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Enhanced cellular engraftment
of adipose-derived mesenchymal
stem cell spheroids by using
nanosheets as scaffolds
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The short survival time of transplanted adipose-derived mesenchymal stem cells (ASCs) is a

problem for skin wound healing. Transplantation after the formation of cellular spheroids has been
investigated as a promising method for prolonging cellular survival. However, there have been
technical restrictions for transplantation of spheroids in clinical practice. Here, we show an effective
method for transplantation of ASC spheroids onto skin wounds in order to efficiently cure refractory
ulcers. To assist anchoring of spheroids onto skin wounds, we used a 120-nm-thick free-standing film
(nanosheet) that has a highly adhesive property. Bioluminescence imaging showed that ASC spheroids
carried by the nanosheet survived for 14 days, which is about two-times longer than that previously
reported. Wounds treated with a nanosheet carrying ASC spheroids were 4-times smaller than
untreated wounds on day 14. This method for transplantation of spheroids could be applied to cell
therapy for various refractory skin wounds.

Abbreviations

ASCs Adipose-derived mesenchymal stem cells
ECM Extracellular matrix

PDLLA  Poly(p, L-lactic acid)

BLI Bioluminescence imaging

ELISA  Enzyme-linked immunosorbent assay
VEGF  Vascular endothelial growth factor
HGF Hepatocyte growth factor

FGF Fibroblast growth factor

PDGF  Platelet-derived growth factor

EGF Epidermal growth factor

Transplantation of adipose-derived mesenchymal stem cells (ASCs) is an attractive therapy for refractory skin
ulcers such as diabetic wounds, critical limb ischemia, radiation ulcers and ulcers caused by extravasation of
cytotoxic drugs. However, the short survival time of ASCs after transplantation is a major problem that hampers
the therapeutic efficiency of ASCs'~. In previous studies, most of the transplanted cells were lost within 72 h after
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transplantation *. The short survival time is thought to be caused by a low level of nutrition, local hypoxia> ¢

and anoikis-mediated cell death, which is an adherent cell apoptosis due to the loss of attachment between cells
and the extracellular matrix (ECM)’.

A cluster formed by aggregated multiple cells is called a spheroid, in which cell-cell and cell-ECM interactions
are preserved. In recent years, stem cell spheroids have been receiving much attention because they may prolong
cellular survival®®. Due to the cell-cell and cell-ECM interactions, a spheroid has the resistance to anoikis and
harsh microenvironments'® !. Additionally, spheroids enhance a paracrine effect'®!* compared to dissociated
cells that do not form spheroids. Accordingly, transplantation of spheroids onto a skin wound is a more prom-
ising method than transplantation of dissociated cells'* '°. This was also confirmed by Amos et al. using ASC
spheroids. On the other hand, in their report, the case of using smaller number of ASCs spheroids did not have a
significant effect on wound healing compared to the control group'®. This observation suggests that it is important
for spheroids to remain on the wound in spheroid transplantation. In other words, prolongation of the activities
of transplanted spheroids is the most likely key to success of skin wound healing. We considered that the use
of a scaffold that holds spheroids onto the wound is essential for prolonging the activities of spheroids. Several
materials (coatings'’, hydrogels'® 1%, other materials®®2') have been used to support ASC spheroid formation
and retention. Although there have been a few reports on the use of scaffolds for transplantation of stem cell
spheroids onto skin wounds'®2’, insufficient attachment between cells and tissues could limit the engraftment
efficiency of ASC transplantation. It has not been determined whether the use of a scaffold prolongs the activities
of spheroids and enhances skin wound healing.

A nanosheet made of poly(p,L-lactic acid) (PDLLA), which is a free-standing thin film (thickness: <1 pum)
that we developed, was used as a scaffold in this study. PDLLA is known to be a biocompatible and biodegradable
polymer. In addition, PDLLA is soluble in ethyl acetate and the polymer concentration can thus be conveniently
adjusted, and it is benign to the wet film coating process such as gravure coating to control the film thickness at
a nanometer scale’”. The nanosheet has strong physical adsorption via Van der Waals forces due to its thinness®.
Hence, a nanosheet can be an excellent scaffold that carries ASCs onto the wound without the need for an adhe-
sive agent®*. Nishiwaki et al. reported the wound healing effect of ASC transplantation with a tri-layered porous
nanosheet. However, further improvement of the wound healing effect was considered to be difficult because
transplanted ASCs took a two-dimensional monolayer state.

The aim of this study was to establish a method for transplantation of ASC spheroids by using a nanosheet as
a scaffold in order to efficiently cure a refractory skin ulcer. We hypothesized that (1) ASC spheroids carried by a
nanosheet would survive on the skin wound surface and that the nanosheet would protect the transplanted ASC
spheroids from the outer environment and (2) the transplanted ASC spheroids would promote wound healing.
In this study, we used a model of refractory skin ulcer induced by mitomycin C because we needed a skin ulcer
that does not heal for at least two weeks for long-term cell tracking.

Results

For the development of skin wounds, we used a refractory skin ulcer mouse model that was previously reported?.
In brief, the skin and subcutaneous tissue in a partial region of the back area of each mouse were removed, and
mitomycin C was topically applied onto the exposed fascia. The animal model showed suppression of wound
contracture and granulation formation and, as a result, the wound did not heal for at least two weeks. ASCs were
formed into a spheroid using a low adsorption plate (Fig. 1a). ASC spheroids carried by the nanosheet (Fig. 1b,c)
were then transplanted onto the lesion (Fig. 1d,e).

Prolonged cellular survival time of ASC spheroids. Confirmation of cellular engraftment and quan-
titative measurement of the viability of ASC spheroids were carried out using a noninvasive bioluminescence
imaging (BLI) system (IVIS, PerkinElmer). To visualize the ASCs, we used luminescent ASCs (nano-lantern
ASCs) that had been transfected with a luciferase gene, nano-lantern, using a retrovirus. The luminescence
intensity of nano-lantern ASCs increased with increase in the number of spheroids (Supplementary Fig. 1).
There is no significant difference between the phenotype of ASCs and that of nano-lantern ASCs (Supplemen-
tary Fig. 2). When the nano-lantern ASC spheroids carried by the nanosheet were transplanted onto the wound
area, luminescence from the nano-lantern ASCs spheroids was observed for up to 14 days at maximum (Fig. 2a).
On the other hand, when nano-lantern ASC spheroids alone without a nanosheet were transplanted, lumines-
cence of the nano-lantern ASC spheroids disappeared in a few days (Fig. 2b). In more detail, when the nanosheet
was used, luminescence from the nano-lantern ASC spheroids was confirmed for at least 10 days in all of the
treated mice. The intensity of the luminescence peaked on day 7: the intensity on day 7 was 10-times greater than
the intensities on other days (Fig. 2c).

