
This is a repository copy of One-step microfluidic fabrication of multi-responsive liposomes
for targeted delivery of doxorubicin synergism with photothermal effect.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/182325/

Version: Published Version

Article:

Lv, S., Jing, R., Liu, X. et al. (6 more authors) (2021) One-step microfluidic fabrication of 
multi-responsive liposomes for targeted delivery of doxorubicin synergism with 
photothermal effect. International Journal of Nanomedicine, 16. pp. 7759-7772. ISSN 
1176-9114 

https://doi.org/10.2147/ijn.s329621

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial (CC BY-NC) 
licence. This licence allows you to remix, tweak, and build upon this work non-commercially, and any new 
works must also acknowledge the authors and be non-commercial. You don’t have to license any derivative 
works on the same terms. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



O R I G I N A L  R E S E A R C H

One-Step Microfluidic Fabrication of 
Multi-Responsive Liposomes for Targeted 
Delivery of Doxorubicin Synergism with 
Photothermal Effect

Songwei Lv 1,* 
Ran Jing2,* 
Xiaowu Liu3,4 

Honglei Shi3,4 

Yunfeng Shi3,4 

Xugang Wang3,4 

Xiubo Zhao1,5 

Kai Cao3,4 

Zhong Lv3,4

1School of Pharmacy, Changzhou 
University, Changzhou, 213164, People’s 
Republic of China; 2Division of 
Nephrology, The Affiliated Changzhou 
NO. 2 People’s Hospital of Nanjing 
Medical University, Changzhou, 213164, 
People’s Republic of China; 3Department 
of Urology, Wujin Hospital Affiliated with 
Jiangsu University, Changzhou, 213164, 
People’s Republic of China; 4Department 
of Urology, The Wujin Clinical College of 
Xuzhou Medical University, Changzhou, 
213164, People’s Republic of China; 
5Department of Chemical and Biological 
Engineering, University of Sheffield, 
Sheffield, S1 3JD, UK  

*These authors contributed equally to 
this work  

Introduction: Cancer of the bladder is one of the most common and life-threatening. 
Compared with traditional delivery methods, intravesical administration reduces the amount 
of drugs required, increases the amount of drugs reaching the lesion site, and minimizes 
systemic exposure to therapeutic agents. To overcome the limitations of urinary voiding, low 
urothelium permeability, and intermittent catheterization for large dilution and irrigation of 
drugs in the bladder, magnetic and photothermal-responsive folate receptor-targeted thermal 
liposomes (FA-TMLs) were designed for the targeted delivery of doxorubicin (DOX) to 
bladder cancer cells.
Methods: Through a microfluidic mixer chip, the magnetic nanoparticles (MNPs), gold 
nanorods (GNRs) and DOX were encapsulated in folate-modified thermosensitive liposomes 
to form FA-TMLs@MNPs-GNRs-DOX. DLS, TEM, DSC, and magnetic hysteresis loop 
were used to characterize the construction of FA-TMLs@MNPs-GNRs-DOX.
Results: FA-TMLs@MNPs-GNRs-DOX had a size of about 230 nm and exhibited super-
paramagnetic properties with the saturation magnetization of 20 emu/g. The DOX loading 
capacity was as high as 0.57 mg/mL. Additionally, drug release of the FA-TMLs@MNPs- 
GNRs-DOX could be controlled by temperature change through the photothermal effect. 
A 980 nm laser beam was selectively irradiated on the FA-TMLs@MNPs-GNRs-DOX to 
trigger the structural changes of the FA-TMLs, and an average of 95% of the drug was 
released after 3 hours. The results of cell uptake experiments reveal indicated that FA- 
TMLs@MNPs-GNRs-DOX were able to specifically bind folate-receptor-positive cells and 
exhibited toxicity to bladder tumor cells.
Conclusion: The present results suggest FA-TMLs@MNPs-GNRs-DOX have a promising 
multifunctional response and can act as an ideal multifunctional drug delivery system (DDS) 
for the treatment of bladder tumors.
Keywords: bladder cancer, drug delivery, magnetic response, thermo-sensitive liposomes, 
folate-targeted, photothermal effect

Introduction
As one of the most common cancers, bladder cancer (BC) is among the leading 
causes of high mortality from cancers of the urinary system. Globally, 430,000 
people are diagnosed with BC every year.1,2 Approximately 75% of newly diag-
nosed patients have non-muscular invasive bladder cancer (NMIBC), and 25% have 
muscular invasive bladder cancer (MIBC) or metastatic disease.3,4 Intravesical drug 
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delivery (IDD) is a direct administration of therapeutic 
agents into the bladder via insertion of a urethral catheter. 
The standard treatment for NMIBC is transurethral resec-
tion of the bladder tumor and postoperative perfusion 
therapy.4–6 Intravesical perfusion therapy is a local strat-
egy and an effective method to prevent recurrence and 
progression of BC after transurethral resection of bladder 
tumor. Compared with traditional delivery systems, intra-
vesical administration reduces the amount of drugs 
required, increases the amount of drugs reaching the lesion 
site, and minimizes systemic exposure to the therapeutic 
agent.6–8 Despite the significant progress made over the 
past few decades in the IDD field, several intrinsic limita-
tions remain, including the substantial dilution of che-
motherapy agents and wash out due to urinary voiding, 
low permeability of the urothelium, and intermittent cathe-
terization. As such, there are still several critical chal-
lenges that need to be addressed to improve the targeting 
effect and drug concentration in intravesical 
treatment.5,6,9–11

Nanocarrier-based chemotherapy has been extensively 
applied to improve traditional cancer chemotherapy 
strategies.12–14 However, due to the lack of specific target-
ing, there are difficulties in accumulating enough che-
motherapy agents at the tumor site. The ideal targeted 
drug delivery systems (DDSs) should be able to increase 
the solubility of the chemotherapy agents, protect from 
degradation, extend the circulation time of the drugs in 
the bloodstream, and deliver the drugs to the targeted 
tissues.15–17 In addition, DDSs should also have high 
drug loading, a controllable release capacity and biological 
safety.18,19 In an effort to achieve the ideal DDS, research-
ers have proposed a variety of strategies to better target the 
nanocarriers to tumor cells in bladder tissue.9,20–23 Among 
said strategies, active targeting DDSs are the most promis-
ing, through which drugs are delivered to cancer tissue via 
linked ligands or antibodies recognizing the specific recep-
tors on the surface of tumor cells.24–26 The folate receptor 
is a high glucosyl phosphatidyl inositol anchor protein on 
the surface of primary and metastatic tumor cells, includ-
ing bladder cancer cells, but almost no folate receptor is 
presented on the surface of normal cells.27–29 However, 
DDSs need to be firstly directed to tumor sites in the 
before recognizing cell surface receptors. Thus, through 
external targeting strategies such as magnetic fields, drug 
carriers can be effectively accumulated to tumor tissues, 
thereby improving the efficiency of drug delivery.30–35 

