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A B S T R A C T   

Liposomes have been widely studied as drug carriers for clinical application, and the key issue is how to achieve 
effective delivery through targeting strategies. Even though certain cell-level targeting or EPR effect designs have 
been developed, reaching sufficient drug concentration in intracellular regions remains a challenge due to the 
singularity of functionality. Herein, benefiting from the unique features of tumor from tissue to cell, a dual- 
thermosensitive and dual-targeting liposome (DTSL) was creatively fabricated through fine microstructure 
tailoring, which holds intelligent both tissue-regulated active-to-passive binding and membrane-derived ho-
mologous-fusion (HF) properties. At the micro level, DTSL can actively capture tumor cells and accompany the 
enhanced HF effect stimulated by self-constriction, which achieves a synergistic promotion effect targeting tis-
sues to cells. As a result, this first active-then passive targeting process makes drug delivery more accurate and 
effective, and after dynamic targeting into cells, the nucleus of DTSL undergoes further thermally responsive 
contraction, fully releasing internal drugs. In vivo experiments showed that liposomes with dual targeting and 
dual thermosensitive features almost completely inhibited tumor growth. Summarized, these results provide a 
reference for a rational design and microstructural tailoring of the liposomal co-delivery system of drugs, sug-
gesting that active-to-passive dual-targeting DTSL can function as a new strategy for cancer treatment.   

1. Introduction 

The mRNA vaccine technology prepared by the liposome system can 
transmit accurate genetic information to antigen-presenting cells, 
showing the preventive effect on multiple viral targets in preclinical 
models, especially the potential to protect against COVID-19 [1–5]. Li-
posomes are phospholipid vesicles with inner aqueous space and lipid 
bilayers, which can entrap both lipophilic (in the bilayer membrane) 
and hydrophilic (in the aqueous center) compounds, allowing encap-
sulation of a diverse range of drugs. Moreover, chemotherapeutics based 
on liposomes is a feasible clinical application technology offering a long 
internal circulation and lower drug toxicity compared to free drugs [6]. 
Long-circulating liposomes have been widely deemed passive to accu-
mulate at tumor sites by the enhanced permeability and retention effect 

(EPR) [7–9]. However, there still are some drawbacks to the systemic 
application of these traditional long-circulating liposomes, including 
poor pharmacokinetic profiles, incomplete local targeting, lack of deep 
tissue penetration, nonspecific biodistribution, and limited retention at 
sites of delivery [10–12]. Currently, various liposomes are being 
developed to comprise various chemotherapeutic agents together with 
surface functionalization to solve these problems [11,13]. 

Modifying liposome-mediated targeting of cell surface receptors can 
improve the accuracy of drug release, making it increasingly recognized 
as an effective strategy for improving the effectiveness of cancer treat-
ment [14–16]. Various methods can be used in functionalized 
liposome-mediated targeted cancer therapy to provide different bene-
ficial characteristics, including increasing the stability of encapsulation 
compounds and the selection of cancer cells [17–19]. As research 
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exemplified by Grabowska et al., antibody-modified liposomes were 
much more efficiently internalized in vitro than non-antibody-modified 
liposomes, while the extent and the pattern of in vivo tumor accumula-
tion of both liposomes were identical [20]. Zhou and co-workers 
designed a lipid-peptide liposome to prevent premature drug release 
from liposomes by incorporating a zipper peptide into the lipid bilayer 
[21]. However, the on-demand release of drugs from the lipid-layer gap 
will still limit their therapeutic utility. 

The emergence of stimuli-responsive nanocarriers solves the prob-
lem of uncontrollable drug release [22–25]. Among these nanocarriers, 
stimuli-responsive liposomes were usually developed to improve the 
release of the drug in target areas and thereby enhance the therapeutic 
effect in vivo [26,27]. Thermosensitive liposomes (TSL) in combination 
with focused mild hyperthermia (41–43 ◦C) have been widely investi-
gated with promising results in pre-clinical and clinical settings [28–30]. 
ThermoDox® is the first and only thermosensitive liposome formulation 
to reach clinical development and has also demonstrated promising 
activity for the treatment of chest wall recurrent breast cancer in Phase II 
clinical trial (NCT00826085) when combined with hyperthermia [31, 
32]. Compared to traditional clinical liposome Doxil, ThermoDox® is a 
lipid-based heat-activated formulation of doxorubicin that relies on 
externally applied energy to increase tissue temperature and efficiently 
trigger drug release [33]. However, ThermoDox® involves only a few 
mol% of monopalmitoyl phosphatidylcholine contained in the gel-phase 
dipalmitoyl phosphatidylcholine bilayer of TSL to increase the overall 
phase transition-induced permeability of the bilayer, leading the process 
of drug release in response to temperature is not consummate [33,34]. 
Moreover, all ThermoDox®-based TSLs were designed based on the Tg 
(glass transition temperature) of phospholipids themselves, and thus, 
further optimization of thermosensitive mechanisms and effects remains 
a challenge [31,33,34]. 

Inspired by Okano et al.’s works on drug release and related carriers 
[22,25,35], we proposed the theory of thermosensitive passive targeting 
nanocarriers in our previous studies [36–41]. In these works, the in 
vitro/vivo performance and shape of particles could be improved by 
regulating microstructural parameters like the surface chain density 
(ρsurface chain), which was proposed and defined by us as shown in the 
following equation [39]: 

ρ surface chain = Sshell
/

Nagg
(1)  

where the Sshell and Nagg are the total surface area of a given particle and 
the total chain number inside the particle. Moreover, parameters such as 
Rcore can further optimize the microstructure of the formulation. 

Rcore =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3NaggNBMAMW

4πρNA
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√

(2)  

where Nagg, MW, R, and NA are the polymer aggregation number of block 
copolymers for each micelle, the molecular weight, the density at the 
bulk state (approximately 1 mg/mL), and the avogadro constant, 
respectively. Moreover, the microstructure strongly affected in vitro/vivo 
drug release when drug molecules diffuse out. The effects of the 
microstructure of nanoparticles on the drug diffusion efficiency (D) were 
also carefully studied and illustrated in another of our works [35,42]. 
The equation describing drug release was shown as follows [35]: 

Ddrug =D0

(
1 − r/ζ

)e(− 1/n− 1)

(3)  

where D0, r, ζ, and n are the diffusion coefficient of the drug in solution, 
the size of the drug molecule, the mesh size between two crosslinking 
points or entanglement points, and a constant. The D was dominated by 
the mesh size (ζ) inside the particle, which could be further regulated in 
the preparation process. As a result, based on the above research foun-
dation, parameters such as ρsurface chain, Rcore, and ζ can be regulated to 
achieve its thermosensitive passive targeting function and more efficient 

drug release. 
In this work, we endeavor to develop an active-to-passive targeting 

therapeutic to TSL with core-shell thermo-response capability aimed at 
increasing the therapeutic index of doxorubicin. In the synthesis of dual- 
thermosensitive liposomes (DTSL), 09JA as a block copolymer can be 
inserted into the lipid layer to enhance the thermosensitive respon-
siveness of the DTSL, and K3 as a cluster copolymer can be the thermo- 
responsive core of the DTSL with a stable structure (Fig. 1A). 09JA and 
K3 were thermosensitive polymers prepared based on our previous 
studies [33–36]. With K3 as the core and 09JA in the lipid layer as the 
shell, DTSL (sample d) exhibits thermal responsiveness at 42 ◦C and 
circulatory stability. Then, surface modification of liposomes with 
HER-2 Fab made the liposome achieve specific binding onto cancer cells 
and subsequent internalization. Therefore, the higher temperature in the 
tumor microenvironment can trigger the binding of the phospholipid 
layer and cell membrane of DTSL-fab to achieve active passive dual 
targeting and sufficient drug release. In vivo experiments, we conducted 
the tissue distribution and tumor accumulation of DTSL-fab in com-
parison to nontargeted liposomes using the N87 xenograft tumor model 
and different synthetic schemes of liposomes. Moreover, our in vivo 
distribution investigations were also designed at 24 h after intravenous 
administration to trigger liposomal drug release after maximum tumor 
accumulation, and desirable improvement in the biological activity was 
observed from DTSL-fab compared to the conventional liposomes. 

