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ABSTRACT

Introduction: This study examines the effects of varying L-ascorbic acid (L-AA) concentrations
and initial seeding densities on cell-sheet formation by human dermal fibroblasts (HDFs) and ker-
atinocytes (HaCaT). Both cell types were seeded at either 50,000 or 100,000 cells cm~2 and ex-
posed to 0, 25, 50, or 100 ug mL~! L-AA. Cell-sheet formation was assessed morphologically; cell
viability was quantified by an MTT assay; and gene expression was measured by gRT-PCR using
newly designed primers. Methods: In HDF cultures, the 50 ug mL~! group at a seeding density
of 50,000 cells cm~2 produced the most cohesive and viable sheets, accompanied by a marked
up-regulation of COL1AT1, reflecting enhanced extracellular-matrix synthesis. At 25 ug mL=!, HDF
morphology and viability were similar to those of the untreated control, with no cohesive sheet
formation, whereas 100 ug mL~! induced pronounced cytotoxicity. Results: In HaCaT cultures,
no cohesive sheets were observed at any concentration. Nonetheless, at 50 pg mL~! and 100,000
cells cm=2, confluent HaCaT monolayers displayed increased expression of keratin 14 (KRT14), in-
volucrin (IVL), and Ki-67, indicating enhanced proliferation and early differentiation despite absent
sheet integrity.

Conclusion: Collectively, these findings demonstrate that L-AA promotes sheet formation in fi-
broblasts but not in keratinocytes under two-dimensional monolayer conditions. The limited Ha-
CaT response suggests that co-culture or three-dimensional systems may be required for epithelial
stratification. This study underscores the importance of tailoring L-AA concentrations and cell den-
sities to each cell type in skin tissue engineering.
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INTRODUCTION

The skin, being the largest organ in the body, plays
a critical role in maintaining homeostasis, barrier
function, immune responses, and tissue integrity '.
Thanks to advanced tissue-engineering approaches,
laboratory-generated three-dimensional (3D) cellu-
lar models and cell-sheet technologies show remark-
able potential, especially in the fields of wound heal-
ing, regenerative medicine, and skin-disease mod-
elling?.

Cell-sheet technology allows cells to be harvested
together with their native extracellular matrix
(ECM) in an integrated manner, without requir-
ing enzymatic separation. Cellular structures cre-
ated via this method provide a more physiological
microenvironment in vitro, preserving cell-cell and

cell-matrix interactions?.

Importantly, cell-sheet
engineering is considered a scaffold-free, bottom-up
approach in tissue engineering, because harvested
sheets inherently contain ECM and cell—cell junc-

tions, thereby representing an early form of 3D or-

ganization3,4,5. Modelling skin cells—especially fi-
broblasts and keratinocytes—using this technology
is among the most promising strategies for produc-
ing functional skin tissue®.

Based on the cell-sheet approach, cells can be ob-
tained as a continuous layer without disrupting
intercellular connections and while preserving the
ECM; this contributes to the creation of more ro-
bust and functional structures in tissue-engineering

applications”’,3.

Given its effects on cell prolifera-
tion and differentiation, this technology offers not
only structural but also biological advantages’,”.
Although special materials, such as temperature-
sensitive culture surfaces, are used in classical cell-
sheet formation methods, these techniques are com-
plex and costly. Therefore, cell-sheet production us-
ing L-AA emerges as a more practical and widely
preferred alternative '°,17.

Research has shown that L-AA stimulates fi-
broblasts to synthesize collagen and enhances

