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In this work, a novel functional drug-carrier/hydrogel scaffold was prepared to control the growth of cells
for tissue engineering. The drug-carrier/hydrogel scaffold was constructed from a micelle/Ca-alginate
microparticles (Alg-MPs)/poly(vinyl alcohol) (PVA) hydrogel composite. In such a system, paclitaxel
(PTX) is encapsulated in the micelles formed by poly(L-glutamic acid)-b-poly(propylene oxide)-
b-poly(L-glutamic acid) (GPG), while human vascular endothelial growth factor-165 (VEGF165) is loaded
in the Alg-MPs. The designed function of this scaffold is to encourage the fast growth of cells such as
endothelial cells (ECs) in the early period to reduce the rejection and inhibit the growth of cells such
as smooth muscle cells (SMCs) in late period to prevent the vascular intimal hyperplasia. The effect of
VEGF165 is to encourage the growth of ECs, while PTX is used to inhibit the growth of smooth muscle cells
(SMCs). Structure characterizations show that the drug carriers are well dispersed in the PVA hydrogel.
Independent release behaviors of the two drugs are observed. VEGF165 shows a short-term release behav-
ior, while PTX shows a long-term release behavior from the drug-carrier/hydrogel scaffolds. Further study
shows a controllable cell growth behavior on this functional drug-carrier/hydrogel scaffold via the MTT
assay.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

In the field of tissue engineering, functional scaffolds for con-
trollable cell growth have attracted great attentions recently [1–
15]. Hydrogel scaffolds that are incorporated with various growth
factors (GFs) [3,4], peptides [5,6], or other drugs [7,8] show the
ability to control cell growth [9–11], migration [12,13], and sur-
vival [14,15]. The key to control the growth of cells is the proper
release behaviors of these drugs from the drug-incorporated
hydrogel scaffold. Many methods have been developed to control
the delivery of drugs, such as degradation-based delivery systems,
affinity-based delivery systems, immobilized drug delivery sys-
tems, and electrically controlled drug delivery systems [16].
According to these methods, specific structures or functional
groups of polymers should be designed to control degradation
time, bind drugs, or respond to surroundings [17–21].

Comparing with fabricating complex polymers, hydrogels incor-
porating with nano/microparticle drug carriers show a convenient
way to prepare the functional drug-loaded hydrogel scaffolds
[22–25]. For example, Kim et al. have investigated an alginate
hydrogel which is incorporated with dexamethasone (DEX)-loaded
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poly(lactic-co-glycolic acid) nanoparticles [22]. Such hydrogels are
used for a coating of microfabricated neural probe. The results
show that the in vivo impedance of the drug-loaded electrodes
can be maintained at its initial level after about 2 weeks after
implantation, which is attributed to the sustained release of DEX
to prevent the inflammation around the implant. However, as
far as we know, there are only limited reports on drug-carrier/
hydrogel scaffolds so far. Researches about the drug-carrier/hydro-
gel scaffolds are at the initial stage. Further studies need to be done
to provide deep insight into the mechanisms of these drug-carrier/
hydrogel scaffolds.

For the drug vehicles, polymer micelle is one kind of extensively
applied nanoparticle carriers for hydrophobic drugs [26–32].
Moreover, when introducing environmental-sensitive functional
groups (pH, temperature, etc.), ‘‘smart’’ micelles are formed, which
can be used to control drug release behaviors intelligently [28–32].
For example, Bae et al. have designed intelligent polymer micelles
which are self-assembled from functional polyethylene glycol-
polyamino acid (PEG-PAA) block copolymer [32]. These micelles
can selectively release drugs at low pH values (pH 4–6). Hydrogel
microparticles are another kind of widely adopted drug carriers
especially for large molecular or water-soluble drugs [33–39].
And these hydrogel microparticles can also be environmental
sensitive when they are formed by specific polymers, such as
pH-sensitive polyelectrolyte [34,35] and temperature-sensitive
polymers [36–39]. For instance, Jay et al. have modified the algi-
nate microparticles to encapsulate vascular endothelial growth
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factor (VEGF) [34]. These VEGF-loaded alginate microparticles
achieve a controllable sustained release, which shows the potential
applications as protein drug carriers. Once the hydrogel scaffolds
have incorporated with these functional drug-loaded nano or
microparticle carriers, the composites of drug-carrier/hydrogel
scaffolds are formed. The obtained composites are expected
to meet the clinical requirements for controlling the release
behaviors of specific drugs [40–42].

With the fast development of clinical vascular surgery, func-
tional vascular scaffold becomes a focus at present. The main chal-
lenge is to develop a functional scaffold for controllable cell
growth. There are two key strategies for the implanted vascular
scaffold: (1) inducing vascularization during the early period
(about 20 days) to reduce the rejection after surgery [43,44]; (2)
reducing cell growth especially the growth of smooth muscle cells
(SMCs) in late period (about 3 months) to prevent the vascular inti-
mal hyperplasia [45,46]. However, there is no example solving
these two problems at one time [43–46].