2. Materials and methods 

2.1. Materials 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC) and Mal- 
PEG-DSPE were purchased from Avanti. Thermosensitive copolymer 
09JA and K3 were synthesized in our previous works [35,42,43]. 
Doxorubicin hydrochloride was purchased from Dalian Meilun. The 
dialysis-membrane was purchased from Spectrum. Cell Counting Kit-8 
Test Kit was purchased from DOJINDO. Fetal Calf Serum, Dulbecco’s 
modified Eagle’s medium (DMEM) was purchased from GIBCO. 
Anti-HER-2-Fab provided by Zhangjiang Biotechnology. All chemicals 
are analytical grades and used as received. Milli-Q water (18 MΩ cm) 
was used for all solution preparations. All glassware was treated with 
freshly prepared aqua regia and was used after rinsing with water three 
times. 

2.2. Synthesis of liposomes 

0.5 mg K3, 0.5 mg 09JA, 0.25 mg Mal-PEG-DSPE, and 2.0 mg PC 
were mixed in the methanol and chloroform intermixture (volume ratio 
= 1:1), then take the mixture in the 50 mL evaporator with nitrogen 
protection in rotary evaporators for 5 min (50 r/min) Fig. S1. Dissolve 6 
mg DOX in the PBS to 3 mL, then use the mixture elute the flask in the 
protection from light, then dialysis with MilliQ-water (MWCO 3.5 KD) 
for 24 h. 

2.3. Preparation of single fab fragment 

As shown in Fig. 1A iii, the anti-HER-2-Fab fragment from the anti- 
HER-2 monoclonal antibody (mAbs) was prepared by our group as re-
ported previously [43]. 10 mg/mL anti-HER-2 mAb (0.1 M acetate 
buffer, pH = 4.5) was incubated with 0.25 mg/mL de pepsin at 37 ◦C 
overnight followed by centrifugation and dialysis against TBS (145 mM 
NaCl and 10 mM Tris, pH = 7.5) for 18 h. The Staph A-Sepharose column 
(Pharmacia) was used to remove the undigested mAbs at pH = 8.0, then 
purified by the Sephadex G-150 column (Pharmacia) which was 
pre-equilibrated by the buffer 1 (0.1 M NaCl, 0.1 M borate, 0.05 M cit-
rate, and 2 mM EDTA, pH = 5.5). Such solution was concentrated at 10 
mg/mL and was further digested by the enzyme papain. The fab frag-
ment solution was purified by the same procedure as mentioned above 
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Fig. 1. A: Design of the liposomes. i: Synthesis of liposome a (PC + Mal-PEG-DSPE), b (PC + Mal-PEG-DSPE + K3). ii: Synthesis of liposome c (PC + Mal-PEG- 
DSPE+09JA) and d (PC + Mal-PEG-DSPE + K3+09JA). iii: Schematic of Anti-HER-2-Fab modified liposome and presentation of drug release when T ≥ VPTT. B: 
VPTT of liposome a, b, c, d, and p-NIPAM at temperatures from 25 ◦C to 45 ◦C. C: Size of the different liposomes (a, b, c, and d) with BSA (a-bsa and d-bsa) and FAB 
modified (a-fab and d-fab) at 37 ◦C and 42 ◦C (n = 3). D and E: TEM of liposomes at room temperature (liposome d). F: Drug loading and encapsulation efficiency of 
different liposomes. 
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resulting in a single fab fragment. 

2.4. Preparation of bsa-SH and fab-SH 

1 mg bovine serum albumin (bsa) or anti-HER-2 mAb (fab) fragment 
was mixed in PBS solution with 0.075 mg 2-IT (2-iminothiolane. HCl), 
then reacted at room temperature of 25 ◦C and shaker rate 60 rpm for 2 
h. Then take the solution in Dialysis-membrane (MWCO 1 KD) dialysis 
with the 50 mM HEPES (pH = 7.4) for 24 h. The solution of bsa-SH and 
fab-SH was stored at 4 ◦C and N2 environment for future use. 

2.5. Synthesis of modified liposomes 

The solution of bsa-SH and fab-SH mixed with liposomes a and d in 
the molecular ratio of Mal-PEG-DSPE in 1:10, incubation in the shaker 
under room temperature and N2 for about 8 h. After incubation dialysis 
(MWCO 100 KD) in the PBS solution for 24 h in 4 ◦C exchange resulting 
in the a-bsa, a-fab, d-bsa, and d-fab. 

2.6. Size distribution and morphology by DLS 

The liposomes were dispersed in 0.2 M phosphate buffered solution 
(PBS, pH = 7.4). Such diluted liposome solution was filtrated by a hy-
drophilic membrane 0.45 μm Millipore filters. The hydrodynamic 
diameter and size distribution were determined by Dynamic Light 
Scattering CGS-3 (ALV, German) at 25 ◦C and 90◦ scattering angle. 

2.7. Transmission electron microscopy (TEM) of thermosensitive liposome 

The appearance examination of liposomes was conducted by trans-
mission electron microscope (TEM). All samples were diluted with 
MilliQ-water and put on copper grids, which were air-dried and negative 
stained by 1% (w/v) sodium phosphotungstate ahead of the observation. 
To prepare stained specimens for the typical TEM (H-600A, Hitachi, 
Japan) experiments, about 5 μL liposome solution with a concentration 
of 2 mg/mL was dropped on 200-mesh formvar-free carbon-coated 
copper grids (Ted Pella Type-A; nominal carbon thickness 2–3 nm). 
After the water evaporated by exposing the sample to air at room tem-
perature, the sample was inversely covered with a small drop of 
hydrodated phosphotungstate (PTA) solution with a mass fraction of 
2%. The conventional TEM images were obtained at 100 kV. 

2.8. Drug loading and encapsulation efficiency 

DOX-loaded liposome (1 mL) was put in a dialysis membrane 
(MWCO 14 KD), which was immersed in 250 mL PBS (0.2 M, pH = 7.4) 
containing 0.1% (w/v) Tween 80 and kept at 37 ◦C and 100 rpm. At 
predetermined time intervals, aliquots of 1 mL were taken out and 
replaced with an equal volume of fresh-release medium. The amount of 
released DOX was analyzed by Fluorophotometer (Varian Eclipse). The 
drug loading and encapsulation efficiency were measured by UV at 480 
nm and calculated by the following function: 

Drug loading %=
(
WDOX inside liposome

/
WLiposome)× 100 (4)  

Encapsulation efficiency %=
(
WDOX inside liposome

/
WDOX

)
× 100 (5)  

2.9. In vitro DOX releasing profile 

A dialysis bag (MWCO 3.5 KD) containing about 3.0 mL DOX-loading 
liposomes solution was put in a beaker with 500 mL MillQ-water tuned 
by Dulbecco’s phosphate-buffered saline (PBS) at pH 7.4. The beaker 
was fixed in a water bath kept at 37 ◦C and 42 ◦C with continuous siring. 
The initial DOX concentration in the liposome is about 0.5 mg/mL. The 
DOX-loading liposomes mixture was continued to be dialyzed with the 
PBS buffer solution. About 0.5 mL PBS solution outside the dialysis bag 

was sampled at specific time intervals and analyzed by UV to determine 
the accumulated drug release profile. 

