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Abstract: Poly(lactic acid) (PLA) is one of the most promising
renewable and biodegradable polymers for mimic extracellular
matrix for tissue engineering applications. In this work, PLA
spun membrane scaffold were successfully prepared by air jet
spinning technology. Morphology, mechanical properties, in
vitro biocompatibility, and in vitro and in vivo degradation of
PLA fibrous scaffold were characterized by X-ray diffraction,
Fourier Transform Infrared, and scanning electron microscope
(SEM). Morphological results assessed by SEM analyses indi-
cated that PLA scaffolds possessed an average fiber diameter
of approximately 0.558 +0.141 um for 7% w/v of PLA and
approximately 0.647 = 0.137 um for 10% w/v. Interestingly, our
results showed that the nanofiber size of PLA scaffold allow
structural stability after 100 days of in vitro degradation in
Ringer solution where the average fiber diameter were of
approximately 0.633 = 0.147 um for 7% w/v and approximately
0.645 = 0.140 pm for 10% w/v of PLA. Mechanical properties of

PLA fibers scaffold after in vitro degradation showed decrease
in terms of flexibility elongation, and less energy was needed
to achieve maximal elastic deformation. The fiber size exerts
an influence on the biological response of human Bone Mar-
row Mesenchymal Stromal Cells as confirmed by MTT assay
after 9 days of cell culture and the in vivo degradation assay of
7% w/v and 10% w/v of PLA scaffold, did not demonstrate evi-
dence of toxicity with a mild inflammatory respond. In conclu-
sion, airbrushing technology promises to be a viable and
attractive alternative technique for producing a biocompatible
PLA nanofiber scaffold that could be considered for tissue
engineering regeneration. © 2017 Wiley Periodicals, Inc. J Biomed
Mater Res Part B: Appl Biomater 106B: 2435-2446, 2018.
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INTRODUCTION

In tissue engineering, a biodegradable scaffold plays an
important role in mimicking the extracellular matrix (ECM)
delivering cells to the wound site, allowing cellular growth
and preserving the space for the new tissue formation.! The
ideal scaffold for tissue engineering should have a three-
dimensional structure, be easy to handle, possessing a

minimal inflammatory response, with appropriated mechan-
ical and physicochemical properties, and with biodegradable
time process, that permits tissue regeneration.”

One of the main concern in tissue regeneration is to
design a scaffold that could mimic the fibrillar structure of
native ECM architecture.®** In recent years, in order to pro-
duce scaffolds with nanofibrous morphology, electrospinning
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is a widely used technology that utilizes electrical forces to
produce polymer fibers with diameters ranging from 2 nm
to several micrometers, employing polymer solutions of
both natural and synthetic polymers depending on fabrica-
tion parameters such as polymer solvent, polymer concen-
tration, voltage, and collector distance.>™’ Fabricated fibrous
scaffolds by means of electrospinning give rise to several
properties such as interconnected porosity, pore size, and
fiber size, which stimulate the cell response, such as change
in cell morphology, cell attachment, cell proliferation, and
cell differentiation.?”*°

An alternative novel technology for fabricating polymeric
fibers scaffolds have been reported in literature and is
referred as air-jet spinning (AJS) or solution blow spin-
ning.***3 This method utilizes a specialized spinning sys-
tem nozzle, such as a commercial airbrush, a surface for
collecting polymer fibers, and compressed gas through
which the polymer solution and a pressurized gas are
simultaneously ejected to form the fiber morphology.'*™*¢
This technique produces fibers within the same size range
as electrospinning, and fiber morphology may be controlled
by several parameters, such as polymer concentration, sur-
face tension, working distance, spinning gas, temperature,
gas pressure, and evaporation rate.)” 19 Air-spinning tech-
nology has several advantages as is faster and easy to use,
less expensive, safety because it does not employ high volt-
age, scalability, and versatility in the choice of solvent, and
it is applied to produce micro/nanoscale fibers from differ-
ent synthetic and natural polymers.'*"*' Among all the poly-
mers used by air-spinning technique, poly(lactic acid) (PLA)
has been the object of considerable attention due to its
great potential in biomedical applications, because it is a
biodegradable, biocompatible, and compostable material,
making it a good candidate for tissue engineering regenera-
tion.?*** Moreover, an interesting study of in vitro degrada-
tion rate and long-term cytotoxicity behavior of poly(L-
lactide) acid (PLLA) by Sabbatier et al.?* utilizing the air-
spinning technique to prepare a PLLA scaffold has previ-
ously been reported for vascular tissue engineering applica-
tions. Furthermore, the degradation products of PLA are
metabolizable and known to be nontoxic to living organ-
isms, and of still greater importance is that it is a U.S. Fed-
eral Drug Administration approved polymer, which can be
dissolved and easily processed for reconstruction of bone,
soft tissue and drug-delivery systems, 22232

The goal of our present study was to provide the poten-
tial of the air-spinning technique for fabricating a fiber
membrane scaffold of a polymer solution of PLA focusing
on surface characterization, mechanical properties, and the
in vitro and in vivo degradation behavior of the fabricated
air-spun membrane scaffold.

