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A B S T R A C T

Obesity and its associated comorbidities place a substantial burden on public health. Given the considerable
potential of brown adipose tissue in addressing metabolic disorders that contribute to dysregulation of the body’s
energy balance, this area is an intriguing avenue for research. This study aimed to assess the impact of various
polymers, including collagen type I, fibronectin, laminin, gelatin, gellan gum, and poly-L-lysine (PLL), on the in
vitro brown adipogenic differentiation of dedifferentiated fat cells within a fibrin gel matrix. The findings, ob-
tained through RT-qPCR, immunofluorescent imaging, ELISA assay, and mitochondria assessment, revealed that
PLL exhibited a significant browning-inducing effect. Compared to fibrin-only brown-like drops after two weeks
of incubation in brown adipogenic medium, PLL showed 6 (±3) times higher UCP1 gene expression, 5 (±2) times
higher UCP1 concentration by ELISA assay, and 2 (±1) times higher mitochondrial content. This effect can be
attributed to PLL’s electrostatic properties, which potentially facilitate the cellular uptake of crucial brown
adipogenic inducers such as the thyroid hormone, triiodothyronine (T3), and insulin from the induction medium.

1. Introduction

Obesity, marked by an excessive accumulation of body fat, is a
complex and far-reaching global health issue [1]. It is a significant risk
factor for a range of serious diseases including, but not limited to, type 2
diabetes [2], high blood pressure [3], heart disease [4], stroke [5],
certain cancers [6], musculoskeletal problems [7], and respiratory is-
sues [8]. According to the 2023 World Obesity Atlas, obesity is antici-
pated to affect nearly two billion individuals globally by 2035 [9].
The increasing prevalence of global obesity has highlighted the

importance of studying adipose tissue and its related metabolic com-
plexities. Among mammals, adipose tissue is mainly classified into two
types: white adipose tissue (WAT), responsible for storing energy as
intracellular triglycerides and secreting hormones, and brown adipose
tissue (BAT), involved in regulating body temperature through non-
shivering thermogenesis [10]. Additional adipose tissue types such as
beige/bright [11], pink [12], and yellow [13] have also been

documented in scientific literature [14]. Brown adipocytes facilitate
heat dissipation by uncoupling proton transport from ATP synthesis.
Due to their abundant mitochondria and the presence of “uncoupling
protein 1” (UCP1) [15], BAT can convert electrochemical energy
generated during respiration into heat by uncoupling of lipid oxidation
from ATP generation in mitochondria [16,17]. This metabolic process
contributes to oxygen uptake, caloric consumption, and body tempera-
ture regulation [17]. Because BAT strongly impacts calorie expenditure,
it is considered a potential therapeutic target in combating obesity.
White adipocytes exhibit high plasticity and high reprogramming

capacity. In vitro, mature adipocytes can undergo reprogramming,
transitioning into dedifferentiated fat cells (DFAT cells), recognized as a
novel form of stem cell [18]. Once adhered in fully medium-filled cell
culture flasks, white adipocytes shed their cytoplasmic lipid content,
evolving into DFAT cells within approximately one week [19]. Through
this process, they acquire multipotent characteristics similar to mesen-
chymal stem cells (MSC), expressing MSC-related markers such as CD44,
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CD90, CD73, and CD105 [20], displaying substantial redifferentiation
potential across osteogenic [21,22], chondrogenic [23], and adipogenic
[24] lineages. This exceptional capacity for redifferentiation, combined
with a straightforward isolation process [18,25], establishes DFATs as a
valuable and abundant resource applicable in tissue engineering,
regenerative medicine, cell therapy, and stem cell research. As detailed
in our previous study [26], DFATs offer important advantages, such as
their relatively easy and abundant acquisition from waste adipose tis-
sues obtained through procedures like liposuction, compared to
adipose-derived stem-cells (ADSCs), in tissue engineering studies.
Given its critical role, the engineering of adipose tissue represents a

promising avenue for assessing and enhancing endocrine metabolism
within the body [27–29]. Various scaffold materials have been explored
to emulate the native tissue environment and bolster adipose tissue
biological functions, but there has been less research conducted on
thermogenic adipose tissue engineering as a therapeutic approach for
obesity-related diseases [30]. The materials used in these few studies
have been a range of natural and synthetic options such as collagen type
I [31], hyaluronic acid [32], gelatin [33], and polyethylene glycol (PEG)
derivatives [34,35].
In this study, we chose fibrin gel for the basic material to construct

our tissues. It is a well-regarded option in tissue engineering research
owing to its biocompatibility, biodegradability, and non-toxic nature.
Typically serving as a matrix or carrier for cells in adipose tissue engi-
neering studies [36,37], it is commonly used as a matrix or cell carrier.
Used by themselves, standalone fibrin gels have a limited impact on
adipogenesis [36], and their dehydration and degradation in extended
culture conditions restrict their utility. Nevertheless, they do offer me-
chanically conducive environmental conditions for soft tissue engi-
neering applications. When combined with collagen microfibers (CMF),
this gel facilitates the regeneration of the structure of adipose tissue
before implantation, employing white adipocytes, resulting in notably
high cell viability [37]. However, a review of the relevant literature on
in vitro brown adipose tissue engineering was unable to identify any
study reporting the effect of a fibrin matrix mixed with different poly-
mers on brown adipogenic differentiation.
We therefore generated brown-like adipose tissue drops by encap-

sulating DFATs derived from human white adipocytes within fibrin gel
mixed with various biopolymers, including collagen type I, collagen type
IV, fibronectin, laminin, gelatin, gellan gum (GG), and poly-L-lysine
(PLL) as a cationic polymer. We investigated the impact of polymer
supplementation on browning through lipid droplet size analysis,
mitochondrial assessment, oxygen consumption rates and PCR analysis
within the developed drops. This proposed research could have a pro-
found impact, providing potential applications for PLL in the field of
thermogenic adipose tissue engineering to address obesity and related
comorbidities.

