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Abstract In this study, we prepared injectable collagen

microspheres for the sustained delivery of recombinant

human vascular endothelial growth factor (rhVEGF) for

tissue engineering. Collagen solution was formed into

microspheres under a water-in-oil emulsion condition, fol-

lowed by crosslinking with water-soluble carbodiimide.

Various sizes of collagen microspheres in the range of

1–30 lm diameters could be obtained by controlling the

surfactant concentration and rotating speed of the emulsified

mixture. Particle size proportionally decreased with

increasing the rotating speed (1.8 lm per 100 rpm increase

in the range of 300–1,200 rpm) and surfactant concentration

(3.1 lm per 0.1% increase in the range of 0.1–0.5%). The

collagen microspheres showed a slight positive charge of

8.86 and 3.15 mV in phosphate-buffered saline and culture

medium, respectively. Release study showed the sustained

release of rhVEGF for 4 weeks. Released rhVEGF was able

to induce capillary formation of human umbilical vein

endothelial cells, indicating the maintenance of rhVEGF

bioactivity after release. In conclusion, the results suggest

that the collagen microspheres have potential for sustained

release of rhVEGF.

1 Introduction

Recent studies report that angiogenesis is useful for tissue

engineering applications, especially for large tissue for-

mation. Vascular endothelial growth factor (VEGF) has

been reported as a potent angiogenic molecule [1]. How-

ever, VEGF administered in the body can be degraded and

cleared from the body within short time periods, leading to

repeated administration [2]. For this reason, many materi-

als for sustained delivery of VEGF have been studied

[3, 4]. Microsphere-based drug delivery systems have been

receiving increasing attention because they are injectable

and are able to deliver multiple drugs [4–7].

Natural polymers such as collagen, gelatin, albumin, and

hyaluronic acid have been used for drug delivery system

(DDS) materials [8–11]. The advantage of employing such

natural polymers is their excellent biocompatibility, com-

pared to that of synthetic polymers. Among natural poly-

mers, collagen exhibits superior biocompatibility because

collagen is one of the major components of extracellular

matrix and plays important roles in various biological

events. Despite the advantages of collagen, little effort has

been made to fabricate injectable collagen microspheres for

VEGF delivery.

In this study, we prepared the injectable collagen

microspheres for sustained release of VEGF using a water-

in-oil emulsion system. First, the effects of surfactant

concentration and rotating speed in emulsified mixture on

the particle diameter were studied. Second, the microscopic

observation and surface charge of the collagen micro-

spheres were investigated. Third, we evaluated the release

profile of recombinant human VEGF (rhVEGF) from the

collagen microspheres. Finally, the bioactivity of rhVEGF

released from the collagen microspheres were evaluated

using a capillary formation assay of human umbilical vein
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endothelial cells (HUVECs). Here, we demonstrate the

method to control the particle diameter of the collagen

microspheres in the range of 1–30 lm and characterize the

collagen microspheres as a potential DDS material.

2 Materials and methods

2.1 Reagents

Native collagen from porcine skin was purchased from

Nippon Meat Packers (Japan). Liquid paraffin, sorbitan

monolaurate (Span 20), water-soluble carbodiimide

(WSC), rhVEGF, Dulbecco’s modified Eagle’s medium

(DMEM), and fetal bovine serum (FBS) were purchased

from WAKO Pure Chemical Industries (Japan). A VEGF

ELISA kit and an antihuman CD31 immunostaining kit

were purchased from invitrogen (Japan) and Kurabo

(Japan), respectively. HUVECs, human normal dermal

fibroblasts (NHDFs), and EGM-2 (growth medium for

HUVECs) were purchased from Sanko Jyunyaku (Japan).

EGM-2 was supplemented with human epidermal growth

factor, hydrocortisone, FBS (2%), VEGF, basic fibroblast

growth factor (bFGF), long R insulin-like growth factor-1

(IGF-1), ascorbic acid (Asc), gentamicin sulfate and hep-

arin, as described by the manufacturer. EGM-2 without

VEGF, bFGF, IGF-1, Asc, and heparin were prepared for a

non-angiogenic medium (EGM) for HUVECs.

