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Abstract: We have prepared novel poly(d,l-lactide-co-glycolide) (PLGA) lipid nanoparticles 

(PNPs) that covalently conjugate folic acid (FA) and indocyanine green (ICG), in addition to 

encapsulating resveratrol (RSV) (FA-RSV/ICG-PLGA-lipid NPs, abbreviated as FA-RIPNPs); 

these nanoparticles have been developed for simultaneous targeted delivery of anticancer drug 

and fluorescence imaging. The FA-RIPNPs, with an average particle size of 92.8±2.1 nm, were 

prepared by a facile self-assembly-and-nanoprecipitation method, and they showed excellent 

stability and biocompatibility characteristics. The FA-RIPNPs exhibited an RSV encapsula-

tion efficiency of approximately 65.6%±4.7% and a maximum release ratio of 78.2%±4.1% at 

pH 5.0 and 37°C. Confocal fluorescence images showed that FA-RIPNPs may facilitate a high 

cellular uptake via FA receptor-mediated endocytosis. Furthermore, FA-RIPNPs (containing 

50 μg/mL RSV) induced a 81.4%±2.1% U87 cell inhibition rate via apoptosis, a value that 

proved to be higher than what has been shown for free RSV (53.1%±1.1%, equivalent RSV 

concentration). With a formulated polyethylene glycol (PEG) shell around the PLGA core, 

FA-RIPNPs prolonged the blood circulation of both free RSV and ICG, which approximately 

increased 6.96- and 39.4-fold (t
1/2

), respectively. Regarding FA-RIPNP use as a near-infrared 

probe, in vivo fluorescence images indicated a highly efficient accumulation of FA-RIPNPs in 

the tumor tissue, which proved to be approximately 2.8- and 12.6-fold higher than the RIPNPs 

and free ICG, respectively. Intravenous injection of FA-RIPNPs into U87 tumor-bearing mice 

demonstrated the best tumor inhibition effect for all tested drugs, including free RSV and 

RIPNPs, with no relapse, showing high biocompatibility and with no significant systemic in 

vivo toxicity over the course of the treatment (1 month). The results obtained demonstrate the 

versatility of the NPs, featuring stable fluorescence and tumor-targeting characteristics, with 

promising future applications in cancer therapy.

Keywords: indocyanine green, resveratrol, near-infrared nanoprobe, tumor targeting, fluores-

cence imaging, drug delivery

Introduction
Brain glioma is a primary and commonly diagnosed brain tumor species with a high 

mortality rate within 1–2 years following diagnosis.1 A critical feature of glioma is that 

the tumor does not feature a defined border, which renders complete surgical removal 

of the tumor very difficult. The standard treatment for glioma is surgical excision 

combined with adjunctive radiotherapy. However, serious side effects and poor sur-

vival rates are associated with the therapy of this cancer type.2 A precise diagnosis for 
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surgical excision and targeted chemotherapy with minimal 

side effects are critical, albeit unmet, scientific goals and an 

ideal strategy in the treatment of glioma. Near-infrared (NIR) 

fluorescence imaging, combined with an actively targeting 

probe with high sensitivity, imaging speed and tumor-

targeted imaging effect, has been developed as a promising 

approach for the precise and intraoperative identification of 

tumor margins.3–7 Recently, various researchers have reported 

that NIR fluorescence imaging using various NIR probes 

shows promising results for the identification of tumor tissues 

in both preclinical and pilot clinical studies.3,6

Indocyanine green (ICG), an amphiphilic tricarbocyanine 

dye, is a US Food and Drug Administration-approved NIR 

clinical fluorescence imaging probe.8,9 Due to low toxicity 

and excellent fluorescence characteristics, ICG – a probe 

that can absorb and emit in the NIR region (650–900 nm) 

and penetrates into deeper tissues with low tissue absorption 

and autofluorescence – has been widely applied in disease 

diagnosis, including the test of cardiac output, hepatic func-

tion and ophthalmic perfusion.9–12 Nevertheless, effective and 

prolonged tumor imaging applications of ICG are restricted 

by a tendency of the compound to aggregate and degrade in 

aqueous solutions with concentration dependence, poor pho-

tostability, lack of target specificity and quick body clearance 

(t
1/2

=2−4 min).13–16 To overcome these drawbacks, various 

nanoparticle formulations of ICG, such as encapsulation 

approaches using polymer and liposomes, as well as physical 

adsorption with 2-dimensional materials, including graphene 

and derivatives, transition metal dichalcogenides and so on, 

have been reported.16–19 However, noncovalent interactions 

tend to be weak in nature, often resulting in premature release 

of the compound from the carriers, which may influence the 

imaging applicability of the nanoprobes.20 Therefore, cova-

lent conjugation of ICG with nanomaterials may feature a 

more rational strategy for ICG delivery.

