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ABSTRACT

Many technologies have been developed for breast reconstruction after lumpectomy. Although the technologies
achieved promising success in clinical, there are still many shortages hanging over and trouble the researchers.
Tissue engineering technology was introduced to plastic surgery that gave a light to lumpectomy patients in
breast reconstruction. The unexpected absorption rate, resulting from limited vascularization and low cell sur-
vival rate, is a major factor that leads to unsatisfactory results for the previous studies in our lab. In the study, the
laminin-modified alginate synthesized by a new method of low concertation of sodium periodate would be mixed
with ADSCs and Rg1 in the medium; and then sprayed into a calcium chloride (CaCls) solution to prepare into
microsphere (abbreviated as ADSC-G-LAMS) by bio-electrospray with a power syringe for the mass production
and smaller bead size. The developed ADSC-G-LAMS microspheres had the diameter of 232 + 42 pm. Sustained-
release of the Rgl retained its biological activity. WST-1, live/dead staining, and chromosome aberration assay
were evaluated to confirm the safety of the microspheres. In in vivo study, ADSC-G-LAMS microspheres com-
bined with autologous adipocytes were transplanted into the dorsum of rats by subcutaneous injection. The
efficacy was investigated by H&E and immunofluorescence staining. The results showed that the bioactive
ADSC-G-LAMS microspheres could integrate well into the host adipose tissue with an adequate rate of angio-
genesis by constantly releasing Rgl to enhance the ADSC or adipocyte survival rate to join tissue growth and
repair with adipogenesis for breast reconstruction after lumpectomy.

1. Introduction

might induce severe foreign body reactions, such as thick fibrous
encapsulation resulting in the generation of stress between an implant

Cancer is a major disease and the second leading cause of death
worldwide. Among females, the most common cancer is breast cancer. In
2019, breast cancer accounts for 30% of all new cancer diagnoses in the
United States [1,2]. The most common treatment of breast cancer is
breast cancer surgery, such as mastectomy or lumpectomy [3]. Because
women are frequently concerned regarding aesthetics, the demand for
breast reconstruction is a critical issue after surgery. In clinical practice,
several methods have been developed for breast reconstruction.
Silicone-based implants are the earliest and common methods for breast
reconstruction. However, these implants are foreign bodies, which

and the surrounding tissue. This stress may lead to capsular contraction,
implant rupture and leakage, poor tactile quality, and even unnatural
shape [3-5]. In the late 1970s, tissue and free flaps harvested from the
abdomen, upper back, thighs, and buttocks were used as autologous
tissues for breast reconstruction [6]. The limitation of a flap is the lack of
enough donor sites for this procedure; moreover, complications occur in
approximately 30% cases after transplantation [3,7,8]. In lipofilling
technology, the fat of a patient is collected as a fat graft by liposuction
and subsequently transplanted into the lumpectomy site as an autolo-
gous implant. Nowadays, lipofilling is a well-established therapy for the
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lumpectomy and has been combined with the scaffolds for whole breast
reconstruction [9]. However, the unmet needs were owing to the un-
predictable resorption rate, limited vascularization, and the calcified
tissue generation occurring approximately 4-6 months post-surgery
[10]. The goals of the researchers were to develop an engineered fat
to maximize vascularization and minimize the resorption of the grafts.

In view of the above description, numerous technologies were
developed for breast reconstruction after mastectomy or lumpectomy.
Although these technologies have achieved promising success in clinical
practice, there are still numerous drawbacks challenging researchers. In
1998, tissue engineering technology was introduced in plastic surgery
that allowing mastectomy or lumpectomy patients to overcome the
previous shortages by adipose tissue engineering for breast reconstruc-
tion [11].

The three major elements of tissue engineering are cells, scaffolds,
and signals. Numerous tissue engineering technologies have been pro-
posed for breast reconstruction; although these technologies might
satisfy some of the objectives, they are still far from meeting the clinical
requirements and expectations of the patient. In this study, adipose-
derived stem cells (ADSCs) were used as the cell source, because
ADSCs can differentiate between adipocytes, chondrocytes, myocytes,
endothelial cells, and osteoblasts under specific signal induction [3,12,
13]. The concept of scaffold design is the construction of a good envi-
ronment for the cells towards a desired pathway. From the distinct ap-
plications in tissue engineering, the scaffolds could be formed in
different forms. In recent years, the mini-invasive surgery has been
developed for the augmentation. One of the scaffolds, microspheres
have been used as popular carriers for several reasons. The microspheres
allowed oxygen, nutrients, and waste products to exchange properly
[14,15]. The cells or the bioactive materials could also be encapsulated
into the microspheres as a controlled delivery system [16,17].
Numerous biodegradable materials have been used as base materials to
prepare scaffolds to support cell growth and survival. Alginate is a
biodegradable polymer in which cells can be encapsulated to form
injectable hydrogels, beads, and preformed scaffolds [18-21]. Although
there is a lack of domains for cell recognition, alginate can graft some
molecules to improve cell adhesion and proliferation as well as to attain
a desired differentiation [19]. Laminin, a major extracellular matrix
glycoprotein, was first discovered intracellularly in the morula stage
[22]. It has been shown to play an important role in early embryonic cell
polarization and to effect cell differentiation, migration, and adhesion
[23-25]. In this study, we used a relatively low concentration of sodium
periodate (NalO4) over a long reaction time to synthesize
laminin-modified alginate to prepare scaffolds for mimicking the em-
bryonic environment.

