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Abstract

Large cutaneous wounds pose a severe medical problem and may be deadly in cases when regeneration is impaired. Recently,
topical stem cell therapy has been realized as a promising strategy for wound healing and skin regeneration. However, stem
cells must be administrated uniformly to the wound area, otherwise treatment will be ineffective, which has been a limitation
of current administration methods. Specifically, the delivery pressure and nozzle features of most clinical cell spray devices
are unknown, which may significantly affect the viability of sprayed cells and their capacity for proliferation. Herein, we
developed a novel pneumatically assisted atomization device (PAAD) in which cell suspensions were uniformly atomized
at a low delivery pressure. We optimized the applied fluidic pressure and air pressure to maximize cell survival and function
for the application of multiple cell types, while ensuring uniform dispersal across the wound site. Moreover, we found that
the application of sprayed umbilical cord-derived mesenchymal stem cells to wound sites significantly accelerated wound
healing and promoted appendage regeneration on an excisional cutaneous wound model. Overall, the novel PAAD system
delivered living cells uniformly and maintained the viability and differentiation of sprayed cells, strongly suggesting its
potential for application in clinical cell therapy, especially for large, irregular, and severe skin wounds.
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Introduction incurred as a result of accidental cuts, burns, and chronic

refractory skin ulcers are plagued by slow healing, are prone

Impaired wound healing is not only a major global health
problem [1], but also imposes a huge economic burden
worldwide [2]. Serious and large skin wounds, most notably
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to infection, and often form hypertrophic scars [3].

Stem cell therapy is a promising approach for the treat-
ment of non-healing wounds [4]. In recent years, various
forms of stem cell therapy have been applied in preclinical
and clinical trials to evaluate their impact on wound healing
[5]. Mesenchymal stem cells (MSCs) isolated from bone
marrow, adipose tissue, the umbilical cord, and umbilical
cord blood [6] were all demonstrated to promote wound
healing in several animal models and in clinical trials, with
the advantages of low immunogenicity, high proliferation
rates, and excellent safety [7-9]. Previous reports showed
that MSCs could promote the functional recovery of patients
during wound healing by recruiting cells, cytokines, matrix
proteins [10, 11], and by exerting paracrine effects [12—14].

It has been well-established that the method of cell
administration can significantly affect the distribution of
cells in the wound [15, 16]. Although any of intravenous,
intramuscular, or topical administration of MSCs into mice
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with a full-thickness wound achieved therapeutic effects,
the two former administration methods were both found
to result in poor concentration of stem cells in the wound
sites [17]. In fact, topical application over the wound
shortens treatment time and incurs less pain for patients.
However, topical cell delivery by pipette or syringe is inef-
ficient and uneven [18].

A more recent technique of cell-spray autografting by
atomization of cell suspensions has enabled rapid cell
delivery and enhanced wound re-epithelialization, particu-
larly for patients with deep, large, and irregular wounds
[19]. To our knowledge, the first automated device for cell
suspension atomization was a pump-action aerosol nozzle
designed to spray cells in vitro [20]. Several other types of
spray devices have been subsequently designed, especially
for applications involving tissue repair and regeneration
[21], including air-brush pistols [22, 23], atomizers [24],
or spray nozzles [25]. However, these devices proved to
have several shortcomings limiting their effectiveness
in wound healing. Most notably, a number of previously
reported spray devices produce inconsistently atomized,
nonuniform large droplets that are not evenly distributed
within the wound [26]. Moreover, for most spray devices
used in clinical practice, the delivery pressure and nozzle
features are unclear, or cannot be precisely controlled [27].
For example, in a report on air-brush pistols, cell viability
was only 65% at a delivery pressure of 69 kPa [20]. In a
report by Fredriksson et al., cell viability was about only
45% 4 days after atomized application [28]. In short, most
of the previously reported spray devices are not ideal for
the delivery of living cells, which results in significantly
impaired viability and proliferation of the sprayed cells.

In the present study, we designed a novel pneumati-
cally assisted atomization device (PAAD) to improve the
spraying process by systematically addressing issues of
uniformity and distribution. The device can provide uni-
form droplets at a low air pressure, which facilitates the
retention of cell viability, proliferation, and lineage differ-
entiation after spray application. We tested this device at
different air flow and fluidic pressures to obtain an optimal
balance between cell viability and atomization uniformity.
The cell suspension droplets were uniform at 70 kPa air
pressure and 47.79 kPa fluid pressure, with no significant
adverse impacts observed on viability, differentiation, or
organoid formation ability of stem cells. Moreover, using
fluorescence microscopy and an animal model for skin
wounds, we demonstrated that the sprayed UC-MSCs
could efficiently promote wound closure, re-epithelization,
and skin appendage regeneration in vivo. Therefore, this
novel PAAD that is capable of delivering cells efficiently
and uniformly to wound sites represents a promising tool
for cell therapy, especially for large-area, irregular, and
severe skin wounds.