Resveratrol (RSV) is a type of natural antioxidant and 

nonflavonoid polyphenol derived from various dietary 

sources, including grapes, soybeans and so on.21 To date, 

RSV has been widely used in preclinical applications, such 

as inhibition of platelet aggregation, vasodilation, blood vis-

cosity reduction as well as prevention of cancer occurrence 

and development.22–24 Recently, some research groups have 

found that RSV exhibits a great anticancer effect in various 

cancer types, such as colorectal cancer, breast cancer, glioma 

and so on.22,25,26 However, RSV still possesses some features, 

which limit its extensive use, such as poor solubility, low 

bioavailability and compound instability. For instance, the 

change from trans-isomer to cis-isomer can reduce the 

biological activity of RSV significantly.27–29 Therefore, 

various new strategies, including encapsulation of RSV into 

lipid or polymer-based nanoparticles, delivery using carbon 

nanomaterials and so on, have been developed in an effort to 

protect the structural integrity of the bioactive molecule.29–31 

And these carriers showed high RSV loading capacity, 

enabling their use in biomedical applications.32–34

In this study, a formulation based on poly(d,l-lactide-

co-glycolide) (PLGA) lipid nanoparticles (PNPs) that 

covalently conjugate ICG and folic acid (FA) – a tumor 

targeting molecule,35,36 in addition to encapsulating RSV, has 

been prepared (FA-RSV/ICG-PLGA-lipid NPs, abbreviated 

as FA-RIPNPs) as a targeted NIR probe and RSV carrier 

for U87 glioma theranostic applications by using a facile 

self-assembly method (Scheme 1). It has been reported that 

the surfaces of U87 cells show overexpression of the folate 

receptor (FR), which has been used to develop FA-mediated 

targeting chemotherapy.2 The prepared nanoparticles (FA-

RIPNPs) demonstrate great biocompatibility and stability, 

in addition to prolonging the blood circulation of RSV and 

ICG. In addition, FA-RIPNPs were used as NIR probes to 

monitor the cell internalization, in vivo biodistribution and 

tumor accumulation of RSV. At the same time, the targeted 

anticancer efficacy of FA-RIPNPs was evaluated in vitro 

and in vivo. The results obtained indicate that FA-RIPNPs 

may represent a versatile nanoplatform useful as a potential 

tumor theranostic agent that simultaneously enables precise 

diagnosis for clinical surgery and further targeted chemo-

therapy applications.

Materials and methods
Materials
ICG, RSV ($99%) and PLGA (molecular weight: 5,000– 

15,000 Da; lactide: glycolide ratio, 50:50) were pur-

chased from Sigma Aldrich (St Louis, MO, USA). 4′,6-

Diamidino-2-phenylindole (DAPI) was obtained from 

Aladdin (Shanghai, China). Soybean lecithin consisting of 

90%–95% phosphatidylcholine, 1,2-distearoyl-sn-glycero-3

-phosphoethanolamine-N-[folate (polyethylene glycol)-2000] 

(DSPE-PEG
2k

-FA) and 1,2-distearoyl-sn-glycero-3-phos-

phoethanolamine-N-[carboxy (polyethylene glycol)-2000] 

(DSPE-PEG
2k

-COOH) were obtained from Avanti (Alabaster, 

AL, USA). N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3- 

dimethylaminopropyl) carbodiimide (EDC) were obtained 

from Sigma Aldrich. All cell culture reagents, including 

trypsin–ethylenediaminetetraacetic acid solution, phosphate–

buffered saline (PBS), fetal bovine serum (FBS), penicillin–

streptomycin solution and minimum essential medium 
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(MEM), were purchased from Hyclone (Logan, UT, USA). 

All other chemicals and reagents were purchased from Sigma 

Aldrich.

Preparation of Fa-rIPNPs
First, amino-ICG (ICG-NH

2
) was prepared following a litera-

ture procedure and was conjugated to DSPE-PEG
2k

-COOH 

via formation of an amide bond in the presence of EDC and 

NHS.20,37,38 The mixture was allowed to react for 48 h under 

nitrogen atmosphere at 25°C. The reaction mixture was then 

dialyzed against deionized water for 3 d to remove the chemi-

cal catalysts and to obtain purified DSPE-PEG2k-ICG. Then, 

FA-RIPNPs were synthesized by a facile self-assembly-and-

nanoprecipitation method.14,39,40 Briefly, RSV (dissolved in 

dimethyl sulfoxide) was mixed with PLGA (dissolved in 

dichloromethane). Afterward, the PLGA/RSV solution was 

added dropwise into ethanol-aqueous solutions (4 wt%) 

of lecithin/DSPE-PEG2k-ICG (4:1) and lecithin/DSPE-

PEG2k-FA (4:1) under gentle stirring, followed by vigorous 

vortexing for 5 min and gentle stirring for 4 h at 25°C. To 

remove the nonencapsulated drug and organic solvents, the 

mixture was filtered and washed 3 times with deionized water 

using a Millipore ultrafiltration centrifuge tube. As a control, 

nanoparticles without FA molecules were prepared using the 

same method, in which DSPE-PEG
2,000

-FA was replaced by 

DSPE-PEG
2,000

-COOH. The purified FA-RIPNPs were stored 

at 4°C before use.

characterizations
The morphology of the nanoparticles was studied by 

transmission electron microscopy (TEM; Tecnai™; FEI, 

Hillsboro, OR, USA) and atomic force microscopy (AFM; 

BioScope Catalyst™; Bruker, Santa Barbara, CA, USA). 

