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Abstract A significant hurdle limiting musculoskeletal tissue
regeneration is the inability to develop effective vascular net-
works to support cellular development within engineered con-
structs. Due to the inherent complexity of angiogenesis, where
multiple biochemical pathways induce and control vessel for-
mation, our laboratory has taken an alternate approach using a
matrix material containing angiogenic and osteogenic proteins
derived from human placental tissues. Single bolus adminis-
trations of the human placental matrix (hPM) have been
shown to initiate angiogenesis but vascular networks deterio-
rated over time. Controlled/sustained delivery was therefore
hypothesized to stabilize and extend network formation. To
test this hypothesis, hPM was encapsulated in degradable
poly(lactic-co-glycolic acid) (PLGA) microparticles to extend
the release period. Microparticle preparation including load-
ing, size, encapsulation efficiency, and release profile was
optimized for hPM. The angiogenic cellular response to the
hPM/PLGA-loaded microparticles was assessed in 3D algi-
nate hydrogel matrices seeded with primary human endothe-
lial cells. Results show an average microparticle diameter of
91.82±2.92 μm, with an encapsulation efficiency of 75 %,
and a release profile extending over 30 days. Three-
dimensional angiogenic assays with hPM-loaded PLGA mi-
croparticles showed initial stimulation of angiogenic tubules
after 14 days and further defined network formations after

21 days of culture. Although additional optimization is neces-
sary, these studies confirm the effectiveness of a novel con-
trolled multi-protein release approach to induce and maintain
capillary networks within alginate tissue scaffolds.
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Introduction

One of the most pervasive challenges in the field of musculo-
skeletal tissue engineering is the need to induce, guide, and
stabilize the formation of capillary networks within tissue
scaffolds [1]. During the course of natural wound healing
in vivo, a complex array of growth factors and signaling mol-
ecules work synergistically with multiple cell types to collec-
tively stimulate, regulate, and maintain the process of angio-
genesis [2, 3]. Awide range of different approaches has been
evaluated to induce angiogenesis including direct delivery of
angiogenic cytokines [4, 5], gene therapies, cell-based thera-
pies, and unique scaffold designs and chemical compositions
[1, 6]. To date, these approaches have had limited clinical
success due to a lack of vessel stability and poor biocompat-
ibility [7].

In an approach to overcome these issues, a complex matrix
derived from the human placenta (hPM) was developed using
a series of separation techniques with the aim of inducing a
sustained angiogenic response. The hPM has been shown to
contain an array of over 2000 molecules including the osteo-
genic cytokines osteoclast-stimulating factor 1 (OSTF1), bone
marrow proteoglycan, and BMP-1, as well as angiogenic pro-
teins Acrp30Ag, IGFBP-1, NAP-2, Fas/TNFGSF6, and
angiogenin, a potent inducer of angiogenesis which plays a
key role in the stabilization of newly formed vessels [8, 9].
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In vitro, endothelial cells seeded onto hPM were shown to
form angiogenic networks with upregulation of angiogenic
genes, and in vivo blood vessel formation was noted with
mature capillary networks and an inhibition of tissue fibrosis
[10].

Controlled release represents a promising solution to im-
prove stability of the developing angiogenic networks and can
also serve to protect growth factors from degradation using
encapsulation technologies. Effective encapsulation and pres-
ervation of growth factor activity over extended periods re-
quires a suitable loading technique that does not affect bioac-
tivity to ensure stability and a predictable release profile. The
delivery of an array of stimulating factors further complicates
both the encapsulation and release due to the heterogeneous
nature of the substrate. Both natural and synthetic microparti-
cle materials have been investigated for protein encapsulation
and delivery. Although natural materials such collagen, chito-
san, and alginate have improved biocompatibility and gener-
ally allow the use of less aggressive encapsulation chemistries,
their rapid release rates (between 7 and 10 days) also reduce
their effectiveness for extended protein delivery [11–13].
Chemical or photochemical crosslinking has been used to
slow degradation of these microparticles [8, 14] but has the
associated risk of affecting protein bioactivity, which is
undesirable.

