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Abstract:  

Mesoporous Hydroxyapatite (MHAp) nanoparticles have great potential in nanoscaled delivery devices due 

to excellent biocompatibility, nontoxicity and high surface areas. In order to achieve targeting based on 

cell-specific recognition and site pointed, timed and quantitatively controlled drug release to malignant cells, 

redox-responsive nanoreservoirs based on MHAp (LA-Col-S-S-MHAp) was fabricated by using lactobionic 

acid-conjugated collagen (LA-Col) as cap, disulfide bonds as intermediate linkers and MHAp as nanoreservior. 

Lactobionic acid (LA) molecules acted as targeting moiety to achieve the targeted drug delivery. The results of 

scanning electron microscope (SEM), transmission electron microscopy (TEM), Brunauer-Emmett-Teller (BET), 

Barett-Joyner-Halenda (BJH), Fourier transform infrared spectroscopy (FTIR) and zeta potential measurements 

confirmed the successful preparation of LA-Col-S-S-MHAp step-by-step. Dithiothreitol (DTT) was used as 

external stimulus to trigger the redox-responsive release of drug in order to investigate the controlled release 

behavior of LA-Col-S-S-MHAp. The result proved that LA-Col-S-S-MHAp nanocomposite has a good 

end-capping efficiency to drug under physiological conditions, whereas it has a characteristic of rapid response 
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and burst drug release when exposed to reducing conditions. Confocal laser scanning microscopy (CLSM) images 

and flow cytometry assay demonstrated that LA-Col-S-S-MHAp nanoparticles were endocytosed and located in 

the cytoplasm of cells. Redox-responsive targeted drug delivery could be achieved within cells. The system 

affords references and ideas for designing novel stimuli responsive nanoreservoir to the clinical therapy of liver 

cancer. 

1 Introduction 

The construction of stimuli-responsive controlled-release systems for targeted drug delivery to specific cells 

is of crucial importance for the development of both fundamental science and clinical medicine. During the past 

decade, mesoporous materials have attracted much attention because of their unique surface and textural 

properties such as high surface areas, small, tunable pore sizes, and large pore volumes, which are crucial for 

developing new types of catalysts, sorbents, drug carriers and so on.1-4 Due to the characteristics of mesoporous 

materials, it has become a hot topic in the field of biomedical applications, especially drug delivery device.
5,6

 As 

effective drug carrier, drug-loaded nanoparticles should have excellent biocompatibility, biodegradability, 

subcellular size and high drug loading capacity.
7
 For many drug-loaded system applications, “zero premature 

release” and “targeted controlled release” of the precious and often toxic pharmaceutical are two important 

prerequisites that would impact the therapeutic efficacy and cytotoxicity of drug delivery.
8,9

 In recent years, 

mesoporous silica is the most widely application mesoporous materials. Mesoporous silica materials have been 

considered to be excellent candidates as carriers for drug delivery. On one hand, textural properties of mesoporous 

silica increase the loading amount of drugs by hosting them within pore channels. On the other hand, the silanol 

containing surface can be easily functionalized, allowing for a better control over the drug diffusion kinetics.
10

 In 

the case of the functionalized mesoporous silica nanoparticles-based system, various molecules have been 
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demonstrated for stimuli responsive drug delivery, such as CdSe, Au, polyetherimide, gelatin, DNA and so on.
11-14

 

Although mesoporous silica materials have achieved some good results,15,16 the overuse of silica may cause side 

effects such as cell mutation, chronic bronchitis even pulmonary cancer.
17

 So it remains a big challenge to 

construct a smart controlled-release system for intracellular drug delivery in the field. 

Hydroxyapatite [Ca10 (PO4)6(OH) 2] (HAp), which is the major inorganic component of bone and teeth, is a 

key biomaterial because of its excellent biocompatibility, bioactivity, and osteocoductivity.
18,19

 Hydroxyapatite 

(HAp) has gained much attention in recent years due to its potential applications in several fields such as in 

orthopedic, drug carriers, bioceramic industry, pharmaceutical areas and in environmental pollution control.
20,21

 

HAp has achieved excellent results as bioceramics in bone substituted operations and teeth repair due to its unique 

mechanical properties and bioactivity.
22,23

 Moreover, owing to its nontoxicity and noninflammatory properties, it 

has great potential application in drug storage/release system.24 As effective drug carrier, high drug loading 

capacity is necessary.
25,26

 But the low surface area of HAp may limit its further application in many conditions. 

