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Biological organisms evolve within specific conditions and
constraints in their environment, giving rise to elegant
and efficient strategies for fabricating materials that often
outperform man-made materials of similar composition.
Synthesizing and engineering novel bioinspired materials
with similar characteristics require in-depth understanding
of the properties, composition, and hierarchical organization
of biological materials. These biomaterials are becoming
increasingly incorporated into the medical sector, for exam-
ple, as transport vehicles in drug delivery or as skin and soft
tissue substitutes in wound management.

In this view, several investigators have been invited to
contribute original research findings and reviews that could
stimulate continuing efforts to understand new biomaterials
with direct clinical applications in the interconnected fields
of wound care, drug encapsulation, and transport. This
special issue is divided into categories based on the following
key words: stem cells, bone tissue engineering, functional
biomaterials, scaffolds, and implants.

In the category of stem cells, J.-M. Bourget et al. evaluated
the potential use of mesenchymal stem cells (MSCs) isolated
from bone marrow-derived MSCs and umbilical cord blood-
derived MSCs for blood vessel engineering. Their results
reinforce the versatility of the self-assembly approach since
they demonstrate that it is possible to recapitulate a contrac-
tile media layer from MSCs, without the need of exogenous
scaffolding material. E. A. Wahl et al. compared the behavior
of human adipose-derived MSCs seeded on four different

biomaterials that are awaiting or have already received Food
and Drug Administration approval to determine a suitable
regenerative scaffold for delivering these cells to dermal
wounds and increasing wound healing potential.

In the category of bone tissue engineering, I. Ortega-
Oller et al. reported the use of nano- and/or microparticles
of poly(lactic-co-glycolic acid) (PLGA) as a delivery system
of the bone morphogenetic protein 2. R. Ramos-Zúñiga et al.
concentrated on the intrinsic properties offered by chitosan
and its use in tissue engineering, considering it as a promising
alternative for regenerative medicine as a bioactive polymer.
M. K.Wasko and R. Kaminski performed a systematic review
of current evidence of antibiotic cement nails (ACNs) in
orthopedic trauma and provided an up-to-date analysis of
the indications, operative technique, failure mechanisms,
complications, outcomes, and outlooks for the ACNs use in
long bone infection.

In the category of functional biomaterials, F. Piraino and
Š. Selimović discussed approaches in tissue engineering and
regenerative medicine to address stages characterizing the
mammalian response to tissue injury through the application
of biomaterials. They also reviewed molecular therapies with
particular attention to drug delivery methods and gene
therapies. Finally, they examined cellular treatments and
provided an outlook on the future of drug delivery and
wound care biomaterials. I. Fukuda et al. synthesized two
types of mannose-modified lipids with different stereoiso-
mer (𝛼-mannose and 𝛽-mannose). Their delivery system to
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macrophages may overcome the problems for gene therapy
and could be potentially used for treatment of immune
diseases involved in macrophages.

In the category of scaffolds, A.M. Eweida andM.K.Marei
reviewed the online published literature for the studies that
performed extracellular matrix (ECM) revitalization believ-
ing that, in chronic and difficult-to-heal wounds, revitalizing
the ECM scaffolds would be beneficial to overcome the
defective host tissue interaction. H. Akagi et al. evaluated
the utility of a hydroxyapatite (HA) and poly-DL-lactide
(PDLLA) scaffold compared to 𝛽-tricalcium phosphate, at a
loading site as a new bioresorbable scaffold.

Finally in the category of implants, S. Abdolrahimzadeh
et al. evaluated the effectiveness of one or two intravitreal
injections of a sustained release dexamethasone implant in
patients with persistent macular edema following uncom-
plicated phacoemulsification. They observed a statistically
significant improvement of mean central foveal thickness
and best corrected visual acuity with one or two intravitreal
dexamethasone implants over 12 months.

By collecting these papers, we hope to enrich our readers
and researchers in the field of biomaterials in drug delivery
and wound care. We believe that new biomaterials will be
an important part of future drug delivery and wound care
research activities.
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Francesco Piraino

Robert Gauvin
Hojae Bae



Research Article
Macrophage-Targeting Gene Delivery Using a Micelle
Composed of Mannose-Modified Lipid with Triazole Ring
and Dioleoyl Trimethylammonium Propane

Ichiki Fukuda,1 Shinichi Mochizuki,1 and Kazuo Sakurai1,2

1Department of Chemistry and Biochemistry, The University of Kitakyushu, 1-1 Hibikino, Wakamatsu-ku,
Kitakyushu, Fukuoka 808-0135, Japan
2NexTEP, Japan Science and Technology Agency, 4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan

Correspondence should be addressed to Kazuo Sakurai; sakurai@kitakyu-u.ac.jp

Received 9 March 2015; Accepted 28 May 2015

Academic Editor: Hojae Bae

Copyright © 2015 Ichiki Fukuda et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Gene carriers with cell specific ligand molecules are needed for the treatment of several diseases. Mannose is known to be
recognized and incorporated into the cells through mannose recognition lectins that are exclusively expressed on macrophages.
In this study, we synthesized two types of mannose-modified lipids with different stereoisomer (𝛼-mannose and 𝛽-mannose). To
make a complex with plasmid DNA (pDNA), termed “lipoplex,” we prepared a two-component micelle made from cationic lipid;
dioleoyltrimethylammoniumpropane (DOTAP); and mannose-modified lipid (D/𝛼-Man or D/𝛽-Man). The prepared D/𝛼-Man
lipoplexes were able to bind to one of the 𝛼-mannose lectins concanavalin A (ConA) immobilized on gold substrate in the quartz-
crystal microbalance sensor cell. D/𝛽-Man lipoplexes did not show any frequency changes.These results indicate that the mannose
residues were exposed on the lipoplexes, leading to not only the binding to ConA but also the prevention of nonspecific interactions
with proteins. Both lipoplexes showed high transfection efficiencies to RAW264.7 cells which have several kinds ofmannose lectins.
This delivery system to macrophages may overcome the problems for gene therapy and may be used for the treatment of immune
diseases involved in macrophages.

1. Introduction

The development of targeted cellular gene delivery systems
is an important research theme for clinical applications of
gene therapies. Although nonpathogenic viral vectors such
as retroviruses and lentiviruses are mainly used, nonviral
alternatives have been studied because of their advantages of
safety and low manufacturing costs [1]. The most commonly
used synthetic gene carriers are cationic lipids and polymers,
which can form complexes with negatively charged plasmid
DNA (pDNA) via electrostatic interactions. One of the
greatest obstacles to overcome before they can be used in
human therapy is their low uptake efficiency into the target
cells because of a lack of cellular selectivity. To this end,
cationic carriers are modified with various compounds to
improve pDNA accumulation in the target cells. A typical
example is attaching a carbohydrate as a ligand molecule.
Some cells express lectins, which are carbohydrate-binding

proteins that exhibit high specificity for sugar molecules.
The relationships between carbohydrates and cells with lectin
have been exploited for cell-specific drug delivery, such as
galactose for hepatocytes [2–5], hyaluronic acid for liver sinu-
soidal endothelial cells [6, 7], and mannose for macrophages
[8, 9].

Macrophages are immune cells that play an important
role in immune system regulation. As proinflammatory cy-
tokines secreted by macrophages are related to the pathogen-
esis of various inflammatory diseases such as acute hepatitis
[10] and ulcerative colitis [11, 12], inhibiting such cytokines
is beneficial for patients. Mannose-recognizing lectins are
exclusively expressed on macrophages; they recognize gly-
coproteins with mannose, N-acetylglucosamine, and fucose
residues and subsequently internalize them [13, 14]. Several
studies have focused onmannose residues as a pilot molecule
for targeting macrophages.
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Scheme 1: Synthetic route of 𝛼-mannose- or 𝛽-mannose-modified lipid through click chemistry.

We previously reported a series of lipids with an aromatic
linker connected with amine or amidine that can be used
as transfection reagents with better efficiency and lower
cytotoxicity than conventional reagents [15, 16]. Analysis
of the hydrophobic moieties that induce high transfection
efficiency by altering the alkyl chain lengths and the positions
revealed that lipids with an amino residue attached to C12 in
themeta-meta position exhibit the highest efficiencies [16]. In
addition, lipids can form stablemicelles at low concentrations
as a result of hydrophobic interactions among aromatic
rings and 2 alkyl chains as well as 𝜋-𝜋 stacking derived
from aromatic rings. After synthesizing galactose-modified
lipids, evaluation of the transfection efficiencies for hep-
atocytes with asialoglycoprotein receptor (ASGPR), which
recognizes galactose and N-acetylgalactosamine residues
on glycoproteins, revealed that the complexes comprising
galactose-modified lipids, cationic lipids, and pDNAs exhib-
ited ASGPR-dependent gene expression [5].

In the present study, we synthesized mannose-modified
lipids with an aromatic ring with C12 in the meta-meta posi-
tion. The mannose-modified lipids were mixed with cationic
lipids to form complexes with DNA, termed “lipoplexes,” and
their transfection efficiencies inmacrophages were evaluated.

2. Materials and Methods

2.1. Materials. 3,5-Dihydroxybenzaldehyde, potassium car-
bonate, propargyl bromide, and RPMI-1640 medium were
purchased from Wako Pure Chemical Industries, Ltd.,
(Osaka, Japan). 1-Bromododecane, sodium borohydride, so
dium hydride, 2,3,4,6-tetra-O-benzoly-D-mannopyranose,
trifluoromethanesulfonic anhydride, diphenyl sulfoxide,

N,N-dimethylformamide, trimethylsilyl azide, and 2-chloro-
1,3-dimethylimidazolium chloride were purchased from
Tokyo Chemical Industry Co., (Tokyo Japan). Sodium
methoxide was purchased from Kanto Chemical Co., (Tokyo
Japan). Copper(II)sulfate pentahydrate was purchased from
Sigma-Aldrich (St. Louis, MO).

2.2. Synthesis of the Mannose-Modified Lipid (Scheme 1). 2,3,
4,6-Tetra-O-benzoly-D-mannopyranose and diphenyl sul-
foxide were mixed in solution of dichloromethane and
toluene (dichloromethane : toluene = 1 : 3) at molar ratio of
1 : 1 and stirred at −78∘C for 10 minutes. The reactant was
added to trifluoromethanesulfonic anhydride at molar ratio
of 1 : 1.3 and stirred at −45∘C for 30 minutes.The reactant was
added to trimethylsilyl azide at molar ratio of 1 : 5 and stirred
at −45∘C for 30 minutes, followed by −20∘C for 2.5 hours
[17]. The reaction mixture was extracted with ethyl acetate
and purified compound I by silica gel chromatography using
amixture of ethyl acetate and hexane (ethyl acetate : hexane =
1 : 3) as a mobile phase.

2,3,4,6-Tetra-O-benzoly-D-mannopyranose, 2-chloro-1,3-
dimethylimidazolium chloride, sodium azide, and triethy-
lamine were mixed in solution of N,N-dimethylformamide
at molar ratio of 1 : 10 : 10 : 3 and stirred at 0∘C for 2 hours
[18]. The reaction mixture was extracted with ethyl acetate
and purified compound II by silica gel chromatography using
a mixture of ethyl acetate and hexane (ethyl acetate : hexane
= 2 : 3) as a mobile phase.

The compound I or compound II was an attached aro-
matic ring with C12 in the meta-meta position as shown in
Scheme 1 in a similar manner to our previous report [5]. The
obtainedmannose-modified lipid was identified by 1HNMR.
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2.3. Preparation of the Lipoplex Composed of Mannose-
Modified Lipid/Cationic Lipid Micelle and pDNA. We mixed
the mannose-modified lipid and dioleoyltrimethylammoni-
umpropane (DOTAP; Sigma-Aldrich) at the samemolar ratio
and dissolved them in chloroform and vacuum dried. Each
mixture was dissolved in water and added to the pDNA
encoding luciferase (pGL3-Control Vector; Promega, Madi-
son, WI) at the indicated N/P ratios (i.e., the cation/anion
charge ratio, [cationic amino group]DOTAP/[anionic phos-
phate group]nucleic acid) and incubated for 1 hour. To confirm
the complexation, the mixtures were separated by 1% agarose
gel electrophoresis. DNAwas stained with ethidium bromide
and the image was obtained using a PharosFX (Bio-Rad,
Richmond, CA).

2.4. 𝜁 Potential and Size Measurements. We prepared the
lipoplexes at indicated N/P ratios in 150mM NaClaq, where
we fixed DOTAP concentration at 0.3mM. The zeta poten-
tials and hydrodynamic radiuses were measured with a
Nano-ZS (Malvern Instruments, Malvern, UK) at 25∘C. The
refractive index was 1.59.

2.5. Small-Angle X-Ray Scattering (SAXS) Measurement.
SAXS measurements from the lipoplexes were carried out at
BL40B2 SPring-8with a 0.7m camera using aRigaku imaging
plate (30 × 30 cm, 3000 × 3000 pixels) as a detector. The
wavelength of the beam was 1.0 Å, and the exposure time
was 300 seconds. The obtained two dimensional image was
circularly averaged to give an intensity 𝐼(𝑞) versus 𝑞 plots,
where 𝑞 is the magnitude of the scattering vector defined
by 𝑞 = 4𝜋 sin 𝜃/𝜆 with the scattering angle of 2𝜃. The con-
centration of mannose-modified lipids was 3mM.

2.6. Interaction between Concanavalin A (ConA) and Lipo-
plexes. ConA (Wako) was immobilized on gold substrate in
the quartz-crystal microbalance (QCM) sensor cell (AFFIN-
IX QN 𝜇; INITIUM, Inc., Tokyo, Japan) at 10 𝜇g/mL for 1 h
at r.t. After blocking with 1% BSA in PBS for 1 h, the sensor
cell was filled with 500𝜇L of 10mMHEPES containing 2mM
CaCl
2
adding the samples at 36 𝜇g/mL and measuring the

frequency changes at 25∘C.

2.7. Gene Transfection. RAW264.7 cells were seeded at 2.0 ×
104 cells in a 96-well microplate and incubated at 37∘C under
5% CO

2
. The cells were cultured in RPMI-1640 containing

10% FBS and 100U/mL penicillin and 0.1mg/mL strepto-
mycin. After 24 hours, the cells were transfected with the
pDNA at 0.2 𝜇g/mL using the lipoplexes or Lipofectamine
2000 (Invitrogen, Carlsbad, CA). In brief, on the day of
transfection, the wells were replaced with fresh medium
without serum and added the lipoplexes at the indicated
N/P ratio. After 6 hours, the wells were replaced with fresh
medium containing serum. After 48 hours, the cells were
washed with PBS twice adequately and then lysed with a lysis
buffer from the luciferase assay kit (Promega). After adding
luciferin, the luciferase activity in an aliquot of the cell lysate
was measured with a luminescence plate reader (Wallac 1420;
Perkin Elmer, Wellesley, MA). The protein concentration of

each well lysate was determined with a standard protein assay
(Dojindo, Kumamoto, Japan). The luciferase activity in each
sample was normalized to the luminescence intensity per
microgram of protein.

3. Results

3.1. Lipoplex Preparation and Characterization. As the 2
prepared kinds of mannose-modified lipids (Scheme 1) have
no cationic charge, they are unable to form a complex
with pDNA via electrostatic interactions. In addition, the
mannose-modified lipids themselves cannot form micelles
in aqueous solution owing to their low solubility. In our
previous study, we added the cationic lipid DOTAP to sugar-
modified lipids with the same features to compensate for
the deficits described above [5]. In fact, the mixture of
DOTAP with sugar-modified lipid was dispersed in aque-
ous solution, forming lipoplexes with pDNA. Therefore, we
added DOTAP to mannose-modified lipid at the same molar
ratio; thus, we prepared binary micelles comprising DOTAP
and 𝛼-mannose- or 𝛽-mannose-modified micelles, which
were designated D/𝛼-Man and D/𝛽-Man, respectively. After
mixing pDNA with D/𝛼-Man, D/𝛽-Man, or DOTAP at the
indicated N/P ratios, lipoplex formation was examined by
agarose gel electrophoresis (Figure 1). With DOTAP, there
were no free pDNA bands observed at N/P > 2. The same
results were obtained for the mixtures of pDNA with D/𝛼-
Man and D/𝛽-Man micelles, indicating that the addition of
mannose-modified lipids does not disturb lipoplex formation
or galactose- or glucose-modified lipids.Therefore, D/𝛼-Man
and D/𝛽-Man form stable complexes at N/P > 2.

The hydrodynamic radii and 𝜁 potentials of the resul-
tant lipoplexes were measured at various N/P ratios. The
hydrodynamic radii were almost all ∼100 nm and they exhib-
ited a small polydispersity at all N/P ratios (Figure 2 and
Supplementary Table 1 available online at http://dx.doi.org/
10.1155/2015/350580). Supplementary Figure 1 shows the his-
tograms of the lipoplexes at N/P = 2. All lipoplexes exhibited
a single peak. These results indicate that the lipoplexes were
dispersed without forming large aggregates. The 𝜁 potentials
of all samples increased with the increasing N/P ratio,
plateauing atN/P= 3.The 𝜁 potentials of allmicelles exhibited
around −40mV (data not shown), which is consistent with
the plateaued values. In particular, they changed drastically
from a negative to a positive charge between N/P 1 and 2.
The positive charge at N/P = 2 means that all pDNA was
covered by cationic compounds, which is consistent with the
complete complex formation at N/P = 2 (Figure 1). The 𝜁
potentials of D/𝛼-Man and D/𝛽-Man lipoplexes were lower
than those of DOTAP lipoplexes at N/P = 2 even at the
same concentration of DOTAP. The 𝜁 potential is related to
the electrical charge at the interface between a solid surface
and its liquid medium and does not reflect the total charge
of the entire particle [19]. Therefore, these results suggest
that both lipoplexes express the mannose residues on the
surface, resulting in low 𝜁 potential. The high positive 𝜁
potentials at N/P > 3 can be attributed to the excessive feed
of D/𝛼-Man and D/𝛽-Man micelles against pDNA. As high 𝜁
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Figure 1: Confirmation of the complexation between pDNA and D/𝛼-Man (a), D/𝛽-Man (b), or DOTAP (c) micelles at indicated N/P ratios.
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potential might lead to nonspecific cellular uptake because of
the electrostatic interaction between cellular membranes and
lipoplexes, we used lipoplexes at N/P = 2 for all subsequent
examinations.

Safinya et al. propose a relationship between the supra-
molecular structure of lipoplexes and their transfection effi-
ciency with use of SAXS [20–23].They state that the addition
of pDNA causes most cationic lipids to undergo structural
transition and that some form hexagonally packed cylin-
ders including inverted hexagonal [21] and DNA/tubular-
lipid intercalated structures [22]. Therefore, we examined
the structures of D/𝛼-Man and D/𝛽-Man before and after

complexation with pDNA by using SAXS (Figure 3(a)). All
samples exhibited sharp diffraction peaks, indicating the
formation of ordered structures. The positions satisfied the
relation of 1 :√3 : 2 :√7, indicating that the micelles and
lipoplexes formed a hexagonally packed cylindrical structure
[24]. For both types of micelles, the addition of pDNA did
not alter hexagonal packing, but the peak positions were
shifted to the wider angle side. The intercylinder distances
determined from the peak positions for D/𝛼-Man, D/𝛽-Man,
D/𝛼-Man lipoplexes, and D/𝛽-Man lipoplexes were 7.25, 7.28,
6.15, and 6.31 nm, respectively. These results indicate that
negatively charged pDNA reduces or cancels electrostatic
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repulsions between adjoining tubular lipids through interca-
lation, resulting in contracted cylinder distance; this implies
that both lipoplexes adopt a DNA/tubular-lipid intercalated
packing (Figure 3(b)).

In summary, at N/P = 2, D/𝛼-Man, and D/𝛽-Man,
lipoplexes have the same characteristics including particle
size, surface charge, and inner structure in which tubular
lipids and pDNA are hexagonally packed within the particles.

3.2. Binding of D/𝛼-Man and D/𝛽-Man Lipoplexes to ConA.
We previously reported that lipoplexes comprising galactose-
modified lipids, DOTAP, and pDNA bound to ASGPR
resulted in strong gene expression in HepG2 cells containing
ASGPRs. In the present study, we examined the binding of
D/𝛼-Man and D/𝛽-Man lipoplexes to mannose-recognition
proteins with QCM. QCM measures the decrease in the
frequency of a quartz-crystal immersed in solutions, which
is directly related to the increase in mass due to the surface
adsorption of guest molecules onto the resonator. ConA was
used as a model protein because it is a lectin that recognizes
𝛼-d-mannosyl and 𝛼-d-glucosyl groups [25]. Figure 4 shows
that the QCM frequency changes when equal masses of
D/𝛼-Man, D/𝛽-Man, or DOTAP lipoplexes were added to
the QCM cell. The addition of D/𝛼-Man lipoplexes rapidly
decreased the frequency, whereas the addition of D/𝛽-
Man lipoplexes did not. The addition of DOTAP lipoplexes
slightly decreased the frequency, albeit a smaller extent than
D/𝛼-Man lipoplexes. DOTAP lipoplexes, which have strong
cationic characteristics, are considered to nonspecifically
bind or adsorb to ConA or bovine serum albumin coated
on the sensor cell via electrostatic interactions. These results
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Figure 5: Transfection efficiencies for the lipoplexes atN/P = 2.Data
represent the mean ± S.D. of triplicate wells.

indicate that the mannose moieties in the lipoplexes are
exposed to the surface. 𝛽-mannose on the lipoplexes shields
the cationic characteristic of DOTAP and prevents nonspe-
cific binding, whereas 𝛼-mannose not only exhibited the
same effect as 𝛽-mannose but also was definitely recognized
and bound to the binding site.

3.3. Gene Expression Efficiency. We subsequently examined
gene expression efficiency in murine macrophage RAW264.7
cells. D/𝛼-Man lipoplexes induced the highest gene expres-
sion, which was 3 times higher than that induced by Lipo-
fectamine 2000 (Figure 5). D/𝛽-Man lipoplexes induced gene
expression to the same level as that of Lipofectamine 2000.
Meanwhile, DOTAP lipoplexes induced much lower gene
expression than D/𝛼-Man and D/𝛽-Man lipoplexes. These
results suggest that D/𝛼-Man and D/𝛽-Man lipoplexes can
induce gene expression in macrophages with the aid of
mannose-modified lipid; in particular, the gene expression
was strongly dependent on 𝛼-mannose compared to 𝛽-
mannose.

4. Discussion

Carriers with cell-specific ligand molecules can be critical
for efficient targeted gene delivery. Because sugar is guaran-
teed to have high specificity for its particular lectin, sugar
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RAW cell

Mannose lectin

Mannose-modified lipid

DOTAP

Figure 6: The schematic illustration showing the configurational
relationship between mannose-modified lipids and DOTAP in the
micelles.

modification is a useful strategy for the abovementioned
purpose. Furthermore, for some lectins, the affinity of their
ligands increases with the valence of sugar residues. Lee et al.
demonstrate that multivalent glycosides simultaneously bind
to receptors, enhancing affinity in comparison tomonovalent
glycosides [26, 27]; this phenomenon is known as the “cluster
effect.” Only cationic lipids or polymers can be used to
bind pDNA to carriers. The N/P ratio is one of the factors
that determine transfection efficacy. Although the lipoplexes
with a high N/P ratio can easily interact with cellular
membranes, they can simultaneously exhibit strong cellular
toxicity. Lipoplexes with sugars on their surface can be used
to resolve this dilemma, because they can be recognized by
lectins even at low N/P ratios.

Weprepared 2 types of stereoisomericmannose-modified
lipids as ligands for mannose lectin and generated micelles
by mixing DOTAP for pDNA binding. The lipoplexes
bound to the mannose lectin ConA (Figure 4) and induced
high transfection efficiency in RAW264.7 cells (Figure 5).
These results strongly indicate that mannose residues can
be exposed to the surface of lipoplexes. Considering its
molecular structure, DOTAP bends greatly because of the
cis-double bonds in the alkyl chains. The linear length of
DOTAP is shorter than that of mannose-modified lipids.
Therefore,mostDOTAP is considered to be located internally
in the micelles (Figure 6), decreasing the 𝜁 potential of D/𝛼-
Man and D/𝛽-Man lipoplexes compared to that of DOTAP
lipoplexes (Figure 2) as well as preventing nonspecific pro-
teins interactions (Figure 4).

We prepared micelles by mixing mannose-modified
lipids and DOTAP at the same molar ratio. Fortunately, the
lipoplexes exhibited mannose-dependent gene expression,
suggesting that the configurations between mannoses and
their density on the lipoplexes are sufficient for recognition
by lectins. Their configurations are mainly dominated by the
mannose-modified lipid content in micelles and can be easily
controlled by changing the mixing ratio between mannose-
modified lipids and DOTAP. Therefore, it is possible to opti-
mize lipoplexes for inducing further transfection efficiency.

Macrophages have several kinds of mannose lectins such
as CD206 (mannose receptor) [28, 29], CLEC4E [30, 31],
and CLEC12A [32, 33]. Although some lectins are known
to mainly recognize 𝛼-mannose, fucose, and high mannose
with a mixture of 𝛼- and 𝛽-linkages, the recognition of other
lectins remains unknown [14]. RAW cells may express man-
nose lectins that preferentially recognize 𝛼-mannose, result-
ing in higher transfection efficiency of D/𝛼-Man lipoplexes
than D/𝛽-Man lipoplexes (Figure 5).

In conclusion, lipoplexes comprising equimolar amounts
of pDNAandD/𝛼-Man exhibit good transfection efficiency at
N/P = 2. Although D/𝛼-Man and D/𝛽-Man lipoplexes do not
differ with respect to size, surface charge, or supramolecular
structure, they distinctly differ with respect to ConA recog-
nition, indicating the exposure of mannose residues on these
lipoplexes. Both lipoplexes exhibited high gene expression,
which may be dependent on the expression level of mannose
lectins on RAW cells. Therefore, the present study suggests
that our lipoplexes with mannose residues can be used in the
treatment of macrophage-related diseases.
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The intricate process of wound healing involves activation of biological pathways that work in concert to regenerate a tissue
microenvironment consisting of cells and external cellular matrix (ECM) with enzymes, cytokines, and growth factors. Distinct
stages characterize the mammalian response to tissue injury: hemostasis, inflammation, new tissue formation, and tissue
remodeling. Hemostasis and inflammation start right after the injury, while the formation of new tissue, along with migration
and proliferation of cells within the wound site, occurs during the first week to ten days after the injury. In this review paper, we
discuss approaches in tissue engineering and regenerative medicine to address each of these processes through the application
of biomaterials, either as support to the native microenvironment or as delivery vehicles for functional hemostatic, antibacterial,
or anti-inflammatory agents. Molecular therapies are also discussed with particular attention to drug delivery methods and gene
therapies. Finally, cellular treatments are reviewed, and an outlook on the future of drug delivery and wound care biomaterials is
provided.

1. Introduction

Tissue repair and wound healing are complex physiological
processes in which the damaged tissue repairs itself after
an injury, such as a superficial cut, internal bleeding, or
excision of a tumor. The wound healing process is gener-
ally divided into the sequential, but partially overlapping
phases (Figure 1) of hemostasis (clotting to stop bleeding),
inflammatory response (removal of bacteria and tissue debris
from the site of damage), proliferation (cell division to
regenerate the tissue, angiogenesis, and matrix deposition),
and remodeling (cellular apoptosis andmatrix realignment in
the newly generated tissue) [1]. The wound healing response
involves direct cell-to-cell and cell-matrix communication,
in addition to the indirect communication between dif-
ferent cell types via soluble molecules. These interactions
can be enhanced or accelerated by the strategic delivery
of hormones, hemostatic agents, anti-inflammatory drugs,
angiogenesis-inducing compounds, and cell growth factors.

The specifics of a therapeutic approach depend on the
type of wound and tissue properties. For example, wounds
can be incisional (closed) or excisional (open), acute (result
of a cut or a gunshot) or chronic (due to a long-term infection
or underlying disease). In the latter case, the wound healing
process is disrupted. Both superficial and internal wounds
can be treated with a number of dressings, which range from
topical pharmaceutical formulations as well as gauzes and
synthetic dressings to modern materials like hydrocolloids,
hydrogels and foams, and biomaterials. The type of wound
dictates the choice of drug and drug delivery vehicle to aid
the tissue repair process: a dressing might be chosen for its
ability to absorb exudates from the wound or to degrade and
release a biopolymer used in the proliferation stage. Another
material might prove a better drug delivery vehicle, while
yet another one would be better suited to encapsulating cell
growth factors. Last, but not least, factors affecting the choice
of treatment also include cost, ease of handling, and the ability
to accelerate the healing process.
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Figure 1: Overview of the wound healing process. The injury is immediately followed by hemostasis, which is characterized by reduced
blood flow, platelet aggregation, and initiation of the inflammatory process. During the inflammation response, cells migrate to the wound
and release growth factors. In a later stage of the wound healing process, the proliferation stage, angiogenesis is followed by deposition of
collagen and the formation of granulation tissue. Finally, collagen fibers align in the remodeling stage and cells that have fulfilled their wound
healing function enter apoptosis.

In this review, we focus on wound healing processes in
adult tissue (as opposed to fetal tissue) and introduce a num-
ber of molecules that play key roles in these processes. We
then discuss interactions between tissues and biomaterials,
such as requirements for biomaterial-based dressings. Finally,
we address molecular and cellular therapies for treatment of
external and internal wounds.

2. The Natural Wound Healing Process

2.1. Hemostasis. Hemostasis involves a series of processes
that work together to stop the bleeding from a wound. In
intact blood vessels, endothelial cells secrete the coagulation
inhibitor thrombomodulin and produce prostacyclin and
nitric oxide to prevent aggregation of platelets [2]. In case of
an injury to a blood vessel, endothelial cells switch to pro-
ducing von Willebrand factor (vWF) in order to jump start
hemostasis. Concurrent with this process is vasoconstriction
in order to limit the amount of blood leaving the damaged
vessel and is followed by the formation of a platelet plug that
blocks the break in the vessel.The last step in hemostasis is the
formation of a fibrin clot through production of plasma factor
VII (FVII) [3, 4] and prothrombin. Fibrin is a type of collagen
fiber and is produced around the platelet plug, anchoring it in
place [5]. White and red blood cells become entrapped in the
fibrin structure, a process called blood coagulation. Both the
platelet plug and fibrin clot serve to seal the physical hole in
the blood vessel until the tissue is healed.

2.2. Inflammatory Response. In the inflammation phase,
interleukins, a type of cytokine, are activated. Interleukin 6
(IL-6) [6] stimulates macrophage activation and chemotaxis
of monocytes, and interleukin 8 (IL-8) [7] encourages neo-
vascularization and proliferation of neutrophils.The different
types of leukocytes are responsible for countering pathogens
and for degrading the damaged tissue and creating new,
healthy tissue. The remaining stages of the wound healing
response are particularly sensitive to an abnormal increase or
reduction in leukocyte activity.

2.3. Proliferation. In the proliferation stage,macrophages and
neutrophils release chemoattractants to draw fibroblasts to
the wound site and enable synthesis and remodeling of the
extracellularmatrix (ECM) [8]. Cellularmigration is aided by
the production of hyaluronic acid (HA), which absorbs water
and lends the tissue the ability to resist deformation [9].

2.4. Remodeling. Collagen is the most abundant structural
protein in the human ECM. Collagen Type I predominates
and is upregulated by decorin in wound healing [10]. The
production of disorganized and strongly cross-linked Type I
collagen structures leads to fibrosis or scars, new tissue that is
visually distinct from the surrounding, undamaged tissue.

Remodeling of the ECM is also facilitated by proteases
such as tissue-derived inhibitors (TIMPs) and matrix met-
alloproteinases (MMPs), for example, collagenase [8]. The
formation of scars is marked by increased TIMP-1 [11] and
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TIMP-3 [12] activity. In general, scarring is accompanied by
a lower MMP to TIMP expression ratio, as a slow collagen
turnover leads to increased protein accumulation. Plasmino-
gen is another protease central to wound repair [13]. When
activated to plasmin, it promotes fibrinolysis, preventing the
fibrin clot from growing and ultimately degrading it.

Transforming growth factor-betas are a family of
cytokines involved inmany parts of the cell cycle: cell growth,
proliferation, differentiation, and apoptosis [14]. They serve
as chemotactic for fibroblasts, stimulating production of
collagen Type I. Concurrently, TGF-𝛽 also decreases MMP
expression, leading to the accumulation of collagen. In case
of an injury to the tissue, expression of TGF-𝛽 is upregulated
by signaling factors like decorin, fibromodulin, and hypoxia-
inducible factor-1-alpha (HIF-1-alpha). With respect to
cutaneous wounds, TGF-𝛽 signaling in keratinocytes is
reduced, leading to accelerated reepithelization of the wound
[15].

Two additional growth factors that enhance fibrosis are
the platelet-derived growth factor (PDGF) [16, 17] and fibrob-
last growth factor (FGF) [18]. PDGF serves as a fibroblast
chemoattractant and its expression increases during the
formation of fibrotic tissue. FGF is actually a collection of
multiple cytokines such as keratinocyte growth factors, which
are expressed more strongly in wound repair than in healthy
tissue.

Lastly, a cytokine that signals endothelial cells to enter
the mitotic stage is the vascular endothelial growth fac-
tor (VEGF) [19]. Noteworthy, the expression of VEGF is
increased in nonfibrotic wounds compared to scar wounds.

3. Interactions between Tissues and
Biomaterials

3.1. Functional Requirements of Wound Repair Biomaterials.
Hydrogel-based dressings for skin wounds provide a barrier
between the wound and the external environment, thus
preventing infection and absorbing exudates (such as water,
plasma, and red blood cells). Similarly, biomaterials used for
internal wounds should repel or damage microbes and other
infectious agents, be hydrophilic and sufficiently porous to
absorb exuded liquids, and/or have a large enough swelling
factor to fill any voids within the damaged tissue. In order
to prevent an inflammatory response to the hydrogel itself,
the material should be biologic and degradable on a time
scale comparable to the wound healing process (on the
order of days) [20, 21]. In addition, hydrogels can serve
as delivery vehicles for drugs and other wound healing
compounds and can be manipulated to allow for controlled
release of these components in both space and time [22,
23]. Hence, the cellular response at a wound site can be
controlled and significantly accelerated by providing hemo-
static, immunomodulatory, antibiotic, angiogenesis, and cell
growth agents as regulated by hydrogel carriers.

Medical dressings are engineered to fulfill one or several
functions: stem bleeding by helping to seal the wound, absorb
plasma, blood, and other exuded fluids, debride thewound by
removing foreign objects from the site, protect the affected

area from pathogens, and aid the granulation or improve
epithelization. Depending on the goal of the treatment, the
dressing can be designed to control the moisture content
of the wound, prevent an infection, or maintain the opti-
mal microenvironment (such as pH and temperature). The
treatment goal then dictates the design parameters of the
biological dressing, such as hydrophilicity (dressing can be
either hydrophilic or hydrophobic to control the rate of fluid
passage from the wound), porosity and swelling ratio (to
allow an encapsulated drug to diffuse into the wound), and
degradation (to release the biomaterial into the wound and
aid the tissue regeneration).

More specifically, advanced wound therapies focus,
among others, on either preventing ECM damage by deliver-
ing specific proteins to the wound site or enabling ECM syn-
thesis through various growth factors or autologous proteins.
For example, ECMs contained in hydrogel-based dressings
can allow cellular adhesion and thus aid tissue regeneration.

The goals listed above can be achieved with a number
of bioactive hydrogels, such as those based on collagen, HA,
chitosan, alginate, or elastin, or also multiarm (poly)ethylene
glycol (PEG) precursors. For example, certain molecules
from the ECM can be tethered to hydrogels such as PEG to
render them bioactive [24]. Such bioactive hydrogels have
been shown to be cytocompatible and do not provoke signif-
icant inflammatory responses, but they nonetheless provide
useful physical and chemical characteristics to support the
tissue regeneration process [20, 25]. For example, alginate-
based dressings usually have large swelling ratios and are
capable of absorbing large exudate volumes in wounds [26].
In addition, they can also be applied to dry wounds after a
treatment with saline. Collagen, being the main structural
protein in various connective tissues, is a prime candidate
for dressings providing ECM structures [27]. Next, chitin
and chitosan are known for their adhesive, but also antibac-
terial and fungicidal properties. This makes both polymers
useful for wound dressings in any form ranging from fibers
and membranes to larger scaffolds and hydrogels [28, 29].
Hyaluronan, another chief component of the ECM, is also
associated with ECM remodeling and contributes to cell
proliferation [9, 30]. For example, some dressings used for
chronic wound treatment utilize hyaluronan-based scaffolds,
with fibronectin connected to the protein to aid themigration
of cells into the wound. Finally, elastin is a load-bearing and a
greatly stretchable protein in connective tissue that helps, for
example, skin reestablish its barrier function after an injury
[31]. Elastin also helps induce ECM synthesis, cell migration,
and production of proteases.

Aside from their native properties, various biomaterials
can be used to deliver functional molecules to the wound
site, including therapeutics. For example, alginate and PEG
are easily functionalized using chemical conjugationmethods
[32], while poly(lactic-co-glycolic acid) (PLGA) based mate-
rials [33, 34] can be used for controlled release of molecules
embedded into the biomaterial scaffold. Stromal cell-derived
factor (SDF, a set of cytokines that activate leukocytes), VEGF,
and PDGF can be encapsulated into PLGA capsules and
released over time to induce endothelial cell migration and
vessel formation or to stabilize blood vessels and ultimately
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induce angiogenesis. As a result, PLGA finds applications in
sutures and implants due to its degradation properties.

By functionalizing biomaterials or tuning their physical
properties, it is possible to design novel wound healing
materials with optimal antibacterial, anti-inflammatory, and
adhesive properties. To induce desired hemostatic processes,
glycoproteins such as the vWF can be encapsulated into the
biomaterials scaffolds [35]. In addition, anti-inflammatory
molecules can be delivered to the wound site encapsulated in
calcium alginate gels [26]. Finally, the antibacterial properties
of some biomaterials dressings can be boosted by encap-
sulating antibacterial agents such as vancomycin [36] and
amoxicillin [37] into the scaffolds and hydrogels.

3.2. Biomaterials Interactions at the Surface. The surface
interaction between biomaterials and the damaged tissue
occurs at various length scales, from the organ (millimeters
to centimeters) and tissue scale (millimeters) to the scale
of individual cells (micrometers) and proteins (nanometers)
[38, 39]. A tissue or part of an organ can be in contact with a
biomaterial-based ECMor dressing for weeks, and in the case
of organs even up to months or years, and the interactions
are based on physical contact, tissue ingrowth, and chemical
bonding. The smaller the tissue component, the shorter the
interaction time: individual cells interact with a biomaterial
for days or weeks via integrin, while individual proteins (such
as glycosaminoglycans (GAGs)) interact through secondary
bonding and hydrophobic interactions on time scales as
short as seconds and minutes. Among the physical and
mechanical interaction mechanisms are the entanglement of
macromolecules and interdigitation of the ECM with the
physical biomaterial structure, for example, pores. The main
chemical type of interaction is ionic, covalent, or metallic,
and it can be accompanied by hydrogen bonding and van der
Waals and hydrophobic interactions.

Biomaterial surfaces can induce changes in cell phe-
notype, including the cell morphology, development, or
biochemical properties. Knowing this, various properties of
biomaterial-based dressings can be engineered to facilitate
an optimal tissue regeneration rate. For example, the pore
size of a scaffold can serve to regulate the migration speed
of cells: the smaller the average pore size, the lower the
fibroblast migration speed in collagen-GAG scaffolds [40].
Nonetheless, it has been shown that other cells, such as
prostate cancer cells, migrate faster than fibroblasts through
the same scaffold. In addition, a decrease in pore diameter
is linked to an increase in the specific biomaterial surface,
offering a greater density of binding sites for cell attachment.