Prior research has evidenced that, under the guidance of 

external magnetic fields, magnetic liposomes formed by 
embedding ferromagnetic nanoparticles in pegylated lipo-
somes have targeted accumulation in the desired region of 
interest (ROI). Through the use of external magnetic 
fields, magnetic liposomes have a wide range of functions 
and can provide a platform for active and passive targeted 
drug delivery. Moreover, superparamagnetic nanoparticles 
can be used as magnetic resonance contrast agents for real- 
time, targeted monitoring of drug delivery and therapeutic 
effects through magnetic resonance imaging (MRI).

Intelligent drug delivery systems based on nanoparti-
cles, which can respond to a variety of exogenous or 
endogenous stimuli to deliver sustained drug release, are 
particularly needed. Near-infrared (NIR) light is 
a favorable exogenous stimulus for intelligent drug deliv-
ery systems. NIR mediated photothermal therapy (PTT) is 
also regarded as a promising method for cancer treatment 
owing to the advantages of deep tissue penetration, tar-
geted selectivity, improved therapeutic effect and minimal 
damage to surrounding areas. So far, numerous photother-
mal materials, such as noble metals represented by gold 
and silver, inorganic semiconductor materials, carbon 
materials and organic dyes, have been used in the research 
of near-infrared photothermal treatment of cancer. Among 
said materials, gold nanorods are the most widely used 
photothermal materials due to the good biocompatibility, 
adjustable spectrum and easy preparation thereof.

In the present study, a novel DDS for IDD was developed. 
The delivery subject contains three functional components: 
1) DSPE-PEG2000-Folate (FA) was used to prepare folate 
response thermo-sensitive liposomes (FA-TMLs). FA- 
TMLs can deliver DOX to tumor tissue without causing 
toxicity to normal tissue, while FA can recognize the specific 
receptors on the surface of tumor cells; 2) magnetic nano-
particles (MNPs) can respond to the magnetic field applied to 
the target tumor tissue, thereby achieving effective enrich-
ment of nano-drugs; and 3) gold nanorods (GNRs), which 
have a photothermal enhancing therapeutic effect through 
thermodynamic therapy. The three components were encap-
sulated in thermosensitive liposomes (TMLs) to form FA- 
TMLs@MNPs-GNRs-DOX (Scheme 1). FA-TMLs prevent 
the exposure of DOX to healthy cells in the process of 
delivery, then dissociate at the target tissue triggered by 
near-infrared irradiation to release DOX. To prepare the 
DDS, a microfluidic mixer chip is used. The DDS was 
characterized by DLS, TEM, UV−vis−NIR spectra and 
XRD. The drug release of the DDS was evaluated at room 
temperature and 45 °C, which could be achieved by the 
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photothermal effect through irradiation using a 980 nm laser 
beam (triggering structural changes of the FA-TMLs). The 
release of the drug achieved 95%, and the results of cell 
uptake experiments reveal that FA-TMLs@MNPs-GNRs- 
DOX could specifically bind folate receptor–positive cells 
and significant toxicity to bladder tumor cells with a cell 
viability of only 7%.

Materials and Methods
The Cell Culture
The human bladder cancer cell line 5637 and lung cancer 
cell line A549 were obtained from China Center for Type 
Culture Collection. All cell culture media and supplements 
were obtained from Gibco. The human bladder cancer cell 
was grown in RPMI-1640. All media were supplemented 
with 10% fetal bovine serum (FBS) and 1% penicillin 
−streptomycin. Cells were grown at 37 °C and 5% CO2 

(CLM-170B-8-NF, ESCO). Cells were harvested using 
accutase to ensure that surface antigens are not degraded 
by prolonged exposure to traditional reagents, such as 
trypsin-EDTA.

Preparation of Fe3O4 Magnetic 
Nanoparticles
MNPs were prepared through the chemical co-precipita-
tion method.36,37 Briefly, 9.35 g of FeCl3·6H2O and 3.44 
g of FeCl2·4H2O were dissolved in 200 mL of ultrapure 
water under nitrogen with vigorous stirring at 85 °C. 
Subsequently, 40 mL of 30% (v/v) NH3·H2O was added 
and the solution was heated for another 30 min. After 
cooling, the MNPs were sequentially washed with ultra-
pure water and ethanol several times. The cleaned MNPs 
were stored in ethanol at a concentration of 40 g L−1.

Preparation of Gold Nanorods
GNRs were synthesized in accordance with a previously pub-
lished procedure.38,39 First, CTAB-capped Au seeds were 
prepared by chemical reduction of HAuCl4 with NaBH4. 
8.5 mL of 0.1 M CTAB was mixed with 94 μL of 10 mM 
HAuCl4, and the volume was fixed to 9.4 mL by adding water. 
Then, a 0.6 mL ice-cold NaBH4 aqueous solution (0.01 M) 
was added to the aforementioned mixture. Seeds formed 
immediately and were used within 2−5 h. The growth solution 
for GNRs consisted of a mixture of 10 mL of 0.1 M CTAB, 
208 μL of 10 mM HAuCl4, 90 μL of 10 mM AgNO3, 2 drops 
of HCl, and 800 μL of 0.1 M ascorbic acid. Growth was 
initiated by adding 240 μL of seeds, and the temperature of 

the growth medium was kept constant at 26 °C during the full 
procedure. The prepared GNRs had a longitudinal surface 
plasma resonance band centered at 980 nm.

