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The transplantation of full-thickness skin grafts (FTSGs) is important for reconstructing skin barrier and
promoting wound healing. Sufficient oxygen supply is closely related to the success of skin grafting.
However, full-thickness oxygen delivery is limited by the poor oxygen permeability of skin. Oxygen-
releasing sutures (O, sutures) were developed to facilitate oxygen penetration through full-thickness
skin. The O, sutures delivered 100 times more oxygen than topical gaseous oxygen therapy at a
15 mm depth in the skin model. Under extreme hypoxia (<0.5% O,, v/v), O, sutures could also promote
endothelial cell proliferation. After the transplantation of FTSGs in mice, O, sutures accelerated blood
re-perfusion and increased the survival area of the skin graft. It is expected that O, sutures will be
adopted in clinical applications to increase the success rate of full-thickness skin transplantation.

© 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and

Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Skin graft transplantation involves the transplantation of skin
from a healthy site to a wound site to promote wound healing
[1]; it has significant value in the treatment of surgical incisions
including abdominal wall defects and hernias [2-4], thermal burns
[5,6], and chronic ulcers [1]. Full-thickness skin grafts (FTSGs) exhi-
bit numerous advantages over split-thickness skin grafts and have
an important role in exposed wounds [7,8]. However, the success
rate of FTFGs is severely restricted by the local oxygen concentra-
tion in the wound tissue, as anoxia (<0.5% O,, v/v) leads to cell
death [9-11]. Local oxygen concentration depends on the speed
of revascularization, which can take 1-2 d post operation [12,13].
Additional oxygen supply immediately after an FTSG procedure
can effectively improve graft survival and increase the success of
the skin grafting.

To increase the supply of oxygen to wound tissue, several
approaches can be applied; these are based on either of two
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principles: inhalation of gaseous oxygen via the airway and topical
delivery of oxygen to the wound tissue [14,15]. After patients
breathe 100% oxygen at normal or higher pressures, oxygen can
be delivered to the wound site via blood circulation. However,
because blood microcirculation requires 1-2 d to reconstruct post-
operative FTSGs, oxygen delivery is limited and insufficient for cell
proliferation [12,16,17].

To overcome delayed revascularization, oxygen can be deliv-
ered topically using either topical gaseous oxygen (TGO) therapy
or an oxygen dressing. During TGO therapy, the wound site is
directly exposed to 100% gaseous oxygen. Gaseous oxygen first dis-
solves in the moisture in the epidermis and then diffuses into the
skin graft [18-20]. Oxygen dressing is another strategy for topically
delivering oxygen to wounds, where dissolved oxygen is produced
by peroxide or photosynthetic microbes and then diffuses into the
epidermis [21-23]. However, epidermis is virtually impermeable
to oxygen and the maximal diffusion distance of oxygen in dermis
is between 300 and 700 pm, which is considerably less than the 2-
4 mm that FTSGs require [15,24,25]. Therefore, there is an urgent
requirement to devise a new approach to effectively deliver oxygen
for wound healing after skin graft transplantation. Surgical sutures
could be useful in these cases.
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Sutures are surgical threads commonly used to hold body tis-
sues together and approximate wound edges after injury, including
FTSG operations. Recent progress in materials and fabrication tech-
niques has enabled the development of a variety of sutures with
added functions including monitoring deep wounds [26], antibac-
terial [27] and anti-inflammatory properties, and wound healing
promotion [28]. The added functions capitalize on the fact that
sutures are pervious and intimately integrated into the wound tis-
sue upon application. This inspired us to develop a functionalized
suture to enhance oxygen delivery to deep skin layers.

In this study, we construct oxygen-releasing sutures (O,
sutures) for in-situ wound oxygen production to promote the suc-
cess of FTSGs (Fig. 1). The sutures are made from a double-layer
hydrogel containing CaO, and catalase (CAT). The inner layer of
Ca0, reacts with water to produce H,0,; then, the H,0, diffuses
to the outer layer and reacts with the CAT to produce oxygen.
When used in FTSG operations, O, sutures promote the prolifera-
tion of endothelial cells in an anoxic environment and accelerate
the restoration of blood perfusion of the graft, thereby increasing
the success rate of the FTSGs.

2. Materials and methods
2.1. Animal experiments

All animal experiments were performed in compliance with
guidelines approved by the Institutional Animal Care and Use Com-
mittee of Nanjing University. BALB/c and C57BL/6 mice were pur-
chased from Yangzhou University (China). Human umbilical vein
endothelial cells (HUVECs) were purchased from American Type
Culture Collection (ATCC).

2.2. Fabrication of O, suture

An O, suture was fabricated using a double-layer hydrogel
wrapping method based on commercial silk sutures. A 4# silk
suture (Changchun Shiji Bairuida Pharmacy Co., Ltd., China) was
inserted into a conical die with holes at both ends and 8% (w/v)
sodium alginate (Sinopharm Chemical Reagent Co., Ltd., China)
solution (pH = 6.7) containing 30 mg-mL~' Ca0, (China Pharma-
ceutical Group Chemical Reagents Company Ltd.) was added to
the die. The silk core was then pulled from the small hole and
immersed in 3% (w/v) calcium chloride solution (pH = 7.1; China
Pharmaceutical Group Chemical Reagents Company Ltd.) to form
an outer Ca0, hydrogel sheath. Subsequently, the CaO, modified
suture was inserted into another conical die with sodium alginate
solution containing 4.5 mg-mL~! CAT (Beyotime Biotechnology,
China) and coated with a CAT hydrogel layer using the previous
treatment. Ca0,, CAT, and calcium alginate hydrogel (Alg) sutures
were constructed using the same method, however with different

Silk core

CaO0, layer

CAT layer
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hydrogels. The fabrication was performed at room temperature.
Sutures were used immediately after they were fabricated; they
could be stored at 4 °C by wrapping in plastic wrap and using
within 24 h in a special situation.

