REVISED Manuscript (text UNmarked) Click here to view linked References %

A sustainable strategy for generating highly stable human skin
equivalents based on fish collagen

Shi Hua Tan?, Shaogiong Liu?, Swee Hin Teoh?, Carine Bonnard!*, David Leavesley*, Kun

Liang>*".

IA*STAR Skin Research Labs (A*SRL), Agency for Science, Technology and Research
(A*STAR), Singapore

2School of Chemical and Biomedical Engineering, Nanyang Technological University,

Singapore

3College of Materials Science and Engineering, Hunan University, People’s Republic of China

4Skin Research Institute of Singapore (SRIS), Singapore

*Correspondence: Kun Liang

Email: kun_liang@asrl.a-star.edu.sg

Keywords:

Human skin equivalent, hydrogel scaffold, 3D skin model

Abbreviations:

ATR-FTIR Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy
BC Bovine collagen

CD Circular dichroism

DSC Differential scanning calorimeter

FBC Fortified bovine collagen

FC Fish collagen

FFC Fortified fish collagen

H&E Hematoxylin and eosin

HDF(s) Human dermal fibroblast(s)

HEK(S) Human epidermal keratinocyte(s)

HSE(s) Human skin equivalent(s)

IHC Immunohistochemistry

MTT Thiazolyl blue tetrazolium bromide

SDS-PAGE  Sodium dodecyl sulphate—polyacrylamide gel electrophoresis
SEM Scanning electron microscopy

Td Denaturation temperature

TEER Transepithelial electrical resistance


https://www2.cloud.editorialmanager.com/bioadv/viewRCResults.aspx?pdf=1&docID=33484&rev=1&fileID=519070&msid=9530b3b1-8c0b-4fa0-8304-d9e0352d3a03
https://www2.cloud.editorialmanager.com/bioadv/viewRCResults.aspx?pdf=1&docID=33484&rev=1&fileID=519070&msid=9530b3b1-8c0b-4fa0-8304-d9e0352d3a03

Abstract

Tissue engineered skin equivalents are increasingly recognized as potential alternatives to
traditional skin models such as human ex vivo skin or animal skin models. However, most of
the currently investigated human skin equivalents (HSEs) are constructed using mammalian
collagen which can be expensive and difficult to extract. Fish skin is a waste product produced
by fish processing industries and identified as a cost-efficient and sustainable source of type |
collagen. In this work, we describe a method for generating highly stable HSEs based on fibrin
fortified tilapia fish collagen. The fortified fish collagen (FFC) formulation is optimized to
enable reproducible fabrication of full-thickness HSEs that undergo limited contraction,
facilitating the incorporation of human donor-derived skin cells and formation of biomimetic
dermal and epidermal layers. The morphology and barrier function of the FFC HSEs are
compared with a commercial skin model and validated with immunohistochemical staining and
transepithelial electrical resistance testing. Finally, the potential of a high throughput screening

platform with FFC HSE is explored by scaling down its fabrication to 96-well format.



1. Introduction

Living human skin models are critical tools in advancing our understanding of basic skin
physiology, investigating disease pathology, and performing compound evaluations within the
pharmaceutical and cosmetic industries. Traditionally, assessment of different substances on
our cutaneous barrier has been performed on freshly excised human skin or using animals such
as rodents, rabbits and pigs as ex vivo or in vivo skin models [1-3]. However, since the
implementation of EU Directive 2010/63/EU, which completely banned animal testing for
cosmeceutical products from 2013, alternative methods are required to replace the use of
animals in cosmeceutical product testing [4,5]. In addition, the logistical challenges associated
with obtaining ex vivo human skin for testing product safety and efficacy has further driven the
development of in vitro tissue engineered human skin equivalents (HSEs), replacing these

traditional testing regimens.

To successfully recreate the structure and function of human skin, many investigators within
the field have sought to fabricate hydrogel-based HSEs using type I collagen, since collagen is
the main component of the dermal extracellular matrix, and provides both structural and cell
regulatory functions [6,7]. While collagen, its derivatives and combinations with other natural,
synthetic or cross-linking materials, have been efficaciously utilized in generating the dermal
equivalent of HSEs [8-15], the type I collagen used to construct these models are often derived

from mammalian sources, requiring costly and/or laborious production [16-18].

Recently, marine organisms ranging from invertebrates, such as jellyfish and sponges, to
vertebrates such as bony fishes and cartilaginous sharks, have attracted attention as alternative
sources of collagen [19-21]. Notably, underutilized by-products of the fishing industry such as

fish skin contain mostly type I collagen constituting around 70% of its dry weight [22—-24]. The



collagen derived from fish skin maintains similar molecular structure and bioactivity to
mammalian collagen [6,25,26], carries less risk for zoonotic disease transmission, is less
immunogenic due to absence of antigenic mammalian proteins and can be applied without

religious concerns [16,18,27,28].

Nonetheless, the use of fish skin collagen presents some challenges which can limit its
applications in tissue engineering. Generally, fish collagen contain lesser imino acid content
(hydroxyproline and proline), leading to lowered denaturation temperatures of <30 °C
compared to terrestrial mammalian collagens that denature between 39-40 °C [29,30]. In
addition, the low hydroxyproline content of fish collagen can affect its mechanical stability,
restricting the practical use of fish collagen products under usual cell culture temperatures, or
within the human body [31]. There are, however, exceptions. Warm-water fishes such as the
Nile tilapia (Oreochromis niloticus) have been reported to have a higher degree of proline
hydroxylation leading to increased denaturation temperatures of around 30-36 °C [32-35].
Moreover, tilapia is the second-most farmed fish globally after carp, contributing a large
volume of discarded fish waste and by-products that further contribute to tilapia skin as an eco-
friendly source of mammalian collagen substitute [36]. To exploit tilapia skin-derived collagen
for different tissue engineering applications, several investigators have also explored physical
and chemical cross-linking or blending with other bioactive materials to improve the
mechanical and thermal properties of tilapia collagen [37,38]. These tilapia skin collagen
scaffolds have been utilized for bone tissue engineering [39,40], cartilage repair [41] as well as

wound healing purposes [37,42].

In this study, we have investigated the application of tilapia skin collagen for in vitro

reconstruction of human skin tissue. Collagen was extracted and purified from tilapia skin



using acid solubilization and physicochemical properties of the resulting material was
systematically characterized. To improve the mechanical properties of fish collagen (FC) to
support the attachment and growth of human skin-derived fibroblasts, an optimized amount of
fibrin was blended with FC to obtain fortified fish collagen (FFC). Fibrinogen, and its insoluble
polymer, fibrin, is commonly added to collagen-based formulations to mediate cell-induced
contraction of collagen matrices [43-48]. Compared to physical, or chemical cross-linking
strategies, blending collagen with a natural biopolymer such as fibrin may exhibit less
cytotoxicity. The FFC constructs were observed to resist fibroblast-mediated contraction and
demonstrated good cell compatibility. When used to construct dermal equivalents, FFC
supported the growth of both fibroblasts and keratinocytes, facilitating the formation of
bilayered full-thickness HSEs. FFC HSEs maintained optimal structural stability over the entire
duration of culture in vitro when compared to FC HSEs and HSEs constructed with bovine
collagen (BC) or fortified bovine collagen (FBC). Finally, the morphology and function of FFC
and FBC HSEs were compared to a commercially validated full-thickness skin equivalent
(EpiDermFT™, MatTek), as well as to native human skin. FFC HSEs displayed structural
similarity to native human skin and exhibited the highest transepithelial electrical resistance
(TEER) among all skin models tested. Therefore, valorization of tilapia skin collagen
transforms a largely discarded waste product into a cost-effective and sustainable material

source for generating viable, authentic HSEs (Figure 1).
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Figure 1. Valorization of tilapia skin collagen transforms a discarded waste product of the fishing industry, into high value type | collagen
biomaterial. To support the cultivation of human skin equivalents, the physicochemical properties of tilapia skin collagen were improved through
fortification of the extracted fish collagen (FFC), generating an optimized scaffold formulation that resisted the cell-mediated contraction observed

in fish collagen alone (FC).