In this work, for the first time, we present a novel hydrogel scaf-
fold constructed from drug-carrier/PVA composites for controllable
cell growth. To meet the clinical requirements, the human vascular
endothelial growth factor-165 (VEGF165) is encapsulated in the
Ca-alginate microparticles (Alg-MPs) for a short-term release, while
the paclitaxel (PTX) is encapsulated in the poly(L-glutamic acid)-
b-poly(propylene oxide)-b-poly(L-glutamic acid) (PLGA-b-PPO-
b-PLGA, abbreviated as GPG) micelles for a long-term release.
VEGF165 can encourage the growth of cells especially the ECs
[47,48], while PTX can inhibit the growth of cells in previous studies
[49,50]. The poly(vinyl alcohol) (PVA) hydrogel is used as matrix
material for its good biocompatibility and physical–mechanical
properties [51,52]. This drug-loaded carriers/hydrogel scaffold is in-
tended for the potential use as vascular scaffold to encourage the
growth of ECs in the early period and to inhibit the growth of SMCs
in the late period after the implantation. We anticipate this scaffold
can effectively reducing the rejection after surgery and prevent the
vascular intimal hyperplasia. Therefore, a better treatment effect
can be achieved by using this vascular scaffold to control the cell
growth in clinical applications. Release behaviors of the drug carri-
ers and drug-carrier/hydrogel scaffolds were studied as a function
of pH. Then, the viabilities of endothelial cells (ECs), L929 cells,
and smooth muscle cells (SMCs) on the pure PVA hydrogel (as con-
trols) and various drug-carrier/hydrogel scaffolds were analyzed
via the MTT assay. It was demonstrated that the growth of these cells
can be well controlled by this functional drug-carrier/hydrogel
scaffold.
2. Experimental

2.1. Materials

Tetrahydrofuran (THF), hexane, 1,4-dioxane were refluxed with
sodium and distilled immediately before use. a,x-Amino poly(pro-
pylene oxide) (NH2-PPO-NH2, Mw = 4000) was purchased from Sig-
ma–Aldrich Co., Inc. Paclitaxel (PTX) was obtained from ICN
Biomedicals (Costa Mesa, CA, USA). Human VEGF165 was purchased
from PeproTech Inc. (Rocky Hill, NJ, USA). Poly(vinyl alcohol) (PVA,
degree of polymerization: 1750 ± 50) was purchased from Shang-
hai Tianlian Industry of Fine Chemicals Co., Ltd. Alginate was ob-
tained from Sinopharm Chemical Reagent Co., Ltd. The ECs, L929
cells and SMCs were obtained from Shanghai Institute of Biochem-
istry and Cell Biology, Chinese Academy of Sciences. Cellulose
membrane dialysis bag (3500 molecular weight cut-off) was pro-
vided by Serva Electrophoresis GmbH. All other reagents are of
analytical grade and used without further purification.
2.2. Synthesis and characterization of triblock copolymer

The poly(c-benzyl-L-glutamate)-b-poly(propylene oxide)-
b-poly(c-benzyl-L-glutamate) (PBLG-b-PPO-b-PBLG) triblock
copolymer was synthesized by ring-opening polymerization of
c-benzyl-L-glutamate-N-carboxyanhydride (BLG-NCA) initiated by
terminal amino groups of NH2-PPO-NH2. The PLGA-b-PPO-b-PLGA
triblock copolymer was prepared by hydrolyzation of PBLG-b-PPO-
b-PBLG with potassium hydroxide (KOH). Molecular weight of the
PLGA-b-PPO-b-PLGA triblock copolymer was estimated by 1H NMR
measurements (Avance 550, Bruker). The total molecular weight
of the triblock copolymer was calculated as 10,900 based on the
known degree of polymerization (DP) of PPO (DP = 69, Mw = 4000).
All the details were available in our previous reports [53–55].

2.3. Preparation of Ca-alginate microparticles

Ca-alginate microparticles were prepared using a double emul-
sion method. Ten milliliters Na-alginate solution (15 mg/mL),
50 mL paraffin oil, and 0.6 mL Span 85 were mixed together. The
mixture was stirred at 3000 rpm for 15 min to form the water-
in-oil (w/o) emulsion. The Na-alginate w/o emulsion was then
added into 20 mL 10 wt.% CaCl2 solution containing 0.2 mL Tween
80 at a rate of 1 drop per second to form the water-in-oil-in-water
(w/o/w) double emulsion. The Na-alginate droplets rapidly gelled
in the w/o/w emulsion, and the suspension was stirred for 1 h for
further gelation. The obtained Ca-alginate microparticles were col-
lected by centrifugation, washed three times by ethanol and water,
and lyophilized before use.

