and stored in an N
2
 glove 

box prior to use. Ferric ammonium citrate, methylene blue 

www.dovepress.com
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(MB), 1-methyl-2-pyrrolidone, and polyglutamic acid 

(PGA; M
w
 10,000) were obtained from Sigma-Aldrich 

without further purifications. PBS (pH 7.4), fetal bovine 

serum (FBS), MTT, trypsin–EDTA, and 4,6-diamidino-2-

phenylindole were purchased from Thermo Fisher Scientific. 

2,7-Dichlorofuorescein diacetate (DCFH-DA), 2,2,6,6-

tetramethylpiperidine (TEMP), 2,7-dichlorofuorescein 

(DCF), 5-tert-butoxycarbonyl-5-methyl-1-pyrroline N-oxide 

(BMPO) disodium, and anthracene-9,10-dipropionic acid 

(Na
2
-ADPA) were purchased from J&K Scientific. Other 

reagents were obtained from Energy Chemical (Shanghai, 

China). The deionized water used in all of the experiments 

was Milli-Q (18.2 MΩcm). All cells were purchased from the 

Cell Bank of Type Culture Collection of the Chinese Acad-

emy of Sciences (Shanghai, China). A genetically unrelated 

healthy adult donor was identified in the University of Nan-

jing Drum Tower Hospital Blood Donor Center donor list. 

The study was done after receipt of patients’ written informed 

consent. Animal experiments were carried out in accordance 

with the Guide for the Care and Use of Laboratory Animals. 

All experiments were conducted in conformity with the insti-

tutional guidelines of Nanjing Normal University. Ethical 

approval for the in vivo animal and blood-based experiments 

was obtained from the National Health and Family Planning 

Commission. Written informed consent from the blood 

donors was obtained for these experiments.

Instruments and characterization
Transmission electron microscopy (TEM) and high-resolution 

TEM (HRTEM) images were acquired using a JEM-2100F 

(JEOL, Tokyo, Japan). Atomic force microscopy (AFM) was 

performed with a Veeco (New York, NY, USA) microscope. 

X-ray photoelectron spectroscopy (XPS) was conducted 

using a Thermo Fisher Scientific Escalab 250Xi. X-ray 

diffraction (XRD) patterns were obtained using a Max-3A 

(Rigaku, Tokyo, Japan). Ultraviolet (UV)-visible spec-

troscopy measurements were acquired with a Cary 5000 

(Agilent Technologies, Santa Clara, CA, USA). ζ-Potential 

measurements and dynamic light-scattering (DLS) analysis 

were performed using Zetasizer Nano ZS90 (Malvern 

Instruments, Malvern, UK). ROS were observed using 

electron-spin resonance (ESR; ESP300E; Bruker, Billerica, 

MA, USA). To monitor temperature changes at tumor sites 

during irradiation, IR thermal images were observed using 

a PTT monitoring system (MG33; Magnity Electronics, 

Shanghai, China). Fluorescence and photoluminescence (PL) 

spectra were collected using fluorescence spectrophotometry 

(FluoroSens; Gilden Photonics, Glasgow, UK). Absorbance 

for MTT assays was assessed with a Thermo Reader at 

a wavelength of 490 nm. MRI (Trio TIM 3 T; Siemens, 

Munich, Germany) was employed to test T
2
 relaxation times. 

Details of the methods used for material characterization are 

described in the Supplementary material.

Results and discussion
Synthesis and characterization
A surface coordination strategy to enhance the stability 

of BPQDs in water and air by preventing the oxidation of 

BPQDs is described.23 BPQDs have a well-known puckered 

honeycomb structure in which a phosphorus atom is cova-

lently bonded to three neighboring single-layer phosphorus 

atoms, which exposes a lone pair of electrons. The lone pair 

of electrons in the BPQDs can readily react with oxygen to 

form P
x
O

y
. Occupation of the lone-pair electrons by other 

elements may prevent a reaction between phosphorus and 

oxygen, which ultimately mitigates the BPQDs.24 Magnetic 

nanoparticles were designed to react with BPQDs to form 

genipin-wrapped PGA-Fe
3
O

4
-CDs@BPQDs, which help 

enhance stability in water (Figure 1A).

TEM and AFM were employed to observe the morphology 

of the BPQDs. The TEM images in Figure 1B (a) and 

Figure S1A reveal ultrasmall BPQDs of 3.6±0.6 nm. DLS 

measurements showed that the average diameter of the 

BPQDs was 6 nm (Figure S1B). This value is also con-

sistent with the size determined from TEM, because DLS 

measures the overall hydrodynamic size of particles. The 

HRTEM image in Figure 1B (b) shows lattice fringes of 

0.34 nm, which were ascribed to the (021) plane of the BPQD 

crystal. A typical AFM image of the BPQDs is shown in 

Figure S2A, and heights of the nanoparticles labeled with 

lines 1, 2, and 3 were 1.12, 1.27, and 1.34 nm (Figure S2B). 

According to statistical analysis of BPQDs under AFM, 

their average height was 1.26±0.8 nm (Figure S2C). BPQDs 

were further characterized via XPS, and showed 2p
3/2

 and 

2p
1/2

 doublets at 129.4 and 129.9 eV, respectively, which 

are characteristic of crystalline BPQDs (Figure 2A). Fur-

thermore, strong subbands that corresponded to oxidized 

phosphorus were apparent at 133.8 eV, which have been 

observed in a previous paper.18 The emission wavelength of 

the BPQDs (Figure S3A) shifted from 380 to 500 nm when 

the excitation wavelength was gradually increased from 

480 to 560 nm. The λ
ex

-dependent emission of the BPQDs 

can be ascribed to effects from particles of different sizes in 

the sample and a distribution of different emission sites on 

each QD. λ
ex

-dependent PL behavior is useful for multi-

color in vitro and in vivo biological imaging applications. 
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BPQD dispersion under 365 nm UV-light exhibited strong 

green emission, as shown in the inset in Figure S3A. The 

fluorescence quantum yield (Φ) of the as-prepared BPQDs 

was calculated to be 8.6%.