2. Materials and methods

2.1 Materials

Fresh tilapia skin was purchased from Hai Sia Seafood Pte Ltd (Singapore). Acetic acid,
butanol, isopropanol, NaOH, NaCl, hydroxyproline assay Kkit, adenine, hydrocortisone,
transferrin, triiodo-L-thyronine, insulin and Thiazolyl Blue Tetrazolium Bromide (MTT) were
purchased from Sigma-Aldrich (USA). Biocolor Sircol™ Insoluble Collagen Assay reagents
were purchased from Biocolor (UK). Protein standards, reagents, and apparatus for
SDS—-PAGE were acquired from Bio-Rad (USA). All other cell culture reagents were
purchased from Thermo Fisher Scientific (USA), and all other chemicals were of analytical

grade and used upon receipt.

2.2 Extraction of tilapia collagen

The tilapia fish collagen extraction was performed according to the method reported in our
previous studies, with slight modifications [49]. Briefly, fish skin was de-scaled, washed with
distilled water and then soaked in 0.1 M NaOH for 6 hours to remove non-collagenous proteins.
Fish skin was then soaked in 10% butyl alcohol for 1 day, to remove attached fats. Thereafter,
the skin was transferred to a mixer with 200 volumes of 0.5 M acetic acid and stirred
continuously until collagen was solubilized. The resulting crude solution was centrifuged to
remove particulate matter, the supernatant collected and NaCl added to precipitate collagens.
The collagen precipitates were recovered and re-dissolved in 0.5 M acetic acid. This product
was dialyzed against 0.1 M acetic acid for 24 hours followed by dialysis against distilled water
for 48 hours. After dialysis, samples were lyophilized, and the dried collagen sponges were
stored for future analysis. Yield of extracted collagens were calculated based on the weight
ratios of lyophilized collagens and dry weight of the starting material. The purity of the collagen

was quantified using the Biocolor Sircol™ Insoluble Collagen Assay.



2.3 Physico-chemical characterization of tilapia collagen

Sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) was performed to
determine the molecular weight of protein subunits from tilapia collagen preparations,
according to the manufacturer’s instructions (Bio-Rad). Attenuated Total Reflectance-Fourier
Transform Infrared (ATR-FTIR) Spectroscopy of tilapia collagen samples was acquired using
a Nicolet™ FTIR spectrophotometer (Thermo Fisher Scientific, USA). The amino acid
composition of each collagen sample was analyzed using a Hitachi L-8800 amino acid analyzer
(Hitachi High-Technologies Corp, Japan). It is noted that hydroxyproline was quantified using
hydroxyproline assay kit based on manufacturer’s instruction (Sigma). The thermal stability of
the collagen (2.5% (w/v) in 0.05 M acetic acid) was determined by the Q10 Differential
Scanning Calorimeter (DSC) (TA Instruments, USA). Denaturation temperature (Tq) was
estimated from the endothermic peak of DSC thermogram. Circular dichroism (CD) spectra
were recorded using a Chirascan CD spectrometer (Applied Photophysics, UK). Spectra were
recorded from 250 nm to 190 nm at 50 nm/minute. The mean ellipticity was calculated using
the equation: [0]x = (M/(N-1)x03)/(d x c) [50], where M denotes the molecular weight of
collagen, N represents the number of amino acid residues, 0 is the ellipticity (degrees) at wave
length A, d is pathlength (cm), ¢ represents the concentration (g/mL) and [0], denotes mean
residue ellipticity with a unit of deg cm? dmol™. Rpn was calculated as ellipticity ratio of

positive peak over negative peak.

2.4 Cell culture
Human dermal fibroblasts (HDFs) and epidermal keratinocytes (HEKS) were provided by the
Asian Skin Biobank, Skin Research Institute of Singapore, A*STAR (IRB 2020-209). HDFs

were cultured in DMEM supplemented with 10% FBS, 1% penicillin-streptomycin (fibroblast



medium) and used up to passage 6. HEKs were cultured in the presence of irradiated 3T3-J2
embryonic mouse fibroblasts in FAD medium (DMEM:Ham’s F12 3:1, supplemented with 10%
FBS, 1% penicillin-streptomycin, 1.8x10* M adenine, 0.4 pg/mL hydrocortisone, 5 pg/mL
transferrin, 2x10° M triiodo-L-thyronine, 1x1071° M cholera toxin, 5 pg/mL insulin and 10
ng/mL epidermal growth factor) [51-53] and used up to passage 3. Medium was changed every
2-3 days until cells reached around 80% confluence where they were trypsinized with 0.05%

Trypsin-EDTA for downstream applications or continued culture.

2.5 Optimization of collagen-fibrin formulation

Lyophilized fish collagen was resolubilized in 20 mM acetic acid at a concentration of 5 mg/mL
and kept at 4 °C. To prepare the collagen-based scaffolds, ice-cold collagen solution (final
concentration 3 mg/mL) was mixed with 10x MEM (10% of total volume), NaHCO3 (final
concentration 0.15% w/v) and neutralized with 1 M NaOH. For collagen scaffolds with fibrin,
fibrinogen (#F3879, Sigma-Aldrich) was mixed in varying amounts to reach final
concentrations of 0 mg/mL — 5 mg/mL. Once the gels were solidified, medium with 5 U/mL
thrombin (#T6884, Sigma-Aldrich) was added to the wells to induce fibrin polymerization in
the hydrogel scaffolds. Fish collagen scaffolds without fibrin were denoted as F3 while
scaffolds with fibrin (Fbn) were denoted as F3-FbnX, where X refers to the concentration of

fibrin.

To investigate the contraction effect of the fish collagen with varying fibrin concentrations,
HDFs at 1x10° cells/mL were evenly dispersed within the mixture, pipetted into 96-well plates
and placed into a 37 °C incubator for gel solidification. Once the gel was solidified, fibroblast
medium with thrombin was added to the wells. After 24 hours, fresh medium without thrombin

was replaced in the wells with media change every 3-4 days. Fibroblast-encapsulated hydrogel



scaffolds were cultured for 14 days. Images were acquired using the EVOS® FL Imaging
System (Thermo Fisher Scientific, USA), at different timepoints to track the contraction of

scaffolds as they detached from the wall of the wells.