As mentioned previously, the unexpected absorption rate, resulting
from the limited vascularization and low cell survival rate, is a major
factor that leads to surgery failure or unsatisfactory results. Numerous
types of growth factors have been used for vascularization in tissue
engineering, such as the vascular endothelial growth factor, basic
fibroblast growth factor (bFGF), and platelet-derived growth factor [26,
27]. However, these protein-based growth factors may not sustain a long
period of biological activity. For instance, the half-life of the bFGF is
approximately 50 min in the physiological environment [28]. Ginse-
noside Rgl, a major component of Panax ginseng, has been reported a
non-peptide bioactive molecule for mild angiogenesis with long bio-
stability in the physiological environment [29-32].

In our previous studies, the laminin-alginate beads were prepared by
the peristaltic pump with an average diameter of 1.5 mm; that was
resulted in a bigger bead size to limit the diffusion of the nutrients/ox-
ygen and then caused to the cell death in the central part of the mi-
crospheres. In the study, a bio-electrospray with a power syringe was
used to prepare smaller bead sizes for better mass transportation and for
mass production in the manufactory system. Furthermore, the previous
studies did not add in any angiogenic factors; nonetheless, we added in
Rgl to the microsphere to induce vascularization to increase cell
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survival rate in vivo in this study. The concentration of the sodium
periodate was down to 10 mM for better cell viability. Overall, in the
previous studies, the bigger bead size, limited vascularization, and high
concentration of sodium periodate might restrict homogeneous nutri-
ents transportation, reduce cell survival rate in vivo, and biocompati-
bility, respectively. In this study, we develop an autologous fat graft in
the form of injectable microspheres with Rgl addition to enhance
angiogenesis and cell survival rate for breast reconstruction after
lumpectomy. Laminin-modified alginate was mixed with ADSCs and
Rgl in a medium, and subsequently sprayed into a calcium chloride
(CaCly) solution by bio-electrospraying with a power syringe, to form
microspheres (abbreviated as ADSC-G-LAMS). The ADSC-G-LAMS mi-
crospheres were collected and combined with adipocytes to produce the
necessary growth factors to make the ADSCs towards the adipogenic
pathway. The ADSC-G-LAMS microspheres and adipocytes were com-
bined and prepared into an injectable form for breast reconstruction.
The overall design is illustrated in Scheme 1.

2. Materials and methods
2.1. Materials

Alginic acid sodium salt (Cat. No. A2158), NalO4, and Dulbecco’s
modified Eagle’s medium (high glucose) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS) was purchased
from Hyclone (Logan, Utah, USA). Natural mouse laminin (Cat. No.
354232) and Matrigel (Cat. No. 356231) were purchased from Corning
(Bedford, MA, USA). Ginsenoside Rgl was purchased from ChromaDex
(Irvine, CA).

2.2. Synthesis of laminin-modified alginate

A laminin alginate solution was prepared as follows. Briefly, 0.5 mL
of 10 mM NalOj4 solution was added to 100 mL of 1.5% (w/v) alginate
solution and stirred at room temperature in dark for 5 h before adding
0.5 mL of ethylene glycol to stop the reaction. The resultant solution was
dialyzed against deionized water using a dialysis membrane (MWCO:
6000-8000 Da) for 3 days, during which time the deionized water was
renewed every 12 h. The solution was lyophilized to yield the oxidized
alginate powder, 1.5 g of which was dissolved in 100 mL of 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). Thereafter, 10
pg of laminin was added to complete the synthesis of the laminin-
modified alginate.

2.3. Preparation of laminin-modified alginate microspheres

The laminin-modified alginate microspheres were prepared by the
bio-electrospray method, which is briefly described as follows. The bio-
electrospray device consisted of three parts: a syringe pump, high-
voltage generator, and collecting tank with 0.1 M CaCly solution.
Approximately 10 mL of the laminin-modified alginate solution was
sprayed into the collecting tank with gentle stirring. The flow rate of the
syringe pump was set as 0.04 mL/min with a low working voltage of 18
kV. The distance from the syringe needle to the collecting tank was 1.5
cm, and the inner diameter of the needle was 500 pm. Finally, the mi-
crospheres were washed thrice with 20 mM HEPES and collected for the
subsequent experiments.

2.4. Preparation of Rg1 encapsulated in G-LAMS

As mentioned, the G-LAMS microspheres encapsulate Rgl into the
LAMS microsphere. The preparation procedure of the G-LAMS micro-
spheres is briefly described as follows. Specifically, 10 mL of Rgl (400
pg/mL) was added to the previously prepared LAMS (Section 2.3) and
incubated at 37 °C for 24 h to allow Rg1 penetrate to the microspheres.
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Scheme 1. The Scheme of ADSC-G-LAMS preparation and its applications for breast reconstruction.

2.5. Preparation of ADSC-G-LAMS microspheres

ADSC-G-LAMS is laminin-modified alginate mixed with ADSCs and
Rgl and converted into microspheres by bio-electrospraying, as
described in Section 2.4.

