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Kwang-Hwan Jung, and Kwanwoo Shin*

Mahybﬂd ECM luﬂ'nldﬁ'ﬂﬂ'liiu hdtmmttufibmhllﬂdﬂw
cellular ECMs is fabricated by adding major ECM components of fibronectin
(FN) and collagen (COL ) externally. It is confirmed that while maintaining
the basic structure of the native ECM, major protein components can be
regulated. Then, decellularization is performed to prepare hybrid ECM
scaffolds with various protein compositions and it is demonstrated that a
liver-mimicking fibronectin (FN)-rich hybrid ECM promoted successful
settling of H4IIE rat hepatoma cells. The authors believe that their method
holds promise for the fabrication of scaffolds that provide a tailored cellular
microenvironment for specific organs and serve as novel pathways for the

replacement or regeneration of specific organ tissues.

1. Introduction

That the signaling pathways of the surrounding microenvi-
ronment, particularly the extracellular matrix (ECM), regulate
cellular phenotypes and molecular activities has been well
established ' The ECM is composed of a specific combination of
the pr@s constituting the specific tissue in an organ, and the
major campanents, such as collagen (COL) and fibronectin
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{FN) present in the formed tissue, are con-
tinuously replaced and rebuilt by the cells
residing in the tissue.*~ Thus, the chem:
ical content and topology of a particular
ECM in a tissue are known to determine
the behavior and the fute of the cells sur
rounded |'n3l that ECM. For 1'Jtam]:||r_ thir-
ing m"u'ucardiai infarction, alterations in
the ECM composition induce the activa-
tion of fbrablasts and the transdifferent-
ation of myofibroblasts*7| The combina-
tion of specific ECMs also promotes the
differentiation of stem cells into cardiomy-
ocytes or endothelial cells® In addition
to its composition, the topography of the
scaffold dictates the way in which tendon
stern cells develop into a tendon lineage !
As a result, the ECM is considered an
ideal scaffold material in nature, and stud-
ies to manipulate the chemical compo-
siton and topography of ECM scaffolds
to promote the repair or regeneration of
damaged organs in tissue engineering are becoming increasingly
significant.

Two types of bioscaffolds are frequently used in tissue engi-
neering, depending on the source of the ECM: & native and an
artificially canstructed ECM scaffold. To begin, the native ECM
scaffold contains functional and str@Rural molecules that are
organized in a unique 3D structure generated by the secretory
products of each tissue’s resident cells and are often retrieved
through decellularization of Hssues or whole organs!™ "'l Due
to the fact that the native ECM is naturally constructed, it has
a complex composition with many heterogeneous tissuespecific
compotents.!'? As a result, the native ECM promates tissue re-
generation via recellularization of the same or a similar tissue
source, making it an ideal platform for organ replacement and
tissue repopulation. ™! From this point of view. the most suc-
cessful approach currently employed in regenerative medicine
is autografting cells, tissues, or protein scaffolds with minimal
immunalogical complications.' ™! Allografis and xenografts, on
the other hand, have potential ethical and immunological issues
that Hnit h:-mspl:-l nit the rapy asa medical treatment option.! H17]
Duie to the composition and the architectural complexity of na-
tive ECM, the use of a singlv or a few components in the fabri-
cation of tissue scaffolds cannot f_u“}' rf_f:s]'lilu]atr.' its properties,
restricting the production af a standardized structure composed
of identical components or a um'\lrrsa“}' applic.‘iblr scaffold. Our
study developed a new method for transforming the architecture
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of native tissue otained from living tissue into an implantable
scaffold engineered from a single cell type (Le., fibroblast) to be
transferable to various scaffolds, which can be applicable to mul-
tiple tissues and organs.

In contrast to native ECM, which is created through cellular
fibrillogenesis, an artificial ECM scaffold can be engineered by
artificially complexing isolated protein molecules or externally
expressed proteing.!™ While their detailed functions are not
ideal in comparison to tissue-derved ECMs, they have the
advantage of being able to use the same engineering protocals to
mass produce the required ECM components and structures ']
In this regard, native and artificial ECM scaffolds each have their
own set of advantages and disadvantages. Therefore, the need
for such an artificial ECM has been demonstrated in various
studies, aiming to replace the native ECM; tunable artificial
ECMs have been created by adding biomimetic integrin binding
peptides like GFOGER i collagen, arginine-glycine-aspartate
{RGDs) in Abronectin, or growth factors o synthetic or naturally
derived polymers for tissue engineering, regeneration, or drug
screening.! "™ Synthetic or natural polymer-based cell culture
systems have been successfully designed to sufficiently approx-
imate controllable and complex microenvironments; tunable
fabrication, long-term mechanical stability, and reproducibility
of each batch remain challenging.”"! While the composition and
the structure of native ECMs need to be further understood and
elucidated, artificial ECM scaffolds need to be further manip-
ulated to mimic the same microenvironment as tssue-derived
ECMs.