MATERIALS AND METHODS

Poly(lactic acid) pellets (C3HgO3; molecular weight (MW)
192,000, called Ingeo 2003D) were purchased from Promaplast,
Mexico. Chloroform (CHCl3) and ethyl alcohol absolute anhy-
drous (CH3CH,OH) were supplied by J. T. Baker. All products
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were utilized as received without further purifications. Poly-
meric solutions of 7% w/v and 10% w/v of PLA, respectively,
were prepared as follow: dissolved PLA in chloroform and
stirring by 20 h and after that, ethanol was added, and the
solution was stirred for 30 min to obtain a homogeneous
solution. The volume ratio of chloroform/ethanol was 3:1.

Preparation of spun membranes

Fibrous spun scaffolds were produced through the AJS pro-
cess of PLA polymeric solutions of 7% w/v, and 10% w/v.
In all cases, the polymeric solution was placed into a com-
mercially available airbrush ADIR model 699 with a 0.3-mm
nozzle diameter with a gravitational feed of the PLA solu-
tion to synthesize the fiber membrane scaffold. The airbrush
was connected to a pressurized argon tank (CAS number
7740-37, concentration >99%, PRAXAIR Mexico) and, for
fiber deposition, a pressure of 30 psi with 11 cm of distance
from the nozzle to the target was maintained constant. Opti-
mized parameters of the volume of the polymer solution
rate with respect to a deposit time of 0.27 mL/min was
determined for high-quality fibers deposit.

Airbrushed fiber scaffold characterization

Fibers structures were determined by X-ray diffraction
(XRD) employing a D8 Focus Bruker AXS diffractometer
with Cu-ka radiation in the 2@ range between 10 and 35°.
The chemical structure of the fibers was analyzed by Fourier
Transform Infrared (FTIR) spectroscopy employing an
[RAffinity-1S (Shimadzu) within the 400-4000 cm ' range.
The morphology and structure of the fibers were observed
with a field emission scanning electron microscope (FE-SEM,
JSM-7800F, JEOL). Fiber diameter was measured from SEM
micrographs employing image analysis software (Image ].
National Institutes of Health, Rockville, MD).

In vitro degradation

Five PLA spun membrane scaffolds of 7% w/v and 10% w/
v concentration were placed individually into glass vials
containing 25 mL Ringer solution (CaCl, and C3Hs03-Na, pH
6.36) for the experimental group and bi-distilled water (pH
8.16) for the control group. All samples were maintained in
ovens at 37°C until 100 maximum days of the incubation
time. After incubation time, the samples were extracted
with tweezers, thoroughly washed with deionized water and
placed into empty vials to be incubated in a vacuum for 60
min for drying. Afterward, the mechanical properties were
analyzed for the scaffolds and for the surface characteriza-
tion of the scaffolds were analyzed by SEM and FTIR.

Mechanical properties

Rectangular membrane scaffolds of PLA (7% w/v and 10%
w/v) of 5 X 20 mm were placed individually into glass vials
containing 65 mL Ringer solution for the experimental
group and bi-distilled water for the control group. All the
samples were maintained in ovens at 37°C until a maximum
of 100 days. After this time, the samples were extracted
with tweezers, thoroughly washed with deionized water and
placed into empty vials to be incubated in a vacuum for 60
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min for drying. Subsequently, elastic modulus and resilience
were evaluated using the universal mechanical test machine
(INSTRON mod. 5567) under ambient conditions, at a test
speed of 10 mm/min.

Stress-strain curves were calculated using the forces val-
ues obtained by a load cell of 5 kN and displacement values
along with the geometric parameters of the samples. Stress
(o) was calculated in MPa according to the following for-
mula: 6 =F/A, where F is the applied load in Newton and 4
is the area of the sample in mm? Strain ( [mm/mm]) of
the sample was calculated as: = AL/L,, where AL is the
displacement in mm and L, is the initial length of the sam-
ple (10 mm).

Elastic modulus was calculated from the slope of the lin-
ear section of the stress-strain curve (elastic zone). Resil-
ience (uJ/mm®) was calculated as area-under-the-linear-
section of the stress-strain curve for PLA spun membrane
scaffolds. Five membranes of PLA were used for each
mechanical experiment and a control group was used as
replicates tested for mechanical properties.

Isolation and culture of MSCs derived from bone
marrow

The bone marrow (BM) sample was obtained from a volun-
teer donor according to the ethical guidelines of the Villa-
coapa Hospital, Mexican Institute for Social Security in
Mexico City. Isolation of mononuclear cells (MNCs) from BM
was performed as previously described.?® MNCs from BM
were resuspended in low glucose Dulbecco’s Modified
Eagle’s Medium (Gibco, Rockville, MD) that was supple-
mented with 10% Fetal Bovine Serum (FBS, Gibco BRL)
4 mM vr-glutamine, 100 U/mL of penicillin, 100 pg/mL of
streptomycin, and 100 pg/mL of gentamicin (all reagents
were obtained from GIBCO); the cells were seeded at a den-
sity of 0.2 X 10° cells/cm? in T-25 culture flasks (Corning/
Costar, New York). After a 4-day culture, the nonadherent
cells were removed and fresh medium was added to the cul-
tures. Once the cultures reached 80% confluence, the cells
were harvested with trypsin (0.05% trypsin, 0.53 mM
EDTA; Gibco) and subcultured at a density of 2000 cells/
cm? in T-75 flasks (Corning). During the second passage, the
cells were harvested, analyzed, and cryopreserved for future
use.