The ADSCs were isolated from five-week-old female SD rats obtained
from BioLASCO, Taiwan [20,33]. The inguinal fat was removed, frag-
mented with surgical scissors, washed with phosphate-buffered saline
(PBS), and dissociated with type I collagenase (Invitrogen, USA) at 37 °C
for 4 h. Following this, the samples were filtered through a 70-ym
strainer and centrifuged at 1000 rpm for 5 min. The cell pellets were
collected and washed twice with PBS. Subsequently, the cells were
cultured in a petri dish at a density of 5000 cells/cm? in DMEM with
10% FBS and 1% antibiotic-antimycotic and incubated overnight at
37 °C in a humidified incubator. After 24 h, the non-adherent cells were
removed and rinsed twice with PBS. The medium was changed every 3
days until confluence. The ADSCs from passages 3-5 were used for
subsequent experiments.

Approximately 2 x 10’ ADSCs were suspended in 10 mL of the
laminin-modified alginate solution, and the microspheres were prepared
by bio-electrospray, as described above. For the in vivo study, the ADSCs
were isolated from green fluorescent protein transgenic (GFP) 7-week-
old female SD rats. The isolated ADSCs with GFP are denoted as
GFP-ADSCs.

2.6. FTIR spectrophotometry analysis

An FTIR spectrophotometer (Jasco, FT/IR-4200, Japan) was used to
identify the functional groups of the laminin-modified alginate. Freeze-
dried samples were mixed with KBr at a weight ratio of 1:9, and sub-
sequently placed in an aluminium ring to form a disc by applying a
gentle pressure. The FTIR patterns were obtained in transmission mode
with 16 scans from 600 cm™'-4000 cm L.

2.7. Size measurement and morphology observation of developed
ADSC-G-LAMS microspheres

The ADSC-G-LAMS microspheres were cultured in DMEM with 10%
FBS and 0.1% Primocin-antibiotic (Invivogen, San Diego, CA). The
morphology of the developed ADSC-G-LAMS microspheres was
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observed using an optical microscope equipped with a high-intensity
LED light for better brightness. The size of the developed ADSC-G-
LAMS microspheres was measured by ImageJ Software images, and at
least 100 ADSC-G-LAMS microspheres were counted under an optical
microscope.

2.8. SEM examination of prepared ADSC-G-LAMS microspheres

At day 5 of culturing ADSC-G-LAMS in the petri dish, the ADSC-G-
LAMS microspheres were washed twice with the HEPES buffer and then
collected. The collected microspheres were immersed step-by-step in the
dehydration series, followed by a critical point dryer (CPD). The CPD-
dried microspheres were mounted on an Al stage and then coated with
a platinum film by sputtering physical vapor deposition. The ADSC-G-
LAMS microspheres were examined under a scanning electron micro-
scope (S-4800, Hitachi, Japan) with 5 kV and 9000 nA for microstruc-
ture examination.

2.9. Cytotoxicity of developed G-LAMS microspheres

The cell viability of the G-LAMS microspheres was evaluated using a
WST-1 assay. The G-LAMS microspheres were soaked in a medium for
24 h, and the extracts were cultured with 3T3-L1 fibroblasts for the cell
viability test. 3T3-L1 cultured in DMEM was set as the control group.
ZDEC extract was selected as the positive control group, Al,O3 extract as
the negative control group. This was in terms of the cytotoxicity of the
developed G-LAMS microspheres based on the 1SO-10993 guideline.
Each group was four repeats.

2.10. ADSC viability in developed ADSC-G-LAMS microspheres

The viability of the ADSCs in the G-LAMS microspheres was evalu-
ated by a live/dead staining assay. At day 1 and day 5 after the ADSCs
were encapsulated in the G-LAMS microspheres (ADSC-G-LAMS), the
microspheres were gently washed twice and stained with dyes in dark at
37 °C for 1 h. Living and dead cells were stained with calcein AM and
ethidium homodimer-1, respectively. The sample was then mounted on
a glass slide and observed under a fluorescent microscope, where the
living and dead cells appeared green and red in color, respectively, by
the specific wavelength of the light emission.
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2.11. Releasing profiles of Rgl from G-LAMS microspheres

The releasing profiles of Rgl from the G-LAMS microspheres were
recorded by HPLC. The G-LAMS microspheres were placed in deionized
water at 37 °C (n = 3) for some time and then removed for centrifuga-
tion. The supernatant was collected before injection into the HPLC
system.

2.12. Tube formation ability of released Rgl1

The tube formation ability of the released Rg1l was determined using
HUVEGCs, which is regarded as the ability of angiogenesis. A 96-well
plate was prior coated with 50 pL of Matrigel™. The HUVECs (1 x
10*) were seeded per well in 150 pL of medium 199 (M199) containing
2% FBS and the released Rgl. The M199 with 2% FBS was used as the
blank control, and M199 with 2% FBS and the endothelial cell growth
supplement (ECGS, 30 pg/mL) was used as the positive control. After 6
h, images were captured using an optical microscope. The images were
converted into grayscales, and the formed tube length was determined
using an angiogenesis analyzer with the ImageJ software (n = 5).

