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Abstract 

Thermo-sensitive polymer-modified liposomes are able to achieve site-specific 

delivery of drugs. In this work, thermo-sensitive polymers were synthesized by 

atomic transfer radical polymerization of N-isopropyl acrylamide (NIPAAm) and 

N,N-dimethyl acrylamide (DMAAm) using bromoisobutyryl distearoyl 

phosphoethanolamine (DSPE-Br) as initiator. The resulting PNIPAAm-DSPE and 

P(NIPAAm-DMAAm)-DSPE polymers were characterized using proton nuclear 

magnetic resonance, Fourier transform infrared, and ultraviolet-visible spectroscopy. 

PNIPAAm-DSPE and P(NIPAAm-DMAAm)-DSPE exhibit a lower critical solution 

temperature of 34.0 and 46.9 ℃ in water, and 29.8 and 38.8 ℃ in phosphate 

buffered saline, respectively. Paclitaxel-loaded thermo-sensitive liposomes were 

prepared using film hydration method, followed by post-insertion of 

P(NIPAAm-DMAAm)-DSPE into the liposome bilayer. Drug release of traditional 



and thermosensitive liposomes was comparatively studied at 37 and 40℃. The total 

release and release rate of thermosensitive liposomes at 40℃ were much higher than 

those at 37℃. And drug release is higher for thermosensitive liposomes than for 

traditional liposomes because insertion of thermo-sensitive polymer chains affects the 

system’s stability. MTT assay showed that thermo-sensitive liposomes present no 

cytotoxicity to L929 cells at the tested concentrations, and paclitaxel-loaded 

liposomes have significant cytotoxicity against A549 cancer cells. Therefore, it is 

concluded that P(NIPAAm-DMAAm)-DSPE modified thermo-sensitive liposomes 

could be promising as nano-carrier of antitumor drugs. 

 

Keywords: cancer chemotherapy; poorly water-soluble drug; polymeric drug carrier; 

liposome; controlled release; biocompatibility 

 

Introduction 

In the past decades, drug delivery systems such as liposomes, nanoparticles and 

micelles have been widely investigated as nano-carrier of hydrophobic anti-tumor 

drugs because of their advantages such as reduced side effects (neuropathies, 

neutropenia and kidney failure, etc), improved drug efficacy, and targeted drug 

delivery. Many drug delivery systems have reached the stage of clinical uses, 

including a number of liposomal systems, namely Depocyt®, Doxil®, Myocet®, 

Stealth®, etc. 

Traditional liposomes suffer a major limitation for clinical uses, i.e. rapid 

clearance from circulation by the reticuloendothelial system (RES).1 PEGylated 

liposomes have been developed to achieve long circulation, but the system presents 

poor storage stability and the release of drugs is low in human plasma.2 It has been 

shown that polymer-modified liposomes with introduction of long polymer chains can 

resist the uptake by the RES, and thus achieve long circulation in vivo.3 On the other 

hand, introduction of functional polymers in liposomes could be beneficial to enhance 

drug release.4-8 

In recent years, liposomes responsive to external stimuli such as temperature,4 



light,5 pH,6 magnetism7 and multiple stimuli,8 have attracted great interest as novel 

drug carrier. Temperature is the most widely studied stimulus in various 

stimuli-responsive systems because of its physiological significance. In fact, 

thermo-responsive liposomes are capable of releasing the loaded drug at a specific 

temperature with enhanced release rate.9 Poly(N-isopropyl acrylamide) (PNIPAAm) is 

the most popular thermo-sensitive polymer which exhibits a lower critical solution 

temperature (LCST) of 32 ℃ in aqueous solution due to coil-to-globule transition of 

polymer chains.10 It is worth mentioning that the LCST can be adjusted by 

copolymerization of NIPAAm and other monomers such as N,N-dimethyl acrylamide 

(DMAAm).11 Thermo-sensitive polymer chains could be anchored on the liposome 

membrane by coupling to a hydrophobic moiety that is able to dissolve in the bilayer. 