The size distribution and zeta potentials were measured by 

a Zetasizer Nano ZS system (Malvern Instruments, Malvern, 

UK). Absorption spectra were acquired using an ultraviolet–

visible (UV-Vis) spectrophotometer (Shimadzu UV-2550; 

Shimadzu Corporation, Kyoto, Japan). Fluorescence spectra 

were recorded using a fluorescence spectrometer (F900; 

Edinburgh Instruments Ltd, Livingston, UK). Fluorescence 

images of cells and living mice were acquired using confo-

cal laser scanning microscopy (CLSM; FV1200; Olympus, 

Tokyo, Japan) and a commercial Maestro™ in vivo imaging 

system (CRi Inc, Woburn, MA, USA), respectively.

Drug loading and release
The encapsulation of RSV was carried out via self-assembly 

of RSV, PLGA and lipid, described in the “Preparation of 

FA-RIPNPs” section. The encapsulation efficiency (EE) 

of RSV was calculated using a UV-Vis spectrometer and 

Scheme 1 schematic representation of Fa-rIPNPs as NIr nanoprobes.
Note: schematic representation of Fa-rIPNP use for tumor-targeted imaging and drug delivery in vitro and in vivo.
Abbreviations: NIr, near-infrared; Fa, folic acid; rsV, resveratrol; Icg, indocyanine green; Plga, poly(d,l-lactide-co-glycolide); NPs, nanoparticles; Fa-rIPNPs, Fa-rsV/
Icg-Plga-lipid NPs.
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the equations are listed below. A drug release study was 

conducted via a dynamic dialysis technique at 4°C and 37°C 

at pH 5.0 and pH 7.4, respectively. The drug concentration 

was calculated using a standard calibration curve. Cumulative 

release (CR) of RSV versus time was calculated according 

to the following equation:

 

EE (%) %= ×
W

W
1

2

100

 

W
1
 represents the weight of RSV in FA-RIPNPs, and W

2
 is 

the weight of RSV added.

 

CR (%) a

b

= ×
W

W
100%

 

W
a
 represents the amount of RSV released, and W

b
 is the total 

RSV present in FA-RIPNPs.

In vitro cellular uptake
Human glioma U87 cells were purchased from the Shanghai 

Institute of Cell Biology, Chinese Academy of Sciences, 

Shanghai, China, and were cultured in MEM supplemented 

with 10% FBS and 1% penicillin–streptomycin solution in 

a humidified 5% CO
2
 atmosphere at 37°C.

For cellular uptake, U87 cells (1×105 cells/mL, 0.5 mL) 

were seeded in 20 mm Petri dishes and were cultured for 24 h 

in an incubator (5% CO
2
, 37°C). Next, free ICG, RIPNPs, 

FA-RIPNPs with free FA and FA-RIPNPs at the same 

concentration as ICG were added to the U87 cells and were 

subsequently incubated for 4 h. Subsequently, the cells were 

gently washed with PBS three times, fixed with 4% paraform-

aldehyde at room temperature for 15 min and stained with 

DAPI solution (0.2 mg/mL) for 10 min. The fluorescence 

signals of the cells were monitored using CLSM.

In vitro cytotoxicity and apoptosis 
detection
U87 cells (1×104 cells per well) were seeded in 96-well plates 

and were incubated for 24 h. Then, the cells were treated 

with ICG-PLGA-lipid NPs and FA-ICG-PLGA-lipid NPs at 

concentrations of 5, 10, 50 and 100 μg/mL, as well as free 

RSV, RIPNPs and FA-RIPNPs at the same RSV concentra-

tion of 10, 20, 30 and 50 μg/mL for 24 h. Next, the old media 

in all wells were discarded and replaced with fresh media 

containing 10% Cell Counting Kit-8 (Dojindo Laboratories, 

Kumamoto, Japan) solution. After incubation for 30 min, the 

relative cell viability was assessed using a microplate reader 

(BioTek, Winooski, VT, USA) at an absorbance wavelength 

of 450 nm. An Annexin V-fluorescein isothiocyanate (FITC)/

propidium iodide (PI) apoptosis detection kit (BestBio, 

Shanghai, China) was used to detect the cell apoptosis rate, 

which was analyzed by flow cytometry (FCM). Briefly, U87 

cells were incubated in 6-well plates (1×104 cells per well) 

for 24 h. Free RSV, RIPNPs and FA-RIPNPs at the same 

RSV concentration of 30 μg/mL were administered to the 

cells, and these were incubated for 24 h. According to the 

manufacturer’s instructions, the cells were collected, washed, 

stained with Annexin V-FITC/PI and analyzed by FCM.