2.3. Fluorescence labeling of double-layer structure

The double-layer structure of the O, suture was labeled with
rhodamine B and 123 poly(lactic-co-glycolic acid) (PLGA) nanopar-
ticles. The nanoparticles were fabricated using a double emulsion
(water/oil/water) solvent evaporation process, as described in our
previous study [29]. The nanoparticles were centrifuged at 8000
revolutions per minute (rpm) for 40 min to remove the free dyes.
These two fluorescent nanoparticles were mixed in sodium algi-
nate solution and wrapped with silk sutures. The fabricated
fluorescence-labeling sutures were embedded in an optimal cut-
ting temperature compound for frozen sections and observed
under a fluorescence microscope (FV3000; Olympus Corporation,
Japan).

2.4. Suture-sheath bonding test

The bonding between the suture and sheath was tested as pre-
viously described [30]. A blank suture was embedded in CaO, con-
taining hydrogel. Subsequently, the hydrogel was fixed and the
suture was pulled out using a universal tensile-testing machine
(68SC-2; Instron, USA). The force and pullout distances were
recorded. The adhesion energy between the blank suture and
Ca0, sheath was calculated based on a published equation. The
adhesion energy between the blank suture and Alg sheath, and that
between the CaO, suture and CAT sheath, were calculated using
the same method.

2.5. Mechanical characterization of sutures

Suture strength was investigated using the universal tensile-
testing machine. Tension strength was determined by the maximal
force that the sutures could bear.

2.6. Oxygen-releasing effect of O, suture in vitro

The O, suture was immersed in phosphate-buffered saline (PBS)
(pH = 7.4) and the oxygen generation effect of the suture was
detected using an oxygen microelectrode (OX-N; Unisence,
Denmark). At 6 and 24 h post reaction, the suture was removed
from the previous solution and fresh PBS was added to evaluate
the continuous oxygen-releasing effect.

The experimental fitting algorithm of the O, generating curve
was used with Origin Pro 2022 software (v 9.9.0.225).
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Fig. 1. Schematic of O, suture and mechanism to deliver oxygen in skin. CAT: catalase.
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2.7. The gelatin hydrogel construction

The gelatin solution (30% w/v) was prepared by water bath at
50 °C for 30 min. The solution was then added to an open plastic pipe
(diameter: 13 mm, length: 40 mm) to a height of 20 mm. The solu-
tion was held at 4 °C overnight to form the gelatin hydrogel.

2.8. Determination of oxygen transmission efficiency

The oxygen transmission of the porcine skin and gelatin hydro-
gel at different depths was calculated in a device composed of large
and small beakers (volume: 200 and 50 mL). The large beaker was
covered with parafilm and filled with pure oxygen to maintain a
near-saturated oxygen atmosphere (oxygen flow rate: 1 L-min~!
for 1 min and then continuously at 30 mL-min~'). The small beaker
was placed inside the large beaker and sealed with parafilm. The
gelatin hydrogel containing the plastic pipe or plastic pipe covered
with porcine skin was inserted through the parafilm to ensure that
oxygen could only enter the small beaker through the gelatin
hydrogel or skin. The oxygen electrode was inserted into the small
beaker to monitor the oxygen curves inside the small beaker.

2.9. Oxygen penetration in gelatin hydrogel tested by oxygen
microelectrode

The oxygen penetration effects of the O, sutures and TGO ther-
apy were monitored using the oxygen microelectrode. O, sutures
were inserted into the center of the gelatin hydrogel and the oxy-
gen curves at different sites were detected by inserting an oxygen
microelectrode into different sites. For the TGO therapy test, the
gelatin hydrogel was placed in a 200 mL beaker and the oxygen
microelectrode was inserted at different sites in the gelatin hydro-
gel. Pure oxygen was continuously added to the beaker to maintain
a nearly maturated oxygen atmosphere. The oxygen curves in the
gelatin hydrogel after the TGO therapy were monitored using an
oxygen electrode.

2.10. Fick’s law with domain discretization

To predict time-dependent oxygen diffusion in the gelatin
hydrogel, a two-dimensional model was proposed. In the proposed
model, Fick’s second law was combined with domain discretization
to predict the oxygen evolution of the O, suture and TGO system in
the gelatin hydrogel. The two-dimensional model represented the
central cross-section of the gelatin hydrogel. Owing to the symme-
try of the system, half of the entire construction was simulated to
conserve computational time and resources. Four hypotheses were
assumed in the proposed two-dimensional model to simplify the
problems of time and space.

(1) The gelatin hydrogel was assumed incompressible. Gelatin
hydrogels are considered nondegradable during oxygen permea-
tion. In addition, the effect of the compression force resulting from
the airflow and oxygen probe insertion was neglected.

(2) The oxygen creation rate was assumed to be consistent and
uniform in a unit length of the O, suture, and the oxygen concen-
tration in each meshed element was assumed to be uniform and
perpendicular to the cross-sectional direction. The diffusion of oxy-
gen was assumed to occur only in the x- and y-directions.

