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Poly-L-lactic acid (PLLA) mesh implants containing collagen sponge (CS) were replaced with autologous
adipose tissue regeneration in vivo. Herein, we investigated the optimal external frames and internal
fillings using poly (lactic-co-e-caprolactone) (P (LA/CL)), PLLA, and low-molecular-weight PLLA (LMW-
PLLA) as the external frame and polyglycolic acid (PGA) nanosheets and CS as the internal filling. We
prepared six implants: P (LA/CL) with PGA nano, PLLA with PGA nano, PLLA with CS, PLLA with 1/2 CS,
PLLA with 1/4 CS, and LMW-PLLA with CS, and evaluated adipogenesis at 6 and 12 months using a rat
inguinal model. The internal spaces in the P (LA/CL) and LMW-PLLA implants collapsed at 6 months,
whereas those in the other four implants collapsed at 12 months. Adipose tissue regeneration was not
Breast reconstruction significantly different between the PLLA-implanted groups at 6 and 12 months and was greater than that
PGA nano sheet in the P (LA/CL) with PGA nano and LMW-PLLA with CS groups. The PGA nanosheet inside PLLA was
PLLA comparable to the CS inside PLLA in the regeneration of adipose tissue and macrophage infiltration. In
Collagen sponge summary, PLLA is a promising external frame material in which the internal space can be replaced with
adipose tissue. Thus, PGA nanosheets are an alternative internal filling material for adipose tissue
regeneration.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction lymphoma (BIA-ALCL) [4]. Breast reconstruction using an autolo-

gous flap may result in abdominal hernia, wound dehiscence,

In recent years, the incidence of breast cancer has increased as
the most commonly diagnosed malignancy, particularly in young
women [1]. Reconstruction after mastectomy can improve self-
esteem, body image, and sexual functioning and reduce anxiety
and depression [2]. The most common breast reconstruction
methods include the use of silicone implants, skin flaps, and
autologous fat injections. However, each method has limitations.
The use of silicone implants leads to implant-related complications,
such as rupture, capsular contracture, and infections [3], and can
even result in breast implant-associated anaplastic large cell
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wound infection, and flap necrosis [5], and almost one-third of
reconstructive patients require revision surgery [6]. Fat injections
require large volumes of autologous fat and repeat procedures
owing to the reduced fat retention rate, and the oncological safety
and risk of lipofilling oil cysts have been questioned [7,8].

Ectopic fat accumulation in various body parts is often observed
in clinical practice [9]. Post-traumatic lipomas occur when cyto-
kines and growth factors produced by local inflammatory tissue
after blunt soft tissue trauma lead to the differentiation of pre-
adipocytes into mature adipocytes [9,10]. The infantile hemangio-
ma was replaced with adipose tissue with regression [11]. Based on
these observations, we hypothesized that the important factor in
adipose tissue regeneration in vivo is to maintain the space to avoid
tissue pressure in the long term.

The development of tissue engineering has brought new hope
for breast reconstruction. In our previous study, we regenerated
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adipose tissue in a non-bioabsorbable polypropylene (PP) mesh
cage filled with a collagen sponge (CS) without the addition of
growth factors or adipose stem cells (ASCs) [12]. However, the PP
mesh must be removed after the regeneration of adipose tissue.
Therefore, a combination of a poly-L-lactic acid (PLLA) mesh and CS
was developed as a novel absorbable implant that could regenerate
autologous adipose tissue without the addition of ASCs or growth
factors [13]. However, the amount of regenerated adipose tissue is
small, and we need to investigate superior materials in terms of
their adipogenesis ability.

In this study, we used poly (lactic-co-e-caprolactone) (P (LA/CL)),
PLLA, and low-molecular-weight PLLA (LMW-PLLA) as the external
frame and polyglycolic acid (PGA) nanosheets and CS as the internal
filling, and investigated the optimal external frames and internal
fillings for adipose tissue regeneration.