The morphology and structures of the resultant Fe
3
O

4
-

CDs were further elucidated via TEM. Figure 1C (a) shows 

that Fe
3
O

4
-CDs were nearly uniform in size and shape, with 

an average diameter of 9.6 nm. HRTEM of an individual 

Fe
3
O

4
-CD (Figure 1C [b]) further reveals that the nanopar-

ticles were composed of Fe
3
O

4
 nanocrystals clustered in the 

core region and CDs assembled on their surface. Figure 1C (b)  

displays HRTEM of the sectional nanoparticles that show 

single CDs and an Fe
3
O

4
 nanocrystal. From the 2D lattice 

fringes of the CDs, an interplanar distance of ~0.322 nm was 

determined, which corresponded to the (006) lattice planes 

of graphitic (sp2) carbon. A region of magnetite (Fe
3
O

4
) 

Figure 1 Preparation of GP-PGA-Fe3O4-CDs@BPQDs nanoplatform.
Notes: (A) Fabrication of the GP-PGA-Fe3O4-CD@BPQD nanoplatform; (B) TEM (a) and HRTEM (b) of BPQDs; (C) TEM (a) and HRTEM (b) of Fe3O4-CDs; (D) TEM 
of PGA-Fe3O4-CDs; (E) elemental mapping images of PGA-Fe3O4-CDs; (F) TEM of GP-PGA-Fe3O4-CDs@BPQDs; (G) lateral sizes of 50 GP-PGA-Fe3O4-CDs@BPQDs 
determined using TEM; (H) TEM showing the morphology of GP-PGA-Fe3O4-CD@BPQD assemblies and corresponding cross-linking degree of GP at different cross-linking 
times; (I) elemental mapping images of GP-PGA-Fe3O4-CDs@BPQDs assemblies after 3 hours of cross-linking.
Abbreviations: GP, genipin; PGA, polyglutamic acid; CD, carbon dot; BPQD, black phosphorus quantum dot; HRTEM, high-resolution transmission electron microscopy; 
NMP, N-methyl-2-pyrrolidone.
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within the CDs can be identified by the (400) lattice spacing 

of 0.253 nm.25 To obtain structural information about Fe
3
O

4
-

CDs, XRD characterization was conducted. Six diffraction 

lines (Figure S3B) were observed in the representative XRD 

pattern of Fe
3
O

4
-CDs at 2θ = 30.2°, 35.5°, 43.1°, 53.5°, 

57.1°, and 62.6°. These diffraction lines can be assigned 

as (220), (311), (400), (422), (511) and (440) reflections, 

respectively, of the pure cubic spinel crystal structure of 

Fe
3
O

4
, with a cell constant a=8.39 Å (Joint Committee on 

Powder Diffraction Standards card 19-0629).26 Using the 

PGA polymer and coating strategy reported here, multi-

functional magnetic fluorescent PGA-Fe
3
O

4
-CD hybrid 

nanoparticles were also obtained. Figure 1D shows TEM 

images of PGA polymer-coated Fe
3
O

4
-CDs in cluster for-

mations. The Fe
3
O

4
-CD clusters consisted of an average of 

eight Fe
3
O

4
-CDs. To confirm further the formation of the 

hybrid nanoparticles, energy-dispersive X-ray spectroscopy 

(EDS) element mapping was recorded, which is shown in 

Figure 1E. The EDS element mapping clearly shows that 

C, Fe, and N were evenly distributed in the PGA-Fe
3
O

4
-CD 

hybrid nanoparticles. It can be seen from the EDS element-

mapping results that PGA had good distribution with 

Fe
3
O

4
 particles. The initial Fe

3
O

4
-CDs had a ζ-potential of 

19.8 mV, which changed to 13.2 mV when they were modi-

fied with PGA (Figure 2B).

PGA-Fe
3
O

4
-CDs@BPQDs were synthesized using a 

simple electrostatic attraction between BPQDs and PGA-

Fe
3
O

4
-CD nanoparticles. The ζ-potentials of the BPQDs and 

the PGA-Fe
3
O

4
-CDs were -22.7 and 13.2 mV, respectively 

(Figure S4A). This is the reason for the excellent electrostatic 

attraction reaction of PGA-Fe
3
O

4
-CD nanoparticles with 

BPQDs. Then, genipin (GP)-PGA-Fe
3
O

4
-CDs@BPQDs were 

readily synthesized via the self-polymerization of genipin 

according to our previous methods.20 We determined from 

ζ

Figure 2 Characterization of GP-PGA-Fe3O4-CDs@BPQDs nanoplatform.
Notes: (A) XPS spectrum of the P 2p peaks from the BPQDs; (B) ζ-potential of as-prepared samples from different steps; (C) survey XPS spectrum of GP-PGA-Fe3O4-
CDs@BPQDs; (D) Raman scattering spectra of BPQDs and GP-PGA-Fe3O4-CDs@BPQDs.
Abbreviations: XPS, X-ray photoelectron spectroscopy; BPQDs, black phosphorus quantum dots; GP, genipin; PGA, polyglutamic acid; CDs, carbon dots.
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typical TEM images that the resultant GP-PGA-Fe
3
O

4
-CDs@

BPQDs were spherical with an average diameter of 102±8 nm 

(Figure 1F and G) and the size of GP-PGA-Fe
3
O

4
-CDs@

BPQDs within the accepted range, which enabled efficient 

uptake by tumors based on the enhanced permeability and 

retention (EPR) effect. Furthermore, the as-prepared GP-

PGA-Fe
3
O

4
-CDs@BPQDs dispersed well in NaCl, PBS, 

FBS, and DMEM solutions and remained stable for 1 week 

without any detectable agglomeration (Figure S4B).

TEM was employed to observe the microsphere mor-

phology of the GP-PGA-Fe
3
O

4
-CDs@BPQDs at different 

stages. Figure 1H shows the TEM images of compounds with 

varying cross-linking times. It can be seen that a micelle-like 

structure formed at 1 hour (Figure 1H [a]), which suggests 

that the assemblies between GP-PGA-Fe
3
O

4
-CD@BPQD 

nanosheets were achieved via the reaction between PGA-

Fe
3
O

4
-CDs@BPQDs and GP. At 2 hours (Figure 1H [b]), 

GP-PGA-Fe
3
O

4
-CD@BPQD nanosheet assemblies tended to 

become spherical, with a size of 200±50 nm. When cross-

linking was extended to 3 hours (Figure 1H [c]), the spherical 

assemblies became smaller, and the swollen shell markedly 

decreased with an increased degree of cross-linking. The 

elemental mapping images (Figure 1I) show good distribu-

tions of the P, Fe, C, and N elements. After cross-linking for 

4 hours (Figure 1H [d]), GP-PGA-Fe
3
O

4
-CD@BPQD micro-

spheres with 3D reticular structure formed, with diameters 

of 100±10 nm. At cross-linking of 5 hours (Figure 1H [e] 

and Figure S5A), uniformly dispersed GP-PGA-Fe
3
O

4
-CD@

BPQD microspheres with diameters of 95–105 nm were 

finally fabricated with rough surfaces due to cross-linking, 

favorable for biological applications.27 Correspondingly, 

DLS measurements revealed that GP-PGA-Fe
3
O

4
-CDs@

BPQDs possessed a narrow size distribution, with an average 

diameter of 118 nm (Figure S5B).

