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Abstract 27 

Chemo-photothermal therapy with the combination of chemotherapy and 28 

photothermal therapy has emerged as a promising anticancer treatment for its 29 

synergistic effects. In this work, the functionalized mesoporous carbon nanoparticles 30 

(FA/PEI/O-MCN) were constructed by modifying the mesoporous carbon 31 

nanoparticles (MCN) with polyethylenimine (PEI) and folic acid (FA) for the 32 

targeted chemo-photothermal therapy. The FA/PEI/O-MCN exhibited strong light 33 

absorption and high photothermal conversion efficiency in the near-infrared (NIR) 34 

region due to the graphite structure of MCN. Meanwhile, FA/PEI/O-MCN displayed 35 

high drug loading capacity using doxorubicin hydrochloride (DOX) as a model drug. 36 

Flow cytometry analysis and competitive binding experiments verified that the FA 37 

modification could significantly enhance the uptake of FA/PEI/O-MCN by HeLa 38 

cells with folate receptors (FR) over-expressing. Comparing with chemotherapy or 39 

photothermal therapy alone, the DOX-loaded FA/PEI/O-MCN demonstrated the 40 

synergistic effects and resulted in the higher therapeutic efficacy. We believe that the 41 

FA/PEI/O-MCN could be applied as an efficient chemo-photothermal platform to 42 

realize the targeted synergistic therapy.  43 

Keywords: chemo-photothermal therapy, mesoporous carbon, near-infrared, DOX, 44 

synergistic effects  45 
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Introduction 46 

Photothermal therapy is a physical treatment, in which light is converted into 47 

cytotoxic heat to destroy tumor cells.
1
 In terms of light source, the use of 48 

near-infrared (NIR) light is highly desirable since NIR light (wavelength 700-1100 49 

nm) is noninvasive for normal tissues and possesses long penetration depth.
2
 As the 50 

efficacy of photothermal therapy could be enhanced by nanomaterials, a series of 51 

NIR-resonant nanomaterials such as metal nanomaterials (e.g., gold nanorods,
3
 gold 52 

nanocages,
4
 

5
 gold nanoshells,

6
 gold nanostars

7
 and Pd nanosheets

8
) and carbon 53 

nanomaterials (e.g., carbon nanotubes,
9
 
10

 
11

 carbon nanohorns,
12

 
13

 graphene oxide
14

 54 

and graphene shell
15

 
16

) have been developed for the photothermal treatment of 55 

cancer cells. To improve the therapeutic efficacy, chemo-photothermal therapy with 56 

the combination of photothermal therapy and chemotherapy has been developed, 57 

which can induce the synergistic effects by delivering the cytotoxic heat and drugs to 58 

the tumor sites simultaneously and locally.
17

 Additionally, chemo-photothermal 59 

therapy can lower the drug dosage requirements and minimize systemic side-effects 60 

of chemotherapeutic agents, since not only the cytotoxicity of chemotherapeutic 61 

agents can be enhanced at elevated temperatures
18

 but also photothermal therapy can 62 

sensitize the tumor to chemotherapeutic agents.
10

  63 

To date, different types of NIR-resonant nanomaterials have been developed for 64 

chemo-photothermal therapy. The graphitic structure (such as carbon nanotubes and 65 

graphene etc.) could provide the hydrophobic surface for drug-loading and also 66 

endow the optical absorption in near-infrared regions. Previously, we have utilized 67 

carbon nanotube to serve as the NIR-triggered drug-delivery nanosystem to overcome 68 

the drug-resistance of human leukemia cancer cells due to its efficient drug loading 69 

capacity as well as NIR absorption.
19

 To combine drug delivery and NIR 70 

photothermal therapy into one system, nanoscale graphene oxide with high optical 71 

absorbance in NIR region has been used in chemo-photothermal therapy.
20 21 

The 72 

surface modification of graphene with stabilizing agents such as PEG-lipid and PVP 73 

were applied, with the view to maintain the stability of graphene in physiological 74 

solutions.
22

 
23

 On the other hand, metal-based NIR-resonant nanomaterials also have 75 
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the potential to combine drug delivery and NIR-resonant into one system, such as 76 

gold nanostars.
24

 However, the improvement of drug-loading capacity usually 77 

required since the nonporous structure of most metal-based NIR-resonant 78 

nanomaterials. Besides, the NIR absorption band will be disappeared for gold 79 

nanorods exposed to NIR laser because of the transformation tendency from gold 80 

nanorod to gold nanosphere.
25

 So, the hybrid nanocomposites with the integration of 81 

NIR-resonant nanomaterials (e.g., gold nanorods,
26

 
27

 
28

 
29

 gold nanocages,
30

 and Pd 82 

nanosheets
31

) and mesoporous silica were developed. In these hybrid nanocomposites, 83 

the drugs are stored in nanopores of mesoporous materials, and the heat is generated 84 

by light on the NIR-resonant nanomaterials. The mesoporous structures not only 85 

improve the drug loading performance for the metal-based NIR-resonant 86 

nanomaterials but also provide the opportunity to archive the controlled release of 87 

drugs by installing nanovalves on mesopores.
32

 Despite so much progress has been 88 

made for the NIR-resonant nanomaterials applied in chemo-photothermal therapy, 89 

seeking for a new platform possessing inherent high drug-loading capacity, good 90 

water-solubility and efficient NIR photon-to-heat conversion is still meaningful for 91 

chemo-photothermal therapy. 92 

Mesoporous carbon prepared by the hard or soft templating synthetic methods 93 

have received significant attention owing to large surface area, tunable pore size, 94 

good biocompatibility and well-defined surface properties. Due to the strong 95 

hydrophobicity of the internal surface of mesoporous carbon materials, we have 96 

demonstrated the highly efficient loading of endogenous peptides from human serum 97 

33
and N-linked glycans from glycoprotein by ordered mesoporous carbon.