2.13. Effect of G-LAMS on HUVEC gene expression

The HUVECs were seeded into a six-well plate by 1.67 x 10° cells in
each well for 24 h until full adhesion and subsequently starved with
M199 serum-free medium for further 4 h. The medium was then
changed to 1.775 mL of M199 containing 2% FBS. The LAMS or G-LAMS
microspheres were added as experimental groups. The blank medium
served as the control group. After an hour of treatment, the HUVECs
were collected, washed twice with PBS, and lysed with TRIzol reagent
(Thermo Fisher). The supernatants were collected, and the total RNA
was extracted with Direct-zol™ RNA MiniPrep Kits (Zymo Research,
Irvine, CA, USA). The cDNA for real-time Q-PCR analysis was obtained
by RNA reverse transcription using SuperScript™ III reverse transcrip-
tase (Thermo Fisher). The synthesized ¢cDNA was mixed with SYBR
green master mix (Thermo Fisher). The primers used in the analysis are
listed in supplemental Table S1. The intensities were detected and
recorded using a LightCycler® 480 Instrument (Roche Diagnostics
Nederland BV, Almere, Netherlands) (n = 3).

2.14. Evaluation of genotoxicity of G-LAMS microspheres by chromosome
aberration assay

Approximately 2 x 10° of Chinese hamster ovary cells (CHO cells)
were plated in a 10-cm petri dish for 20 h. Subsequently, 10 mL of the G-
LAMS extract was added as the experimental group, and the culture
medium only served as the control group. After 18 h of treatment, 200 pL
of 10 pg/mL colchicine was added. At 20 h, the cells were trypsinized
and collected in a centrifugation tube. Subsequently, 5 mL of 0.075 M
KCl was added to the centrifugation tube and gently shaken. The tubes
were left at 37 °C for 15 min to allow cell swelling and subsequently
fixed with 5 mL of the fixation solution (methanol: acetic acid = 3:1) at
4 °C for 20 min. The suspension was dropped to a glass slide by a force to
break down the cells; the breakdown cells were then stained with 10%
Giemsa (Sigma) for 15 min. A total of 70 breakdown metaphase cells
were counted under the optical microscope. The sister chromosome
aberration was recorded. The P-value of the aberration frequency was
analyzed using a one-sided Fisher’s exact test.

2.15. In vivo study

A total of 12 SD rats (BioLASCO, Taiwan) with an average age of 6
weeks was used in the study. The study protocol was approved by the
Institutional Animal Care and Use Committee (IACUC, No. 2018-FEMH-
11) of the Far Eastern Memorial Hospital.

In in vivo study, the shredded adipose tissue was isolated before the
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materials implantation. The procedure was described below. After
anesthesia, 1 mL of the inguinal fat was removed from the rat and
fragmented with surgical scissors for later use. The study included three
groups: (1) 2 x 10% GFP-ADSCs combined with a shredded adipose
tissue. The group is abbreviated as “ADSC-adipocyte™; (2) 2 x 10°
GFP-ADSCs encapsulated in 1 mL of the laminin-alginate microspheres
combined with a shredded adipose tissue and abbreviated as
“ADSC-LAMS-adipocyte™; (3) 2 x 10° GFP-ADSCs and Rgl encapsu-
lated in 1 mL of the laminin-alginate microspheres combined with a
shredded adipose tissue and abbreviated as “ADSC-G-LAMS-adipocyte”.
These were injected subcutaneously into the dorsum of the rats.

After 4 weeks, the grafted tissues were harvested, fixed, embedded,
sectioned at a thickness of 5 pm, and placed on glass slides. The sections
were stained with H&E and immunofluorescence staining for CD31. The
sections were observed under an optical microscope and a confocal
microscope. In addition, blood element analysis and serological analysis
were performed, which included red blood cells (RBC), hemoglobin
(HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH), mean corpuscular hemoglobin con-
centration (MCHC), white blood cells (WBC), neutrophil (NEUT),
lymphocyte (LYMPH), monocyte (MONO), eosinophil (EO), and baso-
phil (BASO), alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), blood urea nitrogen (BUN), and creatinine (CRE).

2.16. Statistics

The results are presented as the mean and standard deviation of at
least three independent measurements. One-way analysis of variance
(ANOVA) with Tukey’s multiple comparisons test was conducted for all
the statistical evaluations except, for the one-sided Fisher’s exact test for
chromosome aberration assay. Differences were considered significant
at a p-value of less than 0.05. (p < 0.05, *; p < 0.01, **; p < 0.001, ***).

3. Results
3.1. Functional groups of laminin-modified alginate

The functional groups of the synthesized laminin-modified alginate
were analyzed by FTIR spectrophotometry. The infrared spectra were
recorded in the wavelength range from 600 cm™'-4000 cm™! (Fig. 1).
The FTIR pattern of laminin-modified alginate prepared by a relatively
low concentration of sodium periodate and with a long reaction time
was similar to the pattern synthesized by the previous method. The
absorption bands at 1600 cm ™! and 1414 cm™! were corresponding to
the asymmetric and symmetric stretching vibrations of the carboxyl
group, respectively, and were shown in both alginate and the laminin-
modified alginate. The absorption band at 1735 cm ™ in the spectrum
of the oxidized alginate was corresponding to the aldehyde group
(C=0) which was not shown in the alginate and the laminin-modified
alginate laminin-alginate. The data confirmed the successful oxidation
of the alginate. The aldehyde group in the oxidized alginate could react
with the laminin and left no free aldehyde group in the laminin-modified
alginate. Moreover, the absorption band at 1470 cm ™! in the spectrum of
the laminin-modified alginate was attributed to the amide bond (N-H)
which was not shown in other groups. The bands at 2850 cm™! and
2920 em ! were assigned to the asymmetric and symmetric C-H vi-
brations, respectively. The Schiff bases between 1631.5 cm™! and
1640.9 cm™! attributed to the C=N stretch characteristic of the imino
group were not very remarkable, owing to the strong absorption of the
carboxyl group and the low concentration of laminin [34].

