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Aliphatic PUA-grafted mesoporous hollow hydroxyapatite microparticles with thermal-

responsive on-off gates for controllable drug delivery were prepared via in situ 

polymerization in supercritical CO2. 
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In this work, aliphatic poly(urethane-amine) (PUA) grafted mesoporous hollow hydroxyapatite (H-HAP) 
microparticles were prepared via in situ polymerization in supercritical CO2. Thermal-responsive PUA 
acted as the on-off gates inside the mesoporous H-HAP due to the stretch and shrinkage of the PUA 
polymer chains at different temperatures. The PUA-grafted hollow HAP (PUA-g-H-HAP) microparticles 
displayed high specific surface area (95 m2 g-1) and drug loading efficiency (60 %). The in vitro drug 
release studies indicated that PUA-g-H-HAP microparticles exhibited distinguished pH- and 
thermal-dependent drug release properties, and PUA on-off switches enabled the DOX release in a 
reversible way by simply adjusting the environmental temperature. Moreover, compared to the hollow 
HAP microparticles having a higher amount of released DOX over the initial 2 h (about 24.4% of total 
released drug over 24 h) at 37 oC and pH 7.4, PUA-g-H-HAP microparticles displayed a sustained release 
property with the value of only 10.7% deriving from the blockage of the stretched PUA chains inside the 
mesoporous H-HAP. 

Keywords: Mesoporous HAP; Supercritical CO2; Aliphatic PUA; Thermal-/pH- responsive; Drug delivery  

1. Introduction  

During the past decade, mesoporous microparticles have 
attracted increasing attention because of their unique 
characteristics such as extraordinarily high specific surface area, 
large pore volume, tunable pore size and well-defined ordered 
mesostructure,1-4 which are crucial for developing new types of 
drug delivery carriers.5-9 Anchoring organic molecules on certain 
inorganic supports has resulted in the design of hybrid carriers 
that show cooperative functional behaviors.10,11 More importantly, 
hollow mesoporous microparticles show more outstanding 
advantages as drug carriers by incorporating the hollow interior 
and mesoporous shell into one structure.12 The hollow interior 
can provide the space for drug loading and then ensure the high 
drug loading efficiency. On the other hand, the mesoporous shell 
can provide the pathway for the drug into/out of the hollow 
cavity.13,14 

As a major inorganic constituent of teeth and bones, 
hydroxyapatite (Ca10(PO4)6(OH)2, HAP) has been an excellent 
candidate for biomedical application because of their outstanding 
biological activity, biocompatibility and biodegradability.15,16 
The surface modification of mesoporous hollow HAP (H-HAP) 
microparticles is an efficient way to obtain specific properties 
and improve the surface activities of HAP.17 Recently, 
stimuli-responsive HAP, which obtained via the functionalization 
of HAP surface with stimuli-responsive polymers, has attracted 
increasing attention due to their potential applications as the 

novel functional drug carriers. Li et al. prepared 
stimuli-responsive hybrid HAP particles by grafting pH-sensitive 
polystyrene-co-4-vinylpyridine brushes onto HAP.18 Wei et al. 
synthesized HAP nanoparticles grafted by thermal-responsive 
poly(N-isopropylacrylamide) (PNIPAAm) brushes, and the 
hybrid materials could be used in tissue engineering.19 As a most 
widely studied thermal-responsive polymer, PNIPAAm has been 
extensively employed in biomedicine field.20,21 However, the 
poor degradability and potential cytotoxicity should not be 
ignored, which may bring side effects on the bioactive 
substances.22 Aliphatic poly(urethane-amine) (PUA), consisted of 
hydrophobic urethane and hydrophilic amine unites, shows a 
thermally induced reversible transition property in aqueous 
solution at its lower critical solution temperature (LCST) as 
illustrated in Fig. S1 of the Supporting Information.23 Compared 
with PNIPAAm, aliphatic PUA has many potential advantages 
for the application in biomedicine field. Zdrahala et al. have 
already performed a series of experiments to vetify the good 
biodegradabilty, biocompatibility and noncytotoxicity of 
PUA.24,25 