ECM production while promoting keratinocyte
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growth‘z,B,M. In addition, ascorbic acid sup-
presses intracellular reactive oxygen species (ROS),
exerts antioxidant effects, and supports cellular pro-
liferation and DNA synthesis ', 6.
ies have demonstrated that ascorbic acid supports
fibroblast ECM production and COL1A1 expres-

sion 10’17

Previous stud-

and contributes to 3D co-culture systems

. However,

involving fibroblasts and keratinocytes
these studies either focused on stem-cell-derived
sheets or complex skin equivalents without directly
comparing keratinocyte and fibroblast responses
under identical conditions. In this study, the effects
of different cell densities and ascorbic acid concen-
trations on cell sheets obtained from HaCaT and
HDF cells were evaluated comprehensively. Cell-
sheet formation was assessed by viability (MTT) and
morphological (crystal violet) staining analyses, af-
ter which gene-expression levels were evaluated in
selected groups using qRT-PCR. Accordingly, this
study presents an original approach that aims to
fill the aforementioned gap in the literature and to
contribute to cell-sheet modelling. Furthermore, we
emphasize that cell-sheet engineering itself repre-
sents a scaffold-free, b ottom-up 3D ap proach, be-
cause harvested sheets contain ECM and cell—cell
junctions, providing an intermediate level of tissue

organization relative to classical monolayers?,4,5.

MATERIALS-METHODS

Cell Culture

In this study, the immortalized human keratinocyte
line HaCaT (Cytion, 300493; passage 3) and the
human dermal fibroblast line HDF (ATCC, PCS-
HDF cells
were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Gibco, USA), whereas HaCaT cells were
cultured in DMEM/F-12 (Gibco, USA). All media
were supplemented with 10 % fetal bovine serum
(Biological Industries, Cat. No. 04-001-1A), 2 mmol
L~! L-glutamine (Invitrogen, USA), and 100 U mL~!
penicillin plus 100 ug mL~! streptomycin (Invitro-
gen, USA). Cells were incubated at 37 °C in a hu-
Both
lines were confirmed to be mycoplasma-free us-
ing the Microsart® AMP Mycoplasma Kit (Sarto-
rius, SMB95-1001); representative agarose-gel elec-

201-010; passage 5) were employed.

midified atmosphere containing 5 % CO,.

trophoresis results are shown in Supplementary Fig-

HaCaT and HDF cells were seeded into

24-well plates at 5 x 10* or 1 x 10° cells cm™2.

ure 1.

Twenty-four hours after seeding, L-ascorbic acid (L-
AA; Sigma-Aldrich, USA) was added as described be-
low.

L-Ascorbic Acid (L-AA) Stock Preparation
and Application

L-ascorbic acid (Sigma-Aldrich, USA) stock solu-
tions were prepared at 10 mg mL™! in sterile PBS
(pH 7.0), filtered through a 0.22-pm syringe filter,
aliquoted under minimal light, and stored at -20 °C.
Working dilutions (25, 50, and 100 ug mL™!) were
prepared immediately before use and added to pre-
warmed medium. To minimize oxidation, all L-AA
handling was performed under light protection, and
aliquots were thawed only once. Culture medium
was replaced every 48 h with freshly prepared L-
AA-supplemented medium. Control groups without
L-AA were also included. In total, 16 experimental
groups were established, as summarised in Table 1.

Cell Sheet Formation and Evaluation

Cell morphology was monitored daily under an in-
verted phase-contrast microscope for 7 days. Half
of the medium was replaced every 48 h, and at the
end of the culture period sheet formation was eval-
uated microscopically. Formed sheets were gen-
tly washed with PBS, mechanically detached with
a sterile pipette, and transferred to clean 6-well
plates. To promote adhesion to a new surface, fresh
medium was applied dropwise every 30 min for 3 h,
after which the sheets were monitored for an addi-
tional 3 days. Cell sheet formation was defined ac-
cording to both morphological and mechanical crite-
ria: sheets were considered positive when they could
be detached as an intact, continuous layer with a
minimum diameter of = 5 mm without enzymatic di-
gestion, and when structural integrity was preserved
under phase-contrast microscopy. Cultures that re-
mained as fragile monolayers or detached in frag-
ments were not classified as cell sheets. All groups
(0, 25, 50, 100 pg mL~!) were evaluated by MTT as-
say and phase-contrast microscopy. Groups that did
not form cohesive sheets (25 pg mL~! and 100 pg
mL~!) were not processed for crystal violet staining
or qRT-PCR.