2.4. Preparation of the drug-carrier/hydrogel scaffolds

The loading amount of PTX in GPG micelles (micelle concentra-
tion is 0.3 mg/mL) as a function of initial PTX amount has been
studied first. It shows that the loading amount of PTX is increased
with increasing initial PTX amount. However, the loading amount
increases indistinctively when the initial PTX amount is over
0.25 mg/mL. Therefore, the PTX-loaded micelle solution was pre-
pared as follows: 3 mg PLGA-b-PPO-b-PLGA was first dissolved in
10 mL 0.1 M KOH aqueous solution. Then, 0.5 mL PTX ethanol solu-
tion (5 mg/mL) was added with vigorous stirring. The mixed solu-
tion was dialyzed against distilled water for 3 days at 20 �C to form
the PTX-loaded GPG micelle. The average diameters of GPG mi-
celles are 104 nm and 141 nm before and after encapsulating the
PTX by the DLS spectrometer (ALV/CGS-5022).

The VEGF165-loaded Ca-alginate microparticles (Alg-MPs) were
prepared as follows: 20 lL VEGF165 PBS solution (0.1 lg/lL) was
mixed with 30 mg lyophilized Ca-alginate microparticles. Then,
the samples were placed at 4 �C until VEGF165 was fully absorbed.
After that, the VEGF165-loaded Alg-MPs were washed with PBS
solution to remove the free VEGF165. No diameter change of Alg-
MPs is observed after encapsulating the VEGF165.

The PTX-loaded GPG micelle/VEGF165-loaded Ca-alginate
microparticle/PVA hydrogel (PTX-GPG/VEGF165-Alg/PVA) scaffold
was obtained by mixing the pre-made PTX-loaded GPG micelles,
VEGF165-loaded Alg-MPs and PVA solution together, followed by
a freezing–thawing cycle (freezing at �20 �C for 24 h and thawing
at room temperature for 3 h) in a 24-well plate. The mixture was
comprised of 4.0 wt.% PVA, 0.15 wt.% PTX-loaded GPG, and
0.3 wt.% VEGF165-loaded Alg-MPs. Therefore, the concentrations
of VEGF165 and PTX are chosen to be about 0.2 lg/mL and
0.4 mg/mL in the mixture, respectively, according to the literatures
[56,57]. The drug-carrier/hydrogel scaffolds with various Alg-MPs
contents were prepared by the same method. All the drug-
carrier/hydrogel scaffolds were washed with distilled water to
remove the free GPG micelles and Alg-MPs. And the distilled water
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was collected, sonicated, and the concentration of PTX and VEGF165

were tested by ultraviolet–visible spectrometer and ELISA, respec-
tively. Details of the drug concentration tests were provided in Sec-
tion 2.5.

2.5. Loading efficiency

The amount of PTX encapsulated in the GPG micelles was ana-
lyzed by an ultraviolet–visible spectrometer (UV/vis, Unico
UV2102). Eight milliliters methanol was introduced into 2 mL
PTX-loaded micelle solution, and the mixture was sonicated for
30 min. The micelles were broken up, and the PTX was dissolved
in the solution. The characteristic absorbance of PTX at 227 nm
was recorded and compared with a standard curve generated from
a methanol/H2O (v/v = 4/1) mixture with PTX concentrations vary-
ing from 0 to 100 lg/mL.

The loading efficiency of VEGF165 in Alg-MPs was determined as
follows: In the preparation process, the drug-loaded particles were
washed by PBS solution after VEGF165 was fully absorbed into Alg-
MPs to remove free VEGF165. Then, the PBS wash-solution was col-
lected, and the concentration of VEGF165 was measured by ELISA.
ELISA was performed according to the procedure of the kit (R&D
systems) [12]. The VEGF165 loading amount was calculated by sub-
tracting the free drug amount from the total drug amount.

2.6. Characterization of the drug-carrier/PVA hydrogel scaffold

Morphologies of the drug-carrier/PVA hydrogel scaffold were
observed by transmission electron microscope (TEM, JEM 1200-
EXII, operated at 120 kV) and scanning electron microscope
(SEM, JSM 6460, JEOL, operated at 20 kV). The samples for TEM
observations were prepared by placing drops of the PTX-GPG/
VEGF165-Alg/PVA mixture on a carbon film-coated copper grid
and then followed by a freezing–thawing cycle. These samples
were pre-stained in solution by phosphotungstic acid aqueous
solution (0.5 wt.%). All the samples were then dried at room
temperature.

Size distribution of alginate hydrogel particles were analyzed by
a laser particle analyzer (LPA, BT-9300H, Dandong Bettersize
instruments Ltd.). Alginate particles were suspended in the PBS
solutions with various pH values for 3 days before test.

The average pore size of the drug-carrier/PVA hydrogel scaffolds
were determined by the different scanning calorimeter (DSC,
Perkin-Elmer, Diamond DS) measurements. This method is based
on the dependence of the freezing point on the size of microcrys-
tals [58,59]. In this work, the hydrogel is saturated by water, and
the average pore size of the hydrogel can be calculated by the
solidification temperature of the system. Experiments were
performed as follows: sample were weighted and put in a sealed
aluminum pan, and one drop of water was added to maintain the
samples in an excess of solvent. Then, the samples was first cooled
to �40 �C and then heated up and kept isothermally at �0.3 �C for
10 min. Thereafter, the pan was cooled down to �40 �C at a rate of
1 �C/min. The pore size of hydrogel can be calculated by the follow-
ing equation [58,59]:

Rp ðnmÞ ¼ �64:67
DT

þ 0:57 ð1Þ

where Rp is the pore radius at temperature T, DT = T � T0 and T0 is
the normal triple point temperature.