Herein, we describe a novel method based on in situ 
f unc t iona l iza t ion of  ho l low mesoporous  HAP  wi th 
thermal-responsive aliphatic PUA for smart drug delivery, which 
shows promising potential as smart drug carrier as shown in Fig. 
1. H-HAP microparticles were fabricated by a hydrothermal 
method using vaterite CaCO3 as a template.26 CaCO3 core could 
be easily removed because of the good solubility of CaCO3 in
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Fig. 1 Preparation of mesoporous PUA-g-H-HAP microparticles with thermal-responsive gates. 

acetic acid solution, and the mesoporous H-HAP microparticles 
were then obtained. Finally, thermal-responsive aliphatic PUA 
was immobilized within the mesoporous H-HAP microparticles 
via in situ polymerization under supercritical carbon dioxide 
(scCO2) condition.27 Compared with conventional polymerization, 
the above reaction avoided the employment of organic solvents 
and environmentally friendly CO2 was used as solvent and 
reactant in the polymerization process.28 In addition, the high 
diffusibility of scCO2 can insure that PUA could be immobilized 
deeply into the mesoporous H-HAP microparticles. More 
importantly, aliphatic PUA could form covalent bonds with the 
HAP matrix for the sake of the interaction between the amino 
groups of PUA and the hydroxyl groups of HAP, as illustrated in 
Fig. 1. 

 
Fig. 2 Schematic illustration of thermal-/pH- responsive drug release 

from PUA-g-H-HAP microparticles.  

In the present design, aliphatic PUA was employed as the 
thermal-responsive component due to the shrinkage and stretch 
of the PUA polymer chains at various temperatures, just like a 
reversible storage gate as well as a release switch as shown in Fig. 
2. When the temperature is below LCST, the polymer chains 
swell and the pores of HAP are closed, resulting in the capture of 
model drug (doxorubicin hydrochloride, DOX). When the 
temperature is above LCST, the polymer chains within the pores 
shrink and the mesoporous shell are exposed, resulting in the 
rapid release of DOX.29 Moreover, the drug release of the  

 
hollow carriers exhibited distinguished pH-dependent properties 
due to the dissolution of HAP in the acidic media. More 
interestingly, compared with the H-HAP microparticles, 
PUA-grafted hollow HAP (PUA-g-H-HAP) microparticles 
displayed a distinct sustained release property at 37 oC and pH 
7.4 for the sake of the blockage of stretched PUA polymeric 
chains inside the mesoporous H-HAP microparticles. The present 
paper provides a facile and green route to fabricate smart 
hierarchical hybrid hollow drug carriers by combining 
stimuli-responsive polymers with inorganic mesoporous hollow 
microparticles, which is highly attractive for controllable drug 
delivery. 

2. Experimental section 

2.1. Materials 

Sodium poly(styrene sulfonate) (PSS, Mw = 70000, Alfa 
Organics, China), DL-1-amine-2-propanol (Aladdin Reagent Co. 
Ltd, China), doxorubicin hydrochloride (DOX, Beijing 
Huafenglianbo Chemical, China), calcium nitrate (Ca(NO3)2, 
Tianjin Chemical Reagent Factory, China), sodium carbonate 
(Na2CO3, Tianjin Hengxing Chemical, China) and disodium 
hydrogen phosphate dodecahydrate (Na2HPO4•12H2O, Tianjin 
Dengke Chemical, China) were analytical reagents and used as 
received. Commercial CO2 (99.99% pure) was used without 
further purification. 

2.2. Preparation of H-HAP microparticles  

Na2CO3 solution (0.1 M, 20 mL) was rapidly poured into 
Ca(NO3)2 (0.1 M, 20 mL) and PSS (400 mg) mixed solution 
under magnetic agitation (1000 rpm). The solution was kept at 30 
oC for 30 min. The vaterite CaCO3 microparticles were washed 
with distilled water for 3 times and then collected by 
centrifugation. The vaterite CaCO3 was mixed with Na2HPO4 
solution (0.93 M, 30mL). The suspension was then transferred 
into 100 mL of autoclave, sealed, and heated by a hydrothermal 
method at 140 oC for 4 h. When the reaction was finished, the 
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as-formed HAP having a CaCO3 core was washed with distilled 
water for 3 times and then collected by centrifugation. By 
removing the CaCO3 cores with acetic acid (pH 4.5), mesoporous 
H-HAP microparticles were obtained. 