34
 Matching 98 

with the targeted tumor therapy via the enhanced permeability and retention (EPR) 99 

effect, nanosized mesoporous carbon materials have emerged potentials in drug 100 

delivery systems (DDS).
35

 
36

 
37

 So far, research attention on mesoporous carbon 101 

nanoparticles (MCN) has only been paid on drug-loading properties since the 102 

hydrophobicity and large surface area,
38

 
39

 
40

 the investigation of using MCN as 103 

NIR-resonant nanomaterials combining with the drug-loading for 104 

chemo-photothermal therapy has not been reported, to the best of our knowledge. In 105 
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this work, a MCN-based nanosystem has been developed to serve as an integrated 106 

system for combined drug delivery and NIR photothermal therapy. The 107 

functionalized MCN (FA/PEI/O-MCN) were constructed via the modification of the 108 

pristine MCN with polyethylenimine (PEI) and cancer-cell-specific ligand folic acid 109 

(FA). FA were incorporated for specific recognition of cancer cells and enhance the 110 

cellular uptake of FA/PEI/O-MCN.
41

 As expected, the obtained FA/PEI/O-MCN 111 

exhibited strong absorption of NIR light and efficient photothermal conversion, 112 

superior to that of reduced graphene oxide. Doxorubicin hydrochloride (DOX) was 113 

used as a model anticancer drug since DOX can emit fluorescence, allowing for study 114 

of cellular uptake using flow cytometry. The inherent mesoporous structure of 115 

FA/PEI/O-MCN was desirable for efficient loading of DOX. Flow cytometry analysis 116 

and competitive binding experiments demonstrated that the FA modification could 117 

facilitate the internalization of FA/PEI/O-MCN into HeLa cells with over-expressed 118 

folate receptor (FR). The combined NIR photothermal therapy and chemotherapy 119 

with the DOX-loaded FA/PEI/O-MCN complex showed excellent efficacy for the 120 

treatment of HeLa cells, superior to NIR photothermal therapy or chemotherapy alone. 121 

In summary, FA/PEI/O-MCN could efficiently combine NIR-induced hyperthermia, 122 

drug delivery and receptor-specific targeting into one system for targeted 123 

chemo-photothermal therapy, as illustrated in Figure 1. 124 

 125 

2.  Experimental Section 126 

2.1. Materials and apparatus 127 

Triblock copolymer Pluronic F127 and folic acid were purchased from Sigma–128 

Aldrich (St. Louis, MO). Formaldehyde, phenol, sodium hydroxide and sodium 129 

borohydride were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, 130 

China). N-hydroxysuccinimide (NHS), 1-[3-(dimethylamino) 131 

propyl]-3-ethylcarbodiimide hydrochloride (EDC) and branched polyethylenimine 132 

(PEI, MW=600) were purchased from Alfa Aesar (Ward Hill, MA). 2-(4-morpholino) 133 

Ethanesulfonic acid was purchased from Aladdin (Shanghai, China). 134 

Polyvinylpyrrolidone (PVP, MW=58000) were purchased from Bailingwei Chemical 135 
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Regant Co.Ltd. (Shanghai, China). Doxorubicin hydrochloride (DOX) was purchased 136 

from Meilun Biology Technology Co. Ltd. (Dalian, China). RPMI-1640 cell 137 

culturing medium and penicillin/streptomycin solution (100×) were purchased from 138 

Gibco Invitrogen Corporation (Carlsbad, CA). Cell Counting Kit-8 was purchased 139 

from Dojindo laboratory (Kumamoto, Japan). The LDH Assay Kit was acquired from 140 

the Beyotime Institute of Biotechnology (Haimeng, China). Sulfuric acid (H2SO4), 141 

nitric acid (HNO3), concentrated ammonia and ethanol were of analytical grade. 142 

Deionized water was purified with a Milli-Q water system (Millipore, USA). 143 

Transmission electron microscopy (TEM) measurements were carried out on a 144 

JEM-2000 EX (JEOL) microscope operated at 120 kV. UV-Vis-NIR spectra were 145 

measured on a Double Beam UV-Vis spectrophotometer (UV-8000S) (Metash) at a 146 

wavelength of 190−1100 nm. Dynamic light scattering (DLS) and zeta potential 147 

measurements were made on a Zetasizer nano ZS (ZEN3600) instrument (Malvern). 148 

Fourier transform infrared (FTIR) spectra were taken in KBr disks on a Tensor 27 149 

spectrometer (Bruker). Nitrogen sorption isotherms were measured at 77 K with 150 

BK122W (JWGB). Raman spectra were taken at room temperature on a Renishaw 151 

invia spectrometer with an argon-ion laser at an excitation wavelength of 514 nm. 152 

Flow cytometry analysis were performed with a FACS Vantage SE flow cytometer 153 

(BD). 154 

2.2.  Experimental details 155 

2.2.1 Synthesis of mesoporous carbon nanoparticles (named as MCN). The MCN 156 

were synthesized according to the low-concentration hydrothermal route.
37

 Briefly, 157 

phenol (0.6 g), formalin aqueous solution (2.1 mL, 37 wt%) and NaOH aqueous 158 

solution (15 mL, 0.1 M ) were mixed and stirred at 70 °C for 0.5 h to obtain the 159 

phenolic resols. After the addition of triblock copolymer Pluronic F127 (0.96 g) 160 

dissolved in H2O (15 mL), the mixture was stirred at 340 rpm at 66 °C for 2 h. Then, 161 

water (50 mL) was added, and the solution was further reacted for 16-18h. After that, 162 

the obtained solution was diluted by water in a volume ratio of one to three, 163 

transferred into an autoclave and heated at 130 °C for 24 h. The products were 164 

collected by centrifugation and washed with water for three times and dried under 165 
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vacuum. The resulting powders were then heated at 700 °C for 3 h in nitrogen flow to 166 

remove the template. 167 

2.2.2 Oxidization of MCN (named as O-MCN). The obtained MCN were added to 168 

a mixed solution of the concentrated sulfuric acid (98%) and concentrated nitric acid 169 