3.2. Size measurement and SEM examination of developed ADSC-G-
LAMS microspheres

The ADSC-G-LAMS microspheres were prepared by bio-
electrospraying with a power syringe, as shown in Fig. 2. The
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Fig. 1. FTIR spectra of alginate, oxidized alginate, and laminin-modified alginate. Absorption band at 1735 cm ™! confirmed formation of aldehyde group (C=0).
Absorption band at 1470 em'in spectrum of laminin-modified alginate was attributed to amide bond (N-H). Bands at 2850 cem ™! and 2920 ecm ! were assigned to

asymmetric and symmetric C-H vibrations, respectively.

microspheres were uniform with a diameter of 175 + 27 ym on average
at day 0, as shown in Fig. 2(a). The sizes of the spheres were expanded to
a mean value of 232 + 42 pm on days 2, 5, and 9, as shown in Fig. 2(b)-
(d), respectively, owing to swelling. The ADSCs appeared as small white
spots, indicated as arrows, in the images; they were homogeneously
encapsulated in the microspheres. The microspheres were further
examined under SEM, where the ADSCs were fully embedded in the G-
LAMS microspheres, as shown in Fig. 2(e) and (f).

3.3. Cytotoxicity of G-LAMS microspheres

The cytotoxicity of the G-LAMS microspheres was evaluated using a
WST-1 assay, and the cell viability was in terms of the cytotoxicity based
on the guidance of ISO-10993 with 3T3-L1 as the target cells. The results
showed that the synthesized G-LAMS microspheres were not toxic to the
target cells as shown in Fig. 3.

The survival rate of the ADSCs enclosed in the G-LAMS microspheres
was examined by a live/dead staining assay (Fig. 4). The living cells
were stained with calcein AM, whereas the dead cells were stained with
ethidium homodimer-1, which would turn into green and red, respec-
tively, when observed under a fluorescence microscope. As displaced in
Fig. 4, more than 99% of the ADSCs were alive in the microspheres at
day 1 and day 5. The cell number at day 5 was much greater than that at
day 1. We found that the developed G-LAMS microspheres were not
toxic to the encapsulated ADSCs and created a good microenvironment
for the ADSC proliferation.

3.4. Releasing profiles of Rg1 from G-LAMS microspheres

The cumulative Rg1 released from the laminin-alginate microspheres
is presented in Fig. 5. The Rgl release profile can be seen in two steps.
The release rate at the first stage was 270 pg/day, which was owing to
the physical desorption of Rg1 on the surface of the microspheres, the so-
called initial burst. On the first day, approximately 67.4% was released.
The second stage was the relatively slow release of Rgl at a rate of 12
pg/day, based on the diffusion process. Supposedly, Rgl was fully
released within 5 days.
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3.5. Tube formation ability of synthesized G-LAMS microspheres

The tube formation ability of the developed G-LAMS microspheres
was determined using Matrigel™ and HUVECs. The experiment was
divided into three groups: (1) control group: medium with 2% FBS
(Fig. 6(a)); (2) positive control: medium with 2% FBS and ECGS (Fig. 6
(b)); and (3) G-LAMS group: medium with 2% FBS and released Rgl
from G-LAMS microspheres without ECGS (Fig. 6(c)). The results are
summarized in Fig. 6(d), based on which the total tube lengths of the
positive control and G-LAMS groups increased by 16.1% and 35.9%,
respectively, compared to those of the control group. We believe that the
Rg1 released from G-LAMS microspheres could maintain the biological
activity to induce HUVEC vascularization in the Matrigel™ model.

3.6. Effect of G-LAMS microspheres on HUVEC gene expression

To explore the effect of the G-LAMS microspheres on the HUVEC
angiogenesis property, several genes, such as PIK3CA (phosphatidyli-
nositol 3'-kinase (PI3K) catalytic subunit p110a), PIK3R1 (PI3K regu-
latory subunit p85a), AKT3 (serine/threonine-protein kinase), eNOs
(endothelial nitric oxide synthase), were measured by Q-PCR analysis.
The results showed that the coculture of the G-LAMS microspheres with
HUVEGCs could affect the upstream genes, PIK3CA, PIK3R1, and AKT3, as
shown in Fig. 7(a)-(c), respectively. The gene expression levels were
upregulated by 1.35-1.44-fold compared to those of the 2% FBS control
group. Concurrently, there was no significant difference in the gene
expressions of the LAMS and 2% FBS control groups. However, the eNOs
expression (Fig. 7(d)) in the LAMS group was slightly higher than that of
the control group. The eNOs expression in the G-LAMS group was 1.75-
fold higher than that of the control group. The results indicated that the
vascularization of the G-LAMS microspheres to HUVECs proceeded
through the pathway of PI3K, Akt, and eNOS from upstream to down-
stream gene expression.