2.7. In vitro drug release study

A fixed volume of VEGF165-loaded Ca-alginate microparticle
suspension and PTX-loaded GPG micelle solution were suspended
in a dialysis bag, respectively, and placed into 10 mL buffer solu-
tion with various pH values. And the PTX-GPG/VEGF165-Alg/PVA
hydrogel scaffolds were directly immersed in 10 mL buffer solu-
tions. Samples were then laid in a shaking bath at 90 rpm, with
constant temperature of 37 �C. The buffer solution was replaced
periodically. UV/vis absorbance was recorded at 227 nm, and the
concentrations of PTX in buffer solutions were determined accord-
ing to the standard curve of PTX at corresponding buffer solutions.
The concentration of VEGF165 was determined by ELISA. And then
the release amount of each drug can be calculated. Three replicates
were measured, and the results were averaged with standard
deviation.

2.8. Cell culture

The 96-well plates were pre-coated with PVA (as controls),
PTX-GPG/PVA, VEGF165-Alg/PVA, and PTX-GPG/VEGF165-Alg/PVA
hydrogels, respectively. The endothelial cells (ECs) were cultivated
onto the pre-coated 96-well plates with the concentration of
5 � 103 cells/well in Medium 199 (M199) containing 10% fetal bo-
vine serum (FBS), 25 ng/mL basic fibroblast growth factor (bFGF),
100 lg/mL penicillin, and 100 lg/mL streptomycin. The L929 cells
were cultivated with the concentration of 1 � 103 cells/well in
Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal
bovine serum (FBS), 100 lg/mL penicillin, and 100 lg/mL strepto-
mycin. And the smooth muscle cells (SMCs) were cultivated with
the concentration of 5 � 103 cells/well in DMEM. Cells were all
cultivated with the condition of 37 �C and 5% CO2.

2.9. Viability analysis

The viability of endothelial cells (ECs), L929 cells, and smooth
muscle cells (SMCs) was studied by the tetrazolium salt (MTT) as-
say at regular time intervals. The MTT solution (100 lL, 0.5 mg/mL
in PBS solution) was added to each well for 4 h, at 37 �C. Then, MTT
was aspirated, and 100 lL DMSO was added. Subsequently, the
absorbance at 540 nm was measured using a UV/vis spectrometer.
MTT assay were repeated in three separate experiments. The re-
sults are represented as a percentage of absorbance relative to con-
trol cells (cells on PVA hydrogel).

2.10. Statistical analysis

Statistical analysis of the difference between each group was
tested by one-way ANOVA (SPSS software). Results were consid-
ered significant differences when P < 0.05.

3. Results and discussion

This paper consists of three sections: in the first section, we
characterized the structures of drug-carrier/PVA hydrogel scaf-
folds. In the second section, in vitro release behaviors of VEGF165

from Alg-MPs, PTX from GPG micelles, and the two drugs from
the PTX-GPG/VEGF165-Alg/PVA hydrogel scaffolds were investi-
gated as a function of pH. In the last section, the viabilities of endo-
thelial cells (ECs), L929 cells, and smooth muscle cells (SMCs) on
the pure PVA hydrogel, PTX-GPG/PVA, VEGF165-Alg/PVA, and the
PTX-GPG/VEGF165-Alg/PVA hydrogel scaffolds were analyzed by
the MTT assay.

3.1. Characterization of the drug-carrier/PVA hydrogel scaffold

We first studied the morphologies of the drug-carrier/PVA
hydrogel scaffold. Images of the drug-carrier/PVA hydrogel scaf-
folds from TEM and SEM observations are shown in Fig. 1a and b,
respectively. The distribution of the PTX-loaded GPG micelles in



Fig. 1. (a) TEM photograph of PTX-loaded GPG micelles in PVA hydrogel scaffold and (b) SEM photograph of VEGF165-loaded Alg-MPs in PVA hydrogel scaffold.

Table 2
Drug-loading content and efficiency of GPG micelles and Alg-MPs.

Loading contenta

(wt.%)
Loading efficiencyb (%)

PTX-load GPG micelles 28.6 48.3
VEGF165-load alginate MPs –c 96.7

a The loading content was defined as the ratio of the weight of the loading drug to
the weight of drug and copolymers in drug-loaded micelle solution.

b The loading efficiency was defined as the ratio of the weight of loaded drug to
the initially added drug.

c The loading content of VEGF165-alginate MP is less than 0.1‰ because of the
low concentration of VEGF165 solution.
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PVA hydrogel was observed by TEM. A representative image is pre-
sented in Fig. 1a. As can be seen, spherical micelles with diameter
of about 110 nm are well dispersed in the hydrogel matrix. Fig. 1b
shows the SEM image of the Alg-MPs in drug-carrier/PVA hydrogel
scaffold. These Alg-MPs with diameter about 4–6 lm are embed-
ded in the hydrogel network (marked by the white arrow), and
the distribution is fine.