Materials and methods
PAAD design and setup

The proposed pneumatically assisted atomization device
(PAAD) was set up according to the schematic shown in
Fig. 1. An oil-free air compressor (Shanghai Greeloy Indus-
trial Co. Ltd, China) was selected as the air source to pro-
vide gas pressure in the 0—100 kPa range. The gas pressure
was accurately regulated by a barometric regulator (Airtrol
Components Inc., USA). The nozzle parts of the PAAD were
designed using Unigraphics NX software (Siemens Industry
Software Inc., USA) to ensure that fluid was mixed with
gas at the nozzle. The cell preparation was loaded into a
5 mL sterile Ruhr joint syringe (Shanghai Kindly Enterprise
Development Group Co., Ltd., China) with a 27G needle
(MUSASHI, Japan) and the syringe was pushed by a pro-
peller precisely controlled by a proprietary stepper motor
(Shinano Kenshi Co., Ltd., Japan). Air flow at setting pres-
sure was mixed with the cell suspension at a speed of 5 mL/
min in the nozzle, resulting in a regular interruption of fluid
flow, thereby producing uniform atomized droplets. The
nozzle diameter of the spray device was 0.8 to 1.0 mm, the
spray cone angle was kept constant at 80°-90°, and the spray
height was set to 10 cm.

Measurement of atomization efficiency

According to the Hagen—Poiseuille equation, the liquid flow
pressure was calculated as follows:

_ 2.133ulQ

AP
nd*

where AP =pressure difference between both ends of the
needle (kPa); u = viscosity (Pa.s); [=length of needle (mm);
Q=jet flow, (mm?>s~!); d=inner diameter of needle (mm).

We tested the flow volume and flow pressure at different
settings, and compared the effects of different flow pressure
on jet flow volume. We then checked the uniformity of the
sprayed droplets using a laser diffraction particle size ana-
lyzer (JL-3000, INGX, China). A 27G needle was used to
inject ionized water at a flow rate of 5 mL/min, and testing
was performed under airflow pressures of 40, 50, 60, 70,
80, 90, and 100 kPa. The monochromatic light of the laser
beam could be strongly diffracted by each droplet of the
atomized liquid, and a photomultiplier was used to record
differences in signal pattern and intensity. These results were
then populated into a particle size distribution chart. The
R-R (Rosin—Rammler) distribution is often used to describe
the continuous distribution of atomized particles, which can
be calculated as follows:
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Fig. 1 Pneumatically assisted atomization device and spray nozzle.
a The exterior components of the pneumatically assisted atomiza-
tion device (PAAD). b Schematic of the atomization system, which
uses two-phase nozzles for uniform atomization of cell suspensions.
An airflow controller ensures stable air pressure to the gas inlet of the

where d;= median particle size, which is the corresponding
particle size value when the cumulative volume distribu-
tion percentage reaches i %; R, represents the percentage of
particles when the particle size is less than d..

The uniformity coefficient k, which is positively corre-
lated with the atomization uniformity, was compared at dif-
ferent air influx rates using the following calculation:

1 1 1
Kd,, dy) = gl gl .
L), o] lgdl—lgd2<gn1—Rl gnl—R2>

We further compared the homogeneity of cells applied by
either a traditional pipette or the PAAD. Cells were stained
with 4°,6-diamidino-2-phenylindole (DAPI, Beyoutime,
China) for 15 min, followed by spraying 1 mL of cell sus-
pension onto culture dishes using a syringe (1 mL, 0.4 X 13
RWLB, MSW, Shanghai, China) or the PAAD. The homoge-
neity of cells was also checked when the PAAD was loaded
with different starting volumes. Bright field and fluores-
cence images were captured using an inverted fluorescence
NIB900 microscope (Nexcope, Ningbo Yongxin Optical
Co., Ltd., Ningbo, China).

Isolation and cultivation of UC-MSCs

All tests were performed in accordance with the ‘Ethi-
cal Guiding Principles on Human Embryonic Stem Cell
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Research’ (laid down by the Ministry of Science and Tech-
nology and the Ministry of Health, People’s Republic of
China, 2003) and the Declaration of Helsinki. Umbilical
cords were generously donated by five mothers who had
delivered healthy babies by cesarean section and had signed
the informed consent with ethical approval from The First
Affiliated Hospital of Soochow University, Jiangsu, China.
The UC-MSCs were isolated and cultured ex vivo as pre-
viously described by Hu et al. [29]. Briefly, the umbili-
cal cord vessels and outer membrane were removed and
the mesenchymal tissue in Wharton’s jelly was dissected
and minced into 1 cm® pieces. These were inoculated into
10-cm diameter culture dishes with DMEM/F12 medium
(C11330500BT, Gibco, USA) containing 10% fetal bovine
serum (FBS, Gibco) and 1% penicillin—streptomycin. Half
of the medium was replaced on the third day, and the total
volume of medium was replaced every 3 days. The tissue
blocks were removed when cells reached 50% confluence.
The experiments for this study were performed using UC-
MSC:s cultured for 8 or fewer passages.