Morphological analysis

To identify the morphology of mesenchymal stromal cell
(MSC) obtained from BM, second-passage cells were grown
in a Petri dish (Corning) at a density of 4000 cells/cm?.
After 6 days of cell culture, cells were stained with toluidine
blue (Sigma-Aldrich, St Louis, MO) and examined under a
phase-contrast microscope.

Characterization of MSCs

MSC immunophenotypic characterization and differentiation
capacities were performed according to previously described
protocols.?’ Fluorescein isothiocyanate (FITC), phycoerythrin
(PE), or allophycocyanin (APC)-conjugated monoclonal anti-
bodies against CD73, CD90, and CD45 (BD Biosciences,
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San Diego, CA) CD105, CD13, CD14 (Caltag, Buckingham, UK)
HLA-ABC human leukocyte antigens A, B, C, (HLA-ABC) and
human leukocyte antigens D, R (HLA-DR) major
histocompatibility (MHC) antigens, CD31, and CD34
(Invitrogen, Carlsbad, CA) were employed for flow cytometric
analysis of cultured MSC. A total of 1-2 X 10° cells,
previously blocked with Fc receptor blocker (Blocking
Reagent Human; Miltenyi Biotec) were resuspended in
100 mL of phosphate-buffered saline (PBS) with 3% FBS and
1 mM EDTA and incubated with the appropriate antibodies
for 20-30 min; the cells were subsequently washed with
1 mL of PBS (with 3% FBS and 1 mM ethylenediaminetetra-
acetic acid (EDTA)) and fixed with fluorescence-activated cell
sorting (FACS) Lysing Solution (BD Biosciences). The labeled
cells were analyzed in a Coulter Epics Altra Flow Cytometer
(Beckman Coulter, Brea, CA) and at least 10,000 events were
collected per sample. The data were analyzed with Flow]o 2.6
software (Flow]o LLC, Ashland, OR).

Adipogenic and osteogenic differentiation was induced
with Stem Cells Kits™ (STEMCELL Technologies, Vancouver,
BC, Canada). Adipogenic differentiation was determined by
visualizing the presence of Oil Red O-stained (Sigma-Aldrich,
St. Louis, MO) lipid vacuoles. Osteogenic differentiation was
assessed by alkaline phosphatase staining. Chondrogenic dif-
ferentiation was induced with a commercial induction
medium (Cambrex Bio Science, Walkersville, MD) that was
supplemented with 10 ng/mL of transforming growth factor
beta (TGF-B) (Cambrex). The resulting micromasses were
fixed, embedded, and sliced. cross-sections were stained
with Alcian blue dye (Sigma-Aldrich) for visualization the
chondrogenic differentiation.

Cell culture

Biological assays were performed using human Bone Mar-
row Mesenchymal Stromal Cells (hBM-MSC) cultured in
75 cm? cell-culture flask in Eagles alpha minimum essential
medium (a-MEM) supplemented with 10% FBS in antibiotic
solution (streptomycin 100 pg/mL and penicillin 100 U/mL,
Sigma Chem) and 2 mM L-glutamine.

Cytotoxicity test

In vitro indirect cytotoxicity assays were performed using
hBM-MSC. Cells were previously seeded at 1 X 10 cells/
mL onto 24-well cell-culture plates in triplicate and incu-
bated in «-MEM supplemented with 10% FBS, antibiotic
solution (streptomycin 100 pg/mL and penicillin 100 U/mL,
SIGMA) and 2 mM ti-glutamine. Prior to the in vitro cytotox-
icity test, PLA fiber mats of 7% w/v and 10% w/v (cut into
a disk shape of 8 mm of diameter) were incubated individu-
ally with 1 mL of a-MEM solution and placed on a rotating
mixer at 37°C for a period of 3, 5, 7, and 9 days in tripli-
cates. After this time, 500 pL of the eluent was pipetted
onto the seeded hBM-MSC cells, while the cytotoxic control
culture was obtained by spiking the cells with the same
amount of a-MEM containing 10% ethanol. The cell culture
plates were further incubated at 37°C for 48 h for each
experimental time. Cell metabolic activity was evaluated by
employing the MTT assay. This assay is based on the ability
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FIGURE 1. XRD patterns of (A) PLA pellet and (B) nanofibers spun mats of PLA (7% w/v and 10% w/v).

of mitochondrial dehydrogenases of living cells to oxidize a
tetrazolium salt (3-[4,5-dimethylthiazolyl-2-y]-2,5-diphenyl-
tetrazolium bromide, MTT) into an insoluble blue formazan
product. The concentration of the blue formazan product is
directly proportional to the number of metabolically active
cells. hBM-MSC incubated with supernatant of experimental
scaffolds were incubated with 0.5 mg/mL of MTT for 4 h at
37°C. The supernatant was removed and 200 pL of dimethyl
sulfoxide (DMSO) was added to each well. After 60 min of
slow shaking, absorbance was quantified by spectrophotom-
etry at 570 nm with a plate reader. All indirect cytotoxicity
assay experiments were made in triplicate.