Detailed information about the composition of the sam-

ples was provided by XPS measurements. The XPS spectrum 

of the sample shows the presence of P, N, C, O, and Fe in the 

complex (Figure 2C). In the Fe 2p spectrum (Figure S6A), 

the peaks for Fe 2p
3/2

 and Fe 2p
1/2

 were observed at 710.84 

and 724.48 eV, which is also indicative of the formation of 

an Fe
3
O

4
 phase in the GP-PGA-Fe

3
O

4
-CD@BPQD nanopar-

ticles matrix.26 Raman scattering was further performed to 

characterize the GP-PGA-Fe
3
O

4
-CD@BPQD nanoparticles 

(Figure 2D). Both samples exhibited three prominent Raman 

peaks at 359.8, 435.2 and 462.8 cm-1 that could be assigned to 

one out-of-plane phonon mode (A1
g
) and two in-plane modes 

(B
2g

 and A2
g
) of BPQDs, respectively, confirming the exis-

tence of BPQDs in the GP-PGA-Fe
3
O

4
-CDs@BPQDs.10

Since Fe
3
O

4
-CDs and BPQDs have different fluorescence 

properties when excited at different wavelengths, PL spec-

troscopy is a great method to characterize the cross-linking. 

As seen in Figure S5B, the PL of GP-PGA-Fe
3
O

4
-CDs@

BPQDs showed the same excitation peak display as when 

they were tested independently (Figure S3A for BPQDs 

and Figure S5B for Fe
3
O

4
-CDs), and this result confirmed 

that the nanocomposites product contained Fe
3
O

4
-CDs and 

BPQDs. The inset of Figure S5B shows the aqueous medium 

of GP-PGA-Fe
3
O

4
-CDs@BPQDs, which was collected 

under excitation with a 365 nm laser, and GP-PGA-Fe
3
O

4
-

CDs@BPQDs show obvious blue, with the quantum yield 

of GP-PGA-Fe
3
O

4
-CDs@BPQDs at 440 nm calculated to 

be ~6.8%. We subsequently tested the impact of the GP-

PGA-Fe
3
O

4
-CDs@BPQDs on the life of the BPQDs. Com-

parison of the lives of BPQDs and GP-PGA-Fe
3
O

4
-CDs@

BPQDs showed an inconspicuous decrease from 5.81 to 

4.12 ns (Figure S5C).

Photothermal properties
Figure 3A shows the absorption of GP-PGA-Fe

3
O

4
-CD@

BPQD nanoparticle solutions with different concentrations 

in the visible NIR range. Given their efficient NIR absorp-

tion between 700 and 900 nm, GP-PGA-Fe
3
O

4
-CDs@

BPQDs were investigated for their potential in PT abla-

tion therapy for cancer using an 808 nm laser.28,29 Under 

continuous irradiation from a 660 nm laser (0.5 W/cm2) 

or 808 nm laser (2 W/cm2), the temperature elevation of 

the aqueous dispersion containing GP-PGA-Fe
3
O

4
-CDs@

BPQDs at 50 µg/mL was measured (Figure 3B). The 

control experiment demonstrated that the temperature 

of pure water (without GP-PGA-Fe
3
O

4
-CDs@BPQDs) 

and GP-PGA-Fe
3
O

4
-CDs@BPQDs (660 nm, 10 minutes) 

increased only ,2.0°C and 9.4°C, respectively. How-

ever, with the addition of GP-PGA-Fe
3
O

4
-CDs@BPQDs 

(808 nm, 2 W/cm2), the temperature of the aqueous dis-

persions increased by 28°C after 5 minutes’ irradiation. 

These results indicated that GP-PGA-Fe
3
O

4
-CDs@BPQDs 

rapidly and efficiently converted laser energy into heat via 

efficient photoabsorption at 808 nm. To study the PT effect 

of GP-PGA-Fe
3
O

4
-CDs@BPQDs further, we recorded the 

change in temperature of a solution (50 µg/mL, 1.0 mL) 

as a function of time under continuous irradiation with an 

808 nm laser (2 W/cm2) until the solution reached a steady-

state temperature (Figure S7A). According to Figure S7B, 

the PT conversion efficiency reached ~34.8%. The higher 

PT conversion efficiency of GP-PGA-Fe
3
O

4
-CDs@BPQDs 

makes them a prospective PT coupling agent.30
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1O2 generation
ROS are generated when cells are exposed to nanomaterials. 

To examine the induction of oxidative stress by GP-PGA-

Fe
3
O

4
-CDs@BPQDs, we monitored cellular ROS generation 

via flow cytometry using a nonfluorescent DCFH-DA that 

can be oxidized by intracellular ROS to become a highly 

fluorescent DCF. HeLa cells were treated with various con-

centrations of GP-PGA-Fe
3
O

4
-CDs@BPQDs for 3 hours 

under reduced serum conditions. In particular, at higher 

concentrations of GP-PGA-Fe
3
O

4
-CDs@BPQDs, ROS levels 

around twice as high as those of the control group were 

observed (Figure S8A).