MTT Analysis

Cell viability and metabolic activity were evaluated
using the MTT assay on days 1, 3, 5, and 7 of the
culture period. A 5 mg mL~! MTT solution was
added to each well, and plates were incubated at 37
°C for3hina5 % CO, incubator. Following incuba-
tion, isopropanol containing 0.04 % (v/v) hydrochlo-
ric acid (Merck, Germany) was added to solubilize
the formazan crystals '8. Absorbance was measured
on a microplate spectrophotometer (Thermo Scien-
tific Multiskan GO, USA) at 570 nm with a reference
wavelength of 690 nm.
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AA: 0 pg mL~’ AA: 25 pg mL-!

50,000
cells/em?

100,000
cells/em?

AA: 50 pg mL-! AA: 100 pg mL"'

Figure 1: Effect of L-AA on fibroblast morphology. Inverted microscopy images showing the formation of HDF
cell sheets under varying L-AA concentrations (0, 25, 50, and 100 ug mL~!) and two different seeding densities
(50,000 and 100,000 cells/well). Clear sheet formation was observed at 50 ug mL~! L-AA for both seeding densities,
suggesting this concentration as optimal for sheet development. Images were captured on day 5. Scale bar = 100
W magnification: 10x. Abbreviations: HDF, human dermal fibroblasts; L-AA, L-ascorbic acid.

A grey square with black lines Al-generated content may be incorrect.

Table 1: Experimental groups based on cell type, cell density, and ascorbic acid

concentration

Cell Line  Cell Density (cells/cm?)
HaCaT 50,000
100,000
HDF 50,000
100,000

Ascorbic Acid Concentration (ug mL™!)

0 (Control), 25, 50, 100
0 (Control), 25, 50, 100
0 (Control), 25, 50, 100
0 (Control), 25, 50, 100

Note: All groups were analyzed for viability (MTT) and morphology (phase-contrast mi-

croscopy). Cohesive sheet formation was observed only in human dermal fibroblasts
(HDF) at 50 pg mL™! (50,000 cells/cm?). Human keratinocytes (HaCaT) did not form
sheets at any concentration. The 25 pg mL~! groups resembled controls, and 100 pg mL~!

groups showed cytotoxicity; therefore, these were not subjected to crystal violet staining

or quantitative real-time PCR (qRT-PCR).

Crystal Violet Staining

To evaluate cell morphology and proliferation, crys-
tal violet staining was performed on days 3 and 7.
Before staining, the culture medium was removed
and the cells were fixed with a 1:1 acetone:methanol
solution (Merck, Germany) for 10 min at room tem-
perature. Fixed cells were stained with 0.1 % crystal
violet (Sigma-Aldrich, USA) for 30 min at room tem-
perature. After staining, excess dye was removed
by washing with distilled water '°. Plates were air-
dried and examined with an inverted phase-contrast
microscope (Zeiss, Germany) to assess morphology,
proliferation, and adhesion.

Quantitative Real-Time PCR (qRT-PCR)
Analysis

On day 7, gene expression analysis was performed
to evaluate epidermal and dermal differentiation as

well as cell proliferation. Total RNA was isolated
using the RNeasy Mini Kit (Qiagen, Germany), and
1 pg RNA per sample was reverse-transcribed with
iScript™ Reverse Transcription Supermix (Bio-Rad,
USA). For HDF cells, RNA was isolated from me-
chanically detached cohesive sheets (50 pug mL™!,
50 k seeding). For HaCaT cells, because no sheets
were obtained, RNA was extracted from confluent
adherent monolayers at the indicated seeding den-
sities and L-AA concentrations. To assess epider-
mal differentiation, KRT14 and IVL transcripts were
quantified in HaCaT cells; Ki-67 expression was de-
termined to assess proliferation. In HDF cells, the
extracellular matrix genes COL1A1, COL3A1, and
FN1 were analysed. Relative quantification was per-
formed using the Z~AACt method. GAPDH and
ACTB served as reference genes and displayed sta-
ble expression across all groups. All qRT-PCR reac-
tions were conducted with iTaq™ Universal SYBR®
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Green Supermix (Bio-Rad, USA) according to the
manufacturer’s instructions. Threshold cycle (Ct)
values were recorded and relative expression levels
calculated. All primers were newly designed to span
exon—exon junctions and therefore avoid genomic
DNA amplification; sequences were generated with
NCBI Primer-BLAST based on RefSeq mRNA en-
tries. Primer sequences and target gene information
are summarised in Table 2.