Blood circulation study
Twenty BALB/c nude mice were randomly divided into 

four groups (five mice per group). RSV, ICG, RIPNPs 

and FA-RIPNPs were intravenously administered. Blood 

samples (~100 μL) were drawn from the orbit 6, 18, 30 and 

42 min, 1, 3, 5, 7, 12 and 24 h following intravenous admin-

istration. Each blood sample was dissolved in 900 μL of lysis 

buffer (10 mmol/L Na
2
HPO

4
, pH 7.5, 5 mmol/L EDTA, 

100 mmol/L NaCl, 1% Triton, 0.5% sodium deoxycholate, 

0.1% SDS). The concentration of RSV, ICG, FA-RIPNPs 

and RIPNPs in the blood was determined by the RSV and 

ICG absorbance spectra of each solubilized blood sample 

using a UV−Vis spectrometer. The sample concentrations 

are shown as the percentage of injected dose per gram of 

tissue (ID%/g).

Tumor model and in vivo imaging study
BALB/c nude mice (6-8 wk old) were purchased from 

Charles River Laboratories (Beijing, People’s Republic of 

China). All safety and experimental procedures were per-

formed in accordance with the Guidelines for the Care and 

Use of Laboratory Animals of Capital Medical University and 

were approved by the Ethics Committee of Capital Medical 

University (GJCY150908-5; August 12, 2015).

U87 glioma xenograft models were established by sub-

cutaneously injecting U87 cells (in 150 μL PBS) into the 

back of mice (3×106 cells per mouse). The mice were used 

for further experimental procedures when the overall tumor 

volume reached 100 mm3.

Fluorescence images were collected 0, 1, 6, 24, 48 and 

72 h postinjection of ICG, RIPNPs and FA-RIPNPs at an 

excitation wavelength of 735 nm. The fluorescence images 

of excised tumor slices 6 h postinjection of ICG, RIPNPs 

and FA-RIPNPs were also collected. The tumor-bearing 

mice were sacrificed 24 h postinjection of ICG, RIPNPs and 

FA-RIPNPs, and the sample contents in the major tissues, 

including heart, liver, spleen, lungs, kidneys and tumor, 
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were also evaluated using a fluorescence spectrometer. 

Briefly, the major tissues were dissected, weighed and dis-

solved in lysis buffer. The concentration of RSV, ICG and 

FA-RIPNPs in these samples was determined by the RSV 

and ICG fluorescence of each solubilized sample.

In vivo anticancer efficacy
For in vivo anticancer efficacy, the U87 tumor-bearing mice 

were randomly divided into four groups (five mice per group) 

and intravenously injected with saline (control), free RSV, 

RIPNPs and FA-RIPNPs, respectively. The tumor volume 

and body weight of mice were recorded every 3 d, and the 

tumor size was calculated as follows: volume (V) = length × 

width2/2. The relative tumor volumes were calculated as V/V
0
, 

where V
0
 represents the tumor volume before the treatment 

was started.

histology and blood examination
After about 1 month following treatment with FA-RIPNPs, 

the mice were sacrificed and the major organs, including 

heart, liver, spleen, lungs and kidneys, were collected. The 

organs were fixed in 4% paraformaldehyde overnight and 

dehydrated in 25% sucrose. Next, the fixed tissues were 

sectioned into 5 μm-thick slices, stained with hematoxylin 

and eosin (H–E, Sigma), according to the manufacturer’s 

instructions, and studied using an inverted microscope to 

observe any histological alterations.

In order to record the complete blood counts,41,42 healthy 

BALB/c mice were intravenously injected with 200 μL FA-

RIPNPs at a dose of 15 mg/kg. Saline-treated mice (200 μL) 

were used as the control group. The mice were sacrificed 

before blood collection (0.5 mL), and complete blood count 

evaluations at 1, 7, 14 and 28 d postinjection of FA-RIPNPs 

(five mice per group) were carried out at the Beijing Tiantan 

Hospital of Capital Medical University, Beijing, People’s 

Republic of China.

statistical analysis
Data are shown as mean ± SD. Two-tailed Student’s t-test was 

used to analyze the statistical significance of the differences 

between two groups. The differences were considered signifi-

cant for *P,0.05 and highly significant for **P,0.01.

Results and discussion
Preparation and characterization 
of Fa-rIPNPs
The FA-RIPNPs were prepared by a facile self-assembly-

and-nanoprecipitation method, as shown in Figure 1A. 

Figure 1 Preparation and morphology of Fa-rIPNPs.
Notes: (A) schematic representation of synthesis by self-assembly, (B) TeM image, (C) size distribution and (D) zeta potential distribution of Fa-rIPNPs.
Abbreviations: TeM, transmission electron microscope; Fa, folic acid; rsV, resveratrol; Icg, indocyanine green; Plga, poly(d,l-lactide-co-glycolide); NPs, nanoparticles; 
Fa-rIPNPs, Fa-rsV/Icg-Plga-lipid NPs; Peg-DsPe, 1,2-distearoyl-sn-glycero-3 phosphoethanolamine-N-[(polyethylene glycol)-2000].
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PLGA polymer encapsulated RSV to form a core. DSPE-

PEG
2,000

-FA and DSPE-PEG
2,000

-ICG self-assembled around 

the core to form a hydrophilic monolayer and stabilized 

the entire nanoparticle. Figure 1B shows that FA-RIPNPs 

exhibited a well-defined spherical shape, which corresponded 

to the results of AFM analysis (Figure S1). The diameter 

(Figure 1C) and zeta potential (Figure 1D) of the FA-RIPNPs 

were determined to be 104.5–121.1 nm and -8.4 mV 

to -47.3 mV, respectively.

