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A 3D bioprinted in vitro full-thickness skin
aging model

Juhi Chakraborty, Abhishak C. Gupta and Sourabh Ghosh *

Aging is caused by numerous factors resulting in physiological modification, affecting skin functionality.

Developing an in vitro aging skin model is difficult since aging is a complex and cumulative activity

throughout a person’s lifetime. Moreover, skin is composed of multiple cell types; hence, it is

challenging to replicate this intricate phenomenon quickly. Here, we report the development of a 3D

bioprinted skin aging model using silk fibroin–gelatin bioink recapitulating the dual layer of the epidermis

and dermis, along with a focus on the dermal–epidermal junction present in the native aged skin. We

exploited the use of the senescent/late passage fibroblasts and keratinocytes in co-culture. This was

compared with the proliferative/early passage cells as a control. Reduced fibronectin expression in gene

and protein analysis, accompanied by a decline in collagen I, II, and IV expression, demonstrates the

potency of our model in recapitulating the attributes of extrinsic aging in vitro. In addition, we created

two diseased conditions – oxidative stress brought on by H2O2 and elevated glucose, as potential substi-

tute agents for senescence induction. While both conditions were effective as alternate methods of

inducing aging, high glucose was found to have more potency. Our developed 3D bioprinted skin aging

model has numerous uses in basic research on aging, disease modeling, and screening of pharmaceuti-

cal active ingredients.

1. Introduction

Aging is an inevitable outcome resulting from the cellular
damage accumulated over time.1 In humans, aging is charac-
terized by many changes at both the cellular and molecular
levels. A decline in mitochondrial functioning, oxidative stress,
alteration in the constitution of the proteins in the extracellular
matrix (ECM), and an alteration in gene expression contribute
to aging (Fig. 1A).2 Another widely known mechanism linked to
aging is telomerase, a ribonucleoprotein in the absence of
which somatic cells fail to sustain the telomeric DNA.3 Most
aging-related research is determined by the prerequisite of
understanding its mechanism in humans. While studying the
aging process, the prime matter of concern is the requirement
of cells and tissues, and the need to have deep monitoring over
these systems in an organism for an extended period, essentials
that are not achievable in humans. Instead, studying the aging
mechanism in a model system enables us to find an equili-
brium between the practicality on the one hand and the need
for the system to be biologically relevant on the other hand.4

Surprisingly, the number of experimental models available to
investigate the mechanism of aging and its involvement in
diseases is limited.

Several attempts have been undertaken to develop aging
models in vivo and in vitro to understand the cellular signaling
mechanism, cell–cell, cell–matrix interaction, and the process
of different types of disease progression. For example, aged
(120 days) and young (60 days) rat models were subjected to
sepsis to investigate the neurochemical and behavioral
parameters.5 This study concluded that aging slightly influ-
enced septic rats’ brain inflammation and behavioral changes.
In a similar study, Herbig et al.6 studied telomere dysfunction
in baboons. They reported a gradual increase in the senescent
fibroblasts in the aging skin, which was confirmed by the
heterochromatinized nuclei and the presence of ataxia-
telangiectasia muted kinase. Although the studies carried out
in vivo could achieve nominal success, the investigative
research often ends with a failure while translating the promis-
ing results, primarily due to the variation in the immune
response and skin architecture between the short-lived lower
animals and the longer-lived higher mammals. Secondly,
genetic manipulations feasible in laboratory animals can sel-
dom be applied directly to humans,7 making it difficult to
match the aging mechanisms in animals to those in humans.
Moreover, skin aging research also correlates with the testing of
cosmetic products; however, the European Union has banned
testing cosmetic products or any pharmaceuticals on animals.
These apparent reasons, high cost, and time consumption have
compelled researchers to look for alternative in vitro methods.
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At present, three-dimensional (3D) skin aging equivalents
are reconstructed and used as a potential substitute to the
animal aging model. Initially, the 3D culture system was
established by culturing human dermal fibroblasts (HDFs)
and epidermal keratinocytes on collagen gel8 and nylon mesh
carriers.9,10 Currently, various upgraded skin aging models
are available commercially,11,12 for instance, the Phenions FT
Aged Skin Model, developed by Henkel, is an excellent tool for
studying the molecular aging pathways since it structurally and
physiologically resembles aged human skin.13 Lago et al.,14 for
instance, employed three separate in vitro aging models (i) by
treating HDF cells with UV-B irradiation, and (ii) proliferative
HDFs obtained from aged and (iii) young donors. They reported
altered gene expression levels in fibroblasts during the aging
process in all three models and reduced cell growth. This
indicates that their model could successfully be used to under-
stand the aging mechanism and be used for drug screening. In
a similar study, Santos et al.15 investigated the epidermis’s
chronological aging by developing an in vitro 3D model of skin

aging that displayed age-related characteristics such as
decreased hyaluronan expression and its surface receptor
CD44 and a decrease in epidermal thickness. Even though this
model closely resembles aged skin in vivo, the lengthy culture
period required to generate it is a drawback for the high-
throughput production of skin equivalents.16 To overcome this
obstacle, senescent cells, which cease to divide but continue
functioning metabolically, have been directly incorporated into
bioengineered skin models alongside other normal cells. This
has allowed for a more accurate depiction of the skin micro-
environment and the intricate relationships between all cells.17

In another attempt to develop an in vitro skin aging model,
Jeong et al.18 developed a flexible skin-on-a-chip and applied
mechanical compression to mimic the circadian rhythm to
accelerate the aging process. Although reduced epidermal
thickness, contraction rate, and release of Myb, a transcription
factor that is essential for preserving skin homeostasis, whose
dysregulation can accelerate the aging process of the skin,19

were indicators of accelerated aging linked to periodic

Fig. 1 Schematic representation (A) of the difference between the young and senescent skin, with an arrow gradient depicting the changes at the
cellular level, and (B) followed towards the development of a 3D bioprinted skin aging model [Created with BioRender.com].
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compressive stress, however, the study failed to replicate the
epidermal–dermal crosstalk present in the native aged skin. To
overcome this challenge, Lee et al.20 were the first to bioprint
two separate cell layers, inner fibroblasts and outer keratinocytes,
to produce a 3D collagen hydrogel structure that resembles
stratified skin. Baltazar et al.21 reported using a skin substitute
using 3D bioprinting that excludes the need for skin grafts in
mice. By using human endothelial cells along with human
placental pericytes, this synthetic multilayered graft created
microvascular networks that, when implanted into the mouse
dorsum, showed perfusion in vivo. In this model, keratinocytes
from the human foreskin were used as the epidermis, with
fibroblasts and endothelial cells suspended in collagen. This kind
of skin substitute is thought to improve wound healing by
improving site-specific conformance, increasing vascularization,
and removing the requirement for graft harvest. Despite these
reported studies being an efficient alternative to animal testing,
in vitro models are limited because they fail to imitate the full
human aging skin, comprising different cell types and the der-
mal–epidermal junction (DEJ) known as rete ridges. Hence, to
investigate the efficacy of the natural anti-aging extracts, pharma-
ceuticals, and cosmetics, we need more human cell-based models
to replicate the full-thickness architecture of the aged
human skin.

One of the critical factors contributing to aging is the
cellular senescence of the cells derived from the dermis which
causes retardation of growth due to a diminished proliferative
ability of cells that usually arises from the intrinsic aging
process. Akin to all organs, replicative senescence that occurs
with age is also reflected in dermal fibroblasts.22 A decline in
the replicative capacity of the HDFs occurs in culture after a
fixed number of population doublings, which is extensively
used as an in vitro senescence model.23 Generally, senescent
cells are larger than young ones and grow to a lesser saturation
density.24 This constrained lifespan in vitro has resulted in the
substantial application of HDFs as a model system for studying
the process of human cellular aging. Fabrication of a successful
3D skin aging model that simulates the architecture of the aged
human skin could be achieved by targeting the following
features: (i) establishing epidermal–dermal crosstalk, which is
essential for the maintenance of skin homeostasis,12 and (ii)
employing pristine cell lines and not the ones which have been
kept for an extended period in culture.25 The introduction of 3D
bioprinting can make a paradigm change in skin tissue engi-
neering by providing opportunities for automated production
of structurally sophisticated and physiologically comparable
human skin counterparts. 3D bioprinting enables high preci-
sion and reproducibility with respect to controlled architecture
(in terms of size, form, geometry, and orientation), while also
allowing possibilities to use various bioink materials and cell
types.26–28 Furthermore, it offers numerous benefits, including
the capacity to fully replicate a functional human skin equiva-
lent, removing the need for animal testing.29 The capacity to
recreate patient-specific tissues tailored to fit the graft location
during reconstructive surgery can reduce or eliminate post-
procedural scarring.30 Towards this end, in our previous

study,31 we reported the fabrication of a full-thickness skin
equivalent construct using the 3D bioprinting strategy. The
unique finding of the study was that our fabricated 3D bio-
printed skin model was successful in replicating the undulated
morphology present in the epidermal rete ridges as well as
biochemical, mechanical, and architectural characteristics akin
to the human skin, not achievable by monolayer-based cell
culture techniques. In the present study, we explored the
knowledge obtained from our previous study to fabricate a 3D
bioprinted full-thickness skin aging model equivalent by using
late passage HDF cells in co-culture with keratinocytes and
comparing them with the early passage co-culture counterparts
to assess various factors and signaling cascades related to
aging. This was achieved by exploiting the effectiveness of the
silk fibroin–gelatin (SF–G) bioink established previously.31