Using collagen as an example, one can delay the bio-
material degradation by tuning the degree of crosslinking,
grafting GAGmolecules onto collagen fibers, and preserving
the native polymer structure (or avoiding the premature
degradation of collagen into gelatin) [41]. Noteworthy, it has
been showed that the melting of the quaternary collagen
structure can reduce thrombosis by inhibiting platelet clot-
ting and decrease the inflammatory response [42]. In general,
biomaterial scaffolds (regeneration templates) can lose their
activity if their chemical composition, quaternary protein

structure, pore size, and rate of degradation are outside of the
optimal range.

4. Molecular Therapies

4.1. Drug Delivery Methods. Most therapeutics are admin-
istered orally, in the form of aerosols, liquids, capsules, or
tablets, such that they enter the circulatory system through
the gut lining (or, in the case of aerosols, through the
lung). Intravascular and intramuscular injections are another
often used transportation method that allows the circulatory
system to transport the drug throughout the body, including
to the wound site [43–46]. In the case of external or open
wounds, dressings can also contain bioactive agents that are
embedded into the biomaterial scaffold. In general, drug
delivery devices rely on their specifically designed physical
and chemical properties (described earlier) to transport the
drug and ultimately deliver the appropriate bioactive agent
at the appropriate time to the site of interest, the wound
site. The therapeutics or bioactive agents range from small-
molecule drugs to antibodies, proteins, plasmid DNA, and
oligonucleotides. Noteworthily, drug delivery devices do not
only deliver molecules to the wound site, but can also control
the presentation of the encapsulated agents. One example
is the use of genetically modified cells that are engineered
to express various growth factors or cytokines, a common
approach in gene therapy.

4.2. Gene Therapy. Gene therapy is a research field focusing
on genetic modification of cells for therapeutic purposes.
This discipline has developed approaches for permanent
or transient cellular transformation. The concept of gene
therapy arose during the 1970s when Friedmann and Roblin
proposed guidelines for the gene therapy in humans [47].
Since then, gene therapy for wound treatments has mainly
been represented in experiments with animal wound models
[48]. Nevertheless, the development of new gene therapy
protocols for treatment of a wide array ofmonogenetic as well
as multifactorial diseases has continued and lately Margolis
and coworkers reported the results of the first clinical trial in
humans for gene therapy in wound healing [49].

The cellular events driving regenerative processes are
strongly regulated by complex molecular mechanisms.
Manipulation of these mechanisms at the genetic level offers
several advantages over exogenous application of substances.

In vivo or in vitromethodologies can be employed to con-
vey genes to the tissue of interest [50]. In the first approach,
the cells are isolated, cultured, and genetically modified in
vitro and subsequently implanted into the tissue as illustrated
in Figure 2. Although laborious, themethod enables selective
gene transfer to the specific targeted cell type. The efficiency
of the transfection can be quantified and the risk of systemic
contamination can be reduced by automation. Furthermore,
the risks of detrimental effects related to systemic vector
administration are avoided. The second approach includes
direct delivery of the gene to the targeted cell. Vectors may
be directed to the site of tissue repair by topical application,
injection or carried by biomaterial scaffolds. The limitations
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Figure 2:Geneticmodifications for patient-specific therapy.This technique can be divided into threemain phases. First, a biopsy is performed
and cells are expanded in vitro. Second, a gene is introduced into these cells. Finally, the genetically engineered cells are transplanted to the
patient. The dashed box reports the different research fields involved in this type of approach.

of this method are the low transfection efficiency and the
lack of complete specificity. The selection of an appropriate
delivery system is vital for effective gene therapy. The cells
must be able to take up the transgene and express the product
within a specific time period in a required amount.Moreover,
any gene delivery technology should be nontoxic, atraumatic
and should not evoke immune responses [51].

The various delivery systems can be categorized into
biological, physical, and chemical techniques. Biological
methods are additionally classified into viral and nonviral
methods. Viral methods use viruses as vectors for delivery of
the genetic material to the recipient cell. Nonviral biological
vectors may be bacteria, bacteriophages, virus-like particles,
or biological liposomes. The nonbiological methods for gene
delivery may be physical and chemical. The transgenes to
be delivered are incorporated into closed circular DNA
molecules called plasmids. Electroporation, ultrasound, nee-
dle injection, or hydrodynamic delivery engages a physi-
cal force to deliver the transgene into the cell. Chemical
approaches use natural or synthetic substances as transgene
carriers.

The increased understanding of the complex molecular
mechanisms that regulate cells participating in tissue repair
has laid a foundation for therapeutic interventions with
the purpose of enhancing wound healing. Such therapies
could be applied to increase the rate of wound healing
and enhance the quality of newly formed tissue in wounds
complicated by delayed or insufficient healing. Furthermore,
molecular mechanisms could be manipulated to prevent

excessive scarring in fibrotic conditions such as hypertrophic
scars and keloids. In this context, gene therapy offers several
advantages over direct administration of peptide factors.
Peptides delivered to the wound environment are highly
susceptible to proteolytic degradation, lowering the effec-
tive dose. Furthermore, sequestration by the wound matrix
may prevent binding to receptors at the surfaces of cells.
Gene therapy allows sustained and regulated secretion of
factors in their proper spatial and temporal context. This
aspect is particularly important as growth factors may have
different effects depending on cell type, concentration, and
other simultaneous signals from soluble factors, adhesion
molecules, and matrix components.

Growth factor genes have been widely used in experi-
mental gene therapy to enhance wound healing. The most
commonly used approach has been to overexpress genes that
stimulate reepithelialization [52] or angiogenesis [53–56].

Gene therapy has shown great promise in the experimen-
tal setting as a way to enhance wound healing. Clinical trials
are underway to assess the safety of various gene therapy
protocols in human subjects. Further development will, how-
ever, be needed to bring gene therapy from the experimental
setting to established clinical practice. To achieve this, several
issues will have to be addressed. Technologies for gene
delivery will have to be further improved to achieve cell-
type specific and efficient transformation without eliciting an
immune response or provoking toxic reactions. Gene therapy
in wound healing should not be limited to the overexpression
of single growth factors with the aim to accelerate tissue



6 BioMed Research International

repair.The identification of new target geneswill be an impor-
tant step to increase the possibilities for quantitatively as well
as qualitatively enhanced wound healing. In particular the
targeting of genes coding for intracellular factorsmay become
a way to increase the therapeutic specificity. Furthermore,
simultaneous delivery of several transgenes, and at different
time-points, will increase the possibilities to stimulate several
events, acting in concert to enhance healing.

5. Cellular Therapies

Usually wound management involves examining the cause
of injury and letting the body to recover. The emergence
of regenerative medicine coupled with an increased under-
standing of the cellular and biochemical factors involved
in wound repair has provided new therapeutic options
which aim to alter the wound microenvironment facilitating
regeneration.

5.1. Biomaterials for Cell Therapies. Polymers originating
from biological sources are usually divided into nucleotide,
protein and poly(amino acid), and polysaccharide and
poly(hydroxyalkanoate). Biopolymers have been investigated
for the preparation of biomaterials for a range of appli-
cations. However, biomaterial scaffolds from biopolymers
often require improved mechanical properties, control of
porosity, and optimized processing for practical use, regen-
erative medicine. Many studies concerning the preparation
and application of biopolymer-based scaffolds have been
conducted. Table 1 reports references for some biopolymers.

The development of cellular therapies for wound repair
dates back more than 30 years with the publication of the
first successful protocols for the culture of keratinocytes [57].
Eventually, small sheets of cells were developed [58]. Since
these early efforts, a better understanding of the wound heal-
ing process, coupled with advances in cell culture techniques
and the development of in vitro bioreactor systems, has led to
the creation of more complex tissue engineered constructs.

Current constructs lack the functional sensory nerves.
Melanocytes have been used to repopulate burn scars and
for the treatment of vitiligo [59], but they have yet to
be included in a commercial skin substitute. A significant
limitation has been the limited viability of allogeneic cells
used in the majority of tissue engineered skin equivalents
and the high cost and limited shelf life associated with using
autologous cells. Skin needs to be capable of regeneration,
growth, and adaptation to the wound site. Cell persistence
is therefore an important consideration in developing new
skin substitutes. While the objective of cellular therapies is
to create a substitute for skin in vitro that can integrate
into the engraftment site in vivo, an alternative approach
is to engineer a biocompatible, resorbable matrix that can
recruit the native tissue cells to the injured site and facilitate
wound healing. Control of the wound microenvironment
is a critical aspect of this wound healing approach. As has
been demonstrated with the currently available living skin
equivalents, the delivery of ECM components and growth
factors, and not necessarily the delivery of cells, to the site of

Table 1: A selection of biopolymers used in wound healing.

Biologically derived polymers References
Poly(hydroxyalkanoate)s [80]
Poly[(R)-3-hydroxybutyrate] [81–83]
Worm silk [84]
Spider silk [85]
Collagen [27, 41, 42, 86]
Elastin [31, 87–90]
Resilin [91–93]
Keratin/chitosan [94]
Cellulose [95]

injury appears to have the most beneficial effect [60]. Recent
discoveries in stem cell biology and regenerative medicine
have emphasized a strategy thatmay bemore productive than
the traditional cell-centric approach. By providing the correct
microenvironmental niche, it may be possible to promote
wound regeneration in situ.

5.2. Stem Cells for Wound Healing. Treatment of nonhealing
wounds has remained difficult in spite of the better under-
standing of pathophysiologic principles. Early data suggest
the use of multipotent stem cells in order to accelerate wound
healing. Until recently, research has mostly been focused on
bone marrow-derived mesenchymal stem cells; still adipose-
derived stem cells (ADSCs) and those derived from hair
follicles gain more andmore interest for potential application
for the restoration of various injured tissues.

Stem cells are considered able to differentiate and have
a lengthy self-renewal capacity [61, 62]. These properties
have raised the hope that human embryonic stem cells
(hESCs) can be valuable for the treatment of various injuries
[63]. Notwithstanding their exceptional potential, the use
of embryonic stem cells remains debated in scientific and
political circles. To circumvent ethical issues, Yamanaka
and coworkers created pluripotent somatic cells by direct
reprogramming and generated pluripotent stem cells from
human somatic cells that were analogous to hESCs [64, 65].
Therefore, stem cells derived from adult sources could poten-
tially be similar to embryonic stem cells. The opportunity to
regenerate injured tissues is opening theway to new cures that
require strict assessment in preliminary clinical trials.

Encouraging findings from stem cell-based treatments
in postinfarction myocardial repair [66] have led to the
application of similar strategies in order to treat skin
wounds [67–70]. Nonetheless, stem cells use seems beneficial
over diffusible factors because stem cells can interact with
their wound microenvironment [71]. Conversely, despite
the above-mentioned improvement in wound healing using
various stem cell lines, several issues need to be pondered
before administering stem cells to patients. For example, stem
cells functionality decreases with age; thus, older patients
may not present the perfect population as donors [72].
Also, the risk of immunological rejection upon transplant or
transfusion must be considered in case of using stem cells
from allogenic sources. The mode of stem cells delivery is
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another frequently discussed issue. Ideally, stem cells should
keep their multipotency until administered in order to boost
engraftment [70].

In conclusion, wound healing necessitates a sound com-
bination of cell migration and proliferation, in addition to
ECM deposition, angiogenesis, and remodeling. A variety of
sources have been exploited to isolate stem cells for wound
healing. Still, additional efforts are necessary in order to solve
the many questions on stem cells’ clinical application.

6. Conclusion and Outlook

Over the past decades, extraordinary advances and improved
understanding in medicine, materials science, and engineer-
ing have led to great achievements in drug delivery and
wound healing. In addition, microfluidic technologies have
shownunparalleled advantages for biomaterials synthesis and
for design of drug delivery systems based on cells. Further-
more, generation of concentration gradients of biochemical
molecules [73] and within hydrogels [74, 75] plays a key
role in tissue morphogenesis as well as in wound healing,
bacterial invasion, and immune response. Microfluidics can
additionally offer integrated structures to resemble the in
vivo cellular environment. The transition from 2D to 3D
cell culture has developed as a growing number of studies
have established meaningful changes in the morphology,
migration, differentiation, and viability of cells between 3D
and 2D. Hence, efforts have been made to produce 3D
platforms to mimic the in vivo microenvironment [76–78].
Based on these events, we expect that in the future integrated
microfluidic devices for wound care will be able to monitor
all the vital signs of the healing process, such as oxygen levels
and temperature, and make adjustments when needed and
communicate the information to health professionals on- or
off-site [79].

Challenges, however, still exist. For example, gene deliv-
ery technologies will require further improvement to enable
cell-type specific and efficient transformation without pro-
voking an immune response. Ideally, both cellular and acel-
lular treatments should enable delivery and spatiotemporal
control of multiple molecules at the wound site without
requiring intervention from a medical professional. Finally,
the identification of new target genes as well as new biomate-
rial compounds with multiple tunable characteristics will be
vital to a major step forward in wound healing treatments.
Thus, future investigation in this path will be of tremendous
relevance for translational medicine and therapeutics appli-
cations.
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Poly-lactic-co-glycolic acid (PLGA) is one of the most widely used synthetic polymers for development of delivery systems for
drugs and therapeutic biomolecules and as component of tissue engineering applications. Its properties and versatility allow it to
be a reference polymer in manufacturing of nano- and microparticles to encapsulate and deliver a wide variety of hydrophobic and
hydrophilic molecules. It additionally facilitates and extends its use to encapsulate biomolecules such as proteins or nucleic acids
that can be released in a controlled way.This review focuses on the use of nano/microparticles of PLGA as a delivery system of one
of the most commonly used growth factors in bone tissue engineering, the bone morphogenetic protein 2 (BMP2). Thus, all the
needed requirements to reach a controlled delivery of BMP2 using PLGA particles as a main component have been examined.The
problems and solutions for the adequate development of this system with a great potential in cell differentiation and proliferation
processes under a bone regenerative point of view are discussed.

1. Introduction

Bone regeneration is one of the main challenges facing us in
the daily clinic. Immediately after a tooth extraction, normal
biological processes remodel the alveolar bone limiting in
some cases the possibility of future implant placement.
Different strategies for the preservation of that bone have
been explored in recent years. Other conditions, such as
trauma, tumor resective surgery, or congenital deformities,
require even higher technical and biological requirements
to generate the necessary bony structure for the occlusal
rehabilitation of the patient. To overcome these anatomical
limitations in terms of bone volume, different approaches
have been proposed to either improve the implant osteoin-
tegration or to augment the bone anatomy where it will be
placed [1, 2]. Autogenous bone graft is still considered the
“gold standard” due to its osteogenic, osteoconductive, and
osteoconductive properties [3, 4]. However, it also presents
several limitations including the need for a second surgery,

limited availability, and morbidity in the donor area [5].
Therefore, other biomaterials such as allogeneic grafts, with
osteoconductivity and osteoinductive capacities [6, 7], and
xenogeneic grafts [8, 9] and alloplastic biomaterials [10],
with osseoconductive potential, were proposed. All these
materials, although acceptable, are not suitable in many
conditions and usually require additional consideration in
the decision process [11]. Additionally, the bone quantity and
quality that can be obtained with these materials are often
limited.

The use of bioactive molecules, alone or in combina-
tion with the previously described materials, has, therefore,
become amajor area of interest thanks to their high potential.
When using this kind of procedures, it is important to
consider (1) the delivery method and (2) the molecule itself.
Bioactive molecules can be transported into the defect area
as a solution or a gel, embedded in sponges, adhered to solid
scaffolds and, more recently, included in particles of different
sizes. Using these methods, PDGF (platelet-derived growth
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factor), FGF (fibroblast growth factor), IGF (insulin growth
factor), Runx2, Osterix (Osx), LIM domain mineralization
protein (LMP), BMP (bone morphogenic protein) and, more
recently, periostin have been proposed as potential candidates
for regeneration procedures within the oral cavity, including
bone and periodontal tissues [12, 13]. These molecules have
been tested alone or in combination with stem cells [14] using
several in vitro and in vivo strategies [15].

Consequently, within the context of this review, we intend
to review the delivery methods of bioactive molecules with
the purpose of bone regeneration, with a particular focus on
polymeric nano/microparticles, especially those with PLGA
as main component, to encapsulate the growth factor BMP-
2. An overview of the biological functions of bone morpho-
genetic proteins and an analysis of the different parameters
affecting the physicochemical properties of these systems are
presented. Synthesis method, particle size and morphology,
use of stabilizers and their incidence in the colloidal sta-
bility, protective function, and surface functionality will be
discussed. In addition, we explore the different strategies that
can be used to optimize the encapsulation efficiency and
release kinetics, main parameters that determine the correct
development of polymeric carriers used in tissue-engineered
bone processes.

2. BMPs: Action and Regulation

For bone regeneration, in particular, bone morphogenetic
growth factors (BMP) are probably the more tested group
of molecules. Since 1965, when Urist [16] showed that the
extracted bone BMPs could induce bone and cartilage forma-
tion when implanted in animal tissue, an increasing number
of reports have tested its in vivo application and biological
foundation when used in bone defects [17–19]. BMPs are
members of the TGF-𝛽 superfamily of proteins [20]. The
BMP family of proteins groups more than 20 homodimeric
or heterodimericmorphogenetic proteins, which functions in
many cell types and tissues, not all of them being osteogenic
[21]. BMPs can be divided into 4 subfamilies based on their
function and sequence, being BMP-2, BMP-4, and BMP-
7 the ones with osteogenic potential [21]. The actions of
BMPs include chondrogenesis, osteogenesis, angiogenesis,
and extracellular matrix synthesis [22]. Within this fam-
ily of proteins, BMP-2 has been the most studied. It has
osteoinductive properties that promote the formation of new
bone by initiating, stimulating, and amplifying the cascade
of bone formation through chemotaxis and stimulation
of proliferation and differentiation of the osteoblastic cell
lineage [5, 17, 19, 20].The absence of it, as studied in knockout
models, leads to spontaneous fractures that do not heal with
time [23]. In fact, other models have demonstrated that the
absence of either BMP-4 [24] or BMP-7 [25] do not lead to
bone formation and function impairmentwhich demonstrate
the compensatory effect produced by BMP-2 alone [26].

Many cell types in bone tissue produce BMPs, including
osteoprogenitor cells, osteoblasts, chrondrocytes, platelets,
and endothelial cells. This secreted BMP is then stored in the
extracellular matrix where it mostly interacts with collagen
type IV [27]. During the repair and remodeling processes,

BMPs

BMPR-I BMPR-II

Smad 1 Smad 5

Smad 8
Smad 4

Runx2, Dlx5, Osterix

Osteogenesis

Bone resorption

Figure 1: Schematic representation of the main BMP molecular
pathway to osteogenesis. BMPs interact with cell surface receptors
I and II to activate Smads 1, 5, and 8. These activated Smads activate
Smad 4. All together as a protein complex activate Runx2, Dlx5, and
Osterix.

osteoclast resorptive activity induces the release of BMPs to
the medium so that they are suspended and can interact with
nearby cells to initiate the subsequent osteogenic process [28].

A BMP in the extracellular matrix binds to cell surface
receptors BMPR-I and BMPR-II and activates the Smad
cytoplasmic proteins or the MAPK pathway [29]. When
BMPR-I is activated, BMPR-II is recruited and activated
as well [30]. The activation of the complexes BMPR-I and
BMPR-II leads to the activation of several Smads (1, 5, and 8)
that also activate Smad 4 and they all form protein complexes
that are transported into the nucleus where Runx2, Dlx5,
and Osterix genes (important in osteogenesis) are activated
[26, 27] (Figure 1). Similarly, when the MAPK pathway
is activated, it leads to induction of Runx2 transcription
and, therefore, to bone differentiation [31]. A number of
extracellular and intracellular antagonists have also been
described, including noggin, chordin, and gremlin or Smads
6, 7, and 8b, respectively [32].

2.1. Clinical Use of BMP-2. Today, the BMP-2 is commercially
available under different brand names and concentrations. It
usually consists of a collagen absorbable sponge embedded
with recombinant human BMP-2. In 2002, it was approved
by the FDA as an alternative of autogenous bone grafting
in anterior lumbar interbody fusion [33]. Later, in 2007, the
FDA approved the use of rhBMP-2 as an alternative for
autogenous bone grafting in the increase of the alveolar crest
defects associated with the tooth extraction maxillary sinus
pneumatization [33].

Beside the applications in spine clinical studies, where
very high concentrations are used (AMPLIFY, rhBMP-2,
40mg), clinical studies have supported its use in the oral
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cavity. BMPs have been used in periodontal regeneration,
bone healing, implant osteointegration, oral surgery with
orthodontic purposes, bone pathology sequel repair, distrac-
tion osteogenesis, and endodontic reparative surgery [28, 34].
However, it has shownmore promising results in cases where
only bone tissue is to be regenerated, including preimplant
site development, sinus lift, vertical and horizontal ridge
augmentation, and dental implant wound healing [35]. In this
sense, it has been shown that the use of rhBMP-2 induced the
formation of bone suitable for placement of dental implants
and their osteointegration [36]. Furthermore, it appears that
the newly formed bone has similar properties to the native
bone and is, therefore, capable of supporting denture occlusal
forces [37]. In the particular case of sinus lifting, where bone
deficiency is greater and, therefore, supportive therapies can
be more helpful, a recent meta-analysis found a total of 3
human studies and 4 animal trials (Table 1) [38]. In summary,
the included studies concluded that rhBMP-2 induces new
bone formation with comparable bone quality and quantity
of newly formed bone to that induced by autogenous bone
graft. In some cases, even higher bone quality and quantity
have been reported [39].

Conversely, recent studies report severe complications
after its use [61]. Even more, high doses have also associated
with carcinogenic effects, which led the authors to emphasize
the need for better guidelines in BMP clinical use [62]. Not
so drastic, recent studies are highlighting the negative side
effects and risks of its application, making high emphasis
on potential bias of nonreproducible industry sponsored
research, especially when used in spinal fusion [44, 63, 64].
The use of rhBMP-2 has been shown to increase the risks for
wound complications and dysphagia with high effectiveness
and harms misrepresentation through selective reporting,
duplicate publication, and underreporting [44]. Specifically
in oral bone regenerative applications, a report in sinus lift
concluded that the use of BMP-2 promotes negative effects
on bone formation when combined with anorganic bovine
bone matrix versus anorganic bovine bone alone [41], in
contrast with previous reports and reviews [38]. Taking
together this information, it can be concluded that it is of
extreme importance to be careful with the clinical use of new
products, avoiding off-label applications. It is also important
to highlight the need for more and better clinical research.

To overcome these limitations, new strategies, such as
the use of ex vivo BMP-2-engineered autologous MSCs [65],
encapsulation of the protein in different biomaterials, or
delivery by gene therapy, are being explored in recent years.

The development of these technologies is based on some
biological facts. In vitro effects of BMPs are observed at very
low dosages (5–20 ng/mL), although current commercially
available rhBMPs are used in large dosages (up to 40mg of
some products) [28]. This is probably due to an intense pro-
teolytic consumption during the early postsurgical phases. It
is important to know the proper sequence of biological events
that lead to normal tissue healing. Then, this knowledge can
be used to intervene at the specific time frame where our
therapy is intended to act [15]. Effective bone formation, as
described above, is a sequential process.Therefore, the induc-
tive agent should be delivered at a maintained concentration

during a timeframe. In this sense, as in many other processes
in medicine, it has been recently demonstrated that long-
term release of BMP-2 is more effective than short-term over
a range of doses [51]. It is also important to note that the
role of other molecular pathways and crosstalk between the
different components playing in bone regeneration is not
perfectly understood yet, and, therefore, more research has
to be conducted.

What is known so far, in summary, is that BMPs, specif-
ically BMP-2, is of utility for promoting bone regeneration
[28]. However, the currently FDA-approved BMP-2 delivery
system (INFUSE, Medtronic Sofamor Danek, Inc.) presents
important limitations [66]. Firstly, protein is quickly inacti-
vated.Therefore, its biological action disappears, maybe even
before the blood clot that forms after the surgery is being
organized. Second, the recombinant protein is delivered in
an absorbable collagen sponge. Thus, the distribution of
the BMP in a liquid suspension embedded into a collagen
sponge makes it impossible to be certain that the protein is
reaching the ideal target. Therefore, where, when, and for
how long a dose of BMP-2 is reached (determined by the
delivery method) are important factors. Because of that, new
forms of BMP-2 delivery are being developed. These new
technologies have to guarantee a higher half-life of the protein
and a stepped release, to increase the effects on the desired
cell targets. The biotechnology opens the door to be able to
provide a solution to these limitations.

Biodegradable nanoparticles (nanospheres and nanocap-
sules) have developed as a promising important tool for
the delivery of macromolecules via parenteral, mucous, and
topical applications [67–70]. Well-established biodegradable
polymers such as poly(acid D, L-lactic) or poly(D, L-lactic-
co-glycolic) have been widely used in the preparation of
nanoparticles in recent decades because of its biocompati-
bility and full biodegradability [71]. However, it is known
that certain macromolecules, such as proteins or peptides,
may lose activity during their encapsulation, storage, delivery,
and release [72]. To overcome this problem, the addition of
stabilizers such as oxide polyethylene (PEO) or the coencap-
sulation with other macromolecules and its derivatives seem
to be a promising strategy.

3. Polymeric Colloidal Particles to Encapsulate
Hydrophilic Molecules

Generally, polymeric colloidal particles are hard systems
with a homogeneous spherical shape composed by natural
or synthetic polymers. In order to encapsulate hydrophilic
molecules as proteins or nucleic acids, it is necessary to opti-
mize the polymeric composition and the synthesis method.
In this process, a high encapsulation efficiency, maintenance
of the biological activity of the encapsulated biomolecule, and
obtaining of an adequate release pattern have to be achieved
[73–75]. Several delivery systems of BMP2 (and other growth
factors, GFs) using polymeric particles have been described
in the literature. Most of them are microparticulated systems
using the biocompatible and biodegradable PLGA copoly-
mer as main component [76, 77]. Taking into account the
incorporation of BMP2 to the carrier system, encapsulation
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Figure 2: Double emulsion procedure (water/oil/water emulsion, W
1
/O/W

2
) to obtain PLGA micro/nanoparticles. Depending on the

synthesis conditions (stabilizers, solvents and mixing procedure) it is possible to obtain micro-nanospheres with a uniformmatrix or micro-
nanocapsules with a core-shell structure. Immunoparticles used for directed delivery can be obtained by attaching specific antibodymolecules
on the particle surface.

is preferred to absorption because the growth factors are
more protected against environmental factors in the medium
and may have better control over the delivery and release to
achieve the desired concentrations in specific site and time
[78].

Normally, if the GFs are related with bone regeneration
processes, nano-microparticles are trapped in a second sys-
tem as hydrogels or tissue engineering scaffolds, which also
play an important role in the release profile of GFs from
these particles [78]. The nano-microparticles have allowed
the development of multiscale scaffold, thereby facilitating
control of the internal architecture and adequate patterns of
mechanical gradients of cells and signaling factors [79].

All steps, from the synthesis method and its characteris-
tics, the encapsulation process, or the final surface modifica-
tion for a targeted delivery, determine the characteristics of
these systems and their main goal: the controlled release of
bioactive GFs.

3.1. Synthesis Methods. It is possible to found several pro-
cedures to encapsulate hydrophilic molecules as proteins
or nucleic acids in polymeric nano/microparticles. Phase

separation [80] or spray drying [81] techniques have been
reported to encapsulate hydrophilic molecules. However, in
the case of proteins, the most normally used procedure
to encapsulate them into PLGA micro- and nanoparticles
is the double-emulsion (water/oil/water, W/O/W) solvent
evaporation technique [75, 82]. A schematic description of
this technique is presented in Figure 2. In a general way,
PLGA is dissolved in an organic solvent and emulsified, using
mechanical agitation or sonication, with water containing
an appropriate amount of protein. Thus, a primary water/oil
(W/O) emulsion is obtained. In the second phase, this
emulsion is poured into a large polar phase leading to an
immediate precipitation of the particles as a consequence
of the polymer shrinkage around droplets of the primary
emulsion. This phase may be composed of a water solution
of a stabilizer (surfactant) or ethanol-water mixtures [83,
84]. After stirring, the organic solvent is rapidly extracted
by evaporation under vacuum. A wide list of different
modifications have been tested in this procedure in order to
obtain a micro/nanocarrier system with adequate colloidal
stability, high encapsulation efficiency, adequate bioactivity,
and, finally, a long-time release profilewith low “initial burst.”
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The goal is to avoid a high amount of protein (>60%) being
released very quickly (24 hours), which is one of the biggest
problems of a controlled release system [76].

3.2. Organic Solvent. Hans and Lowman show different
examples of organic solvents used in multiple emulsion
processes. Normally, dichloromethane (DMC), ethyl acetate,
acetone and their mixtures can be used [82]. In the first step,
a good organic solvent with low water solubility to facilitate
the emulsification process and low boiling point for an easy
evaporation would be the election. However, the structure
of the encapsulated protein molecules can be affected and
denaturation processes and loss of biological activity appear
when they interact with a typical organic solvent as DMC
[73]. Ethyl acetate, on the other hand, exerts less denaturating
effects with a lower incidence on the bioactivity of the
encapsulated proteins [85].

Other important factors related with the organic solvent
are their physical properties that affect how the polymer
tails self-organize in the shell of the emulsion droplets and
modify the nanoparticle morphology and the encapsulation
efficiency [86]. In this way, a higher water solubility of
the organic solvent, that is, ethyl acetate, favors a rapid
solvent removal. Additionally, the solvent removal rate can
be controlled by adjusting the volume of the polar phase as
well as the shear stress during the second emulsification step.
An increase of these two parameters increases the diffusion
rate of ethyl acetate from primary microparticles to outer
aqueous phase, resulting in their rapid solidification [87]. It
also enhances the encapsulation efficiency andminimizes the
contact-time between protein molecules and organic solvent
[88], obtaining at the same time a lower burst effect and a
slower drug release from the microparticles [87].

3.3. Particle Size and Morphology. Particle size is an impor-
tant parameter and one of the main goals of the delivery
polymeric system. Microspheres, from a few micrometers up
to 100 𝜇m, are suitable for oral delivery, mucosal adhesion, or
inside scaffold use, that is, for bone regeneration. Nanoscale
dimension of the carrier offers enhanced versatility when
compared with particles of larger size. This is due to the
fact that they have higher colloidal stability, improved dis-
persibility and bioavailability, more reactive surface and also,
can deliver proteins or drugs inside and outside of the
corresponding cells [89]. BMP2 promotes bone formation
and induces the expression of other BMPs and initiates the
signaling pathway from the cell surface by binding to two
different surface receptors [22]. Therefore, the BMP2 carrier
particles must release it into the extracellular medium. Since
cellular intake of PLGAnanoparticles is very fast, the intaking
process can be limited by an increase in size from nano-
to microparticles [90]. However, the interaction between
particles and cells is strongly influenced by particle size. If
cell internalization is desired, the particle must be comprised
in the submicron scale at an interval between 2 and 500 nm
[91]. Moreover, this size is needed for a rapid distribution
after parenteral administration in order to reach different
tissues through different biological barriers. In addition,

Figure 3: Scanning electron microscopy (SEM) photography of
PLGA nanoparticles obtained by a double emulsion emulsification
procedure.This systemwith spherical shape, low polydispersity, and
nanoscopic scale shows the intended properties for an adequate
physiological distribution and cell internalization.

the intake by macrophages is minimized with a diameter
of nanoparticles under 200 nm and even smaller [82, 92].
As discussed by Yang et al. [93], slight modifications of
the synthesis procedure can suppose drastic effects on the
size or particle morphology and, therefore, in the protein
encapsulation efficiency and kinetic release.

In double emulsion processes, the first emulsification
step largely determines the particle size while the second
emulsification step, characterized by the solvent elimination
and polymer precipitation, mainly affects the particle mor-
phology [86]. However, the use of surfactant solutions as
the polar medium of the second emulsification process and
the volume ratio between organic and polar phases in this
step has shown an important influence in the final size [94].
Therefore, the correct election of the organic solvent, the
polymer concentration, the addition of surfactant, and the
emulsification energy allow controlling the size of the system.

The incorporation of poloxamers (F68) in the organic
solvent of the primary emulsification helps to increase the
colloidal stability of the first dispersion by being placed
at the water/oil interface. This reduces the particle size in
comparison with pure PLGA nanoparticles in which the
only stability source comes from electric charge of the
carboxyl groups of the PLGA [95]. It is normal to obtain
spherical micro/nanospheres with a polymeric porous core.
A typical SEM micrograph of PLGA nanoparticles obtained
by W/O/W emulsion using a mixture of organic solvents
(DCM/acetone) and ethanol/water as second polar medium
is shown in Figure 3, in which the spherical shape and
uniform size distribution are the main characteristics. The
outer polymeric shell in the second emulsification step
pushed the water droplets to the inner core according to their
solidification process [96]. This process allows producing
particles like capsules with a core-shell structure in which
the inner core has a low polymer density. Figure 4 shows a
typical core-shell structure in which the polymer precipitates
and shrinks around the water droplets during the solvent
change of the second phase and the subsequent organic
solvent evaporation process [97]. In this case, the process of
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(a) (b)

Figure 4: PLGA/poloxamers188 blend nanoparticles. (a) Scanning transmission electron microscopy (STEM) photography; (b) scanning
electron microscopy (SEM) photography. STEM technique allows the analysis of the nanoparticle structure with an internal region with a
low polymer density, which is representative of nanocapsules with core-shell structure.

solidification of the polymer is influenced and determined by
the miscibility of the organic solvent with the second polar
phase and the removal rate.

The polymeric shell often presents channels or pores as
a consequence of the inner water extrusion due to osmotic
forces.This can reduce the encapsulation efficiency and favors
a fast initial leakage with the unwanted “burst release” [93].
This modification of internal structure of the particles is
usually indicated assigning the term “nanosphere” to the
system with a core consisting of a homogeneous polymer
matrix. The bioactive agent is dispersed within them, while
the core-shell structure would be similar to a “nanocapsule”
where the biomolecule is preferably in the aqueous cavity
surrounded by the polymeric shell [78] (see Figure 2).

3.4. Stabilizer Agents

3.4.1. Colloidal Stability. The double emulsion method nor-
mally requires the presence of stabilizers in order to confer
colloidal stability during the first emulsification step, to
prevent the coalescence of the emulsion droplets, and, later,
tomaintain the stability of the final nano/microparticles [98].
Polyvinyl alcohol (PVA) and PEO derivate as poloxamers
(also named pluronics) have been used inmost cases [83, 94].
Others include natural surfactants, such as phospholipids
[99, 100]. In some cases, it is possible to avoid surfactants
if the particles have an electrostatic stability contribution,
that is, from the uncapped end carboxyl groups of the PLGA
molecules [101].

As it has been previously commented, PVA and polox-
amers have shown their efficiency in synthetizing both nano-
and microparticles, affecting not only the stability of the
systems but also their size and morphology. Thus, a size
reduction effect has been found using PVA in the external
water phase, affecting at the same time the surface porosity,

mainly in microsized particles [94]. A comparative study
between this and phospholipids (di-palmitoyl phosphaty-
dilcholine, DPPC) as stabilizers showed that DPPC could
be a better emulsifier than PVA to produce nano- and
microparticles. With this method, a much lower amount of
stabilizer was needed to obtain a similar size. In the same
study, a higher porosity on the particle surface for the PVA
emulsified nanospheres was shown [99].

On the other hand, the combination of PLGA with
poloxamers has shown positive effects for the nano- and
microsystems in terms of stability [102]. The use of these
surfactants in the first or second steps of the W/O/W
emulsion procedure leads to different situations. Thus, if
poloxamers are blended with PLGA in the organic phase
of the primary emulsification, an alteration of the surface
roughness is obtained. However, if these are added in the
inner water phase, an increase of porosity is found [83]. In
addition, their inclusion in the polar phase of the second
emulsification step also generates hydrophilic roughness
surfaces. A quantification of this is shown in Figure 5, in
which the electrophoretic mobility of both PLGA pure and
PLGA/pluronic F68 nanoparticles is measured as a function
of the pH of the medium. The observed dependence with
this parameter is a consequence of the weak acid character
of the PLGA carboxyl groups. When poloxamer molecules
are present at the interface, a systematic reduction ofmobility
was found as a consequence of the increase in the surface
roughness. The hydrophilic surfactant chains spread out
towards the solvent originating a displacement of the shear
plane and the consequent mobility reduction [95, 101].

The final PLGA particle size is primarily controlled by
electrostatic forces and is not significantly affected by the
presence or nature of poloxamer stabilizers [101]. The recog-
nition of the nanocarriers by the mononuclear phagocytic
system (MPS) can be significantly altered if the surface of
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Figure 5: Electrophoretic mobility versus pH for PLGA nano-
particles with different characteristics. () PLGA, (◼) PLGA/polox-
amer188 blend, and (∙) PLGA covered by Immuno-𝛾-globulin. The
different surface composition affects the electrokinetic behaviour
of bare nanoparticles. Surface charge values were screened by the
presence of nonionic surfactant as poloxamers, or, in a higher
extension, by the presence of antibody molecules attached on the
surface.

colloidal particles is modified by using PEO block copoly-
mer of the poloxamer molecules. The steric barrier given
by these surfactant molecules prevents or minimizes the
adsorption of plasma protein and decreases the recognition
by macrophages [103]. The size of microspheres is also
unaffected by the coencapsulation of poloxamers. The sys-
tem containing poloxamer-PLGA blends drive to an inner
structure displaying small holes and cavities in relation with
microspheres of pure PLGA with a compact matrix-type
structure [83].

Microparticles formulated by poloxamer in the second
polar medium have completely different surface than the
PVA ones, almost without pores [94]. A comparison between
different poloxamers shows that the hydrophilic-lipophylic
balance (HBL) of the surfactant plays a crucial role determin-
ing the surfactant-polymer interactions and controlling the
porosity and roughness of the nano-microparticles [83, 104].

In a similar manner to surfactants, polymer character-
istics, like the hydrophobicity grade, the molecular weight
or the hydrolysis degradation rate, can strongly influence
the particlemorphology.Therefore, the polymer composition
of the particles greatly affects its structure and properties.
This is why it is usual to use other polymers in order to
modify the behavior and application of the particles. In
this way, polyethylene glycol (PEG) of different chain length
is frequently used to modify the surface characteristics.
With PEG, particles are more hydrophilic and with rougher
surfaces which affects the MPS action by increasing the
circulating-time and half-life in vivo, like the presence of PEO
chains [105]. Additionally, PEG chains also provide colloidal
stability via steric stabilization. Pegylated-PLGA nano- or
microparticles can be normally obtained by using in the

synthesis method PLGA/PEG di- and triblock copolymers
[58, 59, 75]. Natural polymers as chitosan, besides modifying
the hydrophobicity-hydrophilicity ratio of the surface, also
confer them a mucoadhesive character [106].

3.4.2. Encapsulation Efficiency and Bioactivity. Furthermore,
the use of stabilizers (surfactants or polymers) also influ-
ences the encapsulation efficiency and the protein stability.
In fact, for the W/O/W solvent evaporation process, the
chlorinated organic solvent used for the first emulsification
could degrade protein molecules encapsulated in this step
if they come into contact with the organic/water interface,
causing their aggregation or denaturation [107].Thepolymer-
protein interaction, the shear stress for the emulsification
process, and the pH reduction derived from PLGA polymer
degradation can also produce the same situation with the
subsequent loss of biological activity of the encapsulated
biomolecules. Different strategies to prevent it have been
used. For example, an increase of the viscosity around protein
molecules can help to isolate them from their microenviron-
ment [108]. In this way, viscous products, such as starch, have
been used to prevent protein instability [109]. These authors
coencapsulate BMP2 with albumin inside starch microparti-
cles using other biodegradable polymer, poly-𝜀-caprolactone,
instead of PLGA. The BMP2 retained its bioactivity. Despite
a low encapsulation rate, beside an initial burst followed
by an uncompleted release, the amount of BMP2 needed
at the beginning was lower [109]. The combination of PEO
surfactants with PLGA (blended in the organic phase) can
also preserve the bioactivity of microencapsulated proteins
[110] or nucleic acids [84].