2.3. In situ polymerization of aliphatic PUA onto H-HAP 

microparticles 

2-Methylaziridine monomer was synthesized by treating 
DL-1-amine-2-propanol with sulfuric acid to form the sulfate 
ester and then cycling the sulfate ester with sodium hydroxide. 
Then, H-HAP microparticles (50 mg) and 2-methylaziridine (1 
mL) were introduced into the autoclave (50 mL) filled with N2. 

The reactor was pressurized succeedingly with compressed CO2 

(22 mL) to 10 MPa. After stirring at 100 oC for 24 h, the reaction 
was stopped by cooling the autoclave in an ice bath. The product 
was washed by methanol for three times and collected by 
centrifugation. The supernatant was saved and purified by 
reprecipitation from methanol/ether for the measurement of 
LCST of aliphatic PUA. The LCST of aliphatic PUA is 50 oC as 
measured by a temperature-variable UV-vis spectrometer. In our 
previous work, we had synthesized aliphatic PUA by 
copolymerization of 2-methylaziridine with CO2 to determine the 
LCST of pure aliphatic PUA. In the present study, the dissolved 
aliphatic PUA in reaction medium after in situ polymerization 
reaction was purified to determine the LCST of grafted aliphatic 
PUA. The results showed that the LCST of PUA from these two 
different procedures remained the same. 

2.4. Characterization of PUA-g-H-HAP microparticles  

Transmission electron microscopy (TEM) was carried out on a 
Tecnai G2 20 emission electron microscope (FEI) using the 
copper grid as the sample holder operating at 200 kV. The high 
magnification morphology was observed using field emission 
scanning electron microscope (FESEM, JSM-7001F). Before 
FESEM observation, the samples were coated with an 
approximate 100 Å layer of Gold. FT-IR spectra were recorded 
with a Nicolet Protégé 460 FT-IR spectrometer in the range of 
4000-500 cm-1 using KBr pellets. The crystalline phases of 
samples were examined with X-ray power diffraction (XRD, 
PHILIPS X'Pert Pro diffractometer) using Cu-Ka radiation 
(1.54178 Å) with a graphite monochromator. The formation of 
HAP and the incorporation of PUA and HAP were confirmed by 
means of scanning electron microscopy (SEM, 
Philips-quanta-2000) and energy dispersive X-ray spectrometer 
(EDS). The grafting of PUA onto H-HAP was also measured by 
X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi). N2 
adsorption/desorption isotherms were obtained on a 
Micromeritics ASAP 2020 apparatus. Brunauer-Emmett-Teller 
(BET) analyses were used to calculate the surface area, pore size, 
and pore volume. Thermogravimetric analysis (TGA) was carried 
out on a TGA/DSC 1-Thermogravimetric Analyzer (METTLER 
TOLEDO) with the heating rate of 10 oC min-1 under an Ar 
atmosphere. 

2.5. DOX loading and in vitro drug release 

50 mg of samples was incubated in 4 mL of DOX aqueous 
solution (0.5 mg mL-1). The suspension was kept at 30 oC for 12 
h under magnetic agitating. After loading, the samples were 
rinsed by distilled water for 3 times, collected by centrifugation 

and then vacuum dried at 40 oC for 24 h. The DOX amounts of 
the clear supernatant were measured by UV-vis absorption 
spectroscopy at 481 nm and calculated by employing a 
calibration curve. The encapsulated DOX can be calculated by 
subtracting the amount of the DOX in the supernatant from the 
fed DOX amount. 