2. Materials and methods
2.1. Ethical statement

The animals were maintained at the Laboratory Animal
Research Institute, Graduate School of Medicine, Kyoto University,
Japan. The number of animals used in this study was kept to a
minimum and every effort was made to reduce animal suffering
according to the protocol established by the Animal Research
Committee of Kyoto University. The experimental protocol was
approved by the University Animal Research Committee (license
number: Med Kyo 22124).

2.2. Preparation of bioabsorbable implants

We prepared six types of implants with spheroidal prolate
shapes: P (LA/CL) with PGA nano, PLLA with PGA nano, PLLA with
CS, PLLA with 1/2 CS, PLLA with 1/4 CS, and LMW-PLLA with CS.
These implants consist of an external frame and an internal filling
material. First, 2—0 PLLA threads and 2-0 P (LA/CL) threads were
supplied by Gunze Ltd. (Tokyo, Japan) as the external frame. Next,
we prepared PGA nanosheets (NEOVEIL nano®, Gunze Ltd.) and CS
with a porosity of 80—95% (PELNAC®, Gunze Ltd.) as internal filling
materials. The implants were prepared as described previously [14].
Each columnar mesh (10 mm in diameter and 10 mm in height) was
knitted using 2—0 P (LA/CL) and 2—0 PLLA threads. LMW-PLLA
implant was prepared by hydrolyzing the 2-0 PLLA columnar
mesh for 2 months at 37 °C with phosphate-buffered saline (PBS).
Then the top and bottom of the meshes were closed by purse string
sutures of the respective thread after tightly packing with a
40 mm x 20 mm x 3 mm CS (PLLA with CS and LMW-PLLA with CS
implants), or a 20 mm x 20 mm x 3 mm CS (PLLA with 1/2 CS
implant) or a 10 mm x 20 mm x 3 mm CS (PLLA with 1/4 CS
implant), or a 44 mm x 44 mm x 0.08 mm PGA nano sheet of the
same weight as a40 mm x 20 mm x 3 mm CS (P (LA/CL) mesh with
PGA nano, and PLLA mesh with PGA nano implants). The largest
diameter of the short axis was approximately 7.5 mm, while the
longest length of the long axis was approximately 18 mm. The gaps
between the meshes are squares measuring approximately
1.5 x 1.5 mm.

2.3. Experimental design and operating procedures

Thirty-eight male F344/]cl rats at 10-week-old were purchased
from CLEA Japan (Osaka, Japan). According to standard practice, the
rats were anesthetized and maintained by inhalation of isoflurane
(Pfizer Inc., Tokyo, Japan). Antibiotics were not administered during
the perioperative period. The following procedures were per-
formed on both sides of the inguinal region, and six groups were
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randomly assigned to each side of each rat. After shaving and
depilation, a 2 cm long skin incision was made 5 mm cranially from
the inguinal ligament. An incision was made in the inguinal fat pad
and a pocket was created to insert the implants. Implants were
placed in the pocket above the femoral vessels and fixed to the fat
pad using 4-0 nylon sutures (Diadem; Alice Morks Inc., Tokyo,
Japan). The fat pad and skin were closed using 4-0 nylon sutures.
The number of P (LA/CL) with PGA nano groups, PLLA with PGA
nano groups, PLLA with CS groups, PLLA with 1/2 CS groups, and
PLLA with 1/4 CS groups was twelve, and the number of LMW-PLLA
with CS groups was eight.

2.4. Evaluation of weight and volume of all newly formed tissues

Six or twelve months after implantation, the rats were eutha-
nized using carbon dioxide. All newly formed tissues were har-
vested from the iliac crest and midline above the muscle layer in
the abdominal region and above the muscle layer in the femoral
region. The weight of the excised specimen was determined using
an electronic balance (PM460; Mettler-Toledo International Inc.,
Tokyo, Japan), and its volume was determined using a common
water displacement approach [15].