UV-Vis spectra were obtained to confirm the presence 

of FA-RIPNPs. After dialysis against deionized water to 

remove the chemical catalysts, free ICG and RSV, the 

dialysate of the dialysis bag was confirmed to have no ICG 

and RSV by using a UV-Vis spectrophotometer. As shown in 

Figure 2A, FA-RIPNPs simultaneously featured absorbance 

peaks for ICG at 780 nm and RSV at 304 nm, indicating the 

presence of both ICG and RSV in FA-RIPNPs. The ICG-

NH
2
 prepared here exhibited a similar absorbance spectrum 

as ICG (Figure S2). In addition, FA-RIPNPs showed ICG 

(~800 nm) and RSV (~400 nm) fluorescence signals upon 

excitation with a 765 nm and 325 nm laser, which proves 

to be in agreement with the fluorescence spectra of ICG 

and RSV (Figure 2B and C). We found that ICG-NH
2
 also 

features an ~800 nm fluorescence signal at 765 nm excita-

tion wavelength (Figure S3). These results demonstrate that 

both ICG and RSV maintain their optical properties after 

conjugation to FA-RIPNPs.

Figure 3A shows the change in EE of RSV within FA-

RIPNPs upon increasing the RSV concentration. The maxi-

mum RSV and ICG (figure not shown) EE of FA-RIPNPs 

obtained was 65.6%±4.7% and 38.4%±4.8%, respectively. 

Furthermore, as shown in Figure 3B, FA-RIPNPs exhibited 

the highest RSV release rate of 78.2%±4.1% after 36 h at 

37°C at pH 5.0, compared to the release rate obtained at dif-

ferent conditions, including 37°C at pH 7.4, 4°C at pH 7.4 

and 4°C at pH 5.0, while the ICG release rate proved to be 

less than ~20% in all test conditions (Figures 3B, S4–S6). 

This finding may be due to the weak noncovalent interactions 

of RSV and the covalent conjugation of ICG, leading to a 

high release rate of RSV and a reduced release rate of ICG.20 

Figure 2 spectral characterizations.
Notes: (A) absorbance spectra of free rsV, free Icg, Fa and Fa-rIPNPs. (B) Normalized fluorescence spectra of free ICG and FA-RIPNPs at the same concentration of 
Icg. (C) Normalized fluorescence spectra of free RSV and FA-RIPNPs at the same concentration of RSV.
Abbreviations: rsV, resveratrol; Icg, indocyanine green; Fa, folic acid; Plga, poly(d,l-lactide-co-glycolide); NPs, nanoparticles; Fa-rIPNPs, Fa-rsV/Icg-Plga-lipid NPs.
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As has already been shown, the pH environment in the blood 

stream is pH 7.4 and, in tumor tissue, the pH often proves to 

be slightly acidic. These results are beneficial for the applica-

tion of FA-RIPNPs in tumor therapy and imaging.43–45

The excellent optical properties, including NIR fluores-

cence and absorbance, render ICG a good candidate for use 

as an imaging probe in clinical diagnosis. However, numer-

ous disadvantages, including poor solubility in aqueous 

media and low photostability, generally limit biomedical 

applications.16 The applicability of insoluble RSV is also 

limited by its poor stability in aqueous solutions.29 Figure 4A 

and B shows the fluorescence stability of ICG and FA-

RIPNPs in aqueous solution at 4°C and 37°C, respectively. 

After 4 wk of storage at 4°C and 37°C, the ICG fluorescence 

intensity of FA-RIPNPs remained 89.9% and 85.7% of the 

initial intensities, while the fluorescence of ICG dropped 

rapidly to 0.23% and 0.08% of its initial intensity. The cor-

responding images of ICG in aqueous solution showed an 

enhanced aggregation from 4°C to 37°C, while FA-RIPNPs 

in aqueous solution indicate a consistent stability (insets 

in Figure 4A and B). The average size of FA-RIPNPs in 

other media, including water, MEM, PBS and FBS, features 

almost no changes over 4 wk (Figure 4C), providing further 

evidence for the high colloidal stability of FA-RIPNPs, most 

likely due to the PEG shell around the PLGA core. Accord-

ing to published literature reports, RSV naturally exists as 

two isomers, cis and trans, which feature absorbance peaks 

at 280 nm and 304 nm, respectively.28 The trans-isomer 

exhibits higher bioactivity and proves to be more stable than 

the cis-isomer. Furthermore, the cis-isomer is known to be 

easily formed from the trans-isomer via heat induction.29,46 As 

shown in Figure 4D and the inset, the ratio of the absorbance 

value (A)
304 nm

/A
280 nm

 remained almost unchanged over 4 wk 

at 37°C, indicating that the RSV portion in FA-RIPNPs was 

indeed the trans-isomer that could be protected by PLGA and 

lipid encapsulation at 37°C. The results obtained suggest that 

the covalently conjugated ICG and encapsulated RSV were 

more stable than the free ICG and RSV species, most notably 

due to the encapsulation protecting ICG and RSV from direct 

environmental influences, such as heat or light. This allows 

for prolonged storage times and ultimately improves the 

applicability of this material as a theranostic agent.