To investigate the attachment of keratinocytes on fish collagen with varying fibrin
concentrations, HEKSs were resuspended in FAD medium with thrombin and seeded at 0.625 x
10° cells/cm? on solidified acellular gels. After 24 hours, fresh medium without thrombin was
replaced in the wells with media change every 2 days. Keratinocytes seeded on hydrogel
scaffolds were cultured for 4 days to investigate their attachment and proliferation on the
scaffold surface. At Day 2 and Day 4 post seeding, scaffold surfaces were gently washed with
Dulbecco’s phosphate buffered saline (DPBS) to remove unattached keratinocytes.
Visualization of keratinocyte attachment on the scaffold surfaces was performed by staining
with 0.5 mg/mL Thiazolyl Blue Tetrazolium Bromide (MTT) and distribution of surviving

keratinocytes was observed through formation of insoluble purple formazan.

2.6 Rheological analysis

The rheological properties such as gelation time, storage modulus G' (G prime, in Pa) and loss
modulus G" (G double prime, in Pa) were investigated using an Anton Paar MCR-102
rheometer (Anton Paar GmbH, Graz, Austria). Three mg/mL of acellular fish collagen
hydrogels without fibrin (F3) and with fibrin (F3-Fbn0.5) were prepared as described above.
To compare fish skin collagen with mammalian collagen, commercially sourced bovine
collagen (#A1064401, Thermo Fisher Scientific) was prepared in similar hydrogel format (B3)
for investigation. Briefly, 300 pL of hydrogel samples were prepared fresh before each test
using chilled pipette tips and vortexed to ensure homogeneity. The samples were kept on ice

before loading onto a 35 mm diameter, 1° measuring cone with a mineral oil solvent trap used



to prevent any evaporation. Prior to loading, the rheometer bed was set at 5 °C. The temperature
was first kept at 5 °C for 2 minutes, ramped from 5 °C to 37 °C for 15 minutes and held at

37 °C for 60 minutes.

2.7 Cell compatibility of FFC and FBC

The final optimized collagen-fibrin formulation used for downstream analysis was 3 mg/mL of
fish/bovine collagen + 0.5 mg/mL of fibrin; otherwise referred to as fortified fish collagen (FFC)
or fortified bovine collagen (FBC). To investigate the cell compatibility of optimized hydrogel
formulations, HDFs at 1x10° cells/mL were encapsulated in either FFC or FBC scaffolds, and
their metabolism, proliferation, and viability, assayed after 1, 4, 7, 11 and 14 days post-seeding.
Fibroblast metabolism was investigated using the CellTiter-Glo® Luminescent Cell Viability
Assay (Promega Corp, USA) and the assay was performed according to manufacturer’s
protocol. To investigate fibroblast proliferation, scaffolds were digested with Gibco™
Collagenase Type I (Thermo Fisher Scientific, USA) to release cells which were then manually
counted using a hemocytometer. Fibroblast viability was investigated using LIVE/DEAD™
Viability/Cytotoxicity Kit (Thermo Fisher Scientific, USA) and performed according to

manufacturer’s protocol.

2.8 Scanning electron microscopy imaging

The surface morphology of acellular FFC and FBC scaffolds were examined using scanning
electron microscopy (SEM). The specimens were firstly fixed in 4% paraformaldehyde and 2%
glutaraldehyde, and then rinsed in DPBS and freeze-dried. Subsequently, the samples were
sputter coated with platinum and visualized using a JSM-6701F scanning electron microscope

(JEOL, Japan).



2.9 Fabrication of full-thickness 3D human skin equivalents (HSES)

The dermal equivalent for HSE assembly was prepared using methods similar to those
described above. HDFs were encapsulated in either FFC, or FBC, scaffolds at 0.375x10°
cells/mL, pipetted evenly onto 0.4 um pore polyethylene terephthalate membrane Transwell®
supports inserted in 12-well plates (#CLS3460, Corning®) and incubated at 37 °C for 1 hour
to polymerise. Once solidified, 0.3 x10° HEKSs resuspended in FAD medium with thrombin
was seeded onto the apical dermal surface and the same medium was added to the lower wells
of each Transwell® plate. Keratinocytes were allowed to attach and proliferate for 2 days,
whereafter the immature skin tissue constructs were transferred to deep-well plates to achieve
an air-liquid interface. The HSEs were maintained at air-liquid interface for 14 days using ALI
medium (FAD medium without EGF) with medium change every 3-4 days. To fabricate FFC
HSEs in 96-well plate format, the same preparation protocol was used except reagents and cells
required were scaled down 10 times. Microscale FFC HSEs were grown on 0.4 pm pore size
polycarbonate membrane HTS Transwell® 96-well supports (#CLS3381, Corning®).
EpiDerm™ Full Thickness human skin models (#EFT-412-7A) were purchased in 12-well
format from MatTek Corporation (USA) and cultured according to manufacturer’s protocol
until maturity. EpiDerm™ Full Thickness human skin models (EpiDermFT™) were used as a

validated commercial standard for comparison with FFC and FBC full-thickness HSEs.

2.10 Histological Analysis

To relate histological results of the in vitro skin models to native human skin, fresh adult
Caucasian male abdomen skin was purchased commercially (Genoskin, France, A*STAR IRB
2019-094) and processed to remove excess adipose tissues and hair. The normal adult human
skin (NHS), EpiDermFT™, FFC and FBC full-thickness HSEs were fixed for at least 24 hours

in 10% neutral buffered formalin and processed according to standard paraffin wax embedding.



Thin slices, 7 um thickness, were cut, mounted on glass microscope slides, and processed for
staining with hematoxylin and eosin (H&E), and for immunohistochemistry (IHC). For IHC
processing, samples were deparaffinized, subject to heat-induced epitope retrieval (samples for
Collagen IV required an additional 20 minutes of proteinase K treatment), quenched with 1%
H20. and saturated with 10% goat serum, before a 2-hour incubation with primary antibodies
at room temperature. The following primary antibodies were used: Keratin 14 ab181595,
Loricrin ab176322, Claudin | ab140349, p63 ab735 (Abcam, Cambridge UK); E-cadherin
610182 (BD Transduction Laboratories, USA); Keratin 10 M7002, Collagen IV M0785, Ki67
M7240 (Agilent-DAKO, USA) and Vimentin NCL-L-VIM-V9 (Leica BioSystems, Germany).
Slides were next incubated with DAKO EnVision+ System HRP-Labelled Polymer (Agilent-
DAKO, USA) for anti-mouse K4001, or anti-rabbit K4003, followed by DAB+ chromogen
substrate K3468 (Agilent-DAKO, USA), and counterstained with hematoxylin. To calculate
the proliferation index, the number of Ki67-positive basal cells was divided by the total number
of epidermal basal cells x 100%. The number of positively stained Ki67 basal cells were
counted at 100x magnification in randomly chosen areas of tissue sections covering minimally
100 basal keratinocytes. Positive Ki67 cells were counted for at least 3 different constructs to

determine the average proliferation index of either FFC or FBC HSEs.