Characterization of PDLLA nanosheets. We prepared PDLLA nanosheets by a gravure-printing-based
roll-to-roll process. The fabricated nanosheet (thickness: 110 nm) was transparent (Fig. 3a) with a smooth sur-
face (root-mean-square roughness: 1.87 nm) as shown by atomic force microscopy (AFM) (Fig. 3b). We also
evaluated the adhesive property of PDLLA nanosheets by a tack-separation test using a tensile tester®® (Fig. 3c).
We investigated two types of PDLLA thin films with different thicknesses (110 nm and 8.6 um) and compared
their degrees of conformability (represented by stroke) and adhesiveness (represented by force) to biological tis-
sue such as chicken muscle. The 110-nm-thick nanosheet showed a higher degree of conformability than that of
the 8.6-pm-thick sheet to the chicken muscle surface (Fig. 3d), resulting in a longer separation stroke (Fig. 3e).
These results indicate that the PDLLA nanosheet adhered well to a wound surface due to its flexible structure.

A nanosheet alone was attached to the skin wound, more than 40% of the nanosheet remained on the ulcer
for 14 days (Fig. 4).
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Figure 1. Outline of making animal models. (a) One spheroid consisting of 1x 10> ASCs was formed in a well
of alow adsorption plate. Two hundred ASC spheroids were then collected into a conical tube and centrifugated.
Scale bar=100 pum. (b) Concentrated 2 x 10? spheroids were resuspended in Hanks’ balanced salt solution and
were gently pipetted onto the center of a pristine nanosheet with a size of 3 x3 cm. Spheroids carried by the
nanosheet were engrafted onto the refractory skin ulcer. (c) Left: bright-field microscopy image of spheroids
carried by the nanosheet. (¢) Right: fluorescence image. (d) Left: configuration of the wound dressing is shown.
The wound was surrounded by hydrocolloid dressing (Yellow) and ethylene/propylene rubber (Black). The top
was covered with a film dressing (Blue) and adhesive tape (White). (d) Right: spheroids could be observed by
the naked eye through the nanosheet just after transplantation (black arrow). (e) Gross image of the wound after
transplantation followed by several processes of dressing.

In vivo assessment of wound healing. For investigation of the effect of ASC spheroids carried by the
nanosheet on wound healing, the following 4 animal experimental groups were examined (Table 1):

1. No treatment after removal of skin and subcutaneous tissue (Untreated skin defect)
No treatment for mitomycin C-induced refractory ulcer (Untreated RU)

3. Treatment by the nanosheet without ASC spheroids for mitomycin C-induced refractory ulcer (NS alone
for RU)

4. Treatment by the nanosheet carrying ASC spheroids for mitomycin C-induced refractory ulcer (ASC sphe-
roids NS for RU).

Wound healing of the refractory ulcer was significantly promoted by ASC spheroids carried by the nanosheet.
As shown in Fig. 5a, the wound size of animals in the ASC spheroids NS for RU group was significantly smaller
than the sizes in the other animal groups having refractory ulcers. The wound size in the ASC spheroids NS for
RU group was almost the same as that in Untreated RU group on day 3 (89.6+6.4% vs. 89.5£6.1%, p>0.05)
(Fig. 5b). Thereafter, the wound sizes in the ASC spheroids NS for RU group became significantly smaller
than those in the Untreated RU group on day 7 (47.3 £8.5% vs. 74.6 £7.1%, p <0.01), day 10 (24.1£10.5% vs.
66.5+£9.4%, p<0.01), and day 14 (12.8+4.7% vs. 49.1 £7.9%, p<0.01).
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Figure 2. Images of luminescence from ASC spheroids. (a) Time-lapse images of luminescence from ASC
spheroids carried by the nanosheet (representative images). The luminescence peaked at day 7 and was observed
for 14 days. (b) Time-lapse images of luminescence from ASC spheroids that were simply dropped onto the
wound (no nanosheet) (representative images). The luminescence decreased gradually and was observed for
only 3 days at most. (c) Transition of intensity of luminescence from ASC spheroids carried by the nanosheet
(blue rhombuses) and ASC spheroids without a nanosheet (yellow circles) after transplantation.
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Figure 3. Optical, morphological and mechanical characterization of PDLLA nanosheets. (a) An optical image
of PDLLA nanosheet suspended by a tape frame. (b) AFM height image of PDLLA nanosheet. (c) Experimental
setup of tack-separation test; PDLLA nanosheet supported by the 3D-printed plastic frame interfacing biological
tissue (i.e., chicken muscle), which was pulled by tensile tester. (d) Optical images of PDLLA thin films with
different thickness (110 nm and 8.6 um), conforming to the chicken muscle. (e) Force-stroke curves of different
PDLLA thin films examined by the tack-separation test.

Additionally, the speed of wound healing in animals treated with ASC spheroids carried by the nanosheet was
faster than that in animals with a simple skin defect. Thus, ASC spheroids carried by the nanosheet accelerated
epithelization and/or wound shrinking.

Histological examination showed that the proliferation of granulation tissues in the wound and regeneration
of the epithelium were enhanced by ASC spheroids carried by the nanosheet (Fig. 6a). The granulation tissue
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Figure 4. IVIS image of Nile Red nanosheet. (a) A nanosheet containing Nile Red was made to observe
transition of the adhesion state of the nanosheet on the wound. (a) Left: bright field image of the Nile Red
nanosheet, (a) right: fluorescence image of the Nile Red nanosheet (Exitation filter 560 nm, Emmision Filter

620 nm). (b) Images of fluorescence from the Nile Red nanosheet implanted onto the wound of a mouse on days
7, 14, and 21 after implantation (representative images). More than 40% of the nanosheet remained even on day
14. About 90% of the nanosheet had disappeared on day 21.