2.2 Preparation of collagen microspheres

Ten ml of 1% (w/v) collagen solution was emulsified in

50 ml of liquid paraffin containing surfactant at various

concentrations (0–1.5% [v/v]) and stirred using a high

power mixer (P-2, AsOne, Japan) at various rotating speeds

(300–1,200 rpm) at room temperature for 5 min. For

crosslinking, 1 ml of 50% (v/v) WSC in water was added

to the emulsified mixture and kept stirring for 1 h to form

collagen microspheres. Then, 50 ml of 50% (v/v) ethanol

was added into the mixture and mixed for 5 min to separate

the collagen microspheres from oil phase. The mixture was

centrifuged at 3,500 rpm for 5 min and supernatant was

removed. Ethanol (50% v/v) was added to the remained

collagen pellet and mixed and centrifuged again

(3,500 rpm, 5 min). After removal of supernatant, phos-

phate buffered-saline (PBS) was added to the collagen

pellet and mixed and centrifuged (3,500 rpm, 5 min). This

procedure was repeated 3 times to remove residual ethanol.

The collagen microspheres for the experiments of VEGF

impregnation, zeta potential, microscopic observation,

in vitro release assay, and capillary formation assay were

prepared under the conditions of the surfactant concentra-

tion of 0.3% and the rotating speed of 600 rpm.

2.3 VEGF impregnation in collagen microspheres

Impregnation of rhVEGF in the collagen microspheres was

performed by immersing the collagen microspheres in the

1 lg/ml rhVEGF solution in PBS for 24 h at 4�C. The

microspheres loaded rhVEGF were centrifuged at

3,500 rpm for 5 min and supernatant was removed. PBS

was added to the collagen pellet and mixed and centrifuged

(3,500 rpm, 5 min). This procedure was repeated 3 times to

remove residual rhVEGF.

2.4 Particle size

The particle size of the collagen microspheres were mea-

sured by hand count. The collagen microspheres were

stirred in PBS overnight to disperse homogenously. The

pictures of the collagen microspheres were taken through a

microscope (DMI6000B, Leica, Japan) and the diameters

of the microspheres of at least 500 microspheres were

measured by hand count.

2.5 Viscosity

The viscosities of liquid paraffin and collagen solutions

(0.5, 1, and 1.5% [w/v]) at various temperatures were

measured using a viscometer (viscostick; Shiro Industry,

Japan).

2.6 Zeta potential

The surface charge of the collagen microspheres was

determined by measuring the electrophoretic mobility

using a Zetasizer (Nano ZS; Sysmex, Japan). The mea-

surements were performed in PBS and EGM to investigate

the solvents dependency of the zeta potential. A Smolu-

chowsky model was used to calculate the zeta potential

values from the electrophoretic mobility. All measurements

were carried out at 25�C in triplicate.

2.7 Microscopic observation

The collagen microspheres were fixed by 2.5% glutaralde-

hyde and were dehydrated by ethanol and subsequent

isoamyl acetate. The samples were then freeze-dried and

coated with Pt using an ion coater (L350S-C; Anelva, Japan)

and subjected to SEM observation. The SEM apparatus

(VE-9800; Kyence, Japan) was operated at 20 kV.

2.8 SDS- polyacrylamide gel electrophoresis

(SDS-PAGE)

SDS-PAGE was performed by using an XV pantera system

(DRC, Japan). The concentration of separation gel was 5%.
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The collagen microspheres were mixed in diluted HCl

(pH 3) to a final concentration of 10 mg/ml. Collagen and

gelatin for controls were diluted in diluted HCl (pH 3) to a

final concentration of 0.1% (w/v) and 1% (w/v), respec-

tively. The samples were mixed with 0.1 M Tris-HCl

buffer (pH 6.8) containing 69.3 mM SDS, 40% (v/v)

glycerol, 0.7 mM bromophenol blue, and 10% (v/v)

2-mercaptoethanol at the ratio of 1: 1 (v/v), heat at 99�C for

5 min, and then 10 ll was loaded per well of the XV

pantera gel. After electrophoresis, gels were stained using

0.1% (w/v) Coomassie Brilliant Blue R250.