2.5. Histological evaluation of the formed tissue inside implants

Harvested specimens were fixed in a 10% formalin neutral buffer
solution (FUJIFILM Wako Pure Chemical Industries, Corporation,
Osaka, Japan). Each specimen was equally divided into four pieces
along the long axis, resulting in three cross-sections. The blocks
were embedded in paraffin for hematoxylin and eosin (HE), Azan,
and immunohistochemical staining. 3-pm-thick HE-stained sec-
tions at the respective three aspect were prepared. A 3-pum-thick
Azan-stained section was placed in the central section. HE and Azan
staining were performed following standard procedures. All images
were captured using a Keyence BZ-X800 (KEYENCE Corp., Osaka,
Japan) at x 4 to x 40 magnification. The area of the formed tissue
inside the implants and collagen fibers inside the implants were
manually measured using the BZ-X800 Analyzer software (Keyence
Corp.), and the average area of the three cross-sections of each
specimen was used for statistical analysis of the formed tissue in-
side each implant.

2.6. Evaluation of immunohistochemical staining

Immunohistochemical staining of perilipin was performed to
evaluate newly regenerated adipose tissue inside the implants. At
the respective three aspect, 3-um-thick paraffin sections were
prepared. After deparaffinization and dehydration, the sections
were immersed in antigen inactivation solution (code: 415211;
Nichirei Biosciences Inc., Tokyo, Japan) for 20 min at 98 °C in a
water bath. After cooling to room temperature, the sections were
rinsed with distilled water and soaked in 3% hydrogen peroxide for
10 min at room temperature. The sections were then rinsed twice
for 5 min in distilled water and Tris—HCI buffer (containing 0.05%
Tween-20 and 0.15 M NacCl) (TBST). To block nonspecific protein
binding, sections were immersed in 3% bovine serum albumin
(BSA) diluted with PBS for 60 min at room temperature, Rabbit
monoclonal antibody (Perilipin-1 [D1D8] XP® Rabbit mAb #9349S;
Cell Signaling Technology, Danvers, Massachusetts) at a 1:200
dilution was applied to the sections and incubated overnight at
4 °C. Sections were rinsed in TBST three times for 5 min each. Next,
rabbit anti-goat simple stain MAX-PO (Histofine 724142; Nichirei
Biosciences Inc., Tokyo, Japan) was applied at room temperature for
30 min. The sections were rinsed again with TBST, exposed to DAB
(3-3’-diaminobenzidine-4HCI) (Signal Stain® DAB Substrate Kit
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725191; Nichirei Biosciences Inc., Tokyo, Japan), and counterstained
with hematoxylin. The area of adipose tissue inside the implants
was manually measured using the BZ-X800 Analyzer software
(Keyence Corp.). The average area of the three cross-sections of
each specimen was used for statistical analysis.

Immunohistochemical staining for anti-CD68 was performed to
evaluate pan-macrophage infiltration. At the central aspect, 3-pm-
thick paraffin sections were prepared. The staining method fol-
lowed the process of perilipin staining mentioned above. Rabbit
monoclonal antibody (ab125212; Abcam, Cambridge, UK) at a
1:5000 dilution was used as the primary antibody, while simple
stain MAX PO was used as a labeled polymer with a secondary
antibody. The sections were then exposed to DAB and counter-
stained with hematoxylin. All images were captured using a Key-
ence BZ-X800 at x 4— x 40 magnification. The number of
macrophages inside the implants was counted using the BZ-X800
Analyzer software (Keyence Corp.). Consistent with our previous
findings [16], a threshold was set for the brown tint and the size of
individual stained areas, and the regions above this threshold were
counted.

2.7. Statistical analysis

All data are expressed as mean + standard deviation. We used
one-way analysis of variance with Bonferroni post-hoc analysis
between multiple groups. Statistical significance was set at P < 0.05.
All statistical analyses were performed using IBM SPSS Statistics for
Windows version 28 (IBM Corp., Armonk, NY, USA).