2.10. Cell culture 

The human stomach cancer cell N87 which overexpressed HER-2 
antigen, cultured in the medium: Dulbecco’s modified Eagle’s medium 
(DMEM) supplied with 10% fetal bovine serum (FBS), 50 unit/mL 
penicillin, and 50 mg/mL streptomycin at 37 ◦C with 5% CO2. Before all 
the cell line experiments, the cells were pre-cultured overnight until 
confluence reached 75%. 

2.11. Cytotoxicity 

N87 cells were seeded in 96-well plates at a density of 5000 cells per 
well and cultured for 12 h in a cell incubator (7% CO2, 37 ◦C or 42 ◦C). 
Then incubated two 96-well plates with all samples (a, b, c, d, a-bsa, a- 
fab, d-bsa, and d-fab) at DOX equivalent doses of 1, 2, 3, 4, 5, 6, 8, and 
10 μg/mL, then one plate was take in the cell incubator (7% CO2, 37 ◦C) 
for 24 h and the other one was take in the 42 ◦C incubation for 12 h and 
then take into the 37 ◦C cell incubator for 12 h. Cell Counting Kit-8 
(CCK-8) assay was used to determine cell viability. Untreated cells 
served as 100% cell viability. The absorption of the samples in each well 
was measured by the microplate reader with a wavelength of 480 nm. 
The percentage of surviving cells was calculated according to the 
following equation [36]: 

Surviving cells (%)=
(
Asample – Ablank

) /
(Acontrol – Ablank) × 100 (6)  

Where the Asample, Ablank, and Acontrol are UV absorption at 450 nm from 
cells incubated with liposomes, the culture medium, and the cell without 
liposomes. 

2.12. Cellular uptake by flow cytometer and fluorescent microscopy 

Cellular uptake and internalization by flow cytometer and fluores-
cent microscopy N87 cells were seeded into a 24-well microplate (0.5 
mL/well, 2 × 105 cells/mL) and cultured for about overnight till the cells 
reached 60% confluence. Then, N87 cells were incubated with free DOX, 
non-modified liposomes (a, b, c, and d), and modified liposomes (a-bsa, 
a-fab, d-bsa, and d-fab) solutions at 37 ◦C and 42 ◦C for about 12 h and 
24 h. Then the N87s were gently rinsed with DMEM/FBS twice. Trypsin 
to digest the cell for about 2 min and then rinsed by PBS and centrifuged 
twice with 800 rpm for 5 min. Finally, the flow cytometry and Fluro 
View FV1000 (Olympus) microscope were used to check the fluores-
cence intensity of DOX, non-modified liposomes (a, b, c, and d), and 
modified liposomes (a-bsa, a-fab, d-bsa, and d-fab). 

2.13. Tumor accumulation and tissue distribution of liposomes in vivo 
mediated 

The experimental animals (Balb/c nude mice, female, 4–6 weeks, 
~20 g) were purchased from the Shanghai Experimental Animal Center 
of Chinese Academic of Sciences (Shanghai, P. R. China). Balb/c nude 
mice were maintained in a pathogen-free environment and allowed to 
acclimate for at least one week before tumor implantation. All studies 
were performed according to the guidelines of the Committee on Ani-
mals of Naval Medical University, Shanghai, PR China. The tumors 
model was induced in the right backside space of 4–5 weeks female nude 
mouse by subcutaneous injection of 0.1 mL (5 × 107 cells per 1 mL) of 
human gastric carcinoma cells N87. 

In the study of in vivo distribution, mice bearing N87 tumors were 
randomly assigned to 10 groups with 2~3 mice/group. When the tumor 
size reached approximately 60 mm3, targeting and non-targeting lipo-
somes (bsa modified liposomes, fab modified liposomes) loading fluo-
rescein isothiocyanate (FITC) with equivalent to 5 mg/kg dosage were 
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administered via tail vein. At the 12 h and 24 h points after injection, the 
mice were anesthetized by 1.5% isoflurane in 1:2 O2/N2. The in vivo 
images were observed with an IVIS® imaging system (excitation 500 
nm) and recorded by a built-in CCD camera. Mice were sacrificed at the 
point of 12 h and 24 h, then excised heart, liver, tumor, spleen, and 
kidney. These organs were also imaged with the same excitation 
wavelength. Then the organs were collected and immediately fixed in 
formalin for 1 h. The organs were frozen in tissue Tek-OCT and cry-
osections. Frozen sections were cut at 10 mm sections and fixed with 
acetone. After washing with PBS, sections were counterstained with 
4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI, Sigma, Fluka 
Chemie, Buchs, Israel) and visualized by inverse fluorescent microscopy. 

When the tumor size reached approximately 60 mm3, the mice were 
randomly assigned to six groups with 6 mice/group and injected intra-
venously through the tail vein with DOX injection, all samples (the 
control, free DOX, a-bsa, a-fab, d-bsa, and d-fab) at an equivalent DOX 
dose of 5 mg/kg. Tumor size was recorded every 2 days by a digital 
vernier caliper. The tumor volume (V) was calculated according to the 
following equation: 

Vtumor =L × W2/2 (7)  

where L and W were the longest and shortest diameters. Tumor pro-
gression was evaluated in terms of relative tumor volume (to day 0) over 
15 days. 

2.14. Statistical analysis 

All experimental data were presented as means ± SD. P-values were 
calculated using the student’s t-test between two groups or one-way 
Analysis of Variance (ANOVA) followed by post-hoc Tukey analysis 
among three or more groups. For normally distributed data, the Mann- 
Whitney rank sum test was used. The differences were judged to be 
significant at p < 0.05. 

3. Results 

3.1. Preparation and characterization of liposome 

Four kinds of liposomes (a, b, c, and d) with different ratios of 
thermosensitive copolymer 09 JA and K3 were synthesized in this study. 
As shown in Fig. 1A, the copolymer K3 as the core, and 09JA as the shell 
through grafting polymerization Mal-PEG-DSPE, onto PC, which could 
self-assemble as liposomes. Specifically, a liposome containing only 
phosphatidylcholine (PC) and Mal-PEG-DSPE is named liposome a. 
Liposome b is prepared with a thermosensitive polymer K3 as the core 
and liposome a as the outer shell, which is a core thermosensitive TSL. 
Liposome c is prepared by inserting the other thermosensitive polymer 
09JA into the liposome, which is a shell thermosensitive liposome. 
Combining with the above synthetic step of different TSL, dual- 
thermosensitive liposomes (DTSL, sample d) are prepared by encapsu-
lating K3 as the core and inserting 09JA in the lipid layer as the shell. 
Subsequently, anti-HER-2 Fab fragments were conjugated to the distal 
ends of PEG chains in these liposomes to achieve better tumor-targeting 
performance. Furthermore, according to the design, mild hyperthermia 
of tumor microenvironment triggered doxorubicin release from opti-
mized thermosensitive liposomes improves intertumoral drug delivery 
and efficacy of the tumor. 

To verify the Volume Phase Transition Temperature (VPTT) of li-
posomes, UV–vis absorption spectra were scanned with p-NIPAM as 
control. As shown in Fig. 1B, the VPTT of liposome b, c, and d were 
36 ◦C, 41 ◦C, and 42 ◦C, respectively. As controlled samples, the VPTT of 
p-NIPAM was 33 ◦C, and liposome d presented no VPTT. The particle 
size and thermo-responsiveness of the liposome were optimized by 
modulating the proportion of 09 JA and K3. In detail, the average hy-
drodynamic diameters of liposome a-bsa, a-fab, d-bsa, and d-fab were 

189.12 ± 16.20 nm, 191.69 ± 20.16 nm, 224.50 ± 14.33 nm, and 
234.71 ± 18.11 nm at 37 ◦C, respectively (Fig. 1C). The liposome a-bsa, 
a-fab, d-bsa, and d-fab were also put into 42 ◦C water bath, and then 
determine the average hydrodynamic diameters (Fig. 1C). Compared to 
sample a-bsa and a-fab, d-bsa and d-fab showed an obvious size change 
after the temperature increase to 42 ◦C. As a result, liposome a and 
d were selected as the liposome modified with bovine serum albumin 
(-bsa) and HER-2 antibody (-fab). To further verify the stability of the 
drug-loading liposomes, place the sample at room temperature for 
observation within 96 h, liposome c and d showed a stable condition, 
while as controlled samples, liposome a and b presented sediment at the 
bottom (Fig. S1). The liposome c and d experienced the most obvious 
alteration in size and even precipitated when the temperature increased 
from 37 ◦C to 42 ◦C on dialysis (Fig. S2). 