UC-MSCs differentiation assays

The adipogenic and osteogenic differentiation of UC-MSCs
were evaluated by Oil Red O and Alizarin Red Staining,
respectively. The UC-MSCs were cultured with either Mes-
enCult™ Adipogenic Differentiation Medium (05,412,
Stemcell Technologies, Canada) or OriCell™ Osteogenic
Differentiation Kit (HUXMA-90021, Cyagen, USA). For the
adipogenic differentiation of UC-MSCs, cells were assessed



Bio-Design and Manufacturing (2022) 5:220-232

223

on day 14 by qualitative Oil Red O staining for lipid-filled
mature adipocytes (C37A00150, VivaCell Biosciences,
China). The Oil Red O stained lipid droplets were eluted
with isopropanol, and the absorbance value was determined
at 490 nm. The osteogenic differentiation of UC-MSCs was
assessed on day 21 using Alizarin Red Staining for cal-
cium nodules in mature osteocytes (C37C00150, VivaCell
Biosciences). Subsequently, 10 M sodium phosphate was
added to each well and the absorbance of the supernatant
was determined at 490 nm. Images were acquired using an
inverted NIB410 microscope (Nexcope).

Primary skin epidermal cell isolation and organoid
formation assay

Epidermal cells were isolated from the back skin of
8—16-week-old BALB/c mice as previously described [30].
For the epidermal organoid formation assays, 1x 10* cells
were resuspended in 30 pL reduced growth factor BME
(Cultrex) and cultured in medium consisting of advanced
DMEM/F12 (Gibco) supplemented with penicillin—strep-
tomycin (100 U/L; Gibco), B27 supplement (50 X stock;
Gibco), N-Acetylcysteine-1 (1 mM; Sigma-Aldrich, Ger-
many), EGF (50 ng/mL, Invitrogen, USA), Noggin (100 ng/
mL, Sino Biological, China), R-spondin (500 ng/mL, Sino
Biological), Forskolin (10 ng/mL; Tocris, UK), A-83-01
(2 pM; Tocris), and Rho kinase inhibitor Y-27632 (10 pM,;
Sigma-Aldrich). The culture medium was refreshed every
3—4 days [31]. Images were acquired using an inverted
NIB900 microscope (Nexcope). The formed organoids were
measured and analyzed using ImageJ software (Version 2,
National Institutes of Health, Bethesda, MD, USA).

Cell viability assays

The cells were cultured with DMEM/F12 (C11330500BT,
Gibco) medium containing 10% FBS (SV30087.03, Gibco)
in T25 cm? or T75 cm? flasks. Cells were collected using
trypsin when reaching 90% confluence, and the cell density
was adjusted to 10° cells/mL. Half of the dissociated cells
were used as the unsprayed control (unsprayed cells), and
the other half were sprayed by PAAD (sprayed cells). To
assess the ratio of live/dead cells following the spray appli-
cation, both sprayed and unsprayed UC-MSCs were stained
with trypan blue. The ratio of live/dead cells was calculated
by the CountStar software (Ruiyu Biotech, China) based on
the number of all cells and blue colored dead cells. Next,
the viability of sprayed and unsprayed UC-MSCs was tested
using a Cell Counting Kit-8 (CKO4, DOJINDO, USA) at 3,
24, and 48 h post inoculation. In addition, sprayed/unsprayed
UC-MSCs and primary epidermal cells were cultured for
the specified time periods and stained with Calcein-AM/
PI LIVE/DEAD™ Viability/Cytotoxicity Kit (40747ES76,

YEASEN, China) for 15 min at 37 °C. Fluorescent images
were captured and analyzed using a Nexcope inverted fluo-
rescence microscope.

Animal wound model preparation
and transplantation experiments

All animal procedures were conducted in accordance with
the guidelines of the Animal Welfare Committee of Suzhou
Institute of Biomedical Engineering and Technology, Chi-
nese Academy of Sciences (SIBET, CAS). 8-16-week-old
BALB/c mice (20-23 g) were obtained from the animal
facility of SIBET, CAS. An excisional wound model was
generated on the backs of mice as previously reported [15].
In brief, after the removal of fur, two full-thickness 8 mm
diameter excisional wounds were made on the back of each
mouse using a biopsy punch. The animals were then ran-
domly divided into three groups. To test cell function after
spray application in vivo, 1x 10% dissociated UC-MSCs
were sprayed through PAAD (‘sprayed’) or 1 x 10° dissoci-
ated UC-MSCs (‘unsprayed’) were resuspended in 20 pL
50% PBS/Matrigel (356231, Corning, USA) and applied
onto each wound, which were then covered with a transpar-
ent antibacterial wound dressing (3 M, Germany). The 50%
PBS/Matrigel alone served as the control treatment. Images
of the wound areas were taken at day 0, 3, 7, 10, 14, 18, and
23 post-treatment. The wound margins were marked in the
images, and the wound sizes were measured and analyzed
using Analyser Software (Image J).

