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ABSTRACT: Nanofiber mats and scaffolds have been widely
investigated for biomedical applications. Commonly fabricated
using electrospinning, nanofibers are generated ex situ using an
apparatus that requires high voltages and an electrically conductive
target. We report the use of solution blow spinning to generate
conformal nanofiber mats/meshes on any surface in situ, utilizing
only a commercial airbrush and compressed CO2. Solution and
deposition conditions of PLGA nanofibers were optimized and
mechanical properties characterized with dynamic mechanical
analysis. Nanofiber mat degradation was monitored for morphologic and molecular weight changes in vitro. Biocompatibility of
the direct deposition of nanofibers onto two cell lines was demonstrated in vitro and interaction with blood was qualitatively
assessed with scanning electron microscopy. A pilot animal study illustrated the wide potential of this technique across multiple
surgical applications, including its use as a surgical sealant, hemostatic, and buttress for tissue repair.

Nanofiber mats and scaffolds have a wide range of
biomedical applications including drug delivery,1 wound

dressings,2 tissue engineering,3 and enzyme immobilization.4

Nanofibers are often generated by electrospinning, a process
that utilizes an electric field applied to a drop of polymer melt
or solution on the tip of a nozzle.5 The droplet deforms
forming a Taylor cone, and a charged jet accelerates toward the
target, generating nanofibers.6 While electrospinning is a
powerful and widely studied technique, it requires specialized
equipment, high voltages, and electrically conductive targets. It
also suffers from a relatively low deposition rate. These
restrictions prohibit the use of electrospinning for any in situ
deposition of fibers in surgery or for conformal coverage of
nonconductive targets without the use of polymer melts7 or the
assistance of air flow.8

Solution blow spinning is a promising alternative that
requires a simple apparatus, a concentrated polymer solution
in a volatile solvent, and a high-pressure gas source.9

Commercial airbrushes, typically used for painting, have
successfully generated nanofibers through this technique.10,11

Many polymer/solvent systems and deposition conditions have
been investigated, but convincing control over fiber diameter
has not been demonstrated.12−16

Applications that are pursued are largely analogous to
electrospinning and include enzyme immobilization,17 drug
delivery,18 and microfiltration.19 The reported examples of this
technique cite the ease of use and rapid deposition rate as
compared to electrospinning.9,11,12 Tutak et al. were the first to
move toward using the method to generate conformal coatings
for tissue engineering scaffolds, but no exploration into in situ
deposition has yet been reported.11

The possibility of direct deposition introduces a host of new
applications and advantages over preformed nanofiber mats/
meshes and scaffolds. On-demand fabrication of conformal
nanofiber mats/meshes allows for precise and site-specific
construction. This could be exceedingly useful for reconstruc-
tion of tissue defects such as hernias, which treatment
frequently uses preformed polymer mats with a high incidence
of recurrent herniation and bowel obstruction.20 The approach
also holds great promise as a surgical sealant in place of or in
addition to sutures in applications such as vascular, intestinal, or
airway anastomosis. These procedures can be technically
difficult and, when complications of leakage occur, have high
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morbidity.21,22 Solution blow spinning could also be useful in
areas requiring the use of a hemostatic material or sealant,
especially when large areas are exposed and conventional
suturing may not be possible, as is the case with liver and lung
resections.23−25

Here we use solution blow spinning to fabricate conformal
mats of poly(lactic-co-glycolic acid) (PLGA) in situ using a
commercial airbrush and compressed CO2 (Figure 1a,b). This
technique allows for rapid conformal nanofiber deposition onto
any substrate (Figure 1c). Solutions composed of 10% (w/v)

PLGA of two different inherent viscosities, corresponding to
higher and lower molecular weights, were investigated (0.93 IV
and 0.64 IV PLGA) in acetone at three different gas flow rates
(Figure 2a,b and S1). Having analogous constraints to
electrospinning, solution concentration, polymer molecular
weight, solvent, and specific deposition conditions are required
for nanofiber generation. The key parameter for the resulting
morphology of solution blow spinning is the concentration (c)
with respect to polymer chain entanglement, specifically the
overlap concentration (c*).10 Solutions with c > c* form fibers,

Figure 1. (A) Commercial airbrush used for nanofiber deposition. (B) Schematic representation of solution blow spinning procedure being applied
to a liver injury. (C) Conformal nanofiber coating on a gloved hand.

