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Abstract The thermosensitive micelles based on the two

series of cholesteryl-modified hydroxypropyl cellulose (series

1 and 2, respectively) were used as a promising drug carrier.

The polymers 1a and 2a with side chain substitution degrees

DChol = 0.7 and 2.1 mol% were selected for micelle prepa-

ration, respectively. Polymeric micelles were prepared by the

co-solvent evaporation method. The aqueous self-assembly of

the polymers was studied using fluorescence analysis and

transmission electron microscopy (TEM). The critical micelle

concentrations (CMCs) values of the various DChol of poly-

mers were evaluated in the range of ca. 0.13–0.29 g/L which

decreased with the increase of DChol in both series. Further-

more, the CMC values displayed a downtrend profile, with

increasing the temperature. The polymer 1a with less DChol

had lower CMC than that of polymer 2a. By using the

naproxen as a hydrophobic model drug, the drug-loaded

micelles were prepared. The TEM image of naproxen-loaded

micelles of polymer 1a with 40 % drug-loading efficiency and

8 % loading capacity showed that micelles were regularly

spherical in shape with a mean diameter of 70 nm. The

unmodified HPC exhibited a lower critical solution tempera-

ture (LCST) of more than 41 �C in water, while polymeric

micelles in aqueous solution presented an LCST of 38.7 �C.

A drug release study was performed by dialysis method in

phosphate-buffered solution at 25, 37 and 40 �C, respectively.

The release kinetics of naproxen from the polymeric micelles

revealed a thermosensitivity, since its release rate was higher

at 40 �C than at 25 �C.

Keywords Hydroxypropyl cellulose �
Cholesterol-modified � Thermoresponsive polymeric

micelles � Drug-delivery system � Nano-carrier

Introduction

Polymeric micelles formed by self-assembly of amphi-

philic block copolymers exhibit many merits, such as

nanoscale size, core–shell structure, relatively high stabil-

ity due to low critical micelle concentration (CMC) and

prolonged circulation owing to their high water solubility

[1]. Many investigations [2–4] have reported that these

self-assemblies, used as drug-delivery systems, can reduce

the unwanted toxic side effects, increase solubility of

poorly water soluble drugs within the hydrophobic core of

the micelles, prolong the circulation time, reduce the

uptake by the reticuloendothelial system (RES) and

enhance the therapeutic index of drugs. Polymeric amphi-

philes form micelles which consist of an inner core of

hydrophobic segments and an outer shell of hydrophilic

segments. The hydrophobic inner core is surrounded and

stabilized by the hydrophilic outer shell. The hydrophilic

outer shell enhances dispersion, inhibits intermicellar

aggregation and interactions with other hydrophobic com-

ponents irrespective of the high inner core hydrophobicity.

Drugs to be delivered can be covalently attached prior to

micellization or vesicle formation, or physically entrapped

into the micellar core or polymersome by the use of various

techniques like solution/precipitation, salting-out process

and solvent evaporation method [5, 6].

Recently, interest has grown in amphiphilic polysac-

charide derivatives (APDs) which have been used in the

formulation of micelles used as hydrophobic drug-delivery

vehicles [7, 8]. APD micelles are self-assemblies composed
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of hydrophobic microdomains and amphiphilic shells of

polysaccharides in aqueous media. Controlled release of

the loaded drug can be achieved through diffusion from the

micelles or by biodegradation of APDs.

Furthermore, by the use of stimuli-sensitive polymers

(temperature, pH, etc.) as a part of the amphiphilic

copolymers, it is possible to achieve a controlled release of

encapsulated drugs from micelles in response to environ-

mental changes [9–12]. In the case of thermosensitive

polymers, the lower critical solution temperature (LCST) in

aqueous solution is particularly attractive for the applica-

tions in drug delivery, smart bioactive surfaces and

molecular recognition agents [13–15]. Thermosensitivity

of these block copolymer micelles could be modulated by

the alteration of the concentration of the aqueous solution

and/or the composition of the copolymers.