Treatment
Groups N Mitomycin C* Spheroids® Nanosheet®
1. Untreated skin defect? 8 - - _
2. Untreated RU® 14 + _ _
3. NS alone for RU® 8 + - +
4. ASCs spheroids NS for RU¢ 14 + + +

Table 1. Experimental animal groups for evaluation of wound healing. *No treatment after removal of

skin and subcutaneous tissue. "No treatment for mitomycin C-induced refractory ulcer. “Treatment by the
nanosheet without ASC spheroids for mitomycin C-induced refractory ulcer. ‘Treatment by the nanosheet
carrying ASC spheroids for mitomycin C-induced refractory ulcer. ¢Topical application of mitomycin C onto
the wound. “Transplantation of 2 x 10 spheroids onto the wound. 8Application of a nanosheet onto the wound.
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Figure 5. Macroscopic evaluation of wound healing. (a) Gross images of wounds on days 7, 10, and 14 after
each treatment. (b) Comparison of wound sizes. The wound size on day 0 was defined as 100%. The wound size
on day 14 in the animal group of ASC spheroids NS for RU is about 4-times smaller than that in the Untreated
RU group (12.8+4.7% vs. 49.1+7.89%, p<0.01).

thickness of the animals in ASC spheroids NS for RU group was 4.8-times larger than that of the animals in the
Untreated RU group and 1.6-times larger than that of the animals in the untreated skin defect group (Fig. 6b).
The nanosheet without ASC spheroids had no proliferative effect on the granulation tissue of the wound (Fig. 6b).
The regenerative epithelium length of the animals in the ASC spheroids NS for RU group was 2.4-times greater
than that of the animals in the Untreated RU group and 1.3-times greater than that of the animals in the untreated
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Figure 6. Histological evaluation of wound healing. (a) Pathological images of the wound on day 14 (HE stain,
scale bar =500 pm). (b) Thickness of formed granulation tissue in each treated group on day 14. The granulation
tissue in the animal group of ASC spheroids NS for RU is about 4.8-times thicker than that in the Untreated

RU group (granulation thickness: 1.41+0.27 vs. 0.29+0.18 mm, p <0.01). (c) Length of regenerative epithelium
in each treated group. The regenerative epithelium in the animal group of the ASC spheroids NS for RU is

about 2-times longer than that in the Untreated RU group (regenerative epithelial length: 2.92+1.21 mm vs.
1.1240.30 mm, p<0.01).

skin defect group (Fig. 6c). The nanosheet without ASC spheroids had no effect on epithelization regeneration
of the wound (Fig. 6¢).

In the wound healing process of a refractory ulcer, angiogenesis and cell proliferation were also enhanced
by the ASC spheroids nanosheet (Fig. 7). Inmunohistopathological examination revealed that the number of
CD31-positive cells (suggesting angiogenesis) and Ki-67-positive cells (indicating cell proliferation) in the wound
of the animals in the ASC spheroids NS for RU group were 1.7-times and 2.5-times, respectively, than those of
the animals in the Untreated RU group.

Five growth factors secreted from ASC spheroids in granulation tissues on day 7 were measured by enzyme-
linked immunosorbent assay (ELISA) (Fig. 8). The concentrations of vascular endothelial growth factor (VEGF)
and hepatocyte growth factor (HGF) in the tissues in the ASC spheroids NS for RU group were approximately
9-times and 6-times larger, respectively, than those in the tissues in the Untreated RU group. The concentrations
of fibroblast growth factor (FGF), platelet-derived growth factor (PDGF) and epidermal growth factor (EGF)
showed no significant differences between the ASC spheroids NS for RU group and Untreated RU group.

Discussion

This study showed that a cell transplantation method using a nanosheet extends the lifespan of ASC spheroids for
more than 10 days. ASC spheroids carried by the nanosheet promoted wound healing accompanied by enhanced
secretion of VEGF and HGF, suggesting paracrine effects.

This study showed that simply pipetted ASC spheroids disappeared in a few days (Fig. 2b), suggesting weak
adhesion between the ASC spheroids and the skin wound. Hence, we considered that it is difficult for transplan-
tation of ASC spheroids to be robustly engrafted onto a skin wound without a scaffold. Previous reports also
suggest that the retention and function of cellular spheroids were enhanced when the spheroids were supported
by several materials (coatings'”, hydrogels'® !, other materials*”?!). Therefore, in this study, we used a nanosheet
that we fabricated as a scaffold?’.

Our nanosheet is a polymeric ultrathin film (120 nm in thickness) made from poly(p, L, lactic acid).
Nanosheets have unique mechanical properties of flexibility and physical adhesiveness due to a huge size-aspect
ratio between thickness and surface area (over 10°; 1.2 x 107> cm in thickness, 4 x 10° cm? in area)?®%°. Consider-
ing the prolonged cellular survival of ASC spheroids carried by a nanosheet, the nanosheet is thought to enhance
the adhesion between the ASC spheroids and the skin wound. We considered that these results were achieved by
the physical properties of the nanosheet. ASC spheroids were only placed onto the center of the nanosheet, and
there was an acellular region of the nanosheet. In that region, the nanosheet adhered well to the tissue because
of its flexible structure (Fig. 3d,e). Due to the existence of that region, ASC spheroids carried by the nanosheet
could be attached to the tissue. On the other hand, more than 80% of the nanosheet remained on day 7, and
the luminescence of nano-lantern ASCs, which was observed on day 1, remained for 10 days. Although about
40% of the nanosheet remained on day 14, the luminescence of nano-lantern ASCs was significantly decreased
on day 14 (1% luminescence compared to that on day 10). The results indicate that a nanosheet has a positive
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Figure 7. Immunohistological examination using CD31 and Ki-67 antibodies. Angiogenesis (CD31) (a) and
cell proliferation (Ki-67) (b) in the skin wound were analyzed immunohistologically (representative images).
Photographs shown in the lower panel are enlarged images of black boxes in the upper panels. Scale bars in
the upper panels and lower panels are 500 pm and 50 pm, respectively. Numbers of CD31-positive cells (c) and
Ki-67-positive cells (d).

effect on retaining cells in the wound and reducing adverse effects of the external environment on the cells up
to at least 10 days.

The long-term (~ 10 days) fate of therapeutic cells in wounds has not been completely elucidated®. In most
of the studies using a skin defect animal model, a long-term (~ 10 days) tracking of the fate of ASCs (or mes-
enchymal stem cells) could not be performed. The exact reason is unknown. It may be because the assessment
method is difficult or it may be due to immunological rejection. However, judging from various previous stud-
ies, the survival period of ASCs by topical administration is thought to be 8 days at most®'~**. In this study, we
established a noninvasive cell tracking system that can measure the viability of ASC spheroids quantitatively by
using the technique of luciferase gene infection.