Even though passage-dependent variation in aging research
has gained much attention, whether the changes observed in
the diploid cell population following serial passaging in vitro
precisely resemble the human cellular aging process in vivo is
still a big question.

Stress to the cells in the form of oxidative damage is another
critical factor contributing to aging, such that the cells exit
from the cell cycle in an irreversible manner and stop
dividing.32 Cellular senescence by oxidative stress has been
considered a remarkable in vitro model for illustrating the
molecular mechanisms involved in aging research.33 Hydrogen
peroxide (H2O2), an oxidant and a natural metabolite, origi-
nates from cellular respiration as a side product and from
various cytokines and growth factors. It is extensively used to
attain oxidative stress-induced premature senescence within a
short period.34 Exposure of HDFs to sublethal concentrations of
H2O2 transforms them into a condition resembling senescence.
Chen et al.35 investigated the impact of oxidative damage on
HDF cells. They treated the HDF F65 cells with H2O2 to
establish an in vitro model capable of dictating the interrela-
tionship of cellular damage, cessation of replication, and
molecular response. In a similar study, Duan et al. treated
young human diploid fibroblast cells with low doses of H2O2

for an extended period.36 The cells irreversibly manifested
cellular senescence through G1 cell cycle arrest and
senescence-associated b-galactosidase. Higher glucose levels
have been a significant determinant of premature cellular
senescence. A higher incidence of various age-related diseases
prevails in diabetic patients at a very early age compared with in
healthy controls.37 Multiple studies have reported that HDFs
give rise to an elevated quantity of reactive oxygen species (ROS)
under a hyperglycemic environment at the cellular level, result-
ing in an induction of cellular senescence prematurely in an
enhanced manner.38,39 Indeed, several research findings in
both humans and lower model organisms have supported the
fact that elevated levels of glucose function as an aging
accelerator.40 Many mechanisms have contributed to skin
aging due to high glucose. One of them is the formation of
advanced glycation end-products (AGEs), the final waste pro-
duct generated in response to high glucose levels, resulting in
cross-links in the collagen, thus resulting in premature aging.41
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Apart from collagen, elastin is also affected by AGEs, contribut-
ing to the loss of skin elasticity. Therefore, considering this, we
induced aging in HDF using H2O2, a potent oxidative stress
agent, and high glucose that impedes fibroblast proliferation,
as it would be interesting to study the outcome of H2O2 and
high glucose exposure on the fibroblast cells.

Hence, in the present study, we report the development of a 3D
bioprinted aging skin model by exploring the early and late
passage HDFs in co-culture with keratinocytes, thus simulating
the epidermal and dermal layer of the native senescent skin
(Fig. 1B). Next, we induced aging in the proliferative (early passage)
HDFs using H2O2, one of the significant oxidative stresses, and
high glucose, mimicking diabetic conditions, which are significant
factors contributing to aging. We speculate that the aging model
we developed will be highly effective in testing anti-aging cos-
metics and drugs when compared to the traditional in vitro
monolayer and animal models, and can successfully recapitulate
the characteristics and functionality of native aged skin.

2. Materials and methods
2.1. Cell culture, expansion, and treatment

Primary adult HDFs were procured from Himedia (CL005) and
expanded at a density of 6000 cells per cm2 in minimum
essential medium Eagle (Alpha modification, Himedia ALO80)
supplemented with 10% fetal bovine serum (FBS) (Hyclone,
SH30071.03), 100 U mL�1 penicillin/streptomycin (Himedia,
A001A), 2.5 mg mL�1 of amphotericin B (Himedia, A011),
50 mg mL�1 gentamycin, and 5 ng mL�1 of FGF-2 (Prospec,
Cyt-218-b), hereafter referred to as the fibroblast proliferation
media.31 Cells with passage numbers 6–8 were considered early
passage, and 30–31 as late passage.

Primary adult human epidermal keratinocytes were obtained
from Himedia (CL006) and expanded with a cell density of
6000 cells per cm2 in media containing DMEM : F12 (1 : 1) mixture,
adenine (180 mM), insulin (5 mg mL�1), hydrocortisone (0.5 mg mL�1),
EGF-2 (10 ng mL�1), cholera toxin (10 pg mL�1), 100 U mL�1 of
penicillin–streptomycin, amphotericin (2.5 mg mL�1), gentamicin
(50 mg mL�1), HEPES (1�) and FBS (10%), hereafter referred to as
the keratinocyte proliferation media.31

Keratinocytes with passage numbers 6–8 were used for all
the experiments of co-culture and 3D bioprinting. The early and
late passage fibroblasts were expanded in T25 flasks for 3 days
in fibroblast proliferation media to achieve the co-culture
conditions. Keratinocytes were then added and expanded for
3 days in keratinocyte proliferation media. The mixture of cells
was then kept in cornification media for 7 days.31

Stress-induced premature senescence was achieved by expo-
sure to H2O2. Briefly, early passage fibroblasts (3 � 104 cells per
cm2 in DMEM) were treated with a 200 mM concentration of
H2O2 for a short period of 120 min and analyzed at different
time points after exposure. The cells were propagated in a T-25
flask. For high glucose treatment, early passage fibroblasts (3 �
104 cells per cm2 in DMEM) were treated with 50 mM glucose
and analyzed at different time points.

2.2. Preparation of silk fibroin (SF) solution

The SF solution from Bombyx mori cocoons was prepared as
described previously.31,42 Briefly, 5 g of silk cocoons were cut
into smaller pieces, boiled twice in 0.02 M Na2CO3, and
thoroughly rinsed with deionized water to remove alkali from
the degummed fibers. The extracted fibers were dried overnight
and dissolved using a 9.3 M LiBr solution (SRL Pvt. Ltd, India)
at 60 1C for 4 h. The resultant fibroin solution was dialyzed
against deionized water using the Slide-a-Lyzer dialysis cassette
(MWCO 3500, Pierce, USA) for 48 hrs to remove LiBr, resulting
in 5% w/v of SF aqueous solution.

2.3. Preparation of SF–G bioink

SF–G bioink was prepared following the protocol described
previously.31,42 Briefly, 5% of gelatin from porcine skin type A
(Sigma-Aldrich) was dissolved in 5% autoclaved SF solution.
Media supplements (10� concentrated Eagle’s minimum
essential medium, Sigma, M0275) and 10% fetal calf serum
were added to support cellular activity. All components were
mixed homogeneously and maintained at 37 1C until cells were
added. For the dermal component, HDF was combined with the
SF–G blend at a density of 2 � 106 cells per mL, and for the
epidermal component, keratinocytes were mixed with the SF–G
blend at a density of 5 � 106 cells per mL. 800 units per mL of
mushroom tyrosinase (Sigma-Aldrich) was added to the bioink
before printing to initiate cross-linking.

2.4. 3D CAD model and preparation of the 3D bioprinted
construct

Robocad V 4.0 software (3D Inks LLC, OK, USA) was used to
design the 3D CAD model to imitate the dermal and epidermal
layers of aged human skin. An overall dimension of 6 mm �
25 mm was printed. The dermal layer was composed of 10
layers, followed by 5 layers of the epidermis, as mentioned
earlier.31 Briefly, the interfilament distance was set to 750 mm
for the first 5 layers, followed by 1500 mm for the subsequent 5
layers to form a groove-like design for housing the upper
epidermal layers. For the epidermal layers, the interfilament
distance was adjusted to 1500 mm. For each layer, the interlayer
vertical displacement was maintained at 80 mm. The dermal
structure’s alternating grooves contributed to developing a
complementary structure that represents the undulated design
of the DEJ.