Figure 2. (A, B) Scanning electron microscopy (SEM) micrographs of blow spun 10% PLGA in acetone. (A) Solution of 0.64 IV PLGA, at a CO2
flow rate of 13 SCFH. (B) Solution of 0.93 IV PLGA at a CO2 flow rate of 13 SCFH. Scale bars for (A, B) are 100 and 10 μm in the inset. (C) Stress
strain curves of 0.93 IV PLGA and 0.64 IV PLGA nanofiber mats (n = 3). (D) Size distribution of nanofiber diameter for optimal solution and
deposition conditions (n = 150).
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c ∼ c* form beads on a string, and c < c* form a corpuscular
morphology. Fiber morphology can be seen in Figure 2b and
beads on a string morphology can be seen in Figure S1c. The
solution and deposition conditions that resulted in rapid
generation of uniform nanofibers were found to be 10% (w/v)
0.93 IV PLGA in acetone with a 13 SCFH CO2 gas flow rate
(Figure 2b).
The resulting nanofiber mat had an average nanofiber

diameter of 474 ± 262 nm and a median value of 377 nm
(Figure 2d). This range of nanofiber diameter is consistent with
fibrin fiber diameter (∼376 nm).26 Dynamic mechanical
analysis was performed to evaluate differences in mechanical
properties between solution blow spun 0.93 IV and 0.64 IV
PLGA (Figure 2c). The ultimate strength was determined by
the maximum of the stress−strain curve and the Young’s
modulus by the slope between 0 and 1% strain. The 0.93 IV
PLGA had an average ultimate strength of 0.88 ± 0.28 MPa
and a Young’s modulus of 0.33 ± 0.06 MPa. The 0.64 IV PLGA
had an average ultimate strength of 0.06 ± 0.02 MPa and a
Young’s modulus of 0.01 ± 0.01 MPa. The mechanical
properties of the 0.93 IV PLGA nanofiber mats were
significantly better than the same deposition conditions using
the 0.64 IV PLGA. The Young’s modulus of the optimal mat
(0.88 MPa) was near that of fibrin (1−10 MPa) and many
human tissues (∼1 MPa).27,28 These characteristics are well
suited for in vivo use as tissue mimics in a variety of
applications without the complications and costs associated
with biologically derived materials.
After identifying the optimal solution and deposition

conditions, PLGA nanofiber degradation was evaluated over
42 days for morphologic and molecular weight changes (Figure
3). Nanofiber morphology changed noticeably over this time
scale. As fibers degraded there was an increase in average
diameter as a result of fibers fusing together, and a majority of
the mat porosity was lost by day 7 (Figure 3b). As degradation
continued (7−42 days), fibers welded into each other forming a
more homogeneous structure with evidence of obvious surface
pitting and pore formation on day 30 and 42 (Figures S2 and
3d). During this same time frame, weight average molecular
weight (Mw) and number average molecular weight (Mn)

decreased in a linear manner from day 0 at Mw = 123.9 ± 9.4
kDa and Mn = 78.9 ± 3.4 kDa to day 42 at Mw = 27.2 ± 5.1
kDa and Mn= 12.5 ± 2.6 kDa (Figure 3e). The polydispersity
index (PDI) increased from 1.6 ± 0.1 to 2.2 ± 0.2 during this
period (Figure 3F). This linear decrease in molecular weight
over a 42 day period corresponds to a Mw decrease of ∼78%
and a Mn decrease of ∼84%. A linear degradation profile is
consistent with surface erosion in contrast to bulk erosion.29