Cryptic units are often found in ECM proteins that either pro-
mote autonomous fibrinogenesis or stimulate the binding of
other proteins in the vicinity.™! In particular, FN plays an im-
partant role in extracellular matrix assembly due 1o its ability to
undergo fibrinogenesis ta form FN fibrils (FNfs) and to recruit
various ECM molecules such as collagen, heparin, and chon-
droitin sulfate®! Using denaturants and reducing agents, as
well as negative charges on the surface, cell-free FN networks
have been engineersd to open the cryptic domains of human
plasma FNJ™221 In a prior study, we demonstrated complex
ECM protein fibrils in which components like FN, collagen, and
laminin are integrated relying on these characteristics." ! Mul-
ticomponent ECM hybridization could be built on the interlay
of binding domains with fibril formation.”*"**l On the other
hand, in 2021 Neale et al. demonstrated that shear-deployed FN{s
could successfully induce an ordered and robust 3D network of
FNfs, which can then be used to promote a directional, persis-
tent migratory phenotype in fibroblasts.”"! Despite certain in vivo
mimetic fibril structures and component hybridizations, they
have yet to achieve the biologically complex structures and com-
ponent configurations produced by the resident cells in a specific
tissue, Therefore, it remains an important challenge to producea
tailored ECM scaffold that resembles native ECM through a sim-
ple and facile fabrication method.

2. Result and Discussion
2.1. FN Fibrillogenesis on Micropatterned Fibroblasts

Hervin, we demonstrate a hybrid ECM scaffold made of a
desired composition by complexi ng externally supplied protein
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components using the native architecture of ECM derived fram
living cells as a template. Based on a proteomic study by God-
dard et al., " the mouse mammary gland and liver had quite
different ECM compositions as detailed in Tables 51 and S2,
Supporting Information; more than 90% of the ECM component
of the rat mammary gland is composed of collagen d tives,
whereas only 0.66% of the ECM component is FN g 1
Supporting Information). In another model of the rat liver e
§2, Supporting Information), the total composition of collagen
derivatives was greatly reduced, while the composition of FN
surged to 6.01%, about ten imes that of the rat mammary gland,
Therefore, as a contrasting conceptual model, hybrid ECMs with
components at both extremes (COL I-rich and FN-rich ECMs,
respectively) were designed as an example of selectively varying
the compesition of FN or COL L. As schematically depicted
in Figure 1a, a native ECM produced by skin fibroblasts was
complexed with externally supplied ECM proteins such as FN
and COL 1, and then transformed into composite ECM scaffolds,
either a liver tissue resembling FN-rich ECM or a breast tissue
resembling COL l-rich ECM. We believe that our approach is
promising for the production of scaffolds that provide a tailored
cellular microenvironment to specific organs and ultimately
serve as novel pathways for tissue engineering that can replace
ar regenerate spedfic organ tssues,

FN was first micropatterned on  chemically surface-
activated PDMS by using (3-aminopropyl) triethoxysilane
and glutaraldehyde ™" as shown in Figure 1b. All cell experi-
ments in this study used the same 50 pm thick line and gap
pattern. This strategy was a highly reproducible method of
stamping FNs and, more importantly, induces globular FNs
into an unfolded state, which promotes fibroblast adherence in
a longitudinally directed manner wi so stimulating ECM
formation on the adsorbed cells./ "7 RGD sequence of the
FN type 111 domain exposed o the unfolded FN molecule by
microcontact printing (WCP) binds to the cell through the a4,
integrin receptor. [Lis known that the adsorbed cells form a focal
adhesion (FA) complex composed of vinculin, actin, actinin, FA
kinase (FAK), etc., interacting with cytoskeletal actin to regulate
mechanical transformation and FA dynamic turnover*
Then, those fibroblasts adsorbed to the micropatterns grew in
the longitudinal direction and developed into tissues through
intercellular tight junctions with surrounding cells, proceeding
with cellular FN fibrillogenesis, In the absence of cells, it was
confirmed that red Auorescent plasma FNs (pFN) were adsorbed
to the FN pattern {FNp) without forming fibrils, as shown in
Figure 1c. On the other hand, cells adsorbed to micropatterned
FNs prodduce cellular FN (cFN) fibrils parallel to the cellular
orientation, as shown in Figure 1d. Interestingly, longitudinally
oriented yellow fibers were clearly identibied. and it is understood
that the exposed cryptic FN-binding sites of ¢FN recruited pFN
as externally provided red pFMNs complexed with green FNIs
around the cells. As a result, thick fiber complexes with pFN
formed around the cell, which we now refer to as hybrid FN
fibers.