Cell viability

hBM-MSC were plated at concentration of 1 X 10* cell/mL
in triplicate onto a disc shape of 8 mm of diameter of 7%
w/v and 10% w/v of PLA spun fiber mats. Cell viability
were checked after 3, 5, 7, and 9 days of culture by MTT
assay. hBM-MSC cell cultures after these time periods were
incubated with 0.5 mg/mL of MTT for 4 h at 37°C. Then,
the supernatant was removed and 200 pL of DMSO was
added to each well. After 60 min of slow shaking, absor-
bance was quantified by spectrophotometry at 570 nm with
a plate reader. Conventional polystyrene 24-well culture
plates were utilized as control. During the experiment, the
culture medium was changed every 2 days for fresh media,
and all viability experiments were conducted in triplicate.

In vivo degradation

Ethics statement. All animal procedures were approved by
the Institutional Research, Ethical, and Animal Care and Use
Committee of the Faculty of Dentistry of the National Auton-
omous University of Mexico (UNAM).

Implantation of scaffolds in animals. Twenty-four adult
male Wistar rats, 12 weeks of age and weighting of 250 g
each, were obtained from the vivarium of the Medical Fac-
ulty, UNAM. These animals were randomly divided into six
groups of four rats each, corresponding to the established
time periods (8, 20, 40, 60, 80, and 100 days). All animal
groups were surgically implanted with scaffolds under
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general anesthesia (Ketamine 80 mm/kg and Xylazine
10 mg/kg). Before implantation of the scaffold, the surgical
site was prepared by shaving and cleaning with disinfectant.
Three triangular flaps of approximately 2 cm were made:
one on the upper right where the 7% w/v of PLA scaffold
was placed; one on the left where the 10% w/v PLA scaf-
fold was placed, and on the lower Gelfoam® was placed as
control scaffold. Each scaffold was sutured to the dermis
with 5-0 Nylon to stabilize them in order to not lose them
or to avoid movement from its position. All animals were
housed in purpose-designed rooms at a temperature 18-
22°C with a 50% of relative humidity under conditions of
12 h of photoperiod (light/dark) cycles. The animals had ad
libitum access to water and standard laboratory diet. A
postsurgical clinical follow-up was carried out, assessing the
general condition of the animal, wound appearance, bleed-
ing, exudate, or extrusion of the scaffolds.

Ex vivo preparation of scaffolds for histological
characterization. The animals were sacrificed at various
time points (8, 20, 40, 60, 80, and 100 days) using a CO,
chamber; the scaffolds were dissected from the rat to
include surrounding soft tissue, the samples were placed in
formalin prior to histological processing and were then
stained with hematoxylin and eosin (H&E) to evaluate
inflammatory response and with Masson trichrome to evalu-
ate fibrosis and degradation.

Statistical analysis

The in vitro tests were statistically evaluated, and statistical
values are expressed as mean = standard error. Multiple
comparisons between groups were conducted with the Bon-
ferroni post hoc test with a one-way analysis of variance
and with a p<0.05 considered statistically significant. Sta-
tistical analyses were performed with SPSS ver. 20.0 statisti-
cal software (IBM).

RESULTS

X-ray diffraction

X-ray diffraction results showed the crystalline phase of the
bulk PLA before being deposited by AJS process and used
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FIGURE 2. FTIR spectra of PLA 7% w/v (A) and 10% w/v (B) before and after 100 days of in vitro hydrolytic degradation on bidistilled water and

Ringer solution.

as reference [Figure 1(A)]. XRD of bulk PLA exhibited a
crystalline structure with peaks at 16.7, 19.1, and 22.4° 20
distances, these peaks are characteristic of the «-form
orthorhombic structure according to PDF-2-2006 card num-
ber 00-054-1917, Diffract Plus 2005.2%%° After stretching
the PLA solution of 7% w/v and 10% w/v concentration by
air-jet technique during the synthesis of randomly oriented
fiber membranes, the XRD of PLA fibers presented an amor-
phous structure [Figure 1(B)].

Fourier transform infrared
The chemical structures of PLA fiber membranes synthe-
sized with different concentration of [7% w/v, Figure 2(A)]
and [10% w/v, Figure 2(B)] were obtained using FTIR spec-
troscopy, previously washed with deionized water to avoid
interaction between the buffer and the sample and com-
pared to identify structural changes by means of the effect
of the in vitro degradation test.*°

Infrared spectra absorption demonstrated the character-
istic bands of PLA spectrum assignments as mentioned in
literature: Ester-carbonyl group main vibrational-band
absorbance peak was localized at 1750 cm ™ '; C-H bending
vibrations of CHs were at 1445 and 1380 cm™%; C-H bend-
ing vibrations of carbonyl CH were at 1350 cm ™ *; backbone
stretching and CH3 rocking-band region was at 960-
830 cm % CH symmetric and asymmetric stretch region
was observed at 3200-2800 cm ! and the bands assigned
to the C-O stretch of lactide were at 1260 and 1100 cm_l,
respectively.*'* Comparison of infrared (IR) spectra after
in vitro degradation test in bi-distilled water and Ringer
solution of PLA fiber membranes of 7% w/v and 10% w/v
exhibited some quite similar spectra from 600 to
4500 cm™ . However, there were some regions of the spec-
tra that revealed a slight increase and decrease of approxi-
mately 11% in band intensity near to 1750 cm™* peak and
the presence of broader bands within the range of 2800-
4500 cm ™!, which were attributed to -OH stretching and to
CO and COOH vibrations, respectively.** In PLLA degrada-
tion process, a band at 1600 cm ™' associated with the car-
boxylate (-COO-) group, formed due to the hydrolytic
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scission of the ester group, was reported by Larranaga
et al,® however; this band was not observed in our experi-
mental FTIR spectra. Broadening in the hydroxyl (-OH-)
peak around 3500 cm ' in Figure 2(B) is evidence of the
chemical bonding interaction between the PLA chains and
the free Ca®" ions of the Ringer solution which is PLA con-
centration dependent due to that no broadening is detected
in Figure 2(A). However, no evidence of the hydrolysis pro-
cess in PLA membranes was observed which is associated
with the deformation vibration for H-O-H bonds of the
physically adsorbed water molecules on PLA fiber localized
at 1623 cm ' in the IR spectra, a vibration band that was
not detected in any of the spectra.®®