In vitro targeting fluorescence imaging
A schematic representation of FA-mediated targeted fluo-

rescence imaging is shown in Figure 5A. FA-RIPNPs are 

able to efficiently target cells and internalize within cells 

likely via FA receptor-mediated endocytosis (RME), going 

through a series of processes: nanoparticles first stick to the 

cell membrane, the membrane then wraps the nanoparticles 

and, finally, the pinching off occurs (particle–lipid complex 

detaches from the membrane and enters the cell).47 To study 

the cell uptake of FA-RIPNPs, FA receptor (FR)-containing 

U87 cells were incubated with FA-RIPNPs for 4 h, and the 

cell nuclei were stained with DAPI. As shown in Figure 5B, 

a strong red fluorescence (ICG signal) was observed in the 

perinuclear region in the U87 cells treated with FA-RIPNPs, 

indicating that a sufficient amount of FA-RIPNPs enter 

the cells. As a control, U87 cells after treatment with free 

ICG and RIPNPs showed very little red fluorescence in 

the cytoplasm (Figure 5B). Interestingly, upon incubation 

with FA-RIPNPs and free FA, the U87 cells also showed 

Figure 3 loading and release of Fa-rIPNPs.
Notes: (A) RSV encapsulation efficiency as a function of added RSV concentrations, n=6. (B) In vitro release profiles of ICG and RSV from FA-RIPNPs at pH 5.0 and 
37°c, n=6.
Abbreviations: rsV, resveratrol; Icg, indocyanine green; Fa, folic acid; Plga, poly(d,l-lactide-co-glycolide); NPs, nanoparticles; Fa-rIPNPs, Fa-rsV/Icg-Plga-lipid NPs.
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insufficient red fluorescence, likely due to the FRs on the U87 

surface being blocked by free FA.48 These results demonstrate 

the high internalization of FA-RIPNPs, with excellent posi-

tive targeting capabilities by U87 cells.

In vitro cytotoxicity and apoptosis 
detection
The cytotoxicity of ICG-PLGA-lipid NPs and FA-ICG-

PLGA-lipid NPs, as the carriers of RSV and as NIR probes, 

in the concentration range of 0–100 μg/mL was examined 

in vitro. As shown in Figure 6A, U87 cells were incubated 

with the two nanoparticle species, and the cell viability was 

maintained above 90%, suggesting that they do not induce 

acute cytotoxicity and are highly cell compatible.

Furthermore, we examined the anticancer effect of 

FA-RIPNPs in vitro. As shown in Figure 6B, treatment 

with free RSV and RIPNPs at RSV concentrations ranging 

between 0 μg/mL and 50 μg/mL decreased cell viability in a 

dose-dependent manner. However, FA-RIPNPs at the same 

RSV concentration caused a considerably higher U87 cell 

death rate (P,0.05). The cytotoxic enhancements of FA-

RIPNPs could be attributed to the more efficient FA RME 

of FA-RIPNPs in U87 cells and the high RSV release rate. 

In addition, the cell death type of U87 cells induced by FA-

RIPNPs was investigated by an Annexin V-FITC/PI double-

staining kit and was further analyzed by FCM. According to 

the literature, the Q2 + Q4 region in the representative dot 

plots from FCM are defined as apoptotic cells.49,50 As shown 

in Figure 6C–F, the U87 cells treated with FA-RIPNPs 

(30 μg/mL RSV) for 24 h demonstrated an 82.7% apoptosis 

rate. This rate was much higher than that of free RSV (41.5%) 

and RIPNPs (47.1%) at the same RSV concentration, consis-

tent with the results shown in Figure 6B. U87 cells treated 

with blank NPs with dye and FA (FA-ICG-PLGA-lipid NPs) 

Figure 4 Fluorescence stability and stability in water of Fa-rIPNPs.
Notes: ICG fluorescence stability of free ICG and FA-RIPNPs in aqueous solution at (A) 4°c and (B) 37°c over 4 wk. Insets show photos of free Icg and Fa-rIPNPs 
in aqueous solution after 4 wk of storage at 4°c and 37°c, respectively. (C) colloidal stability test of Fa-rIPNPs in different media, including water, MeM, PBs and FBs. 
(D) change in ratio of absorbances at 304 nm and 280 nm (a304 nm/a280 nm) of the Fa-rIPNPs over 4 wk at 37°c. Inset shows the absorbance spectrum of Fa-rIPNPs.
Abbreviations: rsV, resveratrol; Icg, indocyanine green; Fa, folic acid; Plga, poly(d,l-lactide-co-glycolide); NPs, nanoparticles; Fa-rIPNPs, Fa-rsV/Icg-Plga-lipid NPs; 
MeM, minimum essential medium; PBs, phosphate-buffered saline; FBs, fetal bovine serum.
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showed lower apoptosis rate, which was similar to that of 

the control group (Figure S7).