Among the thermosensitive polymers, hydroxypropyl

cellulose (HPC) is attractive due to its wide and tunable

LCST, which is in the range of 41–45 �C in water [16] and

can be adjusted by grafting HPC with a more hydrophobic

side chain. HPC is non-toxic, biodegradable and biocom-

patible; hence, it has a wide range of applications in food,

agriculture, cosmetics, textiles, nanotechnology, water

engineering and medicine (as a drug carrier) [17].

In our previous work, synthesis and characterization of

liquid crystalline amphiphilic cholesteryl-modified HPC

derivatives (CHDs, Fig. 1) with different side chain content

were described [18]. The main purpose of this study is to

produce a new micellar vehicle for the delivery of hydro-

phobic drug naproxen which is prepared from the above-

mentioned CHDs. It is expected that CHD micelles would

have good loading capacity and controlled-release property

in addition to their good biocompatibility, because of the

strong self-assembly capacity of the cholesteryl groups

[19]. In this paper, the effects of the cholesteryl side chain

structure and the substitution degree on the characteristics

of the CHD micelles were studied. In particular, thermo-

sensitive properties of the CHD micelles in aqueous solu-

tion were investigated.

Experimental

Materials

Cholesteryl-modified hydroxypropyl cellulose derivatives

with different cholesteryl side chains (HPC-G1-Chol 1a and

HPC-Chol 2a), in which HPCs number-average molecular

weight (Mn) of 100,000 g/mol according to manufacturer

(Mn = 150,000 g/mol obtained using SEC with THF as

mobile phase) were previously synthesized in our labora-

tory (Table 1) [18]. The chemical structures of CHDs used

in this study are shown in Scheme 1. Naproxen and dialysis

membrane (MWCO = 10,000) were purchased from

Fig. 1 1H NMR spectra of

polymer 1a: a dissolved in

CDCl3 and b aqueous micellar

solution obtained in D2O
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Sigma-Aldrich (USA). Pyrene, potassium dihydrogen

phosphate and sodium hydrogen phosphate were purchased

from Merck (Germany). THF and acetone were purified by

distillation and all other chemicals were used as received.

Preparation of polymeric micelles

The blank polymeric micelles were prepared using a

co-solvent evaporation method. In brief, modified poly-

mer 1a (or 2a) (20 mg) was dissolved in 2 mL of acetone

in a 50 mL flask, and then the solution of the polymer was

added dropwise into 12 mL of deionized water under

high-speed stirring. Finally, the mixed solution was

devolved to a beaker and slowly stirred for 4 h at room

temperature to facilitate the removal of acetone. Poly-

meric micelles were lyophilized to obtain a white powder

of micelles.

Drug encapsulation

Low aqueous solubility drug naproxen was used as a model

drug for investigating the loading and release properties of

drug in the polymer carrier. The naproxen-loaded poly-

meric micelles were prepared as follows. The polymer 1a

(20 mg) and naproxen (4 mg) were dissolved in 2 mL of

acetone, and the solution was added into deionized water

(12 mL) and stirred for 4 h. After the acetone was removed

by evaporation, micelle-dispersed solution was obtained.

The obtained suspension was centrifuged at 4,000 rpm for

10 min, and then the supernatant containing naproxen-

loaded micelles was obtained. Drug-loaded polymeric

micelles were lyophilized. The precipitate containing

unloaded drug was dissolved in 50 % ethanol solution, and

its amount was analyzed by UV–visible spectrophotometry

at 330 nm. The standard solutions were prepared at con-

centrations ranging from 0.001 to 0.1 g/L. The correlation

coefficient (R2) value was at least 0.999.

It was found that *40 wt% of the free drug naproxen

was loaded into polymeric micelles (Wtotal = 4 mg). Drug-

loading efficiency (40 %) and drug-loading capacity (8 %)

were calculated as follows:

Loading capacity ð%Þ ¼ A� Bð Þ=C � 100 ð1Þ
Loading efficiency ð%Þ ¼ ðA� BÞ=A� 100 ð2Þ

where A is the total weight of naproxen used, B is the

weight of unloaded naproxen in the precipitate after cen-

trifugation and C is the weight of CHD.