2.11 Transepithelial electrical resistance (TEER)

Transepithelial electrical resistance (TEER) was investigated using the EVOM2 epithelial
volt/ohm meter and EndOhm-12 chambers (WPI, USA) to determine the barrier integrity of
EpiDermFT™ and full-thickness HSEs. Skin constructs were allowed to equilibrate to room
temperature for 15 minutes before being gently rinsed 3 times with DPBS to remove residual
cell culture medium and transferred to EndOhm-12 chambers filled with DPBS. The upper

compartment of Transwells® was filled with DPBS to ensure that the internal and external



fluid height was equal after the electrode cap was inserted in place. To calculate the TEER
values, resistance measurements from a blank insert with an acellular dermal equivalent was
subtracted from the resistance measurements for HSE samples and multiplied by the surface

area (1.12 cm?).

2.12 Statistics
All data indicate mean £ SD. *, ** *** gnd **** indicate a statistically significant difference
with p < 0.05, p < 0.01, p < 0.001 and p <0.0001 respectively (two-tailed unpaired t-tests or

one-way ANOVA with Tukey's Multiple Comparison Test).

3. Results

3.1 Extraction and characterization of tilapia fish collagen

Collagen was extracted from the skin of tilapia using a slight modification of our published
acid extraction method [49]. The extraction yield of collagen was 42 + 1%. Results from Sircol
insoluble collagen assay indicated that tilapia collagen preparations had a remarkably high
purity of close to 100%. SDS-PAGE characterization of the tilapia collagen preparation showed
the presence of a, B and y subunits, with a ratio of two to one for al:a2 subunits, which is

characteristic for type I collagen (Figure 2A).

The analysis of tilapia collagen amino acid composition showed that the most abundant amino
acids in tilapia collagen samples were Glycine (331/1000 residues), Alanine (120/1000
residues), Proline (118/1000 residues) and Hydroxyproline (81/1000 residues) (Figure 2B).
The presence of (Gly-X-Y)n repeating motifs in the polypeptide chains facilitates the unique
triple helical secondary structure, which in turn increases the stability of the collagen fibrillar

structure, where X and Y mostly refers to hydroxyproline and proline (imino acids) [54]. Imino



acids, especially hydroxyproline, are critical contributors to the thermal stability of mature
collagens [18,30]. Notably, the extracted tilapia collagen was found to be rich in imino acids

(199/1000 residues).

It has been recognized that incorporating marine collagens in biomedical applications is
challenging due to their low denaturing temperature (Tq) [30]. Collagens having a higher Tq
are therefore preferred, as they exhibit greater thermal stability and functionality in mammalian
tissues. DSC analysis indicated that the tilapia collagen preparation exhibited a Tq of 39.4 °C,
indicative of thermal stability that is commensurate with mammalian tissues (Figure 2C). To
the best of our knowledge, the tilapia collagen preparation reported in this study exhibited a
significantly higher Tq than the majority of marine collagen preparations reported in the

literature, mainly due to its high imino acid content [55].

The collagen triple helix structure is critical to its biological function. CD spectral analysis of
tilapia collagen exhibited a maximum positive peak at 220 nm, an intersection with the X-axis
at 214 nm, and a minimum negative peak at 197 nm, indicative of natural type I collagen
(Figure 2D). Moreover, the ratio of positive to negative peak intensity value Rpn, estimated to
be 0.11, indicated that the tilapia collagen preparation retained the innate triple helix structure

in aqueous solution at a concentration of 0.125 mg/mL [56].

To further analyze the primary and secondary structures of the tilapia collagen preparation, we
performed ATR-FTIR spectral analysis. Characteristic peaks of Amide I, 11, Il and A, B were
observed (Figure 2E). The peaks were associated with amide groups at 1635 cm™ for Amide |,

1550 cm! for Amide 11 and 1246 cm™ for Amide 111 [54], which is consistent with our SDS-



PAGE and CD findings. Collectively, these results indicated that the acid-extracted tilapia

collagen retained structural integrity.
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Figure 2. Characterization of tilapia collagen. (A) SDS-PAGE analysis of tilapia collagen (Lane 1 — protein standards ladder; lane 2 — tilapia
collagen preparation). (B) Amino acids composition analysis of tilapia collagen preparation (expressed in residues/1000 amino acid residues). (C)
DSC thermograms of tilapia collagen preparation. (D) CD Spectra of tilapia collagen preparation (0.125 mg/mL in aqueous solution). (E) ATR-
FTIR spectra of tilapia collagen preparation.



3.2 Optimization of fibrin content in fish collagen scaffolds

Contraction is a common phenomenon observed when cells are grown in various collagen
scaffolds [57,58]. Dermal fibroblasts generate contractile forces that propagate throughout the
collagen scaffold, resulting in shrinkage, increased density, and reduced porosity,
compromising biological function. When HDFs were seeded into 3 mg/mL tilapia fish collagen
(F3), we observed scaffold contraction as expected, resulting in a condensed patch of cells at

the side of the well at Day 6 (Figure S1).

To improve stability, we prepared composite scaffolds by blending various concentrations of
fibrinogen with 3 mg/mL tilapia fish collagen. Fibrinogen was subsequently polymerized to
form fibrin (Fbn) by thrombin addition in the media (Figure 3A). We observed that the
composite scaffolds contracted in a concentration-dependent manner. After 14 days, only
scaffolds blended with > 0.5 mg/mL fibrin (F3-Fbn0.5, F3-Fbn1.0, F3-Fbn2.5 and F3-Fbn5.0)
maintained their stable structure; in contrast, scaffolds with < 0.5 mg/mL fibrin content
contracted into a condensed sphere, or partially contracted, pulling away from the edge of the

well (Figure 3B).

In parallel, we examined the attachment of HEK cells to the apical surfaces of these collagen-
fibrin scaffolds. Since keratinocytes do not express receptors for fibrinogen/fibrin, they are
unable to attach to fibrin domains within the scaffold, leading to poor cell attachment and
survival [59]. The survival of well-attached HEKs to different composite scaffolds was
measured by the distribution of enzymatically reduced formazan particles, produced only by
viable keratinocytes in the MTT assay. Two days after seeding HEKSs, scaffolds with < 0.5
mg/mL fibrin content (F3, F3-Fbn0.1 and F3-Fbn0.5) were able to support uniform

keratinocyte attachment, indicated by the even formation of purple formazan particles over



scaffold surfaces. Conversely, scaffolds containing > 0.5 mg/mL fibrin showed a disrupted
distribution of purple formazan particles (Figure S2). Keratinocytes were allowed to proliferate
for an additional 2 days; however, the extended incubation only attenuated the patchy
phenotype to a limited extent. Uneven keratinocyte attachment was still observed for F3-
Fbn2.5 and F3-Fbn5.0 at Day 4, suggesting that higher fibrin concentrations in these composite

scaffolds inhibited keratinocyte attachment and proliferation (Figure 3C).