3. Results

3.1. Evaluation of the weight and volume of all the newly formed
tissues

No infection was observed during postoperative follow-up.
However, one implant was excluded from the LMW-PLLA group
at 12 months because of the presence of a tumor (pilomatricoma,
variant type) around the implant. The gross appearance of all the
newly formed tissues is shown in Fig. 1a. The presence of P (LA/CL),
PLLA, and LMW-PLLA threads was confirmed macroscopically for
up to 12 months after implantation.

The time courses of the weight and volume of all newly formed
tissues are shown in Fig. 1b and c. At six months, the weight and
volume of all newly formed tissues were not significantly different
among the groups. At 12 months, the weight and volume of the
PLLA with 1/2 CS group were greater than those of the PLLA with 1/
4 CS and LMW-PLLA with CS groups (p < 0.01). The weights and
volumes of the PLLA with CS group were greater than those of the
PLLA with 1/4 CS group (p < 0.05). In addition, the weight and
volume of the P (LA/CL) with PGA nano, PLLA with PGA nano, PLLA
with CS, and PLLA with 1/2 CS groups at 12 months were greater
than those at 6 months (p < 0.05).

3.2. Histological assessment of the area of formed tissue and
adipose tissue inside implants

Micrographs of the HE-stained sections are shown in Fig. 2a. The
P (LA/CL) implants with PGA nano and the LMW-PLLA implants
with CS groups collapsed to some extent within 6 months. The
internal space in the PLLA group with PGA, CS, 1/2 CS, and 1/4 CS
was maintained for up to 6 months but collapsed at 12 months.

The time course of tissue formation inside the implants is shown
in Fig. 2b. At six months, the area of the formed tissue in the PLLA
with PGA nano, PLLA with CS, PLLA with 1/2 CS, and PLLA with 1/4
CS groups was significantly larger than that in the P (LA/CL) with
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PGA nano and LMW-PLLA with CS groups (p < 0.05). At 12 months,
the areas of tissue formed in the PLLA with PGA nano, PLLA with 1/2
CS, and PLLA with 1/4 CS groups were significantly larger than that
in the P (LA/CL) with PGA nano group (p < 0.05). Moreover, the area
of tissue formed at 12 months in the PLLA with PGA nano, PLLA with
CS, PLLA with 1/2 CS, and PLLA with 1/4 CS groups was significantly
smaller than that at 6 months (p < 0.05).

Micrographs of Perilipin-stained sections are shown in Fig. 3a.
The time course of the adipose tissue area inside the implants is
shown in Fig. 3b and c. At six months, the area of adipose tissue in
the PLLA with PGA nano, PLLA with CS, and PLLA with 1/2 CS groups
was significantly larger than that in the P (LA/CL) with PGA nano
and LMW-PLLA with CS groups (p < 0.01). The adipose tissue area in
the PLLA with 1/4 CS group was significantly larger than that in the
LMW-PLLA with CS group (p < 0.01). At 12 months, the PLLA with
PGA nano, PLLA with 1/2 CS, and PLLA with 1/4 CS groups were
significantly larger than the P (LA/CL) with PGA nano and LMW-
PLLA with CS groups (p < 0.01). The PLLA with PGA nano group
was significantly larger than the PLLA with CS group (p < 0.05).
Furthermore, the adipose tissue area at 6 months in the PLLA with
PGA nano group, PLLA with CS group and PLLA with 1/2 CS group
and PLLA with 1/4 CS group was significantly larger than that at 12
months in the corresponding group (p < 0.05).

The time course of the percentage of adipose tissue in the tissue
formed inside the implants is shown in Fig. 3c. There was no sig-
nificant difference between the groups at 6 and 12 months or in
each group between 6 and 12 months.