Histology and immunofluorescence

The mice were sacrificed at the designated time points, and
samples of skin containing the inflected wound and the
adjacent area were dissected and fixed with 4% paraform-
aldehyde overnight at 4 °C, and subsequently processed for
paraffin embedding. Tissue sections were deparaffinized,
rehydrated through graded ethanol solutions, and stained
with hematoxylin and eosin. For Masson trichrome staining,
sections were dyed with hematoxylin, acid Ponceau Fuchsin,
and aniline blue to visualize collagen fibers and myofibers.
Immunofluorescence staining was performed by incubat-
ing tissue sections with rabbit anti-cytokeratin 14 (Abcam),
and visualized with Alexa 488-conjugated donkey anti rabbit
antibody (Abcam). DAPI was employed for counterstain-
ing nuclei. Images were captured using DMetrix widefield
microscopy or a Leica TCS SP5 confocal microscope.

Statistical analysis
Numerical data were expressed as means + SD. Data were

subjected to 2-tailed Student’s # tests or one-way ANOVA
using GraphPad Prism 6.0 (GraphPad Software Inc., San
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Diego, CA, USA) to evaluate differences between treat-
ment groups. The asterisk was used to denote p <0.05
and ns to indicate that the difference was not significant.

Results

The development of a novel pneumatically assisted
atomization device (PAAD)

We designed an atomization device that can administer
cells quickly and evenly across the surface of a cell cul-
ture dish while retaining good cell viability and capac-
ity for differentiation. Uniform cell dispersal is realized
through pneumatically assisted atomization. As shown in
Fig. 1a, the device consists of an air compressor, airflow
controller, air jet pipe, cell reservoir, and circuit board.
The cell suspension is impelled into the needle and driven
by positive pressure to form a liquid stream at the nozzle
outlet. The introduction of gas influx at a specific angle
and pressure disrupts the liquid stream, resulting in the
conversion of the continuous phase to a dispersed phase
in which appropriately sized atomized droplets are formed
for further application, such as wound healing (Fig. 1b).
Clear images of the core part of nozzle in horizontal and
vertical views are shown in Fig. lc.
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Characterization of the PAAD

Hydraulic and gas pressure both affect cell viability and
function, thus their appropriate settings provide the prem-
ise of atomization. The liquid flow pressure was measured
with deionized water (Fig. 2a). Based on the Hagen—Poi-
seuille equation, we performed a linear regression and found
that the coefficient for jet flow and hydraulic pressure was
99.53%, which exhibited a clear linear relationship between
the fluid flow and hydraulic pressure (Fig. 2b). Accordingly,
to obtain high flux atomization at 5 mL/min while ensuring
a high cell survival rate, the hydraulic pressure was set to
47.79 kPa.

Next, we identified the influence of gas pressure on the
atomization uniformity. Results showed that the narrower
the size distribution of the sprayed droplets, the greater the
uniformity of atomization. The distribution of equivalent
particle size under different air pressures based on R-R
(Rosin—Rammler) distribution is shown in Fig. SIA-S1G.
The uniformity coefficient k value of D25 (which corre-
sponded to the 25th percentile and below in the distribu-
tion of cumulative particle volumes, Fig. S2) and D75 (the
particle size when the cumulative particle volume per total
volume is 75%) were measured under gas pressures ranging
from 40 to 100 kPa) (Table 1). Based on the Rosin—Rammler
particle size distribution function according to the formula
described above, the results showed that the k values of D25
and D75 were positively correlated with the air pressure,
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Fig.2 Characterization of the PAAD. a Schematic illustration of the
method for measuring the size of atomized droplets of cell suspen-
sion. The size and uniformity of the sprayed droplets were checked
using a laser particle size analyzer. b Linear regression analysis indi-
cating a positive linear relationship between fluidic flow and hydrau-
lic pressure. ¢ k (D25, D75) values indicating that the coefficient of
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atomization uniformity is positively correlated with air pressure. d
Images of droplets delivered by Syringe (1 mL, 0.4x 13 RWLB, left
image) versus PAAD (right image). Scale bar: 1 cm. e Distribution
of DAPI stained cells delivered by PAAD within 1 s and 2 s showing
an increase in cell number with prolonged spraying time. Scale bar:
100 pm. Numerical data represented as means +SD
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Table 1 Atomization uniformity  pooq e (kPa) D25 (um) D75 (um) K [D25, D75]

coefficients under various

pressures (mean + SD) 40 231.47+1.243% 744.39+5.457% 1.35+0.0161%
50 99+3.53% 281.98 +1.158% 1.50+0.0108%
60 59.86 + 1.749% 159.78 +18.787% 1.66 +0.069%
70 52.428 +3.611% 133.03+1.907% 1.69+0.027%
80 48.6+3.352% 107.89+7.79% 1.98+0.0331%
90 41.07£6.776% 78.98 +7.38% 2.41+0.0205%
100 39.5+9.73% 7537+791% 2.43+0.0362%

indicating that uniformity increased commensurately with
air pressure.