Scanning electron microscope

Analysis of spun membranes of PLA by SEM revealed that
membranes are composed of smooth and uniform fibers
with minimal bead formation with random orientation and
with diameter size depending in the PLA concentration (7%
w/v and 10% w/v, Figure 3). Using image analysis, distribu-
tions of fiber diameters were determined before and after
in vitro degradation test. Fiber diameter demonstrated that
the membrane fiber of PLA had an average diameter distri-
bution of approximately 0.558 = 0.141 pm for 7% w/v and
approximately 0.647 = 0.137 pm for 10% w/v. After in vitro
degradation, the morphology of the fibers did not exhibit a
significant change in terms of fiber diameter in both concen-
trations of PLA where the average diameter in the bi-
distilled water solution were approximately 0.576 = 0.146
pm for 7% w/v and approximately 0.650 = 0.148 um for
10% w/v; while the average diameter in the Ringer solution
were approximately 0.633 £0.147 um for 7% w/v and
approximately 0.645 = 0.140 um for 10% w/v.

Mechanical properties

The mechanical properties of membrane spun from PLA
(7% w/v and 10% w/v) are shown in Figure 4. It can be
observed that the mechanical properties tested for the PLA
7% w/v scaffold show an elastic modulus of 78.7 £6.2
MPa prior to in vitro degradation in bi-distilled water,
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however, after 100 days of incubation the elastic modulus
was of 26.2 = 8.1 MPa. For PLA 10% w/v the elastic modu-
lus was of 26.2 = 4.0 MPa prior to in vitro degradation in
bi-distilled water and after 100 days of incubation, the elas-
tic modulus was of 23.1 = 1.8 MPa.

On the other hand, for PLA 7% w/v scaffold prior to in

vitro degradation in Ringer solution, the elastic modulus
was of 78.7 = 6.2 MPa and after 100 days the elastic modu-
lus was of 63.2 £ 6.2 MPa. Likewise, for the PLA 10% w/v
scaffold prior to in vitro degradation in Ringer solution, the
elastic modulus was of 26.2 = 4.0 MPa and after 100 days
of incubation the elastic modulus was of 20.7 = 4.7 MPa.

From the results of the mechanical properties of the PLA

spun mat (7% w/v and 10% w/v) it was revealed that the
elastic modulus of the membranes drops after incubation
when comparing with the spun membranes without any
incubation time considered as time zero [Figure 4(A)].

Similar behavior is presented by the resilience of the

membranes spun mats before and after 100 days of incuba-
tion. The resilience of the membranes spun mats revealed
that before in vitro degradation in bi-distilled water for the

PLA 7% w/v scaffold this was 35.4 + 5.0 pJ/mm? and after
100 days of incubation change its value to 24.8 =5.0 puJ/
mm?>. For PLA 10% w/v scaffold prior to in vitro degrada-
tion in bi-distilled water it was 62.3 +33.0 p/mm® and
after 100 days of incubation, it was 31.1 = 5.0 pJ/mm?>.

Moreover, for the PLA 7% w/v scaffold before in vitro

degradation in Ringer solution, the resilience was 35.4 = 5.0
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FIGURE 3. SEM images of the fiber morphology and estimation of diameter distribution of fiber size of PLA spun membrane of 7% w/v (A and
G) and 10% w/v (B and H) before the in vitro degradation test. Images of PLA spun membrane of 7% w/v (C) and 10% w/v (D) of the fiber mor-
phology by SEM and estimation of diameter distribution of fiber size for 7% w/v (I) and 10% w/v (J) after 100 days of in vitro degradation in
Ringer solution and SEM images of fiber morphology for 7% w/v (E) and 10% w/v (F) and diameter distribution of fiber size for 7% w/v (K) and
10% w/v (L) after 100 days of in vitro degradation in bidistilled water.

uJ/mm? and after 100 days of incubation it was 20.7 = 5.0
uj/mm®. For the PLA 10% w/v scaffold before of in vitro
degradation in Ringer solution the resilience was
62.3 +33.0 pJ/mm? and after 100 days of incubation it was
20.9 = 5.0 pJ/mm?.

The results of resilience of the PLA spun mat (7% w/v
and 10% w/v) showed that less energy was needed to
achieve maximal elastic deformation after the in vitro degra-
dation independently of the concentration of PLA scaffold
during the 100 days of incubation in bi-distilled water and
Ringer solution [Figure 4(B)].