Owing to the establishment of BLI system, we were able to prove that the survival time of nano-lantern ASC
spheroids when carried by the nanosheet was much longer than that of nano-lantern ASC spheroids alone. This
imaging technique also revealed that the intensity of luminescence in nano-lantern ASC spheroids carried by
the nanosheet on day 7 was increased by 1000% compared to that on day 1, suggesting that the cells of spheroids
proliferated after transplantation. In addition, the luminescence was continuously observed at the site where
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Figure 8. Growth factors expressed in granulation tissues on day 7. (a) VEGE, (b) HGE, (¢) FGE, (d) PDGE, and
(e) EGF (n=6, in each). p <0.01 or NS (not significant; p>0).

nano-lantern ASC spheroid had been transplanted, indicating that the nanosheet can control the localization
of nano-lantern ASC spheroids.

The present study showed that ASC spheroids carried by the nanosheet promoted wound healing accompa-
nied by enhanced secretion of VEGF and HGF. The results strongly suggest that the wound healing is caused
by a paracrine effect®® **, in which growth factors and cytokines are released from the transplanted stem cells
at the injury site.

ASC spheroids are known to produce several growth factors® including VEGE HGF, FGEF, EGF, and PDGE
In this study, enhanced secretion of VEGF and HGF was seen in ASC spheroids carried by the nanosheet, but
enhanced secretion of FGF, EGF and PDGF were not seen. The reason why there were no significant differences
in the levels of FGE, EGF and PDGF might be because we did not detect these growth factors due to the infini-
tesimal amounts of the growth factors or there were really no significant differences. Since VEGF and HGF have
been reported to promote proliferation/migration of vascular endothelial cells*” %, epithelial cells, endothelial
cells and hepatocytes®, the pathological responses of cells and tissues seen in this study may be explained by the
actions of these growth factors.

In summary, the results of this study suggest that transplanted ASC spheroids tightly adhered to the wound
by the support of the nanosheet, thus resulting in the promotion of granulation tissue formation, epithelium
regeneration and angiogenesis via enhanced/prolonged secretion of VEGF and HGE

The limitation of this study is that the optimal number of spheroids for transplantation was not investigated.
Considering the limitation of repeating cell passages, 2 x 10? spheroids was almost the maximum number of
spheroids that we could obtain in this study. Although we obtained significant results by using this number of
spheroids, the rationale for using 2 x 10? spheroids is still poor and needs further investigation. There is a pos-
sibility that our method is limited for application to clinical practice because skin wounds in clinical settings
are generally much larger than that in this study. Although we can enlarge the surface area of a nanosheet by
using a roll-to-roll process, we need to investigate whether our transplantation method can be used for a large
wound for clinical application. In addition, release of exudate from the lesion should be considered. To this end,
we will use a large-scale nanosheet with a semipermeable structure*’, which is more suitable for carrying and
transplanting a large number of spheroids for clinical application.

ASC spheroids carried by the nanosheet promoted wound healing by granulation formation and angiogen-
esis, probably due to the enhancement of secretion of VEGF and HGE The results suggest that ASC spheroids
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carried by the nanosheet can be used for treatment of skin/subcutaneous tissue resulting from various diseases
such as critical limb ischemia. Additionally, our previous studies showed that medicinal ingredients (e.g., sil-
ver nanoparticles*' and tetracycline*) can be easily carried inside a nanosheet. By using this scheme, further
enhancement of wound healing is expected. For example, an electroconductive nanomaterial, such as graphene,
would be embedded in the nanosheet, which might enhance the wound healing process by transplanted cells*.

Methods

Nanosheet synthesis. Polymeric nanosheet. A biodegradable polymeric nanosheet was made by the gra-
vure coating method, which is a roll-to-roll process using a Micro Gravure™ coater ML-120 (Yasui Seiki Co., Ltd.,
Kanagawa, Japan). A polyvinyl alcohol (PVA) solution (20 mg/mL) was coated on a polyethylene terephthalate
(PET) film to detach the nanosheet from the substrate (line speed: 1.3 m/min, rotation speed: 30 rpm, 100 °C).
Subsequently a polymer solution, in which poly(D,L-lactic acid) (M,: 180,000-530,000)** (Polysciences, War-
rington, PA) was dissolved in ethyl acetate (20 mg/ml), was coated on the PVA-coated PET film (line speed:
1.3 m/min, rotation speed: 30 rpm, 60 °C). The nanosheets were sterilized with ethylene oxide gas before use.
The nanosheet supported on the PVA-coated PET film was cut into 2 cm x 2 cm pieces and soaked in water to
dissolve the sacrificial PVA layer to obtain free-standing nanosheets.

Bar coating.  Another PDLLA thin film with a larger thickness than that of the PDLLA nanosheet was prepared
by a bar-coating method using a desktop coater (TC-3, Mitsui Electric Co., Ltd, Chiba, Japan). A PDLLA solu-
tion (10 wt% in ethyl acetate) was coated on the PVA-coated PET film using the desktop coater (bar: OSP-100,
speed: 10 mm/min). After coating, the PDLLA thin film was dried on a hot plate at 50 °C for 1 h.

Nile Red nanosheet. The nanosheet after being implanted onto the skin wound cannot be confirmed by naked
eyes owing to its transparency. Thus, for the confirmation and investigation of the adhesion state of the nanosheet
after being implanted onto the skin wound, we made another type of nanosheet that contained a fluorescence
dye.

For the fluorescent dye, Nile Red (Tokyo Chemical Industry, Tokyo, Japan) was dissolved in the polymer
solution (final concentration of 3.5% (w/v)), and the Nile Red nanosheet was prepared by the same procedure
as above.

Characterization of PDLLA nanosheets. The thickness and height image of the nanosheet was char-
acterized by AFM (Innova-AFM, Bruker, Tokyo, Japan). The tack-separation test was conducted to evaluate the
adhesive property of PDLLA nanosheets on chicken muscle by exploiting a tensile tester (EZ-SX, Shimadzu,
Kyoto, Japan) as previously reported®. In brief, a PDLLA sheet supported by a 3D-printed plastic frame made
of ABS was attached to the surface of chicken breast muscle (1 cmx 1 cmx 0.5 cm). The PDLLA thin film was
kept attached to the chicken surface for 30 min at room temperature and the plastic frame was lifted (5 N load
cell, 10 mm min™!) until the film was detached from the surface, from which force-stroke curve was recorded
for different thickness of the films.

Nano-lantern infection into ASCs. Adipose derived mesenchymal stem cells (ASCs; 6 passages at the
time of purchase) from C57BL/6 mice were purchased from Cyagen Biosciences (Santa Clara, CA) and were
used in the experiments. The cells were cultured in Dulbecco’s modified Eagle’s medium containing nutrient
mixture F-12, 10% fetal bovine serum, and 1% penicillin streptomycin under the conditions of 5% CO,, 37 °C,
and atmospheric pressure. Cells within 10 passages were used in the following experiments.