As the fibroblasts spread and align on the micropattern, they
deposit ECM fibrils, containing ¢FN and COL [, denoted by COL
IAl, generating a native ECM network. Figure le shows rep-
resentative native ECMs generated by the fibroblasis adsorbed
onto a non-fluorescent FN micopattern. When compared with
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Figure 1, Fibronectin fbrillogenesis on micropatterned fibroblasts, a) Scheme illustrating the fabrication of atallored-ECM compaosite Lo resemble aliver
FM-rich ECM or a breast tissue resembling COL 1-rich ECM from the native ECM produced from skin hbroblasts by externably supplied ECM proteins such
as FN and COL L. b} lllustrations of micro-contact printing of the FIN pattern (FNp) and the seeded Rbroblasts [left), and confocal and light microscope
Images [right) of these ilustrations. ¢} A confocal image of pFN deposited on a cell-free FNp on the left, with an illustration of the globuar pFN (red)
adsorbed on the FNp (g
of the yellow-colared fibrils generated when pFN (red) hybridized with ¢cFN (gresn). e} Confocal images JEN and COL | networks obtained from e)
fitroblasts Erown on a non fluorescent FW micropattern and 1) iibeoblasts after having added pFN {red). g) The i yAscence resonance energy transfer
[FRET) efficiency was calculated with Leica LASX software; data are means < standard deviations (503) for n = 5 expeniments: Statistical significance
was determined using a one-way ANOVA followed by the Tukey test; ***g < 0.001. h,i) Confocal images of FM and COL | networks obtained from hj)
the decellularized native ECM patterns and i) the decellularized, hybrid netwark. The yellow-colored fibrls were generated when red-colored pF Ns were

en) on the right. d} On the left, 3 confocal image af pFN deposited on a cell seeded with FNp, and on the right, an illustration

merged with green-colored cFN, as llustrated in a model on the right.
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Figure 1d. in which the green fuorescent background and fibrils
coexist, it can be confirmed that all green FMs only appear in the
form of fine fibrils, Figure 1f shows that when red Auorescent
pFN and COL | were added to the native ECM-formed cells, the
native ECM was transformed into a much more complex hybeid
ECM; yellow hybrid Abers were newly formed: nonfibrillated
pFNs islands adsorbed to the micropatterned FNs on the bottom
were scattered: in addition, increased COL 1 molecules (white)
were observed. Although COL 1 polymerization can occur in-
directly via o501 integrin and direct collagen-binding integrin,
what is noteworthy in this study is that FN fibrils may act as
modulators of fibrillar COL I nucleation as an initiating step in
pn:-lymcrizal.im“'" ¥

When fAbrils are being formed, the FN molecule must trans-
form from a soluble, dense state to an insoluble, expanded form.
Thus, we wanted to determine whether the globular pFN cou-
pled to the natiy M was then denatured to form a fibrillar
FN. In Figure 1g, Huorescence resonance energy transfer (FRET)
was used to identify conformational changes in FNs during net-
work formation. As a control, FN adsorbed 1o the cellfree pat-
tern of Figure 1c was compared. Densely folded FNs with donor
and acceptor in close proximity exhibited strong energy trans-
fer with a FRET efficiency of 0.81 + 0.10, whereas in 4- and 6-m
Gdn HCL, leading to fully unfolded denaturation of 0.14 + 0.03
and 0,137 + 0.01, respectively (Figure S1a, Supporting Informa-
tion). The FRET efficiency was measured based on an acceptor
photobleaching method. After photobleaching, the donor inten-
sity did not increase very much in the cell experiment while it
visually increased in the cell-free group (Figure S1b.c, Support-
ing Information). The increase of donor intensity after acceptor
photobleaching indicated higher FRET efficiency. When pFN was
deposited on the FN micropattern, a FRET efficiency of 0.54 +
0.09 was measured, which is thought to be that the pFNs were
partially opened by the extended FN molecules mechanically by
pCP* However, when pFNs are deposited on cell-induced FNfs
{as shown in Figure 1g), the FRET efficiency drops sharply ta 0,17
+ 0,01 (p < 0.001). These results show that pFN molecules in-
duced by cFN fibrils were denatured into a form similar to eell-
derived Is, and as a result, the hybrid FN network was imple-
mented with a molecular structure similar to that of FN consti-
tuting the native ECM of cells.