2. Materials and methods

2.1. Chemicals and reagents

Fibrinogen (from bovine plasma, F8630), Thrombin (from bovine
plasma, T4648), Fibronectin (from human plasma, F2006), Collagen
type IV (from human placenta, C7521), Poly-L-lysine (PLL, P4707), Poly-
L-lysine FITC conjugated (P3543), Phosphate buffered saline powder
(PBS, D5652), Collagenase from Clostridium histolyticum (Type I, C0130)
and Triton-X 100 (T8787), Bovine Serum Albumin (BSA, 3294), Dexa-
methasone (D4902), Indomethacin (I7378) 3-Isobutyl-1-methylxan-
thine (IBMX, I5879), Insulin (I6634) Rosiglitazone (R2408), 3,3′,5-
Triiodo-L-thyronine sodium salt (T3, T6397), Hoechst 33,324 (H3570)
were purchased from Sigma-Aldrich (St Louis, MO, USA). Trypan Blue
(T10282), MitoTracker™ Deep Red FM (M7212), UCP1 polyclonal
antibody (PA1-24894), Qubit HS DNA Assay Kit (Q3285), Anti-rabbit
secondary antibody Alexa Fluor® 647, Nile Red (N1142), PicoPure™
RNA Isolation kit (KIT0204) Penicillin, Streptomycin were obtained

from Thermo Fisher Scientific (Whaltam, MA, USA). Gelatin
(077–03155), 4%-paraformaldehyde (16,310,245), Na2SO3
(198–03412), Trypsin (207,192–83) were purchased from Wako Pure
Chemical Industries (Tokyo, Japan). Collagen type I FAM conjugated
(AS-85111) obtained from Funakoshi (Tokyo, Japan). Anti Heperan
Sulphate (370255-S) was purchased from AMS Biotechnology (Abing-
don, UK). Dulbecco’s Modified Eagle Medium (DMEM) high glucose
(08458–16) was came from Nacalai Tesque Inc. (Kyoto, Japan). Anti-
mouse Heparan Sulphate antibody (370255-S) purchased from AMS
Biotechnology (Europe) Limited, Abingdon, UK. Human UCP1 ELISA Kit
(MBS451508) was purchased from MyBioSource (San Diego, USA).
Oxoplate 96-well round-bottomed OxoPlate (OP96U) was came from
PreSens Precision Sensing, (Regensburg, Germany). Live/Dead®
viability assay kit (PK-CA707-30002) purchased from PromoKine (Hei-
delberg, Germany). Phosphate Buffer Saline (PBS, 14,249–24) was came
from Nacalai Tesque Inc. (Kyoto, Japan). Fetal Bovine Serum (FBS,
10,270,106) was obtained from Gibco. Adipocyte Differentiation me-
dium (811D-250) was came from Cell Applications Inc. (San Diego,
USA). Collagen type I (from bovine dermis, Atelocell, IPC-50) was pur-
chased from Koken (Tokyo, Japan). Laminin (354,259) was obtained
from Corning (Arizona, USA). Gellan Gum (8H1121A) was came from
Sansho (Osaka, Japan). Phalloidin-iFluor 594 Reagent (ab176757 pur-
chased from Abcam (Cambridge, UK). RNase-free DNase set (79,254)
was purchased from Qiagen (Hilden, Germany). iScript™ cDNA Syn-
htesis Kit, Bio-Rad (California, USA). TaqMan gene expression assays
(Applied Biosystems) was purchased from Thermo Fisher Scientific
(Whaltam, MA, USA).

2.2. Cell culture experiments

2.2.1. Obtaining of DFATs
DFATs were obtained using our previously reported method [26].

Human adipose tissues were obtained from patients at Kyoto University
Hospital, then mature adipocytes were freshly isolated. Briefly, tissues
were washed with phosphate-buffered saline (PBS) with 5 %
penicillin-streptomycin. Adipose tissue as 2–3 g per well of a 6-well
plate, was minced, and a collagenase solution (2 mg/mL in Dulbecco’s
modified Eagle Medium (DMEM) with 5 % bovine serum albumin (BSA)
and 1 % penicillin-streptomycin) was added for 1 h at 37 ◦C with 250
rpm rotation. After filtration and centrifugation, mature adipocytes
were collected from the top layer, and stromal vascular fraction from the
bottom. After discarding the in-between liquid, washing was performed
with PBS with 5 % BSA, 1 % penicillin-streptomycin and a final wash in
DMEM with 10 % fetal bovine serum (FBS) and 1 %
penicillin-streptomycin. Then, freshly isolated mature adipocytes were
cultured at a seeding density of 5.0× 104/cm2 in polystyrene flasks fully
filled with DMEM containing 20 % FBS and 1 % penicillin-streptomycin.
The flasks were securely capped to prevent medium leakage and incu-
bated at 37 ◦C for one week. After incubation, the medium was aspi-
rated, and the resulting DFATs were detached through trypsinization
(Trypsin-EDTA 0.25 %). These obtained DFATs (passage numbers 4 to 7)
were used in subsequent experiments.

3. Ethics statement

The adipose tissues were collected from Kyoto University Hospital
(Kyoto, Japan) after abdominal adipose tissue or liposuction isolation of
three human donors aged 41, 45, and 53 years old, with a BMI of 22.40,
25.78, and 20.46, respectively. All use was approved by the Osaka
University Research Ethics Review Committee (approval number:
L026).

3.1. BAT drops seeding

The graphical overview of the sample preparation is shown in Fig. 1.
DFATs were mixed at a seeding density of 4.0 × 106 cells/mL with a
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fibrinogen solution (final concentration of 6 mg/mL from a stock solu-
tion (50 mg/mL) in DMEM 0 % FBS, 1 % penicillin-streptomycin,
filtered using a 0.2 μm filter) and a thrombin solution (final concen-
tration of 3 U/mL from a stock solution (10 U/mL) in DMEM, 10 % FBS,
1 % penicillin-streptomycin, filtered using a 0.2 μm filter). The resulting
mixture was directly seeded to a 96-well ultra-low attachment round-
bottomed plate at a volume of 5 μL using wide pipette tips and incu-
bated at 37 ◦C for 20 min for gelation. Subsequently, after adding 80 μL
of growth medium (GM, 10 % FBS, 1 % penicillin-streptomycin in high-
glucose DMEM) to detach drops, samples were transferred to a 24-well
ultra-low attachment plate and incubated in 500 μL of GM in each
well for 2 days. The culture medium was then fully replaced with brown
adipogenic differentiation medium (BAM), containing 0.5 μM dexa-
methasone, 125 nM indomethacin, 250 μM IBMX, 850 nM bovine in-
sulin, 1 μM rosiglitazone, 120 nM triiodothyronine (T3), 1 % penicillin-
streptomycin, and 10 % FBS in high-glucose DMEM [34]. For
polymer-mixed drops, all polymers (collagen type I, fibronectin, lami-
nin, collagen type IV, gelatin, GG) were first dissolved in PBS (pH 7.4),
filtered through a 0.2 μm filter, and then mixed with the cell-fibrin gel
mixture at a final concentration of 50 μg/mL, except for PLL. For
PLL-mixed drops, the polymer was mixed at concentrations of 5, 10, or
20 μg/mL. Samples were cultured in BAM for 2 weeks, with half the
medium replaced every two days throughout the culturing period. To
obtain WAT drops, samples were cultured in Adipocyte Differentiation
Medium (Cell Applications Inc.) for 2 weeks with half the medium
replaced every two days throughout the culturing period. For undiffer-
entiated DFAT drops in fibrin gel, samples were cultured in GM for the
same duration with half the medium replaced every two days.