In vitro drug release test

In vitro release of naproxen from the micelle solution was

determined using the dialysis membrane diffusion tech-

nique. Three milliliter of drug-loaded micelle solution was

transferred into a dialysis tube (MWCO = 10,000) and

immersed into 30 mL of release media [pH 7.4 phosphate-

buffered solution (PBS)] at the given temperature (25, 37

and 40 �C) and stirred at 250 rpm. At predetermined

intervals, 3 mL of the medium was taken and 3 mL of fresh

PBS was added after each removal. Concentration of the

drug released was determined by using a UV–visible

Table 1 Polymerization,

substitution degree and critical

micelle concentration of the

CHDs

a Calculated from 1H NMR

spectroscopy
b Partially insoluble in

chloroform

Sample Molar ratio of cholesteryl

moiety per hydroxyl

groups

No. of cholesteryl moiety/

anhydroglucose unita
Critical micelle

concentration

(g/L)

HPC-G1-Chol (1a) 0.05 0.007 0.2

HPC-G1-Chol (1b) 0.1 0.018 0.13

HPC-G1-Chol (1c)b 0.2 – –

HPC-Chol (2a) 0.1 0.021 0.29

HPC-Chol (2b) 0.2 0.040 0.22

HPC-Chol (2c)b 0.4 – –

Scheme 1 Structures of cholesteryl-modified HPC derivatives

(CHDs)
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spectrophotometer at 330 nm, and all experiments were

carried out in triplicate. The standard aqueous solutions

were prepared at concentrations ranging from 0.001 to

0.01 g/L. The correlation coefficient (R2) value was at least

0.996. The release percentage of naproxen was calculated

from the following equation:

% Release ¼ ðWtÞ=ðWtotalÞ � 100 ð3Þ

where Wt is the weight of released naproxen at time t and

Wtotal is the total absorbed naproxen in the polymeric

micelle structure. Wtotal was calculated by the free drug

amount, i.e., the total drug amount used in this work; here it

is 4 mg (A) minus the amount of unloaded drug (B).

Micelle characterization

The polymeric micelles were analyzed by transmission

electron microscopy (TEM). TEM observation was per-

formed with a PHILIPS SM10 TEM (The Netherlands) and

EPSON HP8300 Photo flat-bed scanner operated at an

accelerating voltage of 150 keV. TEM sample was pre-

pared by placing a drop of micelle dispersion on a copper

grid, with carbon film and staining with 2 % (w/v) phos-

photungstic acid aqueous solution.

The average size and size distribution of polymeric

micelles were determined by dynamic light scattering

(DLS) using a light scattering spectrometer (Sematech,

SEM-633, France) at 25 �C. The CMCs of CHD

micelles were determined using pyrene as a fluores-

cence probe. Polymeric micelles with the concentrations

of CHD polymers ranging from 1.0 9 10-3 to 10 mg/

mL were equilibrated with a saturated aqueous solution

of pyrene for 24 h under shielded light to load pyrene

molecules into the polymeric micelle core. The excita-

tion spectrum of pyrene for each sample was obtained at

room temperature using a FP-6200 spectrophotometer

(JASCO Corporation, Tokyo, Japan) at an excitation

wavelength of 335 nm and an emission wavelength of

392 nm.

Temperature-responsive behavior of amphiphilic CHD

micelles was measured by a turbidity method. The aqueous

polymer solutions (1 g/L of polymers) at various temper-

atures were measured at 400 nm by a UV–vis spectrometer

(PG Instrument T80, England). The sample was thermo-

stated in a refrigerated circulator baths at a different tem-

perature from 28 to 48 �C. At least 20 min was allowed for

the temperature equilibration of the sample. Values of the

LCSTs of polymer solutions were determined at a tem-

perature showing the onset of turbidity.
1H NMR spectra of polymer 1a were taken on a

300 MHz-Brucker SP-300 AVANC spectrometer (Germany)

by CDCl3 and D2O as solvent with tetramethylsilane as

internal standard.