We also examined the pH sensitivity of Ca-alginate microparti-
cles by analyzing the particle size distribution at various pH values.
The initial average diameter (MD) of Alg-MPs is 61.20 lm, and
these Alg-MPs can be fully restored after lyophilization. Table 1
shows the average particle size of alginate microparticles (Alg-
MPs) as a function of pH values. Compared with the diameters of
dried Alg-MPs (see Fig. 1b), the average diameter of these swelled
Alg-MPs shows more than 10-fold increase (see Table 1). Moreover,
the particle size of Alg-MPs increases from the average medium
diameter (MD) = 52.36 lm at pH = 6.2 to MD = 77.49 lm at
pH = 8.4, indicating a pH-sensitive swelling behavior of Alg-MPs.
Alginate is a typical anionic polymer which contains acidic groups
on the molecular chain. These acidic groups can be deprotonated in
high pH value conditions, leading to a swelling behavior of alginate
hydrogel via the electrostatic repulsion [60–64]. Therefore, the
diameters of Alg-MPs increase with increasing pH value.
Time (h)
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3.2. In vitro drug release study

The release behaviors of VEGF165 from Alg-MPs and PTX from
GPG micelles were first studied. The obtained loading contents
and efficiencies of VEGF165 and PTX are listed in Table 2. The
VEGF165-loaded Alg-MPs and the PTX-loaded GPG micelles show
high loading efficiencies, which indicates these carriers are suitable
to deliver the corresponding drugs.

Release profiles of VEGF165 from the Alg-MPs at 37 �C as a func-
tion of pH are shown in Fig. 2a. VEGF165 is released completely
within 2 days in all the three pH conditions. The release behavior
of VEGF165 is pH sensitive. The release rate is increased with
increasing pH value. The pH-controlled release of VEGF165 is
caused by the pH sensitive of Alg-MPs. Alg-MPs swell in high pH
condition (see Table 1). The pore size of Ca-alginate network is en-
Table 1
Diameters of Alg-MPs in various pH buffer solutions (pH = 6.2, 7.3, and 8.2).

pH = 6.2 pH = 7.3 pH = 8.2

Medium diameter (lm) 52.36 62.76 77.49
Volume mean diameter (lm) 54.57 64.73 78.27
Surface mean diameter (lm) 39.26 56.59 61.86

Fig. 2. (a) Release profiles of VEGF165 from Alg-MPs at 37 �C as a function of pH and
(b) release profiles of PTX from GPG micelles at 37 �C as a function of pH. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
larged in the swelling of Alg-MPs, leading to a broadened release
tunnel to accelerate the release of VEGF165 [52–54]. In addition,
the release rate of VEGF165 from Alg-MPs can be modified by
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changing the cross-linking time of Alg-MPs carriers (see Fig. S1a in
Supplementary material). The drug release rate can be reduced by
prolonging the cross-linking time of Alg-MPs carriers. Fig. 2b
shows the release profiles of PTX from GPG micelles. Compared
to VEGF165, PTX shows a long-term release behavior which lasts
for over 7 days especially in high pH condition. The release behav-
ior of PTX also shows pH dependence. The fastest release rate of
PTX from GPG micelles appears in the lowest pH condition
(pH = 6.2). Nearly 100% amount of the loaded PTX is released in
144 h. As the pH value is increased, the release rate of PTX slows
down, leading to a much longer release time of PTX in higher pH
conditions. The pH-controlled release behavior of PTX is due to
the pH sensitivity of the PLGA segments which form the micelle
corona. At low pH value, the PLGA segments transform from coil
to a-helix conformation and shrink [65–68]. This generates a stress
on the core of micelle at low pH value, which gives rise to a core
distortion. PTX leaks from the micelles. As a result, PTX shows an
accelerated release at lower pH value [54,55]. It should be note that
the saturation solubility of PTX shows negligible pH dependence
according to our test (ca. 15.3 lg/mL in pH 6.0–8.2). The pH-
dependant release behavior of PTX could be entirely caused by
GPG micelles. Besides, the release period of PTX from GPG micelles
can be extended by cross-linking the PLGA shells of the micelles
(see Fig. S1b in Supplementary material).

We then examined the drug releasing behavior of the PTX-GPG/
VEGF165-Alg/PVA hydrogel scaffold. Fig. 3 shows the release pro-
files of the PTX-GPG/VEGF165-Alg/PVA hydrogel scaffolds at 37 �C
as a function of pH. VEGF165 releases fast to about 95% in the first
3 days, while PTX shows a sustained release which lasts for more
than 10 days. Both VEGF165 and PTX show a pH-sensitive releasing
as can be seen from Fig. 3. These results indicate that the release
behaviors of drugs in the PVA hydrogel scaffold are mainly con-
trolled by their respective carriers (comparing Fig. 3 with Fig. 2a
and b). Such drug-carrier/hydrogel scaffold shows an independent
controllable drug release behaviors associated with the incorpo-
rated functional carriers. This function is consistent with the clin-
ical requirements for an implant vascular scaffold.