3.2. Immunofluorescence imaging

After the two-week incubation in BAM and WAM, the samples were
washed three times with PBS, followed by fixation in a 4 % para-
formaldehyde solution in PBS overnight at 4 ◦C. To enhance perme-
ability, samples were treated with 0.05 % Triton X-100 in PBS for 15 min
and then incubated for 1 h at room temperature in 1 % BSA in PBS to
minimize nonspecific staining. The anti-UCP1 antibody, diluted in 1 %
BSA (1:500 dilution), was applied to the samples overnight at 4 ◦C.

Subsequently, the samples were exposed to Alexa Fluor® 647 secondary
antibodies (dilution 1:200) for 2 h at room temperature. Intracellular
lipid accumulation was visualized using Nile Red (final concentration:
50 ng/mL), and nuclei were counterstained with Hoechst (final con-
centration: 10 ng/mL). For mitochondrial staining on days 7 and 14,
samples were washed three times with PBS and incubated in Mito-
Tracker dye diluted in medium (10 % FBS, 1 % penicillin-streptomycin
in DMEM high glucose without phenol red) for 30 min at 37 ◦C in a 5 %
CO2 incubator. The samples were then washed with PBS. All samples
were rinsed in PBS and examined using an FV3000 Confocal Laser
Scanning Microscope (CLSM) (Olympus, Tokyo, Japan). To compare
UCP1 content, lipid accumulation, and mitochondrial abundance, Z-
stack images were captured using the same procedures, and maximum
intensity projection was performed while maintaining consistent expo-
sure time and excitation power for all samples. Data were acquired by
measuring the total fluorescence intensity of UCP1, lipid droplets, and
MitoTracker, normalized to the total fluorescent intensity of Hoechst for
each drop, using Image J software (Fiji for Mac OS X). For the heparan
sulphate staining on DFATs incubated in fluorescein isothiocyanate
(FITC)-labeled PLL (final concentration: 10 μg/mL) including DMEM
(10 % FBS, 1 % penicillin-streptomycin), cells were seeded on a 96-well
plate with 10,000 DFATs per well. After 24 h incubation in GM at 37 ◦C
in a 5 % CO2 incubator, the medium was removed, FITC-PLL mixed in
GM was inserted and the cells were incubated for 24 h. After fixation,
permeabilization and blocking steps, the anti-heparan sulphate anti-
body, diluted in 1 % BSA (1:100 dilution) was applied to the samples
overnight at 4 ◦C. The samples were then exposed to Alexa Fluor® 647
secondary antibodies (dilution 1:200) for 2 h at room temperature.
Nuclei were counterstained with Hoechst (final concentration: 10 ng/
mL). All samples were rinsed in PBS and then examined using an FV3000
CLSM (Olympus, Tokyo, Japan).

3.3. Lipid droplet size measurement

The samples incubated in BAM and white adipogenic medium
(WAM) were subjected to intracellular lipid accumulation staining using
Nile Red, with nuclei counterstained using Hoechst (see 2.3. for details).
Subsequently, the samples were rinsed in PBS and then examined on a

Fig. 1. Schematic overview of the research design. DFATs were encapsulated within a fibrin gel by using a round bottom 96 well plate with variety of polymers, then
samples transferred into ultra-low attachment 24 well plate and cultured in brown adipogenic induction medium for 2 weeks. Mixed polymers are collagen I, collagen
IV, fibronectin, laminin, gelatin, and gellan gum, and PLL.
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glass-bottomed surface dish using an FV3000 CLSM (Olympus, Tokyo,
Japan) at a 60× magnification with immersion oil. Lipid droplet sizes
were quantified using Image J (Fiji for Mac OS X), with 200 droplets
measured for each image.

3.4. Cell viability assay

To assess the cell viability in PLL-mixed drops with different PLL
concentrations (0, 10, 20 and 50 μg/mL), samples were cultured in GM
overnight. Subsequently, a Live/Dead® viability assay kit was applied
and compared with samples containing only fibrin. After three washes
with PBS, cells were stained using Calcein, (final concentration: 2 μM/
green for living cells), and Ethidium Homodimer-1 (final concentration:
4 μM/red for dead cells) for 30 min at 37 ◦C in the dark, followed by
imaging using an FV3000 CLSM (Olympus, Tokyo, Japan). The per-
centages of cell viability were quantified using Image J software on Z-
stack images, captured with consistent laser power and step sizes for
each.

3.5. RT-qPCR analysis

Gene expressions were assessed using real-time quantitative poly-
merase chain reaction (RT-qPCR). Total RNA from drops (6 drops
combined per replicate) was isolated using a PicoPure™ RNA isolation
kit according to the manufacturer’s instructions. The extracted RNA was
quantified using a Nanodrop™ N1000 device (Thermo Fisher Scientific,
MA, USA). To convert the isolated RNA to DNA, an iScript cDNA syn-
thesis kit was used as per the manufacturer’s instructions. For DNA
amplification, cDNA was amplified using Taqman Fast Advanced Mix
with Taqman gene expression assays for UCP1, Cidea, PRDM16, and
RPII (used as a housekeeping gene), following the manufacturer’s pro-
tocol (Supplementary Table 1). The cDNA synthesis and RT-qPCR re-
actions were carried out using a StepOnePlus Real-Time PCR System
(Thermo Fisher Scientific, MA, USA). RT-qPCR analysis was conducted
on cells obtained from the three different donors, for a total number of
replicates from 3 to 9.