For the in vitro drug release test, the DOX-loaded 
microparticles (10 mg) were suspended in 30 mL of phosphate 
buffer solution (PBS) with pH 7.4 or HCl solution with pH 2.1 
and stirred in a horizontal shaker at 37 or 55 oC. The sample (3 
mL) were periodically removed for UV-vis analysis and replaced 
by the same volume of fresh medium. For the further 
investigation of the reversible thermal-sensitivity, the prepared 
microparticles were suspended in 30 mL of PBS with pH 7.4. 
The sample (3 ml) was removed and replaced by the same 
volume of fresh medium. The temperature was switched between 
37 and 55 oC every 1.5 h. All the tests were carried out in 
triplicate and the average values were shown in this study. 

3. Results and Discussion 

3.1. Characterization of PUA-g-H-HAP hybrid microparticles 

In the present work, H-HAP microparticles had been fabricated 
by a hydrothermal method using PSS-doped vaterite CaCO3 as a 
template,30 and the following etching of CaCO3 core. PSS had 
been used as the crystal growth additive to accelerate the 
transformation of CaCO3 from calcite to vaterite during the 
course of CaCO3 preparation.31 Owing to the presence of 
abundant hydroxyl groups on the surface of H-HAP, 
2-methylaziridine could be impregnated onto the surface of 
H-HAP microparticles by in situ ring-opening polymerization.27 
Therefore, thermal-responsive PUA could covalently anchor onto 
the surface of mesoporous H-HAP microparticles. The structure 
and characterization of aliphatic PUA prepared under scCO2 
condition has been discussed in detail in other literatures.23,28 

 

 

Fig. 3 FESEM micrographs (1, 2) and corresponding EDX spectra (3) of 

H-HAP microparticles (A) and PUA-g-H-HAP microparticles (B). 

Fig. S2 shows the SEM micrographs and corresponding EDX 
spectra of vaterite CaCO3 and HAP microparticles. The CaCO3 

microparticles had been used as the sacrificial templates to 
fabricate HAP, therefore it was important to control their shape 
and morphology. With the assistance of PSS, CaCO3 
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micropartices were uniform spherical with an average diameter of 
2 µm (A1). The CaCO3 micropartices could be easily transformed 
to HAP through ion-exchange method by mixing CaCO3 and 
Na2HPO4 to react at 140 oC for 4 h.32,33 Compared with CaCO3, 
the surface of HAP became more coarse and porous than that of 
CaCO3 ones and the size of HAP was slightly larger because of 
its looser structure after ion-exchange reaction (B1). The 
presence of P elements in the EDX spectrum of HAP (B2) 
indicated the successful formation of HAP. 

Fig. 3 shows the FESEM images and corresponding EDX 
spectra of H-HAP and PUA-g-H-HAP microparticles. After 
etching with acetic acid, the CaCO3 cores of HAP microparticles 
were removed and spherical mesoporous H-HAP microparticles 
with an average diameter of 2 µm (A1) were obtained. Moreover, 
H-HAP microparticles were consisted of ordered loose 
mesostructure with pore channels (20 nm of diameter) 
penetrating from the outside into the inner hollow core according 
to the higher magnification (A2). After in situ polymerization, the 
structure of the H-HAP microparticles was more compact (B1) 
and the original channels seemed to be obstructed (B2), 
indicating the successful incorporation of PUA polymeric chains 
inside the mesoporous H-HAP microparticles. The corresponding 
EDX spectrum proved the presence of N element coming from 
aliphatic PUA. 

To further investigate the average particle diameter and 
diameter dispersity, we selected 30 individual microparticles 
randomly in the SEM image of the hybrid microparticles and 
analyzed the diameter dispersity of the microparticles with 
diameter analysis software. The results showed that the average 
diameter of the hybrid microparticles was around 1.92 µm and 
more than half of the microparticles had the diameters ranging 
from 1.80 and 2.20 µm. The diameter dispersity bar diagram of 
the hybrid microparticles was shown in Fig. S3. 

 

Fig. 4 TEM images of H-HAP (A, B) and PUA-g-H-HAP microparticles 

(C, D). 