(70%) with the ratio of 3:1 (v/v), and sonicated for 4 h at 35-40 °C. The oxidized 170 

MCN (O-MCN) were collected by centrifugation and washed with water till the pH 171 

neutral of the washed water. The obtained O-MCN were finally dried under vacuum 172 

overnight. 173 

2.2.3 Procedures for PEI functionalization of O-MCN (named as PEI/O-MCN). 174 

The grafting of PEI onto O-MCN was carried out by covalently bonding 175 

polyethylenimine (PEI, MW=600) onto O-MCN via the diimide-activated amidation. 176 

Briefly, O-MCN (80 mg) were first dissolved in a 40 mL aqueous buffer solution of 177 

2-(4-morpholino) ethanesulfonic acid (MES) (50 mM, pH =6.0), and then activated 178 

with stirring gently at 25 °C for 0.5 h after the addition of EDC (190 mg, 1 mmol) 179 

and NHS (287 mg, 2.5 mmol). After that, the PEI (600 mg,1 mmol) dispersed in the 180 

MES solution (5 mL) was added to the activated O-MCN solution and stirred for 181 

another 24 h at 25 °C. Finally, the excess EDC, NHS and PEI were removed by 182 

washing the materials repeatedly with water for several times. At last, the PEI grafted 183 

O-MCN (PEI/O-MCN) were dried under vacuum for 12 h at 60 ˚C. 184 

2.2.4 Synthesis of folic-acid-conjugated PEI/O-MCN  (named as 185 

FA/PEI/O-MCN). Firstly, folic acid (220 mg, 0.5 mmol), 186 

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 90 mg, 0.5 187 

mmol) and N-hydroxysuccinimide (NHS, 145 mg, 1.25mmol) were mixed in DMSO 188 

(25 mL) and stirred gently at 25 ˚C for 0.5 h. Then, the PEI/O-MCN (50 mg) 189 

pre-dispersed in DMSO was added and stirred at room temperature for 24 h. The 190 

resulting solids were centrifuged and washed with DMSO, water, and ethanol, 191 

successively. The obtained products (FA/PEI/O-MCN) were then dried under vacuum 192 

at 60 °C for 12 h. 193 

2.2.5 Synthesis of PVP-modified reduced graphene oxide (named as rGOpvp). 194 

Graphene oxide (GO) was purchased from XFnano (Nanjing, China). The reduced 195 
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graphene oxide (rGO) was reduced from GO with sodium borohydride using a 196 

method reported elsewhere.
42

 Briefly, 30 mg GO was first immersed in a diluted 197 

ammonia solution to form a solution of GO with the concentration of 1 mg/mL (pH 198 

11.8-12.8) under a 30 min sonication. After the following addition of 60 mg sodium 199 

borohydride into this suspension, the reduction process of the GO was performed by 200 

stirring and refluxing for 12 h. The resulting reduced graphene oxide (rGO) was 201 

further modified by polyvinylpyrrolidone (PVP) to prepare a stable water suspension 202 

following a literature protocol 
43

. 203 

2.2.6 DOX Loading and Loading Yield Measurement. 1 mg of FA/PEI/O-MCN 204 

nanoparticles were suspended in 5 mL of DOX aqueous solution (180 µg/mL) with 205 

pH values of 9, 7.4 and 5.5, respectively, in Tris-HCl, phosphate and acetate buffers. 206 

After 24 h stirring under dark, the FA/PEI/O-MCN nanoparticles were collected by 207 

centrifugation, and carefully washed with the corresponding buffer till the 208 

supernatant turned colourless. The amount of DOX loaded on FA/PEI/O-MCN was 209 

estimated by monitoring the concentrations of DOX in the initial solution and the 210 

supernatant by UV-Vis spectrometry at 480 nm. 211 

2.2.7 DOX Release. To examine the release of DOX from FA/PEI/O-MCN, the 212 

DOX-loaded FA/PEI/O-MCN nanoparticles were first dispersed in 5 mL buffer at 213 

various pH (5.5 and 7.4) in a 20 mL transparent glass bottle. Then, the bottle was 214 

placed into a shaker and shook for a certain time under dark with 150 rpm at 37 °C. 215 

At predetermined time intervals, the nanomaterials solution was centrifuged (11,000 216 

rpm, 10 min), and the supernatant was withdrawn. After the samples were redispersed 217 

in 5 mL fresh buffer and irradiated with NIR laser centered at 808 nm at an output 218 

power of 15 W/cm
2 

for 5 min under magnetic stirring, the nanomaterials solution was 219 

centrifuged (11,000 rpm, 10 min) and supernatant was withdrawn. The concentrations 220 

of DOX in the supernatant before and after NIR laser irradiation were analyzed by 221 

UV-Vis spectrometry. The release behavior was also performed without NIR laser 222 

irradiation at different pH values. 223 

2.2.8 CCK8 and the LDH activity assay for measuring cell viability. The impact 224 

of FA/PEI/O-MCN on cell proliferation was determined by CCK8 and LDH activity 225 
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assays. Unless otherwise stated, HeLa cells (a human cervical carcinoma cell line) 226 

were cultured in complete culture media (RPMI 1640 supplemented with 10% bovine 227 

serum and 0.1% penicillin/streptomycin) in 5% CO2 atmosphere at 37 °C in a 228 

humidified incubator. For cell viability measurements, HeLa cells were plated into 229 

96-well plates and cultured until a confluency of 80% was reached. HeLa cells were 230 

treated with FA/PEI/O-MCN at different concentrations in culture media. Cells 231 

cultured in blank composites medium were taken as the control. After 12 h, 24 h and 232 