For nano-lantern expression, a retrovirus expressing a gene encoding the luminescent protein nano-lantern**
was used. Nano-lantern was expressed together with a puromycin resistance gene via an internal ribosome entry
site. A culture dish was coated with 80 pg/ml recombinant human fibronectin fragment (RetroNectin’; Takara
Bio, Tokyo, Japan). ASCs were then plated in the coated dish, and this allowed nano-lantern to be introduced
into ASCs (so-called the supernatant method). The medium was changed 24 h after the infection. Six pg/ml of
puromycin was added to the medium in order to select the cells expressing nano-lantern.

Measurement of surface antigens expressed on the cellular membrane. To confirm no differ-
ence between surface antigens expressed on the cellular membrane of ASCs and nano-lantern ASCs, flowcyto-
metric analysis was carried out.

At first, Fc block treatment was performed before antibody staining. The cell suspension was then incubated
for 30 min at 4 °C with PE hamster anti-mouse CD29, Alexa Fluor 647 conjugated rat anti-mouse CD34, BV480
rat anti-mouse CD44, PerCP-Cy5.5 rat anti-mouse CD45, PerCP-Cy5.5 rat anti-mouse 7AAD, APC-Cy7 mouse
anti-rat CD90/mouse CD90.1, BV421 rat anti-mouse CD105, and PE-Cy7 rat anti-mouse Ly-6A/E (Sca-1) (all
from BD Bioscience). After washing the cells twice with PBS, they were analyzed by FACS Canto II (BD Bio-
sciences). The data obtained were analyzed by FlowJo™ software (BD Biosciences).

Preparation of ASC spheroids carried by the nanosheet. A small amount of the cell suspension
(including ~ 1.0 x 10° cells) was pipetted into a well of a 96-well low adsorption plate (PrimeSurface’; MS-9096U,
Sumitomo Bakelite, Tokyo, Japan) and this operation was repeated 192 times. Incubation for 24 h allowed the
cells in each well to aggregate and to form a spheroid (Fig. 1a), and a total of 192 spheroids were obtained.

All of the spheroids (~ 2 x 10?) were collected into a 50 ml conical tube. After centrifugation at 1200 g for
2 min, the supernatant was removed. Hanks’ balanced salt solution (20 pl) was added to the spheroids pellet and
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gently pipetted so as not to discrete the spheroids. A concentrated suspension of 2 x 10* spheroids was gently
dropped onto the center of a 3 x 3 cm nanosheet (Fig. 1b). The dropped spheroids stayed within a narrow region
(~2 mm range) of the nanosheet.

Confirmation of a correlation between intensity of luminescence and number of sphe-
roids. Spheroids with a number from 0 to 384 were transferred to each well with 200 pl medium using a
24-well plate (Supplementary Fig. 1). The luminescent molecule Coelenterazine h (Fujifilm Wako Chemicals
U.S.A, Richmond, VA) was added to each well at 10 pg. The intensity of luminescence was measured by IVIS
(Parkin Elmer).

Animals. Eight-week-old male C57BL/6 mice (25-30 g) were purchased from Japan SLC (Shizuoka, Japan).
A mixture of 3 anesthetics (midazolam at 0.3 mg/kg, medetomidine at 4 mg/kg, and butorphanol at 5 mg/kg)
were intraperitoneally administered, and the following treatment was performed. The back of each mouse was
shaved using shaving cream (Epilat’; Kracie Home Products, Tokyo, Japan). A skin defect wound including the
panniculus carnosus was created with an 8 mm punch on the back of the mouse (Fig. 1). In order to create an
intractable skin ulcer, 20 pl of 1 mg/ml of mitomycin C (10 v/v% ethanol and 90 v/v% ethilene glycol) (Wako
Pure Chemical Industries, Osaka, Japan) was topically applied to spread over the entire wound and the mouse
was left calmly for 10 min. After washing the wound with saline, the wound was covered with several dressings
as described below (as shown in Fig. 1¢). A hydrocolloid dressing (40 x 30 mm, DuoactiveET; ConvaTec, Berk-
shire, UK) with a 10-mm diameter hole was attached to the back of each mouse. After that, in the case of using
a nanosheet without ASC spheroids, the nanosheet was attached to the wound. In the case of using a nanosheet
carrying ASC spheroids, the nanosheet was attached to the wound so that the spheroids were in contact with the
wound surface. Next, ethylene/propylene rubber (Eptsealer’; Nitto Denko, Osaka, Japan) was applied to protect
the wound. To prevent wound contraction, wound dressings were sutured at 9 different points with a 5-0 nylon
in a circumferential manner. Film dressing (Opsite’; Smith and Nephew plc, Watlford, UK) was applied to the
small window to prevent dryness. Finally, the mouse trunk and wound dressings were fixed with adhesive tape
(Silkytex’, ALCARE Co, Tokyo, Japan).

For observation of the wound state, the film dressing and adhesive tape were removed and replaced with
new ones after the observation. The wound state could be observed through the small window (Fig. 1d). All
animal experiments were carried out in accordance with the ARRIVE guidelines, and the study was approved
by the animal Care and Use Committee of the National Defense Medical College, Saitama, Japan (permission
number: 19013).

Evaluation of wound healing. Measurement of wound size. To measure the wound size, the wound was
photographed with a fixed distance between the animal and camera on days 0, 3, 7, 10, and 14 after transplanta-
tion. The wound area on day 0 was defined as 100%. The wound size was analyzed with Image J software®.

Visualization of luminescence from ASC spheroids by BLI.  For in vivo visualization of the luminescence from
ASC spheroids, 100 pl coelenterazine h solution (0.5 mg/ml) was intravenously administered to the animals in
which ASC spheroids had been transplanted. ASC spheroids were transplanted with or without a nanosheet.
When transplanting ASC spheroids without a nanosheet, ASC spheroids with 20 ul HBSS were directly pipetted
onto the wound. After that, the wound was covered with adhesive tape in the same manner as that shown in
Fig. 1d,e. The luminescence was visualized using IVIS Lumina series III (PerkinElmer) and the total amount of
luminescence was calculated using Living Image” software 3.0 (PerkinElmer).

Observation of the fate of the nanosheet on the wound. Transition of the adhesion state of the nanosheet on the
wound was observed using a nanosheet containing Nile Red as described above (S1.2). A refractory skin ulcer
(same as that for Untreated RU) was made and the Nile Red nanosheet was attached onto the wound. Fluores-
cence from Nile Red (Ex. 560 nm, Em. 620 nm) was visualized by IVIS on days 3, 7, 14, and 21 to evaluate the
extent of the remaining nanosheet.