3.7. Evaluation of G-LAMS microspheres on genotoxicity chromosome
aberration assay

CHO cells were used to evaluate the genotoxicity of the G-LAMS
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Fig. 2. Morphology and microstructure of laminin-alginate microspheres were observed by optical microscopy and SEM. Images were captured using an optical
microscope at (a) Day 0, (b) Day 2, (c) Day 5, and (d) Day 9 after ADSC-G-LAMS preparation. Arrows indicate ADSCs encapsulated in G-LAMS microspheres. Scale
bar = 200 pm. SEM images were captured on Day 5 at (e) 600 x magnification, scale bar = 50 pm and (f) 2000 x magnification, scale bar = 20 pm.

microspheres, where the control group was the blank medium and the
experimental group was an extract of the G-LAMS microspheres (Fig. 8).
A total of 70 well-spread chromosomes could be examined under a
differential interference contrast microscope using the Giemsa stain.
Fisher’s exact test was conducted to analyze the statistical data. There
was no significant difference in the chromosome aberrations of the
control and experimental groups, as summarized in Table 1.

3.8. Histological and immunofluorescence analysis

The adipogenesis of the developed G-LAMS encapsulated ADSCs
with adipocytes (ADSC-G-LAMS-adipocyte) was evaluated by CD31
immunostaining and H&E staining in the fourth week of subcutaneous
injection. The nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI) and GFP-positive cells corresponded to the ADSCs, which
appeared blue and green under a confocal microscope (Fig. 9(a)). CD31,
the major marker of endothelial cells, was in red. Quantification of the
angiogenesis was achieved by calculating the relative cell number in the
CD31 fluorescence image using the ImageJ software (Fig. 9(b)). The
endothelial cell numbers in the ADSC-LAMS-adipocyte and ADSC-G-
LAMS-adipocyte groups were much higher than those in the
ADSC-adipocyte group. In contrast to the microspheres without Rgl
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(ADSC-LAMS-adipocyte), the microspheres containing Rgl (ADSC-G-
LAMS-adipocyte) showed the highest number of endothelial cells in
adipose tissues (Fig. 9).

The H&E stain also presented results similar to those of CD31. The
neo-blood vessels, indicated by arrows in Fig. 9(a) in the ADSC-G-
LAMS-adipocyte group, were much larger than those of the other two
groups. The injected microspheres (asterisk) were fully integrated into
the host tissue.

3.9. Blood element analysis and serological analysis

Whole blood was collected from the rats, before sacrifice, for blood
element analysis and serological analysis. Compared to the reference
value (Charles River Laboratories, CD® IGS Rat Model Information
Sheet), the data of the blood element analysis (Table 2) and serological
analysis (Table 3) were all within the normal range. The results indi-
cated that the laminin-alginate microspheres with or without Rgl
showed no systemic toxicity.

4. Discussion

Alginate is a biodegradable polymer in which cells can be



L-H. Yang et al.

120-
e el
__100- L
X
.é' 80'
S 604
I
2 40-
S
20
0" T T
AN AN AN
&° &° &° W
& & & ¥
€) <o 9 o
R\ R\
& S
P &
Q° QW

Fig. 3. Cell viability of G-LAMS microspheres was evaluated by 3T3-L1
viability according to guidance of ISO-10993; results were terms of cytotox-
icity. 3T3-L1 cultured in DMEM was set as the control group. ZDEC extract was
selected as the positive control group, Al,Os3 extract as the negative con-
trol group.

encapsulated and transplanted into the animals for numerous applica-
tions [35,36]. However, alginate lacks domains for cell recognition.
Laminin, a major extracellular matrix glycoprotein, has been reported to
play an important role in influencing cell differentiation, migration, and
adhesion in the early embryonic stage [22-24,37].

In polymer modification, sodium periodate is often used as the
oxidizing agent in synthesizing oxidized polymer [38-40]. In this study,
laminin was modified by alginate by a relatively low concentration of
NalO4 with a long reaction time to synthesize achieve better cell
viability and lower cytotoxicity, as shown in Figs. 1-4. The developed
laminin-modified alginate was mixed with ADSCs and Rg1 in a medium;
thereafter, it was sprayed into a CaCl, solution by bio-electrospraying

Calcein AM

Day 1

Day 5

EthD-1
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with a power syringe to form ADSC-G-LAMS microspheres. The pre-
pared ADSC-G-LAMS microspheres were collected and combined with
adipocytes to produce the necessary growth factors to make ADSCs to-
wards the adipogenic pathway.

It has been reported that the diameter of the microspheres should be
smaller than 350 pm to minimize the fibrosis reaction [41]. The fibrosis
reaction can cause fibrous capsule contraction and results in an
implanted breast with low tactile quality [42]. The average diameter of
the microspheres prepared using the bio-electrospray method was 232
+ 42 pm (Fig. 2), which was convenient for injection. In addition, the
small diameter could shorten the diffusion distance of the nutrition and
oxygen, to make encapsulated cells with high proliferation and survival
rates (Figs. 3 and 4).