Synthesis of DSPE-PEG2000-Folate 
(DSPE-PEG2000-FA)
Folate-modified DSPE-PEG2000 molecular was synthe-
sized through a previously reported method with minor 
modifications.40 The synthetic route (Figure S1) is pre-
sented in the supporting information. A solution of folate 
(220 mg, 0.5 mmol) in DMSO (6 mL) was stirred at 25 °C 
for 1 h. NHS (56.3 mg, 0.5 mmol), DCC (200 mg, 1 
mmol), and triethylamine (TEA 80 µL) were then added 
successively. The resulting precipitate (Folate-NHS) was 
collected and washed with cold acetone and anhydrous 
diethyl ether three times. Subsequently, a mixture of 
Folate-NHS (69 mg, 0.125 mmol), DSPE-PEG2000-NH2 

(343 mg, 0.125 mmol), DMSO (4 mL) and pyridine (400 
µL) was reacted at room temperature (wrapped with Al 
foil) with nitrogen protection for 12 h. After removal of 
the pyridine by vacuum distillation, the sample was dis-
solved in water (10 mL) and centrifuged to remove inso-
luble particulate. Finally, DSPE-PEG2000-Folate was 
obtained by dialysis purification. The target molecule 
was characterized by Mass Spectroscopy (Waters Xevo 
G2-Q-Tof) (Figure S2).

Preparation of Thermosensitive 
Liposomes by Microfluidics
Thermosensitive liposomes (TMLs) were prepared by 
a microfluidic mixer chip and used to encapsulate MNPs, 
GNRs and DOX. Dipalmitoylphosphatidylcholine 
(DPPC), cholesterol, 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[amino(polyethylene glycol)-2000] 
(DSPE-PEG2000), DSPE-PEG2000-FA (mol ratio= 
90:5:3.5:1.5) and MNPs were mixed with methanol as 
Solution A (methanol phase). DOX and GNRs were dis-
persed in the PBS solution as Solution B (Aqueous phase). 
Then, the Solution A and Solution B were injected simul-
taneously into the micromixer using a syringe pump. All 
formulations were prepared at 4 mg/mL initial lipid con-
centration at 4:1 (aqueous: organic) flow rate ratio (FRR) 
and 25 mL/min total flow rate (TFR). All newly formed 
liposomes (8 mL) were then subjected to buffer exchange 
via dialysis against 1 × PBS pH 7.4 for 1 h under magnetic 
stirring.
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Characterization of Thermosensitive 
Liposomes
The size, polydispersity (PDI) and zeta potential of lipo-
somes were determined by dynamic light scattering (DLS) 
using a Zetasizer Nano-ZS (Malvern Instruments Ltd). The 
morphology and particle size of MNPs, GNRs and lipo-
somes were determined by transmission electron micro-
scope (TEM, JEM-2100F). Differential scanning 
calorimetry (DSC) was used to study the thermal behavior 
of liposomes. A 980 nm continuous wave (CW) laser 
(Beijing Hi-Tech Optoelectronic Co., Ltd.) was used as 
the excitation source, with a thermal electric coupling 
thermometer (Eppendorf) to record the temperature 
changes. The MTT test was performed on a microplate 
reader (Spectrophotometer Varioskan LUX). Magnetic 
hysteresis loops were measured with a vibrating sample 
magnetometer (MPMS XL-7, Quantum Design).

Encapsulation Efficiency and 
Photothermal-Responsive Drug Release
By using a UV spectrophotometer at 460 nm, the encap-
sulation efficiency (EE) of DOX in the sample was deter-
mined. The EE (%) was calculated by the following 
equation: EE (%)= WE⁄WT x 100%, where WE represents 
the content of DOX encapsulated in the liposomes, and 
WT represents the content of total DOX added in the 
preparation. The drug release of FA-TMLs@MNPs- 
GNRs-DOX under different temperature conditions and 
NIR light irradiation was examined by using a dynamic 
dialysis method.41,42 Briefly, 1 mL FA-TMLs@MNPs- 
GNRs-DOX solution was added into the dialysis bag, 

and immersed in a beaker containing PBS (at temperature 
of 25, 37 and 50 °C). The dialysate was sampled at 
different time points. For photothermal mediated release, 
the FA-TMLs@MNPs-GNRs-DOX solution was then sub-
jected to NIR laser irradiation (980 nm) and ultraviolet 
absorption intensity was measured in a spectrometer inter-
mittently at various time periods. For 100% release, FA- 
TMLs@MNPs-GNRs-DOX was treated with 1% Triton 
X-100. The percentage release of DOX was calculated 
by the following formula, Release % = [(At-Ai)/(Af-Ai)] 
× 100%, where At = absorbance at time t, Ai = initial 
absorbance, Af = absorbance with 100% release, ie Triton- 
X-100 treatment.

Toxicity and Antitumor Effect in vitro of 
Materials
The cytotoxicity and antitumor effect in vitro of FA- 
TMLs, FA-TMLs@MNPs-GNRs, and FA-TMLs@MNPs- 
GNRs-DOX were measured using the MTT method with 
the human bladder cancer cell line 5637. Bladder cancer 
cells with a density of 1×104 cells/well were incubated 
with FA-TMLs, FA-TMLs@MNPs-GNRs and FA- 
TMLs@MNPs-GNRs-DOX (the volume ratio of liposome 
to cell culture medium was 1:99) for 24 h and then 
exposed to a 980 nm NIR laser of 0, 0.3, 0.5 and 1 W/ 
cm2 for 15 min. Every duration of NIR light irradiation 
was 3 min, and the NIR laser was turned off for 3 min. To 
evaluate the toxicity of NIR light irradiation, cells incu-
bated on the FA-TMLs@MNPs without GNRs were also 
exposed to NIR light. Then, 20 μL of MTT (5 mg/mL) was 
added into the wells and further incubated for an addi-
tional 4 h. Subsequently, the supernatant was discarded, 

Scheme 1 A schematic illustration of the one-step microfluidic fabrication of magnetic and photothermal-responsive liposomes (FA-TMLs@MNPs-GNRs-DOX).

https://doi.org/10.2147/IJN.S329621                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 7762

Lv et al                                                                                                                                                                Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


followed by the addition of 100 μL of DMSO into each 
well and incubation in the shaker incubator with gentle 
shaking. The optical density (OD) was then read at 
a wavelength of 490 nm. Relative inhibition of cell growth 
was expressed as follows: Relative inhibition % = (1 − 
[OD]test/[OD]control) × 100%.