The early and late passage HDF-laden SF–G bioink was filled
in two sterile 3 mL syringes and fitted with a pneumatic piston.
The air bubbles in the syringe were removed before gelling at
20 1C. The syringe was then fixed on the extrusion head
connected with a pressure-controlled pneumatic pump. Extru-
sion was carried out using direct-write assembly (Fiber Align,
Aerotech Inc., Pittsburgh, USA) through a 210 mm microcapil-
lary nozzle using the parameters optimized in our previous
study.31 Printing was carried out at 21 � 1 1C with a speed of
1 mm s�1 and 15–25 psi pressure for the 10-layered dermal
construct with a 2 mm final height. The bioprinted constructs
were transferred into a 50 mm Petri dish. They were incubated
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at room temperature (RT) for 1 h before the addition of
fibroblast proliferation media and incubated at 37 1C thereafter
for 3 days. Post day 3, the epidermal layers were printed above
the dermal layers. They were then incubated with a 1 : 1 mixture
of fibroblast and keratinocyte proliferation media for 3 days.
The resultant dual-layer 3D bioprinted construct was then
dissected into 6 mm � 6 mm small constructs and transferred
to an air–liquid interface in 12-well transwell inserts (pore size
0.3 mm) for 7 days. Fibroblast proliferation: cornification media
in the ratio of 1 : 1 was used for the final incubation in the
transwell insert.

2.5. Senescence-associated beta-galactosidase (SA-b-Gal)
staining

SA-b-Gal staining was carried out on day 7 for the early and late
passage HDFs as well as the early passage fibroblasts treated
with H2O2 and high glucose using the senescence b-galacto-
sidase staining kit (Cell Signaling Technology, 9860). The
protocol was followed as instructed in the manual. Briefly,
the cells were washed twice with 1� PBS and fixed with 1 mL
of 1� fixative for 10–15 min at RT. They were then washed with
1� PBS twice, and 1 mL of the b-Gal staining solution was
added to each well. The plate was incubated in a dry incubator
(no CO2) overnight. The cells were checked under the fluores-
cence microscope (Leica, DMi8) with the SA-b-Gal still on the
plate. The optimum activity was detectable at pH 6.0.

2.6. Relative human telomere length quantification by
qRT-PCR

The DNeasy Blood & Tissue Kit (Qiagen, 69504) was used to
extract DNA from the cells under different experimental condi-
tions according to the manufacturer’s instructions. For the early
and late passage HDF, DNA was isolated on day 7 and days 3, 7,
and 14 for the H2O2 and high glucose-treated fibroblast cells.
The absolute human telomere length quantification qPCR assay
kit (Cell Science, 8918) was used to determine the telomere
length by qRT-PCR following the manufacturer’s protocol.43 It
offers 2 pairs of primers, one to amplify the telomere and
another to amplify a single-copy reference on the genome.

2.7. Gene expression analysis

RNA was isolated using an RNA isolation kit from the cells
cultured in different experimental groups at specific time
points (Qiagen, 74106). For instance, on day 7 for the early
and late passage HDFs, and on days 3, 7, and 14 for the H2O2

and high glucose-treated cells. For co-culture and 3D bio-
printed constructs, RNA was isolated post-7 days in cornifica-
tion media. In the case of the bioprinted group, the constructs
were first digested with the protease XIV enzyme (Sigma, P5147)
at a final concentration of 250 mg mL�1 and incubated for
20 min at 37 1C to obtain a single-cell suspension. Cells were
separated from the remaining gel debris by centrifugation at
1200 rpm for 10 min. RNA purity and concentration were
determined using a Nanodrop 2000C (Thermo Scientific, Wil-
mington, USA) spectrophotometer. 100 ng RNA was reverse-
transcribed into cDNA using the first-strand cDNA synthesis kit

(ThermoScientific, K1612). Quantitative RT-PCR was conducted
using SYBR Green Master Mix (Quantitect, 204074) and a Rotor
Gene Q thermocycler (Qiagen), as mentioned in our previous
study.44 QuantiTect primers (Qiagen) were used to investigate
the gene expression of the cells mentioned in Table 1. Glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) was used as a
housekeeping gene. Cells cultivated in a 2D monolayer on day 0
were used as the reference for all calculations. The 2�(DDc(t))

method was used to calculate the relative expression level.

2.8. Immunofluorescence analysis

Immunofluorescence was carried out to evaluate the expression
of fibronectin and actin in a 2D monolayer (day 7), co-culture
(after day 7 in the cornification media), employing the already
optimized protocol.45 Furthermore, the expression of the cyto-
keratins (CK1, CK14) for keratinocytes in the co-culture condi-
tion was also determined following 7 days in the cornification
media. In brief, permeabilization was performed using 0.1%
Triton X-100 (Sigma), followed by blocking with 1% BSA
(Sigma) and three consecutive washes in PBS. Incubation in
primary antibodies: anti-fibronectin (1 : 200, Abcam), actin
phalloidin (1 : 50, Abcam), anti-cytokeratin 1 (CK-1) (1 : 100,
Abcam), and anti-CK14 (1 : 100, Abcam) was performed for
1 h at RT. After washing with PBS, 2D monolayer cells were
incubated with Alexa Fluor 488 conjugated goat anti-mouse IgG
antibody (1 : 200, Invitrogen), and Alexa Fluor 546 goat anti-
mouse IgG (1 : 200, Invitrogen) for 1 h at RT. DAPI (Sigma
Aldrich) was used for nuclear staining. Images were captured
using an inverted microscope by a Leica TCS SP5 (Leica
Microsystems).

2.9. Immunohistochemical analysis

3D bioprinted constructs (after 7 days in transwell) were
embedded in optimal cutting temperature (OCT) compound
(Kaltek Srl) and snap-frozen in liquid nitrogen. 12 mm-thick
sections were cut, air-dried, and stored at �20 1C until immu-
nohistochemical staining. Briefly, the slides were kept at RT,
air-dried for 20 min, and fixed in 10% formaldehyde (Kaltek Srl)
for 1 h. Then, samples were re-hydrated with Tris-buffered
saline (TBS, Sigma-Aldrich), and the non-specific antigenic sites
were blocked with a protein block serum-free (Dako) for 10 min
at RT. Then, sections were incubated for 1 h at RT with
monoclonal mouse anti-fibronectin (1 : 200, Abcam), and actin
phalloidin (1 : 50, 143533; Abcam) diluted with TBS. After 3

Table 1 List of genes investigated using qRT-PCR

Gene
name Full name

Catalog
number

FN Fibronectin QT00038024
Col 1A1 Collagen type I alpha 1 chain QT00037793
Col 2A1 Collagen type II alpha 1 chain QT00035683
Col 4A4 Collagen type IV alpha 1 chain QT00037256
MMP 1 Matrix metallopeptidase 1 QT00014581
MMP 2 Matrix metallopeptidase 2 QT00088396
MMP 13 Matrix metallopeptidase 13 QT00001764
GAPDH Glyceraldehyde 3-phosphate

dehydrogenase
QT00079247
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washing steps in PBS, sections were first incubated with multi-
linked biotinylated secondary antibody and then with the
alkaline phosphatase-conjugated streptavidin (Biocare Medi-
cal) at RT for 10 min, respectively. DAPI (Sigma Aldrich) was
used for nuclear staining. The colorimetric reactions were
developed using a Fast Red kit (Biocare Medical). Images were
captured using an inverted microscope by a Leica TCS SP5
(Leica Microsystems).