Therefore, synthesis of functionalized mesoporous hydroxyapatite (MHAp) with nano-sized and large pore 

volumes should be able to reach this goal.
27-29

 Currently, mesoporous HAp with various morphology and surface 

properties has been investigated as a nanocarriers due to its biocompatible and osteoconductive properties; 

solubility and less toxicity than silica, quantum dots, carbon nanotubes.
30-32

 Yang and coworkers reported the 

design and development of luminescent HAp mesoporous nanoparticles with a high loading for ibuprofen (over 

40 wt. %), though the carrier had uncontrolled release kinetics which made it have a burst release of ibuprofen of 

over 50% within 1 h.
33

 In addition, many functionalized mesoporous HAp was also used to control release and 

targeted drug delivery, for example carboxylic acid and sulfonic acid have been modified on the surface of HAp to 

further improve their surface property.
34-38

 Nevertheless, none of these reports combined end-capped MHAp and 
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cell-specific targeting for stimuli-responsive controlled drug release. 

Therefore, we prepare nanoreservoirs based on mesoporous HAp that are end-capped with collagen and 

demonstrate great potential for both cell targeting and redox-responsive controlled drug release. Collagen, which is 

one of extracellular matrix (ECM) components, was employed as a cap to encapsulate fluorescent probes within 

the porous channels of the MHAp. Collagen was immobilized on the exterior surfaces of the MHAp by disulfide 

bonds, which can be cleaved with various reducing agents, such as dithiothreitol (DTT).
39-41

 Thus, we could 

achieve redox-responsive controlled drug release from an end-capped MHAp system. Lactobionic acid (LA), 

which bears a galactose group, was introduced as the targeting moiety.
42

 This is the first study in which the 

collagen is employed with an auxiliary carrier to construct a redox-responsive controlled release system based on 

MHAp for targeted drug delivery. We hypothesized that the end-capped MHAp could serve as a nanoreservoir for 

a redox-responsive controlled release system for targeted drug delivery.  

2 Materials and Methods 

2.1 Materials 

Pluronic F127, 1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride, N-hydroxysuccinimide, 

fluorescein isothiocyanate, lactose acid and dithiothreitol were purchased from Sigma Chemical Co. (St. Louis, 

MO, USA). Calcium pantothenate, hydrogenphosphate trihydrate, 3-aminopropyltriethoxysilane, 

cystaminedihydrochloride, succinic anhydride, trypan blue and triton X-100 were obtained from J&K Scientific 

Co. (BeiJing, PR China).  HepaG2 cells, endothelial cells, bovine serum, penicillin and streptomycin were 

provided by Sanggon biotech Co. (Shanghai, PR China). Type Ⅰ collagen was prepared from our laboratory. All 

the initial chemicals in the work were used without further purification. 

2.2 Preparation of mesoporous Hydroxyapatite (MHAp)  
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The mesoporous HAp nanoparticles were synthesized using the templating method based on a modified 

method in the literature.43,44 Block co-polymer pluronic F127 (EO99PO65EO99) was selected as template. Firstly, 

3.5 g of F127 and 19.33 g of calcium pantothenate (C18H32CaN2O10) were co-dissolved in 150 g of distilled water 

to form solution 1. Then, 5.60 g of potassium hydrogenphosphate trihydrate (K2HPO4•3H2O) was dissolved in 60 

g of distilled water to form solution 2. Solution 1 was stirred for 1 h at 37 ℃. The pH of solution 2 was adjusted to 

12 with ammonia (NH3H2O). Finally, solution 2 was added dropwise to solution 1. The mixture solution was 

heated to 90 ℃ under reflux for 24 h and filtered to get precipitate. The white precipitate was then calcined at 

600 ℃ for 6 h. 