Fig. 4 shows TEM micrographs of mesoporous H-HAP (A and 
B) and PUA-g-H-HAP microparticles (C and D). The surface of 
H-HAP microparticles was constructed by plenty of HAP 
nanoneedles with diameter around 10 nm according to the higher 

magnification TEM image (Fig. 4B). The distinct contrast 
between the core and the shell could be observed from the 
PUA-g-H-HAP microparticles (Fig. 4C), indicating the hollow 
structure of the microparticles. Compared with the TEM image of 
H-HAP microparticles (Fig. 4A), the outer wall of the 
PUA-g-H-HAP microparticles was darker for the sake of the 
incorporation of PUA inside the mesoporous H-HAP 
microparticles. Moreover, the HAP nanoneedles around the HAP 
hollow microparticles disappeared and the surface of the hybrid 
microparticles seemed to be smoother from the higher 
magnification image (Fig. 4D) because of the successful 
incorporation of PUA around the surface of H-HAP 
microparticles. 

FIIR spectra also provide clear evidence for the successful 
grafting of PUA onto H-HAP microparticles. As shown in Fig. 
5A, the intense absorption peak at 1033 cm-1 was assigned to the 
stretching vibration PO4

3−groups, and the absorption peaks at 563 
and 603 cm-1 were ascribed to the bending vibration of PO43- 

groups. The characteristic bands of B-type CO3
2- were located at 

1457, 1411 and 873 cm-1.34,35 As compared with H-HAP 
microparticles, obvious characteristic absorbance peaks of PUA 
were revealed. The new absorption peek at 2975 cm-1 was 
assigned to the stretching vibration of C-H of methyl group, one 
peak at 1697 cm-1 could be attributed to the stretching vibration 
of C=O and the band at 1209 cm-1 was attributed to the stretching 
vibration of C-O.36,37 Thermogravimetric analysis curves of the 
H-HAP and PUA-g-H-HAP microparticles are shown in Fig. 5B. 
Both samples showed weight losses below 150 oC that resulted 
from the physical loss of water. In the range of 150-450 oC, a 
remarkable weight loss (10.07%) of PUA-g-H-HAP 
microparticles could be attributed to the polymer decomposition, 
indicating that the grafted-PUA content in hybrid microparticles 
was around 10.07% in weight. 

 

Fig. 5 FT-IR spectra (A) and TGA curves (B) of H-HAP and 

PUA-g-H-HAP microparticles. 
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To further demonstrate the successful grafting of PUA onto 
H-HAP microparticles, the results of X-ray photoelectron 
spectroscopy (XPS) were also exhibited (Fig. 6). Fig. 6A and B 
show the survey spectra of ungrafted H-HAP and PUA-grafted 
H-HAP microparticles. A clear contribution related to the N 1s 
(400 eV) after grafting reaction could be observed.38 Fig. 6C and 
D show the C 1s multiplex scans of H-HAP and PUA-g-H-HAP 
microparticles, respectively. Both the spectra were decomposed 
into Gaussian peaks by using a conventional curve-fitting 
procedure. Three and five peaks were obtained for the ungrafted 
H-HAP and PUA-g-H-HAP microparticles, respectively. Two 
new peaks at 287.7 eV and 285.5 eV for the PUA-g-H-HAP 
microparticles were attributed to C=O and C-N species deriving 
from aliphatic PUA.39,40 XPS results further confirmed that PUA 
had been successfully grafted onto the mesoporous H-HAP 
microparticles. Fig. S4 presents the XRD patterns of H-HAP and 
PUA-g-H-HAP microparticles. The characteristic HAP phases 
could be observed from the resulting samples. It also be noted 
that CaCO3 phases were also detected because a little amount of 
CaCO3 were remained after etching process. Moreover, the 
characteristic diffraction peaks of PUA-g-H-HAP almost 
remained the same with the XRD curves of H-HAP, which 
showed that the inorganic part of the hybrid particles retained its 
original crystal structure after the in situ polymerization. 

 

Fig. 6 XPS survey spectra for the ungrafted and PUA-grafted H-HAP 

microparticles (A and B). XPS C 1s multiplex scans of ungrafted H-HAP 

(C) and PUA-g-H-HAP (D) microparticles. 