Biocompatibility

Figure 5 presents the result of the in vitro indirect cytotoxic
evaluation of hBM-MSC cells after 3, 5, 7, and 9 days of cul-
ture. Results demonstrated that the PLA spun membrane
scaffolds of 7% w/v and 10% w/v did not release any toxic
component that could affect the growth of the cells cultured
in comparison with hBM-MSC that were culture with a toxic
medium.

Figure 6 showed the cell viability of hBM-MSC cultured
onto the surface of the PLA (7% w/v and 10% w/v) fiber
spun membranes evaluated by blue formazan accumulation
(MTT assay) after 3, 5, 7, and 9 days of culture. Our results
demonstrated that cells proliferate in similar levels on PLA
7% w/v and 10% w/v fiber scaffolds during the first period
of cell-culture time (3 and 5 days). However, after 7 and 9
days of culture, 10% w/v PLA exhibited better cell
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FIGURE 4. Mechanical properties of PLA spun membrane fiber scaf-

fold. (A) Elastic modulus measurement of PLA (7% w/v and 10% w/v)

and (B) Resilience behavior of PLA (7% w/v and 10% w/v) before and

after 100 days of in vitro hydrolytic degradation in bidistilled water
and Ringer solution.

proliferation in comparison with the PLA fiber scaffold of
7% w/v with statistical significance at p < 0.05. Moreover,
the results showed that hBM-MSC cells growing on PLA
fiber spun mats during all cell-culture times indicated no
presence of cytotoxicity while, contrariwise, these showed a
good biocompatibility response to the material.
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FIGURE 5. Evaluation of the in vitro indirect cytotoxicity assay of the
eluted solution of PLA spun membrane scaffold (7% w/v and 10% w/
v) and medium with 10% of ethanol on hBM-MSC cells.
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FIGURE 6. Cell viability of hBM-MSC cultured onto 7% w/v and 10%
w/v spun membrane fiber scaffold of PLA surface after 9 days of cell
culture.

In vivo degradation

Figure 7 presents cross-section photomicrographs of the his-
tological evaluation following subcutaneous implantation of
membrane spun mats of PLA (7% w/v and 10% w/v) and the
control Gelfoam into the back of adult male Wistar rats at the
time points indicated (8-100 days) stained with H&E. From
the photomicrographs, the inflammatory infiltrates and the
type of tissue surrounding the implanted biomaterials with
respect to time could be evaluated. In the first time period (8
days), we could observed in 7% w/v of PLA mild inflamma-
tory infiltrate and dense connective tissue with congestive
blood vessels and similar behavior was found on the
implanted PLA 10% w/v scaffold; where longitudinal disposi-
tion of the collagen fibers was observed. Among these, we
observed scarce mononuclear inflammatory infiltrate with
vascular congestion in comparison with the control group sur-
rounded by tissue at the same implantation time.

After 20 days of implantation, in the area of 7% w/v
PLA membrane scaffold, it was possible to identify a dense
and organized collagen fibers with a decrease in the number
of blood vessels. For the 10% w/v PLA membrane scaffold
it was possible to observe the presence of dense collagen
with mononuclear inflammatory infiltrate between the
fibers and congestive vessels in the implanted area. More-
over, in the control group (Gelfoam) it was possible to
appreciate the presence of a slight inflammatory infiltrate
consisting of lymphocytes with the formation of foreign-
body giant cells and an irregular collagen deposit with a
proliferation of vascular channels.

After 40 days of implantation for the spun membrane of
7% w/v PLA, the sections demonstrated, between the scaf-
folds a fibrous tissue walls with fiber fragmentation and a
few collagen fibers. For the 10% w/v PLA scaffolds in the
section, it was observed a dense connective tissue capsules
with interstitial edema; while in the intermediate area of
the material, there was a deposit of collagen fibers. At the
same time, for the control group, a dense connective tissue
deposition was observed in the implanted area.

In the cross-section corresponding to 60 days of implan-
tation in the area of the 7% w/v PLA membrane scaffold,
we were able to identify a dense connective capsule with
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FIGURE 7. Photomicrographs at 20X stained with H&E images of PLA (7% w/v and 10% w/v) and control (Gelfoam) following implantation into
the back of adult male Wistar rats at the points indicated (8-100 days) at 20X. The in vivo study showed that it is possible to observe the forma-
tion of collagen fibers in the space where the material was implanted (arrows). Moreover, from day 20 of in vivo implantation is more evidence
to observe, surrounding the scaffolds, the formation of dense fibrous connective tissue (arrowheads). Nevertheless, in the photomicrographs
corresponding to the spun membrane mats of PLA it is possible to observe the presence of the space of the scaffold in comparison with the
Gelfoam and, from day 60 of in vivo implantation, only deposits of dense collagen without evidence of the material could be appreciated.