In order to further check whether PAAD produced a more
even and viable coating of cells than the commonly used
administration methods, we sprayed 1 mL of cell suspension
onto a culture surface using either a pipette or the PAAD
(with air pressure at 70 kPa). Compared to the homogene-
ous droplets produced by PAAD application, the droplets
squeezed through the syringe (1 mL, 0.4 X 13 RWLB) were
generally larger and had inconsistent sizes (Fig. 2d). Moreo-
ver, the uniformity achieved by PAAD was retained even
with the increased duration of the spraying process, indi-
cating that uniformity was not influenced by spray volume
(Fig. 2e). Taken together, these results showed that, under
hydraulic and air pressure settings that were considerably
less than standard atmospheric pressure, the spray applica-
tion using PAAD resulted in evenly and efficiently distrib-
uted cells.

PAAD maintains cell viability and function

In order to test whether increasing airflow pressure adversely
affects the viability of sprayed cells, the 293 T cells were
sprayed at pressures of 50, 60, 70, 80, 90, and 100 kPa, for
comparison with unsprayed cells as positive control. Trypan
Blue staining was employed to examine the viability of
sprayed cells immediately following application (Fig. 3a).
The results of this assay showed no significant differences
(p>0.05) in cell viability between unsprayed cells and those
applied under air pressures from 50 to 80 kPa (Fig. 3b).
However, at 90 and 100 kPa, cell viability significantly
decreased to 90.69 +2.5% and 89.07 +2.3% (p<0.01),
respectively, compared to controls. Next, the cells sprayed
under air pressures between 50 and100 kPa were cultured
and cell growth was assessed using a cell counting kit-8
(cck-8) at 48 h postinoculation (hpi). Results showed that
cell growth was negatively correlated with air pressure.
As shown in Fig. 3c, when the spray air pressure increased
from 70 to 80 kPa, cell growth reduced from 97.8 +5.4% to
92.9 + 1.2%. Combining the data on atomization uniform-
ity, cell viability and cell growth after spraying, 70 kPa was

selected to obtain uniform distribution and retain cell viabil-
ity for further experiments.

Subsequently, we tested the long-term effects of atomiza-
tion on epidermal stem cells and mesenchymal stem cells
(MSCs), which are both used in cell therapy for wounds [5,
31]. For this test, epidermal stem cells freshly isolated from
skin of adult mice and MSCs isolated from human umbili-
cal cord were sprayed using PAAD at 70 kPa. Cell viability
was determined using Calcein-AM/PI staining at 24 and 48
hpi (Fig. 4a and 4c), revealing that the ratio of live/dead
cells was not significantly different between sprayed and
unsprayed cells. Cell growth was further evaluated using a
cell counting kit-8 (cck-8) to determine the rate of prolifera-
tion at 3, 24, and 48 hpi (Fig. 4b and 4d). For both freshly
isolated epidermal stem cells and cultured MSCs, no signifi-
cant differences in cell proliferation were observed between
the sprayed and unsprayed cells throughout the 48 hpi. As a
whole, these results showed that, at 70 kPa PAAD air pres-
sure, both the viability and proliferative function of cells
were well-maintained during the spraying process.

Stem cells sprayed by PAAD retain the ability
to form organoids and differentiate

Previous studies have shown that epidermal cells can
form functional epidermal organoids in vitro, in which the
basal-apical organization of the mouse epidermis is main-
tained [32]. Thus, we investigated whether primary epider-
mal cells applied by PAAD could retain their differentiation
and organoid-forming functions after atomization, and sub-
sequently found that their ability to form epidermal orga-
noids was conserved (Fig. 5a). No significant differences
(p>0.05) in the efficiency of organoid formation (Fig. 5b)
or organoid area (Fig. 5c) were detected between sprayed
and unsprayed epidermal cells.

In addition to, multipotent progenitor cells (UC-MSCs),
which are capable of differentiating into osteoblastic or
adipocytic lineages, were also tested for changes in their
capacity to differentiate after spray application by PAAD
(Fig. 5d and 5e). The ratio of UC-MSC:s that differentiated
into adipocytes, as indicated by the Oil Red O staining of
lipids, showed no significant differences [(0.81+0.05) vs
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Fig.3 Viability of cells sprayed by PAAD. a 293 T cells were
sprayed by PAAD at a range of air pressures including 50, 60, 70, 80,
90, and 100 kPa. Trypan blue staining shows the ratio of live/dead
cells. Arrows indicate Trypan blue stained dead cells. b The viability

