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Abstract Poly (lactic-co-glycolic acid) (PLGA) is a

biodegradable polymer used to make resorbable sutures,

and is also used in other applications in tissue engineering.

Being an artificial polymer, its degradation rate can be

tailored to suit its application. It can be easily moulded

into structures with suitable mechanical strength and

degrades into relatively harmless products in the body. Its

adjustable degradation rate also makes it a potentially

excellent controlled release delivery device. However, the

functionalization of PLGA with bioactive molecules usu-

ally requires extensive chemical modification. Chemical

modification may compromise the mechanical strength of

PLGA and inactivate the bioactive molecules. In this

paper, a study is done to investigate the coating of an

angiogenic factor on unmodified PLGA suture substrates

for the differentiation of human mesenchymal stem cells

(hMSC) into endothelial cells (EC). The results show that

the method used to anchor vascular endothelial growth

factor (VEGF) onto the PLGA surface can enable the

gradual release of VEGF from the substrate into solution

to induce the differentiation of hMSCs into ECs. Thus,

this method can potentially be used to coat PLGA mate-

rials like sutures, meshes and scaffolds, rendering them

functional as effective controlled release delivery devices

for a wide range of bioactive molecules.

1 Introduction

Biodegradable polymers play an important role in providing

a temporary support for cell growth and differentiation.

Ideally, biodegradable polymers must possess the mechan-

ical properties to suit the application and maintain the in vivo

ambient environment. They must also degrade into products

that are harmless to the cells and tissues in the body after a

suitable length of time. PLGA is one such polymer which

has been used to make sutures and other implantable struc-

tures, as well as 3-dimensional scaffolds as a support for

tissue engineering [1]. In order to enhance initial cell

attachment and cell differentiation on PLGA scaffolds, it is

usually necessary to functionalize the scaffold surface with

bioactive molecules [2, 3]. The adjustable degradation rate

of PLGA presents an attractive option to make PLGA-based

controlled release delivery devices. PLGA can be grafted

with bioactive molecules, to be released gradually to support

cell differentiation. Unfortunately, the functionalization of

PLGA usually requires extensive chemical modification.

Chemical surface modification of PLGA can compromise its

mechanical strength [4]. Similarly, chemical modification of

bioactive molecules may adversely alter their ability to bind

onto their respective cell surface receptors, and thus

decrease their biological activity [3]. Thus, a method of

anchoring bioactive molecules in their native form to a

substrate, which can also control the release of the molecules

into solution, would be favoured. In this paper, a study is

done to investigate the coating of an angiogenic factor,

VEGF, on unmodified PLGA suture substrates to support the

differentiation of hMSCs into ECs. The results show that the

method of coating VEGF on PLGA substrate surface can

enable the gradual release of VEGF from the substrate into

solution. Furthermore, the released VEGF retains its bio-

logical function and is able to induce the differentiation of
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hMSCs into ECs. Thus, this method can potentially be

used to coat PLGA materials like sutures, meshes and

scaffolds, rendering them functional as effective controlled

release delivery devices for a wide range of bioactive

molecules.

2 Materials and methods

2.1 Materials

PLGA sutures with a glycolic to lactic acid ratio of 90:10

were purchased from Ethicon. Gelatin was purchased from

Sigma-Aldrich Chemical Co. (Singapore). Recombinant

human VEGF was obtained from R&D Systems (US).

Ultrapure water ([18.2 MX cm, Millipore Milli-Q system,

Singapore) was used in the experiments. All materials used

in cell culture were purchased from Gibco, Invitrogen

(Singapore). The degradation of PLGA in solution was

assessed by measuring the pH of the solution using a inoLab

pH meter. Flow cytometry was done using the CyAnTM ADP

Analyzer. PE-conjugated CD133 antibody was purchased

from eBioscience (San Diego, US). FITC-conjugated poly-

clonal goat anti-mouse IgG antibody was purchased from

AbD Serotec (UK). Flk1-PE was purchased from R&D

Systems (US). Unconjugated monoclonal mouse anti-

human von Willebrand Factor (vWF) antibody was obtained

from Abcam (UK). Unconjugated mouse-anti-human Tie2

antibody was purchased from Santa Cruz (US). The intensity

and stability of VEGF coated onto the suture substrate

surface were assessed using a human VEGF ELISA kit

purchased from Bender MedSystems (Austria). BD Matri-

gelTM Basement Membrane Matrix was obtained from BD

Biosciences (US). Human mesenchymal stem cells were

purchased from Lonza (Lonza Walkersville Inc., USA.