Furthermore, TEM images displayed that the liposome is a “bulb” in 
shape with loosely extending chains surrounded at room temperature, 
which were consistent with the alteration in size (Fig. 1D). The suc-
cessful encapsulation of DOX in the liposome was further confirmed by 
UV–vis absorption measurements. Specifically, as listed in (Fig. 1E), the 
drug loading (DL) and encapsulating efficiency (DL) of liposome a, b, c, 
and d were 12.1%, 11.3%, 14.8%, 16.7% and 33.3%, 42.3%, 36.4%, 
55.8%, respectively. With bovine serum albumin (-bsa) and HER-2 
antibody (-fab) modified, the DL and EE of liposome a-bsa, a-fab, d- 
bsa, and d-fab were 11.4%, 10.2%, 13.2%, 15.6% and 31.1%, 30.4%, 
48.3%, 50.4%, respectively. 

3.2. In vitro releasing profile 

The thermal responsiveness of DOX-loading liposome was studied by 
quantifying the amount of encapsulated drug release at 37 ◦C and 42 ◦C, 
respectively. As shown in Fig.2Ai-iv, compared to DOX, the suspension 
exhibited a rapid increase in drug release with time and eventually 
reached a plateau, and no significant leakage of DOX from sample a, b, c, 
and d was observed after incubation for 60 min at 37 ◦C. The release of 
free DOX molecules was examined as a control group, which showed a 
complete cumulative release within 12 h. To verify temperature 
responsiveness release of the liposomes in parallel at 42 ◦C, as shown in 
Fig. 2A ii, the releases of liposome c and d were potentiated at 42 ◦C and 
evident thermo-triggered burst release of DOX. By contrast, liposome a 
and b exhibited no burst releases at 42 ◦C. As displayed in Fig. 2A iii and 
Fig. 2A iv, liposomes modified of bsa and HER-2-fab, d-bsa, and d-fab 
presented a faster drug release at 42 ◦C condition compared to a-bsa and 
a-fab. Observed by further analysis of median release time (Fig. 2B) and 
halftime cumulate release (Fig. 2C), liposome d showed the desired 
temperature-dependent drug release property with much faster drug 
release than liposome a. 

3.3. In vitro cytotoxicity and cellular uptake 

To further evaluate the in vitro cytotoxicity of a, b, c, d, a-bsa, a-fab, 
d-bsa, and d-fab, cell viability in N87 cell lines was measured using Cell 
Count Kit-8 (CCK-8) under incubation conditions of 37 ◦C. Compared 
with other drug-loaded liposomes, d-fab exhibited the lowest cell 
viability after incubation at different temperatures (Fig. 3A–D). More-
over, to evaluate the bioavailability and cytotoxicity of liposomes in the 
tumor microenvironment, cells were treated under incubation condi-
tions at 42 ◦C. Similarly, the cytotoxic effect observed was dependent on 
anti-HER-2-fab antibody conjugation to liposomes, and concretely, a-fab 
and d-fab showed significantly lower cell viability, compared to a-bsa 
and d-bsa. Meanwhile, sample d, d-bsa, and d-fab showed enhanced 
cytotoxicity at 42 ◦C incubation conditions compared to incubation 
conditions of 37 ◦C and even approached free DOX cytotoxicity at 
identical DOX concentrations. In comparison, free DOX presented the 
highest cytotoxic activity on N87 cells because of the rapid uptake of the 
drug by the cells in its free form. 

The cellular uptake of the liposomes and their internalization into 
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N87 cells was studied next by flow cytometry (FCM) (Fig. 3E–H). The 
cellular uptake of the encapsulated drug (DOX) after 12 h and 24 h in-
cubation with cells was enhanced by the HER-2-fab and the condition of 
42 ◦C. Rapid binding and internalization of DOX from sample c and 
d into N87 cells was observed as early as 12 h after incubation at 42 ◦C 
conditions, which increased further over 24 h. In comparison, only 
moderate cellular uptake was observed from sample a and b after 12 h 
incubation, presumably through non-specific endocytosis, which also 
increased further over 24 h. 

Less internalization of a-bsa and d-bsa was observed based on DOX 
fluorescence by fluorescence microscopy, further indicating the poor 
levels of cellular uptake compared to a-fab and d-fab (amount of DOX 
internalized close to background levels) (Fig. 3I and Fig. S3). The results 
of fluorescence microscopy also demonstrated slightly lower cellular 
uptake of DOX in the case of all liposomes compared to free DOX within 
24 h of incubation at 37 ◦C, while at 42 ◦C, the significantly enhanced 
the DOX cellular uptake of liposome d, d-bsa, and d-fab indicated by the 
increased red fluorescence intensity. However, cellular uptake of sample 
a, a-bsa, and a-fab showed no difference at 37 ◦C and 42 ◦C. These data 
agreed with the cellular uptake findings above and indicated that 
although some spontaneous release of DOX could occur after HER-2-fab 
modification, the intracellular bioavailability, triggering the release of 
DOX at 42 ◦C can significantly improve the intracellular bioavailability 
of drug molecules, thereby enhancing their activity. 

Different conditions of temperature will influence the way d-fab acts 
with cells. To verify this, each group was incubated with d-fab and DOX 
under conditions with temperature changes to observe their endocy-
tosis, uptake, and cell viability. Fig. 4A showed the fluorescence mi-
croscope images of each group of d-fab and DOX after incubation for 12 
h and 24 h under different conditions (42/37: incubate at 42 ◦C for 12 h 
then incubate at 37 ◦C for 12 h; 37/42: incubate at 37 ◦C for 12 h then 

incubate at 42 ◦C for 12 h). As shown in Fig. 4A, red fluorescent clusters 
(indicated by white arrows) appeared around the cells in the d-fab 42/ 
37 group at 12 h, and they were not swallowed by the cells. After 
returning to 37 ◦C at 24 h, d-fab 42/37 showed strong intracellular 
fluorescence, which was caused by the entry of DOX into the cell after 
the release of DOX. But d-fab 42/37 also still has large red fluorescent 
clusters the same as at 12 h. Compared with the d-fab 42/37 group, the 
d-fab 37/42 group presented stronger DOX fluorescence (indicated by 
yellow arrows) in the cells after 24 h, indicating that d-fab will be easier 
to enter cells and release DOX. As controlled samples, there was no 
difference in the DOX groups with the two treatments. Then further 
investigate the cell distribution, as shown in Fig. 4B–a mass of fluores-
cent clusters appeared outside the cells in the d-fab 42/37 group. In 
contrast, the red fluorescence in the d-fab 37/42 group appeared inside 
the cells (cell profile as indicated by white dotted lines). As shown in 
Fig. 4C, the intracellular uptake of the d-fab 37/42 is the highest, which 
is significantly higher than that of the d-fab 42/37 group by flow 
cytometry. The measurement results of cell viability also showed that 
under the same concentration conditions, the cytotoxicity of the d-fab 
37/42 group was stronger than that of the d-fab 42/37 group (Fig. 4D), 
which was consistent with the results of cell fluorescence microscopy 
and cell uptake. 