24 h after mouse epidermal cells seeding
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of sprayed cells was calculated by CountStar (Ruiyu Biotech) soft-
ware. ¢ The growth of sprayed cells was negatively correlated to air
pressure. Numerical data represent means + SD. ns indicates p >0.05,
* indicates p <0.05 versus the corresponding control
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Fig.4 The proliferation of cells was not impaired by the PAAD
spraying process. a Sprayed and unsprayed mouse epidermal cells
were cultured for 24 and 48 h after cell seeding and stained with cal-
cein-AM/PI to identify live (green) or dead (red) cells. b The prolif-
eration of sprayed and unsprayed mouse epidermal cells showed no
significant differences at 3, 24, or 48 h after cell seeding. ¢ Sprayed
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and unsprayed UC-MSCs were cultured for 24 and 48 h after cell
seeding and stained with calcein-AM/PI to identify live (green) or
dead (red) cells. d The proliferation of sprayed and unsprayed UC-
MSCs showed no significant differences at 3, 24, or 48 h after cell
seeding. Scale bar: 100 pm. Numerical data represent means + SD. ns
indicates p > 0.05 versus the corresponding control
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Fig.5 The ability to form organoids by sprayed mouse epidermal
cells and the ability to differentiate into adipogenic/osteogenic line-
ages by sprayed UC-MSCs were retained during the spraying pro-
cess. a Brightfield images of organoids derived from sprayed and
unsprayed mouse epidermal cells (Scale bars: 100 pm). b No sig-
nificant differences were observed in organoid-forming efficiency
between the sprayed and the unsprayed mouse epidermal cells (Scale

(0.87+0.04), p>0.05] between sprayed and unsprayed
groups. In a similar manner, the ratio of UC-MSCs that
differentiated into osteoblasts, as evidenced by alizarin
red calcium staining, did not exhibit significant differences
[(1.93+0.07) vs (2.12+0.11), p>0.05] between sprayed
and unsprayed groups. These results cumulatively showed
that the functions of two different stem cell types were well-
maintained after spraying by PAAD.

UC-MSCs sprayed by PAAD maintain their ability
to promote wound healing

Aiming to determine if PAAD could be applied as a clinical
technique for wound treatment, we next investigated whether
sprayed UC-MSCs preserve their capacity to heal excisional
skin wound animal models in vivo. Using (BALB/c mouse
line) mice, we established that the application of both
sprayed and unsprayed UC-MSCs significantly reduced
wound size over several time points compared to the con-
trol applications (Fig. 6a and 6b). Notably, the differences
in wound size were significant until 10 days post-UC-MSCs
administration.

During the process of wound healing, local fibroblasts
secrete collagen and fibronectin, which comprise newly
formed granulation tissue, and promote the recovery of the
wound area [33]. MSCs play a major role in coordinating the
repair response by recruiting other cells and matrix proteins.
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bar: 100 pm). ¢ Average size of organoids derived from sprayed
mouse epidermal cells showed no difference from that of unsprayed
cells. Sprayed UC-MSCs had similar capacity for adipogenic (d)
and osteogenic (e) differentiation compared to unsprayed UC-MSCs.
Green arrows indicate lipid droplets. Black arrows indicate calcium
nodules. Scale bar: 20 pm. Numerical data represent means +SD. ns
indicates p>0.05 versus the corresponding control

To further assess whether sprayed UC-MSCs affect the cel-
lular and molecular mechanisms associated with wound
healing, we performed histological staining on skin tissue
dissected from the wound sites at days 7 and 23 post-UC-
MSCs application. The H&E staining showed thicker tissue
layers, and well-formed granulation tissue were observed
in the groups treated with sprayed and unsprayed cells than
in the control group on day 7 after treatment (Fig. 6¢). No
significant differences (p >0.05) in wound length (Fig. 6d)
and wound thickness (Fig. 6e) were observed between the
sprayed and unsprayed groups, indicating that the sprayed
hUC-MSCs maintained their ability to promote wound
healing. Furthermore, Masson trichrome staining revealed
greater collagen deposition in wounds treated with sprayed
and unsprayed cells than in the control group at the same
time point (Fig. 6f), indicating that PAAD spraying did not
inhibit matrix protein recruitment by UC-MSCs.

The wounds were completely healed in all groups by day
23 (Fig. 6a). The H&E staining indicated that the wound
area was covered with epidermis and dermis, with some
clear regeneration of skin appendages in the sprayed and
unsprayed UC-MSCs group. In contrast, the wound area in
the control group was covered with only a thin cell layer
and few cells in the dermis (Fig. 6¢). The Masson trichrome
staining further confirmed that well-formed granulation tis-
sue with appendages was regenerated in the sprayed and
unsprayed groups, whereas only a thin layer of epidermis
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Fig.6 UC-MSCs sprayed by PAAD accelerated skin wound healing.
a Representative images of the mouse wound treated with UC-MSCs
(unsprayed), UC-MSCs sprayed by PAAD (sprayed) or control.
b Analysis of changes in wound size (mm?) over time of the three
groups showed that sprayed and unsprayed UC-MSCs significantly
accelerated wound healing in the first 7 days. n=6. ¢ Wound sections
on day 7 and 21 post cell transplantation were stained with H&E for
general observation of skin layers. Scale bar: 1 mm. Lower panels are
magnified views of the red square. Scale bar: 200 pm. d Quantita-
tive analysis on wound length on day 7 post transplantation showed
sprayed and unsprayed UC-MSCs treated groups accelerated wound