Degradable polyesters are often used for protein encapsu-
lation in biomedical applications and are found in products
and devices that are FDA-approved [15–17]. These polymers
provide an extended release profile and have additional flex-
ibility to create composites and multi-layered microparticles
[15, 18]. Among these materials, poly(lactic-co-glycolic acid)
(PLGA) has been extensively used for controlled release of
specific growth factors (for example, BMP, VEGF, bFGF)
[19–21].

The encapsulation of single proteins in PLGA microparti-
cles has been evaluated with a number of investigations
assessing co-encapsulation of proteins with oligonucleotides,
drugs, or other molecules [22, 23], or with specific growth
factors to enhance angiogenesis over time. However, the ap-
proach using a more complex heterogeneous mixture derived
fromwhole tissue, such as the hPM,withmolecules of various
sizes, charge, and conformation has not been evaluated.

The objectives of this study were to encapsulate hPM using
PLGA microparticles, then to assess the controlled release
profile followed by a functional assessment of the angiogenic
response within a 3D alginate hydrogel system. Given the
heterogeneous composition of the matrix, the PLGA synthesis
protocol was optimized to suit multi-protein hPM release for
applications in musculoskeletal tissue engineering and regen-
erative medicine. Considerations included optimization of mi-
croparticle size, encapsulation efficiency, low initial burst, and
sustained release profile to effectively induce and maintain an
angiogenic response. Following microparticle synthesis and

loading, analysis was performed to evaluate whether the en-
capsulation process was selective for any specific sizes of
proteins within hPM. Endothelial cell behavior was assessed
over a 28-day incubation period to compare the response be-
tween cells receiving single, bolus inoculations at day 1 to
cells incubated with the hPM-PLGA microparticles.

Methods

Multiple bolus hPM inoculations

As controls, hPM dosing profiles during angiogenic network
formation were determined in vitro using human umbilical
vein endothelial cells (HUVEC) by pipetting 32 μL of placen-
tal matrix into each well of a 96-well plate as previously de-
scribed [10] and evenly coating the wells using an orbital
shaker at 30 rpm for 1 min. The plate was then incubated at
37 °C for 30 min to allow the hPM to warm up. HUVEC were
suspended in complete ECmedia (Lifeline, MD, USA), pipet-
ted on the top of the hPM and then placed in a humidified 6 %
CO2 incubator at 37 °C. Three different positive control pro-
files of hPM inoculations were compared: (1) hPM bolus in-
oculated on day 1 (day of seeding), (2) hPM bolus inoculated
on days 1 and 3, and (3) hPM bolus inoculated on days 1, 3,
and 5. Cells were cultured for 7 days, and media was replaced
on days 3 and 5. As a negative control, cells were seeded at the
same density directly onto the bottom of the plate, and media
was replaced every 2 days. Cells were stained on day 7, im-
aged with a fluorescence microscope, and angiogenesis quan-
tified by analyzing images as described in the BAngiogenesis
quantification^ methods section (Fig. 1).

PLGA microparticle preparation

Poly(DL-lactide-co-glycolide (PLGA) microparticles were
prepared using a water-in-oil-in-water double emulsion
(PLGA, inherent viscosity 0.95–1.20 dL/g) (Durect,
Cupertino, CA). One aqueous solution (W1) was prepared
using the hPM protein mixture as previously described [10],
and a control solution (W2) was prepared by dissolving 2 g of
polyvinyl alcohol (wt 30,000–70,000; 87–90 % hydrolyzed;
Sigma-Aldrich, St. Louis, MO) in 100 mL of deionized (DI)
water. The oil solution (O) was obtained by dissolving 90 mg
of PLGA in 3 mL of chloroform until the solution appeared
clear. W1 was added to O and homogenized at 20,000 rpm for
1 min. Using a micropipette, the obtained primary emulsion
was added dropwise in W2 while stirring at 300 rpm. The
resulting secondary emulsion was covered loosely with alu-
minum foil and stirred (300 rpm) overnight to evaporate re-
maining solvent. The secondary emulsion was then centri-
fuged at 1000 rpm for 10 min; the supernatant was removed,
and the microparticles were washed two more times with DI
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water. The microparticles were suspended in DI water, freeze-
dried for 48 h, and stored at 4 °C until required. For the con-
trol, single protein loaded PLGA microparticles were created
by substituting hPM with bovine serum albumin (BSA) to
make W1 (Sigma-Aldrich, St. Louis, MO).