2.9 In vitro release study

The rhVEGF-loaded collagen microspheres (100 mg) were

placed into insert wells (IntercellTP, Kurabo, Japan) and

400 ll of solvents were added into lower wells of a 24-well

plate (Asahi Techno Glass, Japan). As the solvents, PBS,

collagenase solution in PBS (1 U/ml), and EGM were used.

The collagen samples were incubated at a constant tem-

perature of 37�C. After specific time periods, the solvents

were collected and replaced with fresh solvents and incu-

bated again. The content of rhVEGF released in the col-

lected solvents was determined by a VEGF ELISA kit

according to the manufacturer’s instruction. To assess the

degradability of the collagen microspheres in collagenase

solution (1 U/ml) and PBS, protein content measurement

was performed using a bicinchoninic acid protein assay kit

as previously described [12].

2.10 Capillary formation assay

Capillary formation of the HUVECs co-cultured on

NHDFs was assessed according to the method previously

described [13]. Conditioned EGM containing released

rhVEGF were prepared as follows; EGM were incubated

with the rhVEGF-loaded collagen microspheres at a con-

stant temperature of 37�C for a week and collected, fol-

lowed by replacement with fresh EGM and incubation for

another week. This procedure was repeated 3 times for

4 weeks. The HUVECs co-cultured with NHDFs were

treated with the conditioned EGM at 37�C in air containing

5% CO2. As controls, fresh EGM and an EGM containing 2

nM (76.4 ng/ml) rhVEGF were used. At day 3 after the

treatment, the cells were fixed and stained using an anti-

human CD31 immunostaining kit according to the manu-

facturer’s instruction. Stained area was calculated using an

angiogenesis image analyzer (Kurabo).

2.11 Statistical analysis

Statistical analysis was performed using student’s t tests,

and a confidence level of 95% (P \ 0.05) was considered

necessary for statistical significance. The error bars indi-

cate the standard deviation of the mean.

3 Results and discussion

3.1 Effect of surfactant concentration on particle size

Figure 1 shows the effect of surfactant concentration on the

particle diameters. The average diameter, standard devia-

tion, and variation coefficient were summarized in Table 1.

The diameters proportionally decreased with increasing the

surfactant concentration in the range of 0.1–0.5%. In this

range, the diameters decreased at the ratio of 3.1 lm per

0.1% increase of surfactant concentration. There was little

change in diameter at concentrations of more than 0.5%.

Meanwhile, absent surfactant resulted in increased particle

diameter and standard deviation. Student’s t tests showed

that the surfactant concentration significantly influenced

the particle size except the difference between 1 and 1.5%.

Considering that removal of the surfactant from the

microspheres was more complicated with increasing sur-

factant concentration and that the variation coefficient of

the condition of 0.3% was the lowest, the optimal surfac-

tant concentration was decided to be 0.3%.

3.2 Effect of rotating speed on particle size

Figure 2 shows the effect of rotating speeds on the particle

diameters under the condition of 0.3% surfactant concen-

tration. The average diameter, standard deviation, and

variation coefficient were summarized in Table 2. The

diameters proportionally decreased with increasing the

rotating speed at the ratio of 1.8 lm per 100 rpm increase

of the rotating speed, although the variation coefficient was

the lowest at the rotating speed of 600 rpm. Student’s t

tests showed that the rotating speed significantly influenced

the particle size. Consequently, the particle diameter could

be controlled by changing the rotating speed and the

rotating speed of 600 rpm was needed to make finer

microspheres.