Results and discussion

Preparation and characterization of hydrophobically

modified HPC

In our previous work, the cholesteryl-modified HPC poly-

mer (1a) was prepared through one-step reaction between

O–H groups of HPC and carboxylic acid group of per-

formed first-generation dendron having cholesteryl groups

using DCC/DPTS coupling. The modified polymer (2a)

was obtained through the reaction of the hydroxyl groups

of HPC with cholesteryl chloroformate in the presence of

pyridine and DMAP as catalyst [18]. The detailed chemical

structure of obtained polymers is shown in Scheme 1. Dif-

ferent samples with different feeding ratios were synthesized

and characterized by FTIR and 1H NMR spectroscopy

methods. The degree of substitution (DChol), which can be

defined as the number of cholesteryl moieties per anhydro-

glucose unit of HPC, was evaluated by 1H NMR spectroscopy

methods according to previously reported method (Table 1)

[18]. The samples 1 and 2 with DChol = 0.7 and 2.1 mol%

were selected for this study, respectively.

Formation of polymeric micelles

Herein, the solvent evaporation method was used for the

preparation of micelles. As most of the micelles cases, the

main attractive driving force for the CHDs micellization is

hydrophobic interaction and entropy driven. Typically, the

ionic (or hydrophilic) head groups are exposed to the bulk

aqueous solution, while the hydrophobic hydrocarbon tail

groups form the interior of the micelle. CHDs form cho-

lesteryl core-micelle in an aqueous solution. As an evi-

dence, the micelle solution was prepared by dialysis

method and its structure was confirmed using 1H NMR.

Figure 1 illustrates the 1H NMR spectra of the selected

polymer 1a, measured in pure CDCl3 and pure D2O to

observe the influence of the solvent polarity on the struc-

ture in the solution. As indicated in Fig. 1, in CDCl3, the

specific peaks of HPC and cholesterol are visible (spectrum

a) [18]. In D2O, including the formation of micelles, the

specific peaks arising from cholesterol is not observable,

while the peaks of HPC are still shown. These results

proved that cholesterol moieties are aggregated into the

compact micelle core to minimize their interaction with

D2O and the HPC formed the hydrated outer shell (spec-

trum b). In a good solvent (CDCl3) for both the hydrophilic

and hydrophobic part, both parts stick out into the solution,

whereas in a poor solvent (D2O) the hydrophobic parts

would prompt these groups to agglomerate into micellar

domains. This trend in the 1H NMR spectra is also con-

sistent with other polymeric amphiphiles that formed

micelles or aggregates in the aqueous phase [20, 21].
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Fluorescence studies

The CMC of polymeric micelles can be determined by

fluorescence spectroscopy using pyrene. Pyrene is a

hydrophobic fluorescence probe that preferentially parti-

tions into the hydrophobic core of the micelle. Below the

CMC, pyrene is solubilized in water, and shows only small

fluorescence intensity due to its self-quenching. Above the

CMC, it strongly emits radiation because the pyrene mol-

ecules prefer to be inside the hydrophobic core of the

polymeric micelles. This provides a measure for both the

presence of such regions and their hydrophobicities [22,

23].

Figure 2a shows the excitation spectra of pyrene as a

function of polymer 1a concentration in water. A plot of
331I/335I, where 331I and 335I are the pyrene fluorescence

intensities excited at 331 and 335 nm, respectively, versus

the logarithm of the polymer 1a concentration which is

shown in Fig. 2b. As shown in Fig. 2b, the intersection

point at C = 0.1999 g/L is estimated to be the CMC of the

polymer 1a at 25 �C. Table 1 summarizes the CMC values

of the various substitution degrees of CHDs in the range of

ca. 0.13–0.29 g/L in water.