Image Acquisition and Processing

All microscopic images were obtained with an in-
verted phase-contrast microscope (Zeiss, Germany)
at 10x and 20x magnification. Scale bars were in-
cluded in every panel and adjusted for clarity. Im-
ages were exported in TIFF format at 300 dpi. All
illustrations are original and were generated dur-
ing the course of this study. Only uniform adjust-
ments of brightness and contrast were applied to
entire images; no selective manipulations were per-
formed. Macroscopic images of detached cell sheets
were captured with a digital camera to illustrate
gross morphology; consequently, no scale bar was
applied.

Statistical Analysis

Data are presented as mean + standard deviation
(SD) from three independent experiments per group.
HaCaT and HDF cell lines were evaluated sepa-
rately. The effects of different L-AA concentrations
and cell densities on cell viability and gene expres-
sion were analysed for each line. Individual and in-
teractive effects of ascorbic acid concentration and
cell density were examined by two-way analysis of
variance (two-way ANOVA). When significance was
detected, Tukey’s multiple-comparison test was ap-
plied. Gene expression levels were calculated from
Ct values using the AACt method. Differences with
p <0.05 were considered statistically significant. Full
numerical MTT data (raw absorbance values, mean
+ SD, and post-hoc p-values) are provided in Supple-
mentary Tables S1-54.

RESULTS

Cell Sheet Formation and Evaluation

Cell-sheet formation was assessed in selected
groups by culturing HaCaT and HDF cells at var-
ious seeding densities in the presence of escalat-
ing concentrations of L-ascorbic acid (L-AA). Cell
morphology was inspected daily under an inverted

microscope for 7 days, and sheet formation was

scored according to the degree of confluence (Fig-
In HDF cultures seeded at 50 000
cells cm~2 and supplemented with 50 pg mL~! L-

ures 1 and 2).

AA, a compact, well-defined sheet became appar-
ent on day 7 (Figure 3). These sheets satisfied the
predefined criteria of intact detachment (= 5 mm di-
ameter) and microscopic structural integrity. Fol-
lowing gentle mechanical detachment, the sheets
were successfully transferred onto fresh culture sub-
strates, to which they adhered and remained stable
during subsequent incubation. High-resolution mi-
croscopy revealed a dense, homogeneous architec-
ture throughout both central and peripheral regions,
confirming structural integrity (Figure 3A,B). Rep-
resentative images acquired on day 3 are shown in
Figure 3C to illustrate early morphological changes
and proliferation. A macroscopic photograph ob-
tained after successful transfer of an intact sheet
further demonstrates its cohesiveness (Figure 3D).
Annotations highlight the uniform cell distribution
and extracellular-matrix-rich appearance of the con-
struct.

Unlike HDFs, HaCaT cells failed to generate dis-
cernible sheets under any condition during the 7-
day observation period. The highest proliferation
rate was recorded in the group seeded at 100 000
cells cm™2 and treated with 50 pg mL™! L-AA. All
cultures were maintained by exchanging half of the
medium every 48 h to satisfy metabolic demands
(Figure 2). Enhanced proliferation in the 100 000-
cell wells receiving 50 pg mL™! L-AA implies a pro-
growth, non-differentiating effect of this dose. Con-
versely, cytotoxicity—manifested by decreased cell
density and morphological alterations—was evident
at 100 ug mL~!. At 25 ug mL™!, both cell types re-
sembled untreated controls and failed to form co-
hesive sheets. Because of the pronounced toxicity,
the 100 ug mL~! groups were omitted from crystal-
violet and qRT-PCR assays, although viability and

morphology data are presented in the main figures.