2.10. Protein expression analysis

The 3D bioprinted construct that represents the aging skin
model fabricated from the late and early passage HDFs in co-
culture was collected in 1.5 mL Eppendorf tubes after day 7 in
Transwell plates with 100 mL of lysis buffer (Tris–HCl–NaCl-
Nonidet P-40-S DS, sodium fluoride (1 mM), sodium orthova-
nadate (1 mM), phenylmethylsulfonyl fluoride (1 mM), protease
inhibitor cocktail (Sigma-Aldrich Italy, P83409, diluted 1 : 200)
and immediately snap-frozen in liquid nitrogen. The 2D early
and late passage HDFs and their co-cultures were also incu-
bated in lysis buffer for 15 min and then centrifuged at 7000g at
4 1C for 15 min. Supernatants were collected, and the extracted
proteins were quantified using the Pierce BCA Protein Assay kit
(Thermo Fisher Scientific, USA), according to manufacturer
instructions, and stored at �80 1C. 10 mg protein samples were
run on 8% SDS PAGE, and the bands of interest were processed
for trypsin digestion.46 Matrix-assisted laser desorption/
ionization-time of flight (MALDI-TOF) based mass spectro-
metric (MS) analysis was performed using a Bruker Daltonics
Ultraflex MALDI TOF/TOF mass spectrometer (Bruker, Ger-
many). Protein identification was performed using the MAS-
COT search engine (Matrix Science) based on the MASCOT
probability-based score using the SwissProt database selecting
Homo sapiens taxonomy.

Furthermore, the interactions between the proteins coded
by the differentially regulated genes were determined by the
STRING V 10.0, a database of predicted and known protein
interactions (https://string-db.org/). These interactions were
determined to comprehend how the early/late passage HDFs
in the 3D bioprinted constructs exhibited protein expression
concerning the aging characteristics.47

2.11. HSC DNA damage

A HSC DNA damage immunostaining kit (Invitrogen, H 10292)
was used to determine the DNA damage and the cytotoxicity of
the HDF cells upon treatment with H2O2 and high glucose on
day 7. 50 mL of Image-iTs Dead Greent viability stain was
added to treated cells and incubated for 30 min. The medium
was removed, and cells were fixed in 4% formaldehyde at RT for
20 min. Permeabilization was performed using 0.1% Triton X-
100 (Sigma), followed by blocking with 1% BSA (Sigma) and
three consecutive washes in PBS. The cells were incubated with
anti-gH2AX antibody (1 : 500) for 1 h at RT. After washing in PBS
thrice, Alexa Fluor 546 goat anti-mouse IgG (1 : 200, Invitrogen)
secondary antibody was added, and the cells were incubated for
1 h at RT, followed by Hoechst 33342 nuclear counterstain
solution for 1 h in the dark. The cells were then washed with

PBS thrice, and images were captured using an inverted micro-
scope in a Leica TCS SP5 (Leica Microsystems).

2.12. Cell cycle analysis by FACS

H2O2 and high glucose-treated HDFs for 24, 48, and 72 h were
prepared as a single-cell suspension in the buffer (e.g., PBS +
2% FBS; PBS + 0.1% BSA) and fixed with cold 70% ethanol
added dropwise while gently vortexing. The cells were fixed for
at least 1 h at 4 1C. After washing properly with PBS, 1 mL of
propidium iodide (PI) staining solution was mixed well with the
cell pellet. Furthermore, 50 mL of RNase A stock solution (final
concentration 0.5 mg mL�1) was added and incubated overnight
(or at least 4 hours) at 4 1C, and stained cells were then analyzed
by flow cytometry (FACS BD).

2.13. Statistical analysis

The data were illustrated as mean � SD and investigated using
one-way ANOVA followed by Bonferroni’s multiple comparison
tests with ‘n’ as the number of different experiments. The
differences at p o 0.05(*), p o 0.01(**), p o 0.001(***) and
p o 0.0001(****) were considered significant. Statistical analy-
sis was done using GraphPad Prism (5.01), San Diego,
California, USA.

3. Results
3.1 3D bioprinted skin aging model

3.1.1 Features of the early and late passage HDF cells. The
early passage HDFs were uniform in shape and size (Fig. 2A(a)).
In contrast, the late passage (senescent) cells were more pro-
minent, flattened, and exhibited lamellopodia (Fig. 2A(b)). A
decrease in the cell number was observed in the late passage
HDFs on day 7 compared to their early passage counterpart
(Fig. 2C(a)). Early and late passage HDFs in culture were treated
with SA-b-gal, and their visible morphological features were
investigated microscopically before and after treatment. Cyto-
chemically detectable b-gal activity has been widely used as a
marker of cellular senescence both in vitro and in vivo.48

Observable differences were evident in both the fibroblast types
upon treatment with SA b-gal. Senescent fibroblasts showed
specific staining as a blue product (Fig. 2A(d)) of b-gal activity
absent in proliferative or early passage cells (Fig. 2A(c)). The
senescent activity escalated several-fold compared to the early
passage ones when carried out at pH 6.0. A significant short-
ening of telomere length (2-fold) in late passage fibroblast cells
(p o 0.05) was observed on day 7 compared to that of the early
passage ones (Fig. 2C(d)).

Immunofluorescence (IFC) analysis was carried out to deter-
mine the expression of fibronectin and actin in the early and
late passage HDF. Prominent expression of actin (Fig. 2B(a and
d)) and fibronectin (Fig. 2B(b and d)) was observed in the early
passage cells in a 2D monolayer. However, in the cytoplasm of
late passage HDFs, both the protein types exhibited a distrib-
uted and decreased expression (Fig. 2B(e, f and h)). A large
number of the nuclei were evident by the DAPI staining
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(Fig. 2B(c)). Overall, the highest actin and fibronectin expres-
sions were observed in early passage HDFs (Fig. 2C(c)) com-
pared with their late passage counterparts.

3.1.2 Baseline expression of the early and late passage
fibroblasts and their co-culture. The genes investigated were cate-
gorized according to their impact on the aging process: fibronectin
which is an ECM component, COL 1A1, and COL 2A1 are respon-
sible for collagen synthesis; COL 4A4 is particularly synthesized in
the basement membrane, MMP 1, MMP 2, and MMP 13, the matrix
metalloproteinases are accountable for the degradation of the
proteins present in the ECM.14 The gene expression levels were
determined employing the DDCt method.49

A significant expression of the major ECM protein fibronec-
tin was observed in the early and late passage HDFs on day 7

and their co-culture condition after 7 days in cornification
media. A decrease of less than 1-fold (Fig. 3A(a)) and 1.2-fold
(Fig. 3B(a)) was observed in the late passage fibroblast and their
co-culture compared to their early passage counterparts. The
baseline expression supports the results obtained from the IFC
analysis. A similar result was obtained with the COL1A1, where
a 1-fold drop (Fig. 3A(b)) in the late passage and more than 2-
fold (Fig. 3B(b)) in their co-culture was observed compared to
the early passage cells. Whereas with another collagen type,
COL 2A1 and COL 4A4 showed a non-significant expression
both in the baseline (Fig. 3A(c and d)) and in co-culture
(Fig. 3B(c and d)). Although there was an increase in the
expression of MMP 2 in late passage fibroblasts (Fig. 3A(f)),
the expression level was insignificant compared to the early

Fig. 2 (A) Bright field microscopic images depicting the morphology of (a) and (b) early and late passage fibroblast cells before; and (c) and (d) after
staining with senescence-associated (SA) b-galactosidase on day 7; (B) immunofluorescence analysis depicting the protein expression of actin and
fibronectin in early (a)–(d) and late passage (e)–(h) fibroblast cells on day 7 in 2D monolayer culture. (C) (a) Graphical representation of the cell number of
the early and late passage fibroblast cells on day 1 and 7, (b) quantification of (SA) b-galactosidase expression of the early and late passage fibroblast cells
on day 7, (c) fluorescence intensity comparison graphs, and (d) quantification of relative telomere length of the early and late passage fibroblast cells on
day 7. Data represented as mean � SD, significant at p o 0.0001.

Journal of Materials Chemistry B Paper

Pu
bl

is
he

d 
on

 1
4 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

N
ew

 D
el

hi
 o

n 
8/

9/
20

25
 1

:5
7:

37
 A

M
. 

View Article Online

https://doi.org/10.1039/d5tb01126d


J. Mater. Chem. B This journal is © The Royal Society of Chemistry 2025

passage ones. Contrastingly, a significant expression was
noticed in co-culture, exhibiting a decline in the expression
level in the late condition (Fig. 3B(f)). Insignificant expression
was seen with the other two MMP types, i.e., MMP 1 and 13, in
both baselines and co-culture (Fig. 3A and B(e and g)).

3.1.3 Protein expression of the early and late passage HDFs
in co-culture. We further ascertained the expression of actin and
fibronectin along with CK1 and CK14 in the co-culture by IFC. A
decreased fibronectin and actin expression was observed in the
late co-culture condition after keeping them for seven days in the
cornification medium (Fig. 3C(c and d)). In contrast, the expres-
sion was much higher in the early passage co-culture, which was
also due to the cumulative effect of higher cell density (Fig. 3C(a
and b)). This result validates our gene expression findings.