3.6. UCP1 ELISA assay

Samples were washed three times with PBS and then treated with
Trypsin-EDTA at 37 ◦C until the fibrin gel dissolved. The cells were
collected by centrifugation, washed with cold PBS three times, and
subjected to three cycles of freezing and thawing. After removing
cellular debris through centrifugation at 1,500g, 4 ◦C for 10 min, a
Human UCP1 ELISA Kit was used following the manufacturer’s in-
structions. Data normalization was achieved by quantifying DNA using a
Qubit HS DNA assay on the ELISA lysates.

3.7. Measurement of oxygen consumption rate

Polymer-mixed samples were washed three times with PBS, then
transferred to a 96-well round-bottomed OxoPlate (OP96U, PreSens
Precision Sensing). Four drops were added per well with DMEM con-
taining 10 % FBS and 1 % penicillin-streptomycin, without phenol red.
For plate calibration, eight wells were designated for 0 % O2 standard
(H2O with 10 mg/mL sodium sulfite) and 100 % O2 standard (respira-
tion media), following the manufacturer’s protocol. Oxygen concentra-
tions were measured on day 14 and after an additional 24 h with the
same plate using a plate reader equipped with two calibration standards
and filter pairs for the indicator (excitation 540 nm, emission 650 nm)
and reference (excitation 540 nm, emission 590 nm). Calibrations and
oxygen levels were calculated following the manufacturer’s manual, and
the oxygen consumption rate in 24 h was determined. Data normaliza-
tion was performed using DNA quantification with a Qubit HS DNA
assay.

3.8. DNA quantification

A Qubit™ DNA HS Assay Kit was used with a Qubit™ 2.0 Fluo-
rometer (Life Technologies, Thermo Fisher Scientific Inc.) for DNA
quantification. Samples were washed with PBS and incubated in
Trypsin-EDTA to dissolve the fibrin gel. They were then subjected to
three cycles of freezing and thawing in Eppendorf tubes. The assay was
performed following the manufacturer’s instructions. For DNA
normalization of the ELISA samples, the assay was performed directly on
ELISA lysates.

3.9. Monitoring of T3 and insulin adsorption on PLL coated surfaces

The PLL coating was applied following the provider’s protocol,
involving a 5-min incubation at room temperature with the addition of
200 μL solution onto a 24-well polystyrene surface. Insulin and T3 so-
lutions were prepared according to the provider’s data sheet and added
to the PLL-coated wells. Subsequently, samples were collected every 10
min, and the UV–Vis absorbances of samples with a final concentration
of 1 μM for T3 and 10 μM for insulin were measured with a UV–Vis/NIR
Spectrophotometer (V 670, Jasco Inc., Japan). The amount of adsorbed
product on the surface over time was calculated using the obtained
absorbance graphs (n = 3).

3.10. Zeta potential measurement

Zeta potential of insulin and T3 solutions were measured by a Mal-
vern ZetaSizer. Solutions were prepared at the same concentration as for
BAM, for T3 120 nM and insulin 850 nM. Then disposable folded
capillary cells were filled with 800 μL of solutions and measurements
were taken by dynamic light scattering at 25 ◦C (n = 3).

3.11. Statistical analysis

ANOVAs were performed using ezANOVA software to determine
significant differences between pairs of data sets. Error bars represent
standard deviation. p values < 0.05 were considered statistically
significant.

4. Results

4.1. Brown adipogenic differentiation medium effect on browning

First, we confirmed the brown adipogenic induction potential of our
culture conditions by comparing BAM and WAM in drop tissue forma-
tion. Lipid droplet size of differentiated brown and white adipocytes is
well defined in the literature [38]. Therefore, we compared the effects of
these two media on lipid droplet sizes. The lipid droplets of samples
cultured in BAM and WAM for a duration of 14 days were stained with
Nile Red, as illustrated in Fig. 2A. Notably, brown-differentiated cells
exhibited significantly smaller (p < 0.001) lipid droplet diameters
compared to their white-differentiated counterparts. The lipid droplet
sizes of brown adipocytes were 2.4 (±0.8) μm, whereas
white-differentiated cells had larger droplets, measuring 7 (±3) μm
(Fig. 2B). This result confirms the morphological distinction between
white and brown adipogenic differentiations. BAT is recognized for its
elevated mitochondrial content. Consequently, mitochondrial content in
both brown-differentiated and undifferentiated cells (BAM and GM
respectively) was evaluated by quantification of mitochondrial abun-
dance through MitoTracker staining, as illustrated in Fig. 2C. The results
revealed a notably higher fluorescence intensity of mitochondria in
brown-differentiated cells as opposed to undifferentiated cells, with a
statistically significant difference (p < 0.05) indicating a substantial
increase of 25 % (±17).
Then, immunocytochemical visualization of the brown adipogenic

marker UCP1 and lipid droplets was conducted on both brown

A.S. Karanfil et al.
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adipogenic differentiated and undifferentiated samples cultured in
BAM, GM, and WAM respectively, as shown in Fig. 2E. Distinct ex-
pressions of both UCP1 and lipid droplet accumulations were exclusively
observed in the BAM group. This result confirms the successful occur-
rence of brown adipogenic differentiation. Accordingly, although the
WAM cultured droplets showed lipid accumulation, they were negative
for UCP1 expression as expected. In general, white adipocytes do not
show UCP1 protein expression [39,40]. In Fig. 2F, higher magnification
representation of samples cultured in BAM is shown. The relative gene
expression levels of BAT-specific genes, UCP1, Cidea, and PRDM16,
were finally assessed by the RT-qPCR analyses. UCP1 serves as a primary
thermogenic marker and plays a crucial role in fatty acid metabolism
[41]. The outcomes showed expressions of these brown

adipogenic-related genes were markedly elevated in comparison to un-
differentiated cells cultured in GM (Fig. 2G). Specifically, the gene ex-
pressions of UCP1, Cidea, and PRDM16were determined to be 58 (±16),
198 (±71), and 4.7 (±0.8) times higher, respectively, in the BAM groups
compared to the GM counterparts. This significant difference observed
in brown-specific genes further corroborates the process of browning.
Based on the comprehensive findings obtained from the evaluation of
various parameters, it is substantiated that the BAM exerts a notable
impact on DFATs encapsulated in fibrin gel and cultured for a duration
of 14 days in terms of browning. This efficacy is evident across multiple
aspects, including lipid droplet size measurements, mitochondrial
abundance assessments, immunocytochemical analyses of UCP1, and
BAT markers’ gene expression evaluations. This culture medium and the