ESR was used to measure the intensity of ROS genera-

tion by GP-PGA-Fe
3
O

4
-CDs@BPQDs under 660 nm laser 

irradiation. TEMP and BMPO were employed as 1O
2
 and O

2
-⋅ 

(or OH⋅) trappers, respectively. Figure 3C shows a charac-

teristic 1O
2
-induced signal only if there was TEMP-1-oxyl 

in the ESR spectra under laser irradiation, while Figure 3C 

(bottom) shows that no ROS signals were detected. These 

results are sufficient to verify that it was the energy rather 

than the electrons from GP-PGA-Fe
3
O

4
-CDs@BPQDs 

that was responsible for the transfer of oxygen during the 

sensitization of ground-state oxygen. Assessing the ability 

of GP-PGA-Fe
3
O

4
-CDs@BPQDs to generate 1O

2
 is thus a 

°

Figure 3 Photochemical and photodynamic properties of GP-PGA-Fe3O4-CDs@BPQDs nanoplatform.
Notes: (A) Ultraviolet-visible NIR-absorption spectra of GP-PGA-Fe3O4-CD@BPQD nanoparticle solutions at different concentrations. The arrow represents the increasing 
concentration of the sample. (B) Temperature elevation of GP-PGA-Fe3O4-CD@BPQD nanoparticles (50 µg/mL) under irradiation with a 660 nm (0.5 W/cm2) or 808 nm (2 
W/cm2) laser as a function of irradiation time. Inset, temperature IR images of an aqueous solution of GP-PGA-Fe3O4-CDs@BPQDs under 660 nm (0.5 W/cm2) or 808 nm (2 
W/cm2) laser irradiation, which was recorded using an IR camera. (C) ESR spectra of GP-PGA-Fe3O4-CDs@BPQDs in the presence of TEMP in different conditions. Both the 
decomposition of DPBF and ESR spectra were carried out under an Xe lamp with a 600 nm cutoff filter. (D) Decay curves of Na2-ADPA absorption at 378 nm as a function 
of time in the presence of GP-PGA-Fe3O4-CDs@BPQDs and MB ,660 nm laser irradiation (0.5 W/cm2). The arrows in part C represent the curve of the sample.
Abbreviations: NIR, near-infrared; GP, genipin; PGA, polyglutamic acid; CD, carbon dot; BPQD, black phosphorus quantum dot; ESR, electron-spin resonance; TEMP, 
2,2,6,6-tetramethylpiperidine; DPBF, diphenylisobenzofuran; ADPA, anthracene-9,10-dipropionic acid; MB, methylene blue; BMPO, 5-tert-butoxycarbonyl-5-methyl-1-
pyrroline-N-oxide.
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definite prerequisite to avoid the inner-filter effect by which 

the absorption of MB and GP-PGA-Fe
3
O

4
-CDs@BPQDs 

at 660 nm were initially regulated to ~0.1 OD. 1O
2
 detec-

tion was subsequently performed via the physical method 

based on the direct measurement of 1O
2
 NIR luminescence 

at 1,270 nm. By comparing the peak areas of 1O
2
 emission 

at ~1,270 nm, which was induced by GP-PGA-Fe
3
O

4
-CDs@

BPQDs and MB in a CD
3
OD-D

2
O mixture solution (v:v 

10:1) upon 660 nm laser excitation, the 1O
2
 quantum yield 

of GP-PGA-Fe
3
O

4
-CDs@BPQDs was calculated to be 0.27 

based on the given value of Φ
MB

=0.58 in CD
3
OD (14), as 

described in Figure S8B. The 1O
2
 quantum yield can also be 

indirectly estimated employing a chemical trapping method 

with Na
2
-ADPA as the trapping agent and MB as the stan-

dard photosensitizer (Φ
MB

=0.52 in water). As illustrated in 

Figure 3D, the absorbance of the Na
2
-ADPA solution at 

378 nm gradually decreased as irradiation time increased 

in the presence of GP-PGA-Fe
3
O

4
-CDs@BPQDs or MB 

under 660 nm laser irradiation. Based on these results, it 

now indicates that 1O
2
 causes the degradation of Na

2
-ADPA 

when generated from GP-PGA-Fe
3
O

4
-CDs@BPQDs and 

MB. According to the decay curves of Na
2
-ADPA absorption 

(Figure 3D), the 1O
2
 quantum yield of GP-PGA-Fe

3
O

4
-CDs@

BPQDs was calculated to be 0.29. This value agrees well 

with 1O
2
-generation efficiency, which was estimated using 

the physical method.

In vivo biocompatibility
For in vivo applications, nanomaterials must have excel-

lent blood compatibility in terms of the hemolytic effect.31 

Herein, hemolysis experiments were conducted to evaluate 

the blood compatibility of GP-PGA-Fe
3
O

4
-CDs@BPQDs. 

As presented in Figure 4A, the hemolytic effect of GP-PGA-

Fe
3
O

4
-CDs@BPQDs was almost invisible by direct observa-

tion over a broad concentration range of 6.25–100 µg/mL. 

Hemolysis percentages increased slightly as GP-PGA-

Fe
3
O

4
-CD@BPQD concentration increased. The hemolysis 

percentage of GP-PGA-Fe
3
O

4
-CDs@BPQDs was calculated 

to be 0.1%, even at a concentration of 100 µg/mL, which is 

lower than previously reported results of BPs@Au@Fe
3
O

4
 

hybrids.19 Therefore, GP-PGA-Fe
3
O

4
-CDs@BPQDs had 

negligible hemolytic activity, which is a vital characteristic 

for intravenous administration.

Polymers can be applied in vivo to ensure that samples 

mix fully with erythrocytes. Aggregation, crenation, and 

hemolysis are indicators of the interaction and incompatibility 

of samples with red blood cells (RBCs). In general, untreated 

RBCs in PBS have a normal biconcave shape (Figure 4B [b]). 

As we know, the appearance of morphological aberrant forms 

of RBCs will be induced due to exposure to materials with 

poor blood compatibility. Figure 4B shows images of RBCs 

that were incubated with GP-PGA-Fe
3
O

4
-CDs@BPQDs. 

From Figure 4B (g), we can conclude that RBCs do not 

show any morphological changes, even at high-concentration 

(100 µg/mL) of GP-PGA-Fe
3
O

4
-CDs@BPQDs. This result 

agrees with the hemolysis analysis.