Histological analysis. After photographing the wound on day 14, skin tissue including the wound area was
excised for pathological examination. The specimens were fixed in 10% formalin for 24 h. The sections were
processed routinely and stained with hematoxylin and eosin (HE). By microscopic examination using the HE-
stained samples, the thickness of the granulation tissue and the regeneration of the epithelium at the skin defect
were measured.

As well as HE staining, some of the specimens obtained from animals in two groups (Untreated RU and ASCs
spheroids NS for RU groups) were used for immunohisitological examination using CD31 (DIA-300; DIANOVA
GimbH, Hamburg, Germany) and Ki-67 (NCL-Ki67p; Leica Biosystems, Newcastle, UK) antibodies. Briefly,
for both stains, antigen retrieval was performed in paraffin-embedded sections with 10 mM citrate buffer for
10 min. Thereafter, 3% H,0, was used to inactivate endogenous peroxidase, and Blocking One (Nacalai Tesque,
Kyoto, Japan) was used to block nonspecific binding reactions. The sections were then incubated with primary
and secondary antibodies. The sections were treated with 3, 3'-diaminobenzidine-4HCI (DAB) and Mayer’s
hematoxylin nuclear counterstain as per the usual protocols. Microscopic images were taken of five random fields
from each slide at high power fields (x400). The positive cells were counted and the average value was calculated.
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Measurement of levels of growth factors. Levels of growth factors expressed in the granulation tissues were
measured. Granulation tissues of the wound were collected on day 7. Five hundred pl of RIPA lysis and extrac-
tion buffer and 5 pl Halt protease inhibitor cocktail (Thermo Fisher Scientific) were added to the granulation
tissues. The granulation tissues were cut into small pieces with scissors and were incubated on ice for 30 min.
Thereafter, specimens were adequately homogenized by a Physcotron homogenizer (Microtec) with 30,000 rpm
within a short time (30-45 s). After homogenization, the specimens were additionally incubated on ice for
30 min and centrifuged twice. Using the supernatant of the specimen, EGE, VEGFE, FGE, PDGF and HGF levels
were measured by a Mouse Quantikine ELISA Kit (R&D Systems). A small amount of the supernatant was used
for measurement of protein concentration using a Pierce™ BCA protein assay kit (Thermo Fisher Scientific). The
data were analyzed by creating a 4-parameter logistic curve with Image J software.

Data availability
All data generated during and/or analyzed during the current study are available from the corresponding author
on reasonable request.

Received: 7 September 2020; Accepted: 28 June 2021
Published online: 14 July 2021

References

1. Coyle, R, Yao, ], Richards, D. & Mei, Y. The effects of metabolic substrate availability on human adipose-derived stem cell spheroid
survival. Tissue Eng. Part A 25, 620-631. https://doi.org/10.1089/ten. TEA.2018.0163 (2019).

2. Don, C. W. & Murry, C. E. Improving survival and efficacy of pluripotent stem cell-derived cardiac grafts. J. Cell. Mol. Med. 17,
1355-1362. https://doi.org/10.1111/jcmm.12147 (2013).

3. Ho, S.S., Hung, B. P, Heyrani, N., Lee, M. A. & Leach, J. K. Hypoxic preconditioning of mesenchymal stem cells with subsequent
spheroid formation accelerates repair of segmental bone defects. Stem Cells (Dayton, Ohio) 36, 1393-1403. https://doi.org/10.
1002/stem.2853 (2018).

4. Davis, B. H. et al. Effects of myocardial infarction on the distribution and transport of nutrients and oxygen in porcine myocardium.
J. Biomech. Eng. 134, 101005. https://doi.org/10.1115/1.4007455 (2012).

5. Tu, Y. et al. mi R-15a/15b cluster modulates survival of mesenchymal stem cells to improve its therapeutic efficacy of myocardial
infarction. J. Am. Heart Assoc. 8, €010157. https://doi.org/10.1161/JAHA.118.010157 (2019).

6. Li, L., Chen, X., Wang, W. E. & Zeng, C. How to improve the survival of transplanted mesenchymal stem cell in ischemic heart?.
Stem cells Int. 2016, 9682757. https://doi.org/10.1155/2016/9682757 (2016).

7. Paoli, P,, Giannoni, E. & Chiarugi, P. Anoikis molecular pathways and its role in cancer progression. Biochim. Biophys. Acta BBA
Mol. Cell. Res. 1833, 3481-3498 (2013).

8. Bhang, S. H,, Lee, S., Shin, J. Y, Lee, T. J. & Kim, B. S. Transplantation of cord blood mesenchymal stem cells as spheroids enhances
vascularization. Tissue Eng. Part A 18, 2138-2147. https://doi.org/10.1089/ten. TEA.2011.0640 (2012).

9. Ho, S. S., Murphy, K. C., Binder, B. Y., Vissers, C. B. & Leach, J. K. Increased survival and function of mesenchymal stem cell
spheroids entrapped in instructive alginate hydrogels. Stem Cells Transl. Med. 5,773-781. https://doi.org/10.5966/sctm.2015-0211
(2016).

10. Shojaei, F, Rahmati, S. & Banitalebi Dehkordi, M. A review on different methods to increase the efficiency of mesenchymal stem
cell-based wound therapy. Wound Repair Regen. 27, 661-671. https://doi.org/10.1111/wrr.12749 (2019).

11. Ryu, N.-E,, Lee, S.-H. & Park, H. Spheroid culture system methods and applications for mesenchymal stem cells. Cells 8, 1620.
https://doi.org/10.3390/cells8121620 (2019).

12. Lee, E. J. et al. Spherical bullet formation via E-cadherin promotes therapeutic potency of mesenchymal stem cells derived from
human umbilical cord blood for myocardial infarction. Mol. Ther. 20, 1424-1433. https://doi.org/10.1038/mt.2012.58 (2012).

13. Zhang, Q. et al. Three-dimensional spheroid culture of human gingiva-derived mesenchymal stem cells enhances mitigation of
chemotherapy-induced oral mucositis. Stem Cells Dev. 21, 937-947. https://doi.org/10.1089/scd.2011.0252 (2012).

14. Li, P. & Guo, X. A review: therapeutic potential of adipose-derived stem cells in cutaneous wound healing and regeneration. Stem
Cell. Res. Ther. 9, 302-302. https://doi.org/10.1186/s13287-018-1044-5 (2018).