The heterogeneous nature of the hPM mixture represents a
challenging element of controlled release from PLGA micro-
particles; thus, the influence of homogenization time, number
of homogenization steps, and the sequence of steps on particle
size and release were analyzed. The effect of a longer homog-
enization of the primary emulsion was evaluated (2 min in-
stead of 1 min), followed by an assessment of an additional
(secondary) homogenization step introduced after the forma-
tion of the secondary water-in-oil-in-water emulsion prior to
solvent removal. Specifically, two additional homogenization
times (i) 1 min or (ii) 20 s were assessed. After each modifi-
cation, before proceeding with process optimization, the mi-
croparticles’ morphological features and associated release
rates were evaluated and compared.

PLGA microparticle morphological characterization

The average size of the microparticles was evaluated using an
inverted optical Leica microscope with attached color digital
camera (Leica DM IL LED, Leica Microsystems Inc., IL,
USA). Images taken were analyzed using ImageJ 1.45 s
(Wayne, Rasband—National Institutes of Health, USA—
http://imagej.nih.gov/ij/). The diameter of each particle was

determined by using the software to manually trace the
particles followed by automated measurement using the
Leica LAS software (Wetzlar, Germany).

Surface morphology and porosity of the microparticles
were characterized using scanning electron microscopy
(SEM) (S-4000 FE-SEM, Hitachi High Technologies,
TX, USA). For shape and surface analysis, freeze-dried
samples were mounted on aluminum stubs with double
sided graphite tape and coated with gold and palladium
using a scatter (deskV, Denton Vacuum). Changes in par-
ticle morphology due to the freeze-drying process were
determined to be minimal as qualitatively assessed by
comparison using brightfield microscopy. The coated
samples were then examined at an acceleration voltage
of 2 kV and imaged to quantify particle diameter, shape,
porosity, and morphology features.

Loading efficiency

hPM loading efficiency in PLGA microparticles was deter-
mined using a direct measurement of encapsulated protein
after microparticle dissolution. It was performed using a hy-
drolysis technique previously described [24, 25]. Briefly,
15 mg of lyophilized microspheres were digested with 5 mL
of 0.1 M NaOH containing 5 %w/v SDS and hydrolyzed on a
shaker for 15 h, at room temperature until a clear solution was
obtained. The resulting clear solution was then neutralized to
pH 7 by addition of 1 M HCl and centrifuged at 5000 rpm for

Fig. 1 Effect of a multiple hPM inoculations on HUVEC. Calcein AM
was used to stain 2D cells cultures of HUVEC, and images were collected
using a fluorescence microscope. Image analysis was completed using
Image J (Version 1.49, NIH, Bethesda, MD) to count the number of
meshes, to count the number of branch points, and to measure tubule
length (as described in the BAngiogenesis quantification^ methods
section). a For 7 days, HUVEC were cultured at 20,000 cells/cm2 on
tissue culture plates without hPM; b HUVEC received one inoculation
of hPM on day 1 and were cultured for a total of 7 days; c HUVEC
received two inoculations of hPM on days 1 and 3, and were cultured

for a total of 7 days; d HUVEC received three inoculations of hPM on
days 1, 3, and 5, and were cultured for a total of 7 days. e Quantification
of angiogenic network parameters was performed on images after the
staining. Data is shown as the average plus or minus the standard
deviation. f Since mature angiogenic networks are characterized by
long tubules and a reduced number of branching points and meshes, an
overview of the results of inoculations on angiogenic network parameters
confirm that a continuous administration of hPMhelps endothelial cells to
organize into stable networks
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10 min. Protein concentration in the supernatant was then
analyzed in three separate samples using a UV-visible spec-
trophotometer at 562 nm, with a Pierce BCA standard protein
assay. The encapsulation efficiency was expressed as the ratio
of encapsulated protein to total protein used in the
formulation.