Localization of DOX in Subcellular of 
Bladder Tumor Cells
After FA-TMLs@MNPs-GNRs-DOX irradiation incuba-
tion, the subcellular distribution of DOX in bladder 
tumor cells was observed by laser confocal microscopy. 
The cells were incubated with LysoTracker green (50 
nmol/L) for 1 h at 24 °C. After washing, the cells were 
fixed with 4% paraformaldehyde (30 min) and stained with 
10 μg/mL DAPI (blue) for 30 min at 24 °C. The cells were 
imaged by a Zeiss LSM 710 confocal microscope (Carl 
Zeiss Microscope systems, Germany) with identical set-
tings for each confocal study.

In vitro Hemolysis Study
All the experimental protocols were approved by Changzhou 
University Ethics Committee following the principles of 
laboratory and animal care of the University (CCZU- 
IACUC-AP-2020010473) and each participant gave written 
informed consent. We obey the principles of the 1983 
Declaration of Helsinki. In other words, all of the experiments 
in this paper obey this principle. In the hemolysis assay, the 
healthy human whole blood was obtained from Renmin 
Hospital of Wujin. Human red blood cells (hRBCs) were 
collected by centrifugation (3000 rpm, 5 min) of the blood 
and diluted ten times with PBS. Test materials prepared in PBS 
were co-incubated with diluted hRBCs for 2 h at 37 °C with 
gentle mixing and centrifuged at 3000 rpm for 5 min. Further, 
100 µL aliquots of the resulting supernatant were transferred 
into a 96-well plate and hemoglobin release was recorded by 
the absorbance at 540 nm with a microplate reader (Varioskan 
LUX). The fresh hBCs in PBS and in 0.1% Triton X-100 acted 
as the negative and positive controls, respectively. The hemo-
lysis activity was calculated using the following equation: 
Hemolysis activity% = (Abs540 nm with lipidosome-Abs540 nm in 

PBS)/(Abs540 nm with 0.1% Triton X-100-Abs540 nm in PBS) × 100%.

Statistical Analysis
Statistical analysis of the data was performed using SPSS 
16.0 (SPSS Inc.). All results of at least three parallel samples 

were expressed as mean ± standard deviation (SD). Statistical 
significance was present as **P < 0.01; ***P < 0.001.

Results
Characteristics of Fe3O4 Magnetic 
Nanoparticles, Gold Nanorods and 
DSPE-PEG2000-FA
The chemical co-precipitation method was used to create 
MNPs known to be stable and biocompatible. The results of 
TEM image (Figure 1A) and DLS analyses (Figure 1B) 
reveal that the MNPs were 10 nm in diameter. Through 
comparison with the data from JCPDS file (01–076-1849), 
the powder X-ray diffraction (XRD) pattern in Figure 1C 
shows that the as-synthesized MNPs had a face-centered 
cubic (fcc) phase, indicating the formation of Fe3O4 crystals. 
The peaks at 2θ = 30.2°, 35.5°, 43.2°, 53.5°, 56.8°, and 62.7° 
could be indexed to (220), (311), (400), (422), (511), and 
(440) lattice planes of cubic magnetite, respectively.43 No 
impurity peaks were observed, indicating a pure phase of the 
sample. The IR spectrum for the MNPs exhibited 
a stretching vibration at 3420 cm−1, incorporating the con-
tributions from both symmetrical and asymmetrical modes 
of the O–H bonds which were attached to the surface iron 
atoms (Figure S3).44 The presence of MNPs was revealed in 
IR by the strong absorption band at around 587 cm−1, which 
could be attributed to the Fe–O bond of MNPs.44 

Additionally, the magnetic hysteresis loop analysis and 
time-dependent magnetic separation efficiency are shown 
in Figure S4 and S5. The MNPs had a high magnetization 
(49 emu/g), which enhanced the response thereof to the 
external magnetic field, and thus, should greatly facilitate 
the manipulation of the drugs in practical use.45

GNRs were synthesized according to the gold seed 
growth method.38 As indicated in the TEM image 
(Figure 1D), the GNRs exhibited a rod morphology with 
dimensions of ~41 nm × 7 nm (aspect ratio of ~5.9). The 
UV−vis−NIR spectra demonstrate that GNRs had an appar-
ent surface plasmonic resonance band at ~980 nm in the NIR 
region (Figure 1E), being conductive to photothermal trans-
fer. The corresponding XRD pattern of the GNRs is shown in 
Figure S6.38 The temperature changes of the aqueous suspen-
sion of GNRs (Figure 1F) at different concentrations and 
time points measured, so as to investigate the temperature 
response of the GNRs to the irradiation of a diode laser at 
980 nm. The temperature of the control group exhibited 
a mild temperature change (only ~2 °C), while the tempera-
ture of the aqueous suspension of 150 μM GNRs increased 
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with the irradiation time, reaching 46, 50, and 55 °C in 5 min 
at irradiation powers of 0.3, 0.5, and 1.0 W/cm2, respectively.

To obtain the DSPE-PEG2000-Folate, carbodiimide 
chemistry was used for amine cross-linking of DSPE- 
PEG2000-NH2 with the carboxylic acid groups on the folate 
(Figure S1). As shown in Figure S2, the major multi-peaks 
centered at a 3195 mass–charge ratio indicate that the 
mean MW of DSPE-PEG2000-folate was consistent with 
the theoretical data (3195).

Characteristics of the Liposomal 
Formulations
FA-TMLs were prepared through a microfluidic mixer 
chip (Figure S7). Different flow rate ratios (FRR) and 
total flow rates (TFR) were investigated for liposome pre-
paration, so as to optimize the preparation of FA-TMLs. 
The results shown in Figure 2A and B demonstrate that 
with the increase of FRR and TFR, the particle size of 
liposomes became smaller, which could be attributed to 
the rapid mixing caused by high flow rates at high 
Reynolds numbers. The structure of FA-TMLs@MNPs- 
GNRs-DOX characterized by TEM exhibited spherical 
morphology with ~230 nm size, with few discrete MNPs 
and GNRs in the aqueous core and enclosed within a lipid 
bilayer (Figure 2C). The DSC calorimetric profiles reveal 

that the transition temperature of FA-TMLs was 44 °C and 
the drug could be released above body temperature (37 °C) 
(Figure 2D). The sizes of FA-TMLs, FA-TMLs@MNPs- 
GNRs, and FA-TMLs@MNPs-GNRs-DOX are shown in 
Figure S8 and Table S1). Moreover, the FA- 
TMLs@MNPs-GNRs-DOX were stable as the particle 
size and PDI did not significantly increase after 3 months 
of storage (Figure 2E).