Fig. 2. Brown adipogenic differentiation medium (BAM) and growth medium (GM) effect assessment. A) Lipid droplets of differentiated cells were stained with Nile
Red and Hoechst counterstaining was used to visualize nuclei (blue) (scale bar: 50 μm). B) Lipid droplet sizes of each drop were measured by Image J, with counted
200 lipid vesicle diameters of each drop (n = 3, three independent experiments from one donor). C) Representative MitoTracker staining images of mitochondria
(red) and Hoechst counterstaining was used to visualize nuclei (blue) of fibrin only drops incubated in BAM and GM on day 14. Mitochondria and nuclei of cells are
shown in Merge image (Scale bar: 200 μm). D) Measurement of the MitoTracker fluorescence of the drops incubated in BAM and GM, normalized by the either the
DNA (Hoechst) fluorescence. Results are shown as mean ± standard deviation (n = 5, five independent experiments from one donor), * = p < 0.05. E) Representative
images of immunocytochemical staining of Uncoupling protein 1 (UCP1, magenta), Nile Red was used for lipid droplets (red), and Hoechst counterstaining was used
to visualize nuclei (blue) of fibrin only drops incubated in brown adipogenic differentiation medium (BAM) growth medium (GM) and white adipogenic differen-
tiation medium (WAM) on day 14. UCP1, lipids and nuclei of cells are shown in Merge image (Scale bar: 200 μm). F) Higher magnification of UCP1, lipids and nuclei
of cells are shown in Merge image of fibrin only samples in BAM (Scale bar: 50 μm). G) Relative gene expressions of several brown adipogenic markers on day 14.
Uncoupling protein 1 (UCP1), cell death-inducing DNA fragmentation factor alpha-like effector A (Cidea) and PR domain containing 16 (PRDM16). Results are shown
as mean ± standard deviation (n = 3, three independent experiments from one donor). Data was normalized by RPII (RNA Polymerase II) the house keeping gene.
Statistical differences were obtained by student t-test were shown as * = p < 0.05, ** = p < 0.01. White dots represent data points of each parallel.
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fibrin gel culture conditions were thus used for the next steps assessing
the effect of various added polymers.

4.2. UCP1 and lipid contents of polymer-mixed samples

PLL is well known for its possible cytotoxic effect [42]. Therefore,
before mixing it in the fibrin gel tissues, different concentrations were
compared. The other polymers were added at a final concentration of 50
μg/mL, following the protocol in our previous study [26]. PLL was used
at a concentration of 10 μg/mL based on cell viability analysis results
(Supplementary Fig. 1), since viability was observed to be only 26 %
(±6) in drops containing 50 μg/mL PLL, while all other concentrations
exhibited viabilities exceeding 80 %. Additionally, DNA quantification
analysis (Supplementary Fig. 2) revealed that drops containing 10
μg/mL PLL exhibited a similar amount of DNA content to fibrin-only
drops by the 14th day (174 ± 27 ng/mL for fibrin only, 174 ± 55
ng/mL for PLL group). Since the amount of RNA in cells can serve as a
valuable indicator of cell viability, the RNA concentrations measured

after RNA extraction were examined. It was found that the droplets
containing 5 μg/mL PLL had 63 (±3) ng/mL RNA, while the droplets
containing 10 and 20 μg/mL PLL had RNA concentrations of 37 (±4) and
33 (±10) ng/mL, respectively. However, DNA quantification analysis
and live/dead staining showed that 10 μg/mL PLL is acceptable in terms
of cell viability. Based on these findings, it was decided to maintain the
PLL concentration at 10 μg/mL for subsequent experiments related to
browning.
UCP1 immunofluorescence staining of the polymer-mixed samples

(Fig. 3A) was then assessed and all confirmed the brown adipogenic
differentiation of DFATs in fibrin-only and polymer-mixed fibrin gel on
day 14 in the BAM condition. Additionally, the high magnification im-
ages of PLL-mixed droplets, and the separate channel images of nuclei,
lipid, and UCP1 content are shown in Supplementary Fig. 5.
For the quantification of UCP1 and lipid content in the samples, the

fluorescence intensity of each drop was normalized by DNA fluorescence
(Fig. 3B, white bars). Analyses revealed that none of the polymers,
except PLL, tended to induce an increase in UCP1 content (white bars).

Fig. 3. A) Representative images of immunocytochemical staining of UCP1 (magenta), lipid droplets by Nile Red (red), and Hoechst counterstaining was used to
visualize nuclei (blue) of polymer mixed brown-like adipose drops on day 14. UCP1, lipids and nuclei of cells are shown in Merge image (Scale bar: 200 μm, for high
magnification image scale bar: 50 μm). B) Measurements of the UCP1 (light grey bars) and Nile Red fluorescence of drops (red bars), normalized by either the DNA
(Hoechst) fluorescence. Results are shown as mean ± standard deviation (n = 3, three independent samples from one donor). Statistical differences were obtained by
Anova statistical tests were shown as * = p < 0.05 for UCP1, # = p < 0.05 for lipids. C) UCP1 Elisa results of polymer mixed drops. Results are shown as mean ±

standard error (n = 3, three independent experiments from one donor). Statistical differences were obtained by Anova statistical tests were shown as * = p < 0.05.
White dots represent data points of each parallel.
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In drops containing PLL, the fluorescence intensity of UCP1 was 1.5
times higher (±0.2) compared to the fibrin-only group, although it was
not statistically significant (p > 0.0509). In a comparable manner, the
measured lipid content revealed that no statistically significant differ-
ence was observed among polymer-mixed groups when compared
exclusively to samples containing only fibrin (Fig. 3B, red bars). How-
ever, statistically significant differences were evident between laminin
and collagen type IV, as well as PLL and GG and fibronectin groups.
Remarkably, PLL exhibited the highest lipid content value in this sta-
tistical comparison of 1.1 (±0.1). Immunofluorescent images indicate
that PLL may have increased both UCP1 expression and lipid content.
The UCP1 concentrations in polymer-mixed samples were confirmed by
ELISA assay and compared with those from the fibrin-only group
(Fig. 3C), normalized by DNA content. Notably, PLL demonstrated the
highest relative concentration of 5 (±2), compared to the fibrin only
group, while an increase in UCP1 concentration was also observed in the
case of gelatin, laminin, and fibronectin mixed drops albeit to a lesser
extent. This ELISA result further supports the inducing effect of PLL on

brown adipogenesis.