Therefore, these results provide important insights into cell uptake of 
active-to-passive dual targeting liposomes, and the schematic of lipo-
somes interaction with the cell is shown in Fig. 5A. Firstly, the HER-2- 
fab antibody on the surface of liposomes binds with the receptor on 
the cytomembrane (Fig.5Ai). After that, with the temperature increase 
of incubation, 09JA changes from linear agglomeration to cluster, and 
the gaps of the lipid layer enlarge with drug release (Fig.5Aii). Then, the 
lipid molecules of liposome and cytomembrane fuse. Finally, the endo-
somes endocytosis the liposomes into the cell with lipid insertion (Fig. 5 

Fig. 2. A: DOX release from liposomes (sample a, b, c, and d) and modified liposomes (sample a-bsa, a-fab, d-bsa, and d-fab) after incubation at 37 ◦C (i and iii) and 
42 ◦C (ii and iv). B: Median release time of liposomes (sample a, b, c, and d) and modified liposomes (sample a-bsa, a-fab, d-bsa, and d-fab) after incubation at 37 ◦C (i 
and iii) and 42 ◦C (ii and iv). C: Cumulation release of DOX from liposomes (sample a, b, c, and d) and modified liposomes (sample a-bsa, a-fab, d-bsa, and d-fab) after 
incubation at 37 ◦C (i and iii) and 42 ◦C (ii and iv) for 36 h (half time of total release time). DOX release experiments were performed in a phosphate buffer solution to 
simulate physiological conditions. Data are presented as mean ± SD (n = 3). 
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A iii). To verify this phenomenon, we investigated the release of the li-
posomes at different temperatures (27 ◦C, 37 ◦C, 40 ◦C, 41 ◦C, and 
42 ◦C). The release amount of liposome a did not change at different 
temperatures, while the release amount of liposome d increased with the 
increase in temperature, reaching the highest half-release amount and 
the shortest half-release time at 42 ◦C (Fig. 5B and C). 

3.4. In vivo distribution 

The therapeutic efficacy of targeted liposomes will depend not only 
on their cell receptor binding and internalization but also on their ability 
to travel deeper within the tumor interstitium [16–19]. To evaluate the 
in vivo distribution of liposomes, fluorescein FITC instead of DOX was 
encapsulated into different nano-formulations. In vivo distribution 
analysis of FITC encapsulated nanocomposites was performed in 
tumor-bearing Balb/c nude mice. In agreement with FITC tissue distri-
bution, IVIS® imaging displayed that a-fab and d-fab were associated 
with higher DOX signals throughout the body. This was more obvious 
with the fab-modified compared to the bsa-modified. The liposome a-fab 
and d-fab showed better cellular uptake and cytotoxic activity compared 
to a-bsa and d-bsa, therefore this system was selected for further studies 
using in vivo distribution. To further validate the tissue distribution data, 
a-bsa, a-fab, d-bsa, and d-fab were followed by whole-body optical im-
aging of FITC fluorescence 12 h and 24 h after injection using an IVIS® 
camera (Fig. 6 A, B and Fig. S4). 

Fig. 6 A, B, and Fig. S4 demonstrated that free FITC was almost 
cleared from the blood circulation at 12 h post-administration, the li-
posomes significantly extended the circulation time of encapsulated 
FITC. Moreover, different frozen sections of fluorescent images of bsa 
and fab modified samples demonstrated that the fluorescence in the 
kidney, spleen, liver, and heart was significantly reduced after BSA and 
fab-modified groups and free FITC injection groups. Besides, the tissue 
distribution of FITC was measured, and a higher fluorescence hepatic- 
accumulation of a-bsa, a-fab, and d-bsa compared to d-fab (Fig. 6C 
and Figs. S5 and S6). To obtain more accurate in vivo animal imaging 
results, the near-infrared fluorescent dye DIR was selected for fluores-
cence labeling of liposomes. As shown in Fig.6D, d-fab exhibited 
significantly higher tumor accumulation at different time points. 

3.5. In vivo antitumor activity 

The biodistribution data above indicated an increase in tumor uptake 
of the targeted liposomes compared to nontargeted liposomes. To 
evaluate the in vivo anti-tumor activities of saline (control), free DOX, a- 
bsa, a-fab, d-bsa, and d-fab, tumor-bearing mice were randomly 
administered tail vein injection of DOX. As shown in Fig. 7A and B, after 
the treatment, the tumor volume showed minimal growth and even a 
reduction in size within 15 days. It indicated that injection with a-bsa, a- 
fab, d-bsa, and d-fab loaded with DOX showed significant growth 
retardation compared to untreated animals. Besides, a-fab and d-fab 

Fig. 3. Cell viability of liposome (a, b, c, d, a-bsa, a-fab, d-bsa, and d-fab) at 37 ◦C (A and B) and 42 ◦C condition (C and D). Cell uptake of liposome (a, b, c, d, a-bsa, 
a-fab, d-bsa, and d-fab) at conditions of 37 ◦C and 42 ◦C after incubation for 12 h (E and F) and 24 h (G and H). I: Fluorescence microscope image of liposome (a-bsa, 
a-fab, d-bsa, and d-fab) at conditions of 37 ◦C and 42 ◦C after incubation for 24 h. The scale bar represented 50 μm. Data are presented as mean ± SD (n = 5). 
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further decreased the tumor growth compared to a-bsa, d-bsa, and free 
drug groups. On day 13 and 15, the treatment groups a-fab and d-fab 
resulted in significant tumor growth retardation compared to the control 
group. Fig. 7A and Fig. S7A indicated that the tumor inhibition rates of 
DOX, a-bsa, a-fab, d-bsa, and d-fab were 73.7%, 76.2%, 83.1%, 81.1%, 
and 91.2% respectively. Tumor weights that were consistent with the 
tumor inhibition rate (Fig. S7B). Neither body weight loss nor apparent 
histological damage in mice treated with all liposomes was noted 
following the therapeutic course (Fig. 7C). To further examine in vivo 
antitumor activity, the single tumor growth curve of the different groups 
was shown in Fig. 7D and Fig. S8A, tumor growth was consistent in all 
groups and Fig. 7B. Histopathological section with Hematoxylin-eosin 
(H&E) staining examinations of tumor was observed by the tumor 
transection and fractionated, possessed prominent in vivo antitumor 
activity. As shown in Fig. 7E and Fig. S8B, the tumor reduction and 
cavitations appeared in the superficial tumor tissues after the tail vein 
injection of d-fab. Conversely, this phenomenon was not observed in 
control and DOX. All the histopathological sections of tissues illustrated 
all liposomes have high biocompatibility without tissue lesions (Fig. S9). 

4. Discussion 

Liposomes can enhance the localization of cytotoxic agents in some 
solid tumors and decrease drug uptake by sensitive organs [33–36]. 
Next-generation liposome systems are envisioned to possess active tar-
geting and triggered drug-release capabilities [12–15]. The ability of 
antibody-targeted liposomes to be internalized by cells can result in 
improvements in drug bioavailability, especially for drugs acting against 
intracellular targets [15–17]. Similar moderate improvements in ther-
apeutic efficacy have been observed previously by triggering intracel-
lular release after tumor accumulation using HER-2-targeted TSLs [33]. 
However, the major obstacle to its clinical application stems from the 
lack of an ideal vector that could provide targeted drug delivery for 
drugs in tumors. To achieve this goal, A nanocomposite using the DTSL 
assembly strategy modified with HER-2 antibody is designed, which is 

integrated by multiple essential attributes, including sufficient extra-
cellular stability, and active accumulation of drug release in tumors. 