MTT Assay

An MTT assay performed on days 1, 3, 5, and 7
demonstrated that the metabolic activity of both
cell types was dependent on L-AA concentration and
seeding density. In HDFs, metabolic activity peaked
on day 5 in the 50 pg mL~! groups, with viability
significantly exceeding that of the 25 and 100 pg
mL~! groups (p < 0.05). In contrast, viability de-
clined markedly in cultures exposed to 100 pg mL™!
L-AA, indicating dose-dependent toxicity (Figure 4).
In HaCaT cells, proliferation increased from day
3 onward in high-density cultures supplemented
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Table 2: Primer Sequences, Target Genes and Accession Number

Gene Function / Target Primer Sequence (5° — 3°) Product RefSeq
Relevance Cell Size Accession
Type (bp) [GenBank]
COL1A1 Dermal ECM HDF F:CCCCGAGGCTCTGAAGGT 188 NM_000088.4
protein (Type | R:ACCAGGTTCACCGCTGTTAC
collagen)
COL3A1 Dermal ECM HDF F:TAAAGGCGAAATGGGTCCCG 202 NM_000090
protein (Type I R:GGCACCATTCTTACCAGCCT
collagen)
FN1 Fibronectin, ECM HDF F: CCCGGAATGTAGGACAAGA 175 NM_212482.3
glycoprotein R:TGCCTGCTGGTCTTTTCAG
KRT14 Basal keratinocyte HaCaT F:GCAGCATCCAGAGATGTGAC 145 NM_000526.5
marker (Keratin 14) R:TATTGATTGCCAGGGAGGGG
IVL Terminal epidermal HaCaT F:GCCTTACGTGAGTCTGGTTGA 178 NM_005547.4
differentiation R:TGCTTTGATGGGACCTCCAC
marker
Ki-67 Proliferation marker HaCaT F:GGATCGTCCCAGTGGAAGAG 163 NM_002417.5
R: CAAAACAAGCAGGTGCTGAGG
GAPDH  Housekeeping gene HaCaT, F:CCGCATCTTCTTTTGCGTCG 120 NM_002046.7
(internal control) HDF R: GCCCAATACGACCAAATCCT
ACTB Housekeeping gene HaCaT, 2 120 NM_001101.5
(B- (internal control) HDF AGCAAGCAGGAGTACGATGAG
actin) R:

AAAGGGTGTAAAACGCAGCTC

Abbreviations: ECM, extracellular matrix; HDF, human dermal fibroblasts; HaCaT, human keratinocyte cell line; bp,
base pairs.

AA: 0 pg mL-! AA: 25 pg mL-! AA: 50 pg mL-! AA: 100 pg mL-!

- 100 pm -
- - 100 um

Figure 2: Effect of L-AA on keratinocyte morphology. Inverted microscopy images of HaCaT cell cultures
treated with varying concentrations of L-AA at two different seeding densities. Images were captured on day
5. Scale bar = 100 p; magnification: 10x. Abbreviations: HDF, human dermal fibroblasts; L-AA, L-ascorbic acid.

A grey square object with white text Al-generated content may be incorrect.

000

50,
cells/em*

000

100.
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7869



Biomedical Research and Therapy 2025, 12(10):7865-7875

(A) Central view of the intact HDF cell sheet (B) Edge morphology of the HDF cell sheet

100 pm

(C) Peripheral region of the cell sheet (D) Macroscopic view of the transferred
with migrated cells (arrows) cell sheet on a new surface

Figure 3: Morphology of the HDF cell sheet under optimal conditions. Morphological characterization of the
HDF cell sheet under optimal conditions (50 ug mL~! L-AA and 50,000 cells/cm? seeding density). Scale bar = 100
p; magnification: 10x. Abbreviations: HDF, human dermal fibroblasts; L-AA, L-ascorbic acid.

A collage of images of a cell Al-generated content may be incorrect.