However, in most cases, the coencapsulation of GFs
with other biomolecules was the preferred strategy. Thereby,
serum albumins (SA) have shown the capacity to limit the
aggregation-destabilization of several proteins incited by the
water/organic solvent interface of the primary emulsification
process [111, 112]. White et al. encapsulated lysozyme inside
PLGA-PEG microparticles. In addition to the protective
function, they also observed an important increase of the
entrapment efficiency when human SA was coencapsulated
with lysozyme and BMP2 [59]. d’Angelo et al. used heparin
as stabilizer because it forms a specific complex with several
GFs, stabilizes their tridimensional structure, and promotes
their bioactivity. An encapsulation efficiency of 35% was
increased to 87% using bovine SA as a second stabilizer to
encapsulate two natural proangiogenic growth factors inside
PLGA-poloxamer blended nanoparticles.The in vitro cellular
assays showed the preservation of the biological activity of
GFs up to one month [56].

The use of more hydrophilic surfactants (poloxamers)
or polymers (PEG) in the inner water phase or blended
with PLGA in the organic phase of the primary emulsion
reduces the interaction of encapsulated proteins with the
hydrophobic PLGA matrix. This prevents disrupting the
structure of the protein molecules and helps, at the same
time, to neutralize the acidity generated by the hydrolytic
degradation of the PLGA [113]. In some cases, the combina-
tion of several stabilizers, such as poloxamers, trehalose, and
sodium bicarbonate, has been shown to preserve the integrity
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of encapsulated proteins but it also reduces the encapsulation
efficiency [114].

As a general rule, encapsulation efficiency increases with
the size of the particles [82]. Additionally, the adequate sta-
bilization of the primary emulsion by amphiphilic polymers
and a rapid solidification (precipitation) of polymer in the
second step are favorable parameters for enhancing protein
entrapment efficiency in the W/O/W emulsion technique
[87].

The tendency of BMP2 to interact with hydrophobic
surfacesmay decrease the loss of encapsulated protein during
the extraction of the solvent phase. This favors a higher
entrapment but it lowers the later extraction [58]. An optimal
protein encapsulation is obtained when pH of the internal
and external water phases is near the isoelectric point of the
protein [92]. Blanco and Alonso [83] observed a reduction
in the protein encapsulation efficiency when poloxamer was
coencapsulated in the primary emulsion. This highlights the
main role played by the protein-polymer interaction in the
encapsulation efficiency and the later release process. How-
ever, too much emulsifier may also result in a reduction of
the encapsulation efficiency [99]. Therefore, an equilibrium
between the emulsification powder of the surfactant and their
concentration is needed.

3.5. Release Profile. The release profile represents one of the
most important characteristics of a nano/micro particulate
carrier system since their development has a main final
objective: the adequate release of the encapsulated bioactive
molecules to reach the desired clinical action.

The release pattern of protein encapsulated in PLGA
micro/nanoparticles can present different behavior. It is
possible to find a continuous release when the diffusion
of the biomolecule is faster than the particle erosion. This
process involves a continuous diffusion of the protein from
the polymer matrix before the PLGA particle is degraded
in lactic and glycolic acid monomers by hydrolysis [74]. A
biphasic release characterized by an initial burst at or near
the particle surface followed by a second phase in which
protein is progressively released by diffusion has also been
described.The second phase can be enhanced by bulk erosion
of PLGA shell and matrix which results in an important
increase of pores and channels [75]. A third triphasic release
profile has been found when a lag release period occurs
after initial burst and until polymer degradation starts [115].
Finally, it is possible to obtain an incomplete protein release
as a consequence of additional factors related with the
protein-polymer interaction or protein instability. Figure 6
illustrates the different release profiles previously described.
The optimal carrier system should be capable of releasing
a controlled concentration gradient of growth factors in
the appropriate time, preventing or at least reducing or
controlling the initial burst effect [116]. A controlled initial
burst followed by a sustained release significantly improves
the in vivo bone regeneration [117–119].

Giteau et al. [108] present an interesting revision on “How
to achieve a sustained and complete release from PLGA
microparticles.” They begin by analyzing the influence of the
release medium and sampling method on the release profile
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Figure 6: Release profiles. (I) BSA release from PLGA nanoparti-
cles with high initial burst release; (red dots line) biphasic model
combining a moderate initial burst and a subsequent sustained
release; (blue dash line) triphasicmodel with a lag of release between
both initial and sustained release phases; (dash-dot green line)
incomplete release.

and highlight the significance of the centrifugation cleaning
process or the releasemedium volume. Adjusting to adequate
values the centrifugation speed or the buffer volume, it
is possible to separate micro/nanoparticles from protein-
containing release medium in a very easy way.This allows for
stable and reproducible release patterns. On the other hand,
to ensure a better protein release profile, modification of the
microparticle formulation and microencapsulation process
in order to preserve protein aggregation has to be performed.
Protein stability has to be maintained by preventing the
formation of harmful medium. For example, the synthesis
formulation can be modified to use more hydrophilic poly-
mers, since they have been shown to reduce the initial burst
and to deliver bioactive proteins over long time periods.

The most relevant strategies are referenced below. Drug
release from PLGA nano/microparticles can be controlled
by the polymer molecular weight and the relation between
monomers (lactide/glycolide) so that an increase in gly-
colic acid accelerates the weight loss of polymer due to
the higher hydrophilicity of the matrix [75]. A mixture
of different PLGA nanoparticles obtained using 50 : 50 and
75 : 50 latide/glycolide ratio has shown a great potential for
protein drug delivery with a higher initial burst from PLGA
50 : 50. A slow release period has been observed for PLGA
75 : 50 encapsulating a glycoprotein (𝛼-1-antitrypsin) with
clinic activity in some pulmonary diseases [60].

On the other hand, a faster erosion of the microspheres
with reduction in the PLGA molecular weight due to the
facility of water penetration and the subsequent polymer
degradation has been described [83]. Schrier et al. working
withmicrospheres prepared by w/o/w using different types of
PLGA analyzed the important role of the molecular weight,
lactide-glycolide relation, and acid residues [57].The amount
of rhBMP2 adsorbed on the microparticle surface increased
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with the hydrophobicity of the polymer. At the same time, the
release was in correlation with the degradation profile of the
different polymers [57].

Thus, the use of more hydrophilic polymers reduces the
hydrophobic protein-polymer interaction. This effect favors
a more homogeneous distribution in the polymer matrix
and increases the water uptake in the microspheres. Thus,
the release rate of rhBMP2 encapsulated in microspheres
composed by a PEG-PLGA di-block copolymer is increased
with the PEG content of the polymer matrix [58]. A similar
result was obtained using PLGA-PEG-PLGA triblock copoly-
mers [59]. In this case, modifying the monomer relation
(lactide-glycolide) in the PLGA and increasing the amount
of PLGA-PEG-PLGA in the formulations, the release profile
of BMP-2 coencapsulated with human SA in microespheres
was adjustable. Similarly, the interaction of lysozyme with
poloxamer 188 before their encapsulation produces a sus-
tained release over 3 weeks without any burst effect. In the
same line, using PLGA-PEG-PLGA as polymer, a sustained
release of bioactive lysozime was extended over 45 days when
the protein was complexed with poloxamer 188 previously to
the encapsulation [120]. However, the presence of PEG300 as
an additive of the inner phase of microparticles during the
encapsulation process also influences the protein distribution
and the release profile. In this case there is a decrease of the
initial burst but with less overall release [58].

On the other hand, the use of PLGA-poloxamers blends
is useful to obtain a sustained release for more than one
monthwithout any incidence in the high initial burst [56, 92].
However, for an encapsulated plasmid inside nanoparticles
obtained by PLGA-poloxamer blends, the hydrophobicity of
the surfactant allows prolonging the release up to 2 weeks in a
controlledmanner.Moreover, a complete release was reached
for the PLGA-poloxamer blend instead PLGA nanoparticles,
in which the maximum release was around 40% [84].

PLGA and poloxamers (pluronic F68) blends can also be
used to obtain nanocomposite vesicles by a double emulsion
process. These vesicles are suitable for the encapsulation of
hydrophobic and hydrophilic molecules. The presence of
pluronic affects the colloidal stability of the vesicles and the
release pattern of the encapsulated molecules. These vesicles
present a wall of 30 nm and the drug is encapsulated in the
presence of the poloxamer [121].

Other strategies include the use of different compounds to
increase the release time.Thus, BMP2 encapsulated in PLGA-
PVA nanoparticles (around 300 nm) showed higher encapsu-
lation efficiency and a short-time release profile with a very
high initial burst. However, with the same synthesis proce-
dure (w/o/w) but using PHBV (Poly(3 hydroxybutyrateco-
3-hydroxivalerate)), BMP7 loaded nanocapsules had less
encapsulation efficiency despite a long-time delivery. Nev-
ertheless, the maximum released amount was lower. This
difference in the release profile was due to the difference
in hydrophilicity and degradation rates of both polymers
[122]. Similarly, PLGA-poloxamer blend nanoparticles were
superficially modified by introducing chitosan in the second
step of the synthesis.This method showed a sustained release
profile for up to 14 days without any initial important burst.
In this case, a recombinant hepatitis B antigen was used

[106]. Moreover, the use of heparin conjugated with PLGA
porous microspheres has also been described to obtain a
long-time delivery system reducing at the same time the
initial burst. In these systems, heparin was immobilized onto
the nano/microparticle surface. The release was controlled
by using the binding affinities of heparin to several growth
factors including BMP2. In this case, the initial burst was
reduced to 4–7% during first day followed by a sustained
release of about 1% per day [51–53].

The initial burst release may be attenuated by the
fabrication of double-wall microspheres, that is, core-shell
microparticles. The presence of a PLA shell reduces the
release rate of BSA encapsulated in the PLGA core and
extends the duration of the release profile up to two months.
Moreover, an increase in the PLA molecular weight influ-
ences the rate of particle erosion, which further slows the
protein release [123].

The modification of the viscosity in the environment
of microparticles additionally influences the release pattern.
Viscosity can control the burst at earliest time point and
promote a sustained release. This situation has been shown
for rhBMP2-PLGA microspheres embedded in a chitosan-
thioglycolic acid hydrogel (Poloxamer 407) [124]. Yilgor et
al. also incorporated the nanoparticles of their sequential
delivery system into a scaffold composed by chitosan and
chitosan-PEO [54]. In other work, PLGA/PVA microspheres
with encapsulated BMP2 were combined with different
composite biomaterials (gelatin hydrogel or polypropylene
fumarate). The sustained release of the bioactive molecule
was extended over a period of 42 days. In vivo results indicate
the importance of the composite characteristics. In this case,
an enhanced bone formation was obtained when the PLGA
microparticles were incorporated into the more hydrophobic
matrix (polypropylene fumarate) [125, 126].

Finally, Table 2 summarizes important information about
different parameters related to the use of PLGA based
nano- ormicroparticles to encapsulate, transport, and release
growth factors (mainly BMP2).

3.6. Gene Therapy for Bone Tissue Engineering: Directed
Delivery. In the last years, gene therapy has begun to play
a role in bone tissue regeneration becoming an alternative
method for the delivery of BMP2 [127, 128]. Thus, the genes
encoding a specific protein can be delivered to a specific cell,
rather than the proteins themselves. To reach this purpose,
an efficient gene vector is necessary. Viral vectors possess the
best transfection efficiency but numerous disadvantages, the
most notable of them being the risk of mutagenesis. Nonviral
vectors elude these problems but with a significant reduction
in the transfection rate [129].Therefore, intracellular delivery
of bioactive agents has become the most used strategy for
gene therapy, looking for the adequate transfection and
consequent expression of the desired protein [79].

PLGA microspheres obtained by a w/o/w double emul-
sion process have been used by Qiao et al. to entrap plasmid-
BMP2/polyethyleneimine nanoparticles. In this case, a sus-
tained release of these nanoparticles until 35 days without ini-
tial burst was found resulting in differentiation of osteoblast
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Table 2: Nano/microparticles systems to encapsulate GFs, mainly BMP2 growth factor. Most of them are in the microscopic scale and
were used to be entrapped into scaffold of different characteristics. PVA has been the more used surfactant-stabilizer. It is possible to find
both, encapsulation and surface adsorption of the growth factors with high-moderate efficiency. The use of heparin as stabilizer reduces
significantly the initial burst release, favoring a sustained release in the time. The bioactivity of the GF was preserved in most of the systems
and coencapsulation with other biomolecules seems to have a similar effect than the use of surfactants as stabilizers.

Polymers Stabilizer Size Encapsulation
% EE Release Biological activity Reference

PLGA PVA 10–20𝜇m Adsorbed
rhBMP2

20 ng/mL of
constant sustained

release

Better bone
formation after 8

weeks
Fu et al. 2013 [44]

PLGA PVA 10–100𝜇m rhBMP2-BSA
69% (BMP)

Burst (20%)
Sustained until
77% (28 days)

BMP2 molecules
with bioactivity Tian et al. 2012 [45]

PLGA 75 : 25 PVA 182𝜇m 82% —

Good bone
defect repair

outcomes within
8−12 weeks

Rodŕıguez-Évora
et al. 2014 [46]

PLGA PVA 228𝜇m 60,5%

30% initial burst.
Slower release of
4% per week. After

8 weeks 60%
released

No loss of
bioactivity

Reyes et al. 2013
[47]

PLGA/PEG
No double
emulsion
synthesis

100–200 𝜇m Adsorbed BMP2

13% initial burst.
Slower release of
0.01–8% per day.
After 23 days 70%

released

Substantial bone
regeneration of the

scaffold

Rahman et al. 2014
[48]

Different PLGA PVA 20–100 𝜇m

30% (uncapped
PLGA)

90% (capped
PLGA)

26–49% (1 day)
Total after 2 weeks

No loss of
bioactivity

Lupu-Haber et al.
2013 [49]

PLGA 75 : 25 PVA 5–125 𝜇m —
Initial burst 30% (1

day)
Sustained 35 days

Higher volumes
and surface area
coverage of new

bone

Wink et al. 2014
[50]

PLGA Heparin 200–800 nm Adsorbed BMP2
94%

No initial burst.
Sustained over 4

weeks

Significant
reduction of the
BMP2 dose for
good bone
formation

La et al. 2010 [51]

PLGA Heparin-
Poloxamer 160 nm Adsorbed BMP2

100%

Initial burst
(4–7%) linear

profile

Higher matrix
mineralization of
regenerated bone

Chung et al. 2007
[52]

PLGA Heparin 100–250 nm Adsorbed 94%
Initial burst 10% (1

day)
60% after 30 days

No loss of
bioactivity
Efficacy of

administration,
amount 50-fold

lower

Jeon et al. 2008 [53]

PLGA PVA ∼300 nm 80% 85% initial burst (1
day)

No loss of
bioactivity

Yilgor et al. 2009
[54]

PLGA (in rings) PVA 215 𝜇m 66%
Moderate burst
Sustained release
over 6 weeks

60% of calvaria
defect were healed

Rodŕıguez-Évora
et al. 2013 [55]

PLGA-
Poloxamer 188
Blend

Poloxamer 150 nm
FGF-BSA-
Heparin
60–80%

40% initial burst (1
day), 60% (30 days)

No loss of
bioactivity

d’Angelo et al. 2010
[56]

Different PLGA
polymers PVA 𝜇m order

rhBMP2
adsorption
40–75%

20–80% initial
burst (1 day) — Schrier et al. 2001

[57]
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Table 2: Continued.

Polymers Stabilizer Size Encapsulation
% EE Release Biological activity Reference

PLGA/PEG PVA 37–67 𝜇m 72–99% 33% initial burst (1
day)

Little loss of
bioactivity

Lochmann et al.
2010 [58]

PLGA/PLGA-
PEG-PLGA PVA 100 𝜇m HSA-BMP2

60%
70% initial burst (1

day)
No loss of
bioactivity

White et al. 2013
[59]

PLGA PVA 100–1000 nm Α-1-antitrypsin
90%

30% initial burst (1
day)

50% after 24 days

Biological activity
was preserved
using BSA and
𝛽-cyclodextrine.

Pirooznia et al.
2012 [60]

promoted by the correct transfection of the delivered bio-
functional BMP2-DNA [130].

In spite of the general caution with gene therapy, the
genetic delivery of BMP2 has the potentiality of a better safety
compared with the delivery of large amounts of recombinant
protein [131]. Lu et al. specify the urgent need to developmore
efficient delivery nanoparticles and transfection methods in
order to apply the nonviral vectors in stem cell engineering
and bone regeneration. Although enhanced bone formation
has been shown in several recent studies using genes such
as HIF-1𝛼 and miRNAs, new genetic sequences will be
discovered and used in bone engineering in the near future
that will most likely change our perspective [132].

PLGA nanospheres represent a well-studied biomolecule
delivery system that could be applied to cell targeting, in
order to enhance the delivery of specific proteins or nucleic
acids inside or near the bone engineering reference cells, that
is, mesenchymal stem cells [133].The targeting properties can
be supplied by a ligand functionalization strategy: modifica-
tion of the surface structure of the nanocarrier by conjugating
a cell-specific ligand to direct the release of encapsulated
biomolecules preferably in close association with the target
cells [134].The use of pegylated nanoparticles with a covalent
attachment of different ligands is reported as a potential
technique to deliver bone cell-specific biomolecules for bone
engineering [135].

Specific antibodies that recognize surface receptors in
these cells could be covalently coupled to the surface of PLGA
nanoparticles, obtaining “immunonanoparticles.” There are
several examples of antibody immobilization on surface
of PLGA nanoparticles. Kocbek et al. demonstrated the
specific recognition of breast tumor cells by a specific mono-
clonal antibody attached on PLGA fluorescent nanoparticles
obtained by W/O/W emulsion process [136]. For the surface
covalent attachment, they used a more simple carbodiimide
method, which promotes the formation of an amide bond
between free carboxylic end groups of PLGA nanoparticles
and primary amine groups of the antibody molecule [81].
This procedure can be highly influenced by the presence
of stabilizers frequently used to confer colloidal stability
to nanoparticles. The electrophoretic mobility of PLGA
nanoparticles with an antibody (immuno-𝛾-globuline anti-
human C-reactive protein) covalently attached on the surface
is shown in Figure 5. It is necessary to remark the drastic
decrease in the mobility values of the antibody-modified

nanoparticles with respect to bare PLGA nanoparticles,
which could imply low colloidal stability and the subse-
quent aggregation of the nanosystem. Santander-Ortega et
al. proposed a lower antibody loading in which the bare
PLGA patches must be coated by a nonionic surfactant in
order to obtain immunoreactive stable nanoparticles [95].
Ratzinger et al. indicated that the presence of high polox-
amer concentrations decreased the coupling efficiency to
carboxylic end groups in PLGA nanoparticles, showing that
an equilibrium that combines sufficient stability and the best
coupling efficiency is necessary [98]. To prevent this problem,
Cheng et al. synthetized carboxyl functionalized PLGA-
PEG block copolymer, attaching a specific aptamer to the
surface of pegylated nanoparticles via carbodiimide method.
In this work, an enhanced drug delivery to prostate tumors
has been shown in comparison to equivalent nontargeted
nanoparticles [137].

3.7. Scaffolds. The data reported in the literature indicate
that PLGA micro/nanoparticles are promising to achieve
a sustained, spatial, and temporally controlled delivery of
growth factors required for cell growth and cell differen-
tiation. They can be incorporated with cells in solid scaf-
fold or injectable hydrogels [73]. Scaffolds are porous 3D
structures normally used to improve tissue-engineered bone
[28]. According to Tian et al. [45], a scaffold designed
with this objective must have (1) appropriate mechanical
strength to support the growth of new bone; (2) appropriate
porosity to allow ingrowth of bone-related cells; (3) good
biocompatibility allowing the growth of cells on its surface
without being rejected by the body; and (4) low toxicity to
cells and tissues surrounded and (5) must be able to induce
osteogenic differentiation of bone-related stem cells and (6)
be biodegradable with nontoxic degradation products that
can be eventually replaced by new bone. Additionally, the
scaffold for bone regeneration must maintain the delivery or
release of BMP (growth factors) “in situ” for a long time. In
this way, nano/microparticles inside scaffolds are being used
to release an adequate flow of these signaling biomolecules
and preserve their functional structure [138]. The incorpo-
ration of colloidal micro/nanoparticles into fibrous scaffolds
adds in the possibility of multiple drugs loading. However,
this multidrug system could also involve a decrease of
the mechanical properties of the structure and a possible
loss of nanoparticles entrapped between the fibers [139].
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Considering that the in vivo half-life of most biomolecules,
especially proteins, is relatively short, it is essential that
bioactive scaffolds maintain a desired concentration “in situ”
to direct tissue regeneration. To do so, an initial release of
the encapsulated growth factor in the first hours to quickly
get an effective therapeutic concentration followed by a
sustained long-time release profile is required [139]. Most of
the polymeric particles inserted in scaffold structures are in
a micron-scale. The main objective of these microparticles
is the protection and temporary control of growth factor
delivery. However, given the porosity of these structures,
nanoparticles and especially particles of a few microns may
become more important since it is possible to design systems
with a simple and easy diffusion through the structure. This
process could allow the specific recognition of a particular
cell type, releasing their encapsulated BMPs in the same
environment and helping their differentiation to cell/bone
tissue. In any case, the larger-size microspheres might not
necessarily be useless for bone regeneration scaffolds. As the
microspheres gradually degrade, the space they occupied will
be conducive to ingrowth of tissue. In addition to affecting
the compressionmodulus of scaffolds because of their hollow
feature, the particle size of microspheres can also influence
the release of rhBMP2 [45].

4. Conclusion

The use of polymeric particles using PLGA is a promising
system for a spatially and temporally controlled delivery of
growth factors that promote cell growth and differentiation
in bone engineering and regeneration by means of their
incorporation beside cells into solid scaffold or hydrogels.

The PLGA is widely used for its biodegradability and
biocompatibility and is approved by FDA and the European
Medicines Agency for use in drug delivery systems supplied
via parenteral. On the other hand, BMPs are potent growth
factors for bone repair and specifically BMP2 shows excellent
ability to induce bone formation of adequate quality. The
procedure for synthesizing PLGA nano- or microparticles
can be modified in their different variables to obtain systems
with controlled size, in which it is possible to encapsulate
hydrophobic or hydrophilic molecules, with an adequate col-
loidal stability and the possibility of surface functionalization
for targeted delivery.

With this scenario, an optimization of methods and com-
ponentsmust balance the structure andmorphology of PLGA
micro/nanoparticles in order to achieve high encapsulation
efficiency of BMP2 and looking for a main goal: control of
delivery, reducing the initial burst, and reaching a sustained
release profile, preserving the biological activity, and directed
to the target cells tominimize the clinical amount needed and
allowing a correct bone tissue regeneration.
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[29] F. Deschaseaux, L. Sensébé, and D. Heymann, “Mechanisms of
bone repair and regeneration,” Trends in Molecular Medicine,
vol. 15, no. 9, pp. 417–429, 2009.

[30] T. D.Mueller and J. Nickel, “Promiscuity and specificity in BMP
receptor activation,” FEBS Letters, vol. 586, no. 14, pp. 1846–
1859, 2012.

[31] C. Sieber, J. Kopf, C. Hiepen, and P. Knaus, “Recent advances
in BMP receptor signaling,” Cytokine & Growth Factor Reviews,
vol. 20, no. 5-6, pp. 343–355, 2009.

[32] G. Sapkota, C. Alarcón, F. M. Spagnoli, A. H. Brivanlou, and J.
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M. Wozney, and U. M. E. Wikesjö, “Bone formation and
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[94] T. Feczkó, J. Tóth, and J. Gyenis, “Comparison of the prepara-
tion of PLGA-BSA nano- and microparticles by PVA, polox-
amer and PVP,” Colloids and Surfaces A: Physicochemical and
Engineering Aspects, vol. 319, no. 1–3, pp. 188–195, 2008.

[95] M. J. Santander-Ortega, D. Bastos-González, and J. L. Ortega-
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Benoit, “How to achieve sustained and complete protein release
from PLGA-based microparticles?” International Journal of
Pharmaceutics, vol. 350, no. 1-2, pp. 14–26, 2008.

[109] E. R. Balmayor, G. A. Feichtinger, H. S. Azevedo, M.
van Griensven, and R. L. Reis, “Starch-poly-𝜀-caprolactone
microparticles reduce the needed amount of BMP-2,” Clinical
Orthopaedics and Related Research, vol. 467, no. 12, pp. 3138–
3148, 2009.

[110] M. J. Santander-Ortega, D. Bastos-González, J. L. Ortega-
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J. Alblas, “Bone morphogenetic protein-2 plasmid DNA as a
substitute for bone morphogenetic protein-2 protein in bone
tissue engineering,” Tissue Engineering Part A, vol. 19, no. 23-24,
pp. 2686–2692, 2013.

[129] J. Fischer, A. Kolk, S. Wolfart et al., “Future of local bone
regeneration—protein versus gene therapy,” Journal of Cranio-
Maxillofacial Surgery, vol. 39, no. 1, pp. 54–64, 2011.

[130] C. Qiao, K. Zhang, H. Jin et al., “Using poly(lactic-co-glycolic
acid) microspheres to encapsulate plasmid of bone morpho-
genetic protein 2/polyethylenimine nanoparticles to promote
bone formation in vitro and in vivo,” International Journal of
Nanomedicine, vol. 8, pp. 2985–2995, 2013.

[131] C. H. Evans, “Gene delivery to bone,” Advanced Drug Delivery
Reviews, vol. 64, no. 12, pp. 1331–1340, 2012.

[132] C.-H. Lu, Y.-H. Chang, S.-Y. Lin, K.-C. Li, andY.-C.Hu, “Recent
progresses in gene delivery-based bone tissue engineering,”
Biotechnology Advances, vol. 31, no. 8, pp. 1695–1706, 2013.

[133] T.N.Vo, F. K. Kasper, andA.G.Mikos, “Strategies for controlled
delivery of growth factors and cells for bone regeneration,”



18 BioMed Research International

Advanced Drug Delivery Reviews, vol. 64, no. 12, pp. 1292–1309,
2012.

[134] W. Ji, H. Wang, J. J. J. P. van den Beucken et al., “Local delivery
of small and large biomolecules in craniomaxillofacial bone,”
Advanced Drug Delivery Reviews, vol. 64, no. 12, pp. 1152–1164,
2012.

[135] V. Luginbuehl, L. Meinel, H. P. Merkle, and B. Gander, “Local-
ized delivery of growth factors for bone repair,” European
Journal of Pharmaceutics and Biopharmaceutics, vol. 58, no. 2,
pp. 197–208, 2004.

[136] P. Kocbek, N. Obermajer, M. Cegnar, J. Kos, and J. Kristl, “Tar-
geting cancer cells using PLGA nanoparticles surface modified
with monoclonal antibody,” Journal of Controlled Release, vol.
120, no. 1-2, pp. 18–26, 2007.

[137] J. Cheng, B. A. Teply, I. Sherifi et al., “Formulation of func-
tionalized PLGA-PEG nanoparticles for in vivo targeted drug
delivery,” Biomaterials, vol. 28, no. 5, pp. 869–876, 2007.

[138] C. Romagnoli, F. D’Asta, andM. L. Brandi, “Drug delivery using
composite scaffolds in the context of bone tissue engineering,”
Clinical Cases inMineral and BoneMetabolism, vol. 10, no. 3, pp.
155–161, 2013.

[139] D. Puppi, X. Zhang, L. Yang, F. Chiellini, X. Sun, and E.
Chiellini, “Nano/microfibrous polymeric constructs loaded
with bioactive agents and designed for tissue engineering
applications: a review,” Journal of Biomedical Materials Research
Part B: Applied Biomaterials, vol. 102, no. 7, pp. 1562–1579, 2014.



Review Article
Naturally Occurring Extracellular Matrix Scaffolds for
Dermal Regeneration: Do They Really Need Cells?

A. M. Eweida1,2 and M. K. Marei3

1Department of Head and Neck Surgery, Faculty of Medicine, University of Alexandria, Alexandria 21111, Egypt
2Department of Plastic & Reconstructive Surgery, University of Heidelberg, 67071 Ludwigshafen, Germany
3Tissue Engineering Laboratories, Faculty of Dentistry, University of Alexandria, Alexandria 21111, Egypt

Correspondence should be addressed to A. M. Eweida; ahmad.eweida@alexmed.edu.eg

Received 2 March 2015; Revised 19 April 2015; Accepted 19 April 2015

Academic Editor: Francesco Piraino

Copyright © 2015 A. M. Eweida and M. K. Marei. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The pronounced effect of extracellular matrix (ECM) scaffolds in supporting tissue regeneration is related mainly to their
maintained 3D structure and their bioactive components. These decellularized matrix scaffolds could be revitalized before grafting
via adding stem cells, fibroblasts, or keratinocytes to promote wound healing. We reviewed the online published literature in the
last five years for the studies that performed ECM revitalization and discussed the results of these studies and the related literature.
Eighteen articles met the search criteria. Twelve studies included adding cells to acellular dermal matrix (ADM), 3 studies were
on small intestinal mucosa (SIS), one study was on urinary bladder matrix (UBM), one study was on amniotic membrane, and
one study included both SIS and ADM loaded constructs. We believe that, in chronic and difficult-to-heal wounds, revitalizing
the ECM scaffolds would be beneficial to overcome the defective host tissue interaction. This belief still has to be verified by high
quality randomised clinical trials, which are still lacking in literature.

1. Introduction

Theextracellularmatrix (ECM) is a complexmixture of struc-
tural and functional proteins, glycoproteins, and proteogly-
cans arranged in a unique, tissue specific three-dimensional
(3D) ultrastructure. The pronounced effect of ECM scaffolds
in supporting tissue regeneration is related mainly to two
major characteristics: the maintained 3D structure and the
bioactive components. Their natural 3D structure provides
structural support and tensile strength, attachment sites for
cell surface receptors, and a reservoir for signaling factors that
modulate angiogenesis, cell migration, cell proliferation, and
orientation in wound healing [1]. The bioactive components
include but are not limited to collagen, laminin, fibronectin,
glycosaminoglycans, and a various group of growth factors
(VEGF: vascular endothelial growth factor, bFGF: basic
fibroblast growth factor, EGF: epidermal growth factor, TGF-
beta: transforming growth factor-beta, KGF: keratinocyte
growth factor, HGF: hepatocyte growth factor, and PDGF:
platelet derived growth factor).Thepresence of such bioactive

molecules, together with their native inhibitors, in their pre-
served natural 3D spatial structure provides a very convenient
platform for cells to regenerate [1, 2].

The decellularized dermis of the skin, submucosa of
the small intestine and urinary bladder (Figure 1), and the
amniotic membrane are of the commonest sources for ECM
scaffolds used for tissue regeneration. Various market prod-
ucts were developed from naturally occurring ECM scaffolds
and were approved as wound dressing for skin wounds and
burns. Alloderm is one of the first approved acellular matrix
materials and was extensively investigated in literature. It is
processed directly from fresh cadaver skin that is treated with
high salt to remove the cellular components. It is then freeze
dried, leaving an immunologically inert acellular dermal
matrix with intact basement membrane complex. Approved
by the FDA, it has been used to treat burns since 1992.
Oasis is a product derived from porcine small intestinal
submucosa (SIS). It has been studied at Purdue University
in West Lafayette, USA, and is now commercially available
as wound dressing [3]. Graft Jacket is a cryogenically stored
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Figure 1: Urinary bladder matrix scaffold. (a) Rough surface. (b) Smooth surface. (c) UBM rough surface (SEM). (d) UBM smooth surface
(SEM). (e) Implantation of UBM on full thickness wounds in rabbits (rough surface downwards). (f) H&E section of the wound after 1 week
of grafting. Arrow points to the UBM. PC: Panniculus carnosus layer. ND: neodermis. Original magnification ×40.

acellular dermal matrix (ADM) originating from cadaveric
skin that is already approved for wound care purposes [4].
Epiflex is a human acellular dermal matrix transplant man-
ufactured from screened consenting donors [5]. Endoform is
an approved extracellularmatrix created from the submucosa
of the sheep fore-stomach, a tissue whose structure is similar
to the dermis [6]. MatriStemMicroMatrix (ACell, Columbia,
MD, USA) is a recently approved UBM scaffold for wound
regeneration [7]. Although proved beneficial for acute and
simple wounds the literature lacks high quality clinical
evidences that these scaffolds can provide the desirable effects
when applied to chronic, difficult-to-heal wounds.

The pathophysiology of chronic wounds and ulcers is
usually too complex to be reversed by adding a single factor or

cellular component. Chronic ischemic or diabetic wounds as
an example are thought to result from the combined comor-
bidities of neuropathy, vascular deficits, impaired immunity,
infection, and repeated tissue trauma, all overlapping to pro-
duce a vicious cycle that is very difficult to break [8]. Standard
surgical care of such chronic complicated wounds usually
fails to match patient’s satisfaction and restore the quality
of life, and sometimes very complex surgical procedures are
required to treat such wounds [9].

Inhibition of extracellular matrix deposition and
increased activity of matrix metalloproteinases (MMPs)
with concomitant decreased activity of MMP inhibitors
were suggested as mechanisms for delayed wound healing in
chronicwounds. Regarding the cellular factors; fibroblasts are
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usually senescent, keratinocytes show impaired migration,
and leukocytes exhibit impaired intracellular killing
functions. Recently, an impaired function of the gap
junctions has immerged as an additional pathological
mechanism leading to impaired wound healing. Associated
neuropathy leads to a decreased level of neuropeptides that
normally contribute to healing. Neuropathy reduces capillary
blood flow and vice versa [10–12]. These complex factors
and mechanisms suggest that providing the wound with a
new viable “tissue” and “milieu” is mandatory to achieve a
significant response.

The ECMs are characterized by early degradation so that
a major part of their role depends on the active interaction
with the recipient cells and tissue. In difficult-to-heal wounds
this interaction is usually defective due to a lack of reaction
by recipient cells.

In an attempt to overcome this, a process of introducing
cells into the biostatic graft, known as “revitalization,” could
help these scaffolds perform their function, at least for the
early stage after implantation. The grafted cells are usually
the recipient’s autologous cells (differentiated or stem cells)
that are seeded either directly onto the scaffold or after
retrieval and propagation in culture [13]. Revitalization of
ECM scaffolds with keratinocytes, fibroblasts, or stem cells
were shown to improve vascularization, scaffold integration,
and cellular proliferation [14–16]. We reviewed the online
published literature in the last five years for the studies that
performed ECM revitalization and discussed the result of
these studies and the related literature.

2. Materials and Methods

A PubMed search was performed for the articles published
in English language within the previous 5 years. All the
articles related to adding keratinocytes, fibroblasts, or stem
cells to naturally occurring ECM scaffolds were included.The
following string was used for the online search:

(urinary bladdermatrix ORUBMOR small intestinal
mucosa OR SIS OR decellularized skin OR alloderm
OR acellular dermal matrix OR oasis OR graftjacket
OR endoform OR matristem OR Epiflex) AND (ker-
atinocytes OR fibroblasts OR stem cells) AND (skin
regeneration OR skin repair OR skin reconstruction
OR wound OR burn) AND (English[lang]) AND
(“last 5 years”[PDat] AND (Humans[Mesh] OR Ani-
mals[Mesh:noexp]))

3. Results

The search string yielded 121 articles.The articles were filtered
according to title, abstract, and full text resulting in 18 articles
that met the search criteria. Twelve studies included adding
cells to ADM, 3 studies were on SIS, one study was on
UBM, one study was on amniotic membrane, and one study
included both SIS and ADM loaded constructs. All in vivo
studies were experimental and no single clinical study was
found.The type of the study and themost relevant results and
remarks are summarized in Table 1.

4. Discussion

Although there are no guidelines that clearly recommend the
use of ECM scaffolds for wound healing, their benefit in acute
wounds and burns has been demonstrated in several clinical
studies. The complex mixture of structural and functional
proteins, glycoproteins, and proteoglycans retained in its
original 3D structure provides the key benefit of using
these scaffolds for wound healing. This structure provides
a temporary support into which cells can migrate and
proliferate in a well-organized and controlled fashion leading
to improved wound healing. The suggested mechanisms of
wound improvement when applying the ECM scaffolds alone
are related to providing a structural support, stimulating
angiogenesis, chemotaxis for endothelial cells, and release of
growth factors [17, 18].

In case of chronic and difficult-to-heal wounds the
challenge ismuch bigger.The suggested role of ECM scaffolds
in improving such wounds is not fully understood. It has
been suggested that they would act as a biological cover
that modulates the wound environment by reducing the
inflammatory activity to promote wound healing [19]. There
is currently limited published data that reaches a sufficient
level of evidence about the role of ECM scaffolds alone in
chronic and difficult-to-heal wounds [3, 20–27].

The positive role of combining ECM scaffolds with stem
cells, fibroblasts, or keratinocytes was clearly demonstrated
in in vitro and experimental in vivo studies. It is believed
that native stem cells play an important role in wound
regeneration or healing. GFP-labelled MSCs were found in
the skin of non-GFP mice after peripheral injection. This
indicates that wounding stimulates MSCs to migrate via
chemotaxis to the injury site and differentiate to functional
skin cells [28]. Some studies have indicated that wound
healing is enhanced through ADSCs that promote human
dermal fibroblast proliferation by direct cell-to-cell contact
and via a paracrine effect [29].

However, the relation between the efficacy of wound
healing and the number of transplantedMSCs does not seem
to be a linear one. Yeum et al. [30] have shown that repeated
injection of additional MSCs did not increase the number
of MSCs participating in wound healing beyond a certain
constant maximum amount. The number of MSCs in the
wound site remains constant in the range 2-3 × 105 from day
1 to day 10. MSCs were not detected after day 10, probably
because the role of transplanted MSCs ended thereafter. Lam
et al. [31] also could not detect the signals after 12 days
postwounding. It was suggested that the stem cells would
have been engulfed by macrophages or migrated to other
body sites speculating that after the completion of the MSCs’
roles, the wound site no longer needs the MSCs as it has
recovered completely by 14 days.

Although the effect of stem cells is well documented
in promoting wound healing, these cells usually do not
survive well when directly transplanted to the wound site.
Many studies have shown that a great number of cells die
during transplantation and this effect would be diminished
if cells were allowed to proliferate in an optimal milieu
[32, 33]. Attempts for aiding stem cell survival often involve
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Table 1: Studies applying cells to ECM scaffolds in the last 5 years.