Ginsenoside Rg1 is a bioactive extract from Panax ginseng, which has
commonly used as the Chinese herbal medicine [43]. It has estrogen-like
properties; therefore, it can interact with a glucocorticoid receptor and
activate nitric oxide synthase [44,45]. Nitric oxide is well known to be
an important factor in the mediation of angiogenesis and the prolifera-
tion of endothelial cells [44,46]. It was noted that the bioactivity of Rgl
was not affected by the temperature, pH, and solvents, compared with
protein-based growth factors [47]. Rgl also affects mesenchymal stem
cells (MSCs) proliferation, differentiation, and apoptosis [48]. One study
showed that Rgl could promote endothelial differentiation of human
MSCs in vitro [49]. Other results also showed that Rgl could attract the
rabbit bone marrow MSCs to migrate to local myocardial tissues and
differentiate into vascular endothelial cells for the capillary regenera-
tion of infarcted myocardium tissue in vivo [50]. In addition, it was re-
ported that Rgl mixed with collagen and increased the micro-vessel
density in the nude mice model for soft tissue regeneration [51]. In this
study, Rgl was selected as a bioactive molecule, enclosed in the
laminin-modified alginate microspheres, and proved the tube formation
ability using the Matrigel™ model (Figs. 5 and 6). In the study of the Rg1
release profile, an initial burst occurred on the first day. We believe that
it is necessary to provide sufficient signals to attract the MSCs for tissue
reconstruction (Fig. 9). The sustained release of Rgl was to induce
encapsulated ADSCs or homing MSCs towards neo-vascularization to
sustain the injected ADSCs or adipocytes survival, to combine tissue
growth and repair.

In this study, several genes were selected to confirm that PI3K/AKT/

Merge

Fig. 4. Evaluation of ADSCs in ADSC-G-LAMS by a live/dead staining assay. ADSCs were encapsulated in G-LAMS microspheres and analyzed at day 1 and day 5.
The living cells in green were stained with calcein AM, and the dead cells colored in red were stained with ethidium homodimer-1 (EthD-1). Scale bar = 100 pm. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Releasing profiles of Rgl from G-LAMS microspheres. Cumulative Rgl released curve was measured by HPLC.
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Fig. 6. Tube formation ability of Rg1 released from G-LAMS microspheres was tested by HUVEC tube formation assay with Matrigel™, where (a) Control: medium
with 2% FBS (b) Positive control: medium with 2% FBS and endothelial cell growth supplement (ECGS); and (c) G-LAMS: medium with 2% FBS and released Rgl
from G-LAMS microspheres without ECGS. Scale bar = 200 pm. (d) Quantification using ImageJ software. (p < 0.05, *; p < 0.001, ***, compared to control group by

one-way ANOVA with Tukey’s multiple comparisons test.)

eNOs was the major pathway to induce HUVEC vascularization under
Rg1 stimulation (Fig. 7(a)-7(d)). In addition, we noticed that the eNOs
gene expression in the LAMS microspheres was much higher than that in
the control group; however, there were no significant differences in the
gene expression related to the PI3K/AKT pathway. It has been shown
that laminin can influence endothelial shear sensing and mechano-
transduction through focal adhesion kinase (FAK). Shear-induced
eNOs synthesis may occur in endothelial cells [52-54]. We believe
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that the difference in the eNOs expressions of the LAMS and control
group might be partially attributed to laminin, instead of Rgl. The
detailed mechanism of the laminin action is not discussed in detail in
this paper; however, it still yields a promising result that the combina-
tion of Rgl with laminin-modified alginate carriers can have significant
effects on angiogenic properties. The results of the chromosome aber-
ration by the CHO cells and Giemsa stain showed that the synthesized
G-LAMS microspheres were not associated with genotoxicity, as shown
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Fig. 7. Gene expression of HUVECs after starvation for 4 h and treatment with materials for 1 h. Relative (a) PIK3CA, (b) PIK3R1, (c) AKT3, and (d) eNOs gene

expressions were measured by Q-PCR and normalized by GAPDH gene expression. (p < 0.05, *; p < 0.01, **; p < 0.001, *** compared to control group; p < 0.05, #; p
< 0.01, ##; p < 0.001, ### compared to LAMS group by one-way ANOVA with Tukey’s multiple comparisons test.)
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Fig. 8. Genotoxicity assay evaluation using CHO cell chromosome aberration assay. CHO cells were treated with (a) negative control observed under 40 x
magnification and (b) negative control examined under 100 x magnification; aberrations were compared with (c) experimental group with G-LAMS extract observed
under 40 x magnification and (d) experimental group added with G-LAMS extract observed under 100 x magnification.

in Fig. 8 and summarized in Table 1.

In adipose tissue engineering, new blood vessel formation is impor-
tant for the transplanted cell survival and reducing the grafting volume
shrinkage [55]. In animal studies, the materials were cocultured with

autologous adipose tissue, forming an injectable engineered fat. Adi-
pocytes have been reported to release various signals to regulate local
MSCs or ADSCs towards adipogenic differentiation [56-59]. The results
of the animal study showed that the ADSC-G-LAMS-adipocyte group
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Table 1
Chromosome aberrations of the negative control and G-LAMS treated CHO
cells.™.

Treatment  Aberrant Total Aberration P-
metaphases metaphases frequency value

Control 5 70 0.071

G-LAMS 2 70 0.029 NS

@ Summary data of genotoxicity results from negative control group and G-
LAMS treated CHO cells. P-value derived from Fisher’s exact test. NS = Not
significant.

exhibited the highest number of neo-blood vessels and endothelial cells
with remarkable adipogenesis, as displaced in Fig. 9. The results of the
blood element analysis and serological analysis further confirmed the
safety of the prepared cell-laden adipo-graft (Tables 2 and 3).