N2 adsorption-desorption isotherms and pore size distribution 
of H-HAP and PUA-g-H-HAP microparticles are presented in 
Fig. 7. As shown in Fig. 7A, the isotherms of the two samples 
could be classified as type IV with a typical H1 hysteresis loop 
according to the IUPAC classification, indicating the presence of 
mesoporous structure.41 The Brunauer-Emmett-Teller (BET) 
surface area and total pore volume of H-HAP microparticles were 
calculated to be 115 m2 g-1 and 0.72 cm3 g-1, respectively. After 
grafting PUA onto H-HAP microparticles, the BET surface area 
and pore volume of PUA-g-H-HAP microparticles were found to 
be 95 m2 g-1 and 0.57 cm3 g-1, respectively. Correspondingly, the 
Barret-Joner-Halenda (BJH) pore diameters decreased from 24.6 
nm to 18.0 nm as shown in Fig. 7B. The noteworthy decrease 

along with the grafting process could be interpreted as the partial 
block of microparticle mesopores by PUA polymeric chains. 

3.2. DOX loading and sustained release 

PUA-g-H-HAP microparticles have the potential to be 
employed as the excellent drug vehicles with high drug loading 
efficiency and controllable release properties. Therefore, we 
further investigate the controlled release property of the 
PUA-g-H-HAP microparticles. DOX is selected as a model drug 
to evaluate the loading and release capabilities of the prepared 
hybrid microparticles because its properties are well documented 
and it is widely used as an anti-cancer drug. The drug loading 
efficiency of PUA-g-H-HAP microparticles was about 60% and 
the drug content was about 0.26 mg per 10 mg sample. It was 
clear that the inner hollow space played an important role in 
improving the specific surface area and then enhancing the drug 
loading efficiency of hybrids.42 Compared with that of pure HAP 
microparticles, the drug content of the prepared hybrid 
microparticles (60%) was relatively low. The possible reason is 
that the grafted PUA chains would hinder the DOX diffusion 
during the drug loading process. However, it must be noted that 
the loaded DOX would be difficult to diffuse into outer release 
medium from the hybrid microparticles because of the 
introduction of PUA. In other words, the hybrid microparticles 
would possess better sustained release property than that of pure 
HAP microparticles, which will be discussed in the following 
section. 

 

Fig. 7 N2 adsorption/desorption isotherms of H-HAP and PUA-g-H-HAP 

microparticles (A) and the corresponding pore size distribution curves 

(B). 
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Fig. 8A shows the DOX release amount curves of H-HAP and 
PUA-g-H-HAP microparticles 37 oC and pH 7.4. The DOX 
release amount of PUA-g-H-HAP microparticles exhibited a slow 
and constant tendency. However, the curve of H-HAP 
microparticles exhibited the distinct initial burst release. The 
amount of DOX released from PUA-g-H-HAP microparticles 
over the initial 1 h was about 6.5%, while the value was 13.9% 
for H-HAP microparticles under the same condition. H-HAP 
microparticles showed a rapidly released behavior and the 
cumulative release amount of DOX was 55.2% within 24 h at 37 
oC and pH 7.4, while for PUA-g-H-HAP microparticles, the 
value was only 24.8% at the same condition. The results 
demonstrated that PUA-g-H-HAP microparticles displayed a 
distinct sustained release property at 37 oC and pH 7.4 because 
the stretched PUA polymeric chains would block the mesopores 
inside the H-HAP microparticles. The p value obtained from 
Student's t-test analysis for the two curves in Fig. 8A was less 
than 0.0001. The in vitro drug release investigation demonstrated 
that the grafted-PUA inside the hybrid mesoporous 
microparticles could reduce the drug release rate and assuage the 
initial burst release of DOX from H-HAP matrix.29 

Fig. 8 DOX release profiles of H-HAP and PUA-g-H-HAP microparticles 

(A), pH-responsive drug release of PUA-g-H-HAP microparticles at 37oC 

(B), thermal- dependent release profiles of PUA-g-H-HAP microparticles 

at pH 7.4 (C) and thermal-reversible dependent release profiles of 

PUA-g-H-HAP microparticles at pH 7.4 (D). 