To confirm that including a minimal amount of fibrin could improve the mechanical stability
of fish collagen scaffolds, the rheological properties of F3 were compared to F3-Fbn0.5. Since
mammalian collagens exhibit better mechanical stability [31], we used bovine collagen (B3)
as comparison. While the polymerization times of F3 and B3 hydrogels were similar, B3
hydrogels exhibited higher storage modulus (G”) and loss modulus (G’’) than F3 hydrogels.
For a viscoelastic material, the G’ represents its ability to withstand deformation under load
while the G’ determines its ability to accommodate rearrangements of its internal polymeric
chains [60]. Addition of 0.5 mg/mL fibrin to generate F3-Fbn0.5 significantly increased the G’
of fish collagen while the gelation time and G’ changed minimally (Table 1). Therefore, an
increased G’ correlates with enhanced resistance to mechanical deformation of the fully

polymerized F3-Fbn0.5 hydrogels.

The optimized scaffold formulation of F3-Fbn0.5, henceforth indicated as fortified fish
collagen (FFC) scaffold, was chosen for further characterization of cell compatibility, structural

stability and ability to support the assembly of human skin tissue substitutes.



Day 0 Day 1-14

A Media with Media without thrombin
thrombin (5U/mL)
added

N
Addition of fibroblasts
followed by gel . .
solidification Investigate contraction

Fibroblasts encapsulatedin F3
7= =
\ - - or F3-FbnX hydrogel scaffolds
Y - D
Tilapia fish collagen type |
3mg/mL 24hrs
SIS oot it S~
Y

%
Human fibrinogen
(Omg/mL—5mg/mL)

followed by seeding of
keratinocytes

Investigate attachment

Keratinocytes seeded on F3 or
Gel solidification E@Z m nosy

F3-FbnX hydrogel scaffolds

B
Low Concentration: fibroblast-mediated contraction of the scaffold persists

F3-Fbn0.1 F3-Fbn0.25 F3-Fbn0.5 F3-Fbn1.0 F3-Fbn2.5 F3-Fbn5.0

Day 14

l Partially Contracted I | Maintained stable structure

C
High Concentration: keratinocyte attachment on the scaffold is impeded

F3 F3-Fbn0.1 F3-Fbn0.25 F3-Fbn0.5 F3-Fbn1.0 F3-Fbn2.5 F3-Fbn5.0

Day 4

I Uniform keratinocyte attachment | | Delayed attachment | _ i Uneven attachment

Figure 3. Optimization of fibrin concentration to minimize fibroblast-mediated contraction and

improve Keratinocyte attachment on collagen scaffolds. (A) Schematic illustrating the
optimization process by mixing 3 mg/mL of fish collagen with variable concentrations of
fibrinogen within the range of 0 mg/mL to 5 mg/mL. (F3 — fish collagen without fibrin; F3-
FbnX — fish collagen with fibrin, where X refers to the concentration of fibrin) (B) Fibroblast-
mediated contraction of the collagen scaffold persisted at low concentrations of fibrin (0
mg/mL to 0.25 mg/mL), indicated by red dotted lines. Collagen scaffolds with 0.5 mg/mL to 5
mg/mL of fibrin (F3-Fbn0.5, F3-Fbnl1.0, F3-Fbn2.5 and F3-Fbn5.0) maintained their initial
size up to Day 14 and did not contract (indicated by white dotted lines). Scale bar = 1000 pm.
(C) Keratinocyte attachment on the collagen scaffold is inhibited when fibrin concentrations
are too high (2.5 mg/mL to 5 mg/mL), indicated by the discontinuous purple colouration (green
arrows). Uniform attachment of keratinocytes was observed for collagen scaffolds with 0
mg/mL to 0.5 mg/mL of fibrin (F3, F3-Fbn0.1, F3-Fbn0.25 and F3-Fbn0.5).



Sample Gel point (min) at 37°C G’ (Pa) G”’ (Pa)

B3 18.2+2.89 246 + 26.3 31.4+0.53
F3 15.2+0.58 184 +8.1 14.6 £2.05
F3-Fbn0.5 14.1 +0.58 276 +£28.4 19.3 +0.96

Storage modulus G' (G prime, in Pa); loss modulus G" (G double prime, in Pa

Table 1. Rheological properties investigated for B3, F3 and F3-Fbn0.5.

3.3 Cell compatibility of fibrin fortified collagen scaffolds

To assess cell compatibility of optimized fortified fish collagen hydrogels, we investigated the
viability, proliferation, and metabolism of HDFs cultivated in FFC constructs over a period of
14 days. For comparison, HDFs were also cultivated in fortified bovine collagen (FBC, B3-
Fbn0.5 constructs) under identical conditions. Fibroblast viability was assayed at more than 85%
in both FBC and FFC constructs (Figure 4A). Furthermore, the stacked confocal images
recorded after different incubation periods revealed that the morphology of encapsulated
fibroblasts progressed from spheroid to stellate geometry, suggesting that both FBC and FFC

matrices support anchorage and spreading of HDFs (Figure 4B).

Fibroblast populations doubled after 14 days in culture for both scaffolds, with significant
growth acceleration for fibroblasts embedded in FFC compared to FBC between day 4 and 11
(Figure 4C). This was further supported by the results from CellTiter-Glo® assays, which

measure metabolic activity via ATP. The metabolic activity of fibroblasts cultured in FFC



scaffolds increased by 13-folds compared to the 10-fold increase in FBC counterparts (Figure
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Figure 4. Cell compatibility of optimized F3-Fbn0.5 (i.e., fortified fish collagen (FFC))
scaffolds compared to mammalian collagen, B3-Fbn0.5 (i.e., fortified bovine collagen (FBC)).
(A) Viability of fibroblasts encapsulated in FBC and FFC scaffolds determined using calcein-
AM (Live) and ethidium homodimer (Dead) staining. (B) Stacked confocal images of the
LIVE/DEAD assay over 14 days. Live cells fluoresce green, dead cells fluoresce red. Scale bar
=200 pm. (C) Proliferation of fibroblasts encapsulated FBC and FFC scaffolds determined by
cell counting. (D) Metabolism of fibroblasts encapsulated in FBC and FFC scaffolds
determined by CellTiter-Glo® Assay. Data indicate mean + SD where * p < 0.05, ** p < 0.01,
***pn <0.001 and **** p < 0.0001 versus FBC (two-tailed unpaired t-tests); fibroblast viability
(n = 4); fibroblast proliferation (n = 8); fibroblast metabolism (n = 4).



Overall, both FFC and FBC hydrogel scaffolds demonstrated good cell compatibility since
fibroblast viability was well maintained while fibroblast numbers and metabolic activity
increased in both scaffold types. The ability of FFC and FBC hydrogel scaffolds to support
primary dermal fibroblasts may be attributed to intrinsic properties such as its capacity to
present cell adhesion motifs, mechanical stability, as well as scaffold microarchitecture; in
particular, porosity and pore size are known to influence cellular health [61]. Scanning electron
microscopy (SEM) imaging of the acellular FBC and FFC scaffolds revealed a fibrous network
of interconnected micropores, which can aid in efficient nutrient exchange and cell adhesion

(Figure 5).
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Figure 5. Scanning electron microscopy (SEM) imaging reveals FBC and FFC scaffolds are

fibrous and highly porous. Scale bar =1 pm



3.4 Stability of collagen-based human skin equivalents (HSEs) with or without fibrin
fortification

To evaluate the capacity of FBC or FFC scaffolds to generate human skin equivalents (HSEs),
we adopted a previously published protocol [62], detailed in Figure S3. During the airlift phase,
contraction of the FBC and FFC HSEs were monitored via lateral (surface area) and vertical
(height) measurements. At the same time, 3 mg/mL of bovine or fish collagen scaffolds without
fibrin, were used to generate BC or FC HSEs as controls (Figure S4). Both BC and FC HSEs
contracted, with FC HSEs contracting more compared to BC HSEs. This observation
corresponds to the rheological data where F3 was found to have lower G’, and thus lower

mechanical strength, compared to B3.