When the external temperature is higher than the LCST, the phospholipid membrane 

could be destroyed and drug released.12  

Paclitaxel (PTX) is a commonly used chemotherapeutic agent with a broad 

spectrum of activity against cancers, especially breast cancer, ovarian cancer, 

non-small cell lung cancer.13 A drug carrier is required for the delivery of PTX due to 

its very low water solubility (0.3 μg/mL in water)14 and nonspecific cytotoxicity to 

normal tissues such as bone marrow, kidney and heart.15-17 The clinically used 

formulations of PTX are Taxol® and Abraxane®. The former is composed of 50:50 

Cremophor EL and dehydrated alcohol, and the latter is an injectable formulation of 

albumin–bound paclitaxel nanoparticles. Nevertheless, serious side effects have been 

reported for both systems, such as hypersensitivity reaction, nephrotoxicity, 

neurotoxicity and cardiotoxicity. Therefore, recent research has focused on the 

development of novel delivery systems of PTX, especially micelles and liposomes 

which can efficiently encapsulate PTX in the core or bilayer to reduce the side effects 

and to improve sustained drug release.18,19  

Thermo-sensitive liposomes attracted much attention since local hyperthermia is 

increasingly considered as a safe and effective therapy in the treatment of cancers.4 It 

has been reported that liposomes could encapsulate paclitaxel in the phospholipid 

bilayer, leading to enhanced drug solubility and reduced dosage.20 Pippa et al. 



attached chain end functionalized C12H25-PNIPAAm-COOH to 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) liposomes, and studied the 

temperature-dependent release of indomethacin from the liposomes.12 The in vitro 

release was immediate at 37 ℃ which is well above the LCST of PNIPAAm. Mo et 

al. synthesized poly(NIPAM-HPMA) copolymers by reversible 

addition-fragmentation chain transfer polymerization of NIPAAm and 

N-(2-hydroxypropyl) methacrylamide (HPMA). Thermosensitive liposomes obtained 

by using post-insertion method exhibited a phase transition temperature of around 

42 ℃. With insertion of 1% p(NIPAM-r-HPMA) onto the lipid bilayer, extremely 

quick release of encapsulated doxorubicin was achieved at 42 ℃.4 Wang et al. 

prepared PTX loaded thermo-sensitive liposomes composed of DPPC, MSPC, 

DSPE-PEG2000, and DSPG.21 With a phase transition temperature at 42 ℃ as 

determined by DSC, the thermo-sensitive liposomes exhibited 82% drug release at 42℃ 

compared to 50% at 37℃ after 10 h. Only 23% drug release was observed for non 

thermo-sensitive liposomes. Meanwhile, PTX content in tumors was twice higher for 

thermo-sensitive liposomes than for non thermo-sensitive ones, probably owing to the 

temperature triggered release. 

In our previous studies, thermo-sensitive triblock copolymers were synthesized 

by atomic transfer radical polymerization (ATRP) of NIPAAm and DMAAm, using 

α,ω-bromopropionyl poly(L-lactide) (Br-PLLA-Br) as macro-initiator.22-24 By tuning 

the ratio of NIPAAm to DMAAm, copolymers with LCST ranging from 32.3 to 49.4 ℃ 

were obtained. This work aimed to develop novel thermo-sensitive liposomes for 

temperature triggered release of PTX. Thermo-sensitive polymers were synthesized 

by ATRP of NIPAAm and DMAAm using bromoisobutyryl distearoyl 

phosphoethanolamine (DSPE-Br) as initiator. PTX loaded thermosensitive liposomes 

were then prepared by using thin film hydration and post insertion methods. 

Thermo-triggered release of PTX from and cytotoxicity of the liposomes were 

assessed to evaluate their potential as nano-carrier of PTX for the treatment of 

cancers. 

 



Materials and Methods 

Materials 

Hydrogenated soy phosphatidylcholine (HSPC), distearoyl phosphoethanolamine 

(DSPE) and cholesterol were purchased from Shanghai Advanced Vehicle Technology 

Co., Ltd (Shanghai, China). PTX was purchased from Sigma-Aldrich (Shanghai, 

China). 2-bromoisobutyryl bromide (97%) was obtained from Alfa Aesar. Copper (I) 

chloride (CuCl) and tris(2-dimethyl aminoethyl) amine (Me6TREN) were obtained 

from Tokyo Chemical Industry (TCI), Ltd (Tokyo, Japan). NIPAAm was purchased 

from TCI and recrystallized before used. DMAAm from TCI was purified through a 

basic aluminum oxide column. Triethylamine (TEA), tetrahydrofuran (THF), 

Ethylenediaminetetraacetic acid disodium salt (EDTA-2Na), 2-propanol, toluene, 

N-hexane dichloromethane, chloroform, and ethyl ether of analytical grade were 

obtained from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). L-929 cells 

(mouse fibroblasts) and A549 cells (human lung carcinoma) were purchased from 

ATCC (Gaithersburg, USA). Ultrapure water with a conductivity of 18.2 MΩ was 

produced using a Millipore Milli-Q water system. 