The results of magnetic hysteresis loop analysis at 
room temperature indicate a saturation magnetization 
value of 49 emu/g for MNPs and 20 emu/g for FA- 
TMLs@MNPs-GNRs-DOX (Figure 2F). The encapsula-
tion efficiency of DOX in FA-TMLs was affected by 
three factors: 1) the concentration of DOX; 2) the concen-
tration of MNPs; and 3) the concentration of GNRs. MNPs 
and GNRs affect the formation and particle size of lipo-
somes. As indicated in Figure 2G, with an increase of the 
concentration of DOX, the encapsulating efficiency of 
DOX decreased from 79.0% ± 5.5% to 28.2% ± 6.3%. 
When the concentration of MNPs was 0.05 mg/mL, the 
maximum encapsulating efficiency of DOX was 43.3% ± 
5.9% and the loading efficiency was 29.8% ± 3.3% 
(Figure 2H). Similarly, Figure S9 shows that the encapsu-
lation of DOX in FA-TMLs could be obtained at 300 μM 
GNRs, which simultaneously provided the maximal 

Figure 1 Preparation and characterization of Fe3O4 magnetic nanoparticles (MNPs) and gold nanorods (GNRs). (A) TEM image of MNPs (scale bar = 50 nm). (B) Particle 
size of MNPs. (C) XRD patterns of MNPs. (D) TEM image of GNRs (scale bar = 20 nm). (E) UV−vis−NIR spectra of GNRs. (F) Temperature-responsive curves of a GNRs 
solution treated with different NIR irradiation.
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encapsulation efficiency (28.6% ± 4.6%) and loading effi-
ciency (22% ± 6%). In conclusion, the conditions of 2 mg/ 
mL DOX, 0.05 mg/mL MNPs and 300 μM GNRs were 
optimal for subsequent experiments.

Drug Release in vitro and Cellular Uptake 
of FA-TMLs@MNPs-GNRs-DOX
When the temperature of thermosensitive liposomes exceeds 
the phase transition temperature, the structure of FA-TMLs 
is transformed and destroyed to release drugs.46 The release 
of FA-TMLs@MNPs-GNRs-DOX was investigated through 
water bath heating and photothermal conversion experi-
ments. As shown in Figure 3A, only about 16.3% of DOX 
was released from FA-TMLs@MNPs-GNRs-DOX after 30 
min incubation at 24 °C, whereas 52.2% of the drug was 
released after 24 h. However, when the incubation tempera-
ture rose to 45 °C, 90.1% of the drug was released after 30 
min. Further drug release experiments were conducted in 
terms of photothermal transduction. Findings were made 
that after 980 nm light treatment, 85.4% of the drug was 
released after 30 min (Figure 3B). The methylthiazoletetra-
zolium (MTT) assay was used to test the effects of MNPs, 
GNRs and DOX on cell viability. As demonstrated in 
Figures 3C and D, with increasing concentrations of FA- 
TMLs (0.1 to 2000 μg/mL) and MNPs (0.01 to 0.2 mg/mL), 
the bladder cancer cells did not lose viability or exhibit 
detectable toxicity after 24 hours of incubation, demonstrat-
ing that the synthesized liposomes have good biocompat-
ibility. However, the results from DOX loaded liposomes 

reveal that cell viability decreased from 94.4% to 4.7% as 
the DOX concentration increased from 0.1 μM to 7.5 μM 
(Figure S10, S11).

The cell viabilities of FA-TMLs and FA-TMLs + 980 
nm hv were found to be 98.8 ± 2.7% and 95.4 ± 2.4% 
respectively, indicating that the irradiation had no obvious 
effect on the cells. The cell viabilities of FA- 
TMLs@MNPs-GNRs and FA-TMLs@MNPs-GNRs+ 980 
nm hv were 97.6 ± 3.5% and 74.4 ± 4.6%, respectively. In 
the experiment with FA-TMLs@MNPs-GNRs-DOX and 
FA-TMLs@MNPs-GNRs-DOX + 980 nm hv, the cell 
viabilities decreased from 29.7 ± 3.5% of FA- 
TMLs@MNPs-GNRs-DOX to 7.4 ± 3.6% of FA- 
TMLs@MNPs-GNRs-DOX + 980 nm hv (Figure 3E). At 
the same time, calcein AM and propidium iodide (PI) were 
used to stain the bladder cancer cells to analyze the viabi-
lity. The assay-stained live cells with a green fluorescence 
and dead cells with a red fluorescence (Figure 4).

To further explore the targeting effect of folic acid, the 
cytotoxicity of the control group, TMLs@MNPs-GNRs- 
DOX, FA-TMLs@MNPs-GNRs-DOX, and DOX were 
investigated to folate-negative A549 cells and folate-posi-
tive bladder cancer cells by MTT (Figure 3F). In A549 
cells, the cell viabilities of TMLs@MNPs-GNRs-DOX, 
FA-TMLs@MNPs-GNRs-DOX and DOX were 61.45 ± 
5.23%, 58 ± 4.75% and 35 ± 4.3%, respectively. In con-
trast, in bladder cancer cells 5637, the cell viability of 
TMLs@MNPs-GNRs-DOX, FA-TMLs@MNPs-GNRs- 
DOX and DOX were 57.3 ± 6.34%, 29 ± 3.45% and 37 

Figure 2 Preparation and characterization of folate-modified thermosensitive liposomes (FA-TMLs). (A) Effect of different flow rate ratio (MeOH solution: aqueous 
solution) on liposome size and PDI. (B) Effect of different total flow rate (MeOH solution: aqueous solution) on liposome size and PDI. (C) TEM image of FA-TMLs@MNPs- 
GNRs. (D) DSC curve of FA-TMLs. (E) Stability of FA-TMLs@MNPs-GNRs-DOX (4 °C). (F) Magnetic hysteresis loop of the MNPs and FA-TMLs@MNPs-GNRs-DOX. (G) 
The effects of DOX concentration on encapsulation efficiency and loading efficiency of DOX in FA-TMLs@MNPs-GNRs-DOX. (H) The effects of MNPs concentration on 
encapsulation efficiency and loading efficiency of DOX in FA-TMLs@MNPs-GNRs-DOX.
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± 3.8%, respectively. The cytotoxicity of FA- 
TMLs@MNPs-GNRs against normal mammalian cells 
was evaluated by the hemolytic assay using hRBCs from 
healthy volunteers, so as to evaluate the value of FA- 
TMLs@MNPs-GNRs in actual medication.47 Figure S12 
showed the dose–response curves for the hemolytic activ-
ities of FA-TMLs@MNPs-GNRs. FA-TMLs@MNPs- 
GNRs did not cause any hemolysis even at concentrations 
up to 2000 µg/mL.