3.3 Effects of viscosity and temperature on particle

size

Viscosity and reaction temperature of the emulsified

mixture were important factors to control the particle

size of the collagen microspheres. The viscosity of oil

phase decreased with increasing temperature, although

that of water phase showed little change (Fig. 3a). In

addition, increased viscosity of oil phase resulted in

decreased size of the particle diameter (Fig. 3b). It can

be speculated that decreased viscosity of oil phase
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resulted in the formation of finer emulsion and larger

droplets. On the other hand, increased collagen concen-

tration of water phase also altered the particle diameters

(Fig. 3c). The viscosity of collagen solution increased

with increasing the collagen concentration (Fig. 3a),

therefore, the increased viscosity in water phase resulted

in the increase of the particle diameter. Consequently,

viscosity and temperature of the emulsified mixture

Fig. 1 Effect of surfactant

concentrations on particle

diameters (a). Photographs

show the collagen microspheres

prepared under the surfactant

concentrations of 0% (b), 0.1%

(c), 0.3% (d), 0.5% (e), 1% (f),
and 1.5% (g), respectively.

Rotating speed was set to

600 rpm. Bars: 50 lm

Table 1 Effect of surfactant

concentrations on diameter and

dispersity of collagen

microspheres

Surfactant

concentration (%)

Average

diameter (lm)

Standard

deviation (lm)

Variation

coefficient

Size

range (lm)

0 51.68 53.14 1.028 5.26–315.7

0.1 17.77 11.27 0.634 2.65–71.43

0.3 11.38 3.16 0.278 3.36–21.01

0.5 5.49 2.58 0.470 1.68–16.81

1.0 3.21 1.63 0.508 0.84–12.61

1.5 3.36 1.53 0.455 0.42–10.92

Fig. 2 Effect of rotating speeds

in emulsion system on particle

diameters (a). Photographs

show the collagen microspheres

prepared under the rotating

speeds of 300 rpm (b), 600 rpm

(c), 900 rpm (d), and 1,200 rpm

(e), respectively. Surfactant

concentration was set to 0.3%.

Bars: 50 lm

Table 2 Effect of rotating

speeds on diameter and

dispersity of collagen

microspheres

Rotating

speed (rpm)

Average

diameter (lm)

Standard

deviation (lm)

Variation

coefficient

Size

range (lm)

300 18.51 9.92 0.536 2.63–92.11

600 11.73 3.60 0.307 2.52–25.21

900 5.71 2.25 0.394 0.84–11.76

1200 3.01 1.54 0.512 0.42–9.24
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should be controlled to make the collagen microspheres

having intended particle diameters.

3.4 Zeta potential

The surface charge of the collagen microspheres was

determined by measuring their electrophoretic mobility.

Table 3 shows the zeta potential values of the collagen

microspheres in PBS and EGM. The collagen micro-

spheres in the present study had slight positive charge.

Berthold et al. [8] have reported that marine collagen

microspheres showed negative charge of about -30 mV

at pH 7. The difference could be caused by the types of

crosslinking agents used. The present study used WSC,

which forms crosslinks between amino groups and car-

boxyl groups by condensation reaction [14]. On the other

hand, previous reports used glutaraldehyde, which forms

crosslinks between only amino groups and has some

incomplete reaction of the bifunctional reagent leading to

free aldehyde groups [8]. Therefore, the charge distri-

bution of the functional groups in collagen molecules

might cause the difference in the zeta potential com-

pared to the previous studies. Meanwhile, the zeta

potential in EGM was slightly lower than that in PBS. It

has been reported that the electrostatic binding of buffer

anions to the surface of the positively charged micro-

spheres could be observed [15, 16]. Therefore, the dif-

ference in the concentration of buffer anions and ionic

strength between PBS and EGM might influence the zeta

potential.

3.5 SEM and SDS-PAGE

SEM photographs show spherical particles with a smooth

surface and a diameter of ca. 2.5 lm (Fig. 4). Some of the

particles were found to be aggregated (data now shown).