2.3 Preparation of disulfide bonds functionalized MHAp (S-S-MHAp)   

Firstly, 1.42 g of MHAp and 7.5 ml of 3-aminopropyltriethoxysilane were dissolved in 80 ml toluene under 

stirring condition. The mixture solution was heated to 60 ℃ under reflux for 36 h and filtered to get NH2-MHAp 

by vacuum drying. Then, 1.1 g of NH2-MHAp was dissolved in 80 ml of acetone under slowly stirring. 7.62 g of 

succinic anhydride (SA) was added to the solution and vigorous stirring was continued. The solution was filtered 

after 48 h. The precipitate was eluted with ethanol and water six times to remove solvent. COOH-MHAp was 

obtained after dry.42 Finally, 0.62 g of COOH-MHAp, 1.15 g of N-hydroxysuccinimide (NHS) and 0.35 g of 

1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC) were co-dissolved in 60 ml pH 5.0 PBS 

solution and stirred for 3 h. 6.0 g of cystaminedihydrochloride (Cys) was added to above solution, and mixture 

solution was continuously stirred for 36 h under 25 ℃. The solution was centrifuged after the reaction completed.  

The obtained precipitate was washed with ethanol and water ten times. Finally the product was dried in an vacuum 

oven at 100 ℃ for 12 h to get S-S-MHAp. 

2.4 The construction of lactose acid (LA) functionalized redox-responsive MHAp/collagen systems 
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(LA-Col-S-S-MHAp/FITC)  

Fluorescein isothiocyanate (FITC) was utilized as both model drug and site marker for intracellular tracing of 

MHAp. The S-S-MHAp/FITC was further covalently coupled with collagen to attach the FITC-loaded mesopores 

to the MHAp. Firstly, 0.0596 g of FITC and 0.30 g of S-S-MHAp were dissolved in 30 ml pH 6.0 PBS solutions 

and stirred for 24 h. Then 25 mg of collagen was added to the above mixture solution and continuously stirred 36 

h. By reaction of carboxyl groups of collagen and amino groups of S-S-MHAp, redox-responsive MHAp 

nanoreservoirs end-capped with collagen was constructed. Finally, 100 mg of Lactose acid (LA) was added to the 

collagen-capped MHAp solution and stirred for 24 h. The mixture solution was centrifuged and eluted with 

ethanol and water ten times to remove unencapsulated FITC. Cell-specific targeting moiety 

LA-Col-S-S-MHAp/FITC was constructed after vacuum freeze-dried 36 h (Fig. 1). 

2.5 Preparation of Col/MHAp-FITC 

In the control group, collagen was physically coated on the surface of MHAp (Col/MHAp). 0.0596 g of 

FITC and 0.35 g of MHAp were dissolved in 30 ml pH 6.0 PBS solutions and stirred for 24 h. Then 30 mg of 

collagen was added to the above mixture solution and continuously stirred 36 h. The mixture solution was 

centrifuged and eluted with ethanol and water six times to remove unencapsulated FITC. Finally the solution was 

vacuum freeze-dried for 24 h to get physical coating of Col/MHAp-FITC. 

2.6 Drug load and release assay    

The LA-Col-S-S-MHAp was used as carrier for FITC. End-capping efficiency and release behavior of 

LA-Col-S-S-MHAp/FITC were detected by UV-vis fluorescence spectroscopy. 3.3 mg of 

LA-Col-S-S-MHAp/FITC and 5 mg of DTT were incubated in PBS (3 ml, pH 7.2) at 37 ℃ for 24 h to as solution 

1. 3.3 mg of LA-Col-S-S-MHAp/FITC and 3.3 mg of Col/MHAP-FITC (collagen was physically coated on the 
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surface of MHAp) were incubated in PBS (3 ml, pH 7.2) at 37 ℃ for 24 h to as solution 2 and 3, respectively. The 

release amount of FITC each group in the PBS solution was measured by UV-vis fluorescence spectroscopy at 

every 1 h. Another assay, 3.3 mg of LA-Col-S-S-MHAp/FITC was incubated in PBS (3 ml, pH 7.2) at 37 ℃ for 5 

h. Then 5 mg of DTT was added to co-incubate for 24 h. The release amount of FITC was measured by UV-vis 

fluorescence spectroscopy at every 1 h. The curve of UV-vis fluorescence spectroscopy reflects the end-capping 

efficiency and release behavior of LA-Col-S-S-MHAp/FITC system. 