Localization of DOX in Subcellular of 
Bladder Tumor Cells
The images of bladder cancer cells treated with FA- 
TMLs@MNPs-GNRs-DOX under 980 nm irradiation are 
shown in Figure 5. After the drug entered the cells, the red 
fluorescence of DOX increased with the increase of incu-
bation time, indicating gradual transfer of DOX from the 
lysosome to the nucleus. Thus, FA-TMLs@MNPs-GNRs- 
DOX selectively entered the tumor cells with high 

expression of folate receptor through folate receptor- 
mediated endocytosis, and the DOX subsequently entered 
the cell nucleus and exerted an antitumor effect.

Discussion
Bladder cancer is the most common malignant tumor in 
the urinary system and is a serious threat to human health. 
At present, the main treatment is bladder infusion with 
chemotherapy drugs such as mitomycin, doxorubicin, 
hydroxycamptothecin, and others. However, despite the 
capability thereof of killing cancer cells, said drugs can 
also cause damage to normal tissues. In recent years, 
several targeted drug delivery systems have been devel-
oped to increase drug concentration at the focal site and 
reduce drug damage to normal tissues. Liposomes are 
hollow spheres made of lecithin and ceramide, with 
a bilayer structure like cell membrane. Due to the good 
biocompatibility and ability to deliver drugs to target sites, 
liposomes are the most widely used carrier materials in 

Figure 3 In vitro drug release and cellular uptake of FA-TMLs@MNPs-GNRs-DOX. (A) Temperature controlled DOX release from FA-TMLs@MNPs-GNRs-DOX. (Black: 
24 °C; Red: 45 °C). (B) Photo-thermal controlled DOX release from FA-TMLs@MNPs-GNRs-DOX. (C and D) Cytotoxicity of FA-TMLs (C) and MNPs (D). (E) Cell 
viability with FA-TMLs; FA-TMLs + 980 nm laser irradiation; FA-TMLs@MNPs-GNRs; FA-TMLs@MNPs-GNRs + 980 nm laser irradiation; FA-TMLs@MNPs-GNRs-DOX; 
FA-TMLs@MNPs-GNRs-DOX + 980 nm laser irradiation. (F) Cytotoxicity of control group, TMLs@MNPs-GNRs-DOX, FA-TMLs@MNPs-GNRs-DOX, DOX, to folate- 
negative A549 cells (gray) and folate-positive bladder cancer cells (red). Significant differences are represented as **p < 0.01, ***p < 0.001; no significant difference is 
represented as ns.
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clinic.48–50 In 1995, liposomal coated doxorubicin for the 
treatment of breast cancer was approved by the US Food 
and Drug Administration (FDA) as the first nanoagent 
(Doxil).51 In the present study, using a microfluidic hybrid 
chip, MNPs, GNRs and DOX were encapsulated in folic 
acid–modified thermosensitive liposomes to construct 
a multi-responsive liposome for targeted delivery of dox-
orubicin to bladder cancer cells. In further in vivo experi-
ments, magnetic nanoparticles MNPs were able to enrich 
drug carriers in the lesion area by manipulating an external 

magnetic field.52 FA-TMLs can further deliver DOX to 
tumor cells without damage to normal tissue by recogniz-
ing tumor cell surface-specific receptors. GNRs can not 
only realize the release of DOX wrapped by photocon-
trolled liposome structure changes but also enhance the 
therapeutic effect through thermodynamic therapy and 
chemotherapy, owing to the significant photothermal effect 
thereof.

In the present study, MNPs were prepared through the 
chemical co-precipitation method. Characterization data 

Figure 4 Fluorescence images of cells stained with calcein AM (green) and PI (red) incubated with the FA-TMLs@MNPs-GNRs-DOX without and with 980 nm NIR laser 
irradiation.

Figure 5 Localization of DOX in subcellular organelles of bladder tumor cells. The triple-labelling with the nucleus-selective dye (DAPI, blue), the fluorescent drug (DOX, 
red), and dyes selective for acidic endolysosomes (LysoTracker, green). (A) 1h; (B) 4h.
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reveal that the synthesized MNPs had a particle size of 
about 10nm and a face-centered cubic (fcc) phase. 
Additionally, the hysteresis loop analysis indicates that 
MNPs had a high magnetization (49 emu/g), and FA- 
TMLs@MNPs formed after liposome encapsulation had 
a magnetization of 20 emu/g. Such findings could be 
attributed to the saturated magnetization diminishing in 
FA-TMLs@MNPs-GNRs-DOX due to the diamagnetic 
contribution of the lipid bilayer surrounding the magnetite, 
in addition to the low weight percentage of MNPs in FA- 
TMLs@MNPs-GNRs-DOX. The superparamagnetic beha-
vior observed from the magnetization curve, wherein both 
the residual and coercivity forces were close to zero, 
allows for the possibility of using FA-TMLs@MNPs- 
GNRs-DOX for magnetically targeted drug delivery.