(3) The diffusion coefficient was assumed to be constant
throughout the entire gelatin hydrogel, and the effect of oxygen
pressure on the diffusion coefficient to be neglectable.

(4) The side and bottom edges were wrapped using a sealed
film, and it was assumed that no oxygen exchange occurred at
these interfaces. Oxygen exchange with the surroundings occurred
only at the top edge of both the suture and TGO systems.
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In the proposed model, the oxygen concentration evolution was
calculated as follows:

t
D.y%+y%
oxr oy?
where t is the time, At is the time step, Cj; is the concentration of
the oxygen in the i, j position at time t, and D is the oxygen diffusion
coefficient in the gelatin hydrogel. In this equation, the left part rep-
resents the oxygen exchange of that element at time t; the right

part represents the oxygen exchange with its neighboring elements.
The Taylor formula was used to solve this equation.

cgﬂ—qj[)<qu+cgj—x@ i1+ Cij

ij+1 ij-1 " ch]

At dx? dy?

Because the O, suture and TGO system were enclosed by a
sealed film, the left and right edges were fixed in the model. There-
fore, there were five types of boundary conditions: corner, bottom
corner, edge, bottom edge, and internal elements, as indicated in
Fig. S1 in Appendix A. For example, the internal elements could
exchange oxygen with the top, bottom, left, and right elements.
The entire meshed element was updated at each calculation time
step. Both proposed models were coded using C in Visual Studio
2022 (v17.0.6).
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2.11. Live/dead tests of HUVECs (adherent HUVECs and HUVECs in
three-dimensional (3D) hydrogel)

HUVECs were cultured in a 1640 medium supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at
37 °C with 5% CO,.

For the adherent HUVECs test, the HUVECs were seeded in 24-
well plates at a density of 150 000 cells-well~!. After attachment,
the cells were divided into seven groups: normoxia (21% 0O,),
hypoxia (2% 0,), anoxia (<0.5% O,) (blank), anoxia + O, suture,
anoxia + TGO, anoxia + Ca0, suture, and anoxia + CAT suture. Dif-
ferent sutures were co-cultured with the HUVECs on the transwell
inserts with 8 pum pore-sized filters. For the anoxia + TGO group,
the HUVECs were cultured in pure oxygen for 30 min and then cul-
tured in the anoxic chamber (5% CO,, < 0.5% O,) at 37 °C. For the
hypxia group, the HUVECs were cultured in the hypoxic chamber
(5% CO4, 2% 05) at 37 °C. These treatments were repeated 24 h after
the initial treatment. The HUVECs were stained with calcein-
acetoxymethyl ester (AM) (live) and propidium iodide (dead) to
evaluate the live/dead status 48 h after the first treatment.

For the HUVECs in 3D hydrogel, a 2% (w/v) sodium alginate
solution was sterilized and mixed with a 1640 medium, FBS, and
penicillin/streptomycin after cooling to 42 °C. HUVECs were added
to the prepared sodium alginate solution at a density of 300 000
cells-mL~". HUVEC-sodium alginate solution (1 mL) was added to
a confocal cell culture dish (20 mm) and solidified with 250 pL
2% CaCl, solution to form a 3D hydrogel. The cells were divided
into four groups: normoxic, anoxic, anoxic + O, suture, and anox-
ic + TGO. The sutures were embedded in the center of the hydrogel.
The HUVECs were stained with calcein-AM (live) and propidium
iodide (dead) to evaluate the live/dead status 24 h after treatment.

2.12. Proliferation of HUVECs

HUVECs were cultured in 1640 medium supplemented with
10% FBS and 1% penicillin/streptomycin at 37 °C with 5% CO,.
The cells were seeded into 24-well plates at a density of 50 000
cells-well~'. After attachment, the cell viability was evaluated
using a cell counting kit-8 (CCK-8) test. The cells were then divided
into seven groups, similar to those used in the live/dead test for
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adherent HUVECs. This treatment was repeated 24 h later. Cell via-
bility was evaluated using the CCK-8 test again 48 h after the first
treatment. HUVEC proliferation were analyzed by comparing the
CCK-8 results on days 0 and 2.

2.13. Autologous skin graft transplantation

Autologous skin graft transplantation was performed on the
backs of mice (Balb/c or C57BL/6). A rectangle of skin (1 cm x 2 ¢
m) was cut on three edges (with one short edge connected), lifted
to disconnect the blood supply, and carefully sutured. For graft sur-
vival research, the mice were randomly divided into six groups:
blank suture, O, suture, TGO, alginate suture, CaO, suture, and
CAT suture. Typically, we sewed approximately ten stitches per
flap. For the TGO group, grafts received pure oxygen at a flow of
0.25 L-min~! for 30 min. Images of the transplanted grafts were
obtained daily. On days 3 and 6, the mice were euthanized and
grafts were collected for further research. For blood perfusion
and angiogenesis studies, the mice were randomly divided into
four groups: blank suture, O, suture, TGO, and alginate. Blood flow
was detected using a MoorFLPI (Moor Instruments, UK).