Fortification of the scaffolds with fibrin greatly improved the stability of collagen-based HSEs,
limiting lateral contraction i.e., reduction in surface area. HSEs generated using FBC,
maintained 91.3 = 10.5% of their original surface area (Figure 6A). In comparison, BC HSEs
shrank to 44.4 + 11.3% of their original area (Figure S4A). Improvements in lateral stability
were even more prominent after blending fish collagen with fibrin; FFCs maintained their
original circular shape and coverage of the Transwell® insert membrane throughout airlift
incubation (Figure 6A). In contrast, FC HSEs contracted during airlift incubation, with 14.6 +
8.6% of their original surface area remaining (Figure S4A). Although both collagen and
collagen-fibrin HSEs exhibited vertical contraction, the inclusion of fibrin was found to
minimize vertical shrinkage. As reported in Figure S4B, BC and FC HSEs shrank to less than
10% of their original height. Under identical conditions, FBC HSEs maintained 47.6 = 9.2%
of the original hydrogel height, and FFC HSEs maintained 63.3 + 5.7 % of the original hydrogel

height (Figure 6B).
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Figure 6. Fibrin fortification improved stability of fortified fish collagen (FFC) human skin
equivalents (HSE) to a greater extent compared to fortified bovine collagen (FBC) HSEs. (A)
FFC HSEs resisted lateral contraction even after 7 days incubation while FBC HSEs showed
reduction in surface area (shrinkage of HSE surface area indicated by white dotted lines). (B)
FFC HSEs exhibited a smaller decrease in scaffold height compared to FBC HSEs over 14
days of culture (height of HSEs indicated by white dotted lines). Data indicate mean + SD
where * p <0.05, ** p < 0.01 and *** p < 0.001 versus FBC (two-tailed unpaired t-tests); FBC
(n=6); FFC (n =11).



3.5 Structure and barrier function of FBC and FFC HSEs

Since the significant contractions of BC and FC HSEs gave rise to inconsistent in vitro models,
we focused further structural investigations on the stable FBC and FFC HSEs. Histological and
immunohistochemical (IHC) analyses of FBC and FFC HSEs were compared with MatTek’s
EpiDermFT™, a commercial full-thickness HSE model system, and with normal adult human

skin (NHS).

We utilized classical hematoxylin and eosin (H&E) histology to visualize essential structural
features of a mature epidermis: stratum basale, stratum spinosum, stratum granulosum and
stratum corneum. Besides the absence of rete ridges, intact and fully-formed epidermis was
observed to be attached to underlying dermal layers populated with fibroblasts in all skin

models, comparable to NHS (Figure 7A).

To verify the cellular components of HSEs, we performed IHC to detect the expression and
localization of characteristic epidermal markers in NHS, EpiDermFT™, FBC and FFC skin
models (Figure 7B). In NHS, the intermediate filament protein Keratin 14 (K14), expressed by
proliferating keratinocytes is localized to the basal layers of the epidermis. K14 expression is
gradually lost as the keratinocytes differentiate and migrate apically into the suprabasal layers
of the epidermis, where the expression of Keratin 10 (K10), is turned on starting from the
stratum spinosum [63]. The distribution of K14 and K10 in EpiDermFT™ models was found
to be similar to NHS. However, in FBC and FFC skin models, K14 was expressed in all skin
layers; and, while restricted to suprabasal layers, the expression of K10 was sustained within
higher layers of the epidermis. Loricrin, a major protein of the cornified cell envelope, is a
marker for terminal epidermal differentiation in NHS and critical to barrier formation and

maintenance of skin integrity [64]. Recapitulating human skin, we detected expression of



loricrin in the stratum granulosum of EpiDermFT™, FBC and FFC constructs. However,
expression was found to be ‘leaky’ in some of the in vitro skin models, where weak expression

was also observed in the stratum spinosum of EpiDermFT™ tissues and FBC HSEs.

Transmembrane proteins that mediate the inter-cellular adhesive functions of adherens
junctions — E-cadherin [65], as well as regulate the inter-cellular permeability of tight junctions
— Claudin 1 [66], are essential to establishing appropriate barrier function in mammalian skin.
Mirroring their expression in NHS, the expression of E-cadherin and Claudin | was detected in
all epidermal layers of the in vitro skin models that we tested. However, it was noted that the
differential gradient expression of Claudin | in FFC constructs appeared to be more similar to
the expression of Claudin I in NHS [67] compared to EpiDermFT™ and FBC constructs.
Collagen 1V is a significant protein secreted basally, contributing to the basement membrane
at the boundary of epidermal and dermal tissues [68]. Collagen IV was found to be expressed

and localized to epidermal-dermal junctions in all in vitro skin models.

Further, we investigated several characteristic nuclear species that contribute important
regulatory functions to mammalian skin. The transcription factor p63 is an essential regulator
of epithelial lineage commitment, proliferation, and differentiation. In human skin, the
expression of p63 is found in proliferative keratinocytes of the lower epidermal layers [69].
We detected the expression and localization of p63 to be similar in NHS and all skin models.
At the same time, we also probed for Ki67, a nuclear species that is only expressed by actively
dividing cells. Measures of Ki67 provide the proliferation index, a percentage of actively
dividing keratinocytes in the stratum basale of the epidermis. Measures of Ki67 reported by

others indicate the proliferation index of NHS as 11.3 + 2.1% [70,71]. For comparison, the



proliferation index measured for FBC HSEs was 9.4 + 3.5%, and the proliferation index

measured for FFC HSEs was 10.0 £ 2.3% (Figure S5).

The spatial distribution of fibroblasts in the dermal equivalent of each construct was also
investigated using the mesenchymal cell marker Vimentin. Fibroblasts were observed to be
uniformly distributed within the dermal equivalent matrix of all in vitro skin models. In contrast,
the distribution of fibroblasts in our staining of NHS, as well as of those reported in literature,
is concentrated in the papillary zone of the dermis while fewer fibroblasts are present in the
reticular zone [72]. Predominantly, we found that while the FBC and FFC HSEs were
structurally very similar to the commercially sourced EpiDermFT™, our fabricated HSEs
exhibited small differences in expression and distribution of certain IHC markers. It is
challenging to define which in vitro skin model was more representative of native human skin

as each skin model had certain similarities and/or differences when compared to NHS.
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Figure 7. Histological and immunohistochemical analysis of normal human skin (NHS),
EpiDermFT™, FBC and FFC HSEs (A) Hematoxylin and eosin staining (H&E) illustrates a
stratified epidermis overlying fibroblast-populated dermis of NHS and the different in vitro
skin models. (B) Immunohistochemical analysis was performed using antibodies specific for
K14 (basal epidermis), K10 (early epidermal differentiation), Loricrin (late epidermal
differentiation), E-cadherin (adherens junction protein), Claudin | (tight junction protein),
Collagen 1V (basement membrane protein), p63 and Ki67 (nuclear protein of proliferating

cells), as well as Vimentin (fibroblast marker). Scale bar = 20 pum.