Interestingly, our study shows that the existence of Ca-alginate
microparticles has a marked effect of reducing the release rate of
PTX. We investigated the PTX-GPG/VEGF165/PVA system (VEGF165

is directly dispersed in PVA hydrogel) in comparison with the
PTX-GPG/VEGF165-Alg/PVA hydrogel scaffold. The release profiles
of the two drugs from both PTX-GPG/VEGF165/PVA and PTX-GPG/
VEGF165-Alg/PVA hydrogel scaffold are shown in Fig. 4. The mea-
surements were carried at 37 �C and pH = 7.3. The results show
that the VEGF165 has a short-term release behavior in both
systems. However, the release rate of PTX from PTX-GPG/
VEGF165-Alg/PVA hydrogel scaffold is much slower than that from
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PTX-GPG/VEGF165/PVA hydrogel scaffold. The only difference is the
existence of the Ca-alginate microparticles in the rate reduced sys-
tem. It should be emphasized that the difference in the release
behaviors of VEGF165 between the two systems is relative small.
This can be attributed to the fast release rates of the VEGF165.

To further unveil the mechanism behind the release behavior,
influence of existence of Alg-MPs in the PTX-GPG/PVA hydrogel
systems were investigated. Fig. 5a shows the release profiles of
PTX from the PTX-GPG/PVA, PTX-GPG/PVA/alginate (the alginate
is in form of dispersed state), and the PTX-GPG/PVA/Alg-MPs
systems with various Alg-MPs contents at 37 �C and pH = 7.3. The
release rate of PTX changes very little within the addition of algi-
nate polymer; however, the release rate of PTX decreases signifi-
cantly when adding Alg-MPs in the same content (both are
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Fig. 5. (a) Release profiles of PTX (encapsulated in GPG micelle) from PVA hydrogel,
PVA/alginate, and PVA/Alg-MPs composites with various Alg-MPs contents,
T = 37 �C, pH = 7.3 and (b) the solidification thermogram of water contained in
PTX-PVA, PTX-PVA/alginate, and PTX-PVA/Alg-MPs composite hydrogel systems
(cooling rate = 1 K/min). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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0.3 wt.%). Moreover, the release rate of PTX is further decreased
with the increase of Alg-MPs content.

In order to explain this Alg-MPs-induced drug release rate de-
crease, we have tested the average pore size of these composite
systems by the DSC method [58,59]. The solidification thermogram
recorded for these composite hydrogels is given in Fig. 5b. The
temperature peaks of the DSC profiles show the solidification tem-
perature of water inside these composite hydrogels, respectively.
The water solidification temperatures (peak temperature) of PTX-
GPG/PVA and PTX-GPG/PVA/alginate hydrogel are very close to
each other and are both higher than that of the PTX-GPG/PVA/
Alg-MPs systems. Moreover, the peak temperature of the PTX-
GPG/PVA/Alg-MPs system is decreased with increasing Alg-MPs
content, indicating a pore size decrease with increasing Alg-MPs
content. The solidification peaks at about 0 �C were attributed to
the freezing of free water outside the hydrogel. The peak tempera-
ture and average pore diameters (calculated from Eq. (1)) of these
composite systems are listed in Table 3. The pore size of the Alg-
MPs/PVA composite systems decreases with increasing Alg-MPs
content. However, the average pore diameter changes little in
PVA/alginate composites compared with pure PVA hydrogel (see
Table 3).

The different release behavior of PTX (encapsulated in GPG mi-
celle) from PVA and Alg-MPs/PVA system can be explained as fol-
lows: after the PTX releasing from the GPG micelles, it begins to
diffuse through the pores of the hydrogel network. The drug diffu-
sion rate is strongly influenced by the pore size of the hydrogel net-
work, which can be decreased by reducing the pore size [69,70].
When the Alg-MPs was added into the system, they can partially
or completely block the surrounding hydrogel pores, because the
volumes of Alg-MPs are much larger than the PVA pore size (see
Table 1 and Table 3). Subsequently, the average pore size of the
hydrogel system is reduced (see Table 3), leading to a much nar-
rowing passage for PTX to release. As a result, the release rate of
PTX is decreased when adding Alg-MPs into the PTX-GPG/PVA sys-
tem. Drug release controlled by the existence of the microparticles
is an interesting finding of present work. It provides a new way to
manipulate the drug release behavior outside the carriers. Such a
finding can greatly simplify the preparation of controlled release
systems. In addition, this system can be flexibly modified by sim-
ply adjusting these Alg-MPs to meet various clinical requirements.
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3.3. MTT assay

With the knowledge of the controllable release behaviors of the
drug-carrier/hydrogel scaffolds, the viabilities of endothelial cells
(ECs), L929 cells, and smooth muscle cells (SMCs) on the drug-
carrier/PVA hydrogel scaffold were studied by the MTT assay. Cells
were cultured on various drug-carrier/PVA hydrogel scaffolds
(pure PVA, PTX-GPG/PVA, VEGF165-Alg/PVA, and PTX-GPG/
VEGF165-Alg/PVA) in about 10 days to observe the cell growth
behaviors. The ultimate goal for the PTX-GPG/VEGF165-Alg/PVA
hydrogel scaffold is to encourage fast growth of cells especially
ECs in the early period to reduce the rejection and inhibit the
Table 3
Average pore diameters of the PTX-GPG/PVA, PTX-GPG/PVA/alginate (in the form of
dispersed state), and PTX-GPG/PVA/Alg-MPs hydrogel scaffolds with various Alg-MPs
contents.