Research
group

Type of the
study ECM and loaded cells Results Remarks

Castagnoli et
al. 2010 [57]

Noncomparative
in vitro study

Human ADM + human
keratinocytes

Preparation and characterization of
a new cutaneous biosubstitute made
up of alloplastic acellular
glycerolized dermis & cultured
autologous keratinocytes

(i) No in vivo studies
(ii) Proof of principle

Han et al.
2010 [50]

Comparative in
vivo study

Porcine ADM +
autologous STSG +/−
microencapsulated
VEGF-expressing

fibroblasts

Significant increase in survival &
microvessels density in grafts
containing microencapsulated
VEGF-expressing cells

Cells were injected below the ADM
and STSG

Eweida et al.
2011 [52]

Comparative in
vivo study

Porcine UBM +/− rabbit
keratinocytes

Reduction of early wound
contraction and improving wound
vascularity

(i) Keratinocytes were transplanted
on the rough surface of the UBM
(ii) No in vivo cell tracking

Liu et al. 2011
[14]

Comparative in
vivo study

Mouse ADSC +/−
porcine SIS +/− porcine

ADM

Cell loaded ECM scaffolds showed
better angiogenesis and early
wound closure than cell-free ECM
and cell loaded non-ECM scaffolds

The study emphasised the synergistic
effect of ECM scaffolds and ADSC on
angiogenesis

Lugo et al.
2011 [58]

Noncomparative
in vivo study

Human ADM + human
keratinocytes

The prevascularized neodermis
supported the transplanted
keratinocytes leading to a superior
wound epithelialization

Keratinocytes were added in fibrin
gel one week after implantation of the
angiogenic factors-infiltrated ADM

Orbay et al.
2011 [37]

Comparative in
vivo study Rat ADM +/− rat ADSC

The construct enhanced the volume
maintenance, vascular density, and
collagen content in a subcutaneous
soft tissue augmentation model in
rats

The SC augmentation model did not
address wound healing aspects
related to epithelialization

Roessner et
al. 2011 [15]

Comparative in
vivo study

Human ADM (Epiflex)
+/− rat fibroblasts +/−

irradiation

Fibroblasts added no significant
difference regarding soft tissue
volume regeneration.
However, a significant increase in
wound tensile strength was noted if
the transplanted cells were not
subjected to irradiation

(i) The ADM was implanted within a
deeper tissue defect to replace
excised muscles
(ii) Due to this special defect design,
the increase in wound breaking
strength may not be directly related
to the physical presence of the seeded
implants

Seland et al.
2011 [40]

Comparative in
vivo study

Human ADM +/−
human keratinocytes

(loaded on
microcarriers or as

single layer or as STSG)

Only the keratinocytes implanted as
STSG or loaded on microcarriers
had a significant positive effect on
epidermal and dermal thickness at
16 & 21 days after transplantation

(i) Keratinocytes were added to the
fibrin pretreated wounds fourteen
days after the initial transplantation
of ADM
(ii) In vivo tracking of transplanted
cells was performed till the end of the
experiment

Huang et al.
2012 [51]

Comparative in
vivo study

Mouse ADM +/−
human ADSCs

Increased thickness of granulation
tissue, improved reepithelialization
& wound closure rate, and
increased vascular density

(i) ADSCs were seeded on ADM and
not directly to the wound bed
(ii) In vivo cell tracking was
performed till day 14
(iii) VEGF-expressing ASCs could be
detected after transplantation

Peramo et al.
2012 [39]

Noncomparative
in vitro study

Human ADM
(Alloderm) + human

keratinocytes (from skin
and oral mucosa origins)

In vitro development of human
mucocutaneous lip junction
equivalent

(i) In vitro proof of principle and was
not examined in vivo
(ii) Maintaining this delicate
transition zone would be challenging
in a normal surgical setting

Shi et al. 2012
[16]

Noncomparative
in vitro study

SIS + human
keratinocytes in a high

MMP medium

SIS inhibits the MMP activity and
thus promotes keratinocyte
migration

The study focuses on the role of the
bioactive structure of SIS rather than
its scaffolding properties
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Table 1: Continued.

Research
group

Type of the
study ECM and loaded cells Results Remarks

Zajicek et al.
2012 [38]

Noncomparative
in vitro study

Porcine ADM
(Xe-Derma) + human

keratinocytes

The results suggest that the firm
natural structure of ADM stimulates
proliferation and differentiation of
human primary keratinocytes

A concomitant in vivo study involved
the application of only the scaffold
without adding cells in acute wounds

Deshpande et
al. 2013 [44]

Comparative in
vitro study

Human ADM +
keratinocytes +/−

fibroblasts +/− basement
membrane

The formation of a well-organized
epithelium depends on the presence
of intact basement membrane but is
independent of the presence of
cultured fibroblasts

Exclusively in vitro study

Huang et al.
2013 [59]

Comparative in
vivo study

Human keratinocytes
+/− cross-linked human

acellular amniotic
membrane

Combination of keratinocytes with
the acellular amniotic membrane
significantly reduced wound
contraction at 4 weeks than the cells
alone

The study did not include a group
with the ECM alone

Lam et al.
2013 [31]

Comparative in
vivo study

+/−mouse ADSC +/−
porcine SIS

(i) In vivo cell tracking revealed a
significant increase in stem cell
survival and proliferation with SIS
(ii) Delivering stem cells on the SIS
significantly decreased fibrosis but
slightly improved healing, while SIS
alone hindered healing as the patch
stented the wound open

(i) A splinted excisional wound
model was used to simulate human
wound healing and minimize healing
by contracture
(ii) The special splint-wound design
and the too early removal of the SIS
patch in some groups (2 days) led to
unfavorable results in terms of
wound healing

Sahin et al.
2013 [48]

Comparative in
vivo study

Human ADM +/− rat
bMSCs

Increased, adherence, angiogenesis,
and vertical vascular penetration of
ADM especially if combined with
negative pressure dressing therapy

(i) The MSCs were added once &
randomly to the wound bed before
ADM implantation
(ii) The bMSCs were not tracked in
vivo
(iii) The early adherence of ADM was
probably related to early angiogenesis

Yeum et al.
2013 [30]

Comparative in
vivo study SIS +/−mouse bMSCs Enhanced wound closure and less

wound inflammation with bMSCs

(i) bMSCs were repeatedly
transplanted every 2 days for 2 weeks
(ii) In vivo cell tracking was
performed

Bondioli et al.
2014 [60]

Comparative in
vitro study

Fibroblasts +/− human
ADM

The matrix extract significantly
increased the proliferation rate of
fibroblasts

Only an in vitro study as part of the
characterization of the matrix

ADSC: adipose derived stem cells.
bMSC: bone marrow derived stem cells.
STSG: split thickness skin graft.

codelivery with slow release and survival-promoting gels
such asMatrigel or collagen gel. In several in vivo and in vitro
studies Matrigel was found to be superior probably due to
its basement membrane component [34–36]. Similar studies
on SIS have demonstrated that the ECM patch allowed the
stem cells to remain localized to the wound area rather than
migrate to other regions as evidenced by in vivo cell tracking
[31].

Orbay et al. [37] concluded that ADSCs could attach to
ADM and decrease its in vivo resorption suggesting that this
construct may be a useful tool for soft tissue augmentation
with stable long-term results. This effect was thought to be
due to stimulatory effects of ADSCs on fibroblasts leading
to an indirect increase in the synthesis of collagen and
extracellular matrix components.

In an attempt to enhance wound epithelialization, ker-
atinocytes were added to ECM scaffolds in various studies.
Based on the in vitro behaviour of the keratinocytes, Zajicek
et al. [38] suggested that the ADM promotes wound healing
through supporting the growth of patient’s own keratinocytes
from the adnexa remnants in thewound by providing optimal
conditions for their attachment, proliferation, andmigration.
Peramo et al. [39] proved that Alloderm could also permit
the differentiation and stratification of nonkeratinized, buccal
mucosa in vitro.

Regarding their effect on the dermal regeneration, Seland
et al. [40] have shown that implantation of a single cell
layer of keratinocytes to the ADM added nothing to the
dermal thickness in the wound healing process. Interestingly
keratinocytes loaded on microcarriers showed a significantly
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thicker epithelium and neodermis at both 16 and 21 days
after grafting compared to the wounds treated with a single
layer. This led to the hypothesis that these carriers could
act as a facilitator for the dermal regeneration beside their
role in transportation and transplantation of autologous
keratinocytes.

For the recipient keratinocytes to proliferate and uni-
formly stratify above/within the ECM, it was traditionally
known that an optimal environment would require the
presence of fibroblasts [41]. This is probably due to the
paracrine interaction between the two cell types [42, 43].
Deshpande et al. have concluded in their in vitro study, how-
ever, that the formation of a well-organized epithelium on
the acellular dermal matrix depends mainly on the presence
of intact basement membrane but is largely independent
of the presence of cultured fibroblasts. They have noticed
that incorporating fibroblasts in the absence of a basement
membrane had no significant effect on the keratinocyte
behavior [44]. Other groups have demonstrated an enhanced
keratinocyte migration on a sterilized dermis after removal
of basement membrane antigens but in the presence of
fibroblasts under conditions of normal extracellular calcium
concentration [45]. These conditions probably represent the
in vivo situation during normal wound healing, when the
basement membrane has been traumatically disrupted and
fibroblast numbers are upregulated in order to heal the
wound [46]. We guess that the solution for these contradic-
tory results is the establishment of a well-standardized in vivo
study for the assessment of the definite role of fibroblasts and
basement membrane factors.

In chronic and difficult-to-heal wounds, vascularisation
of the wound bed is a major concern. If STSG is to be
implanted over the ADM, then adequate scaffold neovas-
cularisation would be an essential prerequisite. Neovascu-
larisation of the matrix occurs during the early stages of
complete adherence of ADM to the recipient wound bed
[47]. Increasing and accelerating this neovascularisation and
estimating its timing are thus important for an optimal
treatment plan [48]. An enhanced angiogenesis through
the application of ECM scaffolds was also suggested as an
important factor in decreasingwoundfibrosis [31]. Sahin et al.
[48] have demonstrated that adding MSCs to the ADM has
a significant positive effect on the vascularisation probably
due to enhanced secretion of VEGF [49]. Han et al. [50] have
also demonstrated that enhancement of ADM engraftment
and wound angiogenesis could be achieved by seeding of
microencapsulated VEGF-expressing fibroblasts below the
scaffold. Huang et al. [51] have also demonstrated that DiI-
labeled cells were colocalized with staining for VEGF and
vWF (Von Willebrand factor) well 14 days after seeding on
ADM and implantation in full thickness wounds, suggesting
that the grafted cells might improve angiogenesis via the
indirect paracrine effect or contribute to newly formed
vasculature. Our research group has also demonstrated an
enhanced angiogenic activity with autologous keratinocyte
grafting with porcine UBM, which could be attributed to a
cross talk between the keratinocyte and endothelial cells and
release of angiogenic factors fromUBM degradation, or even
from the dying keratinocytes after grafting [52].

In difficult-to-heal wounds as in chronic or irradiated
wounds, it is always wise to bring new healthy “tissue” to
the wound bed. Applying the same concept makes adding
cells to the scaffold crucial for wound regeneration in such
difficult situations where the wound regeneration capacity
is subnormal. Roessner et al. [15] have demonstrated that
adding fibroblasts to ADM in irradiated wounds would
improve wound healing evidenced by enhanced wound ten-
sile strength.This effect was abolished when the transplanted
cells where irradiated in an adjuvant-radiotherapy setting.

In a clinical setting, these difficult-to-heal wounds were
almost exclusively treated with cell-loaded non-ECM scaf-
folds such as Apligraf, Dermagraft, and GammaGraft [53].
From all the available ECM scaffolds, only the SIS (Oasis) and
to a lesser extent Graft Jacket have been reported clinically
in a considerable number of patients to improve chronic
wounds without adding cells [3, 21, 25]. The role of SIS in
promoting wound closure was extensively investigated. Shi
et al. [16] have demonstrated that MMPs inhibit keratinocyte
migration in vitro and that preincubating the MMP solution
with SIS could significantly reduce this inhibitory effect.
MMPs are important contributors to wound chronicity and
are abundantly expressed in chronic ulcers and not in acute
wounds [54]. MMPs inhibit keratinocyte migration and
degrade fibronectin, growth factors, and other proteins vital
to wound healing and thus reducing elevated levels of MMPs
in chronic wounds should promote healing [55].

A high quality randomized controlled clinical study
comparing the wound healing potential of cell free versus cell
loaded ECM scaffolds is unfortunately still lacking. Lev-Tov
et al. [56] have introduced a protocol to compare the standard
surgical care either alone or with Dermagraft (bioengineered
ECM containing living fibroblasts) or with UBM (Oasis).
Although Dermagraft is not a naturally occurring ECM
scaffold, the data coming out of such a study would be useful
in understanding the relative role of ECM and added cells in
a clinical context.

We think that in difficult-to-heal wounds adding cells to
the ECM scaffolds would enhance their regenerative capacity.
In acute and simple wounds, however, the regenerative
capacity of the native tissues are usually preserved so that
the high costs and time linked to adding autologous cells
within good clinical practice guidelines could be avoided as
the relative benefit would be negligible.These conclusions are
based on our surgical and experimental experiences and still
have to be verified by high quality randomised clinical trials.
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Since the first description in 2002 by Paley and Herzenberg, antibiotic bone cement nails (ACNs) have become an effective tool in
the orthopaedic trauma surgeons’ hands. They simultaneously elute high amounts of antibiotics into medullary canal dead space
and provide limited stability to the debrided long bone. In this paper, we perform a systematic review of current evidence on ACNs
in orthopaedic trauma and provide an up-to-date review of the indications, operative technique, failuremechanisms, complications,
outcomes, and outlooks for the ACNs use in long bone infection.

1. Introduction

Musculoskeletal infections remain a challenge for orthopaedic
surgeons and infectious disease specialists. Bone provides a
unique milieu for bacteria, with low vascularity and turnover
rate. Most of the orthopaedic trauma infections are caused
by biofilm-forming bacteria [1]. Biofilm consists of hydrated
matrix of polysaccharide and protein. Once formed, it pro-
tects the microorganism from antimicrobials, opsonization,
and phagocytosis, thus contributing to the chronicity of
infections [2]. In order to cure biofilm-related infection,
four principles formulated by Cierny and Mader must be
observed: (a) complete surgical debridement with dead space
management, (b) fracture/nonunion stabilization, (c) soft tis-
sue coverage, and (d) adequate antibiotic levels [3]. In healthy
bone, local antibiotics’ concentrations might be less than
20% of serum levels, as is for most beta-lactams [4]. Their
efficacy is further diminished by biofilms, which decrease
molecule penetration [5]. With intramedullary infections,
the optimal way of debridement is to ream the medullary
canal. After reaming, it takes approximately 4 weeks for bone
to revascularise [6]. Therefore, even with prolonged antibi-
otic therapy, local bone tissue remains without bactericidal
concentrations, thus not interfering with bacterial growth.

Acrylic bone cement is the gold standard for dead space
management and the standard carrier for local antibiotic
delivery in the management of orthopaedics infections [2, 7].
It delivers high concentrations of the drug locally, even to
avascular areas that are inaccessible to systemic antibiotics.
Those concentrations are high enough to be effective even
against organisms that are resistant to drug concentrations
achieved by intravenous supply. At the same time, very low
serum antibiotic concentrations are observed and hence the
risk for toxicity is considerably diminished [8, 9].

Antibiotic loaded bone cement can be customized intra-
operatively to different shapes and forms. In intramedullary
infections, antibiotic bone cement nails or antibiotic cement
nails (ACNs) are preferable. Figure 1 presents an example of
an ACN. They offer local delivery of antibiotics, while filling
the dead space and offering stability to the fracture/nonunion
site, if present.

The primary objective of this paper is to perform a sys-
tematic review of current evidence on ACNs in orthopaedic
trauma. The secondary objective was to provide an up-to-
date review of the indications, operative technique, failure
mechanisms, complications, outcomes, and outlooks for the
ACNs use in musculoskeletal infection.
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Figure 1:The photo of the prepared intraoperativelyK-wire-armed,
antibiotic loaded cement nail with a syringe (for scale comparison).

2. Materials and Methods

2.1. Search Strategy. To identify relevant papers, we searched
Medline database via PubMed interface with no restriction
on language or publication date. The search string included
word “intramedullary” and one of the following words,
“osteomyelitis,” “infection,” “nail,” “nailing,” “debridement,”
and “reaming” and was performed on January 1, 2015. We
searched all fields in theMedline database, with no restriction
applied to full-text availability. Additionally, we manually
reviewed the reference lists of the articles retrieved by
database search for potentially missing papers.

The clinical studies selected were original articles on
antibiotic cement nails. We excluded all the studies on bone
cement use in arthroplasty and spine surgery aswell as in vitro
and in vivo studies, although we did not use the “restrict to
human studies” filter in PubMed.

Details such as the number of patients, anatomical site,
the age of the patients, the preparation and composition of
nail, length of follow-up, and final outcome were collected.

3. Results and Discussion

3.1. Search Results. Literature review of antibiotic cement
nails cases is given in Table 1. Figure 2 shows search strategy
flow diagram. Since detailed discussion of clinical outcomes
is beyond the scope of this review, for detailed discussion
of clinical outcomes and perspectives on intramedullary
infection treatment, including ACNs, we suggest the reader
consults an excellent clinical review by Makridis et al. [10].

3.2. Indications for ACNs. The indication for the use of ACN
is medullary infection, whatever the cause and presentation.
Intramedullary infection is a well-recognized complication
of intramedullary nailing for trauma [11]. It spreads along
the length of the nail and involves the entire length of bone
[12]. Multiple points or also the entire medullary canal is
involved in pin tract infections after external fixation [13].
Reported rates of infectious complications after planned
conversion from external fixation to intramedullary nailing
for the femoral fractures range from 1.7 to 20% [14–18].
Similar problems can occur with lengthening over nails with
external fixation and transport over nail [19, 20]. Therefore,
the indications for ACN span from long bone fractures with
concomitant soft tissue damage, to infected nonunion seque-
lae of external fixation and haematogenous osteomyelitis.

All these diagnoses share a common trait; there is usually
no sequestrum and dead bone is limited to within the
medullary canal [21]. However, according to the Cierny
principles, after the removal of the intramedullary nail it

acts as an avascular noncollapsible dead space that needs
to be managed [22]. It could not be managed appropriately
with poly(methyl methacrylate) (PMMA) beads strung on
elastic wire and introduced into medullary canal, since they
do not conform to the dead space shape and their removal
becomes increasingly difficult starting already 2 weeks after
insertion due to fibrous overgrowth [23]. Rather than using
multiple beads on a single wire, Klemm and in another
paper Seligson and Klemm used PMMA stick, formed of
a PMMA mass attached to a single wire [24, 25]. This
construct could be passed around external fixator’s pins and
its removal was facilitated. Unfortunately, it did not provide
anymechanical stability to the fracture/nonunion site. In that
scenario, stability is very important to treat the infection and
to obtain drainage cessation or lessening [26, 27].

3.3. Contraindications for ACNs. There is one paper stating
that, in bone deficits exceeding 6 cm, other alternatives for
restoring stability and infection control should be used [34].
There is also an obvious contraindication for the reaming and,
thus, the use of nail in people under 16 years of age [28].

3.4. The Role of Local Antibiotics Delivery versus the Role of
Debridement. In a 2013 Cochrane review, the authors could
not show any significant difference in osteomyelitis recur-
rence rates after parenteral or oral antibiotic administration
[39]. Although it might be due to the fact that only limited
and lowquality evidence on the subject is available, thismight
also suggest the importance of surgical debridement as a
cure, which is an observation commonly accepted among the
orthopaedic surgeons [40]. A prospective trial by Simpson
et al. documented the effect of surgical debridement on
cure rates. They achieved 100% success with wide excision
(clearance margin of 5mm or more), 28% failure rate with
marginal resection, and a total failure with local debulking
and intralesional biopsy [41]. The importance of this issue is
highlighted by articles describing novel ways to thoroughly
debride the medullary canal, for example, RIA or Pressure
Sentinel [42]. Therefore, it must be borne in mind that all the
clinical results of ACNs show at the same time the results of
debridement and other therapeutic actions [43].

3.5. Nail Fabrication. Multiple techniques for the fabrication
of the nails have been described, from manual rolling of the
cement [34], through the use of chest tube as a temporary
mould, which is peeled off once the cement hardens [12, 21,
23, 29, 35, 37, 38, 44], to using a reusable mould [45, 46].

Usually, a chest tube or another kind of drainage tube
with an inner diameter similar to the outer diameter of the
removed nail or the diameter of the last reamer used is
selected and closed at one end, for example, with Kocher
forceps. Some kind of guide wire (K-wire, Ender nail, etc.)
is selected and cut a little bit longer than the tube and its end
is bent to facilitate later extraction from the medullary canal.
It can also be bent to adapt to the dead space, for example,
with the Herzog angle in case of replacing a tibia nail. Later,
antibiotic powder is mixed with poly(methyl methacrylate)
powder. The next step is to add liquid monomer, usually
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Medline
no time limits

10706 citations

10769 nonduplicate
citations screened

Inclusion/exclusion
criteria applied

Additional records identified through other sources
no time limits
238 citations

10742 articles excluded
after title/abstract screen

27 articles retrieved

Full-text articles
assessed for eligibility

2 articles excluded
during data extraction

9 articles excluded
after full-text screen

16 articles included

Figure 2: Article search strategy flow diagram for this paper.

more than would be used for the single batch of cement, to
compensate for large volume of antibiotics. Next, the cement
is poured into the cement gun and injected into the tube.
The precut wire is inserted into the middle of the cement in
the tube. At some point, either when the cement begins to
harden and heats up or after the exothermic reaction, the tube
is cut with surgical knife and peeled from the cement. Then
the surgeon waits for the nail to cool and for the monomer
to evaporate, which usually takes around 15 minutes. The
nail can then be inserted into the medullary canal, with the
bent/looped end extruding for easier retrieval.

3.6. Cement Type. When comparedwith other bone cements,
Palacos cement showed highest elution rates, which was
explained by its inherent porosity [48].

3.7. Mixing Techniques. It has been advocated that vacuum
mixing the cement results in stable antibiotic elution [21],
although this effect varies for different cement types [49].
On the other hand, there are papers arguing that vacuum
mixing decreases cement’s porosity and thus reduces the total
elution of the antibiotic [50]. In-depth analysis was provided
by Neut et al., who showed that vacuum-mixed gentamicin-
loaded Palacos R released more gentamicin after one week
in vitro than hand-mixed Palacos R did despite a reduction
in the porosity, which theoretically should reduce elution
[51]. The authors explained this discrepancy by the increase
in the number and distribution of micropores smaller than
onemillimetre in the vacuum-mixing group, which occurred
during cement polymerization by evaporation of the volatile

monomer. On the other hand, the same article mentions that
hand mixing with a spatula resulted in increased antibiotic
release than hand mixing in a dedicated system (Cemvac)
[51]. It has also been brought to attention that mixing systems
in general are very heterogeneous in regard to resulting
cement porosity, which probably influences the elution rates
a great deal [52, 53].

3.8. Antibiotics

3.8.1. Antibiotics: General Considerations. To effectively elim-
inate bacteria in a biofilm, local antibiotic concentrations
achieved must be 10 to 100 times the usual bactericidal
concentration [5]. This usually cannot be achieved by safe
doses of parenteral antibiotics, rendering this form of biofilm
treatment ineffective [2]. Bone cement can deliver high
concentrations of antibiotics, even to poorly vascularised and
hypoxic environment, as it is independent of vascular supply
[21, 54–56]. For the most popular antibiotics, bactericidal
concentrations were found for up to six weeks after implant-
ing PMMA beads [57]. Most likely, this observation would be
applicable to the use of nails, since hip spacers show similar
pharmacokinetics [58].

The antibiotics used for the fabrication of ACNs should
be available in powder form and have a wide antibacterial
spectrum with bactericidal activity at low concentrations
[59]. Other desirable characteristics include high elution
rate from PMMA over long periods of time and thermal
stability with low influence for the mechanical properties of
the cement [8]. Since they are eluted locally, they should not
cause allergy or bind to serumprotein easily, tomaintain high
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concentration [48, 54]. They should also have as minimal as
possible inhibitory influence on new bone formation [60].

Liquid antibiotics elute larger amounts from bone cement
than antibiotics in powder form [8]. However, they are
not used in clinical practice since they negatively influence
the mechanical properties of PMMA [61, 62]. Antibiotics
in powder form are reported to have a rather negligible
effect on the mechanical stability of bone cement as long as
the antibiotic to cement ratio does not exceed 10%, which
is a lower proportion than usually applied in the ACNs
formulation [63].

3.8.2. Antibiotic Choice: Microorganism Sensibility. Nowa-
days, effective serum levels describe sensitivity of bacteria to
the antibiotics. Most bacteria defined as resistant by these
criteria might be sensitive when exposed to local antibiotics
[7, 55, 64]. To guide the antimicrobial treatment properly,
pathogens should be reconsidered to be either sensitive or
resistant to the antibiotic levels achievable locally [7, 31,
55]. This is the case, for example, in classical Buchholz’s
work, where the antibiotic placed in the bone cement did
not necessarily correlate with the culture-based sensitivity
of the organisms [65]. On the other hand, there have been
reports of changing patterns in microorganism resistance,
partly as a result of widespread local and systemic prophylaxis
[66]. Increasing numbers of gentamicin-resistant species
are reported to cause deep infections, including medullary
infections [67, 68]. One must remember that, even with
antibiotics’ concentrations as high as after adding up to 20%
weight of the PMMA, colonization of the spacer/nail can still
occur [69].

3.8.3. Antibiotics: Dosage. Acrylic bone cementwas primarily
developed as a fixation device for arthroplasty. Although
the addition of more than two grams of any antibiotic per
40 g of cement reduces the cement’s strength, this is not
relevant to the infection treatment, as those devices are only
temporary and only partially loaded mechanically [56]. To
maintain elution rates and concentrations sufficient to treat
an established musculoskeletal infection, at least 3.4 g of
antibiotic should be used for 40 g batch of PMMA [70, 71].

3.8.4. Antibiotics: Elution. There are no papers on antibiotic
elution from ACNs in English. The only report we were able
to find was a Japanese article with no English translation [72].
However, there is a multitude of antibiotic elution studies on
cement beads and spacers. Although the absolute values for
drug release from ACNs might be different from beads and
spacers, the general proportions between elution rates and
processes governing the elution remain the same [73].

The first study on elution was performed by Marks et al.,
who showed that oxacillin, cefazolin, and gentamicin elute
in a microbiologically active form from Palacos and Simplex
bone cements [62]. Afterwards, it was established that elution
of antibiotics from acrylic cement follows a biphasic pattern,
with high elution rates early, followed by slower but sustained
elution rates as time progresses [8]. Only a small portion
of the antibiotic incorporated in bone cement is released;
the amount of antibiotic released from cement shows an

exponential decline after day 1 of implantation [49, 51, 74].
The hydrophobicity of ALBC permits roughly 10% of the
added antibiotic to elute over a 6–8-week period [8].

The mechanism by which these drugs are released is not
fully understood. First papers to tackle that issue suggested
that the elution of antibiotics from bone cement was mainly
by diffusion [75, 76]. The diffusion theory relies on the
presence of pores and interconnected channels in bone
cement, through which the circulating medium penetrates
and dissolves the incorporated antibiotics which then slowly
diffuse outwards [77]. However, Masri et al. argued that the
data provided by the diffusion theory protagonists did not
support this conclusion [78].

Nowadays, most of the research suggests that antibiotic
release from PMMA is a passive phenomenon in which
diffusion occurs out of pores, cracks, and voids in the cement
[8, 79]. In support of this theory, studies show that elution
is improved with increasing surface area and porosity of
the cement. [62, 78–80]. van de Belt et al. studied the
release of gentamicin as a function of time from six different
gentamicin-loaded bone cements. They related elution to
surface roughness, porosity, and wettability of the PMMA.
The release kinetics of gentamicin in their study was con-
trolled by surface roughness andporosity.They suggested that
the initial release antibiotic from bone cement was mainly
a surface phenomenon, while sustained release over several
days was a bulk diffusion phenomenon [81]. This theory best
accounts for the biphasic release characteristics of antibiotic
bone cement [8].

The elution of antibiotic from PMMAwould be therefore
dependent on multiple variables: which cement is used [48,
54], which antibiotic is chosen [71], the amount of total
antibiotic added [71], and how it is mixed [82]. Highly porous
cement has been shown to elute more antibiotic and for a
longer period of time relative to cement with less porosity
[71].

Commercially manufactured antibiotic loaded drug
delivery systems have more predictable elution patterns,
compared to devices manufactured with a manual addition
of an antibiotic (due to the more homogenous distribution
of the incorporated antibiotic(s) in the cement powder).
However, this is often the only way to make the bone
cement appropriate to the sensitivity profile of the causative
pathogen. Adding another antibiotic powder not only
increases the activity spectrum but also increases the
antibiotic elution rates.Most studies evaluating combinations
of antibiotics have demonstrated a synergistic effect, in that
adding a second antibiotic seems to increase the elution of
both antibiotics [8, 54, 71, 83]. This is true for tobramycin
and vancomycin [71, 84], teicoplanin and gentamicin [83],
and linezolid and gentamicin [85]. However, two studies
have reported that combining antibiotics results in decreased
elution [86, 87]. No change in elution rate was reported
when vancomycin and amikacin had been used together;
elution rates were the same as when used individually [73].
On the other hand, with the use of another PMMA cement,
different antibiotics ratio, and different testing conditions,
one can find that release of one of the drugs is inhibited by
the addition of another antibiotic [87]. Generally, when two
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antibiotics are mixed into the same batch of bone cement, a
phenomenon called passive opportunisms occurs; one of the
substances acts as a soluble additive increasing porosity of
the cement and increasing the total elution [71]. Thus, total
antimicrobial effect of eluted substances is increased. This
phenomenon seems to depend on the volume ratio between
two antibiotics added to PMMA [8].

Dı́ez-Peña et al. tried to predict the gentamicin elution
from low- and high-loaded bone cement (containing up
to 10wt% of gentamicin sulfate and more than 20wt% of
gentamicin sulfate in relation to the weight of entire block
of bone cement) by means of mathematical equations in an
experimental model. They found out that each differently
loaded PMMA has a different equation describing the release
process. Moreover, for low-loaded cement, the release was
mainly controlled by the imperfections of thematrix, whereas
in the high-loaded PMMA an abrupt increase in the amount
of drug released was evident allowing the almost complete
release of the drug incorporated [88].

Lastly, the method used to mix the antibiotic seems to
play an important role. Hand mixing with a spatula has
been shown to increase the total antibiotic release when
compared with mixing with a specialized cement mixer [51].
It is hypothesized that hand mixing introduces significant
porosity to the cement, which in turn should increase
antibiotic elution [8]. Other authors argue that hand mixing,
in contrast to device mixing, does not crush the antibiotic
crystals and thus may improve elution characteristic [50].

3.8.5. Antibiotics: Current Practice. The most used antibiotic
for the fabrication of ACNs is gentamicin, followed by
vancomycin [30, 44]. Concomitant use of these two agents
can widen the spectrum of activity but also enhance the
elution rates for both substances simultaneously [89].

3.8.6. Antibiotics: Complications. Only low serum concentra-
tions and minor systemic toxicity are achieved while using
ACNs and other local cement delivery devices [54, 90].
Research has consistently shown that antibiotics added to
cement devices do not reach significant concentrations in the
bloodstream, and there is no systemic toxicity in otherwise
healthy individuals without hepatic or renal disease [55].
We found four case reports that have been published on
acute renal failure after the use of high-dose ALBC for the
treatment of deep periprosthetic sepsis, three total knees and
two total hip patients [91–94]. Concurrent administration of
IV antibiotics and significant comorbidities (e.g., preexisting
renal disease) complicate all of these patient histories. On the
other hand, a study fromMayo clinic by Springer et al. which
retrospectively reviewed 36 knees in 34 patients treated with
4 g of vancomycin and 4.8 g of gentamicin per 40 g batch of
PMMA reported only a single case of transient elevation in
serum creatinine with no permanent systemic complications
[95]. Noteworthily, the mean total dose of antibiotic per
patient in that study was 10.5 g of vancomycin and 12.5 g of
gentamicin, which is much higher than with any of the ACNs
reported. Up to date, we were not able to find any report on
renal or auditory complication in ACN patients. This might
be due to the fact that the majority of those nails are put in

trauma or posttraumatic patients, who tend to be younger
and previously healthy compared to, for example, total joint
replacement patient population. Multiple papers show that
patients treated with local antibiotics are at no more risk
and are probably at less risk of experiencing ototoxicity and
nephrotoxicity than ones subjected to long-term parenteral
antibiotics [96–98]. There are more adverse reactions due
to the use of systemic antibiotics than to the use of local
antibiotic-eluting spacers and nails [99].

Another important complication of ACNs is resistance
induction. There are two articles describing ability of
bacteria to adhere to and colonize gentamicin [69] and
mixed gentamicin-vancomycin-loaded cement [100] after
prolonged periods of implantation and even ability to develop
gentamicin resistance despite preoperative susceptibility.

3.9. In Vitro and In Vivo Studies on ACNs. As far as the
authors know, there is no report on the use of ACNs in an
animal model. Most probably this is due to the technical dif-
ficulties and availability of similar models, that is, antibiotic-
coated implants. Local application of a biodegradable coating
with 10% gentamicin was shown to be effective in reducing
implant-related infection in a rat model [101]. Similar data
was found for fibrin sealant plus tobramycin, a combination
which was as effective as poly(methyl methacrylate) beads
plus tobramycin against methicillin-sensitive Staphylococcus
aureus osteomyelitis in a rabbit model [102].

Elson et al. performed one of the most important early
laboratory studies. They showed that when antibiotic loaded
acrylic bone cement is placed next to cortical bone, dense
cortical bone is penetrated by the eluted antibiotic and its
concentration in the bone is much higher than what can be
achieved safely by systemic administration [103].

3.10. ACNs Benefits and Risks. Thebenefits and risks of ACNs
are summarised inTable 2. Since the benefitswere thoroughly
discussed in the previous sections of this paper, only ACNs’
shortcomings are described below.

First and foremost, local antibiotic carriers have never
been shown to be superior to intravenous administration
of antibiotics in terms of cure rate. At the same time, most
of them require some sort of repeat surgery, unless they
biodegrade, which is not the case in ACNs [44].

There has been one report linking high failure rate to the
use ofACNs in infected nonunionwith bone defect exceeding
6 cm [34]. The authors suggested that when faced with a
large bone defect, other alternative forms of treatment should
be used. Unfortunately, they did not provide a multivariate
analysis on risk factors that might influence their results.

One of the concerns with all the PMMA carriers for
antibiotic is the emergence of resistance. There have been
reports on induction of coagulase-negative staphylococci
after applying gentamicin-loaded bone cement [69]. How-
ever, there are, to our knowledge, no reports on resistance
after ACNs.

From the technical point of view, there is a possibility of
debonding of the cement from the nail upon its introduction
or removal from the medullary canal. However, this situation
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Table 2: The benefits and drawbacks of antibiotic cement nails.

Benefits Drawbacks
High concentration of local antibiotic elution: up to 200 times greater than
with systemic drug administration, independent of vascular supply [21]
Stability to the fracture/nonunion site, allowing for early weight bearing [23]
Local antibiotic delivery independent of patient compliance [23]
Systemic toxicity of antibiotics very rarely observed [8]
Versatility of modifying antibiotic as per the culture report [27]
Control of infection and stability is achieved with a single procedure [44]
Alternative for patients refusing or not being right candidates for external
fixation [13]

Local antibiotic carriers have never been shown to be
superior to intravenous administration of antibiotics in
terms of cure rate [21]
Require repeat surgery [23]
Possible emergence of resistance [13]
Possible MMA toxicity [102, 103]

is usually quickly resolved with reaming or using long-
reaching surgical tools and, in our experience, as with every
surgical complication, the rate of debonding decreases with
the familiarity with the technique and increasing expertise in
nail fabrication [23, 46].

In the past, bone cement liquid monomer, methyl
methacrylate (MMA), was believed to be carcinogenic. How-
ever, the lack of consistency in the results of various studies
and the absence of dose response lead to the conclusion
that MMA in not carcinogenic to humans under normal
conditions of use [104]. Moreover, the evidence shows that
even repeated mixing of PMMA bone cement does not pose
an additional risk to operative theatres’ personnel [105]. In
a study comparing ionically dissolved or precipitated metals
withMMA toxicity, MMAmonomer toxicity was found to be
low compared to metal toxicity [47]. The study of Elmaraghy
et al. found that the presence of MMA monomer in femoral
venous blood has no effect on the formation of fat emboli or
their pulmonary haemodynamic outcome during cemented
hip arthroplasty [106]. To our knowledge, there are no studies
on MMA toxicity after the use of ACNs.

3.11. Alternatives. The novel concept of local antibiotic deliv-
ery by gentamicin-impregnated acrylic bone cement was
introduced by Buchholz et al. in the early 1970s for the
treatment of infected hip arthroplasty [65]. Antibiotic bead
chains were introduced by Klemm in 1976 [24]. Later on,
his team reported on the use of an antibiotic-impregnated
cement “stick” [25, 107].

In a study of two cases, Tandon and Thomas were able
to provide a proof of concept of using hollow, slotted nail
with gentamicin cement beads. Based on the observation
that commercially available beads are 7mm in diameter, they
argued that two to three strings of beads could be inserted
into most intramedullary nails and effectively treat infection
[108]. Unfortunately, their technique did not allow for the
use of interlocking screws, as they would make extracting the
beads without the nail impossible, and was never published
on a larger series.

3.12. Outlook. It is perceived that with future developments
local antibiotic delivery systems will likely supplant the
traditional use of systemic antibiotics for the treatment of
musculoskeletal infections [7, 109].

Another field of development is the MRI-compatible
ACN. There has been only a single, short follow-up case

report by Mauffrey et al. The authors claim that serum
inflammatory markers might not always be reliable and that
MRImonitoring of the infectionmight provide better insight
into whether or not the infection has healed and one could
move to the definitive fixation by a metallic nail [36]. On the
other hand, the use of carbon fibre nail was estimated to incur
an additional cost of $2,600, which is almost 30-fold higher
than for most of the nails described in the literature [23].

Since 2005, there are also prefabricated interlocking
antibiotic-coated titanium nails, which use polylactic acid
(PLA) coating loaded with gentamicin and offer both sus-
tained release kinetics and biodegradability. Promising 6-
month results have been reported in primary fracture setting
[110].

It is important to realize that as long as none of the
ACNs is FDA-approved, which is the current state as of 2015,
their use is off-label and prospective clinical trials cannot be
undertaken [44].

There is only one short paediatric case series, in which
ACNs have been used. It was found to be safe and effective in
the treatment of chronic osteomyelitis, with special attention
to protecting the epiphyseal growth plates of long bones.
The authors believed also that using the nail instead of
other forms of local antibiotic carrier enabled for prevention
of further tissue loss [33]. We believe this patient group
could benefit from the use of ACNs, but further clinical
trials are necessary before introducing the ACNs into regular
paediatric trauma/orthopaedic practice.

There are certain substances other than antibiotics, such
as dextran, glycine, or xylitol, which could be used to
impregnate PMMA for the enhancement of the antibiotic
elution. However, the ideal filler material and amount of filler
are yet to be established [8]. We are not aware of any studies
beyond the laboratory phase on the PMMA fillers [111].

Another technical development is the introduction of the
Reamer-Irrigator-Aspirator (RIA) system (Synthes, Inc.,West
Chester, Philadelphia) which, in animal models and cadaver
studies, offers an advance on existing reaming devices, as
it is less traumatic [32, 42]. It is used in the debridement
and irrigation of the intramedullary canal of the femur and
tibia [112]. Its use is very promising and could facilitate
proper debridement of themedullary canal, which is the basic
condition of intramedullary infection healing.

Ultrasound was also found to increase the transport of
gentamicin across and within the biofilm of P. aeruginosa and
E. coli. The other effect of ultrasound waves is presumably to
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increase the transport of oxygen and other small molecules,
whichmay increase the metabolic state and render cells more
susceptible to antibiotics [113, 114]. The ultrasound may have
also a positive effect on antibiotic elution characteristics [8].
Further laboratory, feasibility, and clinical studies are needed
to explain the potential for enhanced antibiotic release from
PMMA by ultrasound and translate those basic science
findings into clinical practice.

4. Conclusions

Since the introduction of antibiotic loaded acrylic bone
cement by Buchholz and Engelbrecht, it remains a golden
standard in local antibiotic delivery.This is also true in case of
long bonemedullary infections, where antibiotic cement nails
remain an important treatment option. The major advantage
of ACNs is the local release of high antibiotic concentrations,
which vastly exceed those after systemic administration with
no or low systemic toxicity. At the same time, they are
able to provide limited stability to the fracture/nonunion
site, which promotes infection healing. They are used as a
clinician directed application; therefore, there is no issue with
availability and antibiotic specificity, as it can be based on
preoperative culture. Antibiotic elution rates, mechanisms,
and ways to improve total amount of drug delivered are
still debated and researched. Despite promising short- and
midterm results from clinical studies, further basic science
and translational studies are desirable before routine use of
ACNs in clinical practice.
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cement in orthopedic surgery: a review,” ISRN Orthopedics, vol.
2011, Article ID 290851, 8 pages, 2011.

[54] D. Cerretani, G. Giorgi, P. Fornara et al., “The in vitro elu-
tion characteristics of vancomycin combined with imipenem-
cilastatin in acrylic bone-cements: a pharmacokinetic study,”
The Journal of Arthroplasty, vol. 17, no. 5, pp. 619–626, 2002.