In vitro fluorescence imaging
The application of GP-PGA-Fe

3
O

4
-CDs@BPQDs to label 

living cells in vitro was demonstrated using HepG2 cells 

(human liver carcinoma cells) on confocal laser-scanning 

microscopy. After incubation with GP-PGA-Fe
3
O

4
-CDs@

BPQDs (10 μg/mL) at 37°C for 6 and 12 hours, cell-emission 

signals were collected using continuous-wave excitation 

at 488 and 543 nm. As shown in Figures 4C and S9C, cell 

and overlay images indicate that the luminescence came 

from the intracellular region of HepG2 cells. The enhanced 

fluorescence intensity over time shows that the cellular 

internalization of GP-PGA-Fe
3
O

4
-CDs@BPQDs was time-

dependent. Z-scan measurements for HepG2 cells further 

indicated that GP-PGA-Fe
3
O

4
-CDs@BPQDs had success-

fully entered cells. A quantitative analysis was performed 

to assess PL signals in living cells that were labeled with 

GP-PGA-Fe
3
O

4
-CDs@BPQDs. Figures 4C and S9C show 

the PL-intensity distribution for imaging in the HepG2 cells, 

which corresponds to a dark-field image of HepG2 cells 

(Figure S9A and B). As such, the 3D images confirm that 

GP-PGA-Fe
3
O

4
-CDs@BPQDs probes were internalized by 

the cells, rather than being bound or adsorbed on the surface 

of the HepG2 cells. These results suggest that GP-PGA-

Fe
3
O

4
-CDs@BPQDs can serve as a photosensitizer/PT agent 

by localizing deeply into tumor cells.32

To ensure that efficient nucleus-targeting PDT/PTT is 

efficient, cancer cells have a very high intracellular uptake 

of nanomaterials. Therefore, we first evaluated the cellular 

uptake of GP-PGA-Fe
3
O

4
-CDs@BPQDs in HeLa cells by 

measuring their characteristic red fluorescence of the cells 

using confocal laser-scanning microscopy. The confocal 

images in Figures 4D and S10A clearly show that most of the 

red fluorescence emitted from GP-PGA-Fe
3
O

4
-CDs@BPQDs 

was distributed evenly in the cytoplasm region and the 

nucleus. It was clearly evident that the GP-PGA-Fe
3
O

4
-CD@

BPQD-internalized HeLa cells exhibited a significantly 

higher percentage of internuclear uptake.

Nanomaterials that are used in biomedicine must have 

sufficient biocompatibility. Therefore, it is necessary to 
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Figure 4 Blood biocompatibility and cell imaging of GP-PGA-Fe3O4-CDs@BPQDs nanoplatform. 
Notes: (A) Hemolysis percentages of RBCs by GP-PGA-Fe3O4-CDs@BPQDs at different concentrations (upper right). Inset, supernatant from the GP-PGA-Fe3O4-
CD@BPQD suspensions. (B) Optical images of RBCs treated with GP-PGA-Fe3O4-CDs@BPQDs: a, positive control (deionized water); b, negative control (PBS); 
c–f, 6.25–100 µg/mL. Scale bar =25 µm. (C) 3D reconstruction of the colocalization of GP-PGA-Fe3O4-CDs@BPQDs inside HepG2 cells after 12 hours. Scale bar =50 µm. 
(D) Confocal fluorescence images for photoexcitation of internalized red-emitting GP-PGA-Fe3O4-CDs@BPQDs in HeLa cells. Scale bar =25 µm.
Abbreviations: RBCs, red blood cells; GP, genipin; PGA, polyglutamic acid; CDs, carbon dots; BPQDs, black phosphorus quantum dots; DAPI, 4,6-diamidino-2-phenylindole.
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ensure their low cytotoxicity to different types of cell lines 

(Figure 5A). A standard MTT assay was carried out to 

determine the relative viability of HeLa (cervical cancer), 

A549 (lung cancer), C6 (glioma), and MCF7 (breast cancer) 

cells after incubation with GP-PGA-Fe
3
O

4
-CDs@BPQDs at 

different concentrations (6, 12, 24, 48, and 96 μg/mL) for 

48 hours. No apoptosis was observed in the four cell types, 

even at a high concentration of 96 μg/mL (Figure 5B), which 

is much higher than what was used in the following PT exper-

iments, suggesting good biocompatibility and suitability 

Figure 5 In vitro and vivo toxicity of GP-PGA-Fe3O4-CDs@BPQDs nanoplatform.
Notes: (A) Relative viability of C6, HeLa, A549, and MCF7 cells treated with GP-PGA-Fe3O4-CD@BPQD nanomicelles. (B) Flow-cytometry analysis of C6, HeLa, A549, 
and MCF7 cells before and after incubation with GP-PGA-Fe3O4-CDs@BPQDs. (C) Comparison of organ indices of mice treated with PBS, healthy, and GP-PGA-Fe3O4-
CD@BPQD groups after 30 days. H&E-stained images of major organs from PBS, healthy mice, and mice treated with GP-PGA-Fe3O4-CDs@BPQDs, taken 5 days (D) and 
30 days (E). (F) Biodistribution of P in the major organs of mice with without or GP-PGA-Fe3O4-CD@BPQD injection at different postinjection time points. (G) Blood-
circulation data of GP-PGA-Fe3O4-CDs@BPQDs after intravenous injection.
Abbreviations: GP, genipin; PGA, polyglutamic acid; CD, carbon dot; BPQD, black phosphorus quantum dot.
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for biomedical applications. Further, the cytocompatibility 

of GP-PGA-Fe
3
O

4
-CDs@BPQDs is determined via flow-

cytometry analysis. The results in Figure 5C illustrate that 

the rate of cell apoptosis and necrosis did not significantly 

increase after the incubation of C6, HeLa, A549, or MCF7 

cells with differently sized GP-PGA-Fe
3
O

4
-CDs@BPQDs 

(50 µg/mL) for 24 hours. It is proven that GP-PGA-Fe
3
O

4
-

CDs@BPQDs have good compatibility.

In vitro cytotoxicity and in vivo ROS assay
Before moving to study in vivo antitumor combination 

therapy using GP-PGA-Fe
3
O

4
-CDs@BPQDs, we first 

studied the in vivo behaviors of this agent in animals using 

the intrinsic physical properties of GP-PGA-Fe
3
O

4
-CDs@

BPQDs.33 Blood was extracted from C57BL/6 mice that had 

been intravenously injected GP-PGA-Fe
3
O

4
-CDs@BPQDs 

at different time points postinjection. Concentrations of GP-

PGA-Fe
3
O

4
-CDs@BPQDs in the blood were measured by the 

Raman signals of BPQDs.34 As shown in Figure 5G, blood 

levels of GP-PGA-Fe
3
O

4
-CDs@BPQDs decreased gradually 

over time. BPQD signals in the blood remained at a reason-

ably high level at even 24 hours postinjection. In addition, 

standard biochemistry examination was performed on mice 

treated with GP-PGA-Fe
3
O

4
-CDs@BPQDs at 5 and 30 days, 

as shown in Figure 6A. Biochemical indices containing serum 

creatinine (Cr), alanine aminotransferase (ALT), total biliru-

bin, and aspartate aminotransferase (AST) were investigated. 

Here, ALT, AST, and Cr were focused on, because they have 

a close correlation with liver and kidney function in mice. 

None of AST, ALT, and Cr showed significant differences 

between untreated and treated mice. Furthermore, the result-

ing data shown in Figure 6A revealed that total bilirubin was 

at similar levels in mice exposed to GP-PGA-Fe
3
O

4
-CDs@

BPQDs and control mice. Meanwhile, the results of H&E 

staining showed that GP-PGA-Fe
3
O

4
-CDs@BPQDs did not 

cause long-term inflammatory responses or liver and kidney 

toxicity (Figure 5D and E). For biodistribution analysis, the 

concentrations of P in major organs of mice with BPQD 

injection were measured by inductively coupled plasma mass 

spectrometry after 5 and 30 days (Figure 5F).