2.7 Cell culture     

HepaG2 cells and endothelial cells were cultured in low-glucose Dulbecco’s Modified Eagle’s Medium 

supplemented with 10% bovine serum (FBS; Gibco), 100 U/ml of penicillin and 100 ug/ml of streptomycin at 

37 ℃ under a 5% CO2 atmosphere, respectively. Cell culture media was changed every 2 days. When reaching 

confluence, cells were detached with 0.25% trypsin in 1 mM tetrasodium EDTA, centrifuged and resuspended in 

complete medium for reseeding in new culture flasks.  

2.8 Confocal laser scanning microscopy (CLSM) observation     

HepaG2 cells were cultured on 24-well plates at an initial density of 2×10
4 
cells cm

2
. After 7 days, 20 ug/ml 

of LA-Col-S-S-MHAp/FITC was added to co-incubate. After culture 4 h and 8 h, 200 ug/ml of trypan blue was 

added to quench fluorescence of extracellular for 10 min, respectively. After cells were fixed with 2% 

glutaraldehyde at 4 ℃ for 20 min, the fixed samples were then rinsed with excessive PBS buffer and 

permeabilized with 0.2% Triton X-100 at 4 ℃ for 10 min. The nuclei of cells were stained with 10 ug/ml of 

Hoechst 33258 at 4 ℃ for 10 min. Finally, the stained samples were mounted with 90% glycerine. The 

distributions of fluorescently labeled nanoparticles in HepaG2 cells was observed with confocal laser scanning 

microscopy (CLSM). 
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2.9 Flow cytometry     

The number of HepaG2 cells and endothelial cells, which engulfed MHAp and LA-Col-S-S-MHAp, was 

detected by flow cytometry. HepaG2 cells and endothelial cells were cultured on 24-well plates at an initial density 

of 2×104 cells cm2, respectively. After 7 days, 20 ug/ml of MHAp/FITC and LA-Col-S-S-MHAp/FITC were 

added to co-incubate. After culture 4 h and 8 h, 200 ug/ml of trypan blue was added to quench fluorescence of 

extracellular for 10 min, respectively. Cells were then rinsed with excessive PBS buffer. Cells were then analyzed 

with BD FACS Aria. 

2.10 Characterization 

A series of characterization technique was used to analyze the structural properties of each product. The 

nanoparticles morphology and mesoporous aperture of the sample were observed by scanning electron 

microscopy (SEM; Hitachi4700) and transmission electron microscopy (TEM; Philips EM20). The structure of 

MHAp and functionalized MHAp was analyzed by Fourier transform infrared (FTIR; VECTOR22, BRUKER) 

spectrum within the scanning range of 4000-400 cm-1 using the KBr pellet technique. N2 adsorption-desorption 

isotherms was measured with an automatic surface area and porosity analyzer (3H-2000PS2, Beishide) at 77 K. 

The specific surface area was determined by the Brunauer-Emmett-Teller (BET) method using the date between 

0.03 and 0.95. The pore-size distributions was derived from the desorption branches of the isotherms using the 

Barrett-Joyner-Halanda (BJH) method. The charge property of each product was analyzed using zeta potential 

(Nanotrac wave, Microtrac). Control release property of the drug was detected by UV-vis fluorescence 

spectrophotometer (LS50B, PerkinElmer). Confocal laser scanning microscopy (CLSM, LSM 510Metanlo, Zeiss) 

was used to detect the distribution of the fluorescence-drug within the cells. The result of drug targeting delivery 

was conformed using the Flow cytometry (Becton Dickinson). 

Page 9 of 30 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



 - 10 - 

3 Results and Discussion 

Fig. 1 shows a schematic of the construction of redox-responsive nanoreservoirs based on collagen-capped 

mesoporous hydyoxyapatite (MHAp) for cell targeted drug delivery. MHAp was synthesized using the templating 

method. MHAp nanoreservoirs was loaded with model drug FITC and then grafted with collagen by disulfide 

bonds. Along with the breakage of disulfide bonds under redox environments, loaded FITC would be released to 

specific cells. Collagen has good biocompatibility and was introduced to end-cap the nanoreservoirs and improve 

its biological efficiency. 