[55] W. W. Brien, E. A. Salvati, R. Klein, B. Brause, and S. Stern,
“Antibiotic impregnated bone cement in total hip arthroplasty:
an in vivo comparison of the elution properties of tobramycin
and vancomycin,” Clinical Orthopaedics and Related Research,
no. 296, pp. 242–248, 1993.

[56] M. Baleani, C. Persson, C. Zolezzi, A. Andollina, A. M. Borrelli,
and D. Tigani, “Biological and biomechanical effects of van-
comycin and meropenem in acrylic bone cement,” The Journal
of Arthroplasty, vol. 23, no. 8, pp. 1232–1238, 2008.

[57] D. Seligson, G. J. Popham, K. Voos, S. L. Henry, and M. Faghri,
“Antibiotic-leaching from polymethylmethacrylate beads,” The
Journal of Bone & Joint Surgery—American Volume, vol. 75, no.
5, pp. 714–720, 1993.

[58] E. Bertazzoni Minelli, A. Benini, B. Magnan, and P. Bartolozzi,
“Release of gentamicin and vancomycin from temporary
human hip spacers in two-stage revision of infected arthro-
plasty,” The Journal of Antimicrobial Chemotherapy, vol. 53,
no. 2, pp. 329–334, 2004.

[59] K. Anagnostakos, O. Fürst, and J. Kelm, “Antibiotic-impreg-
nated PMMA hip spacers: current status,” Acta Orthopaedica,
vol. 77, no. 4, pp. 628–637, 2006.

[60] C. G. Zalavras, M. J. Patzakis, and P. Holtom, “Local antibiotic
therapy in the treatment of open fractures and osteomyelitis,”
Clinical Orthopaedics and Related Research, no. 427, pp. 86–93,
2004.

[61] E. Ger, D. Dall, T. Miles, and A. Forder, “Bone cement and
antibiotics,” South African Medical Journal, vol. 51, no. 9, pp.
276–279, 1977.

[62] K. E. Marks, C. L. Nelson, and E. P. Lautenschlager, “Antibiotic-
impregnated acrylic bone cement,” The Journal of Bone & Joint
Surgery—American Volume, vol. 58, no. 3, pp. 358–364, 1976.

[63] E. P. Lautenschlager, J. J. Jacobs, G.W.Marshall, and P. R.Meyer
Jr., “Mechanical properties of bone cements containing large
doses of antibiotic powders,” Journal of Biomedical Materials
Research, vol. 10, no. 6, pp. 929–938, 1976.

[64] A. D. Hanssen and M. J. Spangehl, “Practical applications of
antibiotic-loaded bone cement for treatment of infected joint
replacements,” Clinical Orthopaedics and Related Research, no.
427, pp. 79–85, 2004.

[65] H. W. Buchholz, R. A. Elson, E. Engelbrecht, H. Lodenkämper,
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The clinical efficacy of one or two intravitreal injections of a continued deliverance dexamethasone 700𝜇g implant in ten
patients with persistent macular edema following uncomplicated phacoemulsification was evaluated. Complete ophthalmological
examination and spectral domain optical coherence tomography were carried out. Follow-up was at day 7 and months 1, 2, 4, 6,
8, and 12. At baseline mean best corrected visual acuity was 62 Early Treatment Diabetic Retinopathy Study Chart letters, which
showed statistically significant improvement at each follow-up, except at month 6, to reach 79 letters at month 12 (𝑃 = 0.018). Prior
to treatment mean central foveal thickness was 622𝜇m, which showed statistically significant improvement at each follow-up to
reach a mean value of 282 𝜇m (𝑃 = 0.012) at month 12. Five patients received a second dexamethasone implant at month 7. Two
patients were excluded from the study at months 4 and 8. Intraocular pressure remained stable during the study period with the
exception of mild increase in two patients requiring topical therapy. In conclusion there was statistically significant improvement of
best corrected visual acuity andmean central foveal thickness with one or two intravitreal dexamethasone implants over 12months.

1. Introduction

Cystoid macular edema (CME) or Irvine-Gass syndrome is
the main motive for inauspicious visual acuity achievement
following uncomplicated cataract extraction. The incidence
of CME after phacoemulsification is reported between 0.1 and
2% [1, 2]. Numerous factors have been held accountable in
the pathogenesis of CME but the phenomenon is still poorly
understood. However, it has been suggested that macular
edema arises due to increased vascular permeability follow-
ing surgical procedures such as cataract removal and pars
plana vitrectomy, which cause the release of prostaglandins
and disruption of the blood-retinal barrier [3, 4]. Corticos-
teroids, nonsteroidal anti-inflammatory agents, and carbonic
anhydrase inhibitors have been employed as common treat-
ment procedures [3–5]. Recently, intravitreal administration

of antivascular endothelial growth factor agents have also
been tested [6]. Treatment is recommended only in patients
with clinically significant macular edema, which is consid-
eredwhen visual acuity is 20/40 or less [7]. To date, there is no
standard treatment protocol for the management of chronic
pseudophakic CME.

Intravitreal pharmacological treatment has the advantage
of bypassing the blood-ocular barriers. Furthermore, due to
the particular anatomy of the eye, high intravitreal levels
of drug can be obtained and the efficacy of treatment
can be intensified by drug distribution close to the target
site. The dexamethasone implant (Ozurdex, Allergan Inc.,
Irvine, CA, USA) is an innovative treatment alternative for
noninfectious posterior uveitis and macular edema in retinal
vein occlusion [8]. Diabetic macular edema and, recently,
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prostaglandin-induced CME have also been treated with
agreeable results [9–11].This biodegradable implantmeasures
6.5mm × 0.45mm and is composed of a matrix consisting of
a copolymer of lactic and glycolic acids and dexamethasone
which dissolves completely into H

2
O and CO

2
leaving no

remnants. It is injected through the pars plana with a
monouse 22-gauge injector and postimplantation sutures
are not necessary. It furnishes continued deliverance of
dexamethasone where peak doses are supplied for 2 months
ensued by a slower release, altogether lasting for 6months and
providing 700𝜇g of dexamethasone [12].

The use of this implant has been reported in pseudopha-
kic CME with short-term follow-up [13–16]. To our knowl-
edge there are no reports of long-term results and the number
of implants necessary in the management of pseudophakic
CME. This study was carried out to evaluate the long-term
clinical efficacy of the dexamethasone intravitreal implant
in patients with persistent CME following uncomplicated
phacoemulsification.

2. Materials and Methods

In the present study we assessed 10 patients who were
diagnosed with CME due to decreased visual acuity and
increase in central foveal thickness (CFT) ensuing unremark-
able phacoemulsification. The patients were unresponsive to
topical steroids and nonsteroidal anti-inflammatory agents
and received treatment with the dexamethasone implant
at the Ophthalmology Unit of the St. Andrea Hospital,
University of Rome “Sapienza”. According to the declaration
of Helsinki, at the time of recruitment, informed consent to
take part in the study was read and signed by all patients.

Exclusion criteria comprised patients with diabetes,
uveitis, or other systemic diseases that could cause ocular
involvement, patients who had undergone precedent surgical
or parasurgical ocular procedures other than phacoemulsifi-
cation, vitreomacular traction with epiretinal membrane or
macular hole, age-related macular degeneration, retinal vas-
cular pathologies, glaucoma, or elevated IOP. Furthermore,
patients were also excluded if they were cortisone responders.
Cataract extraction was performed with the divide and
conquer technique and in-bag IOL implantation with no
complications. Clinically significant CME was classified as
visual acuity lower than 20/40 and CFT of more than 250𝜇m
persisting for a period longer than 90 days.

The method was similar to precedent studies on CME
(14–16) and the following were carried out for all patients:
ophthalmological examination comprising best corrected
visual acuity (BCVA) assessment using Early Treatment Dia-
betic Retinopathy Study (ETDRS) charts, ICare Tonometry
[17], and OCT evaluation using spectral domain optical
coherence tomography (SD-OCT) evaluation (Cross Line,
MM5, 3D Macular, RTVue SD-OCT) with CFT measure-
ment.

The intravitreal dexamethasone implant was injected in
the operating theatre through a biplanar intrascleral path
with a 22-gauge needle. All patients were then examined at
day 7 and months 1, 2, 4, 6, 8, and 12. Patients requiring
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Figure 1: Mean change in best corrected visual acuity (BVCA) from
baseline at each follow-up assessment.

a second injection of dexamethasone were implanted at
month 7.

2.1. Statistical Analysis. Statistical analysis was carried out
with SPSS software package V.21 (SPSS, Inc., Chicago, Illinois,
USA). Since the normality of data could not be assumed
because of the small sample size, the (nonparametric)
Wilcoxon signed-rank test was used to evaluate the differ-
ences in the median values of BCVA, CFT, and IOP between
baseline and day 7 andmonths 1, 2, 4, 6, 8, and 12. A 𝑃 value <
0.05 was considered significant, meaning that the median of
the difference (i.e., baseline day 7 or baseline month 6) is not
0.

3. Results

Tenpatientswith persistent pseudophakicCMEwho received
one or two implants of dexamethasone were selected. The
details regarding patient characteristics are given in Table 1.
The average persistence ofmacular edema before dexametha-
sone implantation was 3.1 months. One patient was excluded
from the study due to arterial occlusion at month 4 and a
second patient decided to discontinue follow-up at month 8.

Mean BCVA prior to treatment was 62 ETDRS letters.
Following implantation, statistically significant improvement
in BCVA was detected at day 7 and at each follow-up interval
with the exception of month 6.Three patients did not require
a second implant. In 5 eyes where visual acuity had declined
and foveal thickness had increased, a second implant was
injected at month 7. Mean BCVA was 79 ETDRS letters at 12
months (𝑃 = 0.018) (Table 1, Figure 1).

Prior to treatment the mean CFT was 622𝜇m; fol-
lowing dexamethasone implantation, statistically significant
improvement was seen at day 7 and at each follow-up interval
to improve to 282𝜇m (𝑃 = 0.012) at 12 months. A second
implant was injected at month 7 in 5 patients who showed
recurrence (Table 2, Figure 2).

Figure 3 shows optical coherence tomography images of
CFT change over time and results of a second implant in one
patient with recurrence.

There were two cases of intraocular pressure increase
>25mmHg, which were successfully managed with topical
timolol 0.5% and intraocular pressure remained stable during
the study period (Table 3).
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Table 1: Patient characteristics and best corrected visual acuity (BCVA) values in study eye using ETDRS charts prior to treatment and at
follow-up intervals.

Patient Gender Age Baseline Day 7 Mo. 1 Mo. 2 Mo. 4 Mo. 6 Mo. 8 Mo. 12
1 F 72 78 84 86 87 88 88 88 88
2 F 81 71 73 78 79 80 80 80 80
3§ M 78 36 58 70 78 — — — —
4§ M 77 35 36 73 78 49 36 — —
5 F 78 70 71 73 74 76 78 83 84
6∗ M 81 65 80 83 84 75 66 78 65
7∗ F 62 72 74 80 83 76 70 80 78
8∗ F 65 59 60 70 73 68 67 72 74
9∗ M 71 60 78 80 83 67 62 83 75
10∗ M 71 70 79 83 83 75 68 84 88
Mean 73.6 61.6 69.3 77.6 80.2 72.7 68.3 81 79
Median 74.5 67.5 73.5 79 81 75 68 81.5 79
SD 6.5 14.9 14.4 5.8 4.5 10.8 14.6 4.8 7.8
Range 62–81 35–78 36–84 70–86 73–87 49–88 36–88 72–88 65–8
𝑃 value† 0.005 0.005 0.005 0.008 0.084 0.011 0.018
Delta‡ 7.7 16 18.6 11.1 6.7 19.4 17.4
∗Patients denoted with ∗ had a second implant at month 7.
§Patients dropped out from the study.
†
𝑃 value refers to Wilcoxon signed-rank test on the median values with respect to the baseline.
‡Delta denotes the mean difference with the baseline.
Mo.: month.

Table 2: Central foveal thickness (CFT) prior to treatment and at follow-up intervals.

Patient Baseline Day 7 Mo. 1 Mo. 2 Mo. 4 Mo. 6 Mo. 8 Mo. 12
1 563 349 349 346 345 339 340 346
2 438 381 266 256 250 255 251 248
3§ 852 361 221 220 — — — —
4§ 707 395 223 215 260 470 — —
5 658 263 254 201 213 213 210 215
6∗ 630 312 279 266 295 309 250 369
7∗ 424 297 269 289 268 277 250 261
8∗ 808 397 270 263 278 280 273 268
9∗ 610 369 302 289 285 298 281 303
10∗ 526 331 305 289 290 293 282 249
Mean 621.6 345.5 273.8 263.4 276 303.8 267.1 282.4
Median 620 355 269.5 264.5 278 293 262 264.5
SD 142.2 44.3 38.5 43.4 36.0 71.5 37.5 52.7
Range 424–852 263–397 221–349 201–346 213–345 213–470 210–340 215–369
𝑃 value† 0.005 0.005 0.005 0.008 0.008 0.012 0.012
Delta‡ −276 −348 −358 −346 −318 −354 −339
∗Patients denoted with ∗ had a second implant at month 7.
§Patients dropped out from the study.
†
𝑃 value refers to Wilcoxon signed-rank test on the median values with respect to the baseline.
‡Delta denotes the mean difference with the baseline.
Mo.: month.

4. Discussion

In the present study on CME following uncomplicated pha-
coemulsification, mean BCVA and CFT improved following
one or two injections of intravitreal dexamethasone implants
over 12 months of follow-up. A second implant was required

in five eyeswhereas in three eyes results weremaintained after
only one implant throughout the follow-up period.

There have been few studies where the results of one
intravitreal injection of dexamethasone have been evaluated
with short-term follow-up in pseudophakic CME (13–16).
Analysis of 8 patients with Irvine-Gass syndrome showed
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Table 3: Intraocular pressure (mmHg) prior to treatment and at follow-up intervals.

Baseline Day 7 Mo. 1 Mo. 2 Mo. 4 Mo 6 Mo. 8 Mo. 12
1 17 14 14 14 14 14 13 14
2 11 16 13 13 13 13 13 13
3§ 14 17 16 13 — — — —
4§ 13 21 21 20 18t 14t — —
5 14 16 12 12 14 13 13 16
6∗ 14 16 14 16 16 18 18 16
7∗ 14 16 20 17t 18t 15t 16t 16t

8∗ 15 19 19 18 16 15 20 16
9∗ 15 17 16 17 17 16 16 14
10∗ 15 16 17 16 16 17 17 17
Mean 14.2 16.8 16.2 15.6 15.8 15 15.8 16
Median 14 16 16 16 16 15 16 16
SD 1.5 1.9 3.0 2.5 1.8 1.7 2.6 1.4
Range 11–17 14–21 12–21 12–20 13–18 13–18 13–20 13–17
𝑃 value† 0.031 0.120 0.165 0.091 0.228 0.158 0.222
Delta‡ 2.6 2.0 1.4 1.6 0.8 1.6 1.8
∗Patients denoted with ∗ had a second implant at month 7.
§Patients dropped out from the study.
†
𝑃 value refers to Wilcoxon signed-rank test on the median values with respect to the baseline.
‡Delta denotes the mean difference with the baseline.
tPatients who were prescribed topical intraocular pressure lowering medication.
Mo.: month.

P = 0.005

P = 0.005 P = 0.005 P = 0.008 P = 0.008
P = 0.012

P = 0.012

−400.0
−350.0
−300.0
−250.0
−200.0
−150.0
−100.0
−50.0

0.0

M
ea

n 
CF

T

Day
 7

Month
 1

Month
 2

Month
 4

Month 
6

Month
 8

Month
 12

Figure 2: Mean change in central foveal thickness (CFT) from
baseline at each follow-up assessment.

improvement of both BCVA and macular edema at 90 days
from intravitreal injection of dexamethasone, which was
maintainedup to 180 days in 54%of eyes [13].This is similar to
our results where 50% of patients required a second implant
after 6 months. Furino et al. and Al Zamil analyzed eyes with
CME following uncomplicated phacoemulsification with a
mean duration of 2.4 and 7.7 months, respectively, where a
single injection of dexamethasone was performed and found
significant reduction of macular edema and improvement of
BCVA at 6 months [15, 16].

Medeiros et al. presented the outcome of a single dexam-
ethasone implant in 9 patients with Irvine-Gass syndrome
with a mean duration of 9.1 months. They reported peak
effectiveness of the implant at 3 months from treatment
and significant amelioration of macular thickness and BCVA
during 6 months of follow-up [14]. In our study mean peak
improvement of visual acuity was at 2 months following the
first implant and at 8 months following the second implant.
Mean peak improvement of CFT was at 2 months. Mean

BCVA significantly improved at each follow-up except at
month 6. According to the pharmacodynamics of the dex-
amethasone implant, this corresponds to the time when the
release of dexamethasone is largely terminated. Nevertheless,
at 12 months, following a second implant in 50% of patients,
BCVA was significantly improved. As regarding CFT, there
was a statistically significant improvement at each follow-up
and the trendwasmore stablewith respect to BCVA; however,
even here there was a slight increase in CFT at 6 months
(304 𝜇m).

Corticosteroids diminish the amount of intraocular
prostaglandins and other factors believed to have a role in
postoperative CME. In a prospective randomized controlled
trial Negi et al. compared topical and periocular corticos-
teroids following routine cataract surgery and found both
safe and effective routes of administration [18]. However,
topical and periocular administration have a short half-
life and have been reported to reach significant systemic
concentrations [19]. Intravitreal injection of triamcinolone
acetonide has been demonstrated to produce visual improve-
ment and reduction of CME [20, 21] but the use of tri-
amcinolone is limited due to the requirement of multi-
ple injections and the side effects in terms of increase in
intraocular pressure and cataract formation [22], although
even with the dexamethasone implant a repeat injection
was required in 50% of our cases. While dexamethasone
is a more potent corticosteroid, it has a shorter half-life,
which restricts its clinical efficacy as an injectable sus-
pension, thus the rationale for an implant with a contin-
ued deliverance method, which can provide drug release
through long periods with a minor frequency of adverse
effects.



BioMed Research International 5

250𝜇m

(a)

(b) (c)

250𝜇m

(d)

Figure 3: Optical coherence tomography of macular profile and thickness following dexamethasone implant at baseline and 7 months. (a)
Before treatment, (b) 2months following first dexamethasone implant, (c) 6months following first dexamethasone implant, and (d) 12months
following second dexamethasone implant at month 7.

In two patients there was an increase in IOP > 25 which
was successfully managed with topical treatment. This is
in agreement with the reported trend following intravitreal
dexamethasone administrationwhere IOP is increased in 15%
of patients with peak values at 60 days and returns to baseline
at 6 months [23]. Patient 3 had retinal artery occlusion
at month 4. We cannot be sure of the cause; however, in
the judgment of the authors, it is unlikely that there was
a reasonable possibility that this serious adverse effect was
caused by the dexamethasone implant, the applicator, or the
injection procedure. Furthermore, to our knowledge, arterial
occlusion has not been reported in large patient population
studies, which have also addressed the safety profile of the
dexamethasone implant [9, 24]. There were no cases of
cataract formation in any patient.

The limitations of our study were the retrospective
description, the modest number of eyes, and the absence

of a control group. The strength of our study was the long
follow-up, which demonstrated the necessity for a second
implant after 6 months in 50% of cases.

5. Conclusions

This is the first report on the long-term clinical results
of the dexamethasone intravitreal implant in patients pre-
senting CME following phacoemulsification. BCVA and
CFT significantly improved at 12 months of follow-up
although a second implant was required after 6 months
in 50% of cases. Therefore, our studies suggest that sin-
gle or multiple injections of the dexamethasone implant
are an effective treatment option for patients with persis-
tent CME ensuing uncomplicated cataract extraction with
phacoemulsification.
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Currently, the most commonly used bioresorbable scaffold is made of beta-tricalcium phosphate (𝛽-TCP); it is hoped that scaffolds
made of a mixture of hydroxyapatite (HA) and poly-D/L-lactide (PDLLA) will be able to act as novel bioresorbable scaffolds. The
aim of this study was to evaluate the utility of a HA/PDLLA scaffold compared to 𝛽-TCP, at a loading site. Dogs underwent surgery
to replace a section of tibial bone with a bioresorbable scaffold. After the follow-up period, the scaffold was subjected to histological
analysis. The HA/PDLLA scaffold showed similar bone formation and superior cell and tissue infiltration compared to the 𝛽-TCP
scaffold, as seen after Villanueva Goldner staining. Moreover, silver staining and immunohistochemistry for VonWillebrand factor
and cathepsin K demonstrated better cell infiltration in the HA/PDLLA scaffold. The fibrous tissue and cells that had infiltrated
into the HA/PDLLA scaffold tested positive for collagen type I and RUNX2, respectively, indicating that the tissue and cells that
had infiltrated into the HA/PDLLA scaffold had the potential to differentiate into bone. The HA/PDLLA scaffold is therefore likely
to find clinical application as a new bioresorbable scaffold.

1. Introduction

In the field of veterinary orthopedics, bone transplantation
has been generally applied for the large bone defect associated
with the surgery for bone tumors, trauma, or infection.
Bone grafts include autografts, allografts, demineralized bone
matrix, and bioresorbable scaffolds. Autografts have been
the gold standard of bone grafting, because of the superior
osteoconductivity and osteoinductivity achieved, although
retrieving autograft tissue causes pain at the surgical site and
poses an infectious risk, and there are limits to the amount
of material that can be retrieved. Thus, the development of

an ideal bioresorbable scaffold has been an ongoing focus in
orthopedic surgery.

From the 1980s, researches for development of biore-
sorbable scaffolds which have osteoconductive, osteoinduc-
tive, and bioresorptive properties have advanced [1]. Recently,
an artificial bone, constructed from calcium phosphate and
bioresorbable polymers, has been developed and applied in
the regeneration of bone and cartilage [2–5].

One new form of porous artificial bone is mainly com-
posed of hydroxyapatite (HA) and 𝛽-tricalcium phosphate
(𝛽-TCP). These porous scaffolds are highly biocompatible
and show good osteoconductivity [6]. On the other hand,
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Figure 1: Images of micro-CT and scanning electronmicroscope (SEM). (a)Themicro-CT image of HA/PDLLA scaffold. (b)The SEM image
of HA/PDLLA scaffold.

porous scaffolds take a long time to be absorbed, and some
of them demonstrate low osteoinductive properties [7]. In
general, HA has superior biocompatibility compared to 𝛽-
TCP but shows delayed resorption in vivo [8].

Polyglycolic acid (PGA) and polylactic acid (PLA) are
typical bioresorbable polymers. These bioresorbable poly-
mers can be used in various shapes, like rods, pins, plates, and
screws [9]. In clinical cases, osteosynthetic implants made of
PLA and PGA have been used for the treatment of fractures
at various sites, such as the femoral head, the condyle of the
femur, the condyle of the humerus, and the carpal bone [10].
However, these bioresorbable polymers generally show low
bioactivity, and the rate of resorption tends to be dependent
on the capacity of the material [6, 11].

After 2000, new bioresorbable scaffolds, composed of a
combination of calcium phosphate and bioresorbable poly-
mers, have been developed, in order to utilize the advantages
of both types of materials and to compensate for their draw-
backs [12, 13]. The aim of this combination was to achieve
appropriate structural strength and direct unionwith the host
bone and to match the processes of regeneration of bone and
scaffold resorption. We previously reported that HA/poly-L-
lactide (PLLA) achieved complete remodeling into cortical
bone, but that this was not the case with PLLA only [14].
Shikinami et al. and Sai and Fujii reported thatHA/poly-L/D-
lactide (PDLLA), containing 70wt% unsintered-HA particles
in 30wt% PDLLA, demonstrated superior biocompatibility
and good bioresorption in the medullary cavity of the
rabbit [15, 16]. The HA/PDLLA scaffold demonstrated good
remodeling at an unloaded site, but the remodeling process
at a loaded site was not then investigated.

The aim of this study was to evaluate the usefulness of
the HA/PDLLA scaffold in a loaded site, by analyzing the
remodeling process in comparison to that achieved with a 𝛽-
TCP scaffold.

2. Material and Methods

2.1. Bioresorbable Scaffold. The HA/PDLLA scaffold was
composed of 70wt%unsinteredHAand 30wt%PDLLA (Mv:

77 kDa; D/L: 50/50mol%) matrix and was prepared by hot-
compression moulding of nonwoven composite fibers. Man-
ufacturing involved the scaffold fiber precipitation method,
following the report by Shikinami et al. [15]. The HA/PDLLA
scaffold (Comporus: Takiron, Osaka, Japan) had 70% poros-
ity, a 40–480 𝜇m (average: 170 𝜇m) interconnected pore size,
and 4.1 ± 0.4MPa compressive strength [15]. The structure of
the HA/PDLLA scaffold, identified using scanning electron
microscope (SEM) and micro-CT, was shown in Figure 1.
The control material, that is, the 𝛽-TCP scaffold (Osferion60;
Olympus Terumo Biomaterials, Tokyo, Japan) had 60%
porosity, 10MPa compressive strength, and 100–165 𝜇m pore
size. Both biomaterial scaffolds were prepared to a cuboid of
size 10 × 10 × 15mm, and the center area had a 3.0 mm hole.

2.2. Animals. Nine healthy male beagles were included in
the study. All dogs were 11.4 ± 0.5 (mean ± SD) months
of age at the beginning of the experiment and their average
weight was 9.6 ± 0.9 kg. Surgical treatment and postoperative
management of the dogs were performed in accordance with
the Guidelines for Care andUse of Laboratory Animals of the
Nippon Veterinary and Life Science University. Dogs were
randomly divided into three groups: 1-, 3-, and 12-month
group, with three dogs per group.

2.3. Surgical Treatment. The dogs received preanesthetic
injections of droperidol (0.25mg/kg, i.m.), and general
anesthesia was induced with propofol (7mg/kg, i.v.). Each
dog was intratracheally intubated, and anesthesia was main-
tained with isoflurane and oxygen. All anesthetized dogs
received epidural injections of buprenorphine hydrochloride
(5 𝜇g/kg) and bupivacaine hydrochloride (0.5mg/kg). A sur-
gical approach was made via the right medial side to expose
the tibial diaphysis. The tibial length was measured prior
to the operation; a 15-mm region of the central tibia was
removed using an oscillating bone saw. A bridging plate fixa-
tion was applied using an 81 mm 9-hole locking compression
plate (Synthes, SE) and 𝜑 2.7mm × 16mm locking head
screws (Synthes), using three screws to each of the proximal
and distal region of the tibia (Figure 2(a)). Thereafter, the
HA/PDLLA scaffold was inserted into the space (HP group;
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Figure 2: Images of surgery. (a)The central region of the tibia was removed using an oscillating bone saw (black arrow). (b)The HA/PDLLA
composite was inserted into the space created (white arrow). (c)The 𝛽-TCP composite was inserted into the space created (black arrow head).

Figure 2(b)). The wound was closed routinely. The same
procedure was used to implant a 𝛽-TCP scaffold into the left
limb (TCP group; Figure 2(c)).

Animals were treated using a Robert–Jones bandage
up to 14 days, with limited physical activity. Postoperative
analgesic management was achieved by administration of
buprenorphine (0.02mg/kg, i.m.; q 12 h) for 14 days. Each dog
received cefamezin (25mg/kg, p.o., q 12 h) for 14 days after
the operation. Animals were kept in a cage to rest during the
follow-up period. Dogs were euthanized via administration
of an overdose of sodium pentobarbital after the indicated
time.

2.4. Radiographic Analysis. Craniocaudal radiographics were
obtained at 1, 3, 6, 9, and 12 months. Radiographic analysis
was conducted to assess the union of the bioresorbable
scaffold and host bone, and the condition of the scaffold and
the fixation system.

2.5. Ca
2
(PO
4
)
3
Content. After euthanasia, all plates and

screws were removed, and computed tomography (CT;
Asteion, Toshiba Medical Systems Corporation, Tokyo,
Japan) imaging performed. CT images of the full length of
the tibia were obtained at 120 kV, 100mA, and with 1.0 mm
slice thickness, in a prone position. The DICOM data was
retrieved to commercial image analysis software (Image J
analysis software; NIH, Bethesda, MD). While obtaining CT
images, standard bone mineral phantom (B-MAS 200, Kyoto
Kagaku, Japan) was used to measure the CT value of both

scaffolds. The Ca
2
(PO
4
)
3
content was measured at the axial

site of the central portion of the scaffold.

2.6. Histological Analysis. After CT analysis, both tibias of
each dog were retrieved and fixed using 10% neutral buffered
formalin for 7 days. A sample was cut at the axial center,
and the proximal portion was decalcified with 10% EDTA.
Thereafter, each specimen was embedded in paraffin. The
central plane of the specimens was sectioned parallel to the
sagittal plane at a thickness of 5𝜇m, and stained hematoxylin
and eosin (HE), and silver impregnation. The sections were
randomly chosen and stained according to following proto-
col.

The distal portion was dehydrated in serial concentra-
tions of ethanol (30, 50, 70, 80, 90, and 100% v/v; 2 days per
concentration) and then embedded in LR White resin (Lon-
don Resin Company Ltd., London, UK).The specimens were
sectioned using a band saw (BS-300CP, EXAKTApparatebau
GmbH) parallel to the sagittal plane of the sample. Then,
the surface of specimens was polished with diamond paper
(MG-4000, EXAKT Apparatebau GmbH) and subjected to
Villanueva Goldner (VG) staining, which was then observed
under a light microscope.

2.7. Immunohistochemistry Staining

2.7.1. Collagen Type 1 (COL1). The proximal section of HA/
PDLLA scaffolds and 𝛽-TCP scaffolds were cut into 5 𝜇m
thick sections. The sections were stained with a polyclonal
rat-anti-rabbit-COL1 (1 : 5000, Cosmo Bio, Tokyo, Japan)
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followed by a rabbit IgG antibody (CosmoBio), which served
as secondary antibody. The complex was detected using
3,3-diaminobenzidine, tetrahydrochloride (DAB; DAKO,
Glostrup, Denmark).

2.7.2. VonWillebrand (VW) Factor. The sections were stained
with a polyclonal rat-anti-rabbit-VW factor (1 : 2000, Cosmo
Bio) followed by anti-rabbit IgG antibody (Cosmo Bio),
which served as secondary antibody. The complex was
detected using DAB (DAKO).

2.7.3. Cathepsin K. The sections were stained with a poly-
clonal human anti-goat cathepsin K antibody (1 : 300, Santa
Cruz Biotechnology, Santa Cruz, CA) followed by anti-goat
IgG antibody (Nichirei Biosciences, Inc., Tokyo Japan), as
secondary antibody. The complex was detected using DAB
(DAKO).

2.7.4. RUNX2. The sections were stained with a polyclonal
human anti-goat RUNX2 antibody (1 : 100, Santa Cruz
Biotechnology), followed by anti-goat IgG antibody (Nichirei
Biosciences, Inc.), as secondary antibody. The complex was
detected using DAB (DAKO).

2.8. Qualitative and Quantitative Analysis. Qualitative and
quantitative analysis was conducted as detailed in Table 1.
Each image was taken using a BX51 microscope (Olympus,
Tokyo, Japan) and saved as TIFF files. The images were
analyzed using image J software (NIH, Bethesda, MD).

2.9. Statistical Analysis. Differences between HA/PDLLA
and 𝛽-TCP were analyzed using the Mann-Whitney test.
The temporal change in each scaffold was analyzed using
Tukey’s honestly significant difference test. These tests were
performed using SPSS statistical software (SPSS, Japan Inc.,
Tokyo, Japan). Differences were considered significant at
values of 𝑝 < 0.05.

3. Results

3.1. Radiographic Analysis. Figure 3 shows the craniocaudal
view of specimens, showing temporal radiographic changes.
In the craniocaudal view, the TCP group indicated higher
radiopacity compared to the HP group. At the 9-month
follow-up, the border between the scaffold and host bone
was unclear in the HP group (Figure 3(k)), indicating the
continuousness of the HA/PDLLA scaffold and host bone; in
contrast, the borders of the site and host bone could still be
clearly seen at 12 months (Figure 3(l)).

3.2. Ca
3
(PO
4
)
2
Content. The differences in Ca

3
(PO
4
)
2
con-

tent are shown in Figure 4.The 12-monthHP group indicated
a significantly higher Ca

3
(PO
4
)
2
content compared to the

1- and 3-month groups. The 12-month TCP group had a
significantly lower Ca

3
(PO
4
)
2
content compared to the 1- and

3-month TCP groups; the TCP groups also demonstrated a
significantly higher Ca

3
(PO
4
)
2
content compared to the HP

Table 1: Qualitative and quantitative analysis method.

Staining method Magnification Number
of views Aim

Silver impregnation 40 6 Area of fibrous
tissue

COL 1 100 1 Identifying the
fibrous tissue

Von Willebrand 100 10 Number of vessel
cavities

Cathepsin K 200 10 Number of
osteoclast-like cells

Runx2 200 10 Number of positive
cells

VG staining 20 2 Bone, residual
composite, osteoid

group at 1 and 3 months. However, the TCP and HA groups
were not significantly different at 12 months.

3.3. Histological Analysis. HE stained specimens are shown
in Figure 5. At low magnification, the HP and TCP groups
demonstrated the same level of bone formation, although the
HP group showed earlier scaffold hydrolyzed than absorbed
the TCP group. Moreover, the process of remodeling was
observed to be markedly different between the HP group
and the TCP group. Specifically, the HP group demonstrated
significant fibrous tissue infiltration, whereas the TCP group
did not.

3.4. Area of Bone Formation, Residual Scaffold, and
Osteoid Tissue. The areas representing bone formation
(Figure 6(g)), residual scaffold (Figure 6(h)), and osteoid
tissue (Figure 6(i)) was measured in specimens after VG
staining. Both scaffolds indicated bone formation; in
particular, the bone formation was significantly increased
between 3 months and 12 months (Figure 6(g)). Both
scaffolds indicated a lowering in the residual scaffoldmaterial
over time; again, the residual scaffold was significantly
reduced between 3 and 12 months (Figure 6(h)), with the
HP group showing a significantly smaller area of residual
scaffold than did the TCP group during the follow-up period.
Both groups showed little osteoid tissue formation at 1 and 3
months, although both groups showed a significantly higher
level of osteoid formation at 12 months (Figure 6(i)).

3.5. Fibrous Tissue. Specimens that had been stained by silver
impregnation are shown in Figures 7(a)–7(f). The fibrous
tissue areas are represented in Figure 7(g). There was little
fibrous tissue infiltration in the TCP group (Figures 7(a), 7(c),
and 7(e)), but the HP group showed greater infiltration of
fibrous tissue (Figures 7(b), 7(d), and 7(f)). More specifically,
there was less fibrous tissue infiltration in the caudal side
compared to the cranial side (data not shown). There was
a significant difference between the HA group and the TCP
group during the follow-up period; the HP group showed a
significant reduction in fibrous tissue infiltration over time.
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Figure 3: Craniocaudal view of the bioresorbable scaffold. ((a)–(f)) HP group. ((g)–(l)) TCP group. ((a), (g)) Postsurgery. ((b), (h)) 1 month.
((c), (i)) 3 months. ((d), (j)) 6 months, ((e), (k)) 9 months, and ((f), (l)) 12 months. Fibula fractures were found in six dogs, including three
limbs in the TCP group and five limbs in the HP group, at 1- to 3-month follow-up. After 3 months, no fractures or refractures were observed.
No fractures or displacement of the scaffold or fixation was seen.
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3
(PO
4
)
2
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3
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)
2
content compared to the 1- and 3-month groups. The 12-month TCP group had a significantly lower Ca

3
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content

compared to the 1- and 3-month TCP groups; the TCP group also demonstrated a significantly higher Ca
3
(PO
4
)
2
content compared to the

HP group at 1 and 3 months. However, the TCP and HA groups were not significantly different at 12 months. ∗: 𝑝 < 0.05 versus TCP group.
†: 𝑝 < 0.05 versus 1 month. §: 𝑝 < 0.05 versus 3 months.

3.6. COL1. Specimens that had been stained for COL1 by
immunohistochemistry are shown in Figures 8(a)–8(f). Most
of the infiltrated tissue in the bioresorbable scaffolds was
positive for COL1. As the TCP group did not show much
fibrous tissue infiltration, there was little COL1-positive tissue
in this group. In contrast, as the HP group demonstrated
markedly more fibrous tissue infiltration, this group also
showed more COL1-positive tissue. Specifically, the 1- and
3-month HP groups showed markedly more fibrous tissue
infiltration, which was also positive for COL1 (Figures 8(b)
and 8(d)).

3.7. Vessel CavityMeasurement. Figures 9(a)–9(f) show spec-
imens stained for VW factor by immunohistochemistry.

The number of vessel cavities positive for VW factor is shown
in Figure 9(g). The HP groups showed a significantly higher
number of vessel cavities than did the TCP groups during
the follow-up period. Particularly, the 1-month HP group
showed a markedly higher number of vessel cavities than did
the 3- and 12-month HP groups. The TCP groups showed
a significantly higher number of vessel cavities at 3 months
compared to that at 1 month; however, this number decreased
significantly by 12 months.

3.8. Osteoclast-Like Cells. Cathepsin K-positive specimens
are shown in Figures 10(a)–10(f), and the results of measure-
ment of the positive regions are shown in Figure 10(g). The
HP group showed significantly more cathepsin K-positive
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Figure 5: Tissue sections were stained with hematoxylin and eosin and viewed at ×12.5 and ×200 (insets) magnification. ((a), (c), and (e))
TCP group. ((b), (d), and (f)) HP group. ((a), (b)) 1 month. ((c), (d)) 3 months. ((e), (f)) 12 months. The HP group and TCP group showed
the same level of bone formation. The HP group showed earlier scaffold resorption than did the TCP group. The process of remodeling was
observed to be markedly different between the HP group and the TCP group. In particular, the HP group demonstrated significant fibrous
tissue infiltration, whereas the TCP group did not. Scale bars: 1.0mm and 100 𝜇m.

cells than the TCP group during the follow-up period. In the
HP group, the positive cells reduced significantly over time.
In the TCP group, the 3-month group showed significantly
more cathepsin K-positive cells compared to the 1- and 12-
month groups.

3.9. RUNX2. The RUNX2-positive specimens are shown in
Figures 11(a)–11(f) and the results of measurement of the
corresponding areas are shown in Figure 11(g). Most of the
spindle-shaped cells that were often observed in the HP
group were positive for RUNX2. The HP group showed
significantly more RUNX2-positive cells compared to the
TCP group during the follow-up period. In the HP group,
specimens at 1 and 3months demonstrated significantlymore
RUNX2-positive cells compared to the 12-month group. In
the TCP group, the 3-month group showed significantlymore
RUNX2-positive cells than did the 1- and 12-month groups.

4. Discussion

The aim of this study was to evaluate the usefulness of the
HA/PDLLA scaffold compared to 𝛽-TCP scaffold, which is

currently considered themost popular bioresorbable scaffold.
The 𝛽-TCP scaffold has been reported to have superior
osteoinduction and osteoconduction [16, 17]. Cutright et al.
previously reported that implantation of 𝛽-TCP scaffold into
rat tibia resulted in 95% of the scaffold being absorbed and
formation of a medullary cavity after 48 days [18]. These
results indicated that the 𝛽-TCP scaffold demonstrates good
bioresorptive qualities, although the TCP group retained
a clear scaffold form during the follow-up period. This is
influenced by the scaffold porosity and pore size [19]. On the
other hand, in our study, the border between the HA/PDLLA
scaffold and host bone was not recognizable by 9 months.
Examination of 𝛽-TCP scaffold implanted into rabbit femur
resulted in a gradual increase in radiolucency [20]. In our
study, the radiolucency gradually decreased, until the radi-
olucency of the 𝛽-TCP scaffold and the host bone was similar
at 9 months. Differences in the species and examination
procedures used may be responsible for differences in each
result. However, obtaining equal radiolucency with the host
cortical bone was a common result between previous reports
and this study.