2.14. Histology and immunohistochemistry

Mice were euthanized three or six days post treatment and the
skin grafts were embedded in paraffin. Paraffin-embedded tissue
was used for the immunohistochemical analysis. Slices of the graft
were observed on day 6 using hematoxylin and eosin staining.
Graft slices on day 3 were observed using Masson’s staining and
cluster of differentiation 31 (CD31) incubation. For CD31 incuba-
tion, slices were dehydrated and incubated with 3% H,0, to block
endogenous peroxidases. After antigen retrieval and blocked with
serum, the slices were incubated with anti-CD31 antibody at 4 °C
overnight and then incubated with horseradish peroxidase-
conjugated secondary goat anti-rat antibody at room temperature
for 30 min. Sections were observed and photographed using a
microscope connected to a digital camera.

2.15. Statistical analysis

The statistical significance was determined using unpaired and
paired two-sided student’s t-tests for two groups and one-way
analysis of variance (ANOVA) for more than three groups; data
were presented as single measurements with bars as means * stan
dard error (SE). Statistically significant P values are indicated in the
figures and/or legends as ****P < 0.0001, ***P < 0.001, **P < 0.01, and
*P < 0.05. The NSD indicated no significant differences.

2.16. Data availability

All data supporting the findings of this study are available
within the article and Appendix A and from the corresponding
author upon reasonable request.

3. Results
3.1. Fabrication and characterization of O, sutures

We constructed O, sutures through a double-layer wrapping
method with commercially available surgical silk sutures. Specifi-
cally, we inserted the silk thread core into a conical die with holes
at both ends and added a sodium alginate solution containing CaO,
to the die. The silk core was then removed from the small hole and
immersed in a calcium chloride solution to form an outer CaO,
hydrogel sheath. Subsequently, the CaO,-modified suture was
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inserted into another conical die with a sodium alginate solution
containing CAT and coated with a CAT hydrogel layer with the pre-
vious treatment (Fig. 2(a)). The sutures were verified using a
continuous-zoom stereomicroscope. The diameter of the O, suture
was approximately 0.4 mm, and the hydrogel shell was evenly
wrapped around the suture. The O, sutures were bent and knotted
freely after being wrapped with the hydrogel; the knotting step did
not impair the hydrogel on the surface of the O, sutures (Fig. 2(b)).
The double-layered structure around the suture core was further
confirmed by fluorescence labeling (Fig. 2(c)).

Strong bonding between the suture core and sheath is critical to
guarantee the integrity of an O, suture during surgery. The strong
bonding ensures that the hydrogel sheath does not easily fall off
the suture surface during surgery. To quantify the bonding
between the suture and hydrogel sheath, a pullout test was
designed. The sutures were embedded in the hydrogel and pulled
out using a universal tensile-testing machine. Both the forces and
pullout distances were recorded to quantify the bonding
(Fig. 2(d)). The adhesion energy was calculated using a previously
published method [30]. The adhesion energy between the silk
suture core and CaO, hydrogel and that between the CaO, suture
and CAT hydrogel both exceeded 1000 ]-m~2 (Fig. 2(e)), indicating
strong bonding among all ingredients and excellent O, suture
integrity.

We further investigated the O, suture tensile strength using a
universal tensile-testing machine. The curves of the force change
with stretching distance are displayed in Fig. S2 in Appendix A.
The O, sutures achieved a maximum tension of 10 N, which was
approximately 1.5 N greater than that of blank sutures (Fig. 2(f)).
This could be because the outer sheath helped to maintain the
integrity of the sutures. The multifilament sutures were united
and jointly counteracted the pulling force, thus exhibiting superior
maximum tension.

To detect the oxygen generation, O, sutures were immersed in
PBS (Fig. 2(g)). The O, sutures generated O, rapidly after being
immersed in the PBS, and the O, concentration increased from
280 to approximately 900 pmol-L™? (approaching the saturation
of dissolved oxygen) in 2 h. The sutures were removed from the
original PBS and reimmersed in fresh PBS. It was found that the
0O, sutures generated oxygen for more than 24 h. In addition, a
large number of small bubbles were observed around the sutures
after 10 min of immersion, and the sutures floated after 2 h of
immersion (Fig. 2(h)), likely owing to the buoyancy provided by
the large number of generated oxygen bubbles. The O, sutures
swelled during water absorption and oxygen production. The
diameter of the swollen sutures was approximately 0.8 mm. The
0O, sutures maintained similar oxygen producing ability for 24 h
after storage at 4 °C (Fig. S3 in Appendix A).

0O, sutures were fabricated through double-layer wrapping of
the Ca0,- and CAT-containing hydrogels. CAT in the outer layer
catalyzes H,0, relieved from the inner layer to provide O, and
avoids H,0, release. The H,0, release content of the O, sutures
was maintained at zero in solution. The sutures modified with
Ca0, containing hydrogel released a large amount of H,0,
(Fig. S4 in Appendix A). The double-layer wrapping design can pre-
vent cell damage due to the potential oxidative stress caused by
H,0,.