50k-Control
50k-25 pyg/mL
50k-50 ug/mL
50k-100pg/mL.
100k-Control
100k-25 pg/mL
100k-50 pg/mL
100k-100 pg/mL

OD Value (570 nm)
il

Day 1 Day 3 Day 5 Day 7

Figure 4: MTT analysis results of HDF cells cultured with different concentrations of L-AA. HDF cells were
seeded at densities of 50,000 and 100,000 cells/cm? and applied with 0-100 pg mL~! L-AA. Cell viability was as-
sessed on days 1, 3, 5,and 7 using the MTT assay (n = 3). Data are presented as mean + SD. The group applied with
50 pg mL~! L-AA at 50,000 cells/cm? exhibited the highest metabolic activity by day 7 (p <0.05), whereas exposure
to 100 pug mL~! resulted in a significant reduction in viability, indicating a dose-dependent cytotoxic effect. Com-
plete raw values and statistical outputs are presented in Supplementary Tables S1. Abbreviations: HDF, human
dermal fibroblasts; HaCaT, human keratinocyte cell line; L-AA, L-ascorbic acid; MTT, 3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium Bromide.

A graph showing different colored bars Al-generated content may be incorrect.
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with 50 pg mL™! L-AA, whereas the 100 pg mL~!
groups showed no such rise (Figure 5). Overall, low-
to moderate L-AA concentrations promoted time-
dependent increases in viability, but this effect was
abrogated at 100 ug mL~!. The magnitude of the
metabolic response depended on both L-AA dose

and initial cell number.

Crystal-Violet Staining

Crystal-violet staining was used to visualise sheet
morphology and cell density. After 7 days, only
the HDF group seeded at 50 000 cells cm~2 and
treated with 50 pg mL~! L-AA produced a uniform,
compact sheet that retained its morphology after
transfer (Figure 6). Preservation of central-zone in-
tegrity confirmed successful sheet formation. Step-
wise supplementation of culture medium at 30-min
intervals facilitated re-spreading of the temporarily

contracted sheet on the new substrate.

Gene-Expression Profiling by qRT-PCR

Because HaCaT cells did not form sheets, RNA was
extracted from confluent monolayers, whereas HDF
RNA was isolated from detached sheets. Expres-
sion data were normalised to the geometric mean of
GAPDH and ACTB, which remained stable across
all conditions. Relative expression was calculated
by the Z~AACt method. In HDF sheets (50 000 cells
ecm™2, 50 ug mL~! L-AA, day 7) COL1A1, COL3A1,
and FN1 were significantly up-regulated versus un-
treated controls (p < 0.05), with COL1AT1 display-
ing the greatest fold increase (Figure 7A), indicating
enhanced extracellular-matrix synthesis under opti-
mal L-AA supplementation.

In confluent HaCaT monolayers (100 000 cells cm 2,
50 pg mL™' L-AA), KRT14, IVL, and Ki-67 tran-
scripts were elevated on day 7, with IVL showing the
most pronounced induction (Figure 7B). These find-
ings suggest that, in keratinocytes, 50 pg mL~! L-
AA stimulates proliferation and early differentiation
without promoting sheet cohesion. Collectively, L-
AA modulates gene expression and functional out-
comes in a dose- and cell-type-specific manner: fi-
broblasts respond by producing cohesive, ECM-rich
sheets, whereas keratinocytes exhibit increased pro-
liferation and differentiation marker expression in
the absence of sheet formation.

DISCUSSION

In this study, cell sheet formation was investigated

systematically at two cell-seeding densities (50,000

and 100,000 cells cm™2) and across a range of L-
AA concentrations (0-100 pg mL~!) in HDF fibrob-
lasts and HaCaT keratinocytes. Although the ca-
pacity of L-AA to induce collagen synthesis?’,?!,
regulate extracellular-matrix (ECM) production??,
and support cellular organization?® has been well
documented, holistic experimental models compar-
ing these effects across different cell densities and
doses remain limited. Moreover, whereas most
earlier studies focused on fibroblast sheet induc-
tion, the differential response of keratinocytes has
not been systematically addressed. By analyz-
ing both cell types under identical conditions, our
study provides novel comparative insights and high-
lights cell-type-specific responses to L-AA that have
not been reported in previous static-culture studies,
thereby adding experimental and conceptual nov-
elty to scaffold-free, bottom-up cell-sheet engineer-
ing.