Product number: PT-2501).

2.2 Preparation of substrates

Suture substrates were prepared by stitching sutures onto a

square grid 1 cm 9 1 cm marked on the base of a plastic

weighing boat, to form a suture mat on plastic base. The

suture substrates were sterilised by soaking in 70% ethanol

for 1 h, rinsed with copious amounts of ultrapure water and

allowed to air-dry in a sterile environment. Each substrate

was then coated with a solution of 50 ng of VEGF in 50 ll

of a mixture comprising 0.1% gelatin and 1% low-melting

agarose in the ratio 1:1, and allowed to dry at room tem-

perature overnight. The substrates were then gently rinsed

with PBS and allowed to dry. A second thin coating of the

gelatine/agarose mixture was then layered over each sub-

strate. The substrates were rinsed with PBS and allowed to

dry before use. All the biological assays were done in

duplicates, and each assay was done twice.

2.3 Assessment of the degradation rate of PLGA

in solution

PLGA suture substrates were prepared as described above.

The degradation rate of PLGA in water, PBS and MEM-a
supplemented with 10% FBS, was assessed by measuring

the change in pH of the respective solutions. One piece of

substrate each was placed in 10 ml of the respective

solution, and the pH of each solution was measured on days

1, 5, 10, 15, 20 and 25.

2.4 Stability of coated VEGF on suture substrates

For the assessment of the stability of VEGF on the suture

substrates, the substrates were trimmed to size and placed

individually in a 24-well plate containing 1 ml of PBS per

well. The amount of VEGF released from each substrate

surface into solution was assessed on days 1, 5, 10, 15, 20

and 25. At each respective point in time, 50 ll of PBS was

removed from a well marked with the respective time-

point. The amount of VEGF in solution was then measured

using the Bender Medsystems human VEGF ELISA kit,

following the manufacturer’s instructions. The colour

intensity of the reaction mixture was measured at 450 nm

using an absorbance plate reader. The amount of the VEGF

in solution was determined using a series of VEGF solu-

tions of known concentrations as standards which were

prepared using a VEGF stock supplied in the ELISA kit.

The amount of VEGF at each point in time was then

expressed as a percentage of the initial amount of VEGF

coated on each suture substrate.

2.5 Cell culture

Human mesenchymal stem cells (hMSC) were seeded into

cell culture flasks and cultured in a medium comprising

Minimal Essential Medium-alpha (MEM-a), supplemented

with 10% foetal bovine serum (FBS), L-glutamine (2 mmol/

l), penicillin (100 U/ml) and streptomycin sulphate

(100 lg/ml), and incubated at 37�C in a humidified atmo-

sphere of 5% CO2 and 95% air. Unattached cells were

removed on the following day. Half of the culture medium

was replaced by a fresh aliquot of medium once every

2 days. The attached cells were allowed to grow to about

75% confluence. Cells colonies that were formed were

identified and individually removed by gentle trypsiniza-

tion, seeded into a new flask each and allowed to grow to

about 75% confluence before being used. Passage 2 hMSCs

were used throughout the study. Attached cells were
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detached by trypsinization and resuspended in fresh culture

medium for subsequent experiments described below.

2.6 Flow cytometry

Cells were detached by trypsinization and then incubated in

PBS with 2% FBS for 10 min in an ice bath. 1 ll of the

CD133-PE antibody was added to the cells, suspended in

100 ll of PBS with 2% FBS, in separate tubes. After

incubation for 10 min in an ice bath in the dark, the cells

were washed, resuspended in 1 ml of PBS, and analysed

using flow cytometry. A total of 10,000 events were col-

lected for the analysis.

2.7 Preparation of culture medium containing VEGF

For the preparation of VEGF-containing medium, the

suture was stitched onto both sides of each plastic substrate

and coated with VEGF. In subsequent discussions, these

substrates will be termed double-sided substrates. Five

pieces of double-sided substrates were placed into a small

petri dish, such that the substrates were completely sub-

merged in 3 ml of culture medium containing 2% serum.

2.8 Effect of VEGF release from suture substrate

on MSC differentiation

hMSCs were seeded onto cover slips, each placed in a

single well of a 6-well plate at a density of 5,000 cells/cm2.