Upon histological analysis, the HP group and the TCP
group indicated equal bone formation. Although the feature
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Figure 6: Tissue sections were stained with Villanueva Goldner (VG) stain and viewed at ×20 magnification. ((a), (c), and (e)) TCP group.
((b), (d), and (f)) HP group. ((a), (b)) 1 month. ((c), (d)) 3 months. ((e), (f)) 12 months. (g) Area of bone formation. (h) Area of residual
composite. (i) Area of osteoid formation. 𝛽-TCP (grey box), HA/PDLLA (black box). (g) The HP and TCP groups showed the same level of
bone formation, and both groups showed significant increases of bone formation over time. (h) The HP group represented superior scaffold
resorption. (i) Both groups demonstrated a low level of osteoid formation at 1 and 3months, although both groups showed significantly higher
osteoid formation at 12 months. ∗: 𝑝 < 0.05 versus TCP group. †: 𝑝 < 0.05 versus 1 month. §: 𝑝 < 0.05 versus 3 months. Scale bars: 1.0mm.



8 BioMed Research International

1

3

12

(M
on

th
)

TCP HP

0
5

10
15
20
25
30
35
40
45
50

1 3 12

Fi
br

ou
s t

iss
ue

 ar
ea

 (%
)

(Month)

∗

∗
†

∗
†

†

§

§

500𝜇m 500𝜇m

500𝜇m

500𝜇m

500𝜇m

500𝜇m

(a) (b)

(c) (d)

(e) (f)

(g)

Figure 7: Tissue sections were stained by silver impregnation and observed at ×40 magnification. ((a), (c), and (e)) TCP group. ((b), (d), and
(f)) HP group. ((a), (b)) 1 month. ((c), (d)) 3 months. ((e), (f)) 12 months. (g) Measurements of the infiltrated fibrous tissue. 𝛽-TCP (grey
box), HA/PDLLA (black box). (g)The TCP group showed little fibrous tissue infiltration during the follow-up period. On the other hand, the
HP group showed a stronger fibrous tissue infiltration than did the TCP group. ∗: 𝑝 < 0.05 versus TCP group. †: 𝑝 < 0.05 versus 1 month. §:
𝑝 < 0.05 versus 3 months. Scale bars: 500 𝜇m.

of bone formation were different between HA/PDLLA scaf-
fold and 𝛽-TCP scaffold, the HP group showed significantly
less residual scaffold than did the TCP group. Moreover,
the HA/PDLLA scaffold indicated superior utility compared
to the TCP scaffold. The HP group showed strong fibrous
tissue infiltration, while the TCP group showed little fibrous
tissue infiltration. These results indicated a difference in

the remodeling process between the HA/PDLLA scaffold
and 𝛽-TCP scaffold. In a study in which 𝛽-TCP scaffold
was implanted into the canine dorsal region, the pattern of
bone formation suggested intramembrane ossification [21].
In this study, the results obtained using the 𝛽-TCP scaffolds
indicated slight fibrous tissue infiltration and significant
osteoid tissue formation at 12 months. Thus, the remodeling
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Figure 8: Tissue sections were stained for COL 1 and observed at ×200 magnification. ((a), (c), and (e)) TCP group. ((b), (d), and (f)) HP
group. ((a), (b)) 1 month. ((c), (d)) 3 months. ((e), (f)) 12 months. Most of the infiltrated fibrous tissue in the bioresorbable scaffolds was
positive for COL1. The HP groups showed COL1-positive tissue infiltration; particularly, the 1- and 3-month HP groups showed marked
COL1-positive tissue infiltration. On the other hand, the TCP groups did not show much fibrous tissue infiltration. Scale bars: 200𝜇m.

process observed in this studywas likely to involve intramem-
brane ossification. On the other hand, the HP group showed
marked fibrous tissue infiltration, which gradually became
calcified.

The VW factor is specifically expressed in vascular
endothelial cells [22, 23]. Vessel formation plays an important
role in both endochondral ossification and intramembrane
ossification and for delivery of some cytokines, oxygen,
nutrition, and various cells from the host site to the site
of the bioresorbable scaffold [24, 25]. Moreover, lack of a
blood supply causes delayed healing and lack of union at the
fracture site [26]. In our study, the HP group demonstrated
a significantly higher degree of vessel formation compared to
that in the TCP group.

The results of silver staining and VW factor immunohis-
tochemistry indicated that the HA/PDLLA scaffold demon-
strated superior infiltration compared to the 𝛽-TCP scaffold.

The vessel cavity formed in the scaffold transports various
types of cells. In particular, infiltration of osteoclast-like cells,
which plays a role in scaffold resorption, is very important.
Chazono et al. previously reported that bone formation
occurs after scaffold resorption [27]. CathepsinK is expressed
in osteoclast cells [28–30]. The HP group showed a signifi-
cantly higher number of cathepsin K-positive cells compared

to the TCP group; this indicated that the HA/PDLLA scaf-
fold was more likely to be resorbed by osteoclast-like cells
than was the 𝛽-TCP scaffold. Additionally, more PDLLA is
degraded by hydrolysis, so that the HA/PDLLA scaffold is
likely to be useful in patients with osteopetrosis and diabetes
[31].

The infiltrated fibrous tissue was positive for COL1 and
most of the infiltrated cells were positive for RUNX2. RUNX2
plays a role in differentiation of mesenchymal cells into
osteoblasts, activation of COL1 expression, and is also related
to vessel formation [32–36]. RUNX2 influences not only
bone formation, but also bone resorption [37–39]. Com-
pared to the TCP group, the HP group had significantly
higher numbers of RUNX2-positive cells throughout the
entire follow-up period, suggesting that both bone formation
and the remodeling process of bone resorption had been
activated. The size of pore and interconnection pore were
critical factors for biomaterial scaffolds [40–43]. Tsuruga et
al. reported that for cell adhesion, differentiation, growth of
osteoblasts, and vascularization, the optimal pore size was
approximately 300–400 𝜇m [40]. Lu et al. recommended the
favorable interconnection pore size to be over 50𝜇m, while
Xiao et al. reported that the 150𝜇m interconnection pore
size showed significant greater vascularization compared to
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Figure 9: Tissue sections were stained for Von Willebrand (VW) factor and observed at ×100 magnification. ((a), (c), and (e)) TCP group.
((b), (d), and (f)) HP group. ((a), (b)) 1 month. ((c), (d)) 3 months. ((e), (f)) 12 months. (g) Measurement of the number of infiltrating vessels.
𝛽-TCP (grey box), HA/PDLLA (black box). Most of the vessel cavities were present in the infiltrated fibrous tissue; the HP groups showed
significantly more vessel cavities than did the TCP groups during the follow-up period. ∗: 𝑝 < 0.05 versus TCP group. †: 𝑝 < 0.05 versus 1
month. §: 𝑝 < 0.05 versus 3 months. Scale bars: 200 𝜇m.

100 and 120𝜇m [43, 44]. From these researches, it can be said
that the HA/PDLLA scaffold was sufficient in both the pore
size and interconnection pore size.

In generally, a bioresorbable scaffold does not have
sufficient mechanical strength to be used at a loading site.
However, Liu et al. reported that it was possible to apply
bioresorbable scaffolds to a loading site while using a proper
fixation system, although they reported that using 𝛽-TCP-
only scaffold did not result in good bone formation [45].

In other words, a wide range of bone injuries could not be
healed by transplantation of only cancellous bone [45]. In our
study, using a particular bioresorbable scaffold alone resulted
in good bone formation. We hypothesized that this was due
to the animal species used, the porosity and pore size of
the material used, and the medullary-like cavity created in
the bioresorbable scaffold. In a previous study of a biore-
sorbable scaffold implanted subcutaneously into rabbit, carti-
lage tissue and chondrocytes were observed by 3months [46];
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Figure 10: Tissue sections were stained for cathepsin K and viewed at ×200magnification. ((a), (c), and (e)) TCP group. ((b), (d), and (f)) HP
group. ((a), (b)) 1month. ((c), (d)) 3months. ((e), (f)) 12months. (g)Number of osteoclast-like cells present after implantation of bioresorbable
materials. 𝛽-TCP (grey box), HA/PDLLA (black box). The number of cathepsin K-positive cells was measured. We defined osteoclast-like
cells as cells that were cathepsin K-positive and possessed more than five nuclei. HP groups showed significantly more osteoclast-like cells
compared to the TCP groups during the follow-up period. In the HP group, the positive cells reduced significantly over time. In the TCP
group, the 3-month group showed a significant more cathepsin K-positive cells compared to the 1- and 12-month groups. ∗: 𝑝 < 0.05 versus
TCP group. †: 𝑝 < 0.05 versus 1 month. §: 𝑝 < 0.05 versus 3 months. Scale bars: 100 𝜇m.

however, we did not observe these features in our study, and
the reason for this is not immediately clear.

Ozawa et al. reported a study in which 167 clinical
cases received 𝛽-TCP scaffold implants and observed good
remodeling radiologically [47]. However, the 𝛽-TCP scaffold

could not be remolded easily to replace the defect site.
In contrast, the HA/PDLLA scaffold could be formed into
various shapes, using a scalpel and thermal modification, to
fill the defect site optimally [15, 46], thereby offering easy
intraoperative manipulation by the surgeon.
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Figure 11: Tissue sections were stained for RUNX2 and viewed at ×100 and ×400 (insets) magnification. ((a), (c), and (e)) TCP group. ((b),
(d), and (f)) HP group. ((a), (b)) 1 month. ((c), (d)) 3 months. ((e), (f)) 12 months. (g) The number of cells positive for RUNX2. 𝛽-TCP (grey
box), HA/PDLLA (black box). Most of the spindle-shaped cells that were frequently observed in the HP group were positive for RUNX2.The
HP group showed significantly more RUNX2-positive cells than did the TCP group during the follow-up period. In the HP group, specimens
at 1 and 3 months demonstrated significantly more RUNX2-positive cells compared to the 12-month group. In the TCP group, the 3-month
group demonstrated significantly more RUNX2-positive cells compared to the 1- and 12-month groups. ∗: 𝑝 < 0.05 versus TCP group. †:
𝑝 < 0.05 versus 1 month. §: 𝑝 < 0.05 versus 3 months. Scale bars: 100 𝜇m and 50 𝜇m.

5. Conclusion

The results of this study showed that the HA/PDLLA scaffold
is equal to the 𝛽-TCP scaffold in terms of bone formation
and shows fine hydrolysis and operability. This study used
12 months as the follow-up period, but neither scaffold had

achieved complete replacement by that period. The residual
scaffold evoked pain and dysfunction.The result of immuno-
histochemistry staining showed that the HA/PDLLA scaffold
had significantly higher infiltration and activation of the
bone remodeling process than did the 𝛽-TCP scaffold; thus,
the HA/PDLLA scaffold indicated a lower risk of residual
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scaffold. It is likely that the HA/PDLLA scaffold will find
clinical application as a new bioresorbable scaffold.
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Tissue engineering is an important therapeutic strategy to be used in regenerative medicine in the present and in the future.
Functional biomaterials research is focused on the development and improvement of scaffolding, which can be used to repair or
regenerate an organ or tissue. Scaffolds are one of the crucial factors for tissue engineering. Scaffolds consisting of natural polymers
have recently been developedmore quickly and have gainedmore popularity.These include chitosan, a copolymer derived from the
alkaline deacetylation of chitin. Expectations for use of these scaffolds are increasing as the knowledge regarding their chemical and
biological properties expands, and new biomedical applications are investigated. Due to their different biological properties such
as being biocompatible, biodegradable, and bioactive, they have given the pattern for use in tissue engineering for repair and/or
regeneration of different tissues including skin, bone, cartilage, nerves, liver, and muscle. In this review, we focus on the intrinsic
properties offered by chitosan and its use in tissue engineering, considering it as a promising alternative for regenerative medicine
as a bioactive polymer.

1. Introduction

Currently, regenerative medicine is one of the most popular
scientific fields and the future of life sciences, where new
technology and today’s public health challenges converge.

Regenerative medicine is defined as the association of
tissue engineering, stem cells research, gene therapy, and
therapeutic cloning, as important strategies for regenerative
medicine in the present and future.

Recently, research on biomaterials has pointed to the
design, development, and improvement of scaffolds as new
drug release systems and bioactivemolecules for regenerative
medicine [1].

All of this has been possible because of dramatic advances
in the field of tissue engineering during the last 10 years,
offering potential regeneration of almost all tissues and
organs of the human body.

Tissue engineering is an important therapeutic strategy
for present and future medicine. Therefore, the goal in

tissue engineering is to restore, regenerate, maintain, or
improve function in defective tissue or lost tissue due to
different disease conditions. This may be possible by using
the development of biologic substitutes or by rebuilding
structural scaffolds that induce tissue regeneration. Tissue
engineering is defined as the use of isolated cells or cell
substitutes, tissue inducers, and cells placed on or in a matrix
to repair and regenerate tissue [2]. Strategies can be classified
into three groups: (1) isolated cell implants or cell substitutes
in the body, (2) tissue inducer substances (such as growth
factors), and (3) cells placed on or in different matrices or
substrates that work as a vehicle or scaffold that induce tissue
regeneration [3].

Thus, the focus on tissue engineering points to the use
of structures used to repair injured tissue or tissue with
structural malformations and also reinforce and, in certain
cases, organize regenerating tissue that would work as a
scaffolding to restore or regenerate the damaged tissue [4].
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Table 1: Characteristics that must contain a biomaterial for use in tissue engineering and regenerative medicine.

Characteristics Description of the characteristic

Biocompatibility They must be accepted by the receptor and must not lead to rejection
mechanisms because of its presence

Absorbability and degradability Absorbable, with controllable degradation and resorption rate to be the same
as the in vitro and in vivo cell/tissue growth

Not to be toxic or carcinogenic Its degradation products cannot cause local or systemic adverse effect on a
biological system

Chemically stable
Chemical modifications not being present in a biological system implant or
biodegradable in nontoxic products, at least during the scheduled time to
regenerate tissue

Chemically adequate surface To have a chemically adequate surface for cell access, proliferation and cell
differentiation

Adequate resistance and mechanical properties Resistance and mechanical properties, superficial characteristics, fatigue time,
and weight, according to the receptor tissue needs, as well

The proper design, size, and shape of the scaffolding Which allows having a structure with properties according to the needs of the
receiving tissue to regenerate or repair.

2. The Scaffolding

Scaffolding is defined as 3D porous solid biomaterials,
designed for the following functions: (1) promoting cell-
biomaterial interactions, cell adhesion, and extracellular
matrix deposits (ECMD), (2) allowing for sufficient transport
of gases, nutrients, and regulatory factors to allow for cell sur-
vival, proliferation, and differentiation, (3) breaking down at
a controllable rate that is close to the regeneration rate of the
tissue of interest, and (4) creating minimal inflammation [5].

Biomaterials used as scaffolds in tissue engineering must
meet certain requirements or characteristics in order that
they can perform the above functions (Table 1) [23]. This
scaffolding composed of natural or synthetic materials is
commonly used as scaffolds to interact with biological sys-
tems to accomplish desirable medical outcomes in modern
healthcare, providing alternatives to overcome the limitations
and restrictions imposed by the use of autograft and allograft
tissues [23].

Polymers are biocompatible biomaterials for application
in regenerative medicine and tissue engineering. They can
be natural, synthetic biodegradable, and synthetic non-
biodegradable. Among them, the polymers that are mostly
used as biomaterials are the natural and synthetic biodegrad-
able ones, which have attracted significant interest because of
their flexibility in terms of chemical manipulation and the
ability to break down into low molecular weight fragments
that can be eliminated or resorbed by the human body [24,
25].

Natural polymers can be considered as the first biode-
gradable biomaterials used in human clinical conditions [24].
These natural materials, due to their bioactive properties,
tend to have greater biological interaction with the cells,
which allow them to have better performance in the biolog-
ical system. Natural polymers can be classified as pro-
teins (silk, collagen, fibrinogen, elastin, cheratin, actin, and
myosin) and polysaccharides (cellulose, amylose, dextran,
chitin, and glycosaminoglycans) or polynucleotides (DNA,
RNA) [26].
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Figure 1: Chemical structure of chitosan [poly-(𝛽-1/4)-2-amino-2-
deoxy-D-glucopyranose].

Currently, polymers have been widely used as bioma-
terials for manufacturing medical devices and scaffolds in
tissue engineering [27, 28]. In biomedical applications, the
selection criteria of polymer materials used as biomaterials
are based on certain features such as chemical compo-
sition, molecular weight, solubility, shape and structure,
hydrophilicity/hydrophobicity, surface energy, water absorp-
tion capacity, breakdown, and erosion mechanism. Polymer
scaffolds are attracting a great deal of attention due to their
unique features, such as the high surface-volume ratio, great
porosity on the surface with a very small pore size, ability
to control biodegradation, and mechanical properties. They
have several biocompatibility benefits, versatility in surface
chemistry, and biological properties that are important in
tissue engineering application and organ replacement in
regenerative medicine [29]. In this context, chitosan has
drawn a lot of attention.

3. Chitosan Characteristics

Chitosan [poly-(𝛽-1/4)-2-amino-2-deoxy-D-glucopyranose]
[30] is a copolymer made of D-glucosamine and N-acetyl-
D-glucosamine bonds and 𝛽 bonds (1–4) (Figure 1), in
which glucosamine is the predominant repeating unit in its
structure; it is a derivative of the alkaline deacetylation of
chitin, and the glucosamine content is named according to
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the degree of deacetylation (DD). Depending on the proce-
dure of origin and preparation, molecular weight may vary
from 300 kD to over 1,000 kD, with a deacetylation between
30% and 95% in the available commercial preparations.
Chitosan has been the best version of the chitin polymer
because it is readily soluble in diluted organic acids, thereby
having greater availability to be used in chemical reactions
[27, 28, 31–33].

Chitosan properties are very much affected by the con-
ditions in which the material is processed because the man-
ufacturing process conditions are the ones that control the
resulting amount of deacetylation.TheDD in chitosan is a key
feature that determines its physical, chemical, and biological
characteristics. The DD is determined by the amount of free
amino groups in the polymer chain, and this free amino
group confers a positive charge to chitosan.The amino group
and the hydroxyl group provide functionality, so chitosan
turns out to be a highly reactive polysaccharide. The positive
charge in chitosan allows for many electrostatic interactions
with negatively charged molecules. The processing condi-
tions, as well as the amount of functional groups created
by deacetylation, allow for coupling of the groups, having
an impact on the crystallinity of chitosan which in turn is
directly associated with the ability of chitosan to be soluble in
aqueous acid solutions, resulting in one of its main features
for processing [34].

Chitosan has many physical and chemical properties
conferred by its functional groups (amino NH2 and hydroxyl
OH), as well as biological properties coming from its chem-
ical composition. Solubility, biodegradability, reactivity, and
absorption of many of its substrates depend on the amount
of protonated amino groups in the polymer chain and
thus in the rate of acetylated or nonacetylated glucosamine
[35, 36]. All of these features make it an attractive option
for several applications in science such as food/nutrition,
medicine, microbiology, immunology, agriculture, and vet-
erinary medicine [37].

4. Physicochemical Properties

4.1. pH Dependence and Solubility. Chitosan solubility
depends on the distribution of free amino and N-acetyl
groups. In diluted acid solutions (pH ≤ 6) the free amino
groups are protonated and confer a polycationic behavior and
the molecule becomes soluble [4]. From the pka standpoint,
similarly, the amino groups (pka 6.2–7.0) are completely
protonated in acids with a pka less than 6.2, making chitosan
soluble, remaining so until reaching a pH near 6.2, when, at
a higher pH (>de 6.5) the amines in chitosan deprotonate
and chitosan become insoluble, after which precipitates, such
as hydrated gels, are formed. Chitosan is insoluble in water,
aqueous solutions, concentrated acids, and common organic
solvents, but it is totally soluble when stirred into aqueous
solutions such as acetic acid, nitric acid, hydrochloric acid,
perchloric acid, lactic acid, and phosphoric acid [36, 38, 39].

4.2. Degree of Deacetylation (DD). The degree of deacetyla-
tion (DD) represents the rate of D-glucosamine units with

respect to the total amount of N-acetyl-D-glucosamine that
makes the chitosan molecule, since this unit is found in the
amino group created from the elimination of the acetyl group.
A deacetylated chitin over 60 or 70% is already considered to
be chitosan.TheDD is a structural parameter that determines
some physical and chemical properties such as solubility
limit in acid solutions (pH 2–6), molecular weight, and
mechanical properties (elasticity and traction resistance).
The deacetylation process turning chitin into chitosan will
transform the acetyl group into a primary amino group,
which is more hydrophilic than the preceding molecule;
thereby, the DD in chitosan increases the water content in
samples taken from chitosan samples, tending to have an
impact on the ability to absorb water and limiting the ability
to have maximum swelling [40].

The DD also has an impact on biological properties,
such as the in vitro and in vivo biodegradation. It has been
proven that, at a greater DD (between 84 and 90%), the
degradation process is delayed. Highly deacetylated chitosan
(over 85%) shows a low degradation index in the aqueous
environment andwill degrade after a fewmonths, and a lower
DD (between 82 and 65%) would lead to a faster degradation.
The commercially available preparations have a DD between
60 and 90%. This feature has an impact on some biological
properties in chitosan, such as healing capacity, increase
in osteogenesis, and a breakdown process by lysozymes in
biological systems [41, 42].

The DD plays a key role in cell adhesion and proliferation
but does not change the cytocompatibility of chitosan. “In
vitro” studies have shown that the lower the DD in chitosan,
the lower the cell adhesion in the films. It has been found that
keratinocytes attached to the chitosan film may change their
adhesion and cell growth depending on their deacetylation
degree (DD), but proliferation is not promoted. Thus, DD
affects growth of cells in the same way as cell adhesion.

4.3. Molecular Weight. Depending on where and how the
preparation procedure is done, the molecular weight may
change from 300 to over 1000 kD [4]; viscosity andmolecular
weight are inversely proportional to the degree of acety-
lation. Therefore, the greater the molecular weight is, the
chitosan membranes tend to be more viscous, thus allowing
for controlling fluidity in them, an important feature in
tissue interaction. Due to its high molecular weight and its
lineal nonbranched structure, chitosan is a strong viscosity-
building agent in acid mediums and behaves as a pseu-
doplastic material, where viscosity depends on agitation
[43].

It has also been proven that the molecular weight has
an indirect effect or is inversely proportional to the swelling
capacity and/or hydration of chitosan membranes, and when
the molecular weight is greater and the DD is higher,
the swelling or permeability is less in chitosan membranes
[44].

There is a direct association between molecular weight
and DD. These two parameters have a direct effect on
the biodegradation process of chitosan, since at a greater
molecular weight the degradation process is delayed in “in
vitro” as well as “in vivo” systems [45].
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Figure 2: Macroscopic photographs (a) and micrographs (SEM) ((b) and (c)) of porous chitosan scaffold. Micrographs show low and high
magnification.

After oral administration in mice and rats, the molecular
weight decrease in chitosan leads to greater absorption.
When low molecular weight chitosan was absorbed, it was
found to extend to several inspected organs, that is, liver,
kidney, spleen, thymus, heart, and lung and it was also easily
metabolized [44, 46].

4.4. Porosity. Porosity is a feature in polymers used as
scaffolding. Porous scaffolds serve to provide support in
tissue engineering because they act as a platform and provide
necessary support to physically guide differentiation and
proliferation of cells for tissue growth “in vivo” and “in
vitro.” The porous scaffolding must be similar to MEC
present in tissue, allowing for organized cell growth and
neovascularization. For all these reasons, these polymers
such as chitosan have been extensively investigated for such
applications, specifically for soft tissue replacement because
porous scaffolding can retain water in its polymeric structure
as well as retaining bioactive proteins [47].

In order for chitosan scaffolding to be used as structural
support in tissue regeneration, it should be highly porous so
as to have the proper cell proliferation in the action site and
also have enough surface area for live cells to accommodate
adequately, have the correct pore size so that the growing cells
can penetrate and proliferate, and have highly interconnected
pore structures that allow cells to grow and to have proper
transport of nutrients (Figure 2) [48].

Several methods are used to prepare 3D porous scaffolds,
among which we find that of thermally induced phase
separation (TIPS) in which temperature is reduced to freez-
ing conditions to induce phase separation in a degradable
homogenous polymer. Since chitosan is a polymer, it can
produce porous membranes to be used as scaffolds [49].

Porous scaffoldings resulting from the TIPS method
can synthetize different structures that contain somewhat
different poreswith size ranges from 1 to 250𝜇mand that vary
according to temperature andwater content. For example, the
lower the temperature and the greater the water content, the
smaller the pore size; porosity in chitosan membranes has
a direct effect on its surface size. Hydrated porous chitosan
membranes have been shown to have at least twice more
surface size and volume compared to nonporous chitosan
membranes, but their elasticity and resistance to traction
are ten times smaller than nonporous membranes used
as controls [50]. The porous structure can be stabilized
adding glutaraldehyde, polyethylenglycol, heparin, or colla-
gen, allowing the structure to become more resistant and to
maintain elasticity.These compounds canmake chitosan turn
insoluble in acid solutions and consequently form closed pore
structures [51, 52].

Currently, ideal scaffolding should have 80 to 90% poros-
ity with a pore size of 50 to 250𝜇m. Its pores should be
interconnected so as to provide physical support to cells and



BioMed Research International 5

guide their proliferation and differentiation, also facilitating
neovascularization. The pore sizes recommended for skin
scaffolding should be greater than 160 𝜇m, varying between
15–100𝜇m and 100–200𝜇m, with a desired 90% porosity to
provide the necessary space and enough surface to grow
cells and create priority temporary scaffolds for implantation
allowing for regeneration or damaged tissue repair [53].

4.5. Water Absorption Capacity. When placed in liquid
media, chitosan membranes can swell and retain a given
water volume absorbed from the medium in their three-
dimensional network. In order to be used for biomedical
purposes, they should absorb fluid from the body for cell
transference, plus they should allow for an adequate distri-
bution of nutrients, metabolites, and growth factors, through
extracellular media [47].

4.6. Mechanical Properties. Considering the appropriate
mechanical properties we can state that chitosan membranes
have a disadvantage when used for support in tissue engi-
neering because these membranes are very stiff and brittle;
that is, they have low mechanical resistance [23]. So then,
in order to optimize resistance and elasticity, crosslinking
agents are used with at least two functional reactive groups
that allow for making bridges between polymeric chains with
formaldehyde, epoxides reacting with polyethyleneglycol,
dialdehydes (glutaraldehyde and glyoxal), and starch [54].
In cross-linked hydrogels the polymeric chains are bound
by the crosslinking agent, building a 3D network. Their
nature will mainly depend on the density or crosslinking
degree, named according to the ratio of moles in the agent
with the moles in the repeat units of the polymer. Among
the reactions to the crosslinks in chitosan with some other
materials we can find the aldehyde-amine reaction with
polyethylene glycol, which is used because it is hydrophilic,
with low toxicity and good biocompatibility. Studies have
been conducted showing the effectiveness of the chitosan-
DiepoxyPEG (Diepoxy-polyethylene glycol) crosslinking,
resulting in an improvement of the mechanical properties of
the crosslinked compound [54, 55].

4.7. Biological Properties. Chitosan has many beneficial
biomedical properties, such as biocompatibility, biodegrad-
ability, andno toxicity. Biological activity of chitosan is closely
related to its solubility and therefore molecular weight and
DD [56].

4.8. Biodegradability. The process of biodegradation of chi-
tosan can be through various media both physical (thermal
degradation) and chemical (enzymatic degradation); the rate
of degradation of the chitosan is inversely proportional to the
degree of crystallinity of the polymer and therefore the DD
and, thus, can manipulate the degradation rate by controlling
the DD which occurs during processing [41, 57].

There is a broad range of hydrolytic enzymes such as
lysozyme, which is the primary enzyme responsible for
chitosan degradation in “in vivo systems” and that is found in
lymphoid human and animal tissue and that can be used to
naturally degrade chitosan [58, 59]. Inside the body it leads

to the release of amino sugars that can be processed and
released by the metabolic system. Chitosan degradation is
an important property assuming that the end processes and
applications it will ultimately be given can agree with the
resulting design [35].

Some of the specific enzymes that degrade chitin and
chitosan have a clearly identified structure but their action
mechanisms are still unknown. In mammals, these enzymes
seem to be completely absent; however, when chitosan is
implanted, it will eventually disappear completely after some
time and the degradation speed seems to depend onDD [35].

Through enzymatic hydrolysis mechanisms chitosanmay
be easily depolymerized due to susceptibility 𝛽 bonds (1–
4) mediated by different hydrolases including lysozymes,
pectinase, cellulases, hemicellulases, lipases, and amylases
among others, which means that chitosan has a pecu-
liar vulnerability to other enzymes that are different from
chitinases. Its degradation products are oligosaccharides or
monosaccharides, naturalmetabolites of glycosaminoglycans
or glycoaminoproteins. Lysozyme is an unspecific proteolytic
enzyme common in mammals. It can hydrolyze chitosan, but
this action quickly disappears when chitosan has a degree of
acetylation (DA) below 30% [41].

When chitosan is fully acetylated, it is totally insensitive to
this enzyme.Moreover, it seems that at least three consecutive
N-acetylated groups are necessary to be recognized by this
enzyme and, in spite of depending on the amine content in
chitin and chitosan the unspecific enzymes that degrade these
polymers are inactivated, and such degradation can be found
in in vivo implants. It has been proven that whatever the
circumstancesmay be, biodegradation of chitosan takes place
depending onmany and diverse factors, especially the degree
of acetylation, molecular weight, degree of crystallinity, water
content, and also the shape and condition of the surface on
the material, aside from its microstructure [41].

4.9. Biocompatibility. Biomaterials should be biocompatible;
that is, contact with the body should not result in adverse
reactions, so they must be capable of recognizing and coop-
erate harmoniously with structures and cells of the human
body, without producing unspecific reactions [60]. Clinical
tests conducted so far have not reported any inflammatory
or allergic reactions after implantation, injection, topical
application, or ingestion of chitosan in the human body [40].
This is due to the fact that chitosan is made of GlcN and
GlcNac that are natural components of mammalian tissues
[61].

There are studies that support the biocompatibility of the
material and the direct relationship of this property with
its DD material used. In the first reports that determined
toxicity, none of the materials were chitosan films using a
standard “in vivo” toxicity tests to assess their safety [62].
The biocompatibility of chitosan films has also been shown
with different DD; studies where a model of subcutaneous
implantation in rats is applied showed that the films of
chitosan with DD between 69 and 74% induced a relatively
acute inflammatory reaction by rapid biodegradation, with
almost complete resorption after 4 weeks of implantation;
DD films with high (between 74 to 90%) resulted in
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a mild inflammatory reaction in tissue degradation rate and
a slower rate. This is in agreement with the well-known
fact that rapidly biodegradable biomaterials elicit an acute
inflammation reaction due to a significantly large production
of low-molecular-weight compounds within a short time.
Therefore it was determined that films with ≥ 84% DD
showed reaction to softer tissue because these were degraded
more slowly [45].

4.10. Non Toxic. Several studies have proven that, so far,
clinical tests conducted with chitosan have not reported
adverse inflammatory or allergic reactions when used in
tissue engineering or as a vehicle in drugs, nor after implan-
tation, injection, or topical application in the human body
or for oral application. This property is due to the fact that
chitosan is made of GlcN and GlcNAc, natural components
of mammalian tissue [41, 42, 63].

5. Cytocompatibility

A wide number of cells have been successfully cultured on
2D and 3D chitosan matrices envisaging cell-based regen-
erative therapies, among them keratinocytes, chondrocytes,
osteoblasts, hepatocytes, and Schwann cells [40, 64–68].
Some studies found that the DDwas an important parameter
affecting cell adhesion, by promoting high adhesion. This
effect was reported for a number of anchorage-dependent
cells, such as keratinocytes, fibroblasts, dorsal root ganglion
neurons, and Schwann cells [69–71].

In other studies the effect of DD concerning behavior of
the osteogenic cells and chitosan films was investigated in
porous matrices, using DD in the range of 96–51%. These
studies revealed a trend that determines that there is an
increase of cell adhesion related to an increase in the DD,
and the differences showed that a DD greater than 91% can be
critical in terms of osteogenic response fromchitosan [72, 73].

6. Nonimmunogenic

Chitosan and its oligomers stimulate macrophage activity
increasing nitric oxide, reactive oxygen species, TNF-𝛼,
interferon, and IL-1, as well as TGF-𝛽1 and PDGF. However,
since there are no proteins and lipids in its structure, it is
not possible to develop specific antibodies against it, unless
it is coupled with other substances such as albumin. The
conclusion from all the studies on the subject indicates that
chitosan is hypoallergenic and only transiently stimulates the
immune system because when impregnated with tissue fluids
in the receptor body it ultimately becomes biotolerated and
metabolized [41, 63, 74].

7. Antimicrobial and Antifungal

Chitosan inhibits growth of many types of fungi, yeasts, and
bacteria. In solutions made of acid dilutions the positive
loads in them interact with the negatively charged residues of
macromolecules on the cell surface of microorganisms, sup-
posedly competing against the Ca+2 for the electronegative

sites in the membrane, but without conferring dimensional
stability, compromising the membrane integrity and making
it weak [75]. Among the antimicrobial effects of chitosan
are those related to Candida albicans, Enterobacter cloacae,
Enterococcus faecalis, Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa, Staphylococcus aureus, and Strepto-
coccus pyogenes.

This property is of special significance because it has been
proven that the antimicrobial agents such as bandagingmate-
rials and dressings generally lead to cytotoxicity, delaying the
healing process, or leading to pathogen resistance. In the case
of chitosan, since the antimicrobial effects come directly from
the membrane, there is almost no need to use antibacterial
substances or change bandages, the implants themselves, or
dressings when they are applied [63].

8. Tissue Repair and Regenerative Medicine

In regenerative medicine applications of biomaterials for
tissue repair and regeneration include their use as orthopedic
implants and, as bone fillers, adhesives for tissue repair and
the use of scaffolds for tissue engineering; the latter are
used for repair and/or regeneration of skin, bone, cartilage
and nerve tissues, since these tissues have been the focus of
greater research in regenerative medicine. This involves the
use of chitosan as a scaffolding material or as an analog or
extracellular matrix (ECMD), which works as support for the
regeneration of damaged tissue (Table 2) [6–22, 76].

The popularity of chitosan for tissue repair and regen-
eration is due to the fact that it can be easily processed
and manufactured in a variety of forms including fibers,
films, sponges, and hydrogels. This provides the ability to
mimic the shape of the receiving tissue or biomaterial tissue
interface. Moreover, the similarity of its chemical structure
to some polysaccharides and ECM constituents offers the
possibility of being chemically modified to adapt structurally
and functionally to the host tissue, due to its previously
described properties that allow for the ability to regenerate
primary tissue cells and even stem cells. Thus its potential is
to be used in regenerative medicine [4, 33, 77, 78].

9. Chitosan and Tissue Engineering

9.1. Skin, Nerves, and Soft Tissues. The generation of scaffolds
with porous structures is important in the engineering of
epithelial and soft tissues. Chitosan can be manufactured
in a porous structure to allow for cell seeding. This space
created by the porous structure allows for cell proliferation,
migration, and the exchange of nutrients. In addition, the
controllable porosity of chitosan scaffolds is beneficial to
angiogenesis, which is fundamental in supporting the sur-
vival and function of the regenerated soft tissues [50, 79].
Chitosan scaffolds have shown both cytocompatibility in
vitro and biocompatibility in vivo. Generally, chitosan evokes
only a minimal foreign body reaction in vivo, and implanted
chitosan scaffolds seldom induce chitosan-specific reactions
[32].
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Due to the fact that some chitin-based biomaterials do
not provide a friendly interface for cell adhesion of some
specific tissue types, other biomaterials, such as collagen or
fibronectin with tissue-specific binding sequence, should be
blended with chitosan to produce scaffolds with higher cell
affinity. Also, chitosan is blended with other biomaterials to
create scaffolds that are more appropriate for directing the
desired cell behaviors and to mechanically strengthen the
tissues engineering of tissues such as the skeletal system [80,
81]. The biological activity beneficial to tissue regeneration
can be introduced through the entrapment of bioactive agents
in the scaffolds through physical adsorption [6]. For example,
trimethylated chitosan has been reported to be efficient in
gene transfection without increasing cytotoxicity [82].

Specifically speaking about the difference in tissues, there
is evidence that chitin-based materials support neuronal
growth. In addition, many different substrates and bioactive
molecules have been added into chitin-based scaffold to
increase their affinity with nerve cells [83]. A chitosan tube
immobilized with laminin peptides can facilitate proximal
nerve sprouting and regenerate axon bridging [84]. In 2004,
a study showed that chitosan fibers supported the adhesion,
migration, and proliferation of Schwann cells, which allowed
for axonal regeneration in the peripheral nervous system
[68]. Whenever there is a peripheral nerve lesion, the current
standard treatment is to use an autologous nerve graft
to bridge the neural gap and facilitate nerve regeneration
and reconnection; however, since there have been frequent
and severe complications, several attempts have been made
over the last decades to overcome this problem by using
different biomaterials but functional recovery is still far from
being acceptable [85]. Nevertheless, different scaffolds were
fabricated in a study by cross-linking chitosan with acetic
acid and chitosan with 𝛾-glycidoxypropyltrimethoxysilane,
which would later be cultivated with N1E-115 cells, derived
from mouse neuroblastoma C-1300. The resulting hybrid
membranes presented good cytocompatibility besides the
fact that, when cultured in the presence of dimethylsulfoxide
(DMSO) or cyclic AMP (cAMP), they show characteristics
from neural cells, such as ceased multiplication, extensive
neurite outgrowth, and polarization of cellular membranes,
being able to locally produce and deliver nerve growth
factors, essential in the reconstruction of peripheral nerve
lesions. In vivo studies suggest that these chitosan-based
membranes show promising results regarding its applications
in peripheral nerve engineering due to their porous structure,
their chemical modifications, and high affinity to cellular sys-
tems [85]. These modifications make chitin-based materials
more diverse and functional for soft tissue regeneration. In
the same manner, it was found that in the regeneration of
ligaments, chitosan-hyaluronic hybrid polymers can provide
appropriate environments for cellular adhesion, proliferation,
and extracellular membrane (ECM) production, as well as
facilitating the biological effects of seeded cells [6].

For vascular tissues, in order to mimic the morphological
and mechanical properties of blood vessels and improve
long-term patency rates, collagen has been crosslinked with
chitosan to generate a tubular scaffold. This biocompatible
scaffold proved to have desirable porosity and pliability,

enhanced cell adhesion, proliferation, and ECM produc-
tion [86, 87]. In addition to vascular applications, chi-
tosan/collagen blended scaffolds have also been employed in
adipose tissue regeneration. When adipocytes were seeded,
the in vitro cytocompatibility and in vivo biocompatibility of
scaffolds were confirmed experimentally [88].

Chitosan also has a potential use in skin repair and
regeneration subsequent to injuries or burns. A study was
performed in which chitosan was cross-linked with silica
particles (SiO2), used as a porogen agent and the extractions
from the developed membranes demonstrated no cytotoxi-
city against L-929 cells 24 hours after the culture. In addi-
tion, the macroporous membrane exhibited excellent cellular
adhesion and proliferation after 24 and 48 hours of culturing,
which is why the developed scaffold might be adequate for
skin tissue engineering [89]. Chitin-based materials have
also demonstrated their potential in maintaining and induc-
ing cell phenotypes used in culturing melanocytes, corneal
keratinocytes, and skin keratinocytes [90, 91]. Even in the
salivary gland, the morphogenetic efficacy of mesenchyme-
derived growth factors is dramatically augmented with the
assistance of chitosan.The effects of epithelial morphogenetic
factors, such as fibroblast growth factors 7 (FGF7), fibroblast
growth factor 10 (FGF10), and hepatocyte growth factor
(HGF), have been upregulated in the presence of chitosan
[88].