To validate the barrier function of the different skin models, we investigated the transepithelial
electrical resistance (TEER) of EpiDermFT™, FBC and FFC HSEs. The TEER values of FFC
HSEs were found to be significantly higher than both EpiDermFT™ and FBC skin models. We
measured TEER values of 465.2 + 54.6 Qcm? for FFC constructs, more than 3 times higher

than EpiDermFT™ (139.7 + 63.8 Qcm?) and FBC HSEs (78.0 + 29.7 Qcm?) (Figure 8).
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Figure 8. Measurement of transepithelial electrical resistance (TEER) of EpiDermFT™, FBC
and FFC HSEs. Data indicate mean + SD where **** p < 0.0001 (one-way ANOVA with
Tukey's Multiple Comparison Test); EpiDermFT™ (n = 5); FBC (n=9); FFC (n =9).

3.6 96-well format FFC HSEs

The utility of ex vivo and in vitro human skin tissue models is limited by their amenity to mass
production and ability to be adapted to existing high throughput screening platform
technologies. To address this challenge, we explored scaling down the 12-well format HSEs
used in this study, to fit in industry-standard 96-well plates. Compared to the 12 mm membrane
diameter of 12-well Transwell® inserts, 96-well Transwell® inserts have a membrane diameter
of 4.26 mm, providing a 10-fold reduction in reagents and cells required to fabricate the

microscaled FFC (96-well FFC). Similar to FFC HSEs grown in the 12-well Transwell® inserts,



FFC HSEs grown in 96-well Transwell® inserts maintained their original surface area
throughout the 14-day of air-liquid interface, although some vertical contraction was observed
(Figure S6). At the end of the culture period, we observed the uniform distribution of purple
formazan product over the hydrogel surface in MTT assay, indicating the formation of actively

metabolizing and uniform epidermis.



4. Discussion

Collagens derived from marine species, especially fish, have recently attracted attention and
recognition as potential substitutes for mammalian collagens, since they possess desirable
properties such as low risk of zoonotic diseases, reduced antigenicity, good biocompatibility
and high bioavailability [73]. Notably, collagen derived from tilapia, a fish species that usually
inhabits shallow freshwater waterways, has already been evaluated for several applications
such as bone, cartilage and skin tissue engineering [39,41,74], as well as drug delivery [75]. In
the field of skin tissue engineering, these advantageous properties of tilapia-derived collagen
make it an attractive biomaterial to assist the clinical management of cutaneous wounds. In
addition, peptides derived from the Nile tilapia (Oreochromis niloticus) have been reported to
exhibit antimicrobial properties [76] and support mammalian cell chemotaxis, aiding wound
closure in vitro and in vivo [77,78]. Formulations prepared from other species of tilapia, have
been claimed to promote the regrowth of hair [79]. Hence, tilapia fish collagen potentially

presents an ideal biomaterial for in vitro skin reconstruction.

The increasing use of in vitro reconstructed tissue models, including human skin equivalent
models, illustrates the transition that has occurred in recent years, replacing the use of
traditional product testing systems (animal studies and human ex vivo skin) with human-
equivalent, tissue-engineered reconstructed models [80]. Partly driven by the European
Union’s directive to prohibit the use of animals for product testing, the demand for appropriate,
relevant, and accurate, human tissue equivalent technologies supports an emerging market for
sustainable and low-cost type | collagens. In this work, we validated the potential of
transforming post-consumer, discarded tilapia skin into high value type I collagen for health
and medical applications. As proof-of-principle, we reformulated collagen scaffolds including

collagens derived from tilapia fish skin, to fabricate in vitro 3D human skin models. As with



other collagen-based models, we found that strengthening of the collagen matrix was necessary.
Fibrin, a natural biomaterial with established utility in reinforcing composite skin substitutes,
was selected as a potential additive [44,46,81-83]. Blending fish collagen with an optimal
amount of fibrin, resulted in a stable hydrogel scaffold, able to support fibroblast attachment
and growth, forming a dermal equivalent, while simultaneously supporting keratinocyte

attachment, proliferation, and differentiation, into a stratified epidermis.

Compared to other multicomponent collagen-fibrin formulations that utilize high
concentrations of fibrinogen [46], our fortified fish collagen (FFC) formulation is much simpler,
comprising of just two components: collagen blended with fibrin. A similar formulation, in
which rat tail collagen (4 mg/mL) was blended with human fibrin (1 mg/mL), has been reported
to generate HSEs [44]; although fibroblast-mediated contraction of their in vitro skin construct
was observed. While superficially similar, we argue that the results reported for this study are
not comparable with our FFC formulated HSEs due to multiple differences such as collagen
source, number of cells seeded and variations in medium components [44]. In our evaluation,
HSEs constructed using FFC demonstrated superior stability over HSEs constructed with FC,
BC, and FBC, maintaining their original surface area and exhibiting minimal vertical
compression over the 14-day incubation period at the air-liquid interface. Resistance to
contraction is important for downstream applications since consistent tissue morphology is
critical to ensure accuracy and reproducibility when assaying tissue responses to topically

applied compounds, and measures of skin barrier function, such as TEER.

A robust and stable dermal template is essential to support authentic development and
maturation of full-thickness human skin. We critically evaluated the anatomical features of

FFC and FBC skin models, using the commercially sourced EpiDermFT™ (MatTek) skin



model and native human skin for comparison. FFC and FBC skin equivalents were found to be
anatomically equivalent to the validated EpiDermFT™ skin model, with minor differences in
the level of expression and distribution of certain molecular markers. Notably, the expression
of K14 was detected in all epidermal layers of FFC and FBC constructs, whereas K14 was
restricted to the basal compartment in EpiDermFT™ constructs and native human skin. This
atypical distribution of K14 may possibly be due to the ethnicity of tissue donors of dermal
fibroblasts since donor ethnicity has been reported to affect K14 expression and epidermal
differentiation processes in reconstructed human skin [84]. Our cell donors were from Asian
origin. To confirm whether the atypical K14 expression affected differentiation in the FFC and
FBC skin models, we examined the expression of K10 and Loricrin, proteins expressed during
early and late phases of epidermal differentiation respectively. Our analysis confirmed that
both K10 and Loricrin were expressed in suprabasal layers of FFC and FBC skin models. The
role of donor ethnicity in FFC and FBC HSEs will be further investigated in future studies.
Regardless of the slight differences we detected, each of the skin models we constructed in

vitro were determined to be physiologically similar to native human skin.