48 h, the viability of HeLa cells were determined by the CCK8 assay and LDH 233 

activity assay, according to the manufacturer suggested procedures. 234 

2.2.9 Assessment of targeting ability of FA/PEI/O-MCN. For optical microscope 235 

images observation, HeLa cells were pre-grown in 6-well culture plates using 236 

folate-deficient RPMI 1640 medium (named as folate-free medium) and cultured 237 

until a confluency of 80% was reached. The cell medium was removed, and then cells 238 

were incubated with fresh cell medium containing 25 µg/mL of FA/PEI/O-MCN for 239 

12 h. For folic acid competition experiments, HeLa cells were cultured in the medium 240 

containing 3mM free folic acid (named as folate medium). After removal the cells 241 

medium, the cells were rinsed and viewed live with the Olympus CKX 41 242 

microscope.  243 

For flow cytometry analysis, HeLa cells were pre-grown in 6-well culture plates 244 

using folate-deficient RPMI 1640 medium (named as folate-free medium) and 245 

cultured until a confluency of 80% was reached. Next, the DOX -loaded PEI/O-MCN 246 

or FA/PEI/O-MCN was added at a concentration of 25 µg/mL in the same medium 247 

and incubated for 2 h. Then the cells were washed with PBS buffer for 3 times and 248 

collected. The measurement of intracellular DOX levels was fulfilled by a FACS 249 

Vantage SE flow cytometer from BD (Franklin Lakes, NJ). 250 

The influence of target unit on the efficiency of cell killing by FA/PEI/O-MCN 251 

combined with NIR laser irradiation was investigated. The cells cultured in different 252 

medium (folate medium and folate-free medium) were treated with the same 253 

concentration of FA/PEI/O-MCN for 8 h. Then, the cell culture was washed three 254 

times with PBS and replaced by 100 µL fresh culture media. After that, the cells on 255 
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plate were exposed to 808 nm laser irradiation (15 W/cm
2
 for 5 min per treatment, 256 

three treatments), and incubated for another 12 h at 37 °C. Cell viability was 257 

measured by the CCK8 assay. 258 

2.2.10 Chemo-photothermal therapy of HeLa Cells. HeLa cells seeded on 96-well 259 

plates with a confluency of 80 % were treated FA/PEI/O-MCN and DOX-loaded 260 

FA/PEI/O-MCN at various concentrations for 8 h. Cellular unbound nanoparticles 261 

were removed by rinsing with PBS. After the addition of fresh culture media into 262 

wells, the cells were irradiated by 808 nm laser (15 W/cm
2
 for 5 min per treatment, 263 

three treatments) for photothermal and chemo-photothermal treatments, respectively. 264 

For chemotherapy alone, the cells were not exposed to NIR irradiation. Afterwards, 265 

the cells were incubated at 37 °C for a further 12 h. Cell viability was measured by 266 

the CCK8 assay. The data reported represented the means of triplicate measurements. 267 

To monitor the changes of temperature in the culture chamber arising from NIR 268 

laser irradiation, HeLa cells seeded on 96-well plates with a confluency of 80 % were 269 

first incubated with FA/PEI/O-MCN at various concentrations for 8 h. Then, cellular 270 

unbound nanoparticles were removed by rinsing with PBS. After the addition of fresh 271 

culture media into wells, the cells were irradiated by 808 nm laser (15 W/cm
2
 for 5 272 

min). The temperature changes were measured by a Fluke thermometer with a 273 

thermocouple suspended in the growth medium. 274 

3.  Results and discussion 275 

3.1 Preparation and characterization of FA/PEI/O-MCN 276 

The synthesis of FA/PEI/O-MCN is shown in Figure 1. Firstly, the mesoporous 277 

carbon nanoparticles (MCN) were synthesized according to the low-concentration 278 

hydrothermal route.
37

 To further improve the water-solubility of the as-synthesized 279 

MCN, MCN were oxidized by a mixture of the concentrated HNO3 and the 280 

concentrated H2SO4 (v/v, 1/3) with bath sonication (denoted as O-MCN). For the sake 281 

of subsequent conjugation of folic acid, the low-molecular-weight and hyper 282 

branched polyethylenimine (PEI) with high surface concentration of amino-groups 283 

was covalently linked on the surface of O-MCN through carbodiimide coupling 284 

(denoted as PEI/O-MCN). Folic acid (FA) was conjugated through a covalent amide 285 
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linkage between the carboxyl group in FA and the amino group in the PEI chain 286 

(denoted as FA/PEI/O-MCN) to endow the MCN with the targeting ability.  287 

The shape and porous structure were characterized by Transmission electron 288 

microscopy (TEM). As shown in Figure 2A, the pristine MCN are roughly spherical 289 

in shape with a diameter of ca. 100 nm. TEM images showed that there were no 290 

obvious changes in the mesoporous structure of O-MCN before and after the 291 

conjugation with PEI (Figure 2A-2 and 2A-3). The hydrodynamic diameter of the 292 

functionalized MCN (FA/PEI/O-MCN) was measured by the dynamic light scattering 293 

(DLS) analysis with nanoparticles dispersed in phosphate buffered saline (PBS, 294 

pH=7.4) by sonication. The average hydrodynamic diameter of the FA/PEI/O-MCN 295 

was about 120 nm (Figure 2B), close to the particle size observed by TEM. The 296 

polydispersity index (PDI), reflecting the dispersity of nanoparticles, was 0.172 297 

which indicated the monodisperse distribution of the FA/PEI/O-MCN. The surface 298 

area and pore size distribution were 517 m
2
/g and 3.2 nm for the O-MCN, and 312 299 

m
2
/g and 2.6 nm for the FA/PEI/O-MCN, as characterized by N2 adsorption–300 

desorption at 77 K (Figure 2D). The structural information of the pristine and 301 

functionalized MCN was investigated by Raman spectroscopy. As shown in Figure 302 

2C, a graphite-like band (G-band) at ∼1600 cm
−1

 and a disorder-induced band 303 

(D-band) at ∼1380 cm
−1

 were observed. The D-band was used to characterize the 304 

amorphous or disordered carbon. The G-band was related to the vibration of 305 

sp
2
-hybridized carbon atoms, which verified the presence of graphitic domains.