Unattached cells were removed the following day, and the

cells were allowed to grow for another 2 days. The cover

slips were then removed from the 6-well plate and indi-

vidually placed centrally in a petri dish containing five

pieces of VEGF-coated double-sided substrates which were

lined along the inner circumference of the dish. The neg-

ative controls comprise a petri dish with cells in normal

medium and another dish with cells grown in medium that

had uncoated substrates immersed in it. A dish without any

substrate but containing culture medium supplemented

with 10 ng/ml of VEGF and 2% serum served as the

positive control. The experiment was carried out for

14 days. Half of the medium was removed and replaced

with fresh medium every third day.

2.9 Immunofluorescent (IF) microscopy

Cells cultured on the cover slips were fixed in methanol at

-20�C for 10 min and then rinsed with PBS. Following

which, the cells were incubated with the relevant fluoro-

chrome-conjugated antibody (1:300) for 1 h. For von

Willebrand Factor (vWF) staining and Tie2 staining, where

unconjugated primary antibodies were used, the cells were

rinsed in PBS and further stained with FITC-conjugated

goat anti-mouse secondary antibody (1:300) for 1 h. The

cells were then viewed using a fluorescent microscope

(Olympus IX71), at a magnification of 1009 (for VEG-

FR2) and 2009 (for Tie2, vWF and CD31).

2.10 In vitro capillary-like tube formation assay

The assay was performed using 50 ll of BD Matrigel in

each well of a 96-well dish at 4�C. The matrigel was left at

room temperature for 1 h to allow it to solidify before use.

Cells grown on the cover slips were detached with trypsin

and the trypsin was removed by centrifugation. The cells

were resuspended in normal cell culture medium and 2,000

cells in 50 ll of medium was plated onto the matrigel. The

cells were then incubated for 3 h and the capillary-like tube

formation was observed under a light microscope.

2.11 Statistical analysis

The results were assessed statistically using one-way

analysis of variance. Statistical significance was accepted

at P \ 0.05.

3 Results

3.1 Assessment of the degradation rate of PLGA

in solution

The degradation rate of PLGA sutures in water, PBS and

cell culture medium was monitored by measuring changes

in the pH of the respective solutions over 25 days (Fig. 1).
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Fig. 1 The degradation rate of PLGA sutures in water, PBS and cell

culture medium was monitored by changes in the pH of the respective

solutions over 25 days (n = 2). Error bars represent the standard

deviations. The change in pH is the smallest in MEM, indicating that

MEM probably has a higher buffering capacity as compared with the

other two media
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The pH values show a decrease of about 1.09 (water), 1.56

(PBS) and 0.93 (MEM) after 25 days. The buffering

capacity of the cell culture medium has probably contrib-

uted to the smaller change in pH as compared with the

other two media.

3.2 Stability of coated VEGF on suture substrates

The substrates were coated with a high concentration of

VEGF in a VEGF–gelatin–agarose mixture to ensure that

the entire substrate surface was covered with the angio-

genic factor. A thin layer of gelatin–agarose mixture was

layered over the substrate to protect the VEGF from being

removed due to abrasion, and to facilitate an even rate of

diffusion of VEGF into solution. VEGF was progressively

released into solution and its concentration reached a peak

at day 15 (Fig. 2). Subsequently up to day 25, VEGF

concentration began to decline.

3.3 Flow cytometry

Passage 2 hMSCs were subjected to flow cytometry analysis

to check for the presence of endothelial cell progenitors. No

detectable CD133? cells was found.

3.4 In vitro differentiation of hMSCs into endothelial

cells

The hMSCs express the endothelial cell markers, Flk-1

(VEGFR-2), Tie2 and vWF after a 7-day culture in medium

with VEGF released from the VEGF suture substrates

(Fig. 3a, c). After a 14-day differentiation, the differenti-

ated cells also show a weak expression of CD31 (Fig. 3d).

The ability of the differentiated cells to form a capillary

network on semi-solid medium was demonstrated in an in

vitro angiogenesis assay using Matrigel (Fig. 4a). A visual

count revealed that about 90% of the cells exposed to

VEGF form tube-like structures. hMSCs in the negative

controls did not form any capillary network and remained

as single cells on the Matrigel (Fig. 4b).