4.3. Relative gene expression analysis of polymer-mixed brown-like drops

The relative gene expression of the three brown adipogenic markers
UCP1, Cidea and PRDM16 was next analyzed to confirm the brown
adipogenic differentiation of DFATs in fibrin-only and polymer-mixed
fibrin gels (Fig. 4). PLL-mixed drops (10 μg/mL), when compared to
the other groups, induced a significantly higher UCP1 gene expression,
with a relative fold increase value of 6 (±3) compared to fibrin only.
Additionally, an increase in PLL concentration in PLL-mixed droplets,
with fibrin gel, at concentrations of 5, 10, and 20 μg/mL resulted in a
corresponding increase in UCP1 expression, with values from 1 (±0.3) to
2.07 (±0.01) (Fig. 4A, right graph), further confirming the meaningful
effect of PLL on the brown adipogenesis differentiation induction.
Concerning the Cidea gene (Fig. 4B), samples containing PLL (10 μg/mL)
had the highest expression at 3 (±3). However, the PLL concentration
effect on Cidea relative gene expression was not significant, with a

Fig. 4. Relative gene expressions of several brown adipogenic markers. A) Uncoupling protein 1 (UCP1), results are shown as mean ± standard error. The results
shown as means ± s.d. of experiments performed on N = 4–9, using 3 different patients’ cells for left graph, n = 3 using 1 patient’s cells for right graph. * = p < 0.05,
** = p < 0.01, *** = p < 0.001. B) Cell death-inducing DNA fragmentation factor alpha-like effector A (Cidea), the results shown as means ± s.d. of experiments
performed on N = 4–6, using 2 different patients’ cells for left graph, n = 3 using 1 patient’s cells for right graph. * = p < 0.05, ** = p < 0.01. C) PR domain
containing 16 (PRDM16). The results shown as means ± s.d. of experiments performed on N = 4–6, using 2 different patients’ cells for left graph, n = 3 using 1
patient’s cells for right graph. * = p < 0.05. PLL was used 10 μg/mL for left graph. Statistical differences were obtained by student-t tests were shown as * = p < 0.05.
White dots represent data points of each parallel.
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maximum of 1.1 (±0.3) for 20 μg/mL. Finally, for PRDM16 relative gene
expression, the results were not significantly different but a similar trend
could be observed in samples containing PLL (10 μg/mL), mirroring the
UCP1 and Cidea gene expression values. For the PLL concentration

comparison, as for Cidea, no significant difference was evident, the
relative expression being 1.07 (±0.05) for 20 μg/mL. In terms of
browning, PLL exhibited an increasing trend in the expression of brown-
specific genes. However, the increased concentration of PLL did not

Fig. 5. Representative MitoTracker staining images of mitochondria (red) and Hoechst counterstaining was used to visualize nuclei (blue) drops incubated in BAM
on day 7 and 14. The mitochondria and nuclei of cells are shown in Merge image (Scale bar: 200 μm) B) The measurement of the MitoTracker fluorescence of the
samples, normalized either the DNA (Hoechst) fluorescence. Results are shown as mean ± standard error (n = 3, three independent experiments from one donor).
Statistical differences were obtained by Anova statistical tests were shown as * = p < 0.05. * = p < 0.05, ** = p < 0.01 when compare with day 7 fibrin only group as
control. • = p < 0.05, •• = p < 0.01 when compare with day 14 fibrin only group as control. C) Oxygen consumption percentages in 24 h. Results are shown as mean
± standard error (n = 3, three independent experiments from one donor). Statistical differencies were obtained by Anova statistical tests were shown as * = p < 0.05,
** = p < 0.01, *** = p < 0.001. White dots represent data points.
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result in a significant difference, except for UCP1 gene expression (p <

0.01).

4.4. Mitochondrial assessments of polymer-mixed brown-like drops

To further assess the impact of the added polymers on the mito-
chondrial content during brown adipogenic differentiation, the

mitochondrial abundance of polymer-mixed samples cultured with BAM
was evaluated on days 7 and 14 (Fig. 5A) and the quantification was
normalized by DNA fluorescence intensity (Fig. 5B). Samples containing
only fibrin (on day 7) were compared with polymer-mixed samples at
both time points (7th and 14th days) and the fibrin-only group (on day
14). Accordingly, when they were examined on the 7th day, the mito-
chondrial abundance in drops containing polymers was not higher than

Fig. 6. Conclusion of the study. A) T3 adsorption monitoring on PLL coating surface according to the time duration based on 302 nm absorption point (n = 3, three
independent experiments). B) Insulin adsorption monitoring on PLL coating surface according to the time duration based on 277 nm absorption point (n = 3, three
independent experiments). C) Representative HSPG staining image of DFATs incubated in GM included F-PLL (green). HSPG (magenta) and Hoechst counterstaining
was used to visualize nuclei (blue) (Scale bar: 10 μm). D) Zeta potential of T3 and Insulin solutions (n = 3, three independent experiments). E) Expected redif-
ferentiation mechanism of DFATs into brown-like adipocyte in PLL mixed fibrin gel. Positively charged PLL may increase the cellular intake of T3 and insulin during
brown adipogenic induction.
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that in the fibrin-only group. While the PLL-containing drops exhibited
significantly lower mitochondrial content on the 7th day, a surprising
increase was observed by the 14th day, reaching 163 (±11) compared to
the day 7 fibrin only samples (100 ± 7). Moreover, across all groups, an
increase in mitochondrial quantity over time was observed, and this
increase was statistically significant for laminin, collagen type IV, and
GG drops compared with fibrin only drops. The increasing abundance of
mitochondria throughout the culture period may suggest that cells
continue their brown adipogenic differentiation. The measurement of
basal oxygen consumption rates in adipocytes has also been previously
reported in the literature [43]. Accordingly, the oxygen consumption
rate of the samples was assessed on the 14th day and the oxygen con-
sumption rate over a 24-h period from this day was calculated (Fig. 5C).
As a result, the oxygen consumption rate within 24 h was highest in
drops containing PLL, reaching a significantly greater value of 138
(±13) than fibrin only drops (100± 13). However, in collagen type I and
laminin drops, oxygen consumption decreased, while the remaining
groups exhibited values close to the fibrin-only group. These data
further confirm PLL’s inducing effect on brown adipogenesis and in-
creases in metabolic activity.