Blood circulation
Prolonged circulation of nanoparticles in the bloodstream is 

essential to improve the probability for entering the tumor and 

accumulation therein. As can be seen in Figure 7, free RSV 

and ICG were quickly removed from the blood circulation, 

and their t
1/2

 was assessed to be 1.02±0.05 h and 0.18±0.02 h, 

respectively. However, FA-RIPNPs and RIPNPs displayed a 

considerably longer blood circulation time at t
1/2

=7.1±0.84 h 

and t
1/2

=6.8±1.1 h, respectively. This result indicates that 

PLGA-and-lipid encapsulation could delay the elimination 

of ICG as well as RSV and therefore prolongs the circulation 

time in the bloodstream,51 a feature that may have a positive 

effect on in vivo therapy and imaging.

In vivo targeting fluorescence imaging and 
tissue biodistribution
A high tumor accumulation of nanodrugs and a quick clear-

ance rate are essential features for the clinical applicability 

of such materials. Noninvasive in vivo fluorescence imaging 

was used to evaluate the tumor targeting efficacy and 

biodistribution characteristics of FA-RIPNPs in subcutane-

ous U87 tumor-bearing mice after intravenous injection of 

FA-RIPNPs. As depicted in Figure 8A, strong fluorescence 

signals were obtained in the entire body 5 min postinjection 

of free ICG, RIPNPs and FA-RIPNPs, whereas 6 h postinjec-

tion, more intense fluorescence signals were obtained in the 

tumor region for the FA-RIPNP group, compared to the ICG 

and RIPNP groups. This finding was further confirmed by 

the fluorescence images of the corresponding excised tumor 

slices as shown in Figure 8B. Figure 8C shows the change 

in fluorescence signal in the tumor region 48 h after injec-

tion of free ICG, RIPNPs and FA-RIPNPs. As expected, the 

fluorescence intensity in the tumor in the FA-RIPNP group 

remained very high for up to 48 h. The signal intensity was 

obviously higher than that of free ICG and RIPNPs at all 

investigated time points. Additionally, a quantitative analysis 

of the ex vivo fluorescence of harvested tumors and major 

tissues, including heart, liver, spleen, lungs and kidneys, 

from euthanized mice 24 h postinjection was conducted 

as shown in Figure 8D. Strong fluorescence signals were 

detected in liver tissue in the groups of free ICG, RIPNPs and  

Figure 5 cellular uptake of the study compounds.
Notes: (A) schematic representation of cellular uptake. (B) Fluorescence images of U87 cellular uptake of free Icg, rIPNPs, Fa-rIPNPs with Fa blocking and Fa-rIPNPs 
after 4 h of incubation.
Abbreviations: NIr, near-infrared; rsV, resveratrol; Icg, indocyanine green; Fa, folic acid; Plga, poly(d,l-lactide-co-glycolide); NPs, nanoparticles; Fa-rIPNPs, Fa-rsV/
Icg-Plga-lipid NPs; DaPI, 4′,6-diamidino-2-phenylindole.
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Figure 6 In vitro tumor therapy.
Notes: (A) cytotoxicity of Icg-Plga-lipid NPs and Fa-Icg-Plga-lipid NPs. (B) cytotoxicity of free rsV, rIPNPs and Fa-rIPNPs at the same concentration of rsV. 
*P,0.05, **P,0.01. (C–F) Flow cytometry analysis of U87 cells treated with (C) saline, (D) free rsV, (E) rIPNPs and (F) Fa-rIPNPs at the same concentration of rsV. 
The cells in Q2 + Q4 regions are defined as apoptotic cells.
Abbreviations: rsV, resveratrol; Icg, indocyanine green; Fa, folic acid; Plga, poly(d,l-lactide-co-glycolide); NPs, nanoparticles; Fa-rIPNPs, Fa-rsV/Icg-Plga-lipid NPs; 
FITC, fluorescein isothiocyanate; PI, propidium iodide.
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Figure 7 Blood circulation curves.
Notes: Blood circulation curves of free rsV, free Icg, rIPNPs and Fa-rIPNPs in 
mice after intravenous injection determined by the Icg and rsV absorbances of 
diluted tissue lysate (the accumulation levels of Icg and rsV were calculated as 
ID%/g, the percentage of the injected dose per gram of tissue).
Abbreviations: rsV, resveratrol; Icg, indocyanine green; Fa, folic acid; Plga, 
poly(d,l-lactide-co-glycolide); NPs, nanoparticles; Fa-rIPNPs, Fa-rsV/Icg-Plga-
lipid NPs; ID, injected dose.