3.3. pH-/Thermal-responsive drug release 

Fig. 8B shows the pH-dependent release properties of 
PUA-g-H-HAP hybrid microparticles at 37 oC. In the present 
study, phosphate buffer solution (PBS) with pH 7.4 was selected 
as the drug release medium because the pH value of the normal 
physiological environment in human body was pH 7.4. HCl 
solution with pH 2.1 was employed as the contrast pH condition 
to demonstrate the pH responsiveness of the prepared hybrid 
microparticles. It could be observed that the DOX release 
increased with decreasing pH value from 7.4 to 2.1. Only 24.8 % 
of DOX were released at pH 7.4 over 24 h, but almost 89.2% of 
DOX were released at pH 2.1 with the same treatment. As 
illustrated in Fig. 2, the rapid release PUA-g-H-HAP 

microparticles at pH 2.1 was partly due to the dissolution of HAP 
in the strong acidic solution.37 The p value obtained from 
Student's t-test analysis in the comparison between the release at 
pH 7.4 and 2.1 was less than 0.0001. 

The in vitro release curves of PUA-g-H-HAP microparticles in 
response to temperature changes are shown in Fig. 8C. The 
LCST of aliphatic PUA employed in the present study was 
around 50 oC. Therefore, we chose 37 and 55 oC as the 
temperature conditions in drug release study.30 At 37 oC, the drug 
release reached at 6.47% over the initial 1h due to the blocking 
effect of the loose polymer chains in the mesopores of H-HAP 
microparticles. In contrast, about 27.40% loaded drug was 
released within 1h at 55 oC because of the rapid shrinkage of 
polymer chains. Moreover, the drug release was 60.18% at 55 oC 
over 24 h, which was 40% higher than that at 37 oC. As 
illustrated in Fig. 9, the PUA chains are swollen when the 
temperature is below the LCST of PUA. The mesoporous H-HAP 
microparticles are covered by the stretched PUA polymeric 
chains, resulting in the slow drug release. In contrast, at 
temperature above the LCST (55 oC), the grafted-PUA chains are 
shrunken and the mesopores of H-HAP microparticles are opened 
because of the shrinking of PUA, which results in the fast drug 
release.20,29 The above results verified that the grafted-PUA 
chains inside the mesoporous H-HAP microparticles act 
successfully as the thermal-sensitive gates for DOX release. This 
thermal-dependent “on/off” characteristics enables the drug 
release in a controlled way by simply adjusting the environmental 
temperature. The p value between the release at 55 and 37 oC was 
less than 0.0001. 

 

Fig. 9 Thermal-reversible release mechanism of PUA-g-H-HAP 

microparticles. 

3.4. Reversibility of drug release 

The main reason for explaining the higher release rate for 
PUA-g-H-HAP hybrid microparticles at 55 oC was the 
precipitation of PUA above its LCST, which leaded to the gating 
effect of the drug delivery. Instead of precipitating from the 
microparticle bulk as discussed in other inorganic/polymeric 
hybrid drug carries,36,37 the shrinkage of PUA in the present 
design would not break the intact structure of H-HAP 
microparticles because PUA chains were mostly attached on the 
surface of mesoporous H-HAP. Therefore, it could be speculated 
that the better thermal-reversibility could be obtained from 
PUA-g-H-HAP hybrid microparticles for the sake of its excellent 
thermal-gating effect. To demonstrate this opinion, the reversible 
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drug release through the PUA-grafted H-HAP microparticles in 
response to temperature changes was measured at pH 7.4 with 
temperature alternating between 37 and 55 oC.38 In the 
experiment, PUA-g-H-HAP microparticles were treated for the 
first 1.5 h at 37 oC. Then the samples were moved to another 
shaker with 55 oC. This drug release experiment with temperature 
alternating between 37 and 55 oC was performed for 22.5 h, and 
then a thermal-responsive release profile was obtained as 
described in Fig. 8D. It could be found a clear zigzag-like release 
pattern could be observed and the drug release was relatively low 
when the samples were placed in 37 oC, and the value 
significantly increased when the samples were placed in 55 oC. 
The above results demonstrated that the distinguished reversible 
thermal-dependent “on/off” characteristics could be obtained 
from PUA-g-H-HAP hybrid microparticles for the sake of its 
excellent thermal-gating effect and the studied hybrid 
microparticles have the potential to be used as a novel “smart” 
vehicle for controlled drug delivery. 