Additionally, we determined the expression of CK1 and
CK14, the markers of differentiated keratinocytes. Significant
differences in the expression of these proteins in the prolifera-
tive or early passage and senescent or late co-culture were
obtained after seven days of differentiation in the cornification
media. A decreased expression of both CK1 and CK14 was
conspicuous in the late co-culture condition, with a significant
reduction in the cell number (Fig. 3D(c and d)).

3.1.4 Comparative gene and protein expression of the 3D
bioprinted skin aging model. The dermal component of the 3D
bioprinted aging skin construct encapsulated with the HDF-
laden in SF–G bioink was represented by the first 10 layers with
a dimension of 6 mm � 25 mm (Fig. 4A(a)). The epidermal
component was represented by the subsequent five layers of the

Fig. 3 Evaluation of gene expression by RT-PCR of (A) early and late passage fibroblast cells in 2D monolayer culture (a) fibronectin, (b) COL 1A1, (c) COL
2A1, (d) COL 4A4, (e) MMP-1, (f) MMP-2, and (g) MMP-13 on day 7 and (B) early and late passage fibroblast cells + keratinocytes co-culture (Co-Cul) (a)
fibronectin, (b) COL 1A1, (c) COL 2A1, (d) COL 4A4, (e) MMP-1, (f) MMP-2, and (g) MMP-13 after 7 days in cornification media. Immunofluorescence
analysis depicting the protein expression of (C) actin and fibronectin in (a, b) early, and (c, d) late passage (fibroblast cells in co-culture with keratinocytes
after 7 days in cornification media. Fibronectin stained in green fluorescence; actin by red phalloidin. Nucleus stained blue by DAPI. (D) CK1 and CK14
were produced by differentiated keratinocytes embedded in co-culture conditions with (a, b) early and (c, d) late passage fibroblast cells in co-culture
with keratinocytes after 7 days in cornification media. CK1 and CK14 were stained red, and the nucleus was stained blue by DAPI. Abbreviations: FN:
fibronectin, CK: cytokeratin, Co-cul: co-culture.
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construct using SF–G bioink loaded with human keratinocytes,
resulting in a dual-layered 3D bioprinted construct mimicking
the aged skin (Fig. 4A(c and d)). The 6 mm � 25 mm dual-
layered construct was then dissected into 6 mm � 6 mm small
constructs and placed in an air–liquid interface in Transwell
inserts for further characterization studies (Fig. 4A(f)).

Once the gene expression in baseline and co-culture was
determined, we assessed the expression levels of the 3D bio-
printed construct encapsulated with early/late passage HDF in
co-culture with keratinocytes. A significant decrease (3.9-fold)
in the expression of fibronectin was observed in the 3D bio-
printed construct with the late passage, supporting the results
obtained in the baseline expression and co-culture (Fig. 4B(a)).
Although a nominal decrease in the fold change was observed

with COL 2A1 and COL 4A4 in the late passage (Fig. 4B(c and
d)), overall, no change in MMPs and collagen isoforms was
observed in the 3D bioprinted construct (Fig. 4B(e, f and g)).

Determination of the actin and fibronectin expression in the 3D
bioprinted construct with early/late passage HDFs in co-culture is
essential to validate whether our 3D bioprinted skin aging construct
mimics the aging conditions in the native skin. A decreased expres-
sion of ECM protein fibronectin and actin in late passage fibroblast
cells in the 3D bioprinted construct was observed (Fig. 4C and D),
which validates the gene expression findings. More cells were found
to be present in the early passage constructs, as evident from DAPI
staining (Fig. 4C(a) and D(a)). Hence, an apparent morphological
change in the early and late passage HDFs in co-culture was
observed in the 3D bioprinted construct mimicking the aged skin.

Fig. 4 (A) 3D bioprinted SF–G construct with (a) early passage fibroblast cells immediately post-bioprinting, and (b) early passage fibroblast cells kept in
proliferation media for 3 days. Dual layered 6 mm � 25 mm 3D bioprinted SF–G construct with (c) early and (d) late passage fibroblast cells and
keratinocytes printed as the top layer post 3 days in a 1 : 1 mixture of fibroblast and keratinocyte proliferation media, simulating the 3D skin aging model;
(e) microscopic image of the 3D bioprinted construct after 3 days in a 1 : 1 mixture of fibroblast and keratinocyte proliferation media; (f) the 6 mm �
2.5 mm construct was dissected into 6 mm � 6 mm fragments and kept in Transwell culture in cornification media for 7 days. (B) Evaluation of gene
expression by RT-PCR of 3D bioprinted SF–G constructs encapsulated with early and late passage fibroblast cells with keratinocytes at day 7 showing (a)
fibronectin, (b) COL 1A1, (c) COL 2A1, (d) COL 4A4, (e) MMP-1, (f) MMP-2 and (g) MMP-13 expression. Immunostaining images depicting the expression of
(C) fibronectin and (D) actin in 3D bioprinted SF–G constructs on day 7. (E) Fluorescence intensity comparison graphs of fibronectin and actin. Data
represented as mean � SD, significant at p o 0.0001. Abbreviations: SF–G – silk-fibroin–gelatin.
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3.1.5 Analysis of differential protein expression by MALDI-
TOF and STRING analysis. The differential expression profiles
of the proteins obtained in MALDI-TOF from their selected
bands (Band 1–12) via SDS-PAGE analysis (Fig. 5A) with their
molecular functions mentioned in Table 2. We obtained several
proteins expressed in 2D and co-culture related to cell differ-
entiation and proliferation. Cilia- and flagella-associated pro-
tein 53 and actin-related protein 2/3 complex subunit 3 were
identified only in the 3D bioprinted early passage skin aging
construct. Our cumulative data suggest that this approach
might be helpful for chronological skin aging.

An extensive degree of gene networking was discovered by
gene ontological analysis by STRING among the genes investi-
gated during the development of aged skin (Fig. 5B). We

noticed gene ontology biological processes related to skin mor-
phogenesis, endodermal cell differentiation, collagen metabolic
process, ECM disassembly, cell–substrate junction assembly, cell
adhesion mediated by integrin, collagen fibril organization,
wound healing, etc. Furthermore, the KEGG pathway related to
our genes in the study was linked to ECM receptor interaction,
the AGE-RAGE signaling pathway in diabetic complications, and
the Relaxin signaling pathway (Fig. 5C).

3.2 Aging induced by H2O2 and high glucose

3.2.1 Features of the H2O2 and high glucose-treated HDFs.
Upon treatment of the early passage HDFs with H2O2, a clear
differentiated morphology of the normal (untreated) versus the
H2O2-treated cells was observed on day 7, as shown in Fig. 6A(a

Fig. 5 (A) Protein expression profile of early and late HDFs in 2D (lane 2 & 3), co-culture (early passage fibroblasts before cornification, lane 4), and lanes
5 & 6 represent the early/late passage HDFs in co-culture with keratinocytes after 7 days in cornification media, lane 7 early passage 3D bioprinted SF–G
construct after 7 days in Transwell, lane 8 & 9 late passage 3D bioprinted SF–G construct after 7 days in Transwell. Highlighted red box showing
differentiated protein bands, which are identified by MALDI-TOF. (B) STRING protein–protein expression of the proteins in the SF–G bioprinted construct.
(C) Visualization of the KEGG pathway enrichment analysis of the differentially expressed genes in the SF–G bioprinted construct. Abbreviations: EPF –
early passage fibroblast, LPF – late passage fibroblast, LP – late passage.
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and b). In response to the H2O2 treatment, there was an
augmentation in the cell volume and surface irregularity, and
cells were observed to be adherent. Mild cytotoxicity was
observed on day 1 (data not shown) as apoptotic bodies in
culture media; however, the fibroblast cells recovered their
proliferative capacity on day 7 (Fig. 6A(b)) due to the exposure
to H2O2 for a short period of 120 min. When treated with SA-b-
Gal, the H2O2-treated fibroblast cells exhibited a high activity of
b-Gal-positive staining, which signifies an elevated rate of the
occurrence of senescence compared to the control cells
(Fig. 6A(c and d)). Hence, a significant induction was observed
on day 7 (p o 0.01).