Compared with photothermal materials such as semi-
conductors and organic dyes, gold nanomaterials have the 
advantages of good biocompatibility and low toxicity. 
Near-infrared light source is generally used in photother-
mal treatment of cancer to improve tissue penetration 
depth and reduce irradiation toxicity. Gold nanorods,38 

gold nanoshell,53 gold nanocages,54 gold nanocube,55 

gold nanostars56 and gold nanosphere oligomers57 with 
near-infrared photothermal response have been devel-
oped. In terms of the near-infrared light response, gold 
nanoshell, gold nanorods and gold nanocages have the 
strongest performance. The overall light extinction inten-
sity of gold nanorods and gold nanocages is more than 
twice that of nanoshell, while the light absorption inten-
sity of gold nanorods is slightly stronger than that of gold 
nanocages. Considering the difficulty of preparation, gold 
nanoshell and gold nanocages contain two kinds of com-
ponents, require many steps and can take a long time. The 
preparation of gold nanorods can be completed in only 
two steps and can be mass-produced or even commercia-
lized. Hence, gold nanorods with significant photothermal 
properties and biocompatibility were used in the present 
investigation. GNRs were synthesized according to the 
gold seed growing method. By controlling the concentra-
tion of silver nitrate, the aspect ratio of gold nanorods 
could be controlled, such that the GNRs had an obvious 
surface plasmon resonance band (about 980 nm) in the 
near-infrared region. The temperature curves of GNRs 
aqueous solutions under 980 nm light irradiation at dif-
ferent concentrations and time points were investigated. 
The results suggest that the temperature of a FA- 
TMLs@GNRs could be easily controlled by adjusting 
the concentration of GNRs or NIR irradiation parameters 

(intensity or time). When controlling the conditions for 
which the irradiation power was 0.5 W/cm2 and GNRs 
concentration was 150 μM, the temperature was kept at 
about 50 °C. Thus, the following drug release experi-
ments were conducted using such conditions. The folate 
receptors are over-expressed on prostate, lung, and colon 
cancer cells and have considerably low expression on 
normal cells.27,58 Such selective over-expression makes 
folate receptors notable tumor targets when conjugated to 
TMLs. In order to obtain FA-TMLs, DSPE-PEG2000-FA 
was synthesized by cross-linking DSPE-PEG2000-NH2 

amine with carboxylic acid groups on folic acid using 
carbodiimide chemistry.

The FA-TMLs were prepared through a microfluidic 
mixer chip and used to encapsulate MNPs, GNRs and 
DOX. By investigating the influence of two significant 
parameters of flow rate ratio and total flow rate on the 
particle size and dispersion of the formed liposomes, the 
experimental conditions were set as follows: flow rate ratio 
of 4:1 and total flow rate of 25 mL/min. The structure of 
FA-TMLs@MNPs-GNRs-DOX characterized by TEM 
showed spherical morphology with ~230 nm size, with 
few discrete MNPs and GNRs in the aqueous core and 
enclosed within a lipid bilayer. In the preparation of lipo-
somes, microfluidic technology can replace the lipid 
hydration and extrusion steps with a single-step production 
process in which particle size is process-controlled.59–61 

Further, the encapsulation and loading efficiency of DOX 
in liposomes can be adjusted by changing the concentra-
tion of drug and encapsulated nanoparticles. The encapsu-
lation efficiency decreased with the increasing 
concentration of drug and encapsulated nanoparticles, 
while the loading efficiency was positively correlated 
with the drug concentration.

By conditional optimization, the conditions of 2 mg/ 
mL DOX, 0.05 mg/mL MNPs and 300 μM GNRs were 
optimal for subsequent experiments. The concentration of 
DOX in the prepared FA-TMLs@MNPs-GNRs-DOX was 
0.57 mg/mL. The DSC calorimetric profiles reveal that the 
transition temperature of FA-TMLs was 44 °C and the 
drug could be released above body temperature (37 °C). 
Owing to the significant NIR photothermal effect of 
embedded GNRs, the selective release of drugs could be 
achieved through appropriate near-infrared (NIR) light 
irradiation.62 In order to verify such this conjecture, the 
drug release efficiencies of FA-TMLs@MNPs-GNRs- 
DOX at NIR irradiation, 24 °C and 45 °C were compared. 
The results reveal that the structure of FA-TMLs can be 
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changed by 45°C water bath and light treatment, ulti-
mately leading to rapid release of encapsulated drugs. 
The DOX release efficiency of 45 °C water bath and 
980nm light irradiation treatment for 30 minutes was 
90.1% and 85.4%, respectively. Such controlled and 
highly efficient nanocarrier could help deliver the drug 
adequately to the focal area, avoiding damage to normal 
tissue.

The effects of MNPs, GNRs and DOX on cell viability 
were first explored before the killing effect of FA- 
TMLs@MNPs-GNRs-DOX on bladder cancer cells was 
investigated. FA-TMLs (0.1–2000 μg/mL) and MNPs 
(0.01–0.2 mg/mL) exhibited no significant toxicity after 
being cultured with bladder cancer cells for 24 h, respec-
tively, indicating that the synthesized liposomes and MNPs 
had good biocompatibility. However, the MTT results of 
DOX reveal that the cell viability decreased from 94.4% to 
4.7% when the DOX concentration was increased from 0.1 
μM to 7.5 μM. To further study the cytotoxicity of the 
photothermal effect, the cell viabilities of FA-TMLs, FA- 
TMLs + 980 nm hv, FA-TMLs@MNPs-GNRs, FA- 
TMLs@MNPs-GNRs+ 980 nm hv, FA-TMLs@MNPs- 
GNRs-DOX and FA-TMLs@MNPs-GNRs-DOX + 980 
nm hv were evaluated. The volume ratio of FA- 
TMLs@MNPs-GNRs-DOX to cell culture medium was 
1:4, and the final concentration of DOX was about 114 
μg/ mL. The results reveal that irradiation had no significant 
effect on cell viability. However, in the presence of GNRs, 
cell viability decreased from 97.6 ± 3.5% to 74.4 ± 4.6% 
under light irradiation, showing that irradiation with GNRs 
affected cell viability, and had a photothermal effect. In the 
experiments with FA-TMLs@MNPs-GNRs-DOX and FA- 
TMLs@MNPs-GNRs-DOX + 980 nm hv, the cell viabilities 
decreased from 29.7 ± 3.5% of FA-TMLs@MNPs-GNRs- 
DOX to 7.4 ± 3.6% of FA-TMLs@MNPs-GNRs-DOX + 
980 nm hv, revealing a typical enhanced DOX cytotoxicity 
with irradiation due to increased intracellular drug concen-
tration after the photothermal triggered release of DOX from 
FA-TMLs@MNPs-GNRs-DOX. Meanwhile, calcein AM 

and PI were used to stain the bladder cancer cells to analyze 
the viability. Calcein AM can penetrate the live cell mem-
brane and react with the intracellular esterase to form calcein 
with green fluorescence, while PI is a membrane-imperme-
able nuclear stain that can stain only dead cells, resulting in 
red fluorescence.63 An observation can be made that more 
than half of the bladder cancer cells with FA- 
TMLs@MNPs-GNRs-DOX exhibited green fluorescence, 
while the cells with FA-TMLs@MNPs-GNRs-DOX + 980 
nm hv only exhibited red fluorescence.