In this study, we successfully prepared sample a, b, c, and d. The 
thermo-responsive property of the fabricated shell of nanocomposite 
was obtained by incorporating K3 and 09JA synthesized based on 
NIPAM into the liposome. Sample c and d formed precipitation both 
with water bath at 42 ◦C (Fig. S1 and Fig. S2), that’s due to the joining of 
polymer K3 and 09JA, which could conduct thermal conversion. In the 
different ratios of K3 and 09JA (Fig. 1A), the DTSL (sample d) with a 
thermosensitive polymer core-shell structure was selected as the lipo-
some. Importantly, the gaps between vascular endothelial cells of leaky 
tumor vessels range from 100 nm to 2 μm in size, and therefore, all the 
liposomes could thus easily infiltrate into tumor tissues (Fig. 1B–D). The 
liposome d experienced dramatic changes in particle size when the 
temperature increased and could be changed into suspension by soni-
cation (Fig. 2). This means that the stable spherical structure of the drug- 
loading liposomes was broken and could release drugs. 

As illustrated in profiles of drug release, liposome a and b showed a 
slower drug release in 12 h, compared with those of liposome c and d, 
due to the more closely packed 09JA core. The liposome c and d resulted 
in slower drug release at 37 ◦C due to 09JA and K3-induced liposome 
contraction. Owing to the conformation change of the 09JA and K3, the 
drug releases of liposome c and d were significantly enhanced at 42 ◦C, 
and all these indicated that the incorporation of 09JA and K3 also had 
profound effects on drug release (Fig. 2A–C). In the release experiment, 
the release coefficient of sample b was without significant change after 
the temperature increased, which is consistent with the result of the 
particle size at 42 ◦C. This is largely due to the thermosensitive polymer 
K3 core of the liposome, which changes with the responsive structure 
after heating, but has no effect on the structure of the liposome and the 
release of the drug. Different from that of liposome b, liposome c showed 
a sudden release after temperature increases. This is probably because 
the thermosensitive polymer 09JA is embedded in the shell of TSL and 
changes its structure after the temperature rises, resulting in exposing 
the inner core to drug release. The thermosensitive polymer K3 and 

Fig. 4. (A) Fluorescence microscope image of cells with d-fab and DOX at different conditions (42/37: incubate at 42 ◦C for 12 h and then turn to 37 ◦C for 12 h; 37/ 
42: incubate at 37 ◦C for 12 h and then turn to 42 ◦C for 12 h). The bar represents 20 μm. (B) Distribution of d-fab in cells with different incubate conditions. The bar 
represents 20 μm. Cell uptake (C) and cell viability (D) of d-fab and DOX with incubating conditions. Data are presented as mean ± SD (n = 3). 
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Fig. 5. A: Schematic of dual targeting liposomes interaction with cell. i: Antibody binding with the receptor on cytomembrane. ii: With the temperature increase, 
09JA changes from linear agglomeration to cluster, and the gaps of the lipid layer enlarge with drug release, then the lipid molecules of liposome and cytomembrane 
fuse. iii: The endosomes endocytosis the liposomes into the cell with lipid insertion. B: i: DOX release from liposome a after incubation at 27 ◦C, 37 ◦C, 40 ◦C, 41 ◦C, 
and 42 ◦C. ii: Median release time of liposome a incubation at 27 ◦C, 37 ◦C, 40 ◦C, 41 ◦C, and 42 ◦C. iii: Cumulation release of DOX from liposomes a after incubation 
at27 ◦C, 37 ◦C, 40 ◦C, 41 ◦C, and 42 ◦C for 36 h (half time of total release time). C: i: DOX release from liposome d after incubation at 27 ◦C, 37 ◦C, 40 ◦C, 41 ◦C and 
42 ◦C. ii: Median release time of liposome d incubation at 27 ◦C, 37 ◦C, 40 ◦C, 41 ◦C, and 42 ◦C. iii: Cumulation release of DOX from liposomes d after incubation at 
27 ◦C, 37 ◦C, 40 ◦C, 41 ◦C, and 42 ◦C for 36 h (half time of total release time). DOX release experiments were performed in a phosphate buffer solution to simulate 
physiological conditions. Data are presented as mean ± SD (n = 3). 
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09JA are simultaneously configured to change the shape of the carrier 
more quickly, thereby releasing the drug, as the liposome d. 

For all the d-bsa and d-fab, the cell viability as incubated at 42 ◦C was 
lower than that at 37 ◦C due to the temperature promoting cell uptake 
and drug release as shown in the experimental results of cytotoxicity 
(Figs. 3 and 4). To verify the effect of this situation on active-to-passive 
dual-targeting liposomes, we investigated the uptake of liposomes to 
N87 cells by controlling the incubation conditions at different temper-
atures with time change. In this study, we measured the DOX uptake of 
cells under different conditions: 1) cell and liposome were incubated at 
42 ◦C for 12 h and then placed at 37 ◦C and incubated for 12 h (42/37); 
2) cell and liposomes were incubated at 37 ◦C for 12 h, then transferred 
to 42 ◦C for 8 h, and then incubated for 12 h (37/42). As shown in Fig. 4, 
the uptake of d-fab with condition 1 is significantly weaker than in 
condition 2, while a-fab, a-bsa, and d-bsa have no significant changes 
with the two treatments. To verify that the enhanced cytotoxicity is 
caused by endocytosis of d-fab at 37 ◦C, then incubation at 42 ◦C to 
release the drug in the cell, each group was observed by flow cytometry. 
Fig. 4D presented that the d-fab with condition 1 has the highest cellular 
uptake, which is consistent with cytotoxicity. Further observed by the 
fluorescent confocal microscope, the cell uptake of d-fab with condition 
2 is stronger than that of the other groups, indicating that d-fab can be 
better taken up by cells in the first 12 h, and then released drugs in the 
cell, causing higher cytotoxicity. All these results indicated that the high 
temperature not only could promote the drug release from d but also 
facilitate cell endocytosis of the liposomes. This may be related to the 
modified HER-2-fab ability for endocytosis promotion. The peripheral 
antibody HER-2-fab of the liposome d is wandering around its periphery 
and is connected by long-chain Mal-PEG-DSPE (Fig. 5A). When the 
temperature increases, the outward pendulum Mal-PEG-DSPE is cross- 
linked with the inner core K3 and drags the fab and shrinks into the 
liposome shell. Then, the conformational change of the 09JA lipid shell 
further promotes the outward pendulum antibody embedded in the 
shell. Although this state enhances drug release in a passive targeting 
manner, as active-to-passive dual-targeting liposomes, this reduces its 

initial active targeting. 
The longer circulation time can allow the liposomes to flow through 

and accumulate in the tumor site (Fig. 6). The tumor volume of d-fab 
showed a reduction in size with a whitish appearance, due to the 
disruption in blood vasculature (Fig. 7). Neither body weight loss nor 
apparent histological damage in mice treated with nanocomposites 
suggested that were potentially safe for in vivo application. The histo-
pathological sections of tumor tissue showed that many cavities 
appeared in the superficial tumor tissues, attributed to the increasing 
accumulation of samples modified with HER-2-fab. Compared with free 
DOX, the tumor inhibitory effect of d-fab increased by 1.3 times, and the 
therapeutic effect was improved by using HER-2-fab modified liposomes 
to trigger intracellular release after tumor accumulation. 

DOX-loaded DSTL (sample d-fab) have been successfully developed 
and studied thoroughly as cancer thermo-chemotherapeutics. The DSTL 
with HER-2-antibody modified (d-fab) maintain their physicochemical 
and structural integrity with stable retention of the drug and their 
thermal properties. These results have implications for other actively 
targeted drug delivery systems and can instruct on the challenges 
around the design of therapeutically efficacious multi-modal vesicle 
systems. 