Considering the practical applications for FFC and FBC HSEs, we analyzed barrier function
parameters of FFC and FBC HSEs and compared these measures with those acquired from
EpiDermFT™. Transepithelial electrical resistance (TEER) is a well-established, non-invasive
assay for assessing barrier integrity and permeability, where intact, stratified epidermis
generally results in a higher TEER measure [85,86]. Interestingly, TEER values from
EpiDermFT™ were 3 times lower than those recorded from FFC skin constructs. TEER values
recorded from FFC constructs were also observed to be much higher than values recorded from
FBC constructs. We postulate that this could be due to current leakage in sample replicates

where the dermis, or epidermis, were not well attached to the walls of the Transwell® insert.



It has been reported that a less than 99.6% tissue coverage over the culture area can lead to an
80% reduction in TEER values [87]. Another possible explanation for the low TEER measures
we observed in FBC HSEs, is suboptimal basement membrane formation. This hypothesis was
supported by the weak staining of Collagen IV in FBC HSEs. Proper formation of the basement
membrane, assembly of tight junctions, and lipid composition of the stratum corneum all make

significant contributions to epidermal barrier integrity [88—90].

Fabricating HSEs in formats that are compatible with high throughput / high content analyses
is a priority for industrial applications. With this in mind, we evaluated the potential impact of
scaling down the FFC HSE constructs, from 12-well Transwell® platform to the industry-
standard 96-well high throughput platform. Adopting the 96-well Transwell® format for FFC
skin constructs (96-well FFC) reduced raw materials use by 10-fold, and coincidently reduced
the consumption of limited donor tissues, cells and reagents. We demonstrated that 96-well
FFCs were able to maintain their surface area throughout the 14-day duration of cultivation at
the air-liquid interface. While some vertical contraction was observed, constructs remained
metabolically active and viable; demonstrated by MTT staining. While we manually prepared
96-well FFCs in this proof-of-principle study, we suggest that emerging liquid-handling
technologies, for example, bioprinting, will deliver efficiencies, reduce inter-well variation

thereby improving reliability, reproducibility, and minimizing assay variance.

5. Conclusion

Valorization of what is currently by-product waste of fishing industries has transformed low
value discarded tilapia skin, into high value-add, disease-free and hypoallergenic collagen
suitable for diverse health and medical applications. The method we applied to harvest

collagens from tilapia fish skin is cost-effective, yields high purity product, and can be



produced from sustainable resources. Through fibrin fortification, we have expanded the utility
of fish-derived collagen in in vitro skin reconstruction to demonstrate proof-of-principle. The
resulting product, fortified fish collagen (FFC), is formulated for human cell compatibility,
mechanical strength and resistance to cell-mediated contraction. In this study, we have shown
that stable 3D in vitro skin models can be constructed using FFC scaffolds. Notwithstanding,
the FFC HSE platform possesses substantial potential for applications in pre-clinical
evaluations of dermatological compounds such as toxicity testing, skin permeation and
penetration studies as well as sensitivity testing. We demonstrated that when grown in a 12-
well format, the FFC skin constructs are accessible to industry-standard TEER methodologies
for the rapid assessment of skin barrier integrity. We further demonstrated that the FFC skin
constructs can be scaled down to grow in 96-well format, further expanding its utility and

application for high throughput applications.
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Appendix A. Supplementary Data

F3-Fbn0.1 F3-Fbn0.25 F3-Fbn0.5 F3-Fbn1.0 F3-Fbn2.5 F3-Fbn5.0

o

T Fully

8 Contracted

<

= Fully Fully

2 Contracted Contracted

\

3 g
&

R

Figure S1. The concentration of fibrin was optimized to address the issue of contraction in fibroblast-encapsulated collagen scaffolds. 3 mg/mL
of fish collagen was mixed with variable concentrations of fibrin (Fbn) from 0 mg/mL (F3) to 5 mg/mL (F3-Fbn5.0). F3 hydrogel scaffolds were
the first to contract, forming a condensed patch of cells at the side of the well at Day 6. F3-Fbn0.1 were the next to contract at Day 10, followed
by F3-Fbn0.25, which showed signs of contraction at Day 14. Hydrogel scaffolds with 0.5 mg/mL to 5 mg/mL of fibrin (F3-Fbn0.5, F3-Fbn1.0,

F3-Fbn2.5 and F3-Fbn5.0) maintained their initial sizes up to Day 14 and did not shrink. Contracted scaffold boundaries are indicated by red dotted
lines while uncontracted scaffolds are indicated by white dotted lines. Scale bar = 1000 pm.
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Figure S2. The concentration of fibrin was investigated to ensure proper keratinocyte attachment and viability on collagen-fibrin hydrogel
scaffolds. 3 mg/mL of fish collagen was mixed with variable concentrations of fibrin (Fbn) from 0 mg/mL (F3) to 5 mg/mL (F3-Fbn5.0). Well-
attached keratinocytes were metabolically active and converted MTT to insoluble formazan, turning the surface of the hydrogel purple. At Day 2
post-seeding, scaffolds with 1 mg/mL to 5 mg/mL fibrin (F3-Fbn1.0, F3-Fbn2.5 and F3-Fbn5.0) showed uneven keratinocyte attachment, indicated
by the patchy purple coloration and large gaps with no cells (green arrows). Keratinocytes were allowed to proliferate for an additional 2 days
however, the increase in keratinocyte numbers attenuated the patchy phenotype to a limited extent as uneven keratinocyte attachment was still
observed for F3-Fbn2.5 and F3-Fbn5.0 at Day 4, suggesting that fibrin concentrations were too high for keratinocytes to attach and proliferate.
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Figure S3. Fabrication process of the organotypic skin model based on FBC or FFC as the dermal equivalent. Fibroblast-encapsulated FBC/FFC
hydrogels were solidified in Transwell® inserts followed by seeding of keratinocytes on the dermal surface. The co-culture construct was
maintained submerged in media for 2 days, after which it was lifted to air-liquid interface, and cultured for another 14 days, inducing epidermal

differentiation and stratification.
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Figure S4. Bovine collagen (BC) and fish collagen (FC) human skin equivalents (HSEs) without fibrin fortification underwent severe lateral and
vertical contraction. (A) BC HSEs started to shrink laterally (i.e., reduction in surface area) from Day 2 onwards while FC HSEs underwent a
dramatic reduction in surface area immediately after airlifting (shrinkage of HSE surface area indicated by white dotted lines). (B) BC and FC
HSEs underwent severe vertical contraction (i.e., decreased height), indicated by white dotted lines. Data indicate mean + SD; BC (n =5); FC (n
=2).
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Figure S5. Proliferation index of FBC and FFC skin models. The percentage of Ki67 positive cells found in FBC HSEs was 9.4 £ 3.5 % (n = 3)
while FFC HSEs was 10.0 + 2.3% (n = 5).
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Figure S6. Scaling down of FFC HSEs cultured in 96-well Transwell® formats (96-well FFC). 96-well FFC HSEs maintained their surface area
throughout the entire culture period while some vertical contraction was observed. The even distribution of purple formazan precipitate from the

metabolized MTT reagent, over the HSE surface indicates the presence of a uniform, intact, and live epidermis. Scale bar = 4 mm.
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