Furthermore, chitosan use in the design of new tissue
adhesives was motivated by the fact that it can bind to colla-
gen due to hydrogen bonding and polyanionic–polycationic
interactions [88].There is evidence that hydrogels andmeshes
of chitosan cross-linked with other biomaterials are useful
in the prevention of postoperative abdominal adhesions. A
study was developed in which they used thermosensitive
hydroxybutyl chitosan (HBC) in a rat side-wall defect-cecum
abrasion model for prevention of postoperative abdominal
adhesions. HBC is a new derivative of chitosan whose main
character is the intelligent response to changing temperature.
HBC demonstrated antiadhesive activity as well as being easy
to handle during the operation. Therefore, it may be effective
in prevention of postoperative adhesions [92]. Another pro-
tocol was performed where they compared 3 different types
of meshes: Dynamesh-IPoM mesh, a simple polypropylene
mesh, and a polypropylene/chitosan mesh. The results were
that the polypropylene/chitosan mesh proved to be the least
irritating for the recipient’s tissue as well as surrounding
tissues, as evidenced by the lowest rate of inflammatory
reaction within the connective tissue, which guarantees the
implant acceptance and the least extensive adhesion to inter-
nal organs, and thus the lowest rate of complications [93].
Finally, there was another protocol in which they determined
that a chitosan-gelatin modified film modified chitosan film
is effective on preventing peritoneal adhesions induced by
wound, ischemia, and infection, but the effect is not apparent
in foreign body-induced adhesion [94].

Due to the properties that chitosan has shown in reduc-
tion and prevention of postoperative intraperitoneal adhe-
sions, it is also widely being studied for its use in repair
and regeneration of the abdominal wall in ventral hernias. A
study was conducted to investigate the feasibility of using silk
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fibroin and chitosan blend scaffolds for ventral hernia repair
in guinea pigs [20]. This blended scaffold was compared
to a biodegradable human acellular dermal matrix and a
nonbiodegradable polypropylene mesh. The investigators
concluded that the silk fibroin and chitosan blend scaffold,
unlike the mesh and the matrix, showed tissue remodeling
in all 3 dimensions, with seamless integration at the interface
with adjacent native tissue, the repair sites remained intact,
and their mechanical strength was similar to that of the
native abdominal wall. Additionally, the scaffold promoted
the deposition of new extracellular matrix, uniform vascu-
larization, and cellular infiltration in the repair sites, which
contributed to the increase in mechanical strength of the
regenerated tissue. Thus, this scaffold is potentially useful
in reconstruction and regeneration of the abdominal wall
[20]. Furthermore, due to its utility in ventral hernia repair,
it might also have a potential use in inguinal hernias and
other types of herniation. It might even be useful in the
repair of certain congenital defects such as omphalocele or
gastroschisis, although to date there are still no apparent
models that prove its effectiveness for application in humans
for these types of defects.

Specifically speaking about intestinal tissue, its engineer-
ing is an emerging field due to a growing demand for intesti-
nal lengthening and replacement procedures secondary to
massive bowel resections [95, 96]. Intestinal transplantation
is a common treatment but its limitation resides in the high
incidence of rejection, availability of donor organs, and the
size of the donor graft. The biocompatibility of chitosan
was investigated by growing rabbit colonic circular smooth
muscle cells on chitosan-coated plates [95]. The cells main-
tained their spindle-like morphology and preserved their
smooth muscle phenotypic markers. Tubular scaffolds were
manufactured with central openings composed of chitosan
and collagen in a 1 : 1 ratio. Concentrically aligned 3D circular
muscle constructs were bioengineered using fibrin-based
hydrogel seededwith the colonic circular smoothmuscle cells
from the rabbit.Themuscle constructs contracted in response
to acetylcholine (Ach) and potassium chloride (KCl) and they
relaxed in response to vasoactive intestinal peptide (VIP).
These results demonstrate that chitosan is a biomaterial possi-
bly suitable for intestinal tissue engineering applications [95].

In conclusion, it is safe to say that chitosan has great
potential in applications for soft tissue engineering, whether
it is used for wound closure or for its potential use in
generating specific tissue grafts. Nonetheless, there is still
much research to be done in terms of their properties and
formation of scaffolds. Next generation scaffolds should be
able to carrymany different bioactive factors and release them
in specific order. To this end, decisions on how to control the
separate loading capacity, kinetics of drug release, and rate
of substrate degradation are the major challenges to be faced
[88].

10. Potential Applications Supported by
Its Biological Activity

10.1. Hemostatic Properties. Chitosan is capable of promoting
platelet adhesion by initializing a cascade of intracellular

signaling which activates glycoproteins IIb/IIa as well as
thromboxane A2/ADP, increasing platelet spreading and
strengthening the stability of adhesion [97]. Chitosan is avail-
able in different presentations, including films, fibers, and
hydrogels, and each one of them offers specific advantages in
terms of absorption depending in its therapeutic use.

Several studies have proven efficacy of chitosan as a
hemostatic agent. However, it has been reported that the
hemostatic mechanisms of chitosan are separate from the
classic coagulation cascade [62]. The hemostatic effect in
chitosan is achieved from the direct interactionwith platelets,
mainly in alpha granules. The intracellular signaling induces
PDGF-AB and TGF-𝛽1 release. An increased rate in the
PDGF-AB has been found, as much as up to 130%, with the
use of chitosan compared to a control group [98]. Chitosan
can be used in medical and surgical procedures by direct
application on bleeding surfaces, using several presentations
such as powder, solutions, coatings, films, hydrogels, com-
pounded filaments, and more. Nevertheless, its clinical use
will depend on the application technique used as well as the
type of wound that it is applied on. Many investigators have
described the hemostatic applications for chitosan; however,
different presentations have been used in each study; that
is, why results should be analyzed according to the different
groups, depending on the physical form of the material [99].

10.2. Liver Repair Application. There are three crucial factors
for successful use of chitosan in surgery: it must be placed in
the intra-abdominal cavity, it must have good bonding to the
surface of the lesion, and it must be able to maintain proper
hemostasis.

A study compared the effectiveness of a freeze-dry chi-
tosan graft versus the use of sponge gauze in a venous
bleeding due to a severe liver lesion in a pig model. The
animal model involves extensive vascular damage, as well
as damage to the liver parenchyma. Several vascular lesions
of approximately 1 cm in diameter were made. The outcome
reportedwith the chitosan graft had less blood loss (𝑝 < 0.01)
compared to the group of sponges (264mL and 2,879mL,
resp.) [100].

In further investigations the hemostatic effects of chitosan
as a solution have been previously analyzed. The results of a
lingual incision in a heparinized animal model according to
the evaluations with electron microscopy concluded that the
incisions treated with chitosan showed a disturbance in the
morphology of red cells, as well as an unusual affinity among
the red cells. It was reported that the red cell fractions that
interacted with chitosan reduced bleeding in 60%, reaching
hemostasis at 800 𝜇g/mL [99].

10.3. Healing Properties. In another study it was found that,
by means of chitosan hydrogel application on skin wounds
in diabetic mice, the wound shrinking speed improved and
wound closure was significantly faster.The chitosan hydrogel
combined with fibroblast growth factor type 2 was seen
to accelerate the closing process even further. Histology
examination showed that the combination of chitosan and
fibroblast growth factor type 2 fostered the formation of gran-
ulation tissue, capillary network, and epithelialization [101].
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The regenerative properties of chitosan are based on a
matrix building capacity that is adequate for growth and
activation of macrophages and proliferative cells in three-
dimensional tissue. A comparative study between wounds
treated with chitosan and a control group treated only with
saline solution was conducted in a dog animal model. The
wounds were clinically assessed throughout the study and
inspected histologically once the animal was euthanized.
Clinically, complete healing was achieved in the chitosan-
treated group after three weeks, while in the control group
it took four weeks. A complete repair of epidermal cells with
a keratin layer associated with connective tissue proliferation
was seen. In the chitosan group a collagen network of fibers
produced by fibroblasts was found, which surrounded the
neovasculature of the wound, while in the control group
hyalinosis of subcutaneous tissue occurred [102].

10.4. Chitosan Composites for Bone and Cartilage Regenera-
tion. Chitosan composites have been synthesized for hard
tissue regeneration, as in the case of bone and cartilage.

Evaluation of chitosan composites for bone tissue regen-
eration is based on physicochemical and biological char-
acterizations. Physicochemical characterization comprises
the study of homogeneity, purity, percentage composition,
chemical bonding, thermic stability, mechanical tests, and
incubation on simulated body fluid [103, 104]. On the other
hand biological evaluation includes the test in in vitro culture
cells (MC-3T3, hFOB, MG63, and bone marrow stem cells)
[105–108].These assays evaluate composite cytocompatibility
and cytotoxicity, in addition to its intinsic capacity of induc-
tion of cellular differentiation [109]. Finally the efficacy in the
treatment of surgical defects on animal models is evaluated
[21, 107, 110].

In the first place, chitosan as a matrix allows for bio-
compatibility of an implantable material, and in the second,
it allows for the interaction or combination with inducer
materials for tissue regeneration. In this sense, the use of
chitosan composites for tissue regeneration in experimental
models is a promising strategy for treatment of skeletal and
joint diseases [76, 111, 112].

In the case of bone tissue engineering, chitosan matrices
have been combined with osteogenic materials, like hydrox-
yapatite [103, 108, 109, 111], calciumphosphate and sulfate [113,
114], and others [115–117]. The purpose of the combination
of those biomaterials is to obtain organic and inorganic
composites that simulate the bone structure [118].

The evaluation of chitosan composites in osteoblast cul-
ture is an important factor to identify its biocompatibility.
In in vitro assays with the MC3T3 cell line, which comes
from calvarial murine osteoblasts, cross-linked membrane
of chitosan with tripolyphosphate showed the same values
in MTT assay of cell viability compared to controls; results
were observed in composites compound of chitosan with
calcium phosphate, and chitosan with the release of bone
morphogenic protein type-2, concluding that those mem-
branes are biocompatible with osteoblasts. Additionally it
has mechanical properties that make it a good implantable
composite in bone defects [113, 119].

When bone tissue is damaged by trauma, cancer, or
infection, a source of autogenous bone tissue or replace-
ment materials is needed to regenerate the compromised
tissue. Experimental animal models are a good resource
to understand how biological and pathological conditions
participate in the healing of bone tissue. In this sense,
chitosan composites can be used to induce bone healing and
regeneration.

Chitosan composites have been tested in bone defects
in experimental models successfully for bone regeneration.
Chitosan hydrogel, gelifiable by blue light, was used for BMP-
2 release and showed good bone regeneration in a femoral
defect in rat [120]. Similar results were observed with the use
of a lyophilized porous membrane, a compound of chitosan
and hydroxyapatite, in a calvarial defect in rat, the composite
membrane filled up the defect as compared to a control,
in addition, the presence of osteogenic markers was more
abundant in the experimental group [121].

Osteogenesis is the processwhere osteoblast cells prolifer-
ate frommesenchymal cells and deposit extracellular matrix;
at the end of the bone defect these cells differentiate into
mature osteocytes. All of this tissue process includes the
expression of multiple bone markers and enzymes involved
in cell maturation and bone calcification.

Chitosan/nanohydroxyapatite composites have been
more relevant for tissue engineering, because of its ability to
induce a good proliferative response in osteoblasts, and in a
tibial defect in a rabbit it showed good bone regeneration at
8 weeks seen by microcomputarized tomography [122].

Joint defects are common in elderly people, caused by
rheumatoid arthritis and dehydration of cartilage tissue in
the entire body or by the lifting of heavy loads with the
corresponding joint wear, leading to the total dependence of
joint replacement therapy.

In the case of cartilage tissue regeneration, chitosan
composites have been designed to form hydrogels. These
composites allow for the inclusion of cells and molecules for
cartilage regeneration. The most combined inducer agent of
cartilage regeneration is collagen type II, this is the main
protein in cartilage tissue, and it enhances the adhesion and
formation of clusters of chondrocytes in vitro [15, 123, 124],
a requirement for cartilage regeneration. Collagen II and
chondroitin sulfate in chitosan hydrogels stimulate chondro-
cytes attachment in a blue light gelification composite, it
also induces the mesenchymal stem cells differentiation to
chondrocytes in vitro [125], and similar results have been
observed with chitosan hydrogel with alginate and fibroin. In
order to follow the seeding cells on chitosan composites, the
next step in regeneration is the formation of functional tissue;
collagen II expression by chondroblasts and chondrocytes is
a determinant factor in cartilage formation, and it has been
observed in the glycerophosphate-chitosan hydrogel with silk
fibrils, where chondrocyte phenotype is maintained for the
expression of glycosaminoglycans and type II collagen in
vitro [126], as obtained with alginate and fibroin in chitosan
hydrogels [127]. These findings suggest that chitosan can
support the addition of an inducer material and also is
a biocompatible material for cartilage tissue engineering.
Extracellular matrix deposition is a key factor to recognize
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biocompatibility and normal cell function, in addition a 3D
matrix for growth tissue by proliferation and differentiation
of precursor cells. In the case of chondroblast and chondro-
cytes, production of collagen II is a functional tissue determi-
nant, and this has been found in glycerophosphate-chitosan
hydrogel and silk fibrils, which stimulates the production of
collagen II and glycosaminoglycans by chondrocytes in vitro
[126].

The polylactide acid-chitosan membranes with collagen
provide a laminatematrix withmechanical properties similar
to cartilage, but in addition they have worked as a support
for chondrocytes from rabbit cartilage [128], and this opens
the possibility to use chitosan composites in the regeneration
of cartilage defects [21], as in the case of arthritis or joint
cartilage damage from aging.

A biomaterial combination of chitosan with polycapro-
lactone [112, 124, 129], silk fibrils [126], genipin [15], chon-
droitin sulfate [130], and polyester [14] has been designed
with the purpose of obtaining composites with properties
that resemble those of cartilage, and it also provides a proper
environment for extracellularmatrix deposition, cell viability,
and differentiation.

This perspective allows for understanding the potential
properties of chitosan composites in hard tissue regeneration.
In summary, chitosan composites provide physical and chem-
ical and mechanical support, cell attachment, proliferation,
and differentiation, with the corresponding biocompatibility
to induce the bone and cartilage tissue regeneration.

11. Conclusions

Regenerative medicine is facing new challenges in the way
to induce tissue repair in live tissue. Advances have led to
the availability of bioactive compounds for damaged tissue.
Such compounds must have a regenerative effect and foster
wound repair, with the least possible morbidity and with high
biocompatibility conditions. Chitosan polymers have been
proven to serve as scaffolds that induce tissue regeneration,
but beyond that, they are considered to be an ideal polymer
for making bioactive compounds [131]. This is possible
because there is a potential synergy in their byproducts,
when combined with growth factors and stem cells, either
of mesenchymal origin or neural origin. Additional studies
should try to confirm the translational issues on the role
of bioactive polymers and their real impact on regenerative
medicine.
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Bypass surgeries using native vessels rely on the availability of autologous veins and arteries. An alternative to those vessels could
be tissue-engineered vascular constructs made by self-organized tissue sheets. This paper intends to evaluate the potential use of
mesenchymal stem cells (MSCs) isolated from two different sources: (1) bone marrow-derivedMSCs and (2) umbilical cord blood-
derived MSCs. When cultured in vitro, a proportion of those cells differentiated into smooth muscle cell- (SMC-) like cells and
expressed contraction associated proteins.Moreover, these cells assembled intomanipulable tissue sheets when cultured in presence
of ascorbic acid. Tubular vessels were then produced by rolling those tissue sheets on a mandrel.The architecture, contractility, and
mechanical resistance of reconstructed vessels were compared with tissue-engineered media and adventitia produced from SMCs
and dermal fibroblasts, respectively. Histology revealed a collagenous extracellular matrix and the contractile responses measured
for these vessels were stronger than dermal fibroblasts derived constructs although weaker than SMCs-derived constructs. The
burst pressure of bone marrow-derived vessels was higher than SMCs-derived ones. These results reinforce the versatility of the
self-organization approach since they demonstrate that it is possible to recapitulate a contractile media layer from MSCs without
the need of exogenous scaffolding material.

1. Introduction

Cardiovascular diseases (CVD) are the leading cause of
mortality in the United States (US) [1]. Half of the CVD-asso-
ciated fatalities are attributed to myocardial infarct caused
by obstruction of a coronary artery [1]. The gold standard for
vascular bypass surgeries of small diameter/low blood flow
vessels is the transplantation of an autologous vein or artery
[2]. However, these vessels are limited in availability and
could be pathologic [3–5]. Therefore, there is an urgent need
for the development of an alternative conduit that could be

nonthrombogenic and nonimmunogenic and present proper
mechanical properties as well as vasoreactivity [6, 7]. Such
vessels can be engineered from autologous cells using the
self-organization approach, which takes advantage of the
capability of mesenchymal cells to produce and assemble
their own extracellular matrix (ECM) when cultured in pres-
ence of ascorbic acid [8, 9]. In a seminal paper by L’Heureux
et al. [9] the adventitia was recapitulated using adult dermal
fibroblasts (DFs) while the media layer was engineered from
umbilical vein smooth muscle cells (SMCs) and the intima
from umbilical vein endothelial cells. However, this source
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of SMCs is not compatible with a fully autologous approach.
In order to fulfill this expectancy, it would be preferable to
have access to another potential source of SMCs.

Previous studies have focused on the evaluation of alter-
native cell sources for media reconstruction by the self-
organization approach (formerly called the self-assembly
approach). Grenier et al. [10] developed a protocol for the iso-
lation of the 3 vascular cell types (endothelial, SMC, and
fibroblast) from a single vein biopsy. This interesting appro-
ach faces, however, the potential problems, for some patients,
of the cells taken from a pathologic vessel such as the
saphenous vein. Moreover, it is an invasive approach since it
requires surgery and an available vein, which can be difficult
to access for patients with history of multiple autologous
vascular bypass grafts. Additionally, tissue-engineered vessels
produced from cells isolated from veins have demonstrated
inferiormechanical properties than those reconstructed from
arterial cells [11].

The use of adult mesenchymal stem cells (MSCs) could
overcome the challenge of using cells from pathologic tissues.
MSCs are known to be able to differentiate into multiple
mesenchymal cell types (cardiomyocytes, osteocytes, chon-
drocytes, myocytes, fibroblasts, and adipocytes) [12]. They
can also spontaneously differentiate into smooth muscle cells
when cultured for several passages [13]. Moreover, those cells
possess paracrine effects such as immunomodulation, anti-
apoptosis, antiscarring, and chemoattraction [12]. They can
be obtained from different sources including adipose tissue,
the umbilical cord, bone marrow, and the dermis [14–16].
The current theory on the MSCs niche is that these cells are
located around capillaries and correspond to pericytes [17–
19].

Previous work demonstrated the potential of those cells
for tissue engineering applications using the self-organization
approach. Hayward et al. have demonstrated that umbilical
cordWharton’s jelly-derivedMSCs can be used to reconstruct
dermal and vascular constructs [20, 21]. Vermette et al. [22]
and Rousseau et al. [23] have also used adipose tissue-derived
stromal cell containing MSCs for engineered adipose tissue
and bladder wall, respectively.

In order to find a suitable alternative source of cells, we
studied the potential of bonemarrowmesenchymal stem cells
(BMSCs) and umbilical cord blood mesenchymal stem cells
(UCB-MSCs) to differentiate in SMCs, assemble extracellular
matrix, produce manipulable cell sheets, and form a cohesive
vascular media substitute.

2. Materials and Methods

2.1. Cell Isolation and Culture. All protocols were approved
by the institutional committee for the protection of human
subjects (Comité d’Éthique de la Recherche duCentreHospi-
talier Universitaire de Québec) and conducted in accordance
with the Declaration of Helsinki.

Umbilical cord blood mesenchymal stem cells (UCB-
MSCs) were isolated from the mononuclear fraction of sam-
ples of freshly collected human umbilical cord blood samples
(50–80mL), using an adaptation of the previously described

protocol by Kaushal et al. [24]. Briefly, after elimination of the
plasma and platelets by centrifugation, the erythrocytes were
sedimented in 6%dextran (Sigma-Aldrich,Oakville, Ontario,
Canada). The mononuclear fraction was then isolated by
centrifugation through a Ficoll-Paque gradient (Amersham
Biosciences, Piscataway, NJ, USA) and resuspended in phos-
phate buffered saline (PBS). Cells were centrifuged and resus-
pended in M199 medium (Sigma-Aldrich) supplemented
with 20% newborn calf serum (FetalClone II, HyClone,
Logan, UT, USA), endothelial cell growth supplement (20𝜇g/
mL; Sigma-Aldrich), glutamine (333 𝜇g/mL; Life Technolo-
gies, Burlington, Ontario, Canada), heparin (40U/mL; LEO
Pharma Inc., Thornhill, Ontario, Canada), and antibiotics:
100U/mLpenicillinG (Sigma-Aldrich) and 25 g/mLof genta-
micin (Schering, Pointe-Claire, QC, Canada). This mononu-
clear fraction obtained from cord blood was then plated in a
Petri dish coated with 0.2% gelatin (Fisher Scientific, Ottawa,
Ontario, Canada). Cells were allowed to adhere to the dish
for 3 hours in M199 medium at 37∘C to select the population
of adherent cells. After 20 days, two distinct cell popula-
tions were visible in the flask, angioblastic-like cells and
mesenchymal-like cells. These two populations were separa-
ted by differential trypsinization (trypsin; Life Technologies).
The mesenchymal population was then cultured in Dul-
becco’s modified Eagle medium (DMEM, Life Technologies)
and Ham’s F12 (Life Technologies) in a 3 : 1 ratio (DMEM-
Ham), 20% fetal calf serum (FCS; HyClone), and antibiotics.

Bone marrow mesenchymal stem cells (BMSCs) were
bought from Lonza (Lonza,Walkersville, MD, USA) and cul-
tured as prescribed by the manufacturer. This cell line has
been characterized previously (CD105+, CD66+, CD29+,
CD44+, CD34−, CD14−, and CD45−) and can be differenti-
ated into adipogenic, chondrogenic, and osteogenic cells [25].

HumanDFs were isolated from a healthy donor following
breast surgery and cell isolation was performed as described
previously [26]. Briefly, a small portion of skin was incubated
at 37∘C for 2 hours in a thermolysin (500𝜇g/mL, Sigma-
Aldrich)/HEPES buffer (pH 7.4, MP Biomedicals, Montreal,
QC, Canada) solution. The dermis and epidermis were then
separated using fine forceps. The dermis was cut into small
pieces and incubated at 37∘C for 20 hours in a collagenase
H solution (0.125U/mL, Roche, Laval, QC, Canada) in order
to isolate fibroblasts from the connective tissue. Fibroblasts
were centrifuged (300×g, 10min), plated into culture flasks,
and cultured in DMEM with 10% FCS and antibiotics.

Human arterial SMCs were isolated from an umbilical
cord artery using the explantsmethod of Ross [27, 28]. Briefly,
the artery was longitudinally opened and the endothelium
was removed by gentle scraping with a sterile gauze soaked in
a PBS solution. Strips of the media layer were dissected, cut
into small pieces, and allowed to adhere to a gelatin-coated
6-well plate (BD Bioscience, Mississauga, Ontario, Canada)
containing culture medium: DMEM-Ham, 20% FCS, and
antibiotics. After 2weeks in culture, SMCsmigrated out of the
explants and were allowed to proliferate for two more weeks.
SMCs were detached from the tissue culture plastic using
trypsin/EDTA and further plated at a density of 104 cells/cm2
in tissue culture flasks to allow for expansion.
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All cell types were grown in an incubator at 8% CO
2
, 95%

relative humidity (RH), and 37∘C and the culture medium
was changed 3 times a week.

2.2. Production of Tissue-Engineered Vascular Constructs.
The tissue-engineered vascular constructs were produced
using the self-organization technique previously described
[9, 29]. Briefly, cells were seeded on tissue culture flask (T75,
BD Bioscience) in DME-Ham (3 : 1), supplemented with 10%
FCS and 50 𝜇g/mL ascorbic acid. After 3 weeks in culture, cell
sheets were peeled off the flask and rolled around mandrels
(4.5mm diameter) to generate a vascular construct. These
were cultured for an additional three weeks in DMEM-Ham
supplemented with 10% FetalClone II serum, antibiotics, and
50𝜇g/mL of sodium ascorbate.

2.3. Immunostaining. For immunostaining on coverslips,
cells were fixed in 100%methanol (−20∘C, 10min) and rinsed
in PBS. For immunostaining of cross sections, segments of
tissue-engineered vessels were embedded in optimal cutting
temperature compound (OCT, Tissue-Tek/Somagen, Edmo-
nton, Alberta, Canada) and frozen at −80∘C. OCT embedded
tissues were cut orthogonal to the length of the vascular con-
struct in 5𝜇m sections using a cryostat (Leica Canada, Mon-
treal, QC, Canada), fixed in 100% acetone (−20∘C, 10min),
and rinsed in PBS. Primary antibodies used were mouse
monoclonal antibodies (IgG) against 𝛼-smooth muscle actin
(clone 1A4; Dako, Burlington, Ontario, Canada; 1/200), calp-
onin (clone hCP; Sigma-Aldrich; 1/200), h-caldesmon (clone
hHCD; Sigma-Aldrich; 1/100), and keratin-18 (cloneKS18.174;
ARP, Waltham, MA, USA; 1/100). Secondary antibody was
goat polyclonal antibody against mouse IgG conjugated with
Alexa 594 (Life Technologies; 1/800).

2.4. Histology. Segments of constructs were fixed in 3,7%
formaldehyde (VWR,Montreal, QC, Canada) and embedded
in paraffin. Five-micrometer thick cross sections were cut
using a microtome and stained with Masson’s trichrome
[30, 31] using Weigert’s haematoxylin, fuchsin-ponceau, and
aniline blue stains.

2.5. Burst Pressure Test. Burst pressure measurements were
performed by gradually inflating the tissue-engineered con-
structs until failure, while recording the internal pressure,
using a custom-built experimental setup described previously
[32]. Briefly, tissues were cannulated and loaded in a PBS
containing chamber maintained at 37∘C. Pressurization of
vascular constructs with PBS was ensured by a syringe pump
activated by a stepper motor (Excitron, Boulder, CO, USA)
and controlled by a LabView virtual instrument (National
Instruments, Austin, TX), at a constant flow rate of 4mL/min.
Pressure data were recorded by a pressure transducer (68846-
series; Cole Parmer, Montreal, QC, Canada) connected to
an acquisition card (NI PCI-6221; National Instruments) and
acquired using the previously described virtual instrument
[32]. Burst pressure was considered to be the highest pressure
value recorded prior to failure of the construct.

2.6. Uniaxial Tensile Test. Mechanical properties of the vas-
cular constructs were evaluated by ring tensile testing using
an Tytron 250Microforce Testing System (MTSCorporation,
Eden Prairies, MN, USA) as previously described [32, 33].
Briefly, five-millimetre-long ring samples were cut from the
different constructs and mounted between hooks linked to a
10N load cell. The hooks were pulled apart at the constant
speed of 0.2mm/s until failure of the specimen.

2.7. Vasoconstriction. The contractile properties of the tissue-
engineered vessels were evaluated by recording their response
to histamine (Sigma-Aldrich) as previously described [34,
35]. Briefly, the different constructs were cut into five-
millimetre-long ring sections, rinsed in physiological salt
Krebs solution (119mMNaCl, 4.7mMKCl, 1.2mMKH

2
PO
4
,

25mMNaHCO
3
, 1.2mMMgSO

4
, 2.5mMCaCl

2
, and 10mM

glucose), mounted between two anchors for isometric con-
tractile force measurements (Radnoti, Harvard Apparatus,
Montreal, QC, Canada), and submerged in isolated organ
baths containing Krebs solution maintained at 37∘C and
oxygenated with a mixture of 95% O

2
and 5% CO

2
(pH 7.4).

After 30 minutes of equilibration, each ring was passively
stretched until a stable preload of 500mg was obtained. The
maximal contractile capability of each ring was determined
by a single dose of histamine (10−4M).

3. Results

3.1. Cultured MSCs Express SMC Differentiation Markers In
Vitro. In order to evaluate the extent of the differentiation of
UCB-MSCs and BMSCs into SMCs, cells were characterized
for expression of SMC markers by immunofluorescence at
different passages and compared to SMCs andDFs (Figure 1).
At passage 10, both types ofMSCs were positive for the expre-
ssion of 𝛼-smooth muscle actin (𝛼-SMA) (Figures 1(a)–1(d))
and calponin (Figures 1(e)–1(h)), two early SMC markers.
Similarly, DFs also stained positive for calponin which can
be explained by a transition of those cells toward a myofi-
broblastic phenotype in culture. Expression of h-caldesmon
(Figures 1(i)–1(l)), a later stage SMC marker, was also tested.
This protein was expressed by a small proportion of UCB-
MSCs (30% of cells) but was present in each cell population
tested. Expression of h-caldesmon was high in BMSCs (100%
of cells) (Figure 1(j)). Most SMCs stained positive for this
marker although some of them did not express h-caldesmon
(Figure 1(k)), since SMCs are known to dedifferentiate from
their contractile phenotype to a proliferative phenotypewhen
cultured in vitro [36]. Keratin-18 is known to be expressed
by SMCs but not by dermal fibroblasts [37–39]. This protein
was expressed by a small proportion of UCB-MSCs (9%) and
BMSCs (14%) but by a high proportion of SMCs (87%). As
expected, DFs were negative for this marker.

3.2. MSCs Capability to Form Cell Sheets. The BMSCs and
UCB-MSCs were cultured in presence of ascorbic acid in
order to evaluate their capability to secrete and assemble col-
lagen using a previously described protocol [26]. Both types
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Figure 1: Cultured MSCs express smooth muscle cell markers. Expression of smooth muscle cell markers by various cell types in culture,
UCB-MSCs (a, e, i, and m) and BMSCs (b, f, j, and n), as well as control cells, SMCs (c, g, k, and o) and DFs (d, h, l, and p). Immunostaining
against (red) 𝛼-smooth muscle (SM) actin (a–d), calponin (e–h), h-caldesmon (i–l), and keratin-18 (m–p). Nuclei were counterstained with
Hoechst (blue); scale bar: 100 𝜇m.

of MSCs secreted a sufficient amount of extracellular matrix
to form cell sheets. However, UCB-MSCs formed fragile cell
sheets that were hard to manipulate in comparison with
their counterparts. MSCs-derived sheets were rolled around
a mandrel to form vascular constructs. Those constructs and
control ones (SMCs- and DFs-derived) were stained with
Masson’s trichrome to visualize cells and ECM (Figure 2).
All cell types formed tubular constructs comprising cells
embedded into a dense collagenous ECM. UCB-MSCs-deri-
ved vessels were much thinner than the others. This finding
correlates with the previous observation of a thin and fragile
cell sheet. However, all four types of constructs could be slit
out from their support mandrel into culture medium and
were able to maintain their internal lumen geometry without
collapsing.

3.3. Vascular Constructs Produced from Stem Cells Express
Contractile SMC Proteins. In order to evaluate the expression
of SMC markers in the vascular constructs derived from all
four cells types, cross sections of tissue-engineered vessels
were immunostained with the same markers as 2D cultures
presented in Figure 1. SMCs-derived constructs stained pos-
itive for all four markers, namely, 𝛼-SMA, calponin, h-calde-
smon, and keratin-18 (Figures 3(c), 3(g), 3(k), and 3(o)) while
DFs-derived ones turned out to be negative for the same
four markers (Figures 3(d), 3(h), 3(l), and 3(p)). MSCs-deri-
ved constructs, fromUCB-MSCs (Figures 3(a), 3(e), 3(i), and
3(m)) and from BMSCs (Figures 3(b), 3(f), 3(j), and 3(n)),
displayed an intermediate phenotype with a level of expres-
sion of SMC markers between the SMCs- and DFs-derived
constructs.
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(a) (b)

(c) (d)

Figure 2: Cultured stem cells produce ECM and form cell sheets that can be later rolled into vascular constructs. Cross sections of tissue-
engineered vessels made from cultured UCB-MSCs (a), BMSCs (b), SMCs (c), or DFs (d) were stained with Masson’s trichrome in order to
visualize collagen (blue) and cells (red). Scale bar: 50 𝜇m.

3.4. Evaluation of the Contractile Capability of Stem Cell Deri-
ved Media. We have previously demonstrated that media
produced by self-organization of tissue sheets from SMCs can
contract in response to different agonist [34].This contractile
capability is paramount to proper function of this blood ves-
sel layer. Being able to dilate or contract in response to local
increases in pressure or blood flow might have significant
impact on vascular functionality.Therefore, we evaluated the
contractile response of the different engineered media to
histamine. This molecule is known to induce the contraction
of SMCs-derived constructs and has been previously valida-
ted by our group [35, 40–43]. The UCB-MSCs- and BMSCs-
engineered vascular media produced a low level of con-
traction as compared to the SMCs-engineered media. The
contraction of BMSCs-derived media was higher than UCB-
MSCs-derived media. Still, the contraction monitored for
those MSCs-derived media was higher than the contraction
of the control, DFs-derived vessels (Figure 4). The agonist-
dependent response of MSCs-derived media demonstrates
that their contractile apparatus is functional and that they
express the histamine receptor.

3.5. Evaluation of the Mechanical Properties of Stem Cell
Derived Vascular Construct. Suitable mechanical properties
of a vascular substitute intended for transplantation are para-
mount. In order to evaluate those properties in the different
constructs, tissues were subjected to two types of mechanical
tests: uniaxial tensile tests (Figures 5(a), 5(b), and 5(c)) and

burst pressure tests (Figure 5(d)). Mechanical resistance of
UCB-MSCs-derived constructs was too low to be determined
accurately. Results have shown that BMSCs could lead to
vascular construct displaying mechanical properties within
the same order of magnitude when compared to SMCs and
DFs.

4. Discussion

We have shown that it is possible to engineer a contractile
media layer from adult and newbornMSCs.Those constructs
expressed SMCs differentiation markers and formed a cohe-
sive tubular construct. Adult MSCs isolated from the bone
marrow presented superior properties over UCB-MSCs since
their contractile capability was found to be closer to SMCs-
derived constructs and they present a higher mechanical
resistance than UCB-MSCs.

Nowadays, use of MSCs in tissue engineering and regen-
erative medicine is quite common [44–49]. These cells have
been used for vascular tissue engineering [50] in scaffold
based approaches such as ECM-based scaffold (fibrin) [51],
decellularized tissue [52, 53], and biodegradable scaffolds
[54–56], including electrospun of nanofibers [57–59], as well
as scaffold-free approach such as cell sheet engineering [60]
and the present paper.

Ren et al. [61] have shown that MSCs cell sheets seeded
with endothelial cells promote the formation of a microvas-
cular network in the construct. This is quite interesting since
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the formation of a vasa vasorum in the vascular adventitia
of tissue-engineered vessels [62] and tissue-engineered skin
[63], using dermal fibroblasts, improves the graft integration
and inosculation.

There are advantages of usingmesenchymal stem cells for
reconstruction of the vascular media. Mechanical resistance
of BMSCs construct was found to be higher than SMCs-
derived constructs. The BMSCs are readily available from a
simple bone marrow biopsy and can be expanded in vitro.
They are also available commercially for research purposes.
They form cell sheets that can improve capillary forma-
tion. However, there is also inherent drawback to take into
account. Contractile response to vasocontractile agonist is
lower than SMCs-derived constructs. Interestingly, contrac-
tion intensity seems to correlate with the expression of SMC
contractile apparatus proteins. Indeed, more cells expressed
h-caldesmon in BMSCs culture than UCB-MSCs. Accord-
ingly, BMSCs-derived media present a higher contractile
capability. It is also likely that mechanical stimulation of

the construct might be able to improve the contractile res-
ponse after grafting [33]. This mechanical stimulation could
also be simulated in vitro in a bioreactor. Indeed, previous
studies have shown that applying cyclic strain to SMC tissue
sheets increasedmechanical resistance and contractility [64].
Uniaxial mechanical stimulation of DF tissue sheets also
increased ultimate tensile strength [65]. The same phenome-
non could probably be observed for tissue sheets engineered
using BMSCs, since cell type is known to be influenced by
mechanical stimulation [66, 67].

5. Conclusion

This study demonstrated the feasibility of producing a con-
tractile media layer in vitro from adult and newborn MSCs
using the self-organization approach. The cohesive tubular
construct contained cells expressing SMCs differentiation
markers. Adult BMSCs were found to be preferable to replace
SMCs isolated from the vessels, compared to UCB-MSCs, to
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reconstruct a media layer. Contractile capability of BMSCs
was closer to SMCs-derived constructs and they presented
a higher mechanical resistance when compared to UCB-
MSCs. Those cells could potentially be isolated from the
patients’ bone marrow in an autologous approach. The use
of MSCs in tissue engineering might be the key autologous
reconstruction of blood vessels, especially for patients lacking
available healthy tissue for bypass surgeries.
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Mesenchymal stem cells (MSCs) have been shown to improve tissue regeneration in several preclinical and clinical trials.These cells
have been used in combination with three-dimensional scaffolds as a promising approach in the field of regenerative medicine. We
compare the behavior of human adipose-derived MSCs (AdMSCs) on four different biomaterials that are awaiting or have already
received FDA approval to determine a suitable regenerative scaffold for delivering these cells to dermal wounds and increasing
healing potential. AdMSCs were isolated, characterized, and seeded onto scaffolds based on chitosan, fibrin, bovine collagen, and
decellularized porcine dermis. In vitro results demonstrated that the scaffolds strongly influence key parameters, such as seeding
efficiency, cellular distribution, attachment, survival, metabolic activity, and paracrine release. Chick chorioallantoic membrane
assays revealed that the scaffold composition similarly influences the angiogenic potential of AdMSCs in vivo. The wound healing
potential of scaffolds increases by means of a synergistic relationship between AdMSCs and biomaterial resulting in the release of
proangiogenic and cytokine factors, which is currently lacking when a scaffold alone is utilized. Furthermore, the methods used
herein can be utilized to test other scaffold materials to increase their wound healing potential with AdMSCs.

1. Introduction

Mesenchymal stem cells (MSCs) have been shown to improve
tissue regeneration in vitro and in vivo. Clinical data corrob-
orates their beneficial regenerative effects in several organs
and tissues, such as the heart, nerves, bone, and skin [1–
4]. In order to administer MSCs to patients, cells have been
introduced systemically and locally. While MSCs do have a
homing capability to migrate to injured tissue, it has been
claimed that after systemic administration only a fraction of
the cells can migrate to the target tissue, while the majority of
cells accumulate in the kidneys and lungs [5, 6]. In the case
of local injections, a large number of these cells are required
and while a substantial proportion of the cells remain in the

area, another quantity is flushed out into the blood circulation
[2, 7]. In an attempt to increase the retention rate of the cells,
MSCs have been applied in association with biomaterials;
for example, fibrin sprays and microbeads have been used
for chronic skin wounds [8, 9], while meshes and three-
dimensional scaffolds have been used to treat ischemic heart
tissue [10] and diabetic ischemic ulcers [11].

Engrafted MSCs can release a series of cytokines and
growth factors by interacting with local tissue to enhance
repair and regeneration [5, 12]. Recent studies indicate
that MSCs modulate the regenerative microenvironment by
means of a controlled release of several paracrine factors
related to key processes, such as angiogenesis, cell homing,
immunomodulation, tissue remodeling, and fibrosis [13–15].
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Thus, MSCs may impact regeneration primarily by releasing
paracrine factors necessary for wound healing [16–18] rather
than tissue replacement.

While MSCs have been found to exist in nearly every
adult tissue [19–24], the proliferation rate of MSCs derived
from adipose tissue (AdMSCs) is not affected by donor age
[25–27], making it possible to use them in an autologous
manner in elderly patients in regenerative medicine. A high
quantity of MSCs can be obtained from a small amount of fat
tissue (at least 1× 106 AdMSCs can be obtained from 200mL
of lipoaspirates) with more than 90% viability and virtually
no harm to the donor [28, 29]. Furthermore, as vasculature
is believed to be rich in MSCs, it is not surprising that a large
quantity of AdMSCs can be isolated from a small amount of
adipose tissue, which is highly vascularized [30, 31].