Alg-MPs content 0 wt.% 0.3 wt.%
(dispersed)

0.3 wt.% 0.6 wt.% 1.0 wt.%

Peak temperature
(�C)

�11.33 �11.87 �13.67 �15.81 �17.50

Average pore
diameter (nm)

12.56 12.04 10.6 9.32 8.52
growth of cells especially smooth muscle cells (SMCs) in late
period to prevent the vascular intimal hyperplasia.

The optical density (OD) value of cells on PVA hydrogel was
taken as controls. Cells growing in the control wells were taken
as 100% viability, and further comparisons were based on that ref-
erence level. The viabilities (% of control) were then calculated as
follows:

Viability ð% controlÞ ¼ ODsample

ODcontrol

� �
� 100 ð2Þ

where ODsample is the OD value of cells on drug-carrier/hydrogel scaf-
fold (PTX-GPG/PVA, VEGF165-Alg/PVA, and PTX-GPG/VEGF165-Alg/
PVA, respectively) and ODcontrol is the OD value of cells on PVA
hydrogel at various culture times.

Viabilities of ECs on various drug-carrier/hydrogel scaffolds are
shown in Fig. 6a. ECs cultivated on VEGF165-Alg/PVA and PTX-GPG/
VEGF165-Alg/PVA scaffold show the higher viabilities, while ECs on
PTX-GPG/PVA scaffold shows the lower viability during the first
3 days. This can be explained by the fact that the fast released
VEGF165 from VEGF165-Alg/PVA or PTX-GPG/VEGF165-Alg/PVA
hydrogel scaffold can encourage the growth of ECs in the early per-
iod. From Fig. 6a, one can see that the viability of ECs in the early
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Fig. 6. MTT assay of cell viabilities of ECs (a), L929 cells (b), and SMCs (c). (�p < 0.01,
��p < 0.0001). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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period on the PTX-GPG/VEGF165-Alg/PVA scaffold is at the same le-
vel of that on VEGF165-Alg/PVA scaffold (P > 0.05), but much higher
than that on PTX-GPG/PVA scaffold (P < 0.0001). This indicates that
the growth of ECs on the PTX-GPG/VEGF165-Alg/PVA scaffold is
mainly controlled by the fast release of VEGF165 from the scaffold
in the early time. The viability of ECs on PTX-GPG/VEGF165-Alg/
PVA scaffold is then sharply decreased during the next 7 days as
can be seen from Fig. 6a. Contrary to the results in the early period,
the viability of ECs on PTX-GPG/VEGF165-Alg/PVA scaffold is similar
to that on PTX-GPG/PVA scaffold (P > 0.05) and much lower than
that on VEGF165-Alg/PVA scaffold (P < 0.01). This reveals that the
growth of ECs on the PTX-GPG/VEGF165-Alg/PVA hydrogel system
can be inhibited by the sustained and long-term release of PTX
from the scaffold in late period. The viabilities of ECs on the blank
well (without any gel) are lower than 120% during the test period,
which indicates that the PVA hydrogel is biocompatible for ECs.

Similar results were observed in the growth of L929 cells on
various drug-carrier/hydrogel scaffolds. Shown in Fig. 6b are the
viabilities of L929 cells on PTX-GPG/PVA, VEGF165-Alg/PVA, and
PTX-GPG/VEGF165-Alg/PVA hydrogel scaffolds. L929 cells show an
encouraged growth on VEGF165-Alg/PVA scaffold and an inhibited
growth on PTX-GPG/PVA during the whole period. And the growth
of L929 cells on PTX-GPG/VEGF165-Alg/PVA hydrogel scaffold is
encouraged in the first 3 days (P > 0.05, for L929 cells on PTX-
GPG/VEGF165-Alg/PVA vs. on VEGF165-Alg/PVA) and inhibited in
the late period (P > 0.05, for L929 cells on PTX-GPG/VEGF165-Alg/
PVA vs. PTX-GPG/PVA). L929 cells on blank wells show the viabil-
ities around 115%, indicating the biocompatibility of PVA hydrogel
for L929 cells.