Insert Fig. 1 here 

3.1 SEM and TEM images 

Mesoporous HAp (MHAp) nanoparticles were synthesized through a templating method using F123 

micelle.43 Fig. 2a and b show the SEM micrographs of MHAp and LA-Col-S-S-MHAp, respectively. It can be 

seen that MHAp and LA-Col-S-S-MHAp show nanospheres distribution with average diameter of around 100 nm 

and 120 nm (Fig. 2a and b). Because of grafting collagen, diameter of LA-Col-S-S-MHAp becomes large. TEM 

observations were carried out to verify the existence of mesoporoes aperture and confirm the pore size. The TEM 

micrographs of MHAp are shown in Fig. 2c. Mesoporous structure was confirmed to exist in this sample, and the 

lattice array over the MHAp indicated an irregular mesostructure with an average pore size of 4.3 nm (Fig. 2c). 

Fig. 2d shows the TEM picture of sample LA-Col-S-S-MHAp. Without significantly pore structure, a border was 

observed around the LA-Col-S-S-MHAp. The main reason is that collagen has endcapped the mesoporous 

aperture of MHAp (Fig. 2d). So the result of SEM and TEM shows that mesoporous HAp has been successfully 

synthesized, and well encapsulated by collagen. 

 Insert Fig. 2 here 
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3.2 FTIR analysis 

The FT-IR spectra of MHAp (a), NH2-MHAp (b), COOH-MHAp (c), S-S-MHAp (d), Col-S-S-MHAp (e) 

and LA-Col-S-S-MHAp (f) are shown in Fig. 3, respectively. The intense absorption peak at 1030 cm
-1
 is ascribed 

to the stretching vibration of the phosphate (PO4
3-)  groups, and the absorption peaks at 563 and 608 cm-1 belong 

to the bending vibration of the phosphate (PO4
3-
)
  

groups of hydroxyapatite (Fig. 3a).
44,45

 The weak bands at 3400 

cm
-1
 are assigned to OH

-
 group. It is caused one with OH

-
 group hydrogen bonded with phosphate group and other 

one with weak interactions to the environments. The band appears at 1563 cm
-1
 attributed to the N-H stretching 

vibrations of NH2-MHAp (Fig. 3b). So amino groups have been grafted the surface of MHAp. The bands at 1713 

cm
-1
 belong to C-O stretching vibrations of COOH-MHAp (Fig. 3c), and absorption intensity of 1563 cm

-1
 

became weaken. The result shows the carboxyl groups have replaced amino groups. In Fig. 3d, the peak of 1563 

cm-1 is ascribed to the N-H stretching vibrations of -S-S-MHAp. After collagen was grafted onto MHAp, 1659 

cm
-1
 and 1552 cm

-1 
appeared obvious absorption peaks (Fig. 3e). It assigned to the C=O stretching vibrations and 

C-N bending vibrations of collagen, respectively. Previous studies have confirmed the absorption peaks of C=O 

and C-N will move to low after collagen graft lactose acid.
46

 In Fig. 3f the C=O stretching vibrations change from 

1659 cm-1 to 1617 cm-1. So lactose acid was introduced. These results suggest the disulfide bonds, collagen, 

lactose acid have been successfully grafted to the surface of mesoporous HAp nanoparticles. 

Insert Fig. 3 here 

3.3 BET and BJH analysis 

The respective N2 adsorption/desorption isotherms of MHAp and LA-Col-S-S-MHAp are shown in Fig. 4. 