collagen fibers in a horizontal arrangement and, between
the materials, we were able to appreciate a small deposit of
fibrin. In 10% w/v PLA, an intense inflammatory lympho-
cytic infiltrate with abundant foreign-body giant cells was
identified. Moreover, for the control group, a dense collagen
deposit without evidence of Gelfoam or fibrous wall could
be appreciated.
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At the 80-day time, we observed the presence of a few
fibrin bands in the 7% w/v PLA area of implantation and a
capsule could be identified in addition to a loose of connec-
tive tissue. For the 10% w/v PLA implantation area there
was a dense connective tissue deposition of irregular shape
and we were able to appreciate irregular collagen fibers
between the material with a proliferation of some blood
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FIGURE 8. Histologic cross-section images of control (Gelfoam) and experimental (PLA 7% w/v and 10% w/v) stained with Masson trichrome at
8 and 100 days after implantation (A). A thin connective tissue wall is observed with light presence of fibrin bands. (B) showed a greater thicken-
ing of the capsule with dense connective tissue and on the right side there is a deposit of collagen fibers. It is possible to identify the capsule of
dense connective tissue and in the right, there is a presence of the Gelfoam (C). (D) shows the capsule of dense connective tissue. (E) The cap-
sule of dense fibro connective tissue, thickened and irregular and it is observed the presence of deposit of collagen and (F) deposit of mature

and dense collagen without evidence of Gelfoam.

vessels without the presence of foreign-body giant cells. In
addition, for the control group, there was dense collagen
deposition observed in some hyalinized areas.

In the last evaluated period (100 days) in the area of
PLA 7% w/v membrane scaffold a dense connective tissue
wall with inflammatory lymphocytic infiltrate, a small multi-
nucleated giant cell with a fragmentation of the collagen
fibers could be observed in addition to a small fibrin
deposit between the material. For the PLA 10% w/v mem-
brane scaffold, we observed a connective tissue wall, while
between the material, we could appreciate a dense collagen
deposit with proliferations and vascular canals. Finally, for
the control (Gelfoam) material, it was possible to identify an
area of dense hyalinized collagen with a reduced light of
vessels.

Figure 8 depicted the histological sections stained with
Masson’s trichrome to evaluate tissue deposit surrounding
the experimental PLA membrane scaffolds (7% w/v and
10% w/v) and for the control scaffold (Gelfoam) following
subcutaneous implantation into the back of adult male Wis-
tar rats at the initial time (8 days) and the final time (100
days). At day 8 a thin, loose connective tissue wall could be
observed in the histological samples corresponding to the
7% w/v PLA fiber scaffold. Within the space of the material,
we could distinguish a few fibrin bands, and at 100 days of
implantation a thickening of the capsule of dense connective
tissue was observed in addition to deposition of collagen
fibers observed in the material space.

For the histological sections corresponding to the 10%
w/v PLA membrane scaffold a capsule of dense connective
tissue with abundant deposits of collagen was identified

8 days after implantation. Moreover, after 100 days of
implantation of the material, we were able to appreciate
irregular collagen depositions with a dense connective
tissue.

In the histological sections corresponding to the control
(Gelfoam) we could identify, after 8 days of implanted mate-
rial, fibrous connective tissue and after 100 days of implan-
tation, we were able to identify a dense mature collagen
deposit without any evidence of the Gelfoam material
because this material had been completely resorbed.

DISCUSSION

Synthesis or fabrication of fiber membrane scaffold in tissue
engineering regeneration strategies is attracting more atten-
tion for mimicking the ECM. The ECM is often composed of
fiber proteins with diameters ranging from tens to hundreds
of nanometers. Thus, mimicking the fiber size by artificial
matrix has an advantage capable of recapitulating the key
features of the ECM that control cell migration, proliferation
and differentiation.?” In view of this, we have been explor-
ing air-jet technology (AJT) as a simple, efficient, and alter-
native method for the fabrication of nanofiber membrane
that can be used as tissue scaffold. This technology has
been reported as a one-step low-cost process with high pro-
duction rate over short time based on the use of pressur-
ized gas, which is dispensed at an extreme speed in order
to stretch the polymer solution into thin fibers at the nozzle
outlet. At the same instant, the solvent starts to evaporate
and continues to do so after the fibers are deposited onto a
substrate.®3° Our results by SEM characterization demon-
strated that we were able to collect and fabricate, by the
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AJT, PLA membrane scaffolds with nanometric, random fiber
structure, where the concentration of PLA exerts a direct
effect on the mean diameter size of the fibers. This nano-
metric fiber structure could achieve the desirable function-
ality, mimicking the intricate interaction between cells and
their microenvironment with respect to the ECM and our
results are in accordance with recent studies using the AJT
technology, that report similar fiber diameter structure and
validate good biocompatibility properties of these spun
mats.''%® Characterization of chemical and microstruc-
tural properties of the synthesized PLA nanofiber scaffolds
demonstrated that the membrane presents an amorphous
structure that remain amorphous respect to the percent of
concentration of the PLA solution. This amorphous phase is
in agreement with reports that PLA treated with ethanol
afford very broad peak without any sharp crystalline peaks,
indicating that the ethanol is not able to induce PLA crystal-
lization.*® This is important because it has been reported
that crystallinity significantly affects the degradability of the
polymer in vivo, that the degradation time is longer with a
high crystallinity phase and that the degree of crystallinity
determines the mechanical properties of the polymer.***?

In our study, the evaluation of the mechanical properties
before and after in vitro degradation test revealed that the
elastic modulus was affected. This affection could be a
result of the swelling, due to the adsorption of water from
the solutions, which causes the widening of the PLA fibers
as exhibited in the increase of fiber diameters determined
by SEM analysis. Thus, the differences in mechanical proper-
ties demonstrated that morphology of fibers membrane
scaffold is a determining factor, together with the amor-
phous structure obtained by the AJT process.