It could be deduced from the comparison between

polymers with different cholesteryl side chain content

(Table 1) that the aggregation of CHD molecules in

aqueous media was due to the hydrophobic interactions of

cholesterol moieties. The CMC value decreased with the

increase of DChol in both series of polymers (for example,

comparison of polymer 1a with 1b). However, it could be

seen in Table 1 that CMC of polymer 1a is lower than

polymer 2a despite having less DChol. It appears that the

main reason is due to differences in the structure of side

chains as polymer 1a has bifunctional side groups based on

cholesterol. Therefore, polymer 1a has stronger hydro-

phobicity than that of polymer 2a despite its lower degree

of substitution.

Recently, developing thermoresponsive polymeric

micelles as intelligent drug carriers has attracted much

attention which react by a sharp change of properties in

response to a small change of temperature [24]. These

synthesized CHDs are also thermoresponsive. The CMC

Fig. 2 a Excitation spectra of

pyrene as a function of polymer

1a concentration in water, a 5,

b 2.5, c 2, d 1, e 0.5, f 10-2,

g 3 9 10-3 g/L; b CMC of the

polymer 1a at 25 �C; and

c CMC dependence on the

structure of the polymer 1a and

its corresponding aqueous

solutions at different

temperatures (25, 37 and 50 �C)
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value of the polymer 1a at 37 �C is obviously lower than

that at 25 �C (Fig. 2c). This could be attributed to an

increase in hydrophobicity at elevated temperatures, thus

leading to dehydration of HPC chains and a subsequent

decrease in the CMC. Furthermore, the CMC values dis-

play a downtrend profile with the temperature increasing as

shown in Fig. 2c.

LCST of the polymers

The solution behaviors of the thermoresponsive polymers

were investigated by an optical method. To determine

whether the polymer micelles exhibit a thermal response,

first we observed macroscopically that the solution of the

polymeric micelles is almost transparent at room temper-

ature and becomes opaque with the increases of the tem-

perature and then precipitates (Fig. 3). Later, the optical

absorbance of polymeric micelles in distilled water at

400 nm was measured as a function of temperature.

Figure 3 demonstrates the variation in turbidity of HPC,

polymer 1a and 2a solutions. Values for the LCSTs of

polymer solutions were determined at a temperature

showing the onset of turbidity.

As shown in Fig. 3, the LCSTs of HPC and polymer 1a

solutions are 41.3 and 38.7 �C, respectively. In these two

cases, both solutions show sharp transitions within merely

5 �C. The micelles undergo changes in their structures

along with the temperature change. In general, the incor-

poration of hydrophobic moieties into HPC promoted the

LCST shift to a lower temperature than the corresponding

pure HPC, because the incorporation of the hydrophobic

moieties facilitated chain aggregation [13]. However, there

is no obvious change in the absorbance for polymer 1a and

2a micelles. Additionally, the CHD polymers exhibit

nearly the same LCST as that of pure HPC, i.e., cholesteryl

moieties show little hydrophobic contribution to LCST.

This indicates that the hydrophobic terminals of the poly-

mers self-assemble into a phase-separated inner core under

hydrophobic affinity. Hydrated HPC chains remain dis-

persed surrounding the aggregated hydrophobic cholesterol

moiety inner core. This core–shell micellar structure iso-

lates the hydrophobic inner core from the aqueous media,

and therefore does not influence the LCST of the HPC

outer shell [25]. HPC exhibits an LCST of more than

41 �C, while CHDs have an LCST of around body tem-

perature. Thus, considering the fact that CHDs are body

Fig. 3 Optical absorbance

changes of aqueous solution

of a HPC, b polymer 1a and

c polymer 2a as a function

of temperature (concentration

1 g/L and absorbance at

400 nm)
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temperature sensitive polymers, the resultant amphiphilic

polymers can have large potential application as a drug

carrier for thermosensitive drug delivery.