 

Synthesis of DSPE-Br Initiator 

DSPE-Br was synthesized according to the method reported by Li et al.25 Briefly, 

TEA (0.8 mmol) was added into 10 mL of dried dichloromethane containing DSPE 

(0.4 mmol), and the mixture was stirred at 25 ℃ for 1 h. 2-bromoisobutyryl bromide 

(0.4 mmol) was added dropwise into the solution which was then stirred 12 h at 60 ℃. 

The solution was washed with 30 mL ultrapure water to remove water-soluble species 

with separating funnel. The final product was obtained by rotary evaporation, 

followed by vacuum drying overnight. 

 

Synthesis of Thermosensitive Polymers 

Thermo-sensitive DSPE-P(NIPAAm-DMAAm) was synthesized using standard 

Schlenk technique with a [DSPE-Br]/[NIPAAm]/[DMAAm] feed ratio of 1/80/20. 

89.7 mg DSPE-Br (0.1 mmol), 905.3 mg NIPAAm (8.0 mmol), and 0.21 mL 



DMAAm (2.0 mmol) were dissolved in 0.6 mL THF in a Schlenk flask, and 3 mL 

2-propanol was then added. After three freeze-pump-thaw cycles, 26.7 μL Me6TREN 

(0.1 mmol) and 9.9 mg CuCl (0.1 mmol) were added under nitrogen atmosphere. The 

mixture was stirred at 30 ℃  for 24 h. The crude product was dialyzed 

(MWCO=3500) in 1 L EDTA-2Na (0.056 g, 0.15 mmol) solution for 48 h to remove 

residual Cu salts, followed by dialysis in 1L water for 24 h to remove EDTA-2Na. 

Water was changed every 6 h. The final product was obtained by lyophilization. 

DSPE-PNIPAAm was prepared by using the same method with a 

[DSPE-Br]/[NIPAAm] feed ratio of 1/50. 89.7 mg DSPE-Br (0.1 mmol), 565.8 mg 

NIPAAm (5.0 mmol), 26.7 μL Me6TREN (0.1 mmol) and 9.9 mg CuCl (0.1 mmol) 

were used in the reaction. 

 

Preparation of Liposomes  

Liposomes were prepared by using thin film hydration method.26 Typically, 20 

mg HSPC and 5 mg cholesterol were dissolved in 50 ml chloroform. The solvent was 

removed by rotary evaporation, followed by vacuum drying overnight to yield a thin 

drug-laden lipid film. The dried lipid film was hydrated with 4 mL 0.01 M PBS (pH 

7.4) at 65 ℃ for 2 h. The suspension was sonicated at 80 W for 40 min, and passed 

through 0.45 µm and 0.22 µm filters three times at 65 ℃, respectively.  

The concentration of lipid in liposomes was determined by using Stewart 

method.27A standard calibration curve was previously obtained with R2=0.99885:  

A = 1.19824 C - 0.01096                         (1) 

where A represents the absorbance, and C the concentration of lipid. 

In the case of drug loaded liposomes, 1.77 mg PTX was dissolved in the 

chloroform solution of HSPC and cholesterol. The same procedure was then applied. 

Unloaded drug was removed by centrifugation at 3000 rpm (1580 g) for 10 min. 

Polymer-modified liposomes were prepared by post-insertion method.28 The 

thermo-sensitive copolymer was dissolved in water at a concentration of 5 mg/mL. 

The solution was mixed with the prepared liposomes at a DSPE/HSPC molar ratio of 



1/5. After 5 min incubation at 40 ℃, the mixture was cooled at 4 ℃ for 10 min. The 

incubation/cooling cycle was repeated for 6 h. Free polymer chains were removed by 

dialysis (MWCO=20000) for 24 h at 4 ℃ in 1 L of 0.01 M PBS (pH 7.4) which was 

changed every 12 h. 

The amount of polymer attached to liposomes was determined by UV 

spectrophotometer (T6, General Analysis Instrument Co., Ltd., Beijing, China).29 

Briefly, lyophilized polymer-modified liposomes (3.0 mg) were  dissolved in 10 mL 

methanol. The absorbance of the solution was measured at 210 nm. The amount of 

copolymer was estimated from the peak area of the absorbance using a previously 

established calibration curve with R2=0.99875:  

A = 11.07429 C + 0.01184                        (2) 

where A and C represent absorbance and polymer concentration, respectively. 

 

Characterization  

Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR) 

1H NMR was recorded from a Bruker AVANCE 500 spectrometer (Karlsruhe, 

Germany) at 500 MHz. CDCl3 was used as the solvent, and tetramethylsilane as the 

internal reference. Chemical shifts (δ) were given in ppm. 