Characterization of in vitro hPM release

To characterize release of hPM from PLGA microparticles,
10 mg of loaded microparticles were suspended in 1 mL of
phosphate buffer saline (PBS) in 15-mL Falcon tubes. The
microparticle-filled tubes were incubated in a shaker-incuba-
tor, and the three samples were evaluated for each protocol.
Every 2 days, the tubes were centrifuged at 5000 rpm for
5 min, the supernatant was collected, and an equal volume
of fresh PBS was added to the tube. Protein concentration
was quantified by measuring the absorbance at 562 nm with
a spectrophotometer. A comparison between results from a
standard Pierce BSA assay and a micro-protein BSA assay
was performed to reliably quantify the released proteins at
every time point tested. Protein concentrations were compared
to freshly prepared standards ranging from 200 to 0.5 μg/mL.
The protein concentration in each sample was summed with
the concentration at each previous time point to build a cumu-
lative release curve.

The complex mixture of hPM includes growth factors,
extracellular matrix proteins, and biomolecules character-
ized by various charges and functional groups, factors that
are known to influence the encapsulation efficiency and
release profile. An indirect method was used to investigate
compositional changes in the protein mixture possibly due
to heterogeneity. If the encapsulation process favored spe-
cific proteins, there would be a compositional change in the
supernatant after particle formation; thus, the supernatant
left after microparticle preparation was analyzed by SDS-
PAGE to determine changes of the protein mixture encap-
sulated compared to the original hPM. Four solutions were
analyzed: (i) the supernatant from hPM-loaded microparti-
cles, (ii) the supernatant from BSA-loaded microparticles,
(iii) hPM, and (iv) BSA in PVA at the same concentrations
used when loading microparticles (10 mg BSA in 50 mL DI
water and 50 μL hPM diluted in 5 mL DI water). Protein
standards were used to assess the molecular weight of the
detected proteins. SDS-PAGE was performed using a Mini-
PROTEAN TGX Precast Gels with a BIO-RAD electropho-
resis system (Hercules, CA). Following electrophoresis, the
poly-acrylamide gels were stained with Coomassie blue for
1 h under continuous shaking. Protein bands were then en-
hanced by de-staining the gel in a 4:1:5 methanol:acetic
acid:DI water solution. The final gel was washed in DI wa-
ter and imaged.

Alginate hydrogel-based 3D culture

An angiogenesis assay using loaded microparticles was used
to assess applications for controlled hPM release. Human um-
bilical vein endothelial cells (HUVEC) were seeded and cul-
tured in a 3D alginate hydrogel with embedded hPM-loaded
microparticles.

On a magnetic stirrer, 1.5 % alginate solutions were pre-
pared by slowly adding sodium alginate powder in deionized
water. Once homogeneous, the solution was filter sterilized
using a 0.2-μm syringe filter. For all the sample groups, after
preparing the alginate solution, HUVEC were suspended in
media then gently mixed with the alginate solution to create a
final cell seeding density within each matrix corresponding to
12.6×104 cells/cm3. In 12-well plates, 800 μL of the alginate
solution was pipetted in each well; then, 800 μL of sterile
0.054 M calcium chloride solution was carefully pipetted on
the surface to initiate gelation.

Sample groups with cell seeded hydrogels included:

(1) bolus hPM-loaded alginate matrix, prepared by adding
3 mL of hPM to 6 mL of 1.5 % alginate followed by the
addition of cells suspended in 1 mL of media;

(2) microparticle hPM-loaded alginate matrix, prepared by
adding 72 mg of hPM-loaded microparticles (suspended
in 4 mL of PBS) to 6 mL of 1.5 % alginate solution
followed by the addition of cells suspended in 1 mL of
media;

(3) alginate matrix without microparticles, prepared by
adding cells suspended in 3 mL of media to 7 mL of
1.5 % alginate solution; and

(4) microparticles blank-loaded alginate matrix, prepared by
adding prepared by adding 72 mg of PBS-loaded micro-
particles (suspended in 4 mL of PBS) to 6 mL of 1.5 %
alginate solution followed by the addition of cells
suspended in 1 mL of media.

Once polymerized (15-min stationary incubation at 25 °C),
sample groups of alginate-cell gels were rinsed with PBS;
then, 760 μL of culture media was added to each well.
Samples were incubated under standard conditions of 5 %
CO2 at 37 °C, and media was changed every 2 days.
Preliminary studies were performed to determine the optimal
alginate concentrations (0.5, 1, and 1.5 %) and calcium chlo-
ride concentrations (0.025, 0.054, and 0.128 M) in order to
optimize results in term of cell viability and matrix polymer-
ization, data not shown.