Further confluent young HDFs were treated with high glu-
cose to imitate diabetic conditions. An increase in cell density
was observed when cultured in the proliferation media. Mor-
phologically, they appeared more elongated and spindle-
shaped (Fig. 6B(a)). Culturing the fibroblasts in high glucose
medium not only resulted in a decrease in the cell number but
also demonstrated stagnant growth (senescence) morphology
and declined replicative life span (Fig. 6B(b)). Under high
glucose conditions, the HDF exhibited a high percentage of
SA-b-Gal positive staining, which signifies an elevated rate of
senescence compared to the control. Therefore, a significant

induction of b-gal activity was reported under high glucose
compared to the control (Fig. 6B(d)).

Although a decrease in the telomere length was observed in
H2O2-treated fibroblasts at day 7, no significant induction of
telomere length shortening was observed on day 14 (Fig. 6C). In
contrast, in the presence of high glucose, the young fibroblast
cells showed a progressive reduction in the telomere length
during prolonged culture time at day 7 and 14, respectively,
compared to that observed on day 3 (Fig. 6D).

3.2.2 DNA damage study. The DNA damage is measured as
an indication of genotoxicity and is accomplished by specific
antibody-based detection of phosphorylated H2AX (Ser139) in the
nucleus. Cytotoxicity is measured with the Image-iTs DEAD
Greent viability stain. The Image-iTs DEAD Greent viability
stain has a high affinity for DNA, is non-fluorescent, and imper-
meant but forms highly fluorescent and stable dye-nucleic acid
complexes when bound to DNA. Staining of nuclear DNA cannot
occur in live cells due to the impermeability of the plasma
membrane for the stain. This property enables the discrimination
of dead cells with Image-iTs DEAD Greent viability stain.
Hoechst 33342 dye stains nuclear DNA in live and dead cells.

H2O2 is a strong oxidant that is toxic to cells. To quantify
H2O2-induced DNA damage, immunolabelling was conducted

Table 2 Illustration of the bands identified in MALDI-TOF and their molecular function

Band
ID Symbol Name

Molecular
weight
(approx. kDa)

Mascot
score

No. of
peptide
matched Function

1 MYH1 Myosin-1 45 157 21 Plays key role in age-related changes in muscle contractility.
Propels actin filament that impacts aging

2 PTPC-1 Protein tyrosine phospha-
tase domain-containing
protein 1

56 230 15 Signaling molecules that regulate a variety of cellular processes
including cell growth, differentiation, mitosis, and oncogenic
transformation

3 OCLM Oculomedin 5.3 293 11 The function is not completely understood, generally expressed
in trabecular cells and retina following mechanical stretching

4 MB21D2 Protein Mab-21 domain
containing 2 (human)

38 93 10 Uncharacterized protein C3orf59; mab-21 domain-containing
protein 2, Go – molecular function shows cadherin binding

5 RHOBTB1 Rho-related BTB domain
containing 1

79 235 23 Key regulators of the actin filament system and, consequently, of
all processes that depend on the reorganization of the actin
cytoskeleton, such as membrane trafficking, cell motility, cyto-
kinesis, adhesion, and morphogenesis. They have also been
implicated in numerous processes not directly linked to actin
reorganization, like NADPH oxidase activation, microtubule
organization, gene expression, cell cycle progression, apoptosis,
and tumorigenesis

6 UCHL1 Ubiquitin carboxyl-
terminal hydrolase 17-like
protein

59 355 13 Deubiquitinating enzyme that removes conjugated ubiquitin
from specific proteins to regulate different cellular processes that
may include cell proliferation, progression through the cell cycle,
apoptosis, cell migration, and the cellular response to viral
infection

7 ZNF569 Zinc finger protein 569 79.5 437 20 Involved in transcriptional regulation
8 hnRNP M Heterogeneous nuclear

ribonucleoprotein M iso-
form X6

68 79 15 May initiate a series of signaling events leading to tyrosine
phosphorylation of proteins and induction of IL-1 alpha, IL-6, IL-
10, and tumor necrosis factor-alpha cytokines

9 ADCY8 Adenylate cyclase type 8 140 619 21 Plays an important role in aging
10 CFAP53 Cilia- and flagella-

associated protein 53
61 120 13 Expressed by the ciliated cells of the frog epidermis and in skin

fibroblasts from humans. May play a role in the beating of pri-
mary cilia and thereby be involved in the establishment of organ
laterality during embryogenesis

11 ARPC3 Actin-related protein 2/3
complex subunit 3

40 102 14 Functions as a component of the Arp2/3 complex which is
involved in the regulation of actin polymerization and together
with an activating nucleation-promoting factor (NPF) mediates
the formation of branched actin networks

12 ELOC Elongin-C 15 128 11 Involved in the aging regulatory pathway
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on day 7 after exposure to 200 mM H2O2. Our results indicated
that H2O2-induced DNA damage became statistically significant
(p o 0.05) on day 7. A substantial increase in dead cell
populations occurred, and H2O2 significantly increases acute
cell death in cultured fibroblasts in a time-dependent manner
(Fig. 6E(i and j)).

The induction of pH2AX, a sensitive marker of DNA damage,
was also determined in fibroblast cells treated with a high
glucose concentration (50 mM). Notably, from the obtained IFC
study, it was evident that the fibroblast cells didn’t undergo any
Hoechst damage in the presence of 50 mM glucose (Fig. 6E(s
and t)). This was validated by innumerable nuclei, which were
evident from DAPI staining. Compared to the control, a drastic

reduction in the dead cells and DNA damage was evident upon
treatment with high glucose.

3.2.3 Comparative gene expression analysis. To gain
insight into the effect of exposure to 200 mM H2O2 and high
glucose on HDFs, extensive gene expression analysis was car-
ried out on days 3, 7, and 14. The highest fibronectin expres-
sion was 4 fold on day 7, which decreased on day 14 but was
around 2-fold higher than the control (Fig. 7A(a)). On the other
hand, the highest level of fibronectin expression upon glucose
treatment was observed on day 14 (Fig. 7B(a)). Under both
conditions, there was an insignificant change in the expression
of COL 1A1 (Fig. 7A and B(b)). COL 2A1 demonstrated a 2-fold
increase in expression on day 14 compared to the control;

Fig. 6 Bright field microscopic images depicting the morphology of (A) (a) and (b) control and H2O2 treated fibroblast cells (P-6) before; and (c) and (d)
after staining with senescence-associated (SA) b-galactosidase on day 7; (B) (a) and (b) control and high glucose treated fibroblast cells (P-6) before; and
(c) and (d) after staining with senescence-associated (SA) b-galactosidase on day 7. (C) and (D) Quantification of the relative telomere length of the H2O2

and high glucose-treated fibroblast cells on days 3, 7, and 14, respectively. (E) Immunofluorescence analysis of HCS DNA damage staining of fibroblast
cells (P-6) (a)–(e) control; (f)–(j) treated with 200 mm H2O2 on day 7; (k)–(o) cultured in proliferation media at day 7; (p)–(t) cultured in high glucose
medium on day 7.

Paper Journal of Materials Chemistry B

Pu
bl

is
he

d 
on

 1
4 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

N
ew

 D
el

hi
 o

n 
8/

9/
20

25
 1

:5
7:

37
 A

M
. 

View Article Online

https://doi.org/10.1039/d5tb01126d


This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. B

however, a 3-fold decrease in the expression was observed on
day 7 (Fig. 7A(c)). Interestingly, although under high glucose-
treated conditions the expression on day 14 was less than that
on day 3, and the fold change was less than one (Fig. 7B(c)).
With COL 4A4, an increase in the expression level was observed
under both conditions on day 14 compared to that on day 3
(Fig. 7A and B(d)). An interesting observation was noticed with
MMP 1 under both conditions. In both instances, a negative
fold change was exhibited (Fig. 7A and B(e)). With MMP 2, an
increased expression was observed on day 14 compared to other
time points (Fig. 7A and B(f)). However, MMP 13 showed no
significant difference in expression profile upon H2O2 and high
glucose treatment (Fig. 7A and B(g)).

3.2.4 Cell cycle analysis. Cell cycle analysis revealed three
distinct cell populations in cultured fibroblast cells treated with
200 mM H2O2, which were indicative of cells in the G0/G1, S, and
G2/M phases of the cell cycle (Fig. 8A and B). The untreated
(control) showed greater accumulation of cells in G0/G1

(85.6% � 2.9%), S (4.05% � 0.9%), and G2/M (8.06 � 0.8%).