15. Park, I.-S., Chung, P--S. & Ahn, J. C. Enhancement of ischemic wound healing by spheroid grafting of human adipose-derived
stem cells treated with low-level light irradiation. PLoS ONE 10, e0122776. https://doi.org/10.1371/journal.pone.0122776 (2015).

16. Amos, P.]. et al. Human adipose-derived stromal cells accelerate diabetic wound healing: Impact of cell formulation and delivery.
Tissue Eng. Part A 16, 1595-1606. https://doi.org/10.1089/ten. TEA.2009.0616 (2010).

17. Lei, J., McLane, L. T., Curtis, J. E. & Temenoff, J. S. Characterization of a multilayer heparin coating for biomolecule presentation
to human mesenchymal stem cell spheroids. Biomater. Sci. 2, 666-673. https://doi.org/10.1039/C3BM60271K (2014).

18. Feng, J. et al. An injectable non-cross-linked hyaluronic-acid gel containing therapeutic spheroids of human adipose-derived stem
cells. Sci. Rep. 7, 1548. https://doi.org/10.1038/s41598-017-01528-3 (2017).

19. Murphy, K. C., Whitehead, J., Zhou, D., Ho, S. S. & Leach, J. K. Engineering fibrin hydrogels to promote the wound healing potential
of mesenchymal stem cell spheroids. Acta Biomater. 64, 176-186. https://doi.org/10.1016/j.actbio.2017.10.007 (2017).

20. Hsu, S. H. & Hsieh, P. S. Self-assembled adult adipose-derived stem cell spheroids combined with biomaterials promote wound
healing in a rat skin repair model. Wound Repair Regen. 23, 57-64. https://doi.org/10.1111/wrr.12239 (2015).

21. Lee, ]. S. et al. Angiogenic factors secreted from human ASC spheroids entrapped in an alginate-based hierarchical structure via
combined 3D printing/electrospinning system. Biofabrication 12, 045028. https://doi.org/10.1088/1758-5090/abaf9a (2020).

22. Annunziata, M., Nastri, L., Cecoro, G. & Guida, L. The use of poly-D, L-lactic acid (PDLLA) devices for bone augmentation tech-
niques: A systematic review. Molecules 22, 2214. https://doi.org/10.3390/molecules22122214 (2017).

23. Yamagishi, K., Takeoka, S. & Fujie, T. Printed nanofilms mechanically conforming to living bodies. Biomater. Sci. 7, 520-531.
https://doi.org/10.1039/C8BM01290C (2019).

24. Nishiwaki, K. et al. In situ transplantation of adipose tissue-derived stem cells organized on porous polymer nanosheets for murine
skin defects. J. Biomed. Mater. Res. Part B Appl. Biomater. 107, 1363-1371. https://doi.org/10.1002/jbm.b.34228 (2019).

25. Nambu, M. et al. Enhanced healing of mitomycin C-treated wounds in rats using inbred adipose tissue-derived stromal cells within
an atelocollagen matrix. Wound Repair Regen. Off. Publ. Wound. Healing Soc. Eur. Tissue Repair Soc. 15, 505-510. https://doi.org/
10.1111/§.1524-475X.2007.00258 x (2007).

26. Yamagishi, K. et al. Tissue-adhesive wirelessly powered optoelectronic device for metronomic photodynamic cancer therapy. Nat.
Biomed. Eng. 3, 27-36. https://doi.org/10.1038/s41551-018-0261-7 (2019).

27. Fujie, T. Development of free-standing polymer nanosheets for advanced medical and health-care applications. Polym. ]. 48,
773-780. https://doi.org/10.1038/p;j.2016.38 (2016).

Scientific Reports |

(2021) 11:14500 | https://doi.org/10.1038/s41598-021-93642-6 nature portfolio


https://doi.org/10.1089/ten.TEA.2018.0163
https://doi.org/10.1111/jcmm.12147
https://doi.org/10.1002/stem.2853
https://doi.org/10.1002/stem.2853
https://doi.org/10.1115/1.4007455
https://doi.org/10.1161/JAHA.118.010157
https://doi.org/10.1155/2016/9682757
https://doi.org/10.1089/ten.TEA.2011.0640
https://doi.org/10.5966/sctm.2015-0211
https://doi.org/10.1111/wrr.12749
https://doi.org/10.3390/cells8121620
https://doi.org/10.1038/mt.2012.58
https://doi.org/10.1089/scd.2011.0252
https://doi.org/10.1186/s13287-018-1044-5
https://doi.org/10.1371/journal.pone.0122776
https://doi.org/10.1089/ten.TEA.2009.0616
https://doi.org/10.1039/C3BM60271K
https://doi.org/10.1038/s41598-017-01528-3
https://doi.org/10.1016/j.actbio.2017.10.007
https://doi.org/10.1111/wrr.12239
https://doi.org/10.1088/1758-5090/abaf9a
https://doi.org/10.3390/molecules22122214
https://doi.org/10.1039/C8BM01290C
https://doi.org/10.1002/jbm.b.34228
https://doi.org/10.1111/j.1524-475X.2007.00258.x
https://doi.org/10.1111/j.1524-475X.2007.00258.x
https://doi.org/10.1038/s41551-018-0261-7
https://doi.org/10.1038/pj.2016.38

www.nature.com/scientificreports/

28. Fujie, T., Okamura, Y. & Takeoka, S. Ubiquitous transference of a free-standing polysaccharide nanosheet with the development
of a nano-adhesive plaster. Adv. Mater. 19, 3549-3553. https://doi.org/10.1002/adma.200700661 (2007).

29. Fujie, T. et al. Adhesive, flexible, and robust polysaccharide nanosheets integrated for tissue-defect repair. Adv. Funct. Mater. 19,
2560-2568. https://doi.org/10.1002/adfm.200900103 (2009).

30. Sorrell, J. M. & Caplan, A. I. Topical delivery of mesenchymal stem cells and their function in wounds. Stem Cell. Res. Ther. 1,
30-30. https://doi.org/10.1186/scrt30 (2010).

31. Lam, M. T,, Nauta, A., Meyer, N. P,, Wu, J. C. & Longaker, M. T. Effective delivery of stem cells using an extracellular matrix patch
results in increased cell survival and proliferation and reduced scarring in skin wound healing. Tissue Eng. Part A 19, 738-747.
https://doi.org/10.1089/ten. TEA.2012.0480 (2013).

32. Kallmeyer, K. et al. Fate of systemically and locally administered adipose-derived mesenchymal stromal cells and their effect on
wound healing. Stem Cells Transl. Med. 9, 131-144. https://doi.org/10.1002/sctm.19-0091 (2020).