Low zeta potential of the collagen microspheres could lead

the aggregation due to the interparticle attraction forces

such as van der Waals’ force. We performed the SDS-

PAGE analysis to prove that the microspheres were indeed

collagen and not denatured, but could not see any bands of

collagen as well as those of gelatin (data not shown),

indicating that the chemical crosslinks between collagen

molecules made it difficult to denature the collagen

microspheres by heat. Our previous experiments have

demonstrated that the collagen sponge crosslinked with

WSC had over 100�C of denaturation peak in differential

scanning calorimeter analysis (unpublished data), which

may explain the SDS-PAGE results. Raman spectroscopy

and Fourier transform infrared spectroscopy are needed to

prove the collagen denaturation in future works.

Fig. 3 a Effect of reaction

temperature on the viscosities of

liquid paraffin (squares), 0.5%

collagen (circles), 1.0%

collagen (triangles), and 1.5%

collagen solutions (diamonds),

respectively. b Effect of

viscosity in oil-phase on particle

diameters. c Effect of collagen

concentration in water-phase on

particle diameters. Surfactant

concentration and rotating speed

were set to 0.1% and 500 rpm,

respectively

Table 3 Zeta potential values of collagen microspheres in PBS and

EGM

Solvents Zeta potential (mV)

PBS 8.86 ± 0.30

EGM 3.15 ± 0.63
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3.6 Release profile of rhVEGF

The release profile of rhVEGF from the collagen micro-

spheres was different among the solvents used (Fig. 5a). In

the case of collagenase solution, the rhVEGF released with

a rapid rate during initial 8 days, followed by a slower

release rate for the remaining duration of the experiment.

The release curve in collagenase solution was similar to the

degradation curve of the collagen microspheres in colla-

genase solution (Fig. 5b), indicating that the drug release

could occur by degradation of the collagen microspheres.

The collagenase concentration (1 U/ml) used in this study

was in the physiologically relevant concentration range

[17], therefore, the collagen microspheres might show the

same release profile as the collagenase solution results.

Meanwhile, the release rate into EGM was higher than that

into PBS, indicating that drug diffusion between EGM and

PBS could be occurred. Additionally, the difference in the

charge state of the collagen microspheres in the solvents

might affect the release rate (Table 3). It is believed that

there are binding forces, such as electrostatic and hydro-

phobic interactions, between collagen and protein [18].

Therefore, the change in the electrostatic interaction

between the collagen microspheres and rhVEGF might be

one of the reasons for the difference in the release profile.

Consequently, rhVEGF could be released by drug diffusion

as well as collagen degradation.

3.7 Bioactivity of released rhVEGF

An in vitro capillary formation assay was performed to

evaluate whether the released rhVEGF remained bioactive

(Fig. 6). We have reported that the HUVECs co-cultured

on NHDFs showed capillary-like structures in the presence

of VEGF in the EGM [13]. The HUVECs co-cultured on

NHDFs were exposed to the conditioned EGM which were

collected after incubation with rhVEGF-loaded collagen

microspheres for 0–7, 8–14, 15–21, and 22–28 days. Cells

treated with the conditioned EGM showed capillary for-

mation although the total length of the capillary was small

compared to the control from the area calculation results

using a software analysis (data not shown) and became

smaller with increasing incubation periods. This can be

explained from the release profile results of EGM (Fig. 4a,

squares); the release amount of rhVEGF in EGM became

lower with increasing incubation periods. The total

amounts of rhVEGF released at 0–7, 8–14, 15–21, and 22–

28 days were 56.5, 15.0, 8.8, and 6.2 ng/ml, respectively,

which were lower than the control (76.4 ng/ml). Conse-

quently, the bioactivity of rhVEGF was maintained after

release as observed capillary formation.

There are some reports to make collagen microspheres

for tissue engineering. Kim et al. [6] reported the colla-

gen-apatite composite microspheres for bone tissue engi-

neering with average diameter of 166 lm. Swatschek

et al. [19] reported the agglomated collagen microspheres

for retinol delivery with average diameter of 2.2 lm.