After exposure to 200 mM of H2O2, there was a significant
decrease in the cell population in the S phase (p o 0.01),
whereas after 72 h the percentage of cells were control = 4.05%,
24 h = 3.8%, 48 h = 3.03% and 72 h = 0.66% (Fig. 8A).
Interestingly, day 7 showed no change in the distribution of
the cells in the cell cycle after treatment (data not shown).
Achieving a prolonged G arrest by H2O2 might necessitate the
cells to be in the phase before G, before treatment.

Similarly, the distribution of the fibroblast cells treated with
50 mM glucose showed that the synthetic or the ‘S’ phase was
progressively reduced after 48 and 72 h, respectively. In con-
trast, the number of cells in the G1 phase increased from 24 to
48 h compared to the control (Fig. 8C and D).

4. Discussion

Skin aging and cosmetic research are specifically prone to
concerns associated with animal testing. Apart from the ban

Fig. 7 Evaluation of gene expression by RT-PCR of (A) H2O2 and (B) high glucose treated fibroblast cells showing (a) fibronectin, (b) COL 1A1, (c) COL
2A1, (d) COL 4A4, (e) MMP 1, (f) MMP 2 and (g) MMP 13 expression on day 3, 7 and 14.
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by the European Union on animal testing, scientific and economic
rationale have compelled researchers to look for alternative
in vitro-based models50 Besides, the existing tissue-engineered
aged skin equivalents fail to imitate the DEJ, which is corrugated
to form the rete-ridges. In addition to allowing researchers to
examine the impact of DEJ on cell activity, the emergent ability to
fabricate ever-more-complex constructs for skin TE will facilitate
the creation of morphological and physiological mimics that are
more similar to actual aged skin.51 An ideal 3D-based model for
skin aging that can adequately mimic the intricate microenviron-
ment of the native tissue is yet to be developed. To the best of our
knowledge, this is the first study demonstrating the spatial
organization of co-cultured dermal fibroblasts and keratinocytes
of human origin utilizing SF–G bioink. This provides a feasible
approach for establishing an in vitro skin aging model replicating
the microenvironment of native human-aged skin. We focused on
two conditions: (a) the development of a dual-layered 3D bio-
printed skin aging model and (b) the use of H2O2 and high glucose
as aging-inducing agents, which mimic the oxidative stress and
diabetic condition, one of the primary reasons for skin aging.

We started with the baseline experiments with early and late
passage HDF. The alteration in morphology in the late passage

is considered a unique feature of senescent fibroblasts.52

Although very little is known regarding these changes in the
senescent stage, most senescence-based mechanistic studies
have concentrated on irreversible growth arrest.53 From the
morphological characteristics, we deduced that, even though
late passage cells have ceased replication, they remain
enlarged, which necessitates evaluating whether cell enlarge-
ment and growth arrest share the same control process. Con-
ventionally, senescent cells arise from cell replication such that
most HDF strains from fetal tissue undergo 50–60 population
doublings before senescence.54 Senescent cells have a broader
and flatter body than healthy cells, which are spaced out. These
modifications could be attributed to cell-cycle arrest in the G1/
G2 phase following generation. Furthermore, they are deter-
mined by large nuclei, presumably due to the loss of lamin B1
from the inner surface of the nuclear envelope. Interestingly,
these senescent fibroblast cells were observed to take a longer
time to detach during trypsinization than the proliferative ones.
SA-b-gal, one of the widely used markers, was used to ascertain
the senescent cells both in vitro and in vivo, detectable at sub-
optimal pH 6.0.55 It is found that the number and size of
lysosomes increase in late passage cells; hence, the enhanced

Fig. 8 Cell cycle analysis by propidium iodide (PI) staining using flow cytometry. Cultured fibroblast cells were treated with (A) 200 mM H2O2 and
analysed at 24, 48, and 72 h after exposure, and (B) cell cycle analysis calculated as G1, S phase, and G2M from the histogram of the flow cytometry
analysis. (C) 50 mM of high glucose and analysed at 24, 48, and 72 h. (D) Cell cycle analysis was calculated as G1, S phase, and G2M from the histogram of
the flow cytometry analysis.
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activity of SA-b-gal in senescent fibroblasts occurs at least in
part due to the surge in lysosomal b-gal levels.56 Apart from the
SA-b-gal staining, a decrease in the telomere length in the late
passage fibroblasts established the distinguishing features of
the passage-dependent cells. Fibronectin, a secreted matrix
protein, is a bridge between the ECM substrate and cell surface
integrins, which is structured as a mesh of fibrils, much like
collagen. Decreased expression in the late passage fibroblasts
implies that impaired (anisotropic) structural arrangement of
fibronectin fibers, together with decreased fibronectin synth-
esis, are both signs of cellular aging.57

The majority of in vitro aging research relies on fibroblast
cell culture.16 In healthy skin, keratinocytes, which constitute
95% of the epidermis, actively interact with fibroblasts to help
maintain the skin’s homeostasis.58,59 Little focus has been
placed on the role of keratinocytes for their potential to con-
tribute to skin aging.58 Numerous studies prove that epithelial–
dermal interactions are significant; for instance, soluble
substances secreted by fibroblasts influence epidermal devel-
opment, and glycation of the dermis was found to modify
integrin expression in the epidermis.60 Additionally, it has been
demonstrated that keratinocytes regulate fibroblasts’ manufacture
of elastin and that fibroblasts influence keratinocyte differentia-
tion. Hence, this study focused on considering the interplay
between the fibroblast and keratinocytes in co-culture. The two
main ECM components that fibroblasts produce are fibronectin
and COL 1A1, the hallmark of the functional dermis.61 A decreased
gene expression both in baseline and co-culture implies deleter-
ious effects on the function and maintenance of the dermal layer,
contributing to aging.62 The decline in the expression of the
collagen isoforms could be corroborated by the fact that fibro-
blasts’ attachment is impeded in aged skin due to the continuous
degradation of the ECM, which is mainly composed of collagen
type I63,64 and collagen IV, on the other hand, it comprises the
basic ultrastructure of the basement membrane of the skin.65

Contrastingly, the fibroblast remains attached to the surrounding
intact ECM in its young counterparts.64,66 MMPs, the essential
enzyme involved in the degradation of all dermal ECM proteins
and cutaneous photo-aging, exhibited a contrasting trend; the
expression level was highly insignificant both in baseline and co-
culture. This decrease in fibronectin expression in late co-culture
was further validated by IFC analysis, which was also accompanied
by a decline in actin expression. Furthermore, the expression of
the basal epidermal marker CK14 (Stratum basale) via IFC,
indicative of proliferating keratinocytes, had reduced in the
late co-culture, akin to that observed in human aged skin.67

Additionally, the expression of CK1 in the early co-culture, a
hallmark of keratinocyte differentiation and stratification68

implied signified maturation and terminal differentiation of the
keratinocytes, which is involved in developing a cornified epider-
mal layer. However, decreased expression in late co-culture sig-
nifies loss of cellular integrity, leading to intrinsic skin aging.67

Fibroblasts encapsulated in SF–G were initially solely
printed as the dermal layer, allowed to proliferate for three
days, followed by the printing of the top epidermal layer with
keratinocytes, which mimics the DEJ of the native human skin.