with little granulation could be observed in the control group
(Fig. 6f). Altogether, these results strongly suggest that the
administration of sprayed UC-MSCs effectively recruited
collagens and accelerated the skin healing process, indicat-
ing that the biological functions of UC-MSCs were well-
maintained under the conditions of PAAD application.
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nsprayed Sprayed Control

healing comparing to control group. e Quantitative analysis showed
skin thickness of sprayed and unsprayed groups were higher than that
of the control group. f Trichrome staining showed collagen regenera-
tion in the sprayed and unpsrayed UC-MSCs application groups by
day 7, while no collagen was seen in the control group. Epidermis
and appendages were regenerated in sprayed and unsprayed UC-
MSC:s treated groups, while epidermis with minimal collagen depo-
sition was found in the control. Scale bar: 1 mm. Lower panels are
magnified views of the red squares. Scale bar: 200 pm. Numerical
data represent means +SD. * indicates p <0.05, ns indicates p > 0.05
versus the corresponding controls

UC-MSCs sprayed by PAAD promotes wound
re-epithelization

Immunofluorescent staining against CK14 (an epidermal
progenitor cell marker) was applied to evaluate the re-epi-
thelization effects of sprayed/unsprayed UC-MSCs. On day
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7, no CK14-positive cells were found in the wound beds of
either group (Fig. 7a). By day 23, re-epithelization had com-
pleted in all groups, however, CK14 staining was observed
in both the epidermal layer and the skin appendages of ani-
mals treated with the sprayed and unsprayed cells, but only
in the epidermal layer of control animals (Fig. 7a).

During the process of wound healing, epidermal cells
migrate from the wound edge to the central wound area,
thus forming a thin wedge-shaped epithelial tongue. The
length of this epithelial tongue is therefore an index of re-
epithelization. On day 14, CK14 staining indicated that an
extensive epithelial tongue had spread into the wound center
in the groups treated with sprayed and unsprayed UC-MSCs,
but not in the control group (Fig. 7b). Quantitative analysis
further revealed that the lengths of the epithelial tongues
in both the sprayed and unsprayed UC-MSCs groups were
significantly longer than those in the control (p <0.05), and
there was no significant difference between the sprayed and
the unsprayed group (p > 0.05) (Fig. 7¢). These observations
suggest that the UC-MSCs sprayed by PAAD maintained
their ability to promote re-epithelization during the process
of wound repair.
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Fig.7 UC-MSCs sprayed by PAAD accelerated re-epithelialization
of skin wound. a Immunofluorescent staining of CK14 in sections of
wound skin showed no CK14% epidermal progenitors regenerated on
day 7 after treatment in sprayed UC-MSCs, unsprayed UC-MSCs or
saline-treated (control) groups. CK14" progenitors and appendages
were regenerated in sprayed and unsprayed UC-MSCs treated groups
on day 23, while no appendages were seen in the control. Scale bar:
1 mm. Lower panels are magnified views of the red squares. Scale

Sprayed cells

Discussion

Preclinical and clinical studies have equally shown that
mesenchymal stem cells (MSCs) have the potential to
treat chronic, non-healing wounds due to their regenera-
tive, angiogenesis supportive, cytokine production and
cell-recruiting properties [10, 12]. Over the past 30 years,
cell application methods and cell delivery strategies were
developed to achieve faster wound closure. However, due
to the issues of decreased cell viability and function, the
task of delivering cells efficiently and evenly into the
wound bed has proven to be a prominent challenge in clini-
cal practice.

Cells are traditionally transplanted intravenously, sub-
cutaneously, or topically onto the wound surface area [34,
35]. Among these treatment forms, topical application
onto the wound has been found to shorten treatment time
and incur less pain for patients. This has prompted several
designs of device for the spray application of cells to dis-
tribute them to the wound area quickly, homogeneously
and without functional impairments, especially in cases of
irregular, deep (into the dermis) or large-area skin wounds.

Control

C _ 1500
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1000

Epithelial tongue (um)
o
o
o

0
Unsprayed Sprayed Control

bar: 200 pm. E: wound edge, W: wound center. b On day 14, CK14
staining showed that epithelial tongues (circled area) migrated from
the wound edge (E) into the wound center (W) in the sprayed UC-
MSCs, unsprayed UC-MSCs or saline-treated (control) groups. ¢
Quantitative analysis showed longer epithelial tongues in sprayed
and unsprayed cells treated groups than those of the control group.
Numerical data represent means=+SD. * indicates p <0.05, ns indi-
cates p>0.05 versus the corresponding controls
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Sprayed cells are expected to suffer a certain level of
damage during the aerosol process. Cell survival depends
on many variables, such as the velocity of cell-containing
droplets and the cell delivery pressure. By investigating cell
viability and growth behavior immediately after aerosol
delivery with an airbrush system [20], Veazey et al. found
that cell viability significantly decreased with increasing
pressure and decreasing nozzle diameter. In the same way,
Fredriksson et al. observed an approximate 50% drop in
viable cells immediately after transplantation when using a
high-pressure device (200 kPa), and detected a further drop
in viable cell numbers to nearly 40% after two weeks of
culture [20]. Other studies investigated aerosol delivery by
handheld airbrush systems with adjustable air pressure sup-
ply, and found that about 80% cell viability could be main-
tained under low delivery pressure (below 69 kPa) [20, 36].