5. Conclusion 

Our research indicates that DTSL with the core-shell structure of K3 
and 09JA can effectively increase drug concentration in tumor cells and 
achieve a passive targeting mechanism. Moreover, active targeting of 
TSL d-fab is the main mechanism by targeting the tumor surface HER-2 
receptors and then releasing drugs in cells. The active-to-passive dual- 
targeting TSL d-fab showed interesting and promising results like sig-
nificant cell uptake in vitro and in vivo. While inlaying Mal-PEG-DSPE on 
the shell of TSLs might improve safety and circulation properties, we 
observed a decrease in liposome–cell interactions and drug delivery 
efficiency without antibody modification compared to free DOX in vitro. 
The dual-targeting DTSL d-fab significantly outperformed DTSL d-bsa in 

Fig. 6. In vivo distribution of a-fab, d-bsa, d-fab, and FITC. A: Whole-body imaging of athymic nude mice after injection with d-bsa, d-fab, and FITC for 12 h and 24 h 
(n = 3). B: Tissue imaging of athymic nude mice after injection with d-bsa, d-fab, and FITC for 12 h and 24 h. C: Confocal microscopy imaging of heart, kidney, liver, 
lung, and spleen within athymic nude mice after injection with a-bsa, a-fab, d-bsa, d-fab, and FITC for 12 h. The scale bar represented 200 μm. D: In vivo fluorescence 
images after intravenous injection of DIR-labeled d-bsa and d-fab into tumor-bearing mice at given time points. 
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terms of solid tumor targeting. All the experimental results demon-
strated that the liposome could be an excellent drug delivery system for 
the treatment of tumors, which merits further investigation for pre- 
clinical experiments and clinical trials. 
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Basnet, Liposomes-in-chitosan hydrogel boosts potential of chlorhexidine in 
biofilm eradication in vitro, Carbohydrate Polym. 262 (2021) 117939. 

[10] W.T. Al-Jamal, K. Kostarelos, Liposomes: from a clinically established drug 
delivery system to a nanoparticle platform for theranostic nanomedicine, Acc. 
Chem. Res. 44 (2011) 1094–1104. 

[11] U. Bulbake, S. Doppalapudi, N. Kommineni, W. Khan, Liposomal formulations in 
clinical use: an updated review, Pharmaceutics 9 (2017) 12. 

[12] X. Cao, C. Yang, X. Zhu, M. Zhao, Y. Yan, Z. Huang, J. Cai, J. Zhuang, S. Li, W. Li, 
B. Shen, Synergistic enhancement of chemotherapy for bladder cancer by 
photothermal dual-sensitive nanosystem with gold nanoparticles and PNIPAM, 
Chin. Chem. Lett. (2023) 109199. 

[13] B.S. Pattni, V.V. Chupin, V.P. Torchilin, New developments in liposomal drug 
delivery, Chem. Rev. 115 (2015) 10938–10966. 

[14] G.T. Noble, J.F. Stefanick, J.D. Ashley, T. Kiziltepe, B. Bilgicer, Ligand-targeted 
liposome design: challenges and fundamental considerations, Trends Biotechnol. 
32 (2014) 32–45. 

[15] X. Mao, J. Liu, Z. Gong, H. Zhang, Y. Lu, H. Zou, Y. Yu, Y. Chen, Z. Sun, W. Li, B. Li, 
J. Gao, Y. Zhong, iRGD-conjugated DSPE-PEG2000 nanomicelles for targeted 
delivery of salinomycin for treatment of both liver cancer cells and cancer stem 
cells, Nanomedicine 10 (2015) 2677–2695. 

[16] S.A. Moosavian, A. Sahebkar, Aptamer-functionalized liposomes for targeted 
cancer therapy, Cancer Lett. 448 (2019) 144–154. 

[17] J.J. Sonju, A. Dahal, S.S. Singh, S.D. Jois, Peptide-functionalized liposomes as 
therapeutic and diagnostic tools for cancer treatment, J. Contr. Release 329 (2021) 
624–644. 

[18] F. Martín-Saavedra, E. Ruiz-Hernández, C. Escudero-Duch, M. Prieto, M. Arruebo, 
N. Sadeghi, R. Deckers, G. Storm, W.E. Hennink, J. Santamaría, N. Vilaboa, 
Lipogels responsive to near-infrared light for the triggered release of therapeutic 
agents, Acta Biomater. 61 (2017) 54–65. 

[19] A.G. Arranja, V. Pathak, T. Lammers, Y. Shi, Tumor-targeted nanomedicines for 
cancer theranostics, Pharmacol. Res. 115 (2017) 87–95. 

[20] J. Grabowska, A.J. Affandi, D. van Dinther, M.K. Nijen Twilhaar, K. Olesek, 
L. Hoogterp, M. Ambrosini, D.A.M. Heijnen, L. Klaase, A. Hidalgo, K. Asano, P. 
R. Crocker, G. Storm, Y. van Kooyk, J.M.M. den Haan, Liposome induction of CD8+
T cell responses depends on CD169+ macrophages and Batf3-dependent dendritic 
cells and is enhanced by GM3 inclusion, J. Contr. Release 331 (2021) 309–320. 

[21] J. Li, S. Zhou, J. Yu, W. Cai, Y. Yang, X. Kuang, H. Liu, Z. He, Y. Wang, Low dose 
shikonin and anthracyclines coloaded liposomes induce robust immunogenetic cell 
death for synergistic chemo-immunotherapy, J. Contr. Release 335 (2021) 
306–319. 

[22] A. Mizutani, A. Kikuchi, M. Yamato, H. Kanazawa, T. Okano, Preparation of 
thermoresponsive polymer brush surfaces and their interaction with cells, 
Biomaterials 29 (2008) 2073–2081. 

[23] S. Mitragotri, T. Lammers, Y.H. Bae, S. Schwendeman, S. De Smedt, J.-C. Leroux, 
D. Peer, I.C. Kwon, H. Harashima, A. Kikuchi, Y.-K. Oh, V. Torchilin, W. Hennink, 
J. Hanes, K. Park, Drug delivery research for the future: expanding the Nano 
horizons and beyond, J. Contr. Release 246 (2017) 183–184. 

[24] S. Komatsu, M. Tago, Y. Ando, T.-A. Asoh, A. Kikuchi, Facile preparation of multi- 
stimuli-responsive degradable hydrogels for protein loading and release, J. Contr. 
Release 331 (2021) 1–6. 

[25] K. Nagase, S.F. Yuk, J. Kobayashi, A. Kikuchi, Y. Akiyama, H. Kanazawa, T. Okano, 
Thermo-responsive protein adsorbing materials for purifying pharmaceutical 
protein on exposed charging surface, J. Mater. Chem. 21 (2011) 2590–2593. 

[26] J. Yu, X. He, Z. Wang, Y. Wang, S. Liu, X. Li, Y. Huang, Combining PD-L1 inhibitors 
with immunogenic cell death triggered by chemo-photothermal therapy via a 
thermosensitive liposome system to stimulate tumor-specific immunological 
response, Nanoscale 13 (2021) 12966–12978. 

[27] M. Abri Aghdam, R. Bagheri, J. Mosafer, B. Baradaran, M. Hashemzaei, 
A. Baghbanzadeh, M. de la Guardia, A. Mokhtarzadeh, Recent advances on 
thermosensitive and pH-sensitive liposomes employed in controlled release, 
J. Contr. Release 315 (2019) 1–22. 

[28] M. Regenold, J. Steigenberger, E. Siniscalchi, M. Dunne, L. Casettari, H. Heerklotz, 
C. Allen, Determining critical parameters that influence in vitro performance 
characteristics of a thermosensitive liposome formulation of vinorelbine, J. Contr. 
Release 328 (2020) 551–561. 