The high surface area/volume of the nanofibers presumably
allows for quicker diffusion and neutralization of the acidic
degradation species that typically cause autocatalytic degrada-
tion in bulk erosion. This degradation profile can be altered by
adjusting the ratio of lactic to glycolic acid in the copolymer.30

Biocompatibility of solution blow spinning PLGA/acetone
directly onto cells was quantitatively evaluated with an MTS
cell viability assay. All experimental groups (CO2, acetone,
PLGA/acetone) showed no statistical difference in cell viability
as compared to the live control group for both L929 mouse
fibroblasts and human coronary arterial endothelial cells (p <
0.05, Figure 4). Qualitative evaluation of blood interaction with

Figure 3. SEM of PLGA nanofiber degradation at 0 (A), 7 (B), 14 (C), and 42 (D) days. Scale bars correspond to 20 μm. (E) PLGA molecular
weight over 42 days of nanofiber degradation (n = 3). (F) PDI change over the same time scale (n = 3).

Figure 4. MTS cell viability assay of L929 mouse fibroblasts (L929)
and human coronary atrial endothelial cells (HCAEC) showing no
decrease in viability. Data reported as percent of live control (n = 3).
Error bars reported as standard deviation.
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nanofiber mats was completed using SEM (Figure 5). After an
hour incubation and washing with PBS there was significant
platelet and erythrocyte adsorption onto the nanofiber matrix.
While solution blow spinning can be used with a variety of

compressed gases, CO2 was chosen for its potential for in situ
deposition. Other compressed gases carry the risk of air
embolism; CO2 avoids this complication due to its solubility in
blood.31,32 Similarly, safety considerations must be given to the

choice of polymer and solvent. Nondegradable polymers have
the potential to cause harm if inhaled and most volatile solvents
are too toxic to be considered for direct application. While the
use of acetone may not be ideal, cell viability data from two cell
lines suggests that the amount reaching the surface must be
minimal (Figure 4). Additionally, for fibers to be generated and
maintained, any solvent must evaporate from the system. At the
highest gas flow rate tested (15 SCHF), nanofibers seemed to

Figure 5. SEM of PLGA nanofibers incubated with citrated whole human blood. Scale bar represents 10 μm.

Figure 6. Direct deposition of conformal PLGA nanofiber mats: (A) Lung resection; (B) Intestinal anastomosis; (C) Liver injury; (D)
Diaphragmatic hernia.
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weld back together (Figure S1f). This can be attributed to the
drop in temperature resulting from the compressed CO2
release, leading to a decreased evaporation rate of acetone in
the system. This led to the choice of the 13 SCHF flow rate for
all subsequent experimentation (Figure 2b).
To demonstrate possible future applications of solution blow

spinning, PLGA nanofiber mats were directly deposited in
multiple surgical models in a single piglet animal model. These
include lung resection, intestinal anastomosis, superficial liver
injury, and diaphragmatic hernia (Figure 6). In all cases, a
conformal layer of nanofibers formed over the defect in less
than 1 min. Visual observation by a surgeon confirmed that
PLGA nanofiber deposition stopped the liver bleeding and air
leakage from the lung surface following segmentectomy. A
video of PLGA nanofibers applied to the liver injury in avi
format is available.
The utilization of nanofiber mats and scaffolds has been

widely investigated for a variety of surgical and tissue
engineering applications. The current fabrication methods, for
example, electrospinning, are difficult to translate into an
operating room. Solution blow spinning offers an easily
adaptable alternative that has the potential to generate on-
demand conformal nanofiber mats directly on a wide range of
targets. The present study demonstrates facile fabrication of
PLGA nanofibers using only a commercial airbrush and
compressed CO2. The solution and deposition conditions
were optimized and mechanical properties characterized.
Nanofiber degradation was monitored over 42 days for
molecular weight and morphology changes in vitro. Bio-
compatibility of direct nanofiber deposition was quantitatively
assessed using a cell viability assay and blood interaction
assessed qualitatively with SEM. A pilot animal study was then
used to demonstrate some of the possible surgical applications
including use as a surgical hemostatic, a surgical sealant, and for
tissue reconstruction.
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