Fig. 6c shows the viabilities of smooth muscle cells (SMCs) on
PTX-GPG/PVA, VEGF165-Alg/PVA, and PTX-GPG/VEGF165-Alg/PVA
scaffolds, respectively. No significant difference between the
VEGF165-Alg/PVA scaffold and PVA hydrogel (as controls) is ob-
served in the whole period, because the VEGF165 has no effects
on the growth of SMCs [71,72]. The viability of SMCs on PTX-
GPG/PVA scaffold shows a slight decrease in the first 4 days and
Fig. 7. Optical microscopy photographs of ECs (a), L929 cells (b), and SMCs (c) on the PT
concentration of 5 � 104 cells/well), with the magnification times of 200. (For interpreta
version of this article.)
a shape decrease in late period. Comparing with the VEGF165-Alg/
PVA and PTX-GPG/PVA scaffolds, the PTX-GPG/VEGF165-Alg/PVA
scaffold shows a delayed inhibition effect on SMCs growth. The
inhibition effect from the PTX-GPG/VEGF165-Alg/PVA scaffold be-
comes marked after 7 days. This is caused by the delayed release
of PTX from PTX-GPG/VEGF165-Alg/PVA scaffold.(see Fig. 4 and
Fig. 5a). And the viabilities of SMCs on the blank well are kept to
110–118%, which shows the biocompatibility of PVA hydrogel for
SMCs.

Morphologies of ECs, L929 cells, and SMCs were observed by
optical microscopy. Fig. 7 shows the morphology photographs of
ECs, L929 cells, and SMCs cultivated on the PTX-GPG/VEGF165-
Alg/PVA scaffold at day 2. Cells are all cultivated with the concen-
tration of 5 � 104 cells/well. ECs appear as multiple morphologies
such as sphere and fusiform shape; L929 cells take the form of
spindle shape; and the SMCs present a long shuttle-shape on the
hydrogel scaffolds. All the three kinds of cells show typical mor-
phologies, respectively, on the hydrogel scaffold, indicating a good
biocompatibility and cell adhesion of the PTX-GPG/VEGF165-Alg/
PVA scaffold. In addition, the growth of cocultured ECs and SMCs
is also observed. ECs grow well at day 2, and both ECs and SMCs
show their typical morphologies on the composite scaffold. For de-
tailed information, see Fig. S2 in Supplementary material.

The MTT assay and microscopy observation result demonstrates
that the controllable cell growth is successfully achieved on this
drug-carrier/hydrogel scaffold. The growth of ECs and L929 cells
are encouraged in early period due to the quick release of VEGF165,
and the growth of ECs, L929 cells, and SMCs are inhibited in late per-
iod caused by the delayed and sustained release of PTX. Therefore,
the designed drug-carrier/hydrogel system can well meet the clini-
cal requirements of an implant vascular scaffold which requires an
encouraged growth of ECs and L929 cells in the early period to re-
duce the rejection after surgery and an inhibited growth of cells
especially SMCs to prevent the vascular intimal hyperplasia.

In the present work, we report a first example, to our best
knowledge, of a controllable cell growth scaffold based on
X-GPG/VEGF165-Alg/PVA composite hydrogel scaffold at day 2 (cultivated with the
tion of the references to color in this figure legend, the reader is referred to the web
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drug-carrier/hydrogel system. Such controllable cell growth scaf-
fold displays some unique advantages for clinical applications:
(1) functional scaffold: the drug-carrier/hydrogel scaffold can
encourage the re-endotheliazation in the early days to reduce the
rejection after surgery and prevent the vascular intimal hyperpla-
sia in late period; (2) drug delivery for lesion site: the independent
release behaviors of drugs from the drug-carrier/hydrogel scaffold
can be used for combined drug delivery at lesion site. And the
pH-controlled release behavior of both drugs show the targeting
effect for drug delivery; (3) convenience: the drug-carrier/hydrogel
scaffold is easy to prepare, and the release behavior of each drug
can be easily modified by choosing different kinds of drug carriers.
We anticipated that this drug-carrier/hydrogel scaffold can be a
promising candidate for controlled cell growth in applications of
tissue engineering.
4. Conclusions

We prepared a novel hydrogel scaffold for controllable cell
growth based on the PTX-GPG/VEGF165-Alg/PVA system. The
resulting structure of the scaffold is PVA hydrogel network con-
taining PTX-loaded GPG micelles and VEGF165-loaded Alg-MPs.
VEGF165 shows a short-term release, while PTX shows a sustained
and long-term release in this hydrogel scaffold. In addition, the
in vitro release study shows an interesting phenomenon that the
existence of Ca-alginate microparticles (Alg-MPs) in PVA hydrogel
can decrease the release rate of PTX due to the reduced hydrogel
network pore size when adding Alg-MPs. The viabilities of endo-
thelial cells (ECs) and L929 cells on the PTX-GPG/VEGF165-Alg/
PVA scaffold shows an encouraged growth in the early period
and an inhibited growth in late period. And the viability of smooth
muscle cells (SMCs) shows a delayed inhibited growth in late per-
iod on the scaffold. The controllable cell growth behavior achieved
on the PTX-GPG/VEGF165-Alg/PVA hydrogel scaffold is consistent
with the requirements of clinical applications of vascular surgery
and has the potential for blood vessel tissue engineering
applications.
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