To obtain comparable results between the condition where
hPM was directly inoculated in the alginate matrix and the
alginate with hPM-loaded microparticles, the concentration
of hPM in the directly inoculated alginate gels was made equal
to the total concentration of protein released after 21 days from
the microparticles (78 μg of proteins per square centimeter).
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The effect of sustained controlled hPM release from micro-
particles was compared to bolus inoculations of hPM at 7, 14,
21, and 28 days by morphological characterization (see
BAngiogenesis quantification^methods section below) of cell
networks within gels stained using calcein AM (Life
Technologies, Grand Island, NY).

Angiogenesis quantification

Quantification of angiogenesis output was performed using
ImageJ 1.45 s (NIH, Bethesda, MD). Images at 5× magnifi-
cation taken using the inverted fluorescence microscope were
processed by evaluating and quantifying the following param-
eters: number of meshes per square centimeter, number of
branching points per square centimeter, and length of the
tubule-like structures formed by HUVEC during time as pre-
viously described [10]. Branch points, defined as the nodes
where branches meet or the point along a branch from where
tubules sprout, were manually highlighted and counted using
the multi-point selection tool available in the ImageJ software
(Version 1.49, NIH, Bethesda, MD). The number of branching
points was then counted in each image for a triplicate number
of samples for each condition, and the result was then normal-
ized for a 500-μm2 field of view to get to a result expressed in
term of BPs/cm2. Tubule length was assessed by determining
the curve length from branch point to connected branch point.

Statistical analysis

Experiments both for microparticles and for 3D culture were
performed in triplicate. All graphs and tabulated data were
displayed as mean±mean standard error. Analysis was per-
formed using Excel (Microsoft Office) and Minitab 15
(Minitab, State College, PA). Significance was calculated
using ANOVA tests where more than two conditions were
evaluated, and specific differences were evaluated using
Tukey and Bonferroni post-hoc tests. When only two condi-
tions were compared, unpaired, two-tailed, Student’s t test
with unequal variance was used. Significance levels were set
at p<0.05.

Results

Effect of multiple bolus hPM inoculations

The formation of HUVEC into angiogenic networks was af-
fected by the number of doses of hPM received over time
(Fig. 1). As shown in Fig. 1f, tubule length increased as a
function of the number of inoculations with a statistical sig-
nificance (p value <0.001). Although no significant differ-
ences occurred for the number of meshes and number of
branching points per square centimeter, a trend of increased

and more mature meshes was observed as a function of the
number of inoculations.

Initial PLGA microparticle preparation: single
homogenization

PLGA microparticles resulting from this initial protocol had
an average size of 447±32 μm and a normal distribution of
sizes ranging from 100 to 1000 μm. Three batches of micro-
particles were prepared under the same conditions, and repeat-
able distributions could be demonstrated. The loading effi-
ciency of hPM in the PLGA microparticles was 64±4.0 %.
Protein release analysis showed a low initial burst, corre-
sponding to 10 % of the total amount of protein encapsulated,
(21.38 ± 0.83 μg/mL), while 51.23 ± 0.19 % (134.56
±0.50 μg/mL) of the protein initially encapsulated was re-
leased from PLGA microparticles after 21 days. The release
rate profile appeared linear and constant through the 21-day
period evaluated, though the hPM released from the micropar-
ticles at the end of the evaluated period was significantly low-
er in concentration when compared to the use of bolus injec-
tions of hPM (500 μg/mL) to induce an angiogenic response
(as described above).

Control BSA-loaded PLGA microparticles had an average
size of 239.60±9.45 μm and a normal distribution of sizes
from to 50 to 400 μm, with the 70 % of microparticles in the
range between 150 and 350 μm. The loading efficiency of
BSA-loaded PLGA microparticles was 76±3.0 % of the total
amount of protein loaded initially. In vitro release analysis
showed a higher initial burst compared to hPM-loaded micro-
particles at 20 % of the total amount of BSA encapsulated,
(51.52 ± 1.76 μg/mL), while 66.7 ± 9.55 % (166.74 ± 23.8
μg/mL) of the protein initially encapsulated was released from
PLGA microparticles after 21 days. The cumulative release
profile appeared linear and constant through the period eval-
uated. The differences in results observed between hPM and
BSA-loaded PLGA microparticles suggested that release ki-
netics could be further optimized through manipulation of
formulation parameters.