Fourier Transform Infrared Spectroscopy (FT-IR) 

FT-IR was performed on a Bruker Fourier Infrared spectrometer (Kalsruhe, 

Germany). Sample pellets were prepared by mixing 3-5 mg of polymer with spectral 

grade potassium bromide, followed by compression using a press. The spectra were 

recorded in the range from 4000 to 400 cm-1 with a resolution of 4 cm-1. 

UV-vis Spectrophotometer (UV-vis) 

The LCST of thermo-sensitive polymers was estimated from transmittance 

changes as a function of temperature using a Perkin Elmer Lamda 36 UV 

spectrophotometer (Waltham, USA) equipped with a Peltier temperature programmer 

PTP-1+1. Measurements were performed at 500 nm with a temperature ramp of 0.1 ℃

/min. The sample concentration was 1.0 mg/mL. 

Transmission Electron Microscopy (TEM) 



The morphology of liposomes was observed on a JEM-1200EM microscope 

(Tokyo, Japan). Liposome solution (5 µL) was dropped on a carbon-coated copper 

grid. Excess liquid was removed with a filter paper. The solution was negatively 

stained with a 1% phosphotungstic acid solution, and air-dried before observation. 

Dynamic Light Scattering (DLS) 

The average size and polydispersity index (PDI) of liposomes were measured 

using Malvern Zetasizer Nano ZS (Malvern, UK). The sample concentration was 1.0 

mg/mL. 

 

Temperature-Triggered In Vitro Drug Release  

The amount of paclitaxel was measured by using high performance liquid 

chromatography (HPLC). A Shimadzu C18 column (4.6×250 mm, particle size 10 µm) 

was used, and UV detector set at 227 nm. The mobile phase was a 55:45 (v/v) mixture 

of water and acetonitrile. The flow rate was 1.0 mL/min. A linear calibration curve 

was previously obtained using 7 standard solutions in the range of 0.0025-0.08 

mg/mL (R2 = 0.99995). The encapsulation efficiency (EE) and drug loading content 

(LC) of drug loaded liposomes were determined according to the following formulas: 

𝐿𝐶 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝑃𝑇𝑋

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝑃𝑇𝑋 𝑎𝑛𝑑  𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒𝑠
× 100%                  

(3) 

𝐸𝐸 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝑃𝑇𝑋

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔
× 100%                   

  (4) 

Drug release was performed under in vitro conditions. PTX-loaded liposome 

solution (1 mL) was added in a dialysis bag (MWCO=3500). The bag was placed in a 

tube containing 20 mL PBS (pH 7.4). Tween 80 at 0.1% was added to the release 

medium. Drug release experiments were performed in an incubator at 37 ℃ and 

40 ℃ , respectively. At predetermined time intervals, the release medium was 

removed and replaced by pre-warmed (37 ℃ or 40 ℃) fresh medium. The amount 

of released drug was measured by HPLC. 

 



Cytotoxicity by MTT Assay 

L929 cells were used to assess the cytotoxicity of the polymers and liposomes. 

L-929 cells in logarithmic growth phase were diluted to a concentration of 1×104 

cells/mL in DMEM medium with 10% bovine serum, 100 U/mL penicillin, and 

100 μg/mL streptomycinto. Cells containing suspension (100 μL) was added to each 

well in 96-well plates. The cells were then incubated in an incubator containing 5% 

CO2 at 37 ℃. After 24 h, the medium was replaced with 100 μL of fresh medium and 

blank liposomes or polymer solutions at a concentration of 0.05, 0.1, 0.2, 0.5 and 1.0 

mg/mL, respectively. Fresh medium (100 μL) was used as negative control and 

phenol aqueous solution (100 μL) as positive control.30 After 24, 48, and 72 h, 20 μL 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 5.0 mg/mL in 

PBS) was added. After 6 h culture, the culture medium was discarded, and 150 μL 

DMSO was added. After 10 min shaking, the absorbance was measured at 490 nm by 

using microplate reader (Elx800, BioTek, Winooski, USA).31 The relative growth rate 

is calculated according to the following equation: 

𝑅𝐺𝑅(%) =
𝑂𝐷𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒

𝑂𝐷𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100%                       

(5) 

where ODliposome and ODnegative control are the optical density (OD) values of the 

liposomes and the negative control, respectively.  

MTT assay was also used to evaluate the in vitro cytotoxicity of PTX-loaded 

liposomes against A549 cancer cells in comparison with free drug. Drug-loaded 

liposomes were dissolved directly in culture medium, and free PTX was dissolved in 

0.2% DMSO/medium. Untreated cells were used as negative control. PTX 

concentration of both free drug and drug-loaded micelles ranged from 0.025 to 50 

μg/mL. Experiments were carried out in pentuiplicate for each concentration. The 

relative activity of A549 cells was determined based on OD measurements. 