The Brunauer-Emmett-Teller (BET) surface area and pore volume of MHAp are 76.60 m
2
g

-1 
and 0.26 cm

3
g

-1
, 

respectively, and the pore size distribution is between 3-5 nm, in agreement with the TEM observation. The 
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textural parameters of the corresponding materials are summarized in Table 1. It can be seen mesoporous HAp 

shows typical H1-hysteresis loops, demonstrating the properties of typical mesoporous materials. When the 

mesopores of the MHAp were sealed by collagen molecules, surface area of the MHAp sharply decreased from 

76.60 m2g-1 to 1.14 m2g-1. The BET pore volume and BJH pore diameter didn’t be detected after grafting collagens 

molecules. N2 adsorption/desorption isotherms of LA-Col-S-S-MHAp didn’t also shown mesoporous 

characteristic. The reason is that N2 can’t enter into mesoporous aperture of MHAp encapsulated by collagen, so 

pore volume and pore size can not be detected.
47

 The result demonstrated that LA-Col-S-S-MHAp has been 

successfully prepared. 

Insert Table 1 here 

Insert Fig. 4 here 

3.4 Zeta potential measurement 

A zeta potential measurement is also used to characterize the LA-Col-S-S-MHAp. Zeta potential value of 

MHAp exhibits strongly negative (-25.53). Potential value of aminated mesoporous HAp (NH2-MHAp) is 15.56, 

because amino groups absorbed positive charge H
+
. COOH can dissociate H

+
, so COOH-MHAp shows negative 

potential value (-18.6). Since both the positive charge of collagen and negative charge of MHAp reaction, 

Col-S-S-MHAp appears eletroneutralityl (0.096). The corresponding data is shown in Table 2. The zeta potential 

measurements further confirmed the functional groups were successfully introduced. 

Insert Table 2 here 

3.5 Drug load and release properties 

In order to research the controlled release behavior of LA-Col-S-S-MHAp syetem, dithiothreitol (DTT) was 

used as external stimulus to trigger the redox-responsive release of FITC. The about 20% of FITC was released 
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from LA-Col-S-S-MHAp within 10 hours without DTT, thus the composite system indicates a good end-capping 

efficiency (Fig. 5A, a). The leakage reason of FITC may be partial physical degradation of end-capping collagen 

molecules when without DTT stimulate. However, LA-Col-S-S-MHAp/FITC system exhibited 80% release 

within 10 hours after addition of DTT, thus the system shows a rapid response to DTT (Fig. 5A, c). This reason 

attribute to the disulfide linkages between collagen and MHAp were broken, thus leading to a redox response to 

DTT. At the same time, collagen was physically coated on the surface of MHAp (Col/MHAp-FITC) rather than 

by disulfide bonds to study end-capping efficiency and response. Fig. 5A b shows Col/MHAp-FITC exhibited 

around 80% FITC leaching after 20 h, however only 25% of FITC was released from LA-Col-S-S-MHAp after 

20 h when without DTT (Fig. 5A, a). The result could be interpreted that physically coated Col/MHAp system 

have not a good end-capping efficiency to compare to disulfide linkages Col-S-S-MHAp. To further investigate 

the rapid redox response of LA-Col-S-S-MHAp to reducing agent stimulus, DTT was added to the solution after 

LA-Col-S-S-MHAp/FITC was cultivated in PBS buffer solution for 5 hours. The result shows when without DTT 

about 10% of FITC was released after the first 5 hours, whereas along with DTT addition, 70% of FITC was 

released after a subsequent 5 hour. The release of FITC could be clearly visualized from the color change of 

solution (Fig. 5B). The phenomenon further demonstrated disulfide linkages between collagen and MHAp have a 

redox-response to DTT. Taken together, the LA-Col-S-S-MHAp/FITC nanocomposite has a good end-capping 

efficiency to drug under physiological conditions, whereas it has a characteristic of rapid response and burst drug 

release when exposed to reducing conditions. 

Insert Fig. 5 here 

3.6 Cell uptake 

Confocal laser scanning microscopy (CLSM) was used to investigate the cell-uptake properties and 
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distribution of the model drug in the cell. LA-Col-S-S-MHAp/FITC was incubated with HepaG2 cells for 4 h and 

8 h. CLSM imaging revealed when LA-Col-S-S-MHAp/FITC and HepaG2 cells were co-incubated 4 h, the 

cytoplasm of HepaG2 cells appeared small amounts fluorescent particles (Fig. 6a). With time prolonged, 

fluorescent particles of cytoplasm significantly increased after 8 h (Fig. 6b). The result indicates that 

LA-Col-S-S-MHAp/FITC can sustainable militate with HepaG2 cells and can continue to be cell-uptake. 