The pH-/thermal-responsive drug release results demonstrate 
that the obtained drug carrier has the potential to be employed as 
the smart parenteral formulation because these hybrid 
microparticles could completely meet the dimensional 
requirement of parenteral formulation. In addition, 
pH-/thermal-responsive properties achieved via the adjustment of 
environmental pH values and temperatures are also feasible for 
the parenteral application.  

3.5. Drug release kinetics 

The kinetics of DOX release from the hybrid PUA-g-H-HAP 
microparticles has been analyzed by plotting the cumulative 
release data versus time by plotting them to the following 
empirical equation: 

                  Mt/M∞=ktn                             (1) 

here, Mt is the cumulative amounts of DOX released at time t, 
and M∞ is the total released amount of DOX, k is a constant 
characteristic relating to the microparticles, and n is the diffusion 
exponent characterizing the nature of the release mechanism.42,43 
The DOX release kinetics of the hybrid PUA-g-H-HAP 
microparticles at different conditions was analyzed and the 
values of n, k, and correlation coefficient (R2) were shown in 
Table S1. The four formulations exhibited n values ranging from 
0.240 to 0.481, indicating the Fickian diffusion was the 
dominated diffusion mechanism. 

In order to accurately understand the kinetics of drug release of 
the carriers, the n values were further determined from the slope 
of the ln(Mt/M∞) plot versus ln t. Fig. S5A shows the curves of 
ln(Mt/M∞) versus ln t for H-HAP and PUA-g-H-HAP 
microparticles at 37 oC and pH 7.4. The n values of H-HAP 
microparticles ranged from 0.852 to 0.408 and produced a shift 
from Case-II transport to Fickian diffusion. At the same 
condition, the PUA-g-H-HAP microparticles had the n values 
ranging from 0.771 to 0.412, indicating a shift from anomalous 
transport to Fickian diffusion. This may be due to the grafting of 
PUA chains onto H-HAP microparticles. Fig. S5B shows the 
curves of ln(Mt/M∞) versus ln t for PUA-g-H-HAP microparticles 
at different pH values and temperatures. When the temperature 
was at 37 oC and pH 2.1, the n value for the hybrid microparticles 
ranged from 0.806 to 0.436, and the invariant anomalous 

transport was probably contributed to the quick dissolution of 
HAP in acetic acid solution. The n values for the hybrid 
microparticles at 55 oC and pH 7.4 ranged from 0.898 to 0.263, 
indicating a shift from Case-II transport to Fickian diffusion, 
which may be due to the rapid shrinkage of polymer chains. The 
results indicated that the introduction of PUA had changed the 
release kinetics of DOX and obstructed the diffusion of loaded 
drug into the solution. 

4. Conclusions 

In conclusion, we have developed a novel dual-responsive 
controlled drug carrier by grafting thermal-responsive polymer 
aliphatic PUA onto the channel and outer surface of hollow HAP 
microparticles via in situ polymerization under supercritical CO2 
condition. The prepared PUA-g-H-HAP microparticles were 
composed of a hollow mesoporous HAP shell and 
thermal-responsive PUA polymeric gates. The drug release 
results showed that the PUA-g-H-HAP microparticles exhibited 
sustained and pH/thermal-responsive drug release property, and 
PUA on-off gates enabled the DOX release in a reversible way 
by simply adjusting the environmental temperature. The results 
demonstrate that the developed hybrid PUA-g-H-HAP 
microparticles show the great potential as a novel drug carrier for 
controllable drug delivery. 
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