Our analyses showed that PLA scaffolds exhibit amor-
phous behavior that remains as the PLA concentration
increases, which was also shown by Rezabeigi.** The elastic
deformation of the material increases and the yield stress
decreases when the elastic modulus decreases. This combi-
nation of elastic properties results in increased scaffold
resilience [Figure 4(B)]. This is in accordance with studies
reporting that the architecture of the scaffold characterized
by its crystallinity, porosity, interconnected pore size, the
structural arrangement of molecules forming the fibers, and
its morphology, play an important role for ensuring mechan-
ical and degradation stability during the tissue regeneration
process.**** This is also supported by study on the effect of
crystallinity on the degradation of bioresorbable polyesters
reported by Fernandez et al.** and new polymeric biomate-
rials for application in the medical field with decreased
crystallization capability and enlarged amorphous character
of the polymers.*®

Biocompatibility assessment is a complex procedure that
incorporates both in vitro and in vivo tests directed toward
evaluating cytotoxicity, allergic responses, irritation, inflam-
mation, and systemic and chronic toxicity.*” In our study,
the in vitro biocompatibility in a static environment to eval-
uate cytotoxicity probably due to solvent remaining in the
structure of the PLA fiber spun mat after being synthesized
by AJT that showed that there is no release into the liquid
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medium after the incubation time (Figure 5). The expected
release of the remaining solvent or the expected degrada-
tion of the scaffold mainly by ester hydrolysis during the
incubation in cell-culture media at 37°C indicated that the
PLA membrane scaffold is biocompatible. This asseveration
is supported by the viability assay which revealed that
hBM-MSC growing on the scaffold indicate a good cellular
interaction (Figure 6). Moreover, the viability response of
hBM-MSC was influenced by the physical properties of the
fibers, such as size-of-scale, geometric architecture, random-
fiber orientation and modulation including polymer-
concentration changes in the scaffold that directly contrib-
uted to the biological-response preferences of the cells on
the 10% w/v of PLA scaffold followed by 7% w/v of PLA
scaffold after 9 days of culture. Our findings are consistent
with those of several studies reporting that physicochemical
properties and specific fibrillar microarchitecture; such as
that of the ECM microenvironment of biodegradable-
polymers scaffolds spun membranes which are desirable for
cells, because they could provide mechanical support
for cellular interactions that improving the biological
responses.' %849

In the final analysis of in vivo studies to investigate the
biodegradation properties of PLA spun mat nanofibers (7%
w/v and 10% w/v) our results demonstrated only a mild
inflammatory tissue reaction after all the time of implanta-
tion (100 days) with noticeable differences in terms of deg-
radation between scaffolds. Normally, PLA is subject to
biodegradation based on the hydrolytic reaction and its
products are considered nontoxic natural metabolites that
are eliminated from the body through urine excretion and
through the respiratory route. However, it has been
reported that, although their degradation products are non-
toxic, the latter are acidic in nature, causing a decrease in
the local pH, which autocatalytically accelerates the polymer
degradation rate and give rise to a more intense inflamma-
tory response.”® This could be observed in the 10% w/v of
PLA nanofiber scaffold which demonstrated more acute
inflammatory cell infiltration and the formation of fibrous
capsules when increased the implantation time, indicating
that nanofiber biodegradation resulted in microenvironmen-
tal accumulation of the partial acidic products. However, our
study agrees with several reports demonstrating that, after
PLA implantation, there is a mild tissue inflammatory
response due to degradation of the polymeric phase, consid-
ering that this polymer as biocompatible.>'">® Moreover,
several reports indicate that the rate of biodegradability of
synthetic polymers that degrade over time depends mainly
on the intrinsic properties of the polymer, including chemi-
cal structure, the presence of hydrolytically unstable bonds,
the crystalline-amorphous ratio, the copolymer ratio level, if
applicable, and the initial molecular weight, that it is influ-
enced by physical factors such as the total porosity, pore
size distribution, fiber diameter, and chemical factors includ-
ing the presence of enzymes and the pH at the site of
implantation.zm5'45'46’54'55 This aspect could be important
because PLA membrane scaffolds synthesized by AJT were
amorphous and the in vitro and in vivo degradability could
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be influenced by the fiber diameter reflected on the
mechanical properties indicating changes in the scaffolds
properties. However, the scaffolds exhibited dimensional sta-
bility during the degradation period time, which is an
important prerequisite for materials evaluation for tissue
engineering regeneration.ss'57

CONCLUSION

The production of PLA scaffolds with the AJ]S technique
comprises a good alternative for use in tissue engineering
since the results showed that PLA nanofibers, regardless of
polymer concentration (7% w/v and 10% w/v) and degra-
dation time (0-100 days) are biocompatible. The in vivo
studies demonstrated no evidence of toxicity because there
is no significant histological response after 100 days. The
mechanical evidence indicates that 7% w/v scaffolds are
less rigid, therefore, more resistant to stress, thus good can-
didates for use in hard tissues, in contrast with the 10% w/
v scaffolds which could be applied to soft tissues. Finally,
7% w/v and 10% w/v of PLA nanofiber scaffolds fabricated
by means of the AJS technique revealed favorable physical
and chemical properties for tissue engineering applications.
Therefore, the use of these scaffolds requires more studies
in order to propose an alternative for research in the bio-
medical field regarding the development of translational
therapies with animals and to evaluate their potential in
bone, vascular, or skin tissue regeneration.
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