Several studies have shown the immunosuppressive prop-
erties of AdMSCs, which has allowed for xenogeneic trans-
plantation into immunocompetent recipients for various
disease models evidencing significant improvement without
suppressing the immune system [31, 32]. Furthermore, clin-
ical and preclinical studies have determined that allogeneic
transplants of AdMSCs do not usually result in graft-versus-
host disease (GvHD). These transplants have been used to
treat GvHD after hematopoietic stem cell transplantation
[32–34].

The positive effects of the use of MSCs are well estab-
lished for various tissues; however, several regulatory and
practical issues make chronic ulcers an attractive target for
the clinical use of MSCs. More importantly, chronic ulcers
remain an eminent clinical problem negatively impacting
patients’ quality of life and simultaneously representing a
substantial expenditure for the healthcare system. In the US,
these problems affect more than 8million people with annual
costs of around $20 billion [35]. With an aging population
and the likelihood that the majority of the healthcare costs
will come from patients over 65, the costs are almost certain
to increase [36].

Several studies have proposed the combined use of
scaffolds for dermal regeneration with stem cells for the
treatment of chronic skin ulcers. In those studies, it has
been shown that after seeding cells are able to survive in
scaffolds, releasing several bioactive molecules that enhance
skin regeneration in vivo [7, 37–39]. Although the results
of preclinical trials are robust, several issues have to be
clarified and optimized before clinical translation. In the case
of chronic wounds, the cells must produce optimum amounts
of paracrine factors in order to achieve the quantity necessary
for healing. The addition of AdMSCs to the scaffold should
support the healing process by creating a proregenerative
microenvironment in the wound area. The key issue of
determining the best combination of cells with a biomaterial
and the development of an optimized composite material
with increased regenerative capacity remains to be addressed.

Scaffolds alone are currently being used to treat chronic
wounds in clinics and are composed of a variety of materials.
In this study, we chose three scaffolds that are currently
being used in clinics and one that is under development, all
comprised of different biomaterials, to incorporate AdMSCs.

BioPiel is a film-like scaffold derived from crustacean chi-
tosan. Smart Matrix, currently under development, consists
of a fibrin-alginate composite. Integra Dermal Regenerative
Template (DRT) is a bilayer scaffold composed of type I
bovine collagen and chondroitin-6-sulfate with a thin silicon
layer and Strattice is derived from decellularized porcine
dermis.

In this study, we analyzed and compared the behavior
of AdMSCs in four distinct scaffolds, which were chosen
because of their differences in the construction, material,
and protein composition. The seeding efficiency, cellular
distribution, attachment, survival, metabolic activity, and
paracrine release of the seeded cells were analyzed in vitro as
were the angiogenic effects in vivo.

2. Materials and Methods

2.1. Cell Isolation and Culture. Adipose tissue was derived
from lipoaspirates obtained from donors who had given
informed consent to participate in the study. The aspirated
fraction was added to 50mL Falcon tubes with an equal
volume of 0.3U/mL collagenase A (Roche, Basel, Switzer-
land) and incubated for 30min at 37∘C. After centrifu-
gation, the resulting stromal vascular fraction was plated
under standard conditions in Dulbecco’s Modified Eagle’s
Medium with 4.0mg glucose/L, stable glutamine, phenol red
(DMEM; Biochrom, Berlin, Germany), supplemented with
10% fetal calf serum (FCS; PAA, Pasching, Austria), and 1%
penicillin/streptomycin (P/S; Biochrom) under standard cell
culture conditions (37∘C, 5% CO2) andmediumwas changed
every 3-4 days. In all experimental settings, cells frompassage
3 were used with three donors (𝑁 = 3) and performed in
triplicate (𝑛 = 3).

2.2. Cell Characterization. For analysis of cell surfacemarkers
by flow cytometry, AdMSCs were detached from the culture
flasks with trypsin-EDTA solution (Biochrom), rinsed with
phosphate buffered saline (PBS; Biochrom) and incubated
for 45min with Phycoerythrin- (PE-) conjugated antibodies
raised against CD45, CD73, CD90, CD105, and CD146 at 4∘C
(1 : 100 dilution) (𝑁 = 3, 𝑛 = 3). As isotype controls, IgG-PE
was used (all antibodies from BD Biosciences, San Jose, CA).
Samples were examined with a Cytomics FC500 (Beckman
Coulter, Brea, CA).

To test the osteogenic differentiation potential of the
AdMSCs, 80–90% confluent cells were cultured for 18 d in
either control medium (alpha-MEM (Biochrom) + 10%FCS
and 1%P/S) or osteogenic medium (hMSC osteogenic dif-
ferentiation BulletKit, Lonza, Basel, Switzerland) in 6-well
plates with a medium change every 3-4 d. Then, cells were
fixed with 10% v/v formalin solution for 15min, rinsed with
PBS, stained with 0.5%w/v Alizarin Red S indicator (Ricca
Chemicals Company, Arlington, TX) 30min with gentle
shaking, washed 3 times with PBS, and imaged for calcium
deposition.

To test adipogenic differentiation of AdMSCs, cells were
seeded in 6-well plates to 80–90% confluence. Medium was
changed to either control medium (alpha-MEM + 10%FCS
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and 1%P/S) or adipogenic induction medium (hMSC adi-
pogenic differentiation BulletKit, Lonza). For Oil Red O
staining, cells were fixed after 14 d with 10% v/v formalin
solution, rinsed with PBS, and stained with Oil Red O
(ElectronMicroscopy Sciences, Hatfield, PA), and adipocytes
were imaged (Nikon Eclipse TS100 Inverted Microscope).

Chondrogenic differentiation potential was carried out
with three-dimensional pellet cultures in 15mL polypropy-
lene conical tubes. The initial pellets contained 2.5 × 105
cells and were cultivated for 21 d in either control medium
or chondrogenic induction medium (hMSC chondrogenic
differentiation BulletKit, Lonza) supplemented with TGF
Beta 3 (Lonza). After collection, pellets were rinsed with
PBS and fixed in formalin. Pellets were sectioned (5 𝜇m)
in paraffin and stained with Alcian Blue to visualize acetic
mucins and acid mucosubstances and counterstained with
Nuclear Fast Red (both from Sigma-Aldrich, St. Louis, MO,
USA) before imaging. All stainings were carried out with
𝑁 = 3 and 𝑛 = 3.

2.3. Scaffolds. Four scaffolds, based on different biomaterials,
were tested in this study. Here we compared BioPiel (chitosan
film), Smart Matrix (fibrin matrix), Integra DRT (collagen-
glycosaminoglycanmatrix), and Strattice (decellularized der-
mis). BioPiel (Recalcine, Santiago, Chile) is a commercially
available wound dressing with hemostatic and bacteriostatic
properties composed of chitosan. Smart Matrix (RAFT,
Northwood, Middlesex, UK) is a porous cross-linked fibrin-
alginate composite biomaterial and is not yet commercially
available. Integra DRT (Integra Life Sciences, Plainsboro, NJ,
USA) is a commonly used, FDA approved, biodegradable
porous scaffold based on bovine type I collagen fibers that are
cross-linked by glycosaminoglycans (GAG) with a protective
silicon layer. Strattice (LifeCell Corporation, Branchburg, NJ,
USA) is an FDA approved porcine decellularized dermal
matrix. In all experiments, 6mm (in diameter) discs, as
created with a biopsy punch, were used.

2.4. Fluid Capacity of the Scaffolds. In order to determine the
maximum seeding volume, the fluid uptake of each scaffold
was determined. Dried matrices were placed in DMEM and
their fluid capacity was calculated (𝑛 = 8) [41]:

Hydrophilicity =
wet weight − dry weight

dry weight
. (1)

2.5. Structural Analysis of the Scaffolds. The micro- and
macrostructures of the scaffolds were analyzed by scanning
electron microscopy (SEM) and optical microscopy, respec-
tively. Scaffolds were dehydrated with graded ethanol, air-
dried, and sputter-coated with gold for 80 sec at 40mA (Sput-
ter Coating Device SCD 005, Bal-Tec AG, Liechtenstein).
Analysis was performed at 5 kV accelerating voltage in a
scanning electron microscope (Jeol JSM-5400, Japan). For
macroanalysis, scaffolds were imaged using a stereoscope
(Zeiss, Jena, Germany) from the side and top view.

2.6. Cell Seeding of Scaffolds. Scaffolds were placed in 24-
well plates and 1.8 × 105 AdMSCs were seeded dropwise
with defined volumes ofDMEM, supplementedwith 10%FCS
and 1%P/S according to the fluid capacity of the scaffold
(Chitosan film: 35 𝜇L, Fibrin matrix: 25𝜇L, Collagen-GAG
matrix: 40 𝜇L and, Decellularized dermis: 22𝜇L). AdMSCs
were suspended inDMEMand seeded dropwise directly onto
the scaffold. After 1 h, 1mL of additional medium was added
to the scaffolds, which were further cultured under standard
conditions.

2.7. Cell Seeding Efficiency on Scaffolds. The percentage of
cells incorporated into the scaffolds (𝑛 = 3, 𝑁 = 4)
was quantified by counting the cells attached to the culture
dish one hour after seeding, that is, cells that did not
attach to the scaffold. The scaffolds were removed and the
remaining cells were detached from the well plates with
trypsin-EDTA solution and counted in a Neubauer chamber.
Seeding efficiency was calculated as the percentage of cells in
the scaffold from the total number of seeded cells.

2.8. Cellular Distribution throughout Scaffolds. AdMSC-
containing scaffolds were rinsed with PBS, fixed (3.7%
paraformaldehyde, 0.1% Triton in PBS) on ice for 30min,
and blocked in 2%BSA in PBS at 4∘C overnight (𝑁 =
3, 𝑛 = 3). Scaffolds were then incubated in a blocking
solution containing 2U/mL Texas Red-X Phalloidin (Life
Technologies, Grand Island, NY) to stain polymerized actin
and 3.5 𝜇MTo-Pro-3 (Life Technologies) to stain DNA. After
washing 4 times with PBS (10min each), scaffolds were
dried with sterile gauze, mounted in Vectashield Mounting
Medium (Vector Labs, Burlingame, CA) on glass bottom
culture dishes (MatTek Corp., Ashland, MA), and imaged
using an Olympus Fluoview FV10i confocal microscope
(Olympus, Tokyo, Japan). Chitosan films were z-section
imaged from top to bottom with the drop side facing down
on the glass bottom, in 4 independent locations (one center
and 3 periphery locations). As the fibrin matrix, collagen-
GAG matrix, and decellularized dermis are too thick for
visualization by confocal microscopy from top to bottom,
they were sectioned using a razor blade and rotated onto
their sides in order to generate z-section images from cross
sections. Image analysis to assess cell morphology, number,
and distribution was performed using Olympus FV10-ASW
software (Olympus).

2.9. Metabolic Activity and Cytotoxicity in the Scaffold. On
days 1, 3, 7, and 14 after seeding, the metabolic activity of
the seeded cells was evaluated by precipitation of tetrazolium
salt (WST-1). Cellular death was measured by the release
of lactate dehydrogenase (LDH) from the cells on days 1,
3, and 7 (both from Roche, Mannheim, Germany) (𝑛 =
3, 𝑁 = 3). As the medium needed to be changed after
7 d, the total LDH activity could not be measured over a
14 d period. Seeded scaffolds were incubated in DMEM and
WST-1 solution (1 : 10 ratio) for 1 h. The absorbance of the
resulting formazan dye was measured at 450 nm with a ref-
erence wavelength of 620 nm. For the measurement of LDH,
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supernatants were harvested from the same scaffolds used for
WST-1 assay and the analysis was performed according to
the manufacturer’s instructions. In short, the absorbance was
measured at 490 nm and a reference wavelength of 620nm
with controls including medium alone (background), cells
in well plates without scaffolds (spontaneous LDH release),
and cells in well plates without scaffolds with Triton X-100
in the medium (maximum LDH release). The resulting value
was then calculated with the equation: cytotoxicity (%) =
(experimental value – spontaneous LDH release)/(maximum
LDH release – spontaneous LDH release) × 100.

2.10. Characterization of Secretion Profile. Supernatants were
collected from AdMSC seeded on scaffolds or tissue culture
plastic (𝑛 = 3, 𝑁 = 3; 1.8 × 105 cells/scaffold) after 48 h
under standard cell culture conditions, shock frozen with
liquid nitrogen, and stored at −80∘C until analysis. Human
Cytokine andAngiogenesis ArrayKits (R&DSystems,Abing-
donOX,UK)were used to characterize the release ofmultiple
cytokines and angiogenesis related proteins, respectively.
Membranes were imaged using a Peqlab Fusion FX7 chemi-
luminescence system (Erlangen, Germany) and the spot
intensity was quantified with ImageJ software [42] using the
MicroArray Profile plugin (OptiNav, Inc.). Scaffolds without
cells served as controls.

2.11. Hypoxia-Inducible Factor-1𝛼 Expression. Seeded scaf-
folds (𝑛 = 3, 𝑁 = 3) were incubated in standard (21%
O2, 5% CO2) or hypoxic conditions (1% O2, 5% CO2) and
collected at 4, 8, and 16 h. Then scaffolds were washed two
times with sterile PBS. Three scaffolds from each time point,
oxygen condition, and type were briefly sonicated in 500𝜇L
lysis buffer; the HIF-1𝛼 expression was analyzed using a
Human Total HIF-1𝛼 ELISA kit (R&D Systems), and the
optical density was measured at 450 nm using a Mithras LB
940 Microplate Reader. The total protein concentration was
determined using a Pierce BCA Protein Assay Kit (Thermo
Scientific, Rockford, IL) and the absorbance was measured at
560 nm.

2.12. Chicken Chorioallantoic Membrane (CAM) Assay.
Research grade fertilized eggs (SPF, Valo Biomedia GmbH,
Osterholz-Scharmbeck, Germany) were placed on a rotating
egg tray for 3 days after fertilization at 37∘C and 60–70%
humidity. On day 3, a small window was made in the shell
under aseptic conditions and the contents of the egg were
gently placed into a 200mL plastic dish.The dish was further
placed into a petri dish with 50mL of distilled water, 1% P/S,
and 1% partricin and incubated at 70–80% humidity to
prevent drying of the membrane. On day 10, autoclaved filter
paper punches (5mm) were added to the CAM directly fol-
lowed by 10 𝜇L of conditioned media collected from serum-
free cell seeded scaffolds after 48 h in culture, DMEM, PBS,
or 20 ng of VEGF, which was reapplied daily for 3 days [43].
The applied filter paper punches were imaged daily using a
Canon EOS 20D digital SLR camera with a Canon EF 50mm
f/1.8 II Standard AutoFocus Lens. Samples were quantified
(𝑛 = 3, 𝑁 = 6) by being given arbitrary values based on

the distribution and density of CAM vessels around the filter
paper punch [40].

2.13. Statistical Analysis. Results were analyzed with Graph-
Pad Prism version 6.0e for Mac OSX (GraphPad Software,
San Diego, CA USA) and are shown as mean ± standard
deviation. Significant differences between sample groups
were determined by analysis of variance (ANOVA) with a
Bonferroni posttest where 𝑝 < 0.05 was considered statis-
tically significant.

3. Results

Mesenchymal stem cells were isolated from human adipose
tissue and characterized in terms of their immune
phenotypes and differentiation potential. Fluorescence-
activated cell sorting analysis showed that AdMSCs do not
express pan-hematopoietic marker CD45 but are positive
for CD73, CD90, and CD105 (Figure 1(a)). Interestingly,
AdMSCs expressed very low levels of the pericyte marker
CD146. Moreover, the cells showed a strong differentiation
potential towards osteoblasts, adipocytes, and chondrocytes
after culturing in their respective differentiation conditions
(Figure 1(b)). Calcium deposits were stained with Alizarin
Red S for AdMSCs exposed to osteoblast differentiation
medium. Lipid vacuoles from adipogenic differentiation
were stained with Oil Red O. Chondrogenic pellets were
stained with Alcian Blue to show chondrocyte growth.

In this work, four different scaffolds were compared for
their usabilitywithAdMSCs in dermal regeneration (Table 1).
We evaluated and compared the macro- and microstruc-
ture of the four scaffolds, observing important differences
(Figure 2). The dry thickness of the scaffold varies from
a minimum of 0.12mm for chitosan films to 3.8mm for
fibrin matrices (Figure 2(a)). When wet, the structure of
the fibrin matrices collapses to a fibrous mesh decreasing
the measurable thickness. The decellularized dermis had
the thickest structure at 1.5mm, while the collagen-GAG
matrix was 0.20mm thick (Table 1). Compared to the other
scaffolds, the chitosan has a film-like appearance, while the
fibrin and collagen-GAG present a more mesh-like structure
and exhibited high porosity throughout the scaffolds. The
decellularized dermis exhibited much tighter pores and the
chitosan did not have any visible porosity (Figure 2(b)).

Scaffold porosity and the degree to which the pores
are interconnected determine the loading capacity of the
scaffolds. After AdMSCswere seeded and allowed to attach to
the scaffold for one hour the seeding efficiency was evaluated.
A seeding efficiency of almost 90% was observed in the fibrin
matrix (88.6 ± 2.9), collagen-GAG matrices (86.5 ± 3.8), and
the decellularized dermis (89.2±3.8), which was significantly
higher than the chitosan films (60.1% ± 5.9%) (𝑝 < 0.05).

Differences in themechanical properties should influence
the cell behavior when seeded. For that, a detailed view into
the interaction and distribution of the seeded cells in the
scaffold was obtained by confocal microscopy. Except for
the decellularized dermis, the AdMSCs were highly attached
to the material, showing fibroblastic morphology, creating a
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Figure 1: AdMSC characterization. The immune phenotype of the cells was evaluated by labeling cells with Phycoerythrin-conjugated
antibodies for flow cytometry. The blue histogram indicates the isotype control (a). In order to evaluate their differentiation potential,
AdMSCs were cultured with control (not shown), osteogenic, adipogenic, or chondrogenic medium (b). Calcium precipitation as a result of
osteogenic differentiation was confirmed by Alizarin Red S staining (left panel), triglyceride-containing vacuoles emerging from adipogenic
differentiation were stained usedOil RedO (middle panel), and cartilaginous glycosaminoglycans andmucins were stained using Alcian Blue
with a Nuclear Fast Red nucleic cross stain. Staining was performed after 21 d in culture. Scale bars represent 100 𝜇m. 𝑛 = 3,𝑁 = 3.

Table 1: Comparison of scaffold properties. The general properties of the scaffolds show a broad variation in weight, size, fluid capacity, and
price of material. As the fibrin matrix is currently not commercially available some information could not be divulged.

Commercial name Company Price FDA approval Dry weight Fluid capacity Dry thickness
[USD/cm2] [mg/cm2] [𝜇L/cm2] (mm)

Chitosan film BioPiel Recalcine 10 Yes 4 ± 0.3 123 ± 14.8 0.12
Fibrin matrix Smart Matrix RAFT — N/A 12 ± 1.5 87 ± 9.0 3.8–1.8
Collagen-GAG matrix Integra DRT Integra Life Sciences 3 Yes 10 ± 1.4 143 ± 5.6 0.20
Decellularized dermis Strattice LifeCell 26 Yes 148 ± 2.9 77 ± 4.1 1.5

complex tridimensional arrangement between the cells and
the scaffold (Figure 3(a)). The images were analyzed to give
quantitative, spatial information on the cellular distribution
throughout the scaffold (Figure 3(b)).The AdMSCs formed a
layer on the seeding surface of chitosan films, showing almost
no cells in the core. In the case of the fibrin matrix, cells
were observed throughout the scaffold with a tendency to
accumulate at the inner core of the material. Cells seeded on
collagen-GAG matrices also showed a different distribution
pattern creating a cell gradient from the seeding side to the
bottom. In the decellularized dermis, AdMSCs were more
concentrated on the seeding sidewhilemigration through the
scaffold was limited.

The distribution of the AdMSCs is an important indicator
for biocompatibility with the different scaffold materials.
However, secretion activity relies on cell survival beyond

the initial seeding, which was measured by means of
their metabolic activity. Interestingly, there was no correla-
tion between the metabolic activity and seeding efficiency.
Twenty-four hours after seeding, the formation of formazan
blue, as an indicator of metabolic activity, was the highest
in fibrin and collagen-GAG matrices, while AdMSCs seeded
on the chitosan film and decellularized dermis showed
comparable values initially (Figure 4(a)). In order to evaluate
if these differences were due to increases in cellular death,
lactate dehydrogenase (LDH) activity wasmeasured from the
supernatants. It can be seen that the decellularized dermis
had a high rate of cytotoxicity (almost 100%), even after only
one day in culture, whereas the collagen-GAG matrix had
virtually no cytotoxic effect (Figure 4(b)).

The long-term viability of the AdMSCs seeded on the
scaffolds was measured and compared at further time points
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Figure 2: Scaffold characterization. The thickness and general structure of the scaffolds (6mm in diameter) were analyzed macroscopically
from the side (dry, top row) and the top (wet, bottom row). The thickness of the scaffolds remains the same except for the fibrin matrix,
which collapses into a mesh of fibers. Scale bars represent 1mm (a). The pore structure and texture of the scaffolds were analyzed by SEM
micrographs from the transverse sections (top row) and top view (bottom row). Note the complete absence of pores in the chitosan film in
comparison to the other scaffolds. Scale bars represent 100𝜇m (b).

after seeding. Results show that while the chitosan film and
decellularized dermis have comparable metabolic activity
through day 7, 14 days after seeding the chitosan film exhib-
ited similar results to the fibrin and collagen-GAG matri-
ces (Figure 4(a)). The collagen-GAG matrix showed steady
metabolic activity throughout the 14 days, while the fibrin
matrix showed an increase in activity through day 7 after
which the activity decreased at day 14. Cellular death results
showed a general increase in cytotoxicity as the metabolic
activity of the cells increased, except for in day 7 of the
fibrin and collagen-GAGmatrix where the metabolic activity
peaked.The highest percentage of cytotoxicity was seen in the
decellularized dermis being close to 100% (Figure 4(b)).

The differences detected between scaffolds in relation
to the behavior of AdMSCs lead to the conclusion that
depending on the physical and chemical conditions, the
factors secreted from the AdMSCs can also vary con-
siderably. Here, the secretion of 91 different angiogenic,
cytokine, and chemokine factors were analyzed to obtain a
characteristic secretion profile for each scaffold. Among the

detected factors, the most prevalent one was macrophage
migration inhibitory factor (MIF), plasminogen activator
inhibitor 1 (Serpin E1), interleukin 6 (IL-6), interleukin 8 (IL-
8), chemokine (C-X-C motif) ligand 1 (CXCL1), placental
growth factor (PlGF), and vascular endothelial growth factor
(VEGF) (Figure 5). Due to the low viability of the cells
observed after seeding, decellularized dermis scaffolds were
excluded for this assay.

Compared to AdMSCs seeded directly onto tissue culture
plastic, the scaffold condition itself significantly induces the
release of PlGF while it reduces the release of VEGF (𝑝 <
0.05). Compared among the scaffolds, we observed that the
release of angiogenesis inducing IL-8 was similar between
fibrin matrices and two-dimensional cultures, while chitosan
films and collagen-GAG matrices show a dramatic decrease
(𝑝 < 0.05). The release of inflammation regulating IL-6 was
elevated in supernatants from cells seeded on collagen-GAG
matrices while chitosan films showed the highest expression
of Serpin E1. MIF and CXCL1 did not show any significant
differences between scaffolds or control conditions.
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Figure 3: Cellular distribution and attachment of cells on scaffolds. After seeding, the distribution and attachment of the cells was evaluated
by LSM. In all cases, except for the decellularized dermis, AdMSCs (To-Pro-3 (white)/phalloidin (red)) adhered to the scaffold (green
autofluorescence) showing a fibroblast like morphology. As can be seen in the first column, cells formed a layer over chitosan films while
the others cells were able to migrate further into the scaffold. Cross section (right) and top view (left) of scaffolds. Scale bar represents 150 𝜇m
(a). Quantification of the cellular densities after 1 d throughout sections, ranging from the top (0.1) to the bottom (1) of the scaffolds as seen
in confocal imaging (b). 𝑛 = 3,𝑁 = 3.

A major problem in wound healing is the limited oxygen
concentrations inhibiting healing.We used hypoxia inducible
factor-1𝛼 (HIF-1𝛼) to investigate if the scaffolds inhibit the
cells from gaining access to oxygen levels. At time points 4,
8, and 16 h no noticeable traces of HIF-1𝛼 could be detected

(data not shown). We concluded that all scaffolds allow
proper gas exchange with the environment.

Finally, we evaluated the biological effects of conditioned
medium in an in vivo CAM assay model. The chicken
chorioallantoic membrane assay is an established method to
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Figure 4: Cellular survival within the scaffold. The metabolic activity (WST-1) and cellular death (LDH) were measured and compared after
seeding. Results show that the metabolic activity of the cells increased over time, indicating that the cells were able to proliferate within the
scaffolds (a). The LDH released by the cells was measured as an indicator of cellular death. The highest mortality was observed after only 1 d
in the decellularized dermis indicating a poor biocompatibility with the AdMSCs (b). 𝑛 = 3,𝑁 = 3.
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Figure 5: Secretion profile of AdMSC seeded scaffolds. Human
cytokine and angiogenesis arrays were utilized in order to analyze
supernatants after a 48 h incubation to detect if there is an effect of
the scaffolds interaction with the cells on paracrine factor release.
Decellularized dermis scaffolds were excluded as previous data
revealed that it did not provide a compatible environment for the
cells to migrate and flourish. Chitosan films and collagen-GAG
matrices show a decrease in expression of IL-8 in comparison to
fibrin matrices, which is similar to two-dimensional conditions.
Collagen-GAG matrices had a significant release of IL-6, while
chitosan films had an increase of Serpin E1 release over all other
conditions. There are significant differences in release of PIGF and
VEGF from all scaffolds in comparison to two-dimensional cultures.
∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 0.001; ∗∗∗∗𝑝 < 0.0001 when
compared to 2D control. 𝑛 = 3,𝑁 = 3.

monitor de novo vessel formation.Here, conditionedmedium
was pipetted onto autoclaved filter paper punches in order to
determine if there was an enhanced effect from the factors
secreted from the AdMSCs that was due to the composition
of the scaffold or if the scaffold alone had any angiogenic
potential. In order to minimize irritation to the CAM and

avoid affecting the result, the scaffolds themselves were not
utilized. In the positive control (VEGF), large existing vessels
showed a tendency to move toward the filter paper, while
this was not evident in the samples exposed to the AdMSC
conditioned medium, suggesting that the supernatant of the
cells was not as proangiogenic as pure VEGF (Figure 6(a)).
Nevertheless, as seen in the in vitro data, the highest instance
of neovascularization in small vessel convergence and growth
occurred with medium that was obtained from collagen-
GAG matrices followed by fibrin matrices and, finally,
chitosan films (Figure 6). The quantification is based on
arbitrary points given for de novo small vessel formation
up to reorganization of existing vessels (Figure 6(b)) [40].
These results suggest that the composition of the scaffold has
a direct effect on the angiogenic factors released from the
AdMSCs. No significant differences appeared between PBS,
conditioned medium without cells, and DMEM alone (data
not shown for the medium exposed samples).

4. Discussion

Although various stem cell populations have been suggested
for therapeutic use, MSCs are particularly attractive as they
are well discerned and ongoing clinical trials have shown
promising results in wounded tissue [4, 44–46]. Further-
more, there is great potential for using AdMSCs in regenera-
tive medicine [1]. They are easy to isolate, are accessible with
minimally invasive procedures, and contain a high number
of cells within a small amount of tissue, and the age of the
donor does not affect their proliferation rate or differentiation
potential [26, 27], making them ideal for clinical procedures.

For clinical application, administration, and effectiveness
are key factors in describing the efficacy of a given treatment.
In the case of AdMSCs, this encompasses the viability of the
cells under the given conditions and their ability to release
beneficial growth factors to the damaged tissue. To minimize
migration, which reduces the utility of the method, dermal
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Figure 6: Chicken chorioallantoic membrane in vivo analysis. Autoclaved filter paper punches with conditioned medium from scaffolds
after 48 h in culture were observed over a five-day period for neovascularization of the CAM. Note the increase in small vessel convergence
from the scaffold, specifically in VEGF, collagen-GAG, and fibrin matrices (a). Samples exposed to conditioned medium without cells are not
pictured, as they did not differ from the negative control (PBS). Growth was analyzed from 6 replicates per treatment based on an arbitrary
scoring system dealing with new small vessel formation and the behavior of existing vessels as observed daily according to [40]. Briefly, a
value was assigned for each 5 d ranging from (0) unchanged to slight changes in density and convergence towards filter paper punch (1) and
further increases in density and convergence (up to 5) (b). 5mm scale bar. ∗𝑝 < 0.05, ∗∗∗𝑝 < 0.001, ∗∗∗𝑝 < 0.0001 when compared to VEGF
positive control.

scaffolds were used. The scaffolds examined here were of
particular interest as they are currently in use or being tested
for use in clinics, although their healing effectiveness to
date has been subpar due to slow tissue revascularization.
Furthermore, the scaffolds chosenwere substantially different
in structure (Figure 2) and composition (Table 1). The via-
bility, migration, and growth factor release, especially of the
angiogenic growth factors, were of particular interest in this
study.

After analyzing the AdMSCs (Figure 1) and scaffolds
(Figure 2) for individual characteristics, the distribution and
attachment of the seeded cells was analyzed and compared.
As expected, AdMSCs adhered to all of the scaffolds but due
to their composition and properties, their distribution varied
greatly.

4.1. Chitosan Films. Consistent with the lack of porosity
detected in chitosan films (Figure 2(b)), the AdMSCs created
a single layer on the seeding sidewith virtually no penetration

into the material (Figure 3). A level of porosity must be
available in order for cells to be able to penetrate the scaffold
and form a network for cells to communicate without over-
crowding. Other chitosan derived scaffolds contain artificial
pores in order to facilitate cell migration [47, 48].The seeding
side is critical for chitosan-based scaffolds to generate either
a superficial cell layer or to create an AdMSC interface
between the scaffold and the wound bed. As there is only
a layer of cells, these may migrate out of the scaffold soon
after transplantation and the effects of the AdMSCs on the
wound bed may be beneficial for a short time in order to
start a pathway towards healing. While metabolic activity
increased over time, an overcrowding of the cells could limit
the potential of the AdMSCs to release healing factors. The
antimicrobial properties of chitosan makes it a beneficial
treatment for superficial wounds and burns, to minimize
scarring, decrease pain sensation, and reduce inflammation
[49].
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4.2. Collagen-GAG and Fibrin Matrices. In contrast to the
chitosan film, the AdMSCs seeded onto the fibrin and
collagen-GAG matrices showed better penetration into the
material (Figure 3), with distribution in fibrin matrices peak-
ing at the center of the scaffold. This effect may be due to
the apparent unevenness of the porosity at the center of the
fibrin matrix, showing a larger pore structure on the top
and bottom of the scaffold, in comparison to the center,
which might inhibit the cells from migrating throughout
the scaffold (Figure 2). MSCs have been shown to possess a
strong attachment to fibrin by way of small binding domains
with the cell membrane, something not found with other
cell types [50]. The cellular gradient observed in collagen-
GAG matrices showed a higher concentration at the seeding
side with a steady amount of migration throughout the
scaffold. As collagen is the main component of the ECM,
the cells were expected to be able to attach and distribute
throughout the scaffold. Beyond their porosity, as both
collagen and fibrin are dominant in the ECM, it is no surprise
that they demonstrate a high cellular bond. Furthermore,
AdMSCs isolated from lipoaspirates have previously shown
a high affinity for binding to ECM proteins [51]. Beyond
that, AdMSCs seeded in collagen-GAG matrices exhibited
the highest level of metabolic activity and lowest level of
cytotoxicity on day one.

The fibrin and collagen-GAG matrices showed the high-
est amount of cell migration of the four scaffolds, though
at different distributions, which could be attributed to dif-
ferences in cellular adhesion and migration triggered by the
material itself [52, 53]. Throughout the observation, the cells
seeded on the collagen-GAG matrix evidenced the steadiest
rate of metabolic activity and the lowest rate of cellular death
indicating themost compatible relationship between cells and
biomaterial.

4.3. Decellularized Dermis. Although AdMSCs seeded onto
the decellularized dermis were able to migrate through
the material, a strong decrease in metabolic activity was
seen soon after seeding, indicating that it may not provide
adequate space for the cells to thrive or may even induce
cell death (Figure 4). This might be particularly important
for the decellularized dermis as it went through cell removal
during preparation. The decellularized dermis utilized here,
Strattice, has been used successfully as an internally placed
scaffold for treatment of subcostal hernia repair [54] and
breast reconstruction [55, 56].Mirastschijski et al. have found
that the decellularized dermis may be best suited for dermal
wound beds that require a higher mechanical load than in
those previously mentioned [57]. While residual porosity
does facilitate some AdMSC migration, the high mortality
rate would make this an unsuitable scaffold for a cell seeded
dermal wound treatment.This highmortality ratemay be due
to residual chemicals from the decellularization process that
cannot be easily washed away before cell seeding. However,
the low cellular infiltration that we observed in vitro is in line
with previous data showing similar results after subcutaneous
implantation of the scaffold in a rat model [58].

Although the metabolic activity increased over time in
the decellularized dermis, despite the initial rate of cellular

death, of the four examined it seems to be the least compatible
combination of the AdMSCs and biomaterial. This may be a
result of cell overcrowding, due to tight porosity, and could
limit the number of cells able to flourish. In addition, pore
sizes in the decellularized dermis were not uniform enough
in size for the cell-cell interaction necessary for the cells to
thrive. Furthermore, the lowmetabolic activity observed over
twoweeks of seeding correlates with a high count of cell death
only one day after seeding.

4.4. Scaffold-AdMSC Secretion Profile. During the first days
after wounding, the release of paracrine factors is crucial for
healing [59]. Independent of their differentiation capacity,
MSCs have been shown to act as anti-inflammatory and
immunoregulatory agents [59, 60], promote cell migration
and proliferation and angiogenesis, and improve scarring
[4]. The application of AdMSC seeded scaffolds to wounds
could, therefore, be beneficial in all the three phases of wound
healing: inflammation, proliferation, and tissue remodeling.

The physical and chemical conditions experienced by
the cell can alter the cell behavior, in general, and the
secretion profile, specifically. In addition, there can be further
influences by exposure to biomolecules on the scaffolds, such
as peptides and proteins, either artificially or intrinsically
[61, 62]. Although the four scaffolds’ chitosan is the only
material that is not found in the human body, it has been
employed successfully in wound healing treatments [49].
Surprisingly, the chitosan film released significantly higher
levels of Serpin E1 than the control cells and fibrin matrices.
Serpin E1 is known to regulate extracellular matrix (ECM)
remodeling [63], which is why a high level of expression from
the collagen-GAG matrices is expected (Figure 5).

VEGF and PlGF work together to induce angiogenesis,
endothelial cell growth, and promote cell proliferation and
migration. VEGF expression is dependent on PlGF while the
PlGF/VEGF heterodimer induces pathological angiogenesis
[64–66]. In general, the scaffolds had a significant effect in
reducing VEGF and increasing PlGF expression relative to
the two-dimensional culture (Figure 5). As little difference
was found between the release of these factors from cells
on each scaffold, this may imply that the scaffold itself
upregulated the angiogenic potential of AdMSCs.

An increase in IL-6 may accelerate wound healing by
increasing rates of angiogenesis and epithelial cell migration
[18]. The scaffold composition did not seem to affect the
release of this cytokine, except in the case of the collagen-
GAG matrix where it was upregulated. IL-6 is known to
induce collagen and GAG production [67] and a similar
increase in IL-6 can be seen with primary human dermal
fibroblasts seeded on a collagen-GAG matrix [68]. IL-6 also
functions in pro- and anti-inflammatory situations and is
a major regulator of acute phase reactions, which indicates
a wound-like stimulation in vitro. IL-8 had a much lower
expression rate in the chitosan film and collagen-GAG
matrices. Fibrin is known to induce IL-8 expression in
human umbilical vein endothelial cells (HUVECs) [69] and
a relatively high expression of IL-8 was found in a previous
study utilizing primary human dermal fibroblasts on the
fibrin matrix [68]. IL-6 has been linked to angiogenesis by
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increasing VEGF expression [70], while IL-8 has been shown
to upregulateVEGF in endothelial cells [71] and bonemarrow
derived MSCs [72] via signaling pathways.

A hypoxic environment creates cell stress and triggers
AdMSCs to release angiogenic factors via an upregulation of
HIF-1𝛼 [73]. No HIF-1𝛼 expression could be detected in cells
seeded on scaffolds implying that the scaffolds themselves do
not create a hypoxic environment. In the case of the chitosan
scaffold, there was little cellular penetration creating a two-
dimensional like environment. The pore sizes in both the
fibrin and collagen-GAG matrix were likely connected and
large enough for proper gas exchange.While most of the cells
died quickly that were seeded on the decellularized dermis, it
is hard to gauge if the scaffold itself would create a hypoxic
environment.

The results suggest that the scaffold allows for proper gas
exchange, which is most likely explained by the thickness of
the scaffolds. Proper gas exchange should not be hindered in
a scaffold less than 200𝜇m [74]. In larger three-dimensional
scaffolds, oxygen was depleted after 7 days [75]. As Strattice is
1.5mm thick (Table 1) this could also pose a problem for the
survival of the cells. The other three scaffolds should not be
affected as the thickness after cell seeding is less than 200𝜇m.
Furthermore, MIF and VEGF are both regulated by HIF-1𝛼
[73]. Even though the control shows a higher release of VEGF,
there were no significant differences between the scaffolds
and controls with MIF. Therefore, there is little chance of the
scaffolds creating a hypoxic environment.

The cells released factors into the medium that con-
tributed to increased angiogenesis in vivo as tested in the
well-established CAM assay. The CAM offers an exceptional
model, as there is no immune system and the vascular
networks are exposed. The conditioned medium from the
collagen-GAG matrix showed no significant difference in
small vessel convergence and growth from that of the VEGF
positive control (Figure 6(a)).Themedium from the scaffolds
themselves did not differ from the observed vascular growth
when using PBS, indicating that the synergistic effects of the
AdMSCs with the scaffolds were the main component in the
increased rates of angiogenesis. Interestingly, the high levels
of VEGF and PIGF released from the chitosan film in vitro
did not seem to have a strong effect here. As the cell seeded
scaffolds were not used directly on the CAM, to prevent
irritation, there could still be an effect from the other factors
released by the cells on the chitosan film that inhibits vascular
growth. This may also indicate inhibitory effects from the
material of the chitosan film.

These results are remarkable as they show that scaffolds
not only can be designed to harbor AdMSCs but also should
be optimized to work synergistically with the cells in order
to enhance the release of necessary and desirable factors to
enhancewound healing by promoting angiogenesis, reducing
healing time, and minimizing scar tissue.

5. Conclusions

In this work, a suitable delivery vehicle for AdMSCs to
the wound that can secrete factors to facilitate healing was
evaluated. AdMSCs in conjunction with the different scaffold

types examined released angiogenic factors and chemokines
necessary for wound healing. Although the decellularized
dermis (Strattice) is used in clinical settings, its lack of
porosity and the poor environment it creates for the AdMSCs
do not make it an ideal candidate for a cell seeded, topically
applied wound treatment. Cells seeded on the chitosan
film secreted factors that are helpful in wound healing
although the scaffold lacked the capability to let cells migrate
throughout, leaving a crowded film of cells at the seeding
side which could be lost upon transplantation. The ability
for the scaffold to provide (i) an ideal environment for the
cells to migrate, (ii) porosity that facilitates cell migration
and crosstalk, and (iii) a biocompatiblematerial are necessary
to achieve proper healing in vivo. Through our investigative
efforts, the collagen-GAG and fibrin matrices proved to have
the best potential under the applied conditions as a platform
for AdMSCs to enhance wound healing in vitro. The in vivo
CAM data correlates with the in vitro data to further show
the collagen-GAGandfibrinmatrices are superior inworking
with the AdMSCs to promote angiogenesis and thus speed
healing.
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