 

Results and Discussion 

Synthesis of DSPE-PNIPAAm and DSPE-P(NIPAAm-co-DMAAm) 



DSPE-PNIPAAm and DSPE-P(NIPAAm-co-DMAAm) thermo-responsive 

polymers were synthesized in two steps: i) reaction of the active amine group of 

DSPE with 2-bromoisobutyryl bromide to obtain a lipid based initiator; ii) ATRP of 

NIPAAm and DMAAm by bromine radical initiation with Cu+ complex as bromine 

atomic carrier (Scheme 1).  
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Scheme 1. (A) Synthesis of DSPE-Br initiator, (B) synthesis of DSPE-P(NIPAAm-co-DMAAm) 

copolymer. 

 

The chemical composition of the polymers was determined by 1H NMR. Figure 

1 presents the 1H NMR spectra of DSPE-Br initiator, DSPE-PNIPAAm and 

DSPE-P(NIPAAm-co-DMAAm). As shown in Figure 1A, the signals a at 0.8 ppm 

and b at 1.25 ppm are assigned to the terminal methyl group (-CH3) of the long 

hydrocarbon chain of DSPE, and to the 28 methylene (-CH2) groups, respectively. 

Signals c (1.6 ppm) and d (2.25 ppm) belong to the β-methylene and α-methylene 

groups (-COCH2-CH2-) adjacent to the carbonyl group. Signals e (4.3 ppm), f (5.2 

ppm) and g (3.98 ppm) are assigned to the methylene groups and methine group 

between the ester and phosphoryl groups. Signals h (4.18 ppm) and i (3.44 ppm) 

(A)

Q 

(B)

Q 



belong to the β-methylene and α-methylene groups (-CH2-CH2-HN-CO-) adjacent to 

the amide group. Finally, signal j (1.86 ppm) is attributed to the two methyl groups of 

2-bromoisobutyryl group.  

New signals are detected on the 1H NMR spectrum of PNIPAAm-DSPE (Fig. 

1B). Signals n (1.13 ppm) and m (4.0 ppm) are assigned to the methyl and methine 

protons adjacent to the amine moiety, and signals k and l in the 1.5~2.0 ppm range to 

the methine and methylene protons on the PNIPAAm main chain, respectively. In the 

case of P(NIPAAm-DMAAm)-DSPE, more new signals are observed (Fig. 1C). 

Signal o at 2.8 ppm belongs to the terminal methyl groups of DMAAm moieties. And 

signals k1 and l1 in the 1.5~2.0 ppm range are assigned to the methine and methylene 

protons on the DMAAm main chain, respectively.  

The NIPAAm/DSPE and DMAAm/DSPE molar ratios were determined from the 

integration ratios of signals a, m, and o, respectively. The degree of polymerization 

(DP) of DSPE was taken as 1. The DP of NIPAAm and DMAAm units, and the Mn of 

polymers were calculated according to the following equations: 

DPNIPAAm=Im/(Ia/6)                        (6) 

DPDMAAm= Io/Ia                           (7) 

Mn(NMR)=Mn(DSPE)+DPNIPAAm×113.2+DPDMAAm×99.0             (8) 

where Ia, Im, and Io are the integrations of signals a, m, and o, and 113.2 and 99.0 

are the molar masses of NIPAAm and DMAAm units, respectively. 

 



 
Figure 1. 1H NMR Spectra of (A) DSPE-Br initiator; (B) PNIPAAm-DSPE; and (C) 

P(NIPAAm-DMAAm)-DSPE.  

 

The characteristics of the two polymers are summarized in Table 1. Sample 1 

designates PNIPAAm-DSPE, and Sample 2 P(NIPAAm-DMAAm)-DSPE. With a 

[DSPE-Br]/[NIPAAm] feed ratio of 1/50, a DPNIPAAm of 27 is obtained for 

PNIPAAm-DSPE, corresponding to a monomer conversion of 54%. The number 

average molecular weight (Mn) of PNIPAAm-DSPE is 3900 as calculated from Eq. 

(8). In the case of P(NIPAAm-DMAAm)-DSPE copolymer, the 

[DSPE-Br]/[NIPAAm]/[DMAAm] feed ratio is 1/80/20 so as to obtain a copolymer 

with a LCST slightly above the body temperature.22-24 The value of DPNIPAAm and 

DPDMAAm was 51 and 8, corresponding to a monomer conversion was 63% and 40%, 

respectively. The Mn of P(NIPAAm-DMAAm)-DSPE is 7500. The conversion of both 

monomers is relatively low compared to previous studies.22 This discrepancy could be 

attributed to the lower activity of DSPE-Br initiator due to steric effect.  