Previous studies have shown that L-AA supports
cell-sheet formation in tissues such as bone?*, car-

26

tilage?, cornea?®, and periodontal ligament 7,7,

However, detailed analyses of fibroblast-based
sheets are scarce; therefore, our work clarifies the
optimal parameters for fibroblast sheet generation.
The data indicate that the most effective sheet for-
mation in HDFs was obtained with a seeding den-
sity of 50,000 cells cm™2 and 50 pg mL~! L-AA.
Under these conditions, both cellular viability in-
creased significantly and ECM deposition improved.
This finding demonstrates the dual role of L-AA in
cell-sheet engineering—simultaneously supporting
metabolic activity and promoting ECM formation.
In contrast, at the higher concentration of 100 pg
mL~!, viability declined and sheet architecture was
disrupted from day 3 onward, consistent with re-
ports that supraphysiological L-AA elicits cytotox-
icity through oxidative stress, H,O, generation, and
possible pH shifts?®,2°.  Although catalase-rescue
assays were not performed, we recognize this lim-
itation and note that the precise toxic mechanism
warrants further investigation.

Crystal-violet staining corroborated these observa-
tions, revealing high cell density and well-organized,
transferable sheets in the 50 ug mL~! group. Sheets
were compact, uniform, and mechanically sta-
ble, making them transferable without enzymatic
treatment—an important advantage over existing
methods that often require temperature-responsive
Mor-

phometric analysis across central and peripheral

surfaces or enzymatic detachment3,30-32,

zones confirmed preservation of the spindle-shaped
fibroblast phenotype, with pronounced alignment
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Day 1 Day 3 Day 5 Day 7

Figure 5: MTT analysis results of HaCaT cells cultured at different L-AA concentrations. HaCaT keratinocytes
were seeded at densities of 50,000 and 100,000 cells/cm?and L-AA was applied in the range of 0-100 ug mL~!. MTT
analysis was performed on days 1, 3, 5 and 7 (n = 3) and absorbance was measured at 570 nm. A significantincrease
in cell viability was observed in the 50 ug mL~! L-AA group, especially at a density of 100,000 cells/cm? on day
7. On the other hand, it was determined that the 100 ug mL~! concentration decreased cell viability and showed
a toxic effect starting from day 3. Complete raw values and statistical outputs are presented in Supplementary
Tables S3. Abbreviations: HDF, human dermal fibroblasts; HaCaT, human keratinocyte cell line; L-AA, L-ascorbic
acid; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide.

A graph showing different colored bars Al-generated content may be incorrect.

Control Day 3 Control Day 7 Control Day 3 Control Day 7

A)

501+50 pg mi.4-Day 3 S0K+50 pg mi.-Day 7 100K+50 pg mL'-Day 3 100k+50 pg mL-'-Day 7

Figure 6: Crystal violet staining of HDF and HaCaT cell sheets cultured under selected L-AA conditions.
Representative crystal violet-stained images of cell sheets formed by (A) HDF and (B) HaCaT cells under selected
L-AA concentrations. Images were captured on days 3 and 7. Optimal conditions promoted the development
of dense and cohesive cell sheets by day 7, with preserved morphology and structural integrity after mechanical
transfer. Continued expansion and reattachment post-transfer confirmed viability and sheet stability. Scale bars
= 50 pm; magnification: 20x and 100 um; magnification: 10x. Abbreviations: HDF, human dermal fibroblasts;
HaCaT, human keratinocyte cell line; L-AA, L-ascorbic acid.

A collage of different cells Al-generated content may be incorrect.
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Figure 7: Relative gene expression in HDF and HaCaT cell sheets cultured under optimal L-AA conditions.
(A) In HDF cells seeded at 50,000 cells/cm?and applied with 50 ug mL~! L-AA, a significant upregulation of COL1A7,
COL3AT, and FNT genes was observed compared to the unapplied control (p < 0.05), indicating enhanced ECM
production and dermal matrix formation. (B) In HaCaT cells seeded at 100,000 cells/cm? with 50 pg mL~! L-AA
treatment, increased expression levels of KRT14, IVL and Ki-67 were detected, with involucrin showing the highest
fold change, suggesting promoted epidermal differentiation and proliferative activity. HaCaT samples represent
confluent adherent monolayers, not detached sheets. Data were normalized to the arithmetic mean of GAPDH
and ACTB reference genes. Abbreviations: HDF, human dermal fibroblasts; HaCaT, human keratinocyte cell line;
L-AA, L-ascorbic acid; ECM, extracellular matrix; COL1A1, Collagen type | alpha 1 chain; COL3A1, Collagen type IlI
alpha 1 chain; FN1, Fibronectin 1; KRT14, Keratin 14; IVL, Involucrin.