LA-Col-S-S-MHAp/FITC nanoparticles showed superior cell-uptake properties. After LA-Col-S-S-MHAp/FITC 

was engulfed, the model drug FITC would be released. The result once again demonstrated LA-Col-S-S-MHAp 

was good cytocompatible for drug carrier and can be used in vivo drug delivery. If anti-drugs were applied to the 

LA-Col-S-S-MHAp materials in clinical, it has potential to overcome the problem of cancer. 

 Insert Fig. 6 here 

The endocytosis efficiency was quantified by flow cytometry. LA-Col-S-S-MHAp/FITC and MHAp/FITC 

(no capping) were incubated with HepaG2 cells for 4 h and 8 h, respectively. LA-Col-S-S-MHAp/FITC 

nanoparticles display excellent cell-uptake properties compared to MHAp/FITC. LA-Col-S-S-MHAp/FITC 

shows endocytosis efficiencies that are about 2.5 times higher after 4 h and 2.4 times higher after 8 h, than that of 

MHAp/FITC (Fig. 7a). The result further suggests that lactose acid functioned Col-S-S-MHAp was easier 

endocytosed than MHAp, which has potential to be an excellent drug carrier. 

To confirm the potential of LA-Col-S-S-MHAp has a targeting drug delivery, we further demonstrated the 

endocytosis and intracellular delivery of nanoparticles by HepaG2 cells and endothelial cells (EC). Because 

surface of HepaG2 cells has a large number ligand of lactobionic acid, it is easier to endocytose lactose acid 

functioned Col-S-S-MHAp than other cell in theory. Interestingly, Fig. 7b displays that endocytosis number of 

HepaG2 cells that internalized LA-Col-S-S-MHAp was 2.2 and 2 times higher than that of endothelial cells after 
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incubation for 4 h and 8 h, respectively. This result demonstrates the targeting property of LA-Col-S-S-MHAp to 

HepaG2 cells. The targeting mechanism could be interpreted that specific ligand-asialoglycoprotein receptor 

(ASGP-R) of lactobionic acid exist on the membrane of HepaG2 cells, which the galactose groups on 

LA-Col-S-S-MHAp can specific recognize.49,50 Overall, we confirmed our hypothesis that collagen-capped 

MHAp could serve as nanoreservoirs in a redox-responsive controlled release system for targeted drug delivery. 

Insert Fig. 7 here 

4 Conclusion 

In this study, mesoporous hydroxyapatite nanoparticles were successfully synthesized, and SEM, TEM 

proved the presence of mesoporous. The surface of MHAp nanoparticles was successfully end-capped with 

collagen. The LA-Col-S-S-MHAp system was confirmed by FTIR absorption spectra, BET, BJH and Zeta 

potential. We have also successfully demonstrated that collagen-capped mesoporous HAp nanoparticles could 

serve as a redox-responsive nanoreservoir for efficient targeted drug delivery to cancer cells. LA-Col-S-S-MHAp 

composites achieve not only targeting based on cell-specific recognition, but also site pointed, timed and 

quantitatively controlled drug release to malignant cells via a “biological explosion” approach. More importantly, 

the excellent biocompatibility, nontoxicity and noninflammatory properties of MHAp nanoparticles outline the 

great potential for future biomedical applications that require in vivo controlled, targeted drug delivery. The 

system provides a new way of thinking for the clinical therapy of liver cancer. 
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Figure Captions: 

Fig. 1 Schematic illustration of redox-responsive system based on collagen-capped MHAp for cell targeted drug 

delivery  

Fig. 2 Fabrication of a nanoreservoir based on a redox-responsive MHAp for targeted drug delivery and cell 

uptake in situ. Scanning electron micrographs of MHAp (a, left) and LA-Col-S-S-MHAp (b, right). Transmission 

electron micrographs of MHAp (c, left) and LA-Col-S-S-MHAp (d, right) 