3.2. Oxygen penetration capability of O, sutures

We used a gelatin hydrogel to simulate skin to investigate the
oxygen penetration capability of the O, sutures. Gelatin is the pro-
duct of the partial hydrolysis of collagen, which is the main compo-
nent of skin. A device for measuring the oxygen diffusion was
developed (Figs. S5(a)-(c) in Appendix A). The device consisted of
internal and external containers. The oxygen concentration in the
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Fig. 2. Fabrication and characterization of O, sutures. (a) Schematic of fabrication of O, sutures. Hydrogel sheath containing CaO, and that containing CAT are in turn coated
onto a silk suture core. (b) Microscopic images of blank sutures and O, sutures. Upper: unfolded sutures; lower: folded sutures. Minimum scale of ruler is 1 mm.
(c) Fluorescence labeling of two-layer sheath of CAT-CaO, sutures. Scale bar: 150 um. (d) Representative force-displacement curves between sutures and hydrogel sheaths
tested by pullout tests. Suture represents blank silk suture and CaO, suture represents silk suture coated with Alg containing CaO, (CaO, Alg). (e) Adhesion energy between
different sutures and hydrogel sheaths calculated from pullout tests in (d). (f) Maximum tension of sutures with different modification tested by tensile tests. (g) Oxygen
production curves of O, suture. O, suture was taken from original solution and added to fresh PBS at different time points to investigate its long-term oxygen generating
effect. (h) Representative images of O, sutures in PBS. The image on the left is the appearance ten minutes post O, suture insertion, there are a large number of bubbles
around the sutures. The image on the right is the appearance 2 h post O, suture insertion; the sutures are floating upwards.

internal container was used to represent the oxygen penetration of
the skin and gelatin hydrogel. After calibration, a gelatin hydrogel
with a thickness of 20 mm was used as the optimal model to sim-
ulate actual skin (Figs. S5(d) and (e) in Appendix A). TGO therapy
was used as a control for comparison with the O, sutures.

It was hypothesized that O, sutures could provide deeper oxy-
gen penetration than TGO therapy because the O, sutures could
pass through the skin (Fig. 3(a)). To test this hypothesis, the oxygen
penetration was evaluated using a gelatin-hydrogel skin model.
The O, sutures were inserted into gelatin hydrogel with a thickness
of 20 mm and diameter of 13 mm. Different positions in the gelatin
hydrogel were defined using x and y, where x represented the
horizontal distance from the O, suture (or the center of the hydro-
gel in the TGO group), and y represented the vertical distance from
the surface of the gelatin hydrogel. The oxygen concentrations at
different positions in the gelatin hydrogel were then tested
(Figs. 3(b)-(g)). At 3600 s post insertion, the oxygen concentration
at all positions of the O, sutures was greater than 50 pmol-L™!,
which was considerably higher than that at the same positions in
the TGO control group. In particular, at positions 2 and 3, the oxy-
gen concentration through the O, sutures at 3600 s post insertion
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was greater than 200 pmol-L™!, which was considerably higher
than that in the TGO control group (<10 umol-L™!). To further
evaluate the oxygen diffusion profile of the O, sutures, positions
with the same x or y values were compared (Figs. 3(h) and (i)).
At positions 2 and 3 (same x value), O, sutures delivered 50 and
100 times more O, than the TGO therapy, respectively. At positions
3,6, and 7 (same y value), the O, sutures delivered 100 times more
0, than the TGO therapy. These results indicate that O, sutures can
achieve full-thickness delivery of oxygen to the skin. In particular,
0O, sutures can promote oxygen penetration deeper into gelatin
gels, which is not possible with TGO therapy.

3.3. Computational digital simulation of oxygen penetration of O,
sutures

To further verify our hypothesis that O, sutures can achieve
full-thickness oxygen penetration and enhance oxygen delivery
efficiency in deep skin layers, we compared oxygen distribution
in the gelatin hydrogel using a computational simulation method.

Fick’'s law of diffusion was combined with the domain dis-
cretization model to simulate the spatial and temporal evolution
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Fig. 3. Comparison of oxygen penetration between O, sutures and TGO therapy. (a) Schematic illustration of speculation for oxygen permeability through O, suture or TGO
therapy in the gelatin hydrogel. (b) Schematic illustration of device to monitor oxygen diffusion through O, suture therapy. Oxygen microelectrode was inserted at different
positions of the gelatin hydrogel and sutures were inserted in the center of the gelatin hydrogel. Different positions (1, 2, 3, 4, 5, 6, 7) in gelatin hydrogel were defined
using x and y, where x represents horizontal distance from O, suture and y represents vertical distance from gelatin-hydrogel surface. (c) Image of device to monitor oxygen
diffusion through O, suture therapy. (d) Oxygen concentration curves for O, suture therapy at different positions of gelatin hydrogel. (e) Schematic illustration of device to
monitor oxygen diffusion through TGO therapy. Gelatin hydrogel was placed in a container that was continuously filled with oxygen. (f) Image of device to monitor oxygen
diffusion through TGO therapy. (g) Oxygen concentration curves for TGO therapy at different positions of gelatin hydrogel. (h) Changes of oxygen concentration at different
depths of the gelatin hydrogel with the same x value 1 h post treatment. (i) Changes of oxygen concentration at different widths of the gelatin hydrogel with the same y value
1 h post treatment. Gelatin hydrogel was used as the simulated skin model. n = 3 in (h) and (i).
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of the oxygen concentration through O, sutures and TGO therapy,
respectively (Fig. S1). The parameters used in the proposed model
are listed in Table 1; the rate of O, suture-produced oxygen was
calculated using Eq. (1). The oxygen production rates of the O,
sutures and their exponential fitting curves are displayed in
Fig. S6 in Appendix A. Representative points in the gelatin hydrogel
were selected to validate the proposed model for predicting the
evolution of the oxygen concentration (Figs. 4(a)-(c)). The pre-
dicted results agreed well with the experimental results obtained
using O, sutures and TGO therapy, thus validating the reliability
of the proposed simulation model.