A comparison of a graph Al-generated content may be incorrect.

and orientation—hallmarks of active cell-cell and
cell-matrix interactions. These findings agree with
evidence that fibroblasts guide the organization of
collagen-rich ECM33 34 35,

By contrast, HaCaT cultures failed to develop com-
pact, cohesive sheets within the same period and
exhibited a less organized morphology. This at-
tenuated response suggests that keratinocytes dif-
fer from fibroblasts in their dependence on L-AA
and may require longer culture times or addi-
tional growth factors and signaling cues to estab-
lish a stable ECM 3.
based sheets will likely benefit from advanced three-

Consequently, keratinocyte-

dimensional or co-culture strategies, underscoring
the translational value of our comparative model for
engineered skin.

Finally, qRT-PCR analysis paralleled the morpho-
logical data. Dermal genes COL1A1, COL3AT1, and
FN1 were significantly up-regulated in the opti-
mal 50 pg mL~! condition, confirming augmented
ECM synthesis at the transcriptional level. In ker-
atinocytes, however, differentiation markers such
as IVL were more strongly induced than structural

genes, further emphasizing the novelty of our head-
to-head approach. Because both HaCaT and HDF
are immortalized lines, these results should be re-
garded as proof-of-concept; validation with patient-
derived primary cells is necessary before clinical
translation. Collectively, these molecular findings
reinforce the necessity of optimizing both L-AA
concentration and seeding density for successful
sheet formation. Beyond these endpoints, cell-sheet
engineering represents a scaffold-free, bottom-up
three-dimensional strategy that differs fundamen-
tally from traditional monolayer culture and broad-
ens the toolkit of regenerative medicine.

CONCLUSION

As a result, HDF cell sheets cultured at a density
of 50,000 cells cm™2 and treated with 50 pg mL~!
L-AA emerged as the optimal condition, exhibit-
ing superior morphological integrity, cell viability,
mechanical stability, and ECM-related gene expres-
sion. These findings provide a strong biological ra-
tionale for incorporating such sheets into co-culture
systems, wound-healing models, or full-thickness
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three-dimensional skin equivalents in future stud-
ies. Moreover, the study underscores the critical
influence of both dose-response relationships and
cell-density optimization in skin tissue engineering.
Future work that combines these sheets with dy-
namic culture systems, growth factors, or advanced
scaffold a rchitectures is | ikely t o f urther enhance
their clinical relevance. The primers designed herein
to evaluate gene expression during epidermal and
dermal differentiation and cell proliferation will also
serve as a foundation for subsequent investigations.
Collectively, L-AA-supported fibroblast sheets may
be regarded as biofunctional building blocks that re-
capitulate the cellular microenvironment and facili-
tate functional tissue fabrication for next-generation
regenerative applications.

ABBREVIATIONS

ACTB: $-actin; cm?*: Square centimeters; COL1AT:
Collagen type | alpha 1 chain; COL3A1: Colla-
gen type Il alpha 1 chain; DMEM: Dulbecco’s
Modified Eagle Medium; ECM: Extracellular ma-
trix; FBS: Fetal bovine serum; FN1: Fibronectin T;
GAPDH: Glyceraldehyde-3-phosphate dehydroge-
nase; HaCaT: Human keratinocyte cell line; HDF:
Human dermal fibroblasts; IVL: Involucrin; Ki-67:
A proliferation marker; KRT14: Keratin 14; L-AA:
L-ascorbic acid; MTT: 3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium Bromide; PBS: Phosphate-
buffered s aline; ¢ RT-PCR: Qu antitative real-time
polymerase chain reaction; pg mL~: Micrograms

per milliliter
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