Our data were consistent with the above observations,
i.e., delivery pressure greatly affects the viability of sprayed
cells. With the optimization of PAAD, the immediate
viability of sprayed cells remained unaffected at air pres-
sures under 80 kPa. Cell viability was shown to decrease
to 90% at 90-100 kPa air pressure. Culturing cells sprayed
under different air pressure values for 24 h showed that the
proliferation of sprayed cells was well-retained only when
the air pressure was under 70 kPa. These in vitro assays
in conjunction with our preliminary data demonstrated that
higher pressure provides more uniform droplets, thus we
selected 70 kPa for subsequent experimental applications.
Furthermore, the in vitro evaluation of biological functions
indicated that sprayed primary cells retain their ability to
form organoids in a 3D culture, and that the capacity for
differentiation is unaffected. These results suggest that our
newly designed PAAD can be safely used for both primary
cells and cultured cell lines.

The PAAD designed in this study is intended specifi-
cally for the in vivo delivery of cells for wound healing.
The findings of this study proved that, in comparison to the
control group, the PAAD application of UC-MSCs accel-
erates wound closure and promotes the re-epithelialization
and regeneration of skin appendages in a full-thickness
excisional wound model. Given that collagen deposition
serves as a scaffold necessary for re-epithelialization, and
thus is a major function of UC-MSCs in wound healing, our
results demonstrated that PAAD has considerable potential
for clinical cell therapy, since sprayed UC-MSCs retained a
strong capacity for collagen and fibronectin formation after
the spray application. Moreover, the wound repair effects
of the UC-MSCs sprayed by PAAD showed no significant
impairment as compared to the unsprayed UC-MSCs, fur-
ther evidencing that the biological function of UC-MSCs
was well-maintained during the spraying process. Consider-
ing the fact that the wound in the animal experiments was
rather small (0.8 cm?) and smooth, it can be inferred that the
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clinical application of cell therapy with PAAD to treat deep
and large wounds has the potential to achieve enhanced cell
distribution and repair efficiency.

In fact, several cell spraying devices have been introduced
in tissue repair and regeneration applications. For example,
a bio-airbrush was developed for the treatment of cartilage
defects to facilitate cartilage repair [23]. Devices for aero-
solizing cell suspensions have been previously used to spray
fibroblasts and keratinocytes on leg ulcers to accelerate heal-
ing [37, 38]; cell-spray auto-grafting technology was per-
formed for deep partial-thickness burns [39]; and the aerosol
spraying of bladder urothelial cells and smooth muscle cells
was reported to reconstitute muscle segments for bladder
augmentation [21]. In addition, cell-spray autografting was
found to successfully enlarge the ratio of donor area to graft
area from a routine 1:3 mesh to 1:100, thus facilitating oper-
ative therapy for larger deep burn areas [27, 40]. The migra-
tion and proliferation of keratinocytes from adjacent healthy
epidermis to the wound site are essential steps during the
skin wound healing process to facilitate re-epithelialization;
MSCs were proven to promote this process in many reports
[5, 10, 13], as well as in our study. As a major component of
skin epidermis, keratinocytes seeded with scaffold materi-
als have also been implicated in wound healing [41]. In the
present study, we demonstrated that epidermal cells retain
their organoid-forming capacity in vitro. In the future, an
appropriate atomization method to deliver keratinocytes
together with biomaterials using PAAD for wound therapy
will be further explored. Correspondingly, we can foresee
the potential for a wide adoption of the PAAD system for
delivery of multiple cell types for repair and regeneration of
different tissues and wound types.

Conclusions

In this work, we presented a pneumatically assisted topi-
cal cell delivery device that can uniformly atomize cell sus-
pensions at low air pressure. Results in vitro and in vivo
both indicated that stem cell viability and function can be
well-retained under optimal delivery settings. Moreover, the
application of PAAD sprayed UC-MSCs in an animal wound
model showed significant therapeutic effects, indicating a
strong potential for the successful clinical adoption of this
technique. It warrants mention that base membrane forma-
tion and rapid epithelialization are important considerations
for the evaluation of novel cell sprays or carrier delivery
methods [27, 42]. Future experiments aim to explore com-
bination treatments using customized cell sources, such
as mesenchymal cells and keratinocytes fixed in a PAAD-
sprayable hydrogel matrix, to facilitate the better formation
of dermal-epidermal junctions.
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