Size and morphology of the CHD polymeric micelles

The aqueous self-assembly of amphiphilic polymer 1a was

monitored by DLS and TEM. The mean diameter and size

distribution of the polymer 1a in water were 239 ± 2.8 nm,

and the polydispersity index was 0.244 ± 0.03, which were

measured by DLS method (Fig. 4a).

The observed morphology of polymeric micelles is

shown in Fig. 4b. It can be observed that all these poly-

meric micelles are regularly spherical in shape. Moreover,

Fig. 4b displays that the average diameter of the polymer

1a micelles is about 70 nm. The outer shell of the micelles

has indistinct but detectable contrast with the inner core,

which means the darker annulus is flatter than the core part

of the micelles.

Drug-loaded polymer 1a micelles were prepared using

naproxen as a hydrophobic model drug. The mean diameter

and size distribution of naproxen-loaded polymer 1a

micelles in water were 492 ± 2.93 nm, and the polydis-

persity index was 0.426 ± 0.0259, which were measured

by DLS method as shown in Fig. 5a. However, compared

with blank nanoparticles (Fig. 4a), the drug-loaded poly-

meric micelles had a larger size and a broader size distri-

bution. The increase in the average diameter of

nanoparticles might suggest that naproxen molecules were

physically entrapped in the nanoparticles.

The TEM image naproxen-loaded polymer 1a micelles

with 8 % loading capacity showed that micelles were

regularly spherical with diameters about 70 nm (Fig. 5b).

The observed size of micelles by TEM is under 100 nm,

Fig. 4 a Size distribution and

b TEM image of micelles of

polymer 1a in distilled water

Fig. 5 a Size distribution and

b TEM image of micelles of

naproxen-loaded polymer 1a
with drug-loading capacity of

8 % in distilled water
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which is much smaller than the size determined by DLS.

This is mainly due to the process involved in the prepa-

ration of the sample. TEM depicted the size in the dried

state of the sample, whereas the size measured by DLS was

a hydrodynamic diameter and had a larger value because of

the solvent effect [23].

In vitro drug release study

Naproxen release behavior from polymer 1a micelles was

studied in vitro by the dynamic dialysis method in PBS

solution (0.1 M, pH 7.4) at the temperatures of 25, 37 and

40 �C, respectively. Figure 6 presents the in vitro release

profiles of naproxen-loaded micelles in PBS. Naproxen

was released at a relatively slower rate at 25 �C (below the

LCST of 1a) and only 10 % naproxen was released in 48 h.

However, during the same time period, about 40 %

naproxen released from polymeric micelles when the

temperature was raised above the LCST. The increased

release of naproxen might be due to the structural defor-

mation of the polymer 1a at 40 �C, i.e., above the LCST.

The polymeric micelles became hydrophobic above the

LCST leading to the deformation and precipitation of the

core–shell micelles. As a result, the drug was released

quickly from the micelles. Thus, this polymer is an effec-

tive drug carrier to control the release amount via changing

the temperature.

Conclusion

In conclusion, thermoresponsive self-assembled polymeric

micelles composed of different cholesterol-based side

chain and HPC were prepared and characterized. The CMC

was estimated from fluorescence spectroscopy. This meant

that CHDs were self-associated in water to form core–shell

structure micelles. It could be deduced from the compari-

son between polymers with different mode of functionali-

zation that polymer 1 with bifunctional group based on

cholesteryl bis-MPA has CMC values lower than that of

polymer 2 with direct functionalization with cholesteryl

chloroformate despite having lower degree of substitution.

These micelles indicated a thermal transition at 38.7 �C,

the LCST of CHDs. From the TEM observations, the

micelles were spherically shaped with a mean diameter of

70 nm. Naproxen release from these micelles was ther-

mosensitive as expected. Finally, it is proposed that drug

release from thermoresponsive CHDs micelles might be

applied to site-specific drug delivery systems by modulat-

ing the temperature of the target site.
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