FA-RIPNPs, indicating that the main metabolic conversion of 

these compounds follows a hepatic pathway. Moreover, the 

FA-RIPNP group showed remarkably stronger fluorescence 

signals in the tumor than the RIPNPs and free ICG groups, 

approximately 2.8- and 12.6-fold higher respectively than the 

two latter groups. These data indicate that FA-RIPNPs do 

indeed feature a highly selective accumulation behavior in 

tumor tissue in vivo, likely due to the enhanced permeability 

and retention (EPR) characteristics of solid tumors and the 

FA RME effect.52

In vivo anticancer efficacy
Encouraged by the excellent in vitro anticancer efficacy and in 

vivo tumor-targeting behavior of FA-RIPNPs described, the 

anticancer efficacy of FA-RIPNPs was tested in U87 tumor-

bearing mice. As shown in Figure 9, no complete tumor 

growth suppression was observed in the control (saline)-, 

RSV- and RIPNP-treated mice at the same dose of RSV. 

Figure 8 In vivo tumor-targeted fluorescence images and biodistribution.
Notes: (A) Representative fluorescence images of U87 tumor-bearing mice after tail vein injection with free ICG, RIPNPs and FA-RIPNPs; and (B) corresponding tumor 
slices. The red dashed circles indicate the tumor region. (C) Quantitative in vivo analysis of the fluorescence signals of the tumor regions in free ICG-, RIPNP- and FA-
rIPNP-treated mice as a function of injection time. *P,0.05, **P,0.01. (D) ICG fluorescence signals of tumor and major organs, including heart, liver, spleen, lungs and 
kidneys. **P,0.01.
Abbreviations: rsV, resveratrol; Icg, indocyanine green; Fa, folic acid; Plga, poly(d,l-lactide-co-glycolide); NPs, nanoparticles; Fa-rIPNPs, Fa-rsV/Icg-Plga-lipid NPs.
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To further evaluate the potential toxicity of FA-RIPNPs, 

complete blood counts were obtained from FA-RIPNP- 

injected (15 mg/kg) healthy BALB/c mice 1, 7, 14 and 28 d 

postinjection. All parameters, including white blood cells, 

red blood cells, hemoglobin, hematocrit, mean corpuscular 

hemoglobin, mean corpuscular hemoglobin concentration, 

mean corpuscular volume, mean platelet volume and plate-

lets, were shown to be within reference ranges for healthy 

BALB/c mice (Figure 10C). Taken in concert, FA-RIPNPs 

exhibited high biocompatibility characteristics and no 

significant systemic toxicity in mice, further supporting 

the potential future use of this material in nanomedicine 

applications.

Conclusion
We have demonstrated the preparation of an FA-and-

ICG-covalently conjugated, RSV-encapsulated, integrated 

theranostic agent for targeting tumor imaging and therapy 

in vitro and in vivo. FA-RIPNPs exhibited improved photo-, 

colloidal and heat stabilities compared to free RSV and 

ICG. FA modification facilitated a highly efficient cellular 

uptake of FA-RIPNPs via FA RME. Moreover, FA-RIPNPs 

demonstrated a significantly prolonged circulation time in 

the bloodstream, which may overcome the generally short 

circulation times of free RSV and ICG. FA-RIPNPs as 

fluorescence imaging probes successfully enabled real-time 

and prolonged nanodrug tumor targeting and accumulation 

via generation of an in vivo imaging system. Furthermore, 

in vitro and in vivo studies showed that, compared with 

free RSV, FA-RIPNPs feature excellent anticancer efficacy 

induced by apoptosis. Taken in concert, the results obtained 

indicate that FA-RIPNPs may constitute a promising 

Figure 9 In vivo tumor therapy.
Notes: relative tumor volumes of tumor-bearing mice after tail vein injection with 
control (saline), free rsV, rIPNPs and Fa-rIPNPs.
Abbreviations: rsV, resveratrol; Fa, folic acid; Icg, indocyanine green; Plga, 
poly(d,l-lactide-co-glycolide); NPs, nanoparticles; Fa-rIPNPs, Fa-rsV/Icg-Plga-
lipid NPs.

However, intravenous injection of FA-RIPNPs exhibited 

remarkable tumor growth suppression, and no tumor relapse 

was observed after about 1 month of treatment. This result 

indicates that FA-RIPNPs feature a powerful in vivo anti-

cancer efficacy.

histology and blood examination
Generally, the toxicity of nanoparticle agents is a crucial 

criterion in nanomedicine. After approximately 1 month of 

treatment, no significant body weight loss was observed in 

all groups (Figure 10A). The major organs of mice, including 

heart, liver, spleen, lungs and kidneys, in each group were 

collected, sliced and stained with H–E. However, none of the 

organs exhibited obvious histological lesions (Figure 10B).

Figure 10 (Continued)
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integrated theranostic system useful in future nanomedicine 

applications for tumor therapy.
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