 

Table 1 Characteristics of PNIPAAm-DSPE and P(NIPAAm-DMAAm)-DSPE polymers. 

Sample 
[DSPE-Br]/[NIPAAm] 

/[DMAAm]a 

[DSPE-Br]/[NIPAAm] 

/[DMAAm]b 
Mn (NMR) Conversionc 

LCST 

(in H2O)d 

LCST  

(in PBS)d 

1 1/50/0 1/27/0 3900 54% 34.0 29.8 

2 1/80/20 1/51/8 7500 63%, 40% 46.9 38.8 

a Feed ratio. 

b Calculated from NMR. 

c Monomer conversion ratio. 

d Determined by UV spectroscopy. 

 

FT-IR was also employed to examine the chemical composition of the polymers 

as shown in Figure 1S for P(NIPAm-DMAAm)-DSPE. The band at 3308 cm-1 is 

assigned to the imine stretching vibration, which is characteristic of the amide group. 

Bands at 2971 cm-1 and 2926 cm-1 belong to the symmetric and asymmetric stretching 

vibration of C-H bonds, band at 1649 cm-1 to the stretching vibration of the C=O 

group, band at 1544 cm-1 to the bending vibration of the imine group, bands at 1385 

and 1365 cm-1 to the absorption formed by the symmetric deformation splitting of the 

methyl groups. The bands at 1175 cm-1 and 1130 cm-1 correspond to the vibrational 

absorption of the isopropyl group, which is the characteristic absorption band of 

isopropyl. The band at 800 cm-1 is assigned to the plane rocking vibration of 

methylene groups. A small band is detected at 1743 cm-1, which is assigned to the 

stretching vibration of ester groups of DSPE. The presence of the various bands well 

corroborates with the structure of P(NIPAm-DMAAm)-DSPE polymer. 

 

Lower Critical Solution Temperature 

The LCST of PNIPAAm-DSPE and P(NIPAAm-DMAAm)-DSPE was measured 

from the transmittance changes of polymer solutions as a function of temperature. 

Measurements were carried out at a concentration of 1.0 mg/mL in water and in 0.01 

M PBS (pH 7.4), respectively. As shown in Figure 2, the transmittance of the 

solutions is nearly 100% in the low temperature range, in agreement with the good 



solubility of polymers. A sharp decrease occurs at a critical temperature defined as the 

LCST. And the initially clear and transparent solution turns milky white because of 

the dehydration of PNIPAAm and P(NIPAAm-DMAAm) chains.  

The LCST results are summarized in Table 1. The LCST of PNIPAAm-DSPE in 

water is 34.0 ℃, which is slightly higher the value reported in literature.21 This 

difference could be attributed to the presence of DSPE which enhances the polymer’s 

hydrophilicity. The LCST of PNIPAAm-DSPE decreases to 29.8 ℃ in 0.01 M PBS 

(pH 7.4). In fact, the salts in PBS will compete with the polymer for surrounding 

water molecules, thus leading to dehydration of the polymer and lower LCST. This is 

in agreement with the Hofmeister effects of salts on macromolecule solubility.32,33 

Costa et al. also observed similar phenomena in rheological studies of PNIPAAm.34 

P(NIPAAm-DMAAm)-DSPE exhibits a LCST at 46.9 ℃ in water, and at 38.8 ℃ 

in PBS. Thus incorporation of DMAAm moieties allows to increase the LCST of the 

copolymers, in agreement with literature.21 Most importantly, a LCST at 38.8 ℃ in 

PBS should favor targeted delivery of drug loaded liposomes in tumor with local 

hyperthermia. 

 

Figure 2. Transmittance changes of PNIPAAm-DSPE and P(NIPAAm-DMAAm)-DSPE solutions 

at 1.0 mg/mL as a function of temperature in water and in PBS.  

 



Preparation and Characterization of Liposomes  

PTX-loaded liposomes were prepared by using film hydration method, and 

thermosensitive PTX-loaded liposomes were obtained via post-insertion. 