[29] P. Cressey, M. Amrahli, P.-W. So, W. Gedroyc, M. Wright, M. Thanou, Image- 
guided thermosensitive liposomes for focused ultrasound enhanced co-delivery of 
carboplatin and SN-38 against triple negative breast cancer in mice, Biomaterials 
271 (2021) 120758. 

[30] M.A. Santos, S.-K. Wu, M. Regenold, C. Allen, D.E. Goertz, K. Hynynen, Novel 
fractionated ultrashort thermal exposures with MRI-guided focused ultrasound for 
treating tumors with thermosensitive drugs, Sci. Adv. 6 (2020) eaba5684. 

[31] M. Dunne, B. Epp-Ducharme, A.M. Sofias, M. Regenold, D.N. Dubins, C. Allen, 
Heat-activated drug delivery increases tumor accumulation of synergistic 
chemotherapies, J. Contr. Release 308 (2019) 197–208. 

[32] Y. Deng, J. Ling, M.-H. Li, Physical stimuli-responsive liposomes and polymersomes 
as drug delivery vehicles based on phase transitions in the membrane, Nanoscale 
10 (2018) 6781–6800. 

[33] H.-C. Tsai, H.-Y. Chou, S.-H. Chuang, J.-Y. Lai, Y.-S. Chen, Y.-H. Wen, L.-Y. Yu, C.- 
L. Lo, Preparation of immunotherapy liposomal-loaded thermal-responsive 
hydrogel carrier in the local treatment of breast cancer, Polymers 11 (2019) 1592. 

[34] H. Bi, J. Xue, H. Jiang, S. Gao, D. Yang, Y. Fang, K. Shi, Current developments in 
drug delivery with thermosensitive liposomes, Asian J. Pharm. Sci. 14 (2019) 
365–379. 

[35] W. Li, M. Nakayama, J. Akimoto, T. Okano, Effect of block compositions of 
amphiphilic block copolymers on the physicochemical properties of polymeric 
micelles, Polymer 52 (2011) 3783–3790. 

[36] X. Zhu, Y. Sun, D. Chen, J. Li, X. Dong, J. Wang, H. Chen, Y. Wang, F. Zhang, J. Dai, 
R.P. Pirraco, S. Guo, A.P. Marques, R.L. Reis, W. Li, Mastocarcinoma therapy 
synergistically promoted by lysosome dependent apoptosis specifically evoked by 
5-Fu@nanogel system with passive targeting and pH activatable dual function, 
J. Contr. Release 254 (2017) 107–118. 

[37] P. Cao, X. Sun, Y. Liang, X. Gao, X. Li, W. Li, Z. Song, W. Li, G. Liang, Gene delivery 
by a cationic and thermosensitive nanogel promoted established tumor growth 
inhibition, Nanomedicine 10 (2015) 1585–1597. 

[38] W. Li, S. Feng, Y. Guo, Tailoring polymeric micelles to optimize delivery to solid 
tumors, Nanomedicine 7 (2012) 1235–1252. 

M. Zhao et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.mtbio.2024.101035
https://doi.org/10.1016/j.mtbio.2024.101035
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref1
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref1
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref1
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref1
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref1
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref1
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref1
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref1
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref2
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref2
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref2
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref2
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref2
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref3
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref3
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref3
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref3
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref3
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref3
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref3
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref3
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref4
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref4
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref4
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref5
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref5
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref5
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref6
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref6
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref7
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref7
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref7
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref7
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref8
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref8
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref9
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref9
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref9
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref10
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref10
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref10
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref11
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref11
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref12
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref12
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref12
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref12
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref13
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref13
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref14
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref14
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref14
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref15
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref15
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref15
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref15
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref16
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref16
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref17
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref17
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref17
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref18
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref18
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref18
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref18
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref19
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref19
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref20
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref20
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref20
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref20
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref20
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref21
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref21
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref21
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref21
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref22
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref22
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref22
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref23
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref23
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref23
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref23
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref24
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref24
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref24
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref25
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref25
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref25
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref26
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref26
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref26
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref26
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref27
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref27
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref27
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref27
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref28
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref28
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref28
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref28
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref29
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref29
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref29
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref29
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref30
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref30
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref30
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref31
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref31
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref31
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref32
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref32
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref32
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref33
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref33
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref33
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref34
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref34
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref34
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref35
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref35
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref35
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref36
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref36
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref36
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref36
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref36
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref37
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref37
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref37
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref38
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref38


Materials Today Bio 26 (2024) 101035

13

[39] W. Li, S.-S. Feng, Y. Guo, Block copolymer micelles for nanomedicine, 
Nanomedicine 7 (2012) 169–172. 

[40] J. Gao, Y. Yu, Y. Zhang, J. Song, H. Chen, W. Li, W. Qian, L. Deng, G. Kou, J. Chen, 
Y. Guo, EGFR-specific PEGylated immunoliposomes for active siRNA delivery in 
hepatocellular carcinoma, Biomaterials 33 (2012) 270–282. 

[41] W. Li, J. Li, J. Gao, B. Li, Y. Xia, Y. Meng, Y. Yu, H. Chen, J. Dai, H. Wang, Y. Guo, 
The fine-tuning of thermosensitive and degradable polymer micelles for enhancing 
intracellular uptake and drug release in tumors, Biomaterials 32 (2011) 
3832–3844. 

[42] H.-F. Chow, C.-F. Leung, W. Li, K.-W. Wong, L. Xi, Synthesis and characterization of 
dendritic necklaces: a class of outer-sphere–outer-sphere connected dendronized 
organoplatinum polymers, Angew. Chem. 115 (2003) 5069–5073. 

[43] W. Li, H. Zhao, W. Qian, H. Li, L. Zhang, Z. Ye, G. Zhang, M. Xia, J. Li, J. Gao, B. Li, 
G. Kou, J. Dai, H. Wang, Y. Guo, Chemotherapy for gastric cancer by finely 
tailoring anti-Her2 anchored dual targeting immunomicelles, Biomaterials 33 
(2012) 5349–5362. 

M. Zhao et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S2590-0064(24)00094-2/sref39
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref39
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref40
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref40
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref40
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref41
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref41
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref41
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref41
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref42
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref42
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref42
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref43
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref43
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref43
http://refhub.elsevier.com/S2590-0064(24)00094-2/sref43

	Potent cancer therapy by liposome microstructure tailoring with active-to-passive targeting and shell-to-core thermosensiti ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Synthesis of liposomes
	2.3 Preparation of single fab fragment
	2.4 Preparation of bsa-SH and fab-SH
	2.5 Synthesis of modified liposomes
	2.6 Size distribution and morphology by DLS
	2.7 Transmission electron microscopy (TEM) of thermosensitive liposome
	2.8 Drug loading and encapsulation efficiency
	2.9 In vitro DOX releasing profile
	2.10 Cell culture
	2.11 Cytotoxicity
	2.12 Cellular uptake by flow cytometer and fluorescent microscopy
	2.13 Tumor accumulation and tissue distribution of liposomes in vivo mediated
	2.14 Statistical analysis

	3 Results
	3.1 Preparation and characterization of liposome
	3.2 In vitro releasing profile
	3.3 In vitro cytotoxicity and cellular uptake
	3.4 In vivo distribution
	3.5 In vivo antitumor activity

	4 Discussion
	5 Conclusion
	Ethics approval and consent to participate
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix B Supplementary data
	References