In this study, the efficacy of the developed ADSC-G-LAMS micro-
spheres was determined by comparing them with ADSC-LAMS

~
}--]
N’

DAPI GFP CD31

adipocyte ~ ADSC-adipocyte

ADSC-LAMS-

ADSC-G-LAMS-
adipocyte
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microspheres and ADSCs. The Rgl release from the ADSC-G-LAMS mi-
crospheres enhanced the angiogenesis. ADSCs and adipocytes played
important roles in the adipogenesis. These results were confirmed both
in vitro and in vivo. In the future, the microspheres prepared in this study
might be developed to deliver other bioactive molecules, growth factors,
and drugs for other applications in stem cell therapy and tissue
engineering.

5. Conclusion

In this study, we successfully synthesized laminin-modified alginate
to mimic the embryonic environment. The bioactive ADSC-G-LAMS
microspheres prepared by the bio-electrospray method and provided a
good environment to allow the ADSCs to survive, proliferate, and shift
towards the desired differentiation pathway without cytotoxicity, gen-
otoxicity, and systemic toxicity. The sustained release of Rgl could
induce the encapsulated ADSCs or homing MSCs towards neo-
vascularization to enhance the ADSC or adipocyte survival rate to join
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Fig. 9. In vivo analysis of grafts after 4 weeks (a) Inmunofluorescence staining of CD31 on adipose tissue sections from implant site. CD31 was used as endothelial
cell marker. Nuclei were stained with DAPI, and GFP-positive cells were observed by confocal microscopy. In H&E staining, arrows indicate blood vessels, and
asterisks indicate the implanted microspheres. Scale bar = 100 pm, (b) Quantification of angiogenesis was determined by calculating relative cell number in CD31
fluorescence image by ImageJ. (Data in (b) were measured by four independent experiments, and at least five fields were taken per section.) (p < 0.05, *; p < 0.01,
** p < 0.001, ***, compared to the ADSC-adipocyte group; p < 0.05, #; p < 0.01, ##; p < 0.001, ### compared to the ADSC-LAMS-adipocyte group by one-way

ANOVA with Tukey’s multiple comparisons test.).

Table 2
Blood element analysis.
ADSC-adipocyte ADSC-LAMS-adipocyte ADSC-G-LAMS-adipocyte Reference”

RBC (M/pL) 8.27 £ 0.41 7.67 £ 0.36 8.03 £ 0.42 7.37 £1.09
HGB (g/dL) 16.90 + 0.62 15.20 + 0.89 15.57 + 1.03 16.52 + 2.72
HCT (%) 52.57 + 3.33 44.12 + 4.20 47.17 + 2.84 48.45 +7.14
MCV (fL) 63.57 £ 1.60 60.16 +1.23 58.77 + 0.83 65.49 + 6.46
MCH (pg) 20.47 + 0.80 19.80 + 0.35 19.37 +£ 0.34 22.40 +1.35
MCHC (g/dL) 32.20 + 1.04 32.94 + 0.26 33.00 + 0.22 34.10 + 2.34
PLT (K/pL) 1274.67 + 339.01 1109.80 + 170.04 1182.67 + 21.14 1583.22 + 378.23
WBC (K/pL) 9.09 £+ 0.62 9.10 £+ 2.59 9.03 £ 1.90 10.17 + 3.72
NEUT (K/pL) 2.72 £ 0.85 2.43 +£1.75 3.25 £ 2.03 2.62 +£1.24
LYMPH (K/pL) 5.49 £ 1.10 6.24 + 2.35 5.18 £0.23 6.73 £ 2.64
MONO (K/pL) 0.72 £ 0.43 0.25 + 0.07 0.41 £ 0.10 0.62 £ 0.28
EO (K/pL) 0.14 + 0.05 0.16 + 0.04 0.16 + 0.05 0.15 £ 0.16
BASO (K/pL) 0.02 £+ 0.01 0.02 £+ 0.02 0.04 £+ 0.01 0.04 £ 0.05

) Charles River Laboratories, CD® IGS Rat Model Information Sheet. RBC: red blood cell; HGB: hemoglobin; HCT: hematocrit; MCV: mean corpuscular volume:
MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin concentration; PLT: platelet; WBC: white blood cell; NEUT: neutrophil; LYMPTH:

lymphocyte; MONO: monocyte; EO: eosinophil; BASO: basophil.
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Table 3
Serological analysis.
ADSC-adipocyte ADSC-LAMS-adipocyte ADSC-G-LAMS-adipocyte Reference”’
ALT (U/L) 46.25 + 5.54 40.80 £ 2.56 48.25 +13.37 56.72 + 32.40
AST (U/L) 82.40 + 6.06 82.12 + 6.64 114.45 + 54.42 111.88 + 65.11
BUN (mg/dL) 17.92 + 2.84 16.25 +1.71 16.73 +1.93 13.45 + 4.19
Crea (mg/dL) 0.45+0.11 0.50 + 0.15 0.43 + 0.04 0.47 £ 0.10

¥ Charles River Laboratories, CD® IGS Rat Model Information Sheet. ALT: alanine aminotransferase; AST: aspartate aminotransferase; BUN: blood urea nitrogen;

Crea: creatinine.

tissue growth and repair with adipogenesis for breast reconstruction
after lumpectomy. These findings fully support that the ADSC-G-LAMS
microspheres can be potential scaffolds for stem cells and angiogenic
factor carriers for adipose tissue engineering.
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