X
= 622515 exp (-~ 5o —c) + 597.64 1
Y P\~238776 M
Table 1
The related values of parameters in the proposed model.
Parameters Value
Gelatin hydrogel depth and width (mm) H=20,W=6.5

Suture length and width (mm)
Grid size (mm)

Lot = 20, Weye = 0.4
dx=0.1,dy = 0.1
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After validating the simulation model, the distribution dynam-
ics of released oxygen in the gelatin hydrogel were calculated
(Fig. 4(d)). An O, suture with a length of 20 mm was inserted into
the gelatin hydrogel and compared with TGO therapy. Oxygen in
the O, suture diffused horizontally, indicating that the concentra-
tion of oxygen at positions with the same x value was similar. In
the TGO group, oxygen diffused vertically, indicating that the con-
centrations of oxygen at positions with the same y values were
similar. In the O, suture group, from 500 to 5000 s, the oxygen
concentration increased from 200 to 300 umol-L™! at all positions
with x =1 mm. At 5000 s, the oxygen concentration reached
100 pmol-L™! at all positions with x = 5 mm, which is sufficiently
high for cell growth and proliferation. In the TGO group, because
the oxygen diffused vertically, the concentration of oxygen at posi-
tions with y > 10 mm was zero from start to finish. Taken together,
these results demonstrate that the O, suture had acceptable oxy-
gen perfusion, especially for thick skin tissue.

3.4. Survival and proliferation of anoxic endothelial cells mediated by
0, sutures

Diffusi fficient (m2.s~! D =0.0027 [37 . . . .
c;nszlcot?ogoceoegi?eéﬂ; 57)1) h = 0.005 B71 Transplanted Flssues experience hypoxia (<5% O,, v/v) and anoxia
Time step (s) At=0.1 (<5% 05, v/v) owing to the poor blood supply and oxygen consump-
tion. Anoxia environments further hamper cell proliferation, cause
e 400 -+~ 2(Sim) == 5 (Sim) 400 -+~ 2(Sim) == 5 (Sim)
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Fig. 4. Computational digital simulation of oxygen penetration of O, sutures and TGO therapy. (a) Representative positions in gelatin hydrogel were selected to validate
proposed model. Position 2: x = 1.5 mm, y = 10.0 mm; position 5: x = 5.0 mm, y = 10.0 mm. (b) Experimental oxygen curves (Exp) and simulated oxygen curves (Sim) at
positions 2 and 5 using O, sutures. (¢) Experimental oxygen curves (Exp) and simulated oxygen curves (Sim) at positions 2 and 5 using TGO therapy. (d) Simulation results of
oxygen distribution in gelatin hydrogel through O, sutures (top) and TGO therapy (bottom) varied with time50, 500, 2500, and 5000 s.
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cell death, and limit angiogenesis, both leading to transplantation
failure [11,31]. Therefore, we investigated the effects of O, sutures
on the survival and proliferation of HUVECs under anoxic conditions.

HUVECs were cultured under normoxic, hypoxic, and anoxic
conditions. Anoxic HUVECs were divided into different groups
and treated with O, sutures, CaO, sutures, CAT sutures, or TGO
therapy separately. Cell survival and death were detected using
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live/dead tests 48 h after co-culturing (Fig. 5(a)). The HUVEC live/
dead rate declined approximately 70% under anoxic conditions,
whereas the O, suture group maintained cell survival at a live/dead
rate similar to that of the normoxic group (Fig. 5(b)). Cell prolifer-
ation was also evaluated (Fig. 5(c)). O, sutures also promoted
HUVEC proliferation under anoxic conditions. To emulate true skin
conditions, we seeded HUVECs in 3D hydrogel (2% calcium
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Fig. 5. Promotion of HUVEC survival and proliferation under anoxic conditions induced by O, sutures. (a) Representative fluorescent images of adherent HUVECs with
different treatments stained with calcein-AM (green, live) and propidium iodide (red, dead). TGO therapy was operated for 0.5 h before culturing cells in anoxia environment.
Sutures were put above the trans-well inserts for co-culture with HUVECs. Scale bar: 300 pm. (b) Semi-quantification of relative live/dead rates for HUVECs as displayed in
(a). (c) HUVECs proliferation tested by CCK-8 tests. (d) Schematic illustration of HUVECs cultured in 3D hydrogel. O, suture was inserted in center. The region with a 5 mm
radius around the sutures was considered as the middle and the remaining area was the edge. (e) Representative fluorescent images of HUVECs in 3D hydrogel with different
treatments stained with calcein-AM (green, live) and propidium iodide (red, dead). Scale bar: 200 pm. (f) Semi-quantification of live/dead rates for HUVECs as displayed in (e).

Nor: normoxia; Hyp: hypoxia; Ano: anoxia; ODyso: optical density at 450 nm.
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alginate) and inserted O, sutures into the hydrogel center
(Fig. 5(d)). HUVEC 3D hydrogels were cultured under different O,
conditions and live/dead rates were detected (Fig. 5(e)). Similar
to the case of the adherent cells, the O, sutures promoted HUVEC
survival in the 3D hydrogels, and the promotion effect was main-
tained within a radius of 5 mm around the O, sutures (Fig. 5(f)).