4 Discussion

PLGA is a synthetic biodegradable polymeric material

which has been used as a material for sutures, and for the

fabrication of scaffolds in tissue engineering to provide

temporary support for cellular survival and tissue devel-

opment. It has a controllable degradation rate, possesses

suitable mechanical strength, and is also an easy material to

mould into different shapes [2, 3]. Its adjustable degrada-

tion rate also makes it suitable to be used as a controlled

release delivery device. Unfortunately, PLGA usually

needs to be chemically modified so that other molecules

may be covalently grafted onto its surface. Chemical

modification may consequently weaken the mechanical

strength of PLGA [1, 4]. Similarly, most bioactive mole-

cules which are intended to be grafted onto PLGA usually

also need to be chemically modified [5, 6]. For example,

VEGF can be oxidized using periodate oxidation for sub-

sequent grafting onto dihydrazide modified PLGA [3].

However, chemical modification of a bioactive molecule

may inactivate it or alter its effective biological function.

The oxidized forms of two human VEGF isoforms,

VEGF165 and VEGF121, have been reported to lose their

ability to bind to the VEGF receptor, VEGFR-2 [2]. While

cell-surface heparan-sulphate proteoglycans can restore the

VEGFR-2 binding ability of oxidized VEGF165 by playing

a chaperone-like role, the same process cannot restore the

VEGFR-2 binding ability of oxidized VEGF121. Thus, the

reported decrease in activity of VEGF121 could probably be

due to oxidative damage. Hence, a method to functionalize

a biodegradable material without compromising its

mechanical strength and degradation properties would be

an advantage. Similarly, bioactive molecules should be

attached to a matrix without any alteration to their chem-

ical structure which may consequently compromise their

biological activity. In this study, a simple and effective

method of coating PLGA sutures with VEGF was used.

PLGA degrades by hydrolysis into its constituent lactic and

glycolic acids [7]. As degradation proceeds, the presence of

more acidic groups may thus autocatalyze the hydrolysis

process. For this reason, it can be expected that the release
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Fig. 2 Concentration of VEGF in solution, expressed as percentage

of the initial coating concentration of VEGF on the suture substrate

(n = 2). Error bars represent the standard deviations. VEGF is

progressively released and its concentration in solution reaches a peak

at about day 15, which corresponds to approxiamately 2.6 ng/ml

(MEM), 2 ng/ml (PBS) and 2 ng/ml (water) per substrate
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kinetics of any bioactive molecule, in this case, VEGF, will

be affected. The degradation of the PLGA sutures was

studied by monitoring the changes in the pH of each of the

solutions in which the sutures are submerged. The results

show that the PLGA suture substrates underwent a gradual

degradation process. The degradation in cell culture med-

ium had the smallest change in pH. This could be due to the

greater buffering capacity of the culture medium. The

control of pH in vivo could be an important consideration if

PLGA were to be used as a delivery device, as large pH

changes may affect the degradation rate of PLGA. The in

vivo environment is dynamic: as PLGA degrades, blood

flow and tissue fluid surrounding the implant site would

probably remove the products of degradation, and thus

prevent the accumulation of the acidic break-down prod-

ucts. This would reduce the rate of autocatalytic deg-

radation of the PLGA implant, and consequently prevent a

massive release of the attached VEGF. In this study, the

degradation rate of PLGA was correlated with the release

profile of VEGF from the PLGA substrate over a similar

length of time. VEGF is chosen because it plays a key role

in vasculogenesis and angiogenesis. Due to this important

role, VEGF is often used in the in vitro differentiation of

haematopoietic stem cells or endothelial progenitor cells

into endothelial cells [8–10]. VEGF is known to have a

short half-life in solution [11]. Hence, it is paramount that

VEGF must be continually released at an optimal rate so

that there are sufficient biologically active quantities of it

Fig. 3 Immunofluorescent staining reveals that the hMSC-derived cells show expression of EC markers, VEGFR2 (Flk-1), Tie2 and vWF (a–c)

after a 7-day differentiation. The weak expression of the late EC marker, CD31, was detected after a further 7 days of differentiation (d)
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in solution to mediate EC differentiation. The results show

that VEGF is progressively released from the substrate

surface and reached a peak on day 15. This indicates that

our PLGA suture substrate is capable of the sustained

release of amounts of biologically active VEGF.

The hMSCs have been characterized by flow cytometry

and confirmed by the supplier to express MSC markers

including CD105. Using flow cytometry, a further check

was done to ensure that there were no endothelial pro-

genitors present among the hMSCs. The presence of

CD133? cells was not detected. The aim of this study is to

test if the VEGF released from the suture substrates can

induce the differentiation of the CD105? hMSCs into ECs.