To confirm the exact role of 1O
2
, ROS levels were moni-

tored with and without preprocessing of the 1O
2
 quencher 

sodium azide (NaN
3
). From Figure 6B, it is easy to determine 

that ROS levels were higher in GP-PGA-Fe
3
O

4
-CD@BPQD-

internalized HeLa cells exposed to 660 nm (0.5 W/cm2) light 

than in those in the dark. Furthermore, the preprocessing of 

HeLa cells with NaN
3
 significantly suppressed ROS levels 

in the case of 660 nm (0.5 W/cm2) light irradiation. It is now 

clear from these results that under 660 nm (0.5 W/cm2) light 

photoirradiation, GP-PGA-Fe
3
O

4
-CDs@BPQDs induced 

much higher ROS levels, which resulted in significant cell 

death. Given their high degree of chemical reactivity, ROS 

disrupt organelles, such as mitochondrial membranes, upon 

entry into cells. Therefore, upon NIR-laser irradiation, it 

is anticipated that GP-PGA-Fe
3
O

4
-CDs@BPQDs will be 

able to damage tumor tissue irreversibly. DNA damage was 

evaluated by comet assays on HeLa cells treated with or 

without GP-PGA-Fe
3
O

4
-CDs@BPQDs (50 μg/mL), and the 

corresponding quantitative investigations of tail DNA and tail 

moment are given in Figures 6C and S10B. No obvious tail 

DNA or tail moment was found in the control group, while 

significant damage was detected in the treated group, hint-

ing at easily identifiable DNA damage after treatment with 

GP-PGA-Fe
3
O

4
-CDs@BPQDs.35 As a result, free-radical 

damage can induce cell apoptosis and further inhibit cell 

proliferation.

In vivo PDT/PTT
The prepared GP-PGA-Fe

3
O

4
-CDs@BPQDs feature green 

fluorescence, efficient red-light-induced generation of 1O
2
, 

and heat. These features suggest that GP-PGA-Fe
3
O

4
-CDs@

BPQDs can be used as a single cancer theranostic for PTT 

or PDT.14 Staining the cells with a live/dead cell-staining 

kit further confirmed the excellent PT-therapy efficacy. 

In the laser-only (0.5 W/cm2, 10 minutes or 2 W/cm2,  

5 minutes) treatment, green fluorescence among all cells 

indicated an entire survival rate (Figure 6D [a and b]). 

This phenomenon illustrates that heat produced from free 

water under laser irradiation makes no contribution to 

cancer-cell death. However, parts of cells are destroyed 

(Figure 6D [c]). They were incubated with 50 µg/mL GP-

PGA-Fe
3
O

4
-CDs@BPQDs and laser-irradiated at 660 nm 

(0.5 W/cm2, 10 minutes), due to the ease with which 1O
2
 

is generated and the inability to produce heat under 

0.5 W/cm2. Upon 660 nm laser irradiation (0.5 W/cm2, 

10 minutes), a large proportion of cells were destroyed 

(Figure 6D [d]). In aggregate, these results provided a 

function of PTT efficiency of the GP-PGA-Fe
3
O

4
-CDs@

BPQDs and provide a plausible explanation for propelling 

cancer-cell death. In contrast, upon 660 nm (0.5 W/cm2, 

10 minutes) and 808 nm (2 W/cm2, 5 minutes) laser irradia-

tion, essentially no cells survived, as indicated by the intense 

homogeneous red fluorescence obtained (Figure 6D [e]).  

Herein, we report that GP-PGA-Fe
3
O

4
-CDs@BPQDs can 

simultaneously generate 1O
2
 and heat to kill HeLa cells 

efficiently by synergistic PDT and PTT at high-power doses. 

The PTT/PDT effect of GP-PGA-Fe
3
O

4
-CDs@BPQDs was 

observed in both the HeLa and C6 cells (Figure S11).
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Figure 6 Cell toxicity, and ablation in vitro following incubation with GP-PGA-Fe3O4-CDs@BPQDs. 
Notes: (A) Serum biochemistry data for C57BL/6 mice injected with PBS (5 and 30 days postinjection) and GP-PGA-Fe3O4-CDs@BPQDs (5 and 30 days postinjection). (B) 
ROS generation detected by mean fluorescence for GP-PGA-Fe3O4-CD@BPQD-internalized HeLa cells followed by irradiation with and without NaN3 preprocessing. (C) 
Tail-DNA and tail-moment analysis. (D) Fluorescence images of calcein AM/PI-stained HeLa cells under various conditions: laser only (a, 0.5 W/cm2), laser only (b, 2 W/cm2), 
50 µg/mL GP-PGA-Fe3O4-CDs@BPQDs + laser (c, 660 nm, 0.5 W/cm2, PDT), 50 µg/mL GP-PGA-Fe3O4-CDs@BPQDs + laser (d, 808 nm, 2 W/cm2, PTT), and 50 µg/mL 
GP-PGA-Fe3O4-CDs@BPQDs + laser (e, 660 + 808 nm, PDT/PTT). Scale bar =100 µm. (E) Relative viability of HeLa cells under various conditions: laser only (a, 0.5 W/
cm2), laser only (b, 2 W/cm2), 50 µg/mL GP-PGA-Fe3O4-CDs@BPQDs + laser (c, 660 nm, 0.5 W/cm2, PDT), 50 µg/mL GP-PGA-Fe3O4-CDs@BPQDs + laser (d, 808 nm, 2 
W/cm2, PTT), and 50 µg/mL GP-PGA-Fe3O4-CDs@BPQDs + laser (e, 660 + 808 nm, PDT/PTT).
Abbreviations: GP, genipin; PGA, polyglutamic acid; CDs, carbon dots; BPQDs, black phosphorus quantum dots; ROS, reactive oxygen species; AM, acetoxymethyl; PI, 
propidium iodide; PDT, photodynamic therapy; PTT, photothermal therapy; Cr, creatinine; ALT, alanine aminotransferase; TB, total bilirubin; AST, aspartate aminotransferase; 
con, concentration.
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The further quantitatively studied cytotoxicity and bimodal 

PDT/PTT efficacy took place on GP-PGA-Fe
3
O

4
-CDs@

BPQDs using an MTT assay. As presented in Figure 6E, 

a red laser by itself did not have any effect on cell survival 

without GP-PGA-Fe
3
O

4
-CDs@BPQDs. In contrast, in the 

PDT group (0.5 W/cm2), cell viability decreased: 58% of cells 

remained alive at a high concentration of GP-PGA-Fe
3
O

4
-

CDs@BPQDs (50 µg/mL). In the PTT groups (2 W/cm2), 

cell viability drastically decreased. However, in the PDT/PTT 

group, a death rate ~96% was acquired, which manifests that 

the synergistic effects of PTT and PDT can efficiently kill 

HeLa cells. This result agrees with findings using calcein 

acetoxymethyl and propidium iodide staining.