3.5. Effect of O, sutures on the survival, blood perfusion, and
angiogenesis of transplanted FTSGs

To investigate whether O, sutures could benefit FTSG survival,
we evaluated the effects of O, sutures in an autologous skin graft
transplantation model in BALB/c mice. Rectangular grafts (2 cm
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long and 1 cm wide) were cut from the backs of the mice, with
one short side connected, peeled from the subcutaneous tissue,
and sewn with sutures (Fig. 6(a)). The mice were divided into six
groups: blank sutures (sewn up with commercial silk sutures),
Alg sutures (silk sutures coated with Alg), O, sutures, TGO, CaO,
sutures, and CAT sutures. Owing to the disrupted blood supply
and oxygen consumption of the skin grafts from the recipients,
the grafts were prone to necrosis, especially at the site distal to
the connected edge (Fig. 6(b)). We quantified the necrosis rate of
the skin grafts six days after treatment (Fig. 6(c)). The average
necrosis rates in blank sutures, Alg sutures, TGO, CaO,, and CAT
sutures were 27.2%, 32.0%, 24.4%, 40.0%, and 30.4%, respectively.
Specifically, the necrosis rate in the O, suture group declined to
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Fig. 6. Transplanted skin graft survival induced by O, sutures. (a) Images illustrate progress of autologous skin graft transplantation. (b) Representative images of
transplanted skin grafts six days post operation. (c) Quantification of graft necrosis percentage as displayed in (b). (d) Representative hematoxylin and eosin (H&E) images of
skin grafts six days later. Scale bar: 500 um. (e) Quantification of necrosis length of skin graft as displayed in (d), n = 6.
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only 6.6%, which was considerably less than other groups. We
found that the TGO treatment marginally reduced the necrosis
rate, which could have been due to poor oxygen delivery efficiency.
The Ca0O, sutures exacerbated necrosis, which could have been due
to the oxidative stress caused by the released H,0,. The deposition
of collagen decreased on day 3, whereas that with O, suture treat-
ment was maintained (Fig. S7 in Appendix A). On day 6, the necro-
tic graft lost its intact epithelial structure, and the number of hair
follicles decreased. It was confirmed that the O, suture treatment
preserved the intact epithelial structure and hair follicles (Fig. 6
(d)). Moreover, the O, sutures decreased necrosis length, with
the average necrosis length of 0.52 mm, which was considerably
less than the 2.98 mm in the blank suture group (Fig. 6(e)). This
positive role in promoting skin graft survival was further con-
firmed in C57BL/6 mice (Fig. S8 in Appendix A).

We investigated the blood perfusion of skin grafts daily using
laser Doppler flowmetry (Fig. 7(a)). Blood flow was plentiful before
the experiment; however, it decreased sharply after the experi-
ment owing to the disruption of blood vessels. In particular, lim-
ited blood perfusion was more prominent distant from the
connected site of the skin. We divided the skin graft into three
regions: proximal (near the connected site), middle, and distal (dis-
tant from the connected site) (Fig. 7(b)). The relative blood flux at

Day 0

Day 1 Day 2 Day 3

Blank suture

O, suture

Day 4
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the middle and distal sites relative to that at the proximal sites was
quantified (Figs. 7(c)-(e)). Middle and distal blood fluxes in the
blank suture group both decreased for approximately 30% post
operation and did not recover over the next six days. TGO therapy
improved the blood perfusion of the middle site slowly by
approximately 10%; however, it could not increase blood flux at
the distal site. Surprisingly, we found that the O, suture treatment
had a positive effect on blood perfusion at both the middle and
distal sites. O, sutures lightened the reduction in blood flow at
the middle sites one day post treatment and maintained this over
next time. For the distal sites, although blood flow decreased one
day later, it returned to near normal after two days in the O, suture
group. These results indicate that O, suture treatment improved
blood re-perfusion in transplanted skin grafts.

To investigate whether O, sutures promoted angiogenesis of
skin grafts, we quantified blood vessel densities in the blank
suture, O, suture, TGO, and Alg suture groups using CD31 immuno-
histochemical staining at three days post treatment. CD31 is a
platelet/endothelial cell adhesion molecule widely used to label
endothelial cells and evaluate angiogenesis during wound healing
[21]. O, suture treatment significantly increased the number of
CD31 positive vessels. The average vessel density in the O, suture
group was 2.4 times of that in the blank suture group, 2.2 times
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Fig. 7. Re-perfusion and angiogenesis promotion of transplanted skin graft mediated by O, sutures. (a) Representative blood flow images captured by laser Doppler
flowmetry. (b) Schematic illustration of proximal, middle, and distal sites of skin graft. (c) Curves of relative flux in middle site of grafts. (d) Curves of relative flux in distal site
of grafts. (e) Quantification of relative flux five or six days post operation in middle and distal sites. (f) Representative images of CD31 staining three days post operation. Scale
bar: 100 um. (g) Microvessel density of skin grafts three days post operation. In (c)-(e), n = 8 in O, suture group, n = 7 in blank suture, TGO, and Alg suture groups. In (g),n=3

for each group.
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that in the Alg suture group, and 1.6 times that in the TGO group
(Figs. 7(f) and (g)). In recent years, the von Willebrand factor
(VWF), a hemostatic protein, has been demonstrated to regulate
blood vessel formation. The loss of VWF in endothelial cells results
in dysfunctional angiogenesis and vascular malformations [32,33].
We investigated VWF expression to evaluate the angiogenesis-
promoting effects of the O, sutures. The expression of VWF was
significantly higher in this group than in the other groups. In par-
ticular, VWF expression in the O, suture group was 3.9 times that
in the blank suture group and twice that in the TGO group (Fig. S9
in Appendix A). These results indicate that O, sutures could accel-
erate angiogenesis after graft transplantation, thus benefiting
blood re-perfusion and skin graft survival.