To further study the targeting effect of folic acid, the 
cytotoxicity of the control group, TMLs@MNPs-GNRs- 
DOX, FA-TMLs@MNPs-GNRs-DOX, and DOX were 
investigated to folate-negative A549 cells and folate-posi-
tive bladder cancer cells 5637 by MTT. In A549 cells, 
TMLs@MNPs-GNRs-DOX, FA-TMLs@MNPs-GNRs- 
DOX and DOX exhibited similar cytotoxicity to the two 
cell lines. In contrast, FA-TMLs@MNPs-GNRs-DOX 
exhibited greater cytotoxicity to bladder cancer cells 5637 
than TMLs@MNPs-GNRs-DOX. Such results indicate that 
FA-TMLs@MNPs-GNRs-DOX could selectively act on 
tumor cells with high expression of folate receptor and 
enhance the antitumor effect of the drug.64 In order to 
further study the drug toxicity of nanocarriers, the cytotoxic 
activity of DOX, TMLs@MNPs-GNRs-DOX, FA- 
TMLs@MNPs-GNRs-DOX and FA-TMLs@MNPs- 
GNRs-DOX + irradiation against bladder cancer 5637 
cells and A549 cells was evaluated (Table 1). In 5637 
cells, FA-TMLs@MNPs-GNRs-DOX + irradiation was the 
most effective treatment (IC50, 2.8 μM). The cytotoxicity of 
said preparation was twice that of TMLs@MNPs-GNRs- 
DOX and even more than that of free DOX. On the other 
hand, the A549 cells did not express folate receptors, and 
TMLs@MNPs-GNRs-DOX and FA-TMLs@MNPs-GNRs- 
DOX exhibited similar cytotoxicity. The photothermal 
effect could increase the toxicity of FA-TMLs@MNPs- 
GNRs-DOX in 5637 cells and A549 cells. In order to 
evaluate the value of FA-TMLs@MNPs-GNRs in actual 
medication, the cytotoxicity of FA-TMLs@MNPs-GNRs 

Table 1 Cytotoxicity for Bladder Cancer 5637 Cells and A549 Cells Treated with DOX, FA-TMLs@MNPs-GNRs-DOX, FA- 
TMLs@MNPs-GNRs-DOX + Irradiation

Drugs IC50 (μM)/5637 Cells IC50 (μM)/A549 Cells

DOX 3.2 ± 0.4 3.0 ± 0.5

TMLs@MNPs-GNRs-DOX 6.3 ± 1.2 6.0 ± 1.4
FA-TMLs@MNPs-GNRs-DOX 4.4 ± 0.8 5.9 ± 1.1

FA-TMLs@MNPs-GNRs-DOX + irradiation 2.8 ± 0.6 4.2 ± 0.9
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against normal mammalian cells was evaluated by the 
hemolytic assay using hRBCs from healthy volunteers.47 

The hemolysis curve reveals that FA-TMLs@MNPs-GNRs 
did not cause hemolysis even when the concentration 
reached 2000 µg/mL. Such results indicate that FA- 
TMLs@MNPs-GNRs-DOX had potential applications 
in vivo.

To demonstrate the distribution of DOX in the nucleus 
and endosome/lysosome, cells were stained with DAPI 
(blue) and LysoTracker (green).65,66 An observation can 
be made that the drugs were mainly distributed in lyso-
somes after entering cells through endocytosis at the early 
stage of drug uptake (1 h). With the increasing incubation 
time (4 h), DOX was gradually transferred from lysosome 
to nucleus. As such, FA-TMLs@MNPs-GNRs-DOX 
selectively entered the bladder cancer cells 5637 with 
high expression of folate receptor through folate recep-
tor-mediated endocytosis, and the DOX subsequently 
entered the cell nucleus and exerted an antitumor effect.

Conclusion
In conclusion, magnetically responsive and folate-receptor 
targeted TMLs for antitumor drug (DOX) delivery synergi-
cally with a photothermal effect were successfully devel-
oped for the treatment of bladder cancer. TMLs with 
uniform particle size were prepared through a microfluidic 
chip. The morphology and properties of the multi-functio-
nalized FA-TMLs@MNPs-GNRs-DOX were verified by 
the results from TEM, DLS and magnetization analyses. 
The DOX loading capacity was as high as 0.57 mg/mL. In 
addition, drug release of the FA-TMLs@MNPs-GNRs- 
DOX could be controlled by the photothermal effect 
through laser irradiation using a 980 nm laser beam on the 
FA-TMLs@MNPs-GNRs-DOX to trigger structural 
changes of the FA-TMLs. An average of 95% of the drug 
was released after 3 hours. The results of cell uptake studies 
indicate that FA-TMLs@MNPs-GNRs-DOX were able to 
specifically bind folate-receptor-positive cells and showed 
significant toxicity to bladder tumor cells. All of the afore-
mentioned results demonstrate that the present FA- 
TMLs@MNPs-GNRs-DOX system has promising pro-
spects for use as a multi-functionalized drug delivery sys-
tem for bladder tumor therapy. However, further studies are 
needed to verify the efficacy of multistage targeting mode 
for bladder cancer in vivo. The nanocarriers were first 
targeted to the lesions detected by CT by magnetic target-
ing, and then preferentially entered bladder cancer cells by 
folic acid targeting. Finally, NIR irradiation was used to 

release doxorubicin loaded with nanocarrier, and che-
motherapy and photothermal physiotherapy were used to 
complete cancer treatment. The potential problems in the 
process are the need to optimize magnetic field intensity, 
laser intensity and time, drug concentration and other para-
meters, in order to obtain a good therapeutic effect.
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