Optimization of PLGA microparticle size
and characterization of morphology

Size analysis of microparticles created using a 2-min single
homogenization of the primary emulsion (instead of the initial
protocols 1 min) showed an average diameter of 276.8
±13.4 μm.Microparticles created using a 1-min homogeniza-
tion step after the secondary emulsion (longer secondary ho-
mogenization protocol) had an average size of 37.8±1.3 μm,
whereas microparticles created with a shorter 20-s homogeni-
zation step of the secondary emulsion (shorter homogeniza-
tion protocol) had an average size of 91.9±2.9 μm (Fig. 2).
Qualitative results from SEM analysis show the gross
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structure approximately spherical with a homogeneous sur-
face (Fig. 3).

Loading efficiency

The encapsulation efficiency varies with the size of the micro-
particles, though it is not linearly correlated with that param-
eter. Encapsulation efficiency was shown to increase when the
primary emulsion was homogenized for a longer time (2 min)
to 73±4 % and to decrease to 63±3 % when size was signif-
icantly reduced with the longer double homogenization pro-
tocol (Fig. 4). The highest encapsulation efficiency was ob-
tained with a long homogenization of the primary emulsion
and a short homogenization of the secondary emulsion, with
the 79±9 % of protein encapsulated of the initial total protein
loading.

In vitro release of hPM from optimized hPM-loaded
microparticles

Differences in hPM release rates from microparticles obtained
by modifying both the duration and the number of homogeni-
zation steps appeared to be related to changes in particle size

and loading efficiencies. From a qualitative perspective, gener-
al trends in the protein release profiles are similar between the
different processing approaches. Initial burst did not change
significantly with modification of the duration of the primary
emulsion homogenization step, going from the 8.14±0.31% in
the initial single homogenization protocol (21.38±0.83μg pro-
tein/mL) to the 6.42±2.07 % in the longer single homogeniza-
tion protocol (18.88±6.11 μg protein/mL). A significant in-
crease in burst release was observed when the homogenization
of the secondary emulsion was introduced: with 1-min homog-
enization, 23.75± 0.40 % of the total protein encapsulated
(60.82±1.03 μg/mL) was released within the first day in com-
parison to 27.72±3.73 % (106.33±14.33 μg/mL) with a 20-s
homogenization of the secondary emulsion.

Cumulative release after 21 days showed that smaller mi-
croparticle sizes correlated with greater hPM released in the
assayed time period (Fig. 4). After 21 days of release, micro-
particles prepared with a longer single homogenization re-
leased 64.09±1.70 % (188.43±5 μg/mL) of the total protein
encapsulated, whereas MPs from the longer double homoge-
nization protocol released 98.62 ± 1.40 % (252.48 ± 3.6
μg/mL), and MPs from the shorter double homogenization
protocol released 87.60±1.12 % (335.98±4.72 μg/mL).

Fig. 2 PLGA microparticles size evaluation. a–c Images represent results from optical microscope image analysis conducted for each encapsulation
protocol. d–f Histograms represent the size distribution for each protocol, (n= 3)
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After 30 days of release, the microparticles homogenized
for extended periods (2-min primary emulsion and 1-min sec-
ondary emulsion) had no detectable release at day 30, while
microparticles created using a 20-s homogenization step had
released up to 93.12±0.2 % (357±4.09 μg/mL) of the total
encapsulated proteins by day 30.

Results from SDS-PAGE analysis of the supernatant from
both BSA-loaded and hPM-loaded microparticles showed a
protein composition qualitatively similar to the one of the
original protein solution used to realize the primary water
emulsion. This indirect analysis suggested a uniform encap-
sulation of hPM in PLGA microparticles without any evi-
dence of selective encapsulation for specific proteins (Fig. 5).