4.5. PLL integration on the DFATs

To confirm the interaction between PLL and DFAT, DFATs were
incubated for 24 h in culture medium containing FITC-labeled PLL
(green, Fig. 6C). Additionally, as PLL is known to possibly interact on
heparan sulphate proteoglycans (HSPG), the location of HSPG was also
identified by immunostaining. As seen in Fig. 6C, an association between
the positively charged polymer and the expression of negatively charged
HSPG (magenta) could be identified on the immunofluorescent images
that might explain how PLL can bind to the cell surface. In Fig. 6E, the
potential mechanism of PLL integration and the subsequent increase in
brown adipogenic inducing molecules are illustrated.

4.6. Monitoring T3 and insulin adsorption on PLL coated surfaces

Positively charged PLL can also interact with negatively charged
proteins, especially culture medium components. PLL might thus pro-
mote the adsorption of specific hormones or proteins from the culture
medium that play a role in brown adipocyte differentiation induction.
To test this hypothesis and further explain the PLL effect for cell
browning, T3 and insulin components of the BAM were chosen. Time-
dependent adsorption curves of T3 and insulin on PLL-coated surface
were observed (Fig. 6A and B), by using the UV absorbance spectra of T3
and insulin (Supplementary Fig. 3). T3 exhibited a peak at around
240–300 nm wavelength and significantly accumulated on the surface
after approximately 30 min (p < 0.05). Insulin, on the other hand,
peaked in the wavelength range of 240–285 nm and reached a maximum
adsorption on the surface after around 50 min (p < 0.05). Finally, to
validate that this adsorption is related to charge interactions, the zeta
potentials of T3 and insulin (− 12 ± 1 and − 10 ± 0.7 mV, respectively)
were assessed (Fig. 6D). Their confirmed negative charges may cause the
observed accumulation due to the electrostatic interaction with PLL.
These results indicate that PLL may interact with insulin and T3 with
electrostatic interaction subsequently enhancing their cellular
bioavailability for the DFAT leading to an increased browning
differentiation.

5. Discussion

In this study, we evaluated the impact of various polymers mixed
into a fibrin matrix on browning. As expected, we first confirmed the
brown adipogenic differentiation effect of BAM on DFAT encapsulated
in fibrin gel. While examining the effect of the medium initially, we
conducted various comparisons, taking into consideration factors such
as the lipid droplet size and metabolic differences such as mitochondrial