44
 The 306 

existence of the G-band in all samples suggests that the well defined graphitic 307 

domains are indeed developed. It has been reported that the G/D-band ratio is nearly 308 

proportional to graphitization degree.
45

 As observed, the ratios of G/D-band are 1.41, 309 

1.38, and 1.33 for samples MCN, O-MCN and FA/PEI/O-MCN, respectively. The 310 

almost unchanged G/D-band ratio for the pristine and functionalized MCN suggested 311 

that the graphitic structure is well preserved. 312 

To evaluate the functionalization of the MCN-based vectors by branched PEI 313 

and folic acid, the resulting products were characterized by FTIR spectroscopy, with 314 

the data presented in Figure 3A. A band of O-H stretching vibrations due to the 315 
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existence of surface hydroxyl groups or chemisorbed water was observed in all the 316 

recorded spectra in the range of 3600-3200 cm
-1

.
46

 The bands at 3448 and 1723 cm
-1

, 317 

representing the typical stretching vibrations of O-H and C=O attributed to the 318 

formation of carboxylic structures were observed in the IR spectrum of O-MCN. The 319 

band at 1587 cm
-1

 was corresponding to the aromatic ring stretching coupled to 320 

highly conjugated keto groups. The band at 1250 cm
-1

 might be attributed to C–O–C 321 

vibrations.
47

 Two additional bands were observed at 1400 and 750 cm
-1

 in the IR 322 

spectra of PEI/O-MCN and FA/PEI/O-MCN. The bands at 1400 cm
-1

 could be 323 

assigned to the stretching vibrations of C-N. The new intense band at 750 cm
-1

 was 324 

attributed to the –NH2 vibrations.
48

 The FTIR technique was insufficient to 325 

distinguish FA signals in FA/PEI/O-MCN from those in PEI/O-MCN. The UV-Vis 326 

spectrum was recorded to further confirm the successful conjugation of FA on 327 

MCN.
49

 We detected the UV-Vis-NIR spectra of PEI/O-MCN@PEI and 328 

FA/PEI/O-MCN with the same concentration in PBS. Then spectra subtraction was 329 

applied by subtracting the spectrum of PEI/O-MCN from the spectrum of 330 

FA/PEI/O-MCN, and the obtained spectrum was named as residual spectrum. As 331 

shown in Figure 3B, the conjugation of FA on the nanospheres was demonstrated 332 

from the spectrum of the FA/PEI/O-MCN and residual spectrum, which showed the 333 

characteristic absorption peaks (280 nm) of FA.
50 Meanwhile, the UV-Vis-NIR 334 

spectrum indicated that the FA/PEI/O-MCN exhibited broad absorption from the UV 335 

to the NIR region, which was similar to carbon nanotubes and graphene reported in 336 

previous studies.
11

 
14

  337 

Moreover, the surface modifications on MCN could be reflected by the change 338 

of the zeta potential. Figure 4 showed the zeta potential of functionalized MCN at 339 

phosphate buffered saline (PBS, pH=7.4). As the existence of hydroxyl and carboxyl 340 

groups on O-MCN, the zeta potential of O-MCN was -39.7 mV. After grafting with 341 

PEI, the zeta potential of PEI/O-MCN was increased to +2.5 mV, which indicated the 342 

existence of a great amount of amino groups. Due to the successful functionalization 343 

with FA, the zeta potential of FA/PEI/O-MCN was decreased to -16.1 mV.  344 

3.2 Photothermal effect of FA/PEI/O-MCN 345 
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To test the feasibility of FA/PEI/O-MCN as photothermal agents, we chose an 346 

808 nm laser to evaluate the photothermal conversion capability of FA/PEI/O-MCN. 347 

The FA/PEI/O-MCN were dispersed in phosphate buffered saline (PBS, pH=7.4) at 348 

concentrations ranging from 6.25 to 75 µg/mL, and irradiated with an 808 nm laser at 349 

a power density of 15 W/cm
2
 for

 
5 min. PBS was used as a negative control. As 350 

illustrated in Figure 5A, no obvious temperature increase was observed for PBS alone 351 

after 5 min NIR laser irradiation. In contrast, the temperature was increased with 352 

irradiation time for all FA/PEI/O-MCN solutions. Furthermore, temperature 353 

evolution of FA/PEI/O-MCN at increasing concentrations from 6.25 to 75 µg/mL 354 

revealed an obvious concentration-dependent temperature increase under NIR laser 355 

irradiation. It was vital that no sedimentation of the FA/PEI/O-MCN suspension was 356 

observed even for temperature higher than 37 °C, and the heating rate was not 357 

affected by the influence of NIR irradiation times. The ratios of G/D-band for the 358 

FA/PEI/O-MCN were 1.30 and 1.33 after and before the NIR laser irradiation, which 359 

confirmed that the FA/PEI/O-MCN not only could convert NIR photon energy into 360 

thermal energy but also were thermostable. The existence of graphitic structure on 361 

FA/PEI/O-MCN may be related to explain the infrared-absorption mechanism in 362 

functionalized MCN.
15

 
51

 363 

As the reduced graphene oxide exhibited excellent NIR absorbance and 364 

photothermal heating effect,
52

 
53

 the comparison of the photothermal efficiency 365 

between the FA/PEI/O-MCN and the reduced graphene oxide was carried out. To 366 

prevent reduced graphene oxide aggregation in aqueous dispersions, 367 

polyvinylpyrrolidone (PVP) has to be introduced as stabilizing agents. Comparing the 368 