Fig. 3 FTIR spectra of sample: (a) MHAp; (b) NH2-MHAp; (c) COOH-MHAp; (d) S-S-MHAp; (e) 

Col-S-S-MHAp; (f) LA-Col-S-S-MHAp  

Fig. 4 Nitrogen adsorption-desorption isotherm of MHAp and LA-Col-S-S-MHAp. The insets show BJH pore 

size distribution 

Fig. 5 Cumulative release profiles of FITC from LA-Col-S-S-MHAp with/without DTT solution: A) controlled 

release of FITC from LA-Col-S-S-MHAp (a and b without DTT, c with DTT) and the Col/MHAp system (b); B) 

delayed release of FITC from LA-Col-S-S-MHAp by addition of DTT solution after incubation for 5 h 
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Fig. 6 Representative confocal microscopy images of LA-Col-S-S-MHAp/FITC endocytosed by HepaG2 cells for 

(a) 4 h, (b) 8 h 

Fig. 7 (a) Quantification of endocytosis of MHAp/FITC without capping and LA-Col-S-S-MHAp/FITC and by 

HepaG2 cells; (b) flow cytometry analysis for specific endocytosis of LA-Col-S-S-MHAp/FITC by HepaG2 cells 

and endothelial cells 

Table Captions 

Table 1 Textural parameters of MHAp and LA-Col-S-S-MHAp 

Table 2 Zeta potential results of MHAp before and after grafting with chemicals at each step 
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Dalong Li, et al. Fig. 1 Schematic illustration of redox-responsive system based on collagen-capped MHAp for 

cell targeted drug delivery 
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Dalong Li, et al. Fig. 2 Fabrication of a nanoreservoir based on a redox-responsive MHAp for targeted drug 

delivery and cell uptake in situ. Scanning electron micrographs of MHAp (a, left) and LA-Col-S-S-MHAp (b, 

right). Transmission electron micrographs of MHAp (c, left) and LA-Col-S-S-MHAp (d, right) 
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Dalong Li, et al. Fig. 3 FTIR spectra of sample: (a) MHAp; (b) NH2-MHAp; (c) COOH-MHAp; (d) S-S-MHAp; 

(e) Col-S-S-MHAp; (f) LA-Col-S-S-MHAp 
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Dalong Li, et al. Fig. 4 Nitrogen adsorption-desorption isotherm of MHAp and LA-Col-S-S-MHAp. The insets 

show BJH pore size distribution 
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Dalong Li, et al. Fig. 5 Cumulative release profiles of FITC from LA-Col-S-S-MHAp with/without DTT solution: 

A) controlled release of FITC from LA-Col-S-S-MHAp (a and b without DTT, c with DTT) and the Col/MHAp 

system (b); B) delayed release of FITC from LA-Col-S-S-MHAp by addition of DTT solution after incubation for 

5 h 
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Dalong Li, et al. Fig. 6 Representative confocal microscopy images of LA-Col-S-S-MHAp/FITC endocytosed by 

HepaG2 cells for (a) 4 h, (b) 8 h 
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Dalong Li, et al. Fig. 7 (a) Quantification of endocytosis of MHAp/FITC without capping and 

LA-Col-S-S-MHAp/FITC and by HepaG2 cells; (b) flow cytometry analysis for specific endocytosis of 

LA-Col-S-S-MHAp/FITC by HepaG2 cells and endothelial cells 
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Dalong Li, et al. Table 1 Textural parameters of MHAp and LA-Col-S-S-MHAp 

Samples SBET (m
2
/g) Vp (cm

3
/g)

 
BJH (nm) 

MHAp 76.60 0.260 4.32 

NH2-MHAp 74.56 0.198 3.96 

S-S-MHAp 74.43 0.185 3.32 

LA-Col-S-S-MHAp 1.14 - - 
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Dalong Li, et al. Table 2 Zeta potential results of MHAp before and after grafting with chemicals at each step 

Samples Zeta potential (mv) 

MHAp -25.53 

NH2-MHAp 10.62 

COOH-MHAp -18.62 

S-S-MHAp 15.56 

Col-S-S-MHAp -1.03 

LA-Col-S-S-MHAp -0.68 
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