The results show that the hMSC-derived cells expressed

VEGFR2 (Flk-1), Tie2 and vWF after 7 days of VEGF-

mediated differentiation. However, CD31, which has been

implicated in various biological phenomena, including cell

migration, angiogenesis, transendothelial migration and

modulation of integrin-mediated cell adhesion, was not

detected on the differentiated cells after a 7-day VEGF

treatment. This is consistent with the observation similarly

reported by others [12, 13]. After a further 7 days of dif-

ferentiation, the weak expression of CD31 was detected,

indicating that this marker is expressed late in EC differ-

entiation. Based on this finding, an in vitro angiogenesis

assay was carried out. hMSC-derived cells differentiated

for 14 days in medium with VEGF released from the suture

substrates were plated onto a Matrigel surface. The

formation of a capillary network was observed 3 h later. A

visual count showed that about 90% of the treated cells

form the tube-like network. Similarly, about 90% of

hMSCs cultured in normal medium supplemented with

10 ng/ml (positive control) form a capillary network on

Matrigel. Undifferentiated hMSCs in medium without

VEGF (negative control) remained as single cells on the

Matrigel. As the hMSCs had been ascertained to be non-

CD133?, the possibility that the differentiated cells orig-

inated from a small population of endothelial progenitors

can be excluded. Thus, the results indicate that the method

used in this study to coat the PLGA substrate with VEGF

can retain the biological activity of this growth factor, and

progressively release it to mediate EC differentiation.

Various other methods of immobilizing bioactive mol-

ecules onto substrates have been reported, with most of

them requiring extensive modification to the substrate

surface and to the bioactive molecules. Despite the

potential risks that chemical and genetic modifications

pose to the performance of both the substrates and the

bioactive molecules, there have been some encouraging

results. Basic fibroblast growth factor (bFGF) loaded

within heparin conjugated PLGA microspheres has been

shown to be released gradually in vivo to support angio-

genesis [14]. Heparin is a highly sulphated glycos-

aminoglycan that has binding affinities to various growth

factors. Heparin also helps to mitigate the mitogenic

activity of growth factors through the growth regulation of

fibroblast and endothelial cells [15]. Thus, heparin is

commonly used in the fabrication of matrices for the

controlled release of growth factors [16, 17]. Others have

combined condensed plasmid DNA encoding osteogenic

growth factors and angiogenic growth factors, together

with bone marrow stromal cells for loading into PLGA

scaffolds. The scaffolds have been used for the in vivo

induction of bone tissue regeneration and blood vessel

formation [18]. Although not as potentially risky as cellular

transplantation of virus-mediated genetically modified

cells, substrate-immobilized plasmid DNA may result in

the continuous secretion of a high level of a growth factor.

Thus, plasmid DNA encoding an angiogenic factor like

bFGF may accelerate the growth of pre-existing tumours or

occult cancer, although bFGF is only weakly oncogenic

[19–24]. Furthermore, continuous delivery of a relatively

high concentration of bFGF can possibly worsen diabetic

retinopathy [25]. A growth factor can also be anchored to a

substrate using a cysteine tag [26]. However, this method

involves the genetic modification of VEGF and its

expression in Escherichia coli. The modified VEGF carries

a cysteine tag that allows it to be conjugated to fibronec-

tin using a cross-linking agent. Although fusion tag

conjugates may be an attractive alternative to immobilize

bioactive molecules onto implantable substrates, it involves

Fig. 4 Endothelial cells differentiated from hMSCs display a capil-

lary network formation on Matrigel. A visual count reveals that about

90% of the cells form the network (a). Untreated hMSCs remain as

isolated, single cells on the Matrigel surface (b)
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extensive genetic modification and relies on the use of

micro-organisms to express the modified protein.

Each additional step in a modification procedure can

potentially compromise the performance of an implantable

device, as well as increase the risk potential associated with

its application. It is therefore reasonable to be concerned

that extensively modified implants and bioactive molecules

can be potentially hazardous in vivo. Thus, simple func-

tionalization procedures should be as widely adopted as

possible. The method of immobilizing VEGF onto PLGA

substrates reported here possesses the advantage of ease of

fabrication and poses a relatively minimal risk in vivo.

Thus, this method can serve as a model for the attachment

of other bioactive molecules onto various types of sub-

strates, especially for the fabrication of controlled release

devices.
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