UV-Vis-NIR spectra of FA/PEI/O-MCN and rGOpvp with the concentration of 50 369 

µg/mL, we found that FA/PEI/O-MCN exhibited stronger absorbance than rGOpvp at 370 

808 nm (Figure 5B, inset). A series of PVP-modified reduced graphene oxide (rGOpvp) 371 

solutions with different concentrations were irradiated with an 808 nm laser at a 372 

power density of 15 W/cm
2
 for 2.5 min. The rGOpvp showed a 373 

concentration-dependent temperature increase in response to the NIR laser irradiation 374 

(Figure 5B). It was observed that heat could be generated more efficiently by 375 
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FA/PEI/O-MCN than rGOpvp with the same concentration. These data indicated that 376 

the photothermal sensitivity of FA/PEI/O-MCN was superior to that of rGOpvp. The 377 

excellent NIR absorption and photothermal conversion efficiency of FA/PEI/O-MCN 378 

prompted us to evaluate their feasibility as NIR-resonant materials for cancer therapy. 379 

3.3 Doxorubicin loading and release properties of FA/PEI/O-MCN 380 

The structural features of FA/PEI/O-MCN are highly desirable for drug delivery 381 

because of the large specific surface area and mesopores. To evaluate the loading 382 

performance of FA/PEI/O-MCN for drugs, doxorubicin hydrochloride (DOX), an 383 

aromatic anticancer agent, was used as the model drug, and the FA/PEI/O-MCN were 384 

mixed with DOX at varied pH for drug loading. Figure 6A showed that the loading 385 

efficiency of DOX on FA/PEI/O-MCN increased with an increase in the pH value. 386 

Speaking concretely, the loading amount of DOX on FA/PEI/O-MCN was 100 µg/mg 387 

at pH 5.5, 520 µg/mg at pH 7.4, and 750 µg/mg at pH 9.0. The pH-dependent DOX 388 

loading on FA/PEI/O-MCN was similar to that with carbon nanotubes and graphene 389 

oxide.
54

 
55

 The existence of hydrophobic interior surface and graphite structure of the 390 

FA/PEI/O-MCN and the pH-dependant solubility of DOX made this phenomenon 391 

reasonable.
54

 That is the decreased hydrophilicity of DOX at a higher pH and the 392 

resultant enhanced hydrophobic interaction between DOX and FA/PEI/O-MCN. To 393 

be convenient, the DOX-loaded FA/PEI/O-MCN refers to the products of loading at 394 

pH values of 7.4 in the following descriptions unless specified otherwise. Comparing 395 

the loading capacity of FA/PEI/O-MCN and O-MCN (Figure 6A), the conjugation of 396 

PEI and FA on the FA/PEI/O-MCN exhibited negligible influence on the loaded 397 

amount of DOX, suggesting that the subsequent modification did not compromise the 398 

loading efficiency of DOX. 399 

In order to mimic the approximate neutral environment of blood circulation 400 

system and the acidic condition in cellular endosome, the release profile of DOX 401 

from FA/PEI/O-MCN was examined at pH 7.4 and 5.5, respectively. As shown in 402 

Figure 6B, the cumulative release of DOX from FA/PEI/O-MCN demonstrated a 403 

much rapid release of DOX at acidic condition (6.8 % at pH 5.5) than the neutral 404 

condition (1.2% at pH 7.4). The observed higher release rate of DOX from 405 
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FA/PEI/O-MCN at acidic condition than basic condition could be attributed to the 406 

increased hydrophilicity of DOX at acidic condition, which weakened the π-π 407 

stacking and hydrophobic interactions between DOX and FA/PEI/O-MCN and made 408 

the dissociation of DOX from FA/PEI/O-MCN easier.  409 

To examine whether the NIR laser irradiation would affect the release behavior 410 

of DOX from FA/PEI/O-MCN, the release kinetics of DOX was also investigated 411 

with the assistance of NIR laser irradiation. As shown in Figure 6B inset, the release 412 

profile of DOX at acidic conditions (pH 5.5) indicated that no burst release of drugs 413 

occurred in the absence of NIR laser irradiation. In contrast, a sudden release of DOX 414 

from FA/PEI/O-MCN could be observed, once the NIR light switched on. As 415 

revealed by the bar chart in Figure 6B, the NIR laser irradiation could increase the 416 

release of DOX from FA/PEI/O-MCN regardless of the acidic or basic conditions. In 417 

detail, the release rate of DOX reached 3.8% at pH 7.4 and 15.7% at pH 5.5 within 9 418 

h. The accelerated release of DOX from FA/PEI/O-MCN with NIR laser irradiation 419 

could be ascribed to the laser-converted heat which weakened the interactions 420 

between DOX and FA/PEI/O-MCN.
56

  421 

3.5 In vitro cytotoxicity of FA/PEI/O-MCN 422 

The cytotoxicity of FA/PEI/O-MCN to HeLa cells was investigated by Cell 423 

Counting Kit-8 (CCK8) assay and lactate dehydrogenase (LDH) Assay. It could be 424 

seen from Figure 7 that the FA/PEI/O-MCN showed no obvious cytotoxicity to the 425 

HeLa cells at concentrations of 10–75 µg/mL with incubation time of 12 h, 24 h and 426 

48 h. Both in vitro CCK8 and LDH assays clearly indicated the FA/PEI/O-MCN 427 

showed low cytotoxicity and good biocompatibility. 428 

3.6 Targeted ability of FA/PEI/O-MCN 429 

The flow cytometry analysis was used to study the cellular uptake efficiency of 430 