In vivo imaging and biodistribution
Magnetic properties of the GP-PGA-Fe

3
O

4
-CDs@BPQDs 

were evaluated using a vibrating specimen magnetometer. 

Figure 7A shows that GP-PGA-Fe
3
O

4
-CDs@BPQDs 

Figure 7 The distribution and biodistribution of GP-PGA-Fe3O4-CDs@BPQDs after injection.
Notes: (A) Field-dependent magnetization loop of GP-PGA-Fe3O4-CD@BPQD nanoparticles. Inset photos show the separation process under the magnetic field. The red circle 
indicates the adsorbed GP-Fe3O4-CDs@BPQDs. (B) Linear fitting of 1/T2 of GP-PGA-Fe3O4-CDs@BPQDs with different Fe concentrations. Inset: T2-weighted MRI. (C) In vivo 
T2-weighted MRI and color-mapped images of mice bearing tumors after intravenous injection of GP-PGA-Fe3O4-CDs@BPQDs at different time intervals. (D) Real-time in vivo 
fluorescence images at different injection time. (D) Confocal microscopy of tumor sections after subcutaneous injection of GP-PGA-Fe3O4-CDs@BPQDs. Scale bar =100 nm.
Abbreviations: GP, genipin; PGA, polyglutamic acid; CD, carbon dot; BPQD, black phosphorus quantum dot; MRI, magnetic resonance imaging.
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exhibited ferromagnetic behavior with a hysteresis loop 

at 300 K, which manifested in saturation magnetization of 

GP-PGA-Fe
3
O

4
-CDs@BPQDs of 10.2 emu/g. The inset 

in Figure 6A shows that GP-PGA-Fe
3
O

4
-CDs@BPQDs 

were separated easily from the dispersion in water with 

the help of an external magnet, which suggests underlying 

applications of GP-PGA-Fe
3
O

4
-CDs@BPQDs in magnetic 

guidance. Based on the superparamagnetic nature and good 

water-dispersible property of GP-PGA-Fe
3
O

4
-CD@BPQD 

nanoparticles, the T
2
-weighted MRI conducted on a 3.0 T 

MR scanner revealed a clear concentration-dependent dark-

ening effect and showed a high transverse relaxivity (r
2
) of 

50.867×10−3 m/s (Figure 7B).

Tumor sizes according to T
2
 modal MRI were also 

recorded at various time intervals in two stages: before injec-

tion and at 1, 2, 3, 4, and 5 hours after injection, as shown 

in Figure 7C. The contrast was more apparent (darker in the 

T
2
-weighted MRI) in the mouse body postinjection compared 

to preinjection. Here, we also confirm that as synthesized, the 

nanoparticles simultaneously enhanced T
2
 relaxation in the 

circulating system.36 The enhanced signal of blood vessels 

was maintained for more than 5 hours, much longer than 

that of the Fe
3
O

4
complex with a high excretion rate. These 

results show that GP-PGA-Fe
3
O

4
-CDs@BPQDs can also be 

used as a long-term blood-pool T
2
 modal MRI contrast agent, 

which is very important in clinical MRI. The long-term effect 

is also critical for obtaining HR and steady-state images. 

After 5 hours, the T
2
 contrast intensity in the mouse body had 

clearly increased, while the contrast intensity in the region 

of liver, kidney, and spleen had increased. In general, once 

injected intravenously, contrast agents easily accumulated in 

liver, kidney, and spleen tissue (Figure 7C). Positive-contrast 

enhancement of nanoparticles was achieved anatomically 

via transverse MRI in vivo. Precontrast and postcontrast 

color-mapped images of tumors in the experimental mice 

were recorded at the beginning.22 T
2
-weighted MRI intensity 

gradually declined as the time after injection of the GP-PGA-

Fe
3
O

4
-CDs@BPQDs increased. The red box in Figure 7C 

shows images of the T
2
 distribution of a tumor, in which the 

region of the tumor becomes blue with time. These results 

indicate that GP-PGA-Fe
3
O

4
-CDs@BPQDs have specificity 

for T
2
-enhanced MRI in tumor sites.

In a separate attempt to demonstrate the potential use 

of GP-PGA-Fe
3
O

4
-CDs@BPQDs for in vivo theranostic, 

nude mice with HeLa tumors were used to investigate the 

feasibility of using nanoparticles for fluorescence imaging-

guided phototherapy. When the tumors reached 80 mm3, mice 

were treated with a subcutaneous injection of Cy5.5-labeled 

GP-PGA-Fe
3
O

4
-CDs@BPQDs. The ability of Cy5.5-labeled 

GP-PGA-Fe
3
O

4
-CDs@BPQDs dispersed in PBS for in vivo 

fluorescence imaging was tested by injecting 20 µL Cy5.5-

labeled GP-PGA-Fe
3
O

4
-CDs@BPQDs into mouse tumors. 

Fluorescence images of the mice were then detected using 

a Maestro 2 multispectral imager. As shown in Figure 7D, 

the tumor area showed a strong fluorescence semaphore. 