4. Discussion

0, sutures were designed to achieve full-thickness oxygen
penetration during FTSG transplantation. The oxygen supply in
FTSGs is limited by the excessive thickness. It is difficult for new
blood vessels to pass through grafts thicker than 0.4 mm quickly
and the grafts can suffer from poor oxygen transportation [34].
Thus, FTSG transplantation is restricted by the stringent require-
ments for an acceptable blood bed [7,35]. Additional oxygen deliv-
ery through the skin is important to promote the success of FTSG
transplantation, especially for patients in the inferior blood bed
group. Existing oxygen delivery strategies such as TGO therapy
deliver oxygen from the surface to the deep skin, and their effi-
ciency is hampered by poor oxygen penetration into the skin. O,
sutures pass through the entire skin layer and remain at the wound
site. Unlike existing strategies, they deliver oxygen horizontally
throughout the skin. Thus, O, sutures can overcome the obstacle
of skin thickness and realize full-thickness oxygen delivery, espe-
cially by improving oxygen penetration in deep skin.

In particular, O, sutures can provide significant benefits in the
treatment of abdominal hernias repaired with FTSGs. The recur-
rence rate of hernia is up to 33% when treated with conventional
mesh reinforcement [36]. FTSGs have recently gained attention in
large incisional hernia repair. Serious complications in abdominal
surgeries, including the incarceration of abdominal contents,
impair blood supply, and further limit oxygen delivery [3]. Thus,
it is more meaningful to relieve deep anoxia in abdominal FTSGs
using O, sutures for abdominal hernia repair.

A clinical retrospective study of 1142 free graft procedures indi-
cated that 91% of graft failures occur within a 48-h window,
emphasizing the importance of blood perfusion recovery at the
early stage of transplantation [34]. Extreme hypoxia (anoxia) inhi-
bits revascularization, which hampers cell metabolism and prolif-
eration [9,10]. The O, suture treatment improves endothelial cell
survival and promotes endothelial cell proliferation in anoxic envi-
ronments (Fig. 5). O, sutures promoted angiogenesis and blood re-
perfusion in the autologous skin graft transplantation models of
mice (Fig. 7 and Fig. S9). This is important for skin grafting because
it guarantees sustained transport of oxygen and nutrients post
transplantation and thus promotes the long-term survival of skin
grafts.

Fick’s second law combined with domain discretization has
been extensively used to predict oxygen or drug diffusion in skin
and other tissue [37-39]. The proposed 2D oxygen diffusion model
using Fick’s second law proved effective in predicting the time-
dependent oxygen evolution in gel, as evidenced by the successful
matching of the experimental results (Figs. 4(b) and (c)). However,
the accuracy of the model is somewhat limited owing to the sim-
plified assumptions made in the model, including a constant diffu-
sion coefficient and neglecting the effect of oxygen pressure on the
diffusion coefficient. Moreover, the largest deviation observed in
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the model was less than 19.6 pmol-L™! (<6.3%), which could be
due to differences in the oxygen creation rate between the O,
sutures submerged in PBS and in the gel. Despite these limitations,
the proposed model demonstrated promising potential; incorpo-
rating more complex factors such as the effect of verifying the dif-
fusion coefficient and oxygen pressure on the diffusion coefficient
could improve the model’s reliability. In addition, to simulate the
entire process in the skin accurately, it is essential to add the oxy-
gen consumption component to the oxygen evolution equation
because skin cells consume a portion of oxygen during metabolism
while diffusing over distance.

0O, sutures are expected to realize efficient oxygen delivery
along the entire wound edge and induce revascularization between
grafts and hosts in clinical applications. We evaluated the maxi-
mum oxygen delivery radius of O, sutures further to determine
the recommended distance between stitches. The effective dis-
tance was defined as the point at which the oxygen concentration
was greater than 50 pmol-L™! in the gelatin hydrogel. As indicated
in Fig. S10 in Appendix A, the effective distance for oxygen delivery
through the O, sutures was approximately 14 mm. Converting to
actual skin (3 mm skin being approximately 20 mm gelatin hydro-
gel), the effective distance was approximately 2.1 mm in the skin.
Thus, to ensure sufficient oxygen penetration between the suturing
edges, the distance between the stitches should be less than
4.2 mm. In general, the distance between stitches is approximately
5-10 mm in clinical suturing [40]. Thus, the 4.2 mm distances
between the stitches of the O, sutures would be barely sufficient
to ensure oxygenation alongside the wound edge. The O, sutures
could be further optimized to extend their oxygen delivery dis-
tance by optimizing the loaded CaO,. Moreover, the effect of O,
sutures on large grafts could be further investigated in the future.

5. Conclusions

We demonstrated that O, sutures, which can deliver oxygen
deep into the skin, promoted skin graft revascularization and sur-
vival. The deep oxygen delivery of the O, sutures was examined by
combining experimental measurements with a microelectrode and
computational digital simulation. O, sutures delivered 100 times
more oxygen than TGO therapy to the deep skin. Effective oxygen
delivery promotes endothelial cell survival and proliferation in
anoxic environments. In vivo studies demonstrated that O, sutures
alleviated necrosis in transplanted skin grafts and stimulated
angiogenesis and blood re-perfusion, hence improving the success
of skin grafting. Our design provides a new approach for deep oxy-
gen delivery in skin grafting, and O, sutures should have an excel-
lent possibility to be adopted in clinical applications.
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