FA/PEI/O-MCN in FR-positive HeLa cells. The HeLa cells were incubated with 431 

DOX-loaded FA/PEI/O-MCN and DOX-loaded PEI/O-MCN for 2 h at 37 °C at a 432 

dose of 25 µg/mL, respectively. As shown in Figure 8A, much greater fluorescence 433 

intensity of DOX was observed in HeLa cells treated with DOX-loaded 434 

FA/PEI/O-MCN than that treated with DOX-loaded PEI/O-MCN. Because the only 435 
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difference between these two sets of nanocarriers was the FA functionalization, this 436 

proved that the increased internalization of FA/PEI/O-MCN into HeLa cells is due to 437 

FA functionalization.  438 

The FR blocking experiment further evidenced the highly specific FR targeting 439 

by FA/PEI/O-MCN. 
57

 As discussed previously, the existence of free FA had negative 440 

impacts on the expression of folate receptors on the surface of HeLa cells.
58

 441 

FA/PEI/O-MCN was placed in two different media: (1) folate-free medium (the cells 442 

in this medium are considered as high folate expressing HeLa cells); (2) folate 443 

medium (the cells in this medium are considered as folate-receptor blocking HeLa 444 

cells, because it contains 3 mM FA). The semi-qualitative indication of the 445 

interactions between FA/PEI/O-MCN and cells via an optical microscopy could be 446 

observed based on the intensity of dark signal (from FA/PEI/O-MCN) and its 447 

association with cells.
55

 Figure 8B showed that the FA/PEI/O-MCN dispersed in 448 

folate-free medium were remarkably internalized and existed as black granules in the 449 

cells. While FA/PEI/O-MCN with the same concentration (25 µg/mL) dispersed in 450 

folate medium were internalized with a lower efficiency by HeLa cells. This result 451 

demonstrated that with free FA serving as a competitive inhibitor, the uptake amount 452 

of FA/PEI/O-MCN was reduced due to loss of availability of the folate receptors on 453 

the cancer cell surface. This in turn verified that the FA functionalized 454 

FA/PEI/O-MCN could target HeLa cells via the folate receptors. 455 

In addition to the optical microscope images described above, we tested the 456 

viability of HeLa cells incubated with FA/PEI/O-MCN dispersed in different medium 457 

under NIR laser irradiation. HeLa cells cultured in two different medium (folate 458 

medium and folate-free medium) were incubated with FA/PEI/O-MCN (25 µg/mL) 459 

for 8 h, washed to remove nanoparticles, and then exposed to an 808 nm laser at a 460 

power density of 15 W/cm
2 

for 5 min. 50% of HeLa cells treated by FA/PEI/O-MCN 461 

dispersed in folate-free medium were killed after NIR laser irradiation (Figure 8C), 462 

while FA/PEI/O-MCN dispersed in folate medium treated cells showed much less 463 

cell death after exposure to the NIR laser. As the aforementioned, the photothermal 464 

effect was concentration dependent. For free folate in the culture media competitively 465 
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bound to the folate receptors on the cell surface, the uptake amount of 466 

FA/PEI/O-MCN was negligible, and thereby insufficient heat was transformed into 467 

cells, which accounted for their high survival of HeLa cells under NIR laser 468 

irradiation. The selective thermal ablation of HeLa cells using FA/PEI/O-MCN with 469 

the assistance of NIR laser irradiation further confirmed the targeted uptake of 470 

FA/PEI/O-MCN.  471 

3.7 Chemo-photothermal therapy based on FA/PEI/O-MCN 472 

To investigate the efficiency of NIR-photothermal therapy based on 473 

FA/PEI/O-MCN, HeLa cells were incubated with FA/PEI/O-MCN at concentrations 474 

of 6.25, 12.5 and 25 µg/mL for 8 h. The cell viabilities were measured by 475 

cell-counting kit-8 (CCK8) assay with or without NIR laser irradiation. As shown in 476 

Figure 9A, FA/PEI/O-MCN produced negligible toxicity to HeLa cells in the absence 477 

of NIR laser irradiation. In contrast, the viability showed a dramatic dose-dependent 478 

decrease for cells incubated with FA/PEI/O-MCN and exposed to NIR laser. It was 479 

reported that the temperature higher than 42 or 43 °C would begin to induce cellular 480 

death.
56

 To determine the cancer cells death induced by the temperature increase of 481 

FA/PEI/O-MCN under NIR laser irradiation, a thermocouple was suspended in the 482 

growth medium of the culture chamber to monitor the change of temperature during 483 

the process of NIR laser irradiation. For the control experiment, the cells were 484 

cultured in the medium with the absence of FA/PEI/O-MCN. As shown in Figure 9B, 485 

the increase of temperature depended upon the concentration of FA/PEI/O-MCN. The 486 

∆T for control cells, which did not contact any FA/PEI/O-MCN, was merely 3.8 °C 487 

for 5 min irradiation. In contrast, for cells cultured with 50 µg/mL FA/PEI/O-MCN, 488 

the ∆T value was elevated to 39.9 °C under 5 min exposure to NIR laser. The 489 

significant increase of temperature induced by NIR laser irradiation demonstrated that 490 

the FA/PEI/O-MCN would be a highly efficacious platform to perform the 491 

photothermal treatment. 492 

To evaluate the efficiency of FA/PEI/O-MCN for targeted chemo-photothermal 493 

therapy, HeLa cells were incubated with different concentrations of DOX-loaded 494 

FA/PEI/O-MCN and FA/PEI/O-MCN (6.25, 12.5 and 25 µg/mL ) for 8 h and exposed 495 
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to NIR light. Figure 9A showed the cytotoxicity of these treatments increased with 496 

the increase of their concentrations. When the cells were treated with 497 

FA/PEI/O-MCN (25 µg/mL) and exposed to NIR laser irradiation, 50 % of HeLa 498 

cells were killed. The inhibition rate of DOX-loaded FA/PEI/O-MCN (25 µg/mL, 499 

with an equivalent of 13 µg/mL DOX) in the absence of NIR laser irradiation was 500 