Alginate hydrogel-based 3D culture

Results from the angiogenic assay showed that controlled re-
lease of hPM appears to improve the stability of capillary-like
structures in endothelial cell seeded matrices (Fig. 6). After
7 days of culture, only a few sprouts and tubular structures
were observed in HUVEC cultured in alginate hydrogels with
embedded hPM-loaded microparticles (and no mature net-
work were observed), whereas angiogenic formations in ma-
trices containing pure hPM were comparatively more mature
in the same timeframe, with average tubule lengths of 207.9
±15.3 μm, with 127±84 meshes per square centimeter, and
with 960 ± 70 branching points per square centimeter.

Fig. 3 SEM characterization. Scanning electronic microscope images of PLGA microparticles loaded with hPM using 2-min primary homogenization
(a–b), 1-min secondary homogenization (c–d), and a 20-s secondary homogenization (e–f)

Fig. 4 hPM-loaded microparticle
release rate evaluation. Data show
the cumulative release rate over
21 days for all assessed protocols.
Protein release was assessed by
incubating 10 mg of hPM-dosed
microparticles in 1 ml of PBS;
and the supernatant was collected,
and total protein concentration
was quantified (n= 3)
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However, after 14 days of culture, alginate gels embedded
with hPM-loaded MPs started to organize primary tubules
with an average length of 137.4 ± 9.8 μm and 666 ± 47
branching points per square centimeter, whereas matrices

containing pure hPM showed degraded angiogenic networks,
with no meshes and only isolated tubules averaging 226.6
±25.6 μm in length. At 21 days, MP-embedded-gels showed
immature mesh formation, an average tubule length of 204.1

Fig. 5 SDS-PAGE analysis of
hPM-microparticle supernatant.
Images of gels after staining
showing qualitative protein
content in the supernatant of
BSA-loaded and hPM-loaded
microparticles as well as the
relative initial content loaded
during microparticles preparation

Fig. 6 3D culture in hPM microparticle embedded alginate scaffolds.
HUVEC were stained with Calcein AM after 7, 14, 21, and 28 days of
culture to evaluate differences between angiogenic network stability
when pure hPM is added to alginate matrix (first row) and when hPM
release is controlled using PLGA microparticles embedded in the matrix

(second row). Two controls were evaluated, one embedding blank PLGA
microparticles in the alginate matrix and one not adding MPs to the
matrix. HUVEC maintained a circular shaped throughout the
experimental timeframe (28 days)
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±12.8 μm and an average of 1100±1.25 branching points per
square centimeter. Overall, after 21 days of culture, the angio-
genic networks remained stable with only minor changes in
the number of branch points per square centimeter. After
28 days culture, the average tubule length was 168.9
±10.3 μm, the average number of branching points per square
centimeter was 1293±161, and the average number of meshes
was 317±93 per square centimeter.

Discussion

Protein encapsulation using PLGA microparticles is a well-
established drug delivery system for controlled release of
growth factors. In this study, a human-derived multi-protein
mixture (human placental matrix or hPM) containing over
2600 proteins including osteogenic, angiogenic, and
antifibrosis proteins was encapsulated within PLGA micro-
particles. The heterogeneous nature of hPM with its complex
molecular composition contains different charge groups and
mass properties that can potentially have significant effects on
loading and unloading efficiency. Results show that using
hPM-loaded-PLGA microparticles, the release of a multi-
protein fusion can be sustained and controlled overtime. In
comparison with networks formed using a single hPM dose,
which regressed after 5 days, hPM-loaded-PLGA microparti-
cles continued to form angiogenic networks 28 days post
seeding. The sustained and functional release observed in
these investigations is an important criterion for in vivo appli-
cations where repeat inoculations are undesirable and often
not possible.

These studies revealed that PLGA loading and microparti-
cle morphology was influenced by the complex composition
of the hPM material. In comparison to bovine serum albumen
(BSA) as a single encapsulated protein, hPM-loaded micro-
particles showed an average diameter (447±32 μm) signifi-
cantly larger than BSA encapsulated particles (239.6±9 μm).
This is likely the result of the complex interactions between
the PLGA polymer and wide array of different molecular
charges, pH, and sizes or proteins within hPM. SDS-PAGE
analysis of the supernatant left after PLGAmicroparticle prep-
aration showed a similar distribution to native hPM. While
further characterization is needed, in particular, to evaluate
potential release of different proteins from MPs at different
time points, these initial findings suggested encapsulation of
the protein mixture is largely consistent with the hPM solu-
tion, indicating that the protein composition of hPM is not
overtly affected during microparticle preparation.