abundance and oxygen consumption rate. As clearly identified, the
morphology of lipid droplets in brown and white adipocytes demon-
strates notable differences, with intracellular lipid droplets appearing
large and uniocular in WAT and small and multilocular in BAT [44–46].
As illustrated in Fig. 2A and B, the lipid droplet diameters of brown-like
adipocytes were confirmed to be significantly smaller that their white
differentiated counterparts. Indeed, the unique lipid accumulation pat-
terns in adipocytes actually reflect the functional properties of the fat
cells. White adipocytes efficiently store triacylglycerol in large lipid
droplets, while brown adipocytes store lipids in small, multilocular ones
that facilitate the transport of free fatty acids to mitochondria, pro-
moting effective lipolysis and heat production [44]. On the other hand,
it is known that the increased mitochondrial activity and abundance in
brown adipocytes are associated with their non-shivering thermogenesis
ability [47]. The pivotal factor responsible for this unique process is
UCP1, a protein that briefly allows for the generation of heat instead of
ATP by increasing the permeability of the inner mitochondrial mem-
brane in BAT mitochondria [48,49]. In Fig. 2C and D, when compared
with undifferentiated cells cultured in GM, the increased mitochondrial
content in brown-differentiated cells served as evidence confirming the
successful occurrence of brown adipogenic differentiation, in addition to
the confirmed presence of UCP1 by immunocytochemical staining
(Fig. 2E). The increased expressions of brown-related mRNA expressions
was also observed as shown in Fig. 2G. Here, alongside the validation of
UCP1 gene expression, the increased expression of two other
brown-related mRNAs which are Cidea (involved in lipid droplet
remodeling [41,44]) and PRDM16 (involved in controlling the
differentiation-linked brown fat gene program [41,50]) has confirmed
the process of brown adipogenesis. In the subsequent step, we aimed to
assess the impact of various polymers on browning. While the mecha-
nism of how local factors influence stem cell fate is highly complex,
polymers, as the external factors, can indeed affect crucial cellular
processes such as differentiation, proliferation or apoptosis [51].
Moreover, in combination with all these factors, the process of adipocyte
differentiation is complex, demanding coordinated communication be-
tween external stimuli within a network of receptors and transcription
factors in the nucleus [52]. Consequently, few studies exist on the effect
of polymers on stem cell adipogenesis signaling, especially for browning
induction. On one hand, regarding the effect of ECM-related polymers,
Porras et al. demonstrated that mouse ADSCs cultured in an environ-
ment inducing browning on surfaces coated with collagen type I and
laminin exhibited a decreased tendency for differentiation into
brown-like adipocytes. They suggested that the ECM molecules found at
higher levels in WAT may lead to a decrease in thermogenic capacity by
inhibiting UCP1 expression [53]. In our findings, as demonstrated in
Figs. 3–5, the drops mixed with ECM molecules supported the reported
results, indicating lower UCP1 expressions and a relatively lower oxygen
consumption rate. However, in another related study [31], human MSCs
and endothelial cells were co-encapsulated in a collagen type I gel and
cultured in a BAM. The system demonstrated inducibility for brown
adipogenesis, shown by increased PGC1-α and UCP1 mRNA expression
in differentiating stem cells. The importance of endothelial-stem cell
crosstalk for brown adipogenesis was also emphasized and within the
collagen type I gel, the 1:1 co-culture displayed the most comprehensive
vascular network formation, suggesting a supportive environment for
vascular network development and supporting the upregulation of
vascular endothelial growth factor which can be supporting for brown
adipogenesis [31]. On the other hand, while the impact of charged
polymers on adipogenic differentiation is a promising topic, there are
intriguing findings in the literature, particularly focusing on in vitro
white adipogenesis. The addition of metal ions (Cu2+, Fe3+) to poly-
electrolyte multilayers (PEMs) made from chitosan and alginate can
promote cell adhesion and adipogenic differentiation on stem cells and
fibroblasts. The specific mechanisms by which metal ions influence
adipogenesis may not be fully understood but it has been indicated that
these ions assist in better cell adhesion and the initiation of adipocyte
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differentiation by binding to the polysaccharide layers [54,55]. In
another study, photoreactive polyelectrolytes such as polyallylamine
(PAAm) and poly (acrylic acid) (PAAc) have been demonstrated to
support the adipogenesis of MSCs. These modified surfaces can facilitate
cell attachment and adhesion, thereby promoting adipogenic differen-
tiation [56]. Lee et al. showed that PLL can enhance the white adipo-
genic differentiation of both 3T3-L1 preadipocytes and hMSC by
activating the insulin signaling pathway. As a possible explanation, they
indicated that PLL has the potential to serve as a substitute for insulin, a
critical adipogenic inducer [57]. In our study we used brown adipogenic
differentiation medium which includes T3 that important brown adi-
pogenic inducer. T3 affects brown adipocyte thermogenesis by acutely
increasing UCP1 gene expression via a cyclic adenosine monophosphate
(cAMP)-mediated pathway [58] Additionally, when insulin combined
with T3 in the differentiation medium, it affects brown adipogenic dif-
ferentiation by influencing relevant signaling pathways, such as the
adenosine 5′-monophosphate (AMP)-activated protein kinase (AMPK)
pathway [59]. However, none of these studies evaluated the impact of
charged polymers on brown adipogenic differentiation. In the current
study, we observed that the cationic polymer PLL can significantly
induce brown adipogenic differentiation compared to drops obtained by
mixing collagen type I, laminin, fibronectin, collagen type IV, and GG
with fibrin gel. Together with immunocytochemical analysis and ELISA
assay showing UCP1 expression (Fig. 3), an increase in the BAT-related
gene expressions was highlighted in drops containing PLL (Fig. 4).
Subsequent mitochondrial analyses, particularly on the 14th day,
further confirmed the significant increase in both mitochondrial quan-
tity and oxygen consumption rate due to PLL (Fig. 5). One possible
reason for the high error bars observed in Fig. 4 could be the age-related
decrease in the cellular differentiation abilities of DFATs obtained from
adipose tissues from different donors. Increased donor age has been
reported to negatively impact the differentiation abilities of stem cells in
various studies [60,61]. Therefore, cells obtained from donors with ages
ranging from 41 to 53 may be the cause of the high standard deviations.
On the other hand, while the increased PLL concentration only leads to a
significant increase in UCP1 gene expression (Fig. 4A, right chart), it can
be observed that there is no significant difference between the groups
when considering the expressions of Cidea and PRDM16 genes. One
possible explanation is the fact that Cidea and PRDM16 are early gene
markers compared to UCP1 [62,63], and their expression already
decreased leading to UCP1 late marker increase. Moreover, considering
the cytotoxicity associated with increasing concentrations of polycations
[64], we came to the conclusion that choosing a relatively moderate
concentration would be more advantageous in this study. To go into
further detail about the possible cellular mechanism of the PLL, a linear
lysine polymer carrying a positive charge at neutral pH, it can interact
electrostatically with negatively charged molecules on the cell surface.
One possibility is its interaction with the negatively charged heparan
sulphate proteoglycans (HSPG) as a first step, leading to cell surface
HSPGs mediated endocytosis [65]. In Fig. 6C, the interaction between
FITC-labeled PLL and cell HSPGs can be observed. Based on these
findings, we hypothesized that the enhancing effect of PLL on brown
adipogenic differentiation could be attributed to the co-internalization
of insulin, an effective agent for both white and brown adipogenic dif-
ferentiation, and the thyroid hormone T3, a crucial factor in brown
adipogenic differentiation. Numerous in vitro studies on brown adipo-
genic differentiation involve the inclusion of T3 in the brown adipogenic
differentiation cocktail [61]. T3 hormone activates thermogenesis by
uncoupling electron transfer in BAT mitochondria from ATP synthesis.
Consequently, it is also an important regulator of basal metabolic rate,
and therefore, hypothyroid patients often clinically manifest as over-
weight [66]. It also influences brown adipocyte thermogenesis by
increasing the stimulatory effect of norepinephrine (NE) and enhancing
the acute elevation of cAMP-mediated UCP1 gene expression [67]. In
light of this information, considering the zeta potential of the T3 and the
insulin (Fig. 6D), their electrostatic interactions with the positively

charged PLL provide a possible hypothesis as summarized in Fig. 6E.
Therefore, by initially interacting with the negatively charged HSPG on
the cell surface, PLL may facilitate the uptake of both T3 and insulin into
the cells, thereby triggering brown adipogenesis. However, it is difficult
to predict whether the observed effects are due to the impact of PLL on
the differentiation process itself or due to the effect of PLL-mediated
added hormones [68].

6. Conclusion

In conclusion, our study explored the impact of the culture medium
and various polymers integrated into the fibrin matrix on the process of
brown adipogenic differentiation. In particular, our findings indicated
that the incorporation of the cationic polymer PLL into the fibrin gel can
significantly increase brown adipogenesis, leading to distinct inductions
in the differentiation mechanism compared to other polymers. The
observed electrostatic interaction between PLL and HSPG on the cell
surface suggested a potential mechanism for PLL in facilitating the up-
take of insulin and T3, thereby contributing to brown adipogenic dif-
ferentiation. Our results shed light on the complex interplay of factors
influencing brown adipogenesis, highlighting PLL as a promising
candidate for inducing this intricate process. We believe that further
research is essential to delve into these intricate molecular mechanisms
to uncover potential applications for cationic polymers in the realm of
brown adipogenic differentiation. We further hope that our research will
contribute materially to future studies in this field.
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