This dual-layered bioprinted construct represents the human-
aged skin model. This was validated by reduced fibronectin/
actin gene and protein expression in the constructs with the
late passage cells in co-culture. It must be noted that morpho-
logical properties like cell area, spreading, focal adhesion, etc.,
are controlled by the mechanical features of the environment
surrounding the ECM.69–71 Notably, the variation in cellular
morphology is governed by the actin filament assembly that
produces protrusions and contractile stress fibers. Alteration in
the expression in the senescent cells might be a vital feature of
a generalized decline in cellular functioning related to aging.72

Furthermore, alteration in the actin cytoskeleton and direct
impact on the arrangement of the ECM could result in an
alteration in the gene expression in senescent fibroblasts,
resulting in a decline in the ECM protein synthesis.73 Our
results also confirm the actin network’s key role concerning
the cells’ mechanical characteristics, suggesting that the extent
of actin polymerization in senescent fibroblasts is transferred
into filamentous form. This advocates that the age-associated
decline in cell flexibility is embedded in modified polymeriza-
tion of the actin cytoskeleton.73

Aging in humans is advocated by the interplay of a series of
proteins. We identified the expression of such proteins in our
bioprinted construct by MALDI-TOF analysis, as mentioned in
Table 2. For example, the presence of MYH1 protein provides
evidence of age-related fibrotic risk.74 CFAP53, commonly
known as the cilia and flagella-associated protein 53, although
it does not directly control aging, it may indirectly affect age-
related processes by influencing tissue homeostasis and repair
through its role in cilia function and cell division.75 Adenylyl
cyclase 8, which is encoded by the ADCY8 gene, contributes to
aging, especially with respect to cardiac aging and related
inflammation.76 Apart from that, the presence of PTPC-177 and
ELOC,78 plays a significant role in the aging process. For
example, mutations in ELOC may modify cellular responses
to hypoxia and shorten longevity by interfering with the
ubiquitination-mediated clearance of HIF-1. Furthermore, the
KEGG pathway analysis corroborates these findings, highlight-
ing the involvement of ECM–receptor interaction and the AGE–
RAGE signaling pathway that contributes significantly to aging
and illnesses associated with aging. The skin’s ECM, which
supports structure and controls cell activity, deteriorates with
age. Cell–ECM interactions are disrupted by this degradation
and changes in cell-surface receptors like integrins, which
impair skin function and contribute to aging symptoms,
including wrinkles and decreased suppleness.79 With age,
AGEs, which are created by the non-enzymatic glycation of
proteins and lipids, build up and can attach to RAGE, initiating
signaling cascades that lead to tissue damage and cellular
malfunction.80 Numerous cross-links found in collagen have
been identified, and their correlation with vascular disease has
highlighted the significance of AGEs in both aging and diabetes
problems.80 RAGE-dependent inflammation in the macro- and
microvasculature plays a role in the pathophysiology of dia-
betes. Research on the relaxin signaling pathway, specifically
the roles of the neuropeptide relaxin 3 receptor, i.e., RXFP3, has
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revealed that RXFP3 may be essential for several aging-related
conditions because it has been linked to a number of aging
markers, including oxidative stress and the DNA damage
response.81 It is noteworthy that the KEGG pathway enrichment
analysis of our differentially expressed genes in the 3D bio-
printed model revealed the engagement of the pathways related
to the relaxin signaling pathway, ECM–receptor interaction,
and the AGE–RAGE signaling pathways in diabetes complica-
tions, all of which play a crucial role in aging. One factor to
which utmost attention must be given is that after many
passages, cells started losing their proliferative capacity and
metabolic activity (late passages), resulting in a low cell density.
As a result, we needed to optimize the number of cells required
for 3D bioprinting. Taken together, our 3D bioprinted model
can simulate the aging skin in vitro and be used as a screening
platform for drugs and cosmetic testing.

As a more rapid alternative to using replicative senescent
fibroblasts, we induced senescence prematurely using H2O2,
which acts as an oxidative stress, and by using high glucose,
which mimics the diabetic condition, which is another major
factor contributing to aging. Recent studies suggest that in the
presence of oxidants, early passage fibroblasts can phenotypi-
cally resemble the senescent ones.35,82 An exposure of 400 or
500 mM concentration of H2O2 has been reported to be cytotoxic
to the cultured fibroblast cells.83 Therefore, in our study, we
have optimized a concentration of 200 mM of H2O2, which is
suitable for inducing senescence, as shown previously by Chen
and Ames.35 Compared to the control, enhanced b-gal activity
in the treated proliferative fibroblast suggests that a mere 120
min exposure is sufficient to induce senescence. This further
dismisses the need for prolonged exposure, which was men-
tioned earlier by several other studies.36 In a similar study, Jin
et al. treated human diploid fibroblasts with 60% glucose
restriction or high glucose medium.84 They reported a decrease
in cell growth and an increase in apoptosis with high glucose
concentration, similar to our results. 50 mM glucose concentration
was chosen for our study since fibroblasts can grow favorably at a
concentration of 10–20 mM. However, a concentration above
50 mM was reported to have an impeding proliferative effect,
and more than that was found to be cytotoxic.85 Although
studies86,87 depict that high glucose concentration impedes fibro-
blast proliferation, the mechanisms involved in glucose-promoting
senescence are still not precisely understood. Therefore, in the
present study, we probed into the effect of aging by incubating
HDFs with high glucose concentration (imitating diabetic condi-
tions). SA-b-gal staining in both cases confirmed aging induction
by H2O2 and high glucose conditions. Although a shortening in
telomere length was observed on day 7 compared to day 3 with
high glucose, it did shorten in the presence of H2O2. DNA damage,
such as single-strand DNA breaks, may result from exposure to free
radicals or oxidants; hence, the telomere shortening rate is
assumed to be partly dependent on intracellular oxidative
stress.88 Treatment with H2O2 for 120 min in our study might be
a probable reason for the non-significant shortening of telomere
length on day 7 compared to day 3. On the other hand, Duan et al.
reported that HDFs, when treated with low doses of H2O2 for a

long time, gave rise to irreversible cellular senescence, increasing
the rate of telomere shortening.36 This indicates no effect of H2O2

at doses ranging from 50 to 200 mM on telomere shortening. These
results suggest that H2O2 might not be involved directly in short-
ening telomeres. It is worth noting that although we have not
detected the ROS expression under both conditions, the elevated
levels of MMP-1 direct the presence of ROS, one of the causative
agents of ageing. ROS can directly activate the enzyme through
oxidative stress or indirectly affect MMP-1 activity and expression
by altering signaling networks contributing to its transcription.
Hence, the gene expression analysis and DNA damage study
illustrate the potency of both agents in inducing aging.

Growth arrest is a critical feature of senescent cells, and the
percentage of cells present in the G0/G1 phase is a definitive
index for evaluating proliferative activity.89 A histogram plot of
DNA content against cell numbers gives the classical DNA
profile for a proliferating cell culture. Leonardo90 et al. exhib-
ited that cells in the early to middle G1 phase undergo an
elongated growth arrest following g-irradiation. Whereas, cells
when treated in the late G1 phase invaded the S phase, followed
by their entry into the G2 phase when treated in the S phase,
and arrested before mitosis.91 The sub-lethal concentration of
H2O2 used by us induced senescence-like growth arrest in the
HDFs, unlike the cells that experienced necrosis or apoptosis
due to the cytotoxic concentration of H2O2.48,92 Apoptosis is a
principal phenotype detected in cells treated with H2O2 con-
centrations of around 300–400 mM, in contrast, both the
senescence and apoptosis-like phenotypes are observed in cells
treated with 200 mM H2O2.93 It should be noted that although
we have achieved senescence-like characteristics with 200 mM
H2O2, however, we did not use any marker for apoptosis in this
study which makes it difficult to determine whether the HDF
underwent apoptosis or not. A decrease in the cell population
in the ‘S’ phase of the cell cycle under glucose conditions
indicates the loss of DNA repair and synthesis, a marker of
aging. An increase in HDF concentration in the G0/G1 phase
indicates that high glucose impeded the G1–S transition com-
pared to the control. This finding was as per the results
obtained by Li et al.,89 where they dictated the regenerative
and protective outcome of calcium silicate on fibroblasts
treated with high glucose. Hence, the results obtained with
H2O2 and high glucose support using these agents as an
alternative approach in developing a 3D bioprinted skin aging
model dictate its suitability for new drug targets. However, from
the results obtained, we can conclude that high glucose condi-
tions could mimic the aging characteristics to a greater extent
than that of the H2O2.

5. Conclusion

We developed a 3D bioprinted skin aging model employing SF–G.
Through this study, we illustrated for the first time (i) the
extrusion-based 3D bioprinting approach helped mimic the
dual-layered of the aged skin by allowing the spatial distribution
of HDF and human epidermal keratinocytes, (ii) recapitulated the
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dermal–epidermal junction, not possible in monolayer based
models, (iii) gene and protein expression with dermal and epi-
dermal specific markers, indicating the absolute stratification of
the developed model, (iv) established the use of H2O2 and high
glucose as potential senescence inducing agents, that can provide
an alternative approach for the development of 3D bioprinted
models. Although both H2O2 and high glucose showed high
potential in inducing senescence, high glucose could mimic the
aging conditions more effectively.

Our developed model can serve as a screening platform for
anti-aging drugs and cosmetics. Furthermore, it can ascertain
the relative contribution of various molecular mechanisms to
the skin aging phenotype. Additionally, senescent cell integra-
tion in aged skin models makes them a good testing ground for
senolytics and research to develop agents to delay, prevent,
alleviate, or reverse age-related diseases.
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