Both rotational speed and the duration of homogenization
have previously been shown to affect particle size [17, 26]. In
agreement with the literature, these investigations show a
strong correlation between hPM-loaded-PLGA microparticle
size and the release rate [27, 28]. Although a longer

homogenization of the primary emulsion phase created micro-
particles with desired controlled release characteristics, the
loading efficiency of hPM in these particles was low in com-
parison to other fabrication protocols assessed. By extending
homogenization during the secondary emulsion phase, micro-
particles were produced with improved encapsulation (up to
78 %) of the protein solution and in the desired size range.
Encapsulation efficiency did not linearly correlate with the
size of the microparticles, but instead increased after shorten-
ing the duration of homogenization of the secondary emul-
sion. Several mechanisms may drive this nonlinear correlation
including the formation of incomplete particles by interactions
between the heterogeneous protein mixture and the polymer,
increased disruption of the primary emulsion, or a combina-
tion of both.

Using the optimized synthesis process, homogenizing both
primary and secondary emulsion for respectively 2 min and
20 s, a higher hPM encapsulation efficiency was achieved
with average microparticle size of 91.9±2.9 μm (size distri-
bution of 5 to 200 μm, with the 70 % between 20 and
100 μm), and a linear release occurred over 30 days. To eval-
uate the effect of encapsulation on hPM activity, hPM-loaded
microparticles were incorporated into an alginate-based 3D
angiogenesis assay with dispersed endothelial cells. After
21 days of culture, HUVEC formed angiogenic tubules within
the gel in regions close to the embedded hPM-loaded-PLGA
microparticles. Tubule formation occurred despite the lower to-
tal amount of protein delivered from the microparticles (78 μg/
cm2) in comparison to the concentration delivered in previous 2D
assessments using bolus inoculations (263 μg/cm2), and net-
works appeared similar to previous studies [10].

While EC’s cultured using bolus doses of hPM directly
mixed with alginate gels showed increased angiogenic activity
with tubule formation and branching occurring faster than
hPM-loaded microparticles, a regression of the angiogenic
response was observed over time. By comparison, hPM-load-
ed microparticles allowed for an extended and sustained an-
giogenic response, and despite a plateaued hPM release after
28 days, the continued presence of angiogenic meshes sug-
gests that the extended delivery of hPM improved the stability
of angiogenic network formation.

Overall, these studies detail the optimization of PLGA mi-
croparticle synthesis for applications to deliver complex,
multi-protein mixtures with a low initial burst, and a high
encapsulation efficiency. Given the importance of vascular
network formation in musculoskeletal tissue regeneration in
conjunction with the osteogenic proteins within hPM, this
approach to induce a sustained angiogenic response can be
further developed to utilize co-culture systems with osteo-
blasts, osteoclasts, and endothelial cells allowing new regen-
erative medicine approaches to model early bone formation.
Importantly, the techniques developed herein have applica-
tions in the delivery of other complex serums or protein
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mixtures with applications in a wide range of tissue engineer-
ing and regenerative medicine systems. Future studies can
adapt these techniques to scaffold materials such as collagen,
fibrin, and laminin with embedded serum-loaded PLGA mi-
croparticles to develop improved therapeutics and in vitro an-
giogenesis assays that may gain further insight into the role of
sustained delivery within cell seeded matrices. Future studies
that detail the molecular interactions between hPM and PLGA
would improve our understanding of the observed release dy-
namics [26].

Conclusion

These studies established a method to encapsulate a complex
protein mixture in PLGA MPs and demonstrated that the
sustained release profile of hPM is critical to the establishment
of vascular networks. hPM contains factors that may facilitate
tissue repair processes beyond angiogenesis. For example,
given the presence of osteogenic factors within hPM in con-
junctionwith the hPM/PLGA controlled release approach, it is
feasible to develop techniques to simultaneously induce an-
giogenesis and bone formation either in vitro or with direct
clinical applications.
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