P(NIPAAm-DMAAm)-DSPE was used to prepare thermo-sensitive liposomes since it 

exhibits a LCST slightly above the body temperature. The actual HSPC phospholipid 

content in liposomes was 16.9 mg as determined by the Stewarts method (Table 2), in 

contrast to the amount of 20 mg initially introduced. Apparently there is some loss in 

the process of preparation and filtration. The thermo-sensitive polymer was inserted in 

liposomes at a molar ratio of P(NIPAAm-DMAAm)-DSPE/HSPC of 1:5. According 

to UV measurements, only 6.9% of the copolymer were successfully inserted in the 

liposomes. Insertion of polymer chains in liposomes could be facilitated at 

temperatures above the phase transition of phospholipids which is 52.7 ℃ .35 

Nevertheless, such high temperatures will lead to collapse of the thermosensitive 

copolymer chains and thus disfavor their insertion. It has been reported that 5 to 10% 

of DSPE modified poly(ethylene glycol) (PEG-DSPE) were inserted in liposomes.36 

Kono et al. reported that insertion of 4% polymer greatly improves the 

temperature-sensitive drug release of polymer-modified liposomes in the presence of 

serum above the LCST.37 Therefore, 6.9% of the copolymer inserted in liposomes 

could be sufficient to favor temperature triggered drug release and long circulation. 

 

Table 2 Physicochemical properties of PTX-loaded liposomes before and after post-insertion. 

Sample 
Diameter 

(nm) 
PDI 

Loading 

content 

(%) 

Loading 

efficiency (%) 

Amount of final 

lipid 

(mg) 

Amount of 

polymer 

insertion (%) 

PTX-loaded 

liposomes 
110.4±1.5 0.152 7. 8 80.5 16.9 - 

After 

post-insertion 
111.6±0.3 0.139 7.8 80.8 16.9 6.9 

 

The size, size distribution and morphology of the obtained liposomes were 



characterized by DLS and TEM measurements, as shown in Figure 3. Unmodified 

liposomes exhibit a diameter of 110.4 nm with a PDI of 0.152 at 25 ℃ (Fig. 2S). 

Uniformly distributed liposomes with spherical shape are observed (Fig. 2S). After 

polymer insertion, the size and shape of thermosensitive liposomes remain almost 

unchanged. An average particle size of 111.6 nm is obtained with a narrow 

distribution (PDI = 0.139) (Fig. 3A). Uniform and spherical liposomes are also 

observed with a size between 30 and 80 nm (Fig. 3B). It is noted that the diameter of 

liposomes obtained from TEM is smaller than that from DLS, which can be attributed 

to the dehydration and shrinkage of liposomes during TEM measurements.18 

 

 

Figure. 3. (A) DLS of PTX-loaded liposomes after post-insertion; (B) TEM of PTX-loaded 

liposomes after post-insertion. 

 

The drug loading efficiency and loading content are important indicators for 

evaluating the potential of liposomes as nano-carrier of drugs. Paclitaxel was added at 

a liposome/drug ratio of 11.3/1 during the preparation process, and the theoretical 

loading content was 8.1%. The actual drug loading content was 7.8% as determined 

by HPLC, and the corresponding loading efficiency is 80.5%. After polymer insertion, 

the loading efficiency and drug loading content of the thermosensitive liposomes 

remain almost unchanged (Table 2). Jiang et al. obtained PTX-loaded liposomes with 

drug loading of 5.5%. Data showed that effective tumor suppressive effects can be 

achieved.38 Eloy et al. prepared liposomes loaded with PTX and rapamycin with a 



drug loading between 2% and 7%, and observed cytotoxicity to cancer cells.39  

 

In Vitro Drug Release 

PTX release was comparatively studied at 37 and 40 ℃ for thermosensitive 

liposomes, and at 40℃ for traditional liposomes, as shown in Figure 4A. Similar 

profiles were observed in all cases with an initial burst followed by slower release. 

Nevertheless, large difference of release rates was obtained. Thermosensitive 

liposomes exhibited the fastest release at 40 ℃ which is above the LCST (38.8 ℃) 

of P(NIPAAm-DMAAm)-DSPE. A burst of 35.5% was detected at 24 h, and a total 

release of 72.3% in 10 days. In contrast, the cumulative release from traditional 

liposomes was only 39.2% at 40 ℃ for 10 days. This finding clearly indicates that 

drug release was greatly enhanced for thermosensitive liposomes. On the other hand, 

PTX release from thermosensitive liposomes was also determined at 37 ℃. A total 

release of 51.7% was obtained in 10 days. The fact that the release rate was higher for 

thermosensitive liposomes 37 ℃ than that of traditional liposomes at 40 ℃ could 

be attributed to the instability of liposomes after insertion of thermosensitive polymer 

chains.  

 

 

Figure 4. (A) Release profiles of PTX from liposomes at different temperatures and (B) fitting of 

release mechanism of temperature-sensitive liposomes at 40 ℃ using different models (square 

symbols correspond to the experimental data). 