64%. Upon NIR laser irradiation, the inhibition rate of DOX-loaded FA/PEI/O-MCN 501 

was increased to 74%. Comparing the cell killing efficiency, it was obvious that the 502 

combination of chemotherapy and NIR-photothermal therapy based on DOX-loaded 503 

FA/PEI/O-MCN was superior to the chemotherapy or photothermal therapy alone. It 504 

demonstrated that DOX-loaded FA/PEI/O-MCN under NIR laser irradiation could 505 

selectively carry heat and drug to cancer cells and significantly enhance the 506 

therapeutic efficacy of chemo-photothermal. 507 

 508 

Conclusion 509 

In summary, the efficient nanocarriers based on the functionalized mesoporous 510 

carbon nanoparticles (FA/PEI/O-MCN) were designed to perform the drug delivery 511 

and NIR photon-to-heat conversion for the chemo-photothermal synergistic therapy 512 

of HeLa cells. The FA/PEI/O-MCN showed promising features of the ease of 513 

synthesis and functionalization, good water-solubility and stability in physiological 514 

solutions, as well as their biocompatibility. The inherent mesoporous structure made 515 

FA/PEI/O-MCN a favorable drug delivery nanocarriers for chemotherapy. The 516 

efficient NIR photon-to-heat conversion and good thermal stability made 517 

FA/PEI/O-MCN an ideal platform for NIR photothermal therapy. The conjugation of 518 

FA provided FA/PEI/O-MCN with the targeting ability to cancer cells with 519 

over-expressed folate receptor. Moreover, DOX-loaded FA/PEI/O-MCN under NIR 520 

laser irradiation exhibited the highest cytotoxicity to HeLa cells, comparing with 521 

chemotherapy or photothermal treatment alone. Taken together, the mesoporous 522 

carbon nanocarrier has demonstrated the promising feasibility of the targeted 523 

chemo-photothermal therapy for cancer cells by the combination of the 524 

receptor-specific targeting, the NIR-induced hyperthermia and the drug delivery. 525 
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Figure Captions: 698 

Figure 1. Schematic illustration of the preparation of FA/PEI/O-MCN and the 699 

chemo-photothermal targeted therapy based on the DOX-loaded FA/PEI/O-MCN. 700 

Figure 2. (A) TEM images of O-MCN (1), PEI/O-MCN (2) and FA/PEI/O-MCN (3), 701 

the scale bar is 100 nm; (B) Particle diameter distribution of FA/PEI/O-MCN; (C) 702 

Raman spectra (excitation at 514 nm) with the G and D bands of graphitic carbon. (D) 703 

N2 adsorption–desorption isotherm and pore size distribution (inset) curves of 704 

O-MCN and FA/PEI/O-MCN. 705 

Figure 3. (A) The FT-IR spectra of MCN (1), O-MCN (2), PEI/O-MCN (3) and 706 

FA/PEI/O-MCN (4); (B) UV-Vis-NIR spectra of PEI/O-MCN, FA/PEI/O-MCN and 707 

FA. 708 

Figure 4. Zeta potentials of O-MCN, PEI/O-MCN and FA/PEI/O-MCN in PBS. 709 

Error bars were based on triplet samples. 710 

Figure 5. (A) Photothermal heating curves of FA/PEI/O-MCN at various 711 

concentrations with NIR laser irradiation; (B) Temperature changes with 712 

FA/PEI/O-MCN and rGOpvp at various concentrations under NIR laser irradiation 713 

( t=2.5 min) and UV-Vis-NIR spectra (inset) of FA/PEI/O-MCN and rGOpvp at the 714 

same concentrtion of 50 µg/mL. Error bars were based on triplet samples. 715 

Figure 6. (A) The loading capacity of DOX on O-MCN and FA/PEI/O-MCN at 716 

different pH values; (B) NIR-triggered release of DOX at different pH values. The 717 

inset shows the release profile of DOX at acidic condition (pH 5.5) in the absence and 718 

presence of NIR laser. Error bars were based on triplet samples. 719 

Figure 7. Cytotoxicity detection with CCK8 assay (A) and LDH activity assay (B) 720 

for HeLa cells treated with different concentrations of FA/PEI/O-MCN for the 721 

indicated times. 722 

Figure 8. (A) Analysis of cellular uptake of DOX-loaded nanocomposites by flow 723 

cytometry (from left to right: control, DOX-loaded PEI/O-MCN, DOX-loaded 724 

FA/PEI/O-MCN); (B) Cellular uptake of FA/PEI/O-MCN by optical microscope. 725 

HeLa cells were incubated with 25 µg/mL FA/PEI/O-MCN for 12 h in folate medium 726 

(1, 2) and folate-free medium (3,4); Scale bars represent 50 µm; (C) Cytotoxicity of 727 
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FA/PEI/O-MCN on HeLa cells incubated at different culture media with and without 728 

NIR laser irradiation (15 W/cm
2
 for 5 min per treatment, three treatments).  729 

Figure 9. (A) The cell viability of HeLa cells treated with FA/PEI/O-MCN, NIR + 730 

FA/PEI/O-MCN, DOX-loaded FA/PEI/O-MCN and NIR+DOX-loaded 731 

FA/PEI/O-MCN, NIR represents irradiated by 808 nm laser with power of 15W/cm
2
 732 

for 5 min, three treatments; (B) Temperature changes of HeLa cells incubated with 733 

various concentrations of FA/PEI/O-MCN after exposed to 808 nm laser for 5 min.  734 
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Figure 1. 735 
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Figure 2. 738 
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Figure 3. 743 
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Figure 4. 747 
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Figure 5. 750 
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Figure 6. 754 
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Figure 7. 759 
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Figure 8. 763 
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Figure 9. 768 
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