3.3. Assessment of collagen fibers inside implants

Micrographs of Azan-stained sections at 12 months are shown
in Fig. 4a. Fibrosis was confirmed in the central area of all implants.
The areas of the collagen fibers inside the implants were shown in
Fig. 4b. The PLLA in the CS group was significantly larger than that
in the P (LA/CL) with PGA nano group (p < 0.05).

3.4. Assessment of inflammation inside implants

Micrographs of the CD68-stained sections at 12 months are
shown in Fig. 5a. Macrophage invasion around the PLLA capsule
membrane was confirmed, with an almost complete collapse of the
capsule membrane in the P (LA/CL) and LMW-PLLA threads. A small
number of macrophages was observed inside the implants. The
number of CD68 positive macrophages are shown in Fig. 5b. There
was no difference in the number of macrophages between groups.

4. Discussion

Herein, we compared the suitability of several types of external
frames and internal filling materials to determine the optimal
material for adipogenesis. We confirmed that at both 6 and 12
months after implantation, the PLLA with PGA nano group, PLLA
with 1/2 CS, and PLLA with 1/4 CS group showed superior forma-
tion of the formed tissue and adipose tissue inside the implants.
Implants using PLLA as the external frame material containing PGA
nanosheets or CS can maintain internal space and regenerate adi-
pose tissue.

Maintenance of the internal space for a long period is beneficial
for adipose regeneration [17,18]. The external frame material is an
important factor in the maintenance of the internal space inside
implants, for which the internal filling material works supportively
[13]. We applied PLLA, P (LA/CL), and LMW-PLLA threads as external
frame materials to compare their ability to maintain internal space.
PLLA is a biocompatible and biodegradable synthetic polymer that
can be safely degraded to lactic acid and has been used in a range of
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Fig. 1. Weight and volume of all the newly formed tissues. (a) Gross appearance of newly formed tissues. Scale bar: 1 cm. (b, ¢) Time course of weight and volume of all newly
formed tissues. At 12 months, all the newly formed tissues in the 1/2 CS group were significantly larger than those in the CS and 1/4 CS groups. Data are presented as
mean =+ standard deviation. *p < 0.05, **p < 0.01, 'p < 0.05 versus P (LA/CL) with PGA nano group at 12 months, * ¥ p < 0.01 versus the corresponding group at 12 months. P (LA/CL):
poly (lactic-co-e-caprolactone); PLLA: poly-L-lactic acid; LMW-PLLA: low-molecular-weight poly-L-lactic acid; CS: collagen sponge; PGA nano: polyglycolic acid nanosheets.
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Fig. 2. Micrographs and time course of the formed tissues inside implants. (a) HE-stained sections of tissues formed inside the implants. Red dotted lines indicate the tissue areas
formed. The P (LA/CL) and LMW-PLLA groups collapsed after six months. Scale bar: 1 mm. (b) Time course of the tissue areas formed inside the implants. At 6 months, the areas in
the four PLLA groups were significantly larger than those in the P (LA/CL) and LMW-PLLA groups. At 12 months, the areas in the PLLA with PGA nano, 1/2 CS, and 1/4 CS groups were
significantly larger than that in the P (LA/CL) with PGA nano group. Compared with that at 6 months, the area of the tissues formed inside the implants in the four PLLA groups was
significantly smaller at 12 months. Data are presented as mean + standard deviation. *p < 0.05, **p < 0.01, "+ 'p < 0.01 versus the corresponding group at 12 months. P (LA/CL):
poly (lactic-co-e-caprolactone); PLLA: poly-L-lactic acid; LMW-PLLA: low-molecular-weight poly-L-lactic acid; CS: collagen sponge; PGA nano: polyglycolic acid nanosheets.
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clinical applications for over 30 years [19], including osteochondral
lesions [20], lipoatrophy [21], and cosmetic enhancement [22]. P
(LA/CL) sutures are characterized by fast absorbance, softness, and
high bending plasticity [23]. The LMW-PLLA suture reduces its
molecular weight by hydrolysis in PBS, which can be absorbed two
months faster than PLLA [24]. The internal space in the groups
using PLLA was maintained for 6 months after implantation, but
that in the groups using P (LA/CL) and LMW-PLLA collapsed 6
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months after implantation (Fig. 2). In addition, although the
amount of regenerated adipose tissue in the P (LA/CL) with PGA
nano and LMW-PLLA with CS groups was lower than that in the
other groups, the adipogenesis ratio inside the implants was the
same as that in the other groups (Fig. 3). The tensile strength of
PLLA is superior to that of PLACL and LMW PLLA, and its strength
half-life is longer compared to PLACL and LMW PLLA [25,26]. This
indicates that applying PLLA as an external frame in implants can
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PLLA: poly-L-lactic acid; LMW-PLLA: low-molecular-weight poly-L-lactic acid; CS: collagen sponge; PGA nano: polyglycolic acid nanosheets.