Berthold et al. [8] reported the collagen microspheres for

glucocorticosteroids delivery with average diameter of

10 lm. Recently, Chan et al. [20] reported the nano-

Fig. 4 SEM photograph of collagen microspheres. The microspheres

were prepared under conditions of rotating speed of 600 rpm and

surfactant concentration of 0.3%. Magnification: 915,000. Bar: 1 lm

Fig. 5 a In vitro release profile of rhVEGF-loaded collagen micro-

spheres in collagenase solution (circles), PBS (triangles), and EGM

(squares). b In vitro degradation rate of collagen microspheres in

collagenase solution (circles) and PBS (triangles)
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fibrous collagen microspheres with average diameter of

70 lm and demonstrated their release profiles of nerve

growth factor. The present study demonstrated smaller

collagen microspheres having 1–30 lm diameters and the

release profile of bioactive rhVEGF during 4 weeks

incubation. Additionally, the present study first provides

the technique for easy control of particle diameter of

collagen microspheres. Crosslinker WSC used in this

study is known to be biocompatible because WSC do not

persist in the linkage between collagen molecules and are

simply washed away after crosslinking [21]. Conse-

quently, the collagen microspheres have potential use for

clinical applications, such as injectable DDS biomaterials

for tissue engineering.

4 Conclusions

We successfully fabricated the collagen microspheres for

sustained release of rhVEGF. The particle size can be

easily controlled by changing surfactant concentrations and

rotating speeds in the process of emulsification. The sus-

tained release of rhVEGF was achieved for 4 weeks and

the released rhVEGF remained bioactive. This work con-

tributes to future development of collagen microsphere-

based protein delivery system for tissue engineering.

Acknowledgments This work was supported by Takeda Science

Foundation and the Research for Promoting Technological Seeds

from Japan Science and Technology Agency. We thank Shunji

Yunoki PhD, Risa Itoh and Masanobu Munekata PhD, Hokkaido

University, for helpful advices and technical assistances. We thank

Sysmex for measurements of zeta potential and helpful advices.

References

1. Cross MJ, Claesson-Welsh L. FGF and VEGF function in angi-

ogenesis: signalling pathways, biological responses and thera-

peutic inhibition. Trends Pharmacol Sci. 2001;22(4):201–7.

2. Morishita M, Peppas NA. Is the oral route possible for peptide

and protein drug delivery? Drug Discov Today. 2006;11(19–

20):905–10.

3. De la Riva B, Nowak C, Sanchez E, Hernandez A, Schulz-

Siegmund M, Pec MK, et al. VEGF-controlled release within a

bone defect from alginate/chitosan/PLA-H scaffolds. Eur J Pharm

Biopharm. 2009;73(1):50–8.

4. Lee J, Lee KY. Local and sustained vascular endothelial growth

factor delivery for angiogenesis using an injectable system.

Pharm Res. 2009;26(7):1739–44.

5. Bagal A, Dahiya R, Tsai V, Adamson PA. Clinical experience

with polymethylmethacrylate microspheres (Artecoll) for soft-

tissue augmentation: a retrospective review. Arch Facial Plast

Surg. 2007;9(4):275–80.

6. Kim HW, Gu HJ, Lee HH. Microspheres of collagen-apatite

nanocomposites with osteogenic potential for tissue engineering.

Tissue Eng. 2007;13(5):965–73.

7. Kim SS, Gwak SJ, Choi CY, Kim BS. Skin regeneration using

keratinocytes and dermal fibroblasts cultured on biodegradable

microspherical polymer scaffolds. J Biomed Mater Res B Appl

Biomater. 2005;75(2):369–77.

8. Berthold A, Cremer K, Kreuter J. Collagen microparticles: car-

riers for glucocorticosteroids. Eur J Pharm Biopharm.

1998;45(1):23–9.

9. Hwang SM, Kim DD, Chung SJ, Shim CK. Delivery of ofloxacin

to the lung and alveolar macrophages via hyaluronan micro-

spheres for the treatment of tuberculosis. J Control Release.

2008;129(2):100–6.

10. Mathew ST, Devi SG, Kv S. Formulation and evaluation of

ketorolac tromethamine-loaded albumin microspheres for poten-

tial intramuscular administration. AAPS PharmSciTech. 2007;

8(1):14.