The area of the fluorescence semaphore gradually diffused 

from the center, which implies that GP-PGA-Fe
3
O

4
-CDs@

BPQDs had good distribution in the tumor. This result 

revealed that GP-PGA-Fe
3
O

4
-CDs@BPQDs accumulated 

in the tumor site through the EPR effect, and fluorescence 

was able to be detected in the tumor site. Major organs 

and tumors were excised from the mice for biodistribution 

analysis. Concentrations of P in major organs of mice with 

GP-PGA-Fe
3
O

4
-CDs@BPQDs injections were measured via 

inductively coupled plasma mass spectrometry after 1 and 

24 hours (Figure S12A). At 24 hours postinjection, large 

GP-PGA-Fe
3
O

4
-CD@BPQD concentrations were found the 

tumors and organs, including the lung, heart, spleen, kidneys, 

and liver, which was consistent with the in vivo fluorescence 

examination. Furthermore, confocal microscopy images of 

tumor sections showed that after injection, GP-PGA-Fe
3
O

4
-

CDs@BPQDs accumulated in the tumor site via the EPR 

effect, and obvious fluorescence was seen in the tumor site 

in comparison with the control group (Figure 7D). Therefore, 

considerable uptake of GP-PGA-Fe
3
O

4
-CDs@BPQDs by 

tumors can be achieved due to the EPR effect.37

In vivo PDT/PTT
Inspired by the exciting in vitro results in our triple-mode 

combination therapy in vitro, we further carried out combi-

nation therapy in vivo using GP-PGA-Fe
3
O

4
-CDs@BPQDs 

in mice with HeLa tumors. The mice were classified into 

groups: saline as the control group, free GP-PGA-Fe
3
O

4
-

CDs@BPQDs, GP-PGA-Fe
3
O

4
-CDs@BPQDs with 660 nm 

laser irradiation (PDT), GP-PGA-Fe
3
O

4
-CDs@BPQDs 

with 808 nm laser irradiation (PTT), and GP-PGA-Fe
3
O

4
-

CDs@BPQDs with both 660 and 808 nm laser irradiation 

(PDT/PTT). To demonstrate the PT activity of GP-PGA-

Fe
3
O

4
-CDs@BPQDs inside tumors, tumor temperature 

under irradiation was monitored using a thermal camera 

(Figure 8A and B). For the GP-PGA-Fe
3
O

4
-CD@BPQD-

treated group (808 nm,  2 W/cm2), tumor temperature 

increased to ~50°C after being irradiated for 5 minutes. For 

the GP-PGA-Fe
3
O

4
-CD@BPQD-treated group (660  nm, 

0.5 W/cm2), tumor temperature increased to ~42°C after 

being irradiated for 10 minutes (Figure S12B). However, 
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Figure 8 Therapeutic effects of GP-PGA-Fe3O4-CDs@BPQDs in mice exposed to NIR after injection.
Notes: (A) Highest temperature within the tumor area recorded by an IR camera after 660 or 808 nm laser irradiation. (B) Thermography of tumor-bearing mice receiving 
photothermal treatment for different periods: a, 808 nm, 2.0 W/cm2, 5 min; b, 660 nm, 0.5 W/cm2, 10 min. (C) Weight-growth curves. Mice were measured every 2 days. 
(D) Tumor growth curves (n=5). Measurements taken after different treatments. (E) Mice with HeLa tumors after various treatments. (F) H&E staining of tumor sections 
collected from different treatment groups. Scale bar =50 µm.
Abbreviations: GP, genipin; PGA, polyglutamic acid; CDs, carbon dots; BPQDs, black phosphorus quantum dots; NIR, near-infrared; PTT, photothermal therapy;  
PDT, photodynamic therapy.

the highest temperature of the tumor area in the PBS group 

was only ~35°C after being irradiated for 10 minutes, which 

demonstrates that the GP-PGA-Fe
3
O

4
-CDs@BPQDs in the 

treated group (808 nm, 2 W/cm2) played a key role in heat 

generation.

We further investigated the in vivo therapeutic effect 

of GP-PGA-Fe
3
O

4
-CDs@BPQDs. After different treat-

ments, tumor volumes were measured using a caliper for 

14 days and normalized against their initial sizes. The free 

GP-PGA-Fe
3
O

4
-CDs@BPQDs exhibited a therapeutic effect 

on the tumors (Figure 8C and E). While PDT using GP-PGA-

Fe
3
O

4
-CDs@BPQDs with 660 nm irradiation showed a mod-

erated growth-inhibition effect with tumor-growth inhibition 

(TGI) of 79.3%, PTT using GP-PGA-Fe
3
O

4
-CDs@BPQDs 

with 808 nm irradiation exhibited an improved TGI of 86.2%. 

Importantly, mice with the combined therapy of GP-PGA-

Fe
3
O

4
-CDs@BPQDs plus 660 and 808 nm laser irradiation 

(TGI 98.8%) showed a remarkably enhanced therapeutic 
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effect compared with single therapy. Excised tumors from 

representative mice (Figure S13) show that tumors treated 

with GP-PGA-Fe
3
O

4
-CDs@BPQDs under 660 and 808 nm 

laser irradiation were smaller than those of other groups. 

In addition, tumors were excised for H&E staining after 

14 days’ treatment (Figure 8F). No change was detected in 

the PBS or free GP-PGA-Fe
3
O

4
-CD@BPQD groups. In the 

PDT and PTT groups, some inflammatory cell infiltration, 

cell death, and even cirrhosis with tissue-structure damage 

were observed. However, in the PDT/PTT group, almost all 

tumor-tissue cells were destroyed and became necrotic.

The weights of all mice of mice were relative (Figure 8D). 

The liver, heart, spleen, kidneys, and lung were collected 

from the mice 2 days posttreatment (Figure S14). No patho-

logical changes were observed in the spleen, kidneys, lung, or 

heart for mice in the PDT/PTT group compared with those in 

the control group. The results suggest that GP-PGA-Fe
3
O

4
-

CDs@BPQDs are likely good theranostic carriers for cancer 

treatment.38,39 Taken together, the in vivo PDT/PTT results 

indicated that the GP-PGA-Fe
3
O

4
-CDs@BPQDs induced 

apparent tumor inhibition, but there was no obvious damage 

to the major organs in the tumor-bearing mice, which reveals 

a potential platform for the treatment of malignant cancers.

Conclusion
In summary, multifunctional GP-PGA-Fe

3
O

4
-CDs@BPQDs, 

as a therapeutic agent based on a new photosensitizer/PT 

agent (BPQDs) combined with a targeted Fe
3
O

4
-CD agent, 

were successfully fabricated for the first time using a simple, 

mild, and reliable approach. The developed GP-PGA-Fe
3
O

4
-

CDs@BPQDs possess characteristics of active fluorescence, 

efficient 1O
2
 generation (Φ=0.29) under 660 nm laser irra-

diation and high PT conversion efficiency (η=36.2%) under 

808 nm laser irradiation, and prominent T
2
-weighted MRI. 

To understand the in vivo behavior of as-obtained GP-PGA-

Fe
3
O

4
-CDs@BPQDs regarding their biodistribution and 

biocompatibility, deeper exploration is required. The tumor-

bearing mice recovered completely after phototherapy using 

nanoparticles as 1O
2
 and heat mediators. Hematological, 

biochemical, and pathological analyses demonstrated that 

GP-PGA-Fe
3
O

4
-CDs@BPQDs did not give rise to long-

term inflammatory reactions or obvious damage in mice. 

Therefore, our research emphasizes the significant potential 

of GP-PGA-Fe
3
O

4
-CDs@BPQDs in nanobiomedicine.
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