33. Muhammad, G. et al. Transplanted adipose-derived stem cells can be short-lived yet accelerate healing of acid-burn skin wounds:
a multimodal imaging study. Sci. Rep. 7, 4644. https://doi.org/10.1038/s41598-017-04484-0 (2017).

34. Mizuno, H., Tobita, M. & Uysal, A. C. Concise review: Adipose-derived stem cells as a novel tool for future regenerative medicine.
Stem Cells (Dayton, Ohio) 30, 804-810. https://doi.org/10.1002/stem.1076 (2012).

35. Baraniak, P. R. & McDevitt, T. C. Stem cell paracrine actions and tissue regeneration. Regen. Med. 5, 121-143. https://doi.org/10.
2217/rme.09.74 (2010).

36. Park, B.S. et al. Adipose-derived stem cells and their secretory factors as a promising therapy for skin aging. Dermatol. Surg. 34,
1323-1326. https://doi.org/10.1111/j.1524-4725.2008.34283.x (2008).

37. Byrne, A. M., Bouchier-Hayes, D. ]. & Harmey, J. H. Angiogenic and cell survival functions of vascular endothelial growth factor
(VEGE). J. Cell. Mol. Med. 9, 777-794. https://doi.org/10.1111/j.1582-4934.2005.tb00379.x (2005).

38. Robinson, C. J. & Stringer, S. E. The splice variants of vascular endothelial growth factor (VEGF) and their receptors. J. Cell Sci.
114, 853-865 (2001).

39. Nakamura, T. & Mizuno, S. The discovery of hepatocyte growth factor (HGF) and its significance for cell biology, life sciences and
clinical medicine. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 86, 588-610. https://doi.org/10.2183/pjab.86.588 (2010).

40. Suzuki, S., Nishiwaki, K., Takeoka, S. & Fujie, T. Large-scale fabrication of porous polymer nanosheets for engineering hierarchical
cellular organization. Adv. Mater. Technol. 1, 1600064. https://doi.org/10.1002/admt.201600064 (2016).

41. Ito, K. et al. Development of a ubiquitously transferrable silver-nanoparticle-loaded polymer nanosheet as an antimicrobial coating.
J. Biomed. Mater. Res. Part B Appl. Biomater. 104, 585-593. https://doi.org/10.1002/jbm.b.33429 (2016).

42. Saito, A. et al. Therapeutic efficacy of an antibiotic-loaded nanosheet in a murine burn-wound infection model. Acta Biomater. 8,
2932-2940. https://doi.org/10.1016/j.actbio.2012.04.019 (2012).

43. Shin, S. R. et al. Graphene-based materials for tissue engineering. Adv. Drug Deliv. Rev. 105, 255-274. https://doi.org/10.1016/j.
addr.2016.03.007 (2016).

44. Saito, K. et al. Luminescent proteins for high-speed single-cell and whole-body imaging. Nat. Commun. 3, 1262. https://doi.org/
10.1038/ncomms2248 (2012).

45. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH image to Image]: 25 years of image analysis. Nat. Methods 9, 671-675. https://
doi.org/10.1038/nmeth.2089 (2012).

Acknowledgements

This study was supported by Special Research Grant on Defense Medicine and JSPS KAKENHI (Grants Number
17K20116, 18H03539, 18H05469, 18K09501). T.E is supported by the Leading Initiative for Excellent Young
Researchers (LEADER) by MEXT, Japan, the Noguchi Institute, the Tanaka Memorial Foundation, and the
Terumo Foundation for Life Sciences and Arts. The authors gratefully acknowledge technical support from Ms
Wakako Kayukawa (Department of Physiology, National Defense Medical College).

Author contributions

H.N. designed and conducted experiments, analyzed data, and wrote the manuscript. Y.S., M.T., S.A. designed
and conducted experiments, and edited the manuscript. E.T., A.S. provided critical materials and consultation.
MK, S.T.,, T.F. designed experiments and edited the manuscript. Y.M. analyzed data, supervised project and
wrote the manuscript. T.K. designed experiments, analyzed data, supervised project, and wrote the manuscript.

Competing interests
S.T. and T.F. are inventors of the nanosheet (WO-A1-2008/050913) and company officers of Nanotheta Co. Ltd.
All other authors have no conflict of interest to declare.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-93642-6.

Correspondence and requests for materials should be addressed to T.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:14500 | https://doi.org/10.1038/s41598-021-93642-6 nature portfolio


https://doi.org/10.1002/adma.200700661
https://doi.org/10.1002/adfm.200900103
https://doi.org/10.1186/scrt30
https://doi.org/10.1089/ten.TEA.2012.0480
https://doi.org/10.1002/sctm.19-0091
https://doi.org/10.1038/s41598-017-04484-0
https://doi.org/10.1002/stem.1076
https://doi.org/10.2217/rme.09.74
https://doi.org/10.2217/rme.09.74
https://doi.org/10.1111/j.1524-4725.2008.34283.x
https://doi.org/10.1111/j.1582-4934.2005.tb00379.x
https://doi.org/10.2183/pjab.86.588
https://doi.org/10.1002/admt.201600064
https://doi.org/10.1002/jbm.b.33429
https://doi.org/10.1016/j.actbio.2012.04.019
https://doi.org/10.1016/j.addr.2016.03.007
https://doi.org/10.1016/j.addr.2016.03.007
https://doi.org/10.1038/ncomms2248
https://doi.org/10.1038/ncomms2248
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/s41598-021-93642-6
https://doi.org/10.1038/s41598-021-93642-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Enhanced cellular engraftment of adipose-derived mesenchymal stem cell spheroids by using nanosheets as scaffolds
	Results
	Prolonged cellular survival time of ASC spheroids. 
	Characterization of PDLLA nanosheets. 
	In vivo assessment of wound healing. 

	Discussion
	Methods
	Nanosheet synthesis. 
	Polymeric nanosheet. 
	Bar coating. 
	Nile Red nanosheet. 

	Characterization of PDLLA nanosheets. 
	Nano-lantern infection into ASCs. 
	Measurement of surface antigens expressed on the cellular membrane. 
	Preparation of ASC spheroids carried by the nanosheet. 
	Confirmation of a correlation between intensity of luminescence and number of spheroids. 
	Animals. 
	Evaluation of wound healing. 
	Measurement of wound size. 
	Visualization of luminescence from ASC spheroids by BLI. 
	Observation of the fate of the nanosheet on the wound. 
	Histological analysis. 
	Measurement of levels of growth factors. 


	References
	Acknowledgements