11. Wei HJ, Yang HH, Chen CH, Lin WW, Chen SC, Lai PH, et al.

Gelatin microspheres encapsulated with a nonpeptide angiogenic

agent, ginsenoside Rg1, for intramyocardial injection in a rat

Fig. 6 Capillary forming ability of HUVECs cultured in conditioned

EGM which were collected after incubation with rhVEGF-loaded

collagen microspheres for 0–7 days (a), 8–14 days (b), 15–21 days

(c), and 22–28 days (d). Controls were untreated cells (e) and the

cells treated with EGM containing 2 nM rhVEGF (f), respectively.

Bars: 100 lm

J Mater Sci: Mater Med (2010) 21:1891–1898 1897

123



model with infarcted myocardium. J Control Release. 2007;

120(1–2):27–34.

12. Nagai N, Yunoki S, Suzuki T, Sakata M, Tajima K, Munekata M.

Application of cross-linked salmon atelocollagen to the scaffold

of human periodontal ligament cells. J Biosci Bioeng.

2004;97(6):389–94.

13. Nagai N, Hirakawa A, Otani N, Munekata M. Development of

tissue-engineered human periodontal ligament constructs with

intrinsic angiogenic potential. Cells Tissues Organs. 2009;

190(6):303–12.

14. Olde Damink LH, Dijkstra PJ, van Luyn MJ, van Wachem PB,

Nieuwenhuis P, Feijen J. Cross-linking of dermal sheep collagen

using a water-soluble carbodiimide. Biomaterials. 1996;17(8):

765–73.

15. Kosmulski M, Prochniak P, Rosenholm JB. Solvents, in which

ionic surfactants do not affect the zeta potential. J Colloid

Interface Sci. 2010;342(1):110–3.

16. Sethi M, Joung G, Knecht MR. Stability and electrostatic

assembly of au nanorods for use in biological assays. Langmuir.

2009;25(1):317–25.

17. Yao C, Roderfeld M, Rath T, Roeb E, Bernhagen J, Steffens G.

The impact of proteinase-induced matrix degradation on the

release of VEGF from heparinized collagen matrices. Biomate-

rials. 2006;27(8):1608–16.

18. Wallace DG, Rosenblatt J. Collagen gel systems for sustained

delivery and tissue engineering. Adv Drug Deliv Rev.

2003;55(12):1631–49.

19. Swatschek D, Schatton W, Muller W, Kreuter J. Microparticles

derived from marine sponge collagen (SCMPs): preparation,

characterization and suitability for dermal delivery of all-trans

retinol. Eur J Pharm Biopharm. 2002;54(2):125–33.

20. Chan OC, So KF, Chan BP. Fabrication of nano-fibrous collagen

microspheres for protein delivery and effects of photochemical

crosslinking on release kinetics. J Control Release. 2008;129

(2):135–43.

21. Nagai N, Nakayama Y, Zhou YM, Takamizawa K, Mori K,

Munekata M. Development of salmon collagen vascular graft:

mechanical and biological properties and preliminary implanta-

tion study. J Biomed Mater Res B Appl Biomater. 2008;87(2):

432–9.

1898 J Mater Sci: Mater Med (2010) 21:1891–1898

123


	Preparation and characterization of collagen microspheres  for sustained release of VEGF
	Abstract
	Introduction
	Materials and methods
	Reagents
	Preparation of collagen microspheres
	VEGF impregnation in collagen microspheres
	Particle size
	Viscosity
	Zeta potential
	Microscopic observation
	SDS- polyacrylamide gel electrophoresis  (SDS-PAGE)
	In vitro release study
	Capillary formation assay
	Statistical analysis

	Results and discussion
	Effect of surfactant concentration on particle size
	Effect of rotating speed on particle size
	Effects of viscosity and temperature on particle size
	Zeta potential
	SEM and SDS-PAGE
	Release profile of rhVEGF
	Bioactivity of released rhVEGF

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