 

In order to investigate the release mechanism of thermosensitive liposomes, the 



release curve at 40 ℃ was fitted with zero-order kinetics, Higuchi, Hixson Crowell, 

Korsmeyer-Peppas and Weibull equations, respectively. The fitting curves of drug 

release are shown in Figure 4B, and the results in Table 1S. The results show that the 

release curve of thermosensitive liposomes at 40 ℃ well corroborates with the 

Weibull kinetic model (R2=0.99089), and the kinetic equation is shown in the 

following formula : 

lnln(1/(1-Q))=0.51464 ln t - 2.45988                                 (9) 

where Q is the cumulative release percentage. This finding suggests a matrix type 

drug release for PTX loaded thermosensitive liposomes. 

 

Evaluation for Cytotoxicity of Copolymer and Blank Liposomes In Vitro 

MTT assay was used to evaluate the cytotoxicity of liposomes, using L-929 cells 

as standard cell line. The two thermosensitive polymers, i.e. PNIPAAm-DSPE and 

P(NIPAAm-DMAAm)-DSPE, traditional liposomes and 

P(NIPAAm-DMAAm)-DSPE inserted liposomes were co-cultured with L-929 cells. 

Figure 5 shows the changes in cell viability after 24, and 72 hours of co-culture. 

Compared to the positive control, the cell viability of PNIPAAm-DSPE, 

P(NIPAAm-DMAAm)-DSPE, traditional liposomes and thermosensitive liposomes 

group was much higher, above 80% in all cases. As the concentration of the samples 

increased, the relative viability of the cells slightly decreased. At the same 

concentration, cell viability was not affected by the culture time. According to 

ISO10993-5 standards, a material is cytotoxic when the relative activity of cells 

decreases by more than 30%. Therefore, PNIPAAm-DSPE, 

P(NIPAAm-DMAAm)-DSPE, traditional liposomes, and thermosensitive liposomes 

are non-cytotoxic, and thus could be used as nano-carrier of drugs. 
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Figure 5. Relative activity of L-929 cells after (A) 24h, and (B) 72h culture with copolymer 

solutions and liposomes at different concentrations as compared with the positive control. Data are 

presented as the mean±SD. 

 

The effect of PTX-loaded liposomes on A549 cells was evaluated by using MTT 

assay at 37 ℃, in comparison with free drug solutions. In the drug concentration 

range of 0.025 to 50 μg / mL, both drug-loaded liposomes and free drug exhibited a 



certain cytotoxicity compared to the control after 72 h incubation, and the relative 

activity of A549 cells decreased with increase of the drug concentration. The free drug 

showed higher toxicity than the drug-loaded liposomes at the same drug concentration. 

This difference could be attributed to the lower drug amount available from liposomes. 

Therefore, it could be expected that PTX loaded liposomes could have biological 

effects due to prolonged drug release. Moreover, according to the drug release study 

(Fig. 4), higher release rate from thermo-sensitive liposomes is observed at 40 ℃ 

than at 37°C. Thus enhanced toxicity to cancer cells could be achieved by using local 

hyperthermia. 
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Figure 6. Relative activity of A549 cells after 72 h incubation with PTX-loaded liposomes and free 

drug at different concentrations compared to the negative control. 

 

Conclusion 

In this work, PNIPAAm-DSPE and P(NIPAAm-DMAAm)-DSPE 

thermosensitive polymers were successfully synthesized, and their structures was 

characterized by 1H NMR and FT-IR. PNIPAAm-DSPE and 



P(NIPAAm-DMAAm)-DSPE exhibit a LCST of 34.0 and 46.9 ℃ in water, and 29.8 

and 38.8 ℃ in PBS, respectively. P(NIPAAm-DMAAm)-DSPE was inserted into 

PTX loaded liposomes by a post-insertion method to obtain polymer modified 

thermosensitive liposomes. Drug release studies show that thermosensitive liposomes 

present similar drug loading and encapsulation efficiency as traditional liposomes. 

Nevertheless, the total release and release rate of thermosensitive liposomes at 40 ℃ 

were much higher than those at 37 ℃, and drug release is higher for thermosensitive 

liposomes than for traditional liposomes because the insertion of thermo-sensitive 

polymer chains affects the system’s stability. Finally, MTT assay showed that 

thermosensitive liposomes have no cytotoxicity to L-929 cells, and paclitaxel-loaded 

liposomes exhibit significant cytotoxicity against A549 cancer cells. It is thus 

concluded that P(NIPAAm-DMAAm)-DSPE modified thermosensitive liposomes 

could be promising as nano-carrier of antitumor drugs. 
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