maintain a stronger and more durable internal space over the same
period of time. These results indicate that the maintenance of the
internal space is an important factor for adipogenesis. PLLA is the
preferred material for external frames.

Our previous research indicated that the internal filling material
helps induce adipose tissue regeneration using PLLA mesh implants
containing CS [13]. CS improves adipose regeneration and helps
adipose stem cell attachment and proliferation [27,28]. Collagen
sponge supports cell growth and new matrix synthesis, and its
porous structure allows cells to easily infiltrate into the scaffold
in vivo, which induces new adipose tissue formation [29,30].
However, it has limitations, such as batch-to-batch variation and
limited mechanical resistance [31]. In this study, we first used PGA
nanosheets as a substitute for the internal filling material for CS in
adipose regeneration research. PGA nanosheets are synthetic ma-
terials that can be inexpensively manufactured in large quantities
without the risk of viruses and other hazards caused by bio-
materials [32—34]. The regeneration of adipose tissue in the PLLA
with PGA nano group was equal to that in PLLA groups using CS at
both 6 and 12 months. At 12 months, fibrosis and inflammation
inside the implants in the PLLA with PGA nano group were similar
to those in the PLLA groups treated with CS (Figs. 4 and 5). It's re-
ported that PGA contains extra-fine fibers with a large surface area
and which results in high cellular characteristics [33]. Therefore,
PGA nanosheets are an alternative internal filling material in the de
novo adipogenesis.

In other studies, the use of bioresorbable materials to maintain
internal space led to adipose tissue regeneration in combination
with fat injection [7], growth factors [35], or human umbilical vein
endothelial cells [36]. Our implants could regenerate adipose tissue
without the addition of growth factors or cells. Furthermore, during
the postsurgical follow-up period, neither infection nor hematoma
was observed outside or inside the implants, indicating that our
implants were safe. Our materials are absorbable, which avoids
complications caused by permanent materials, such as BIA-ALCL. In
addition, our implants can be made into bioresorbable aggregates
that can be reshaped [17]. As a result, the aesthetic needs of breast
cancer patients after mastectomy can be met, thereby improving
their quality of life.

This study has some limitations. First, the implants collapsed
between 6 and 12 months after implantation and could not
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maintain internal space endurance. Second, the volume of the re-
generated adipose tissue was smaller than that of the implants.
Therefore, in our next study, we improved the strength of the
outside frame to maintain the internal space for a longer period.
Furthermore, we investigated the effectiveness of adipogenesis by
combining implants with ADSCs to regenerate additional adipose
tissue. In addition, we investigated adipogenesis in large animal
models using PLLA implants with PGA nano-or CS as internal filling
materials to achieve large volumes of de novo adipogenesis.

In summary, PLLA is a promising external frame material in
which the internal space can be replaced with adipose tissue. In
addition to CS, PGA nanosheets are promising internal filling ma-
terials. Implants combined with these materials could be ideal for
breast reconstruction without the presence of cells or growth
factors.
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