As with the existing native ECM that makes a scaffold through
decellularization (Figure 1h),"! it was confirmed whether this
hybrid ECM could produce an ECM scaffold through decellular-
ization. Figure 1i shows that the hybrid FN composite network
retaing the same structure even after the harsh decellularization
process, Thus, the hybrid ECM generated by this strategy is very
similar to the native ECM in its maaroscopic fibril morphology
as well as in its protein molecular structure, and can serve as an
ideal template that can be utilized for tissue regeneration.

2.2. Hybrid ECM MNetwerk Formation

As previously confirmed in Fgure 1f when FN, COL | and LN
were added externally to the fibroblast tissue in which the native
ECM was formed. a very complex ECM structure was observed,
The formula for the relationship between the ECM constituent
proteins is not simple; the cFN constituting native ECM can ad-
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sorh both pFN and external collagen (exCOL), and it is known
that exCOL ean also bind to the fibrous COL constituting native
ECM, On the other hand. cellular LNs {cLN) do not have any par-
ticular interaction with exLN, but unfolded FNs are known to re-
cruit LN binding ** So, in order o fAgure out how the hybrid
ECM will look before the process; itis important to simplify and
compare the complex relationships of each component with the
native ECM,

We observed structures under confocal microscopy, showing
how extrinsically presented proteins alter the structure of the cel-
lular ECM. The single-element depositions (FN, COL 1, and IN 1)
constituting the native ECM were coupled to the cellular ECM as
described in the scheme in Figure 2a to build a unique architec-
ture of the hybrid ECM composite. Figure 2b shows z-stack im-
ages of the basic architecture of the ECM network before and after
adding ECM components. Before adding the ECM component
{Figure b left), the ¢FN fibril formed on the FN micropattern
showed a branched morphology. In this figure, faint but COL-
specific fluorescence was superimposed on the FFNf in white.
On a large scale, COL | was discovered as a dispersed blotch.
Thus, LN |, dencted by LN a1, was also found to be irregularly
scattered in FNfand FN patterns (F although very small com-
pared to other ECM components (Figure 52, ng Infor-
mation). The right zide of Figure 2b and Movie 51, Supporting
Information, are the results of adding all thé representative ECM
components (FN, COL 1, and LN 1) to the native ECM. It was ob-
served 1hur binding of these components to the extracellular
membrane resulted in a significant increase in the total amount
of ECM.

In arder to ceary confirm the posiion and structural change
of cach added ECM component. the structure of the native ECM
with a single ECM component added was closely observed. In
some cases, pFN deposition was confirmed where it was locally
formed as separate fibers in the cellular ECM, butin most cases, it
was stacked on the eFN as shown in the image and scheme ol Fig-
ure 2e (Movie 52, Supporting Information). There are known to
be intermolecular interactions between the FN-FN binding sites
of the FNIII domains that are exposed to the long fibers of cell-
based FNs.[443]

Interestingly, exCOL | added to micropatterned hbroblasts
builds a unique ECM architecture that completely wraps the
fibrous cellular COL | {¢COL 1), denoted by COL 1A1 (Figure 2d
and Movie §3. Supporting Information). The enlarged internal
and external 3D shape of the hybrid COL 1 fibril wrapped
with exCOL T can be seen in the confocal microscopy image
in Figure 2e, The red fuorescence exCOL 1 molecules added
from the outside completely enveloped the white colored ¢COL
I fibril in the fgure. On the other hand, it is known that FNfs
induce COL I synthesis in the periphery, and in fact, hybrid COL
I confirmed that the surrounding ¢FN network coexists. (Fig-
ure 2e, rightmost). This study also depasited LN 1 from mouse
Engelbreth-Holm-Swarm (EHS) sarcoma, which consists of e,
f1 and y 1 heterotrimeric chains into the system.!* The newly
deposited LN | Alers were placed between FN networks, and eLN
['was found aswhite spotw spread across the newly deposited LN |
network (Figure $3 and Movie 54, Supporting Information). This
is similar to how LN 1 nanofibers were found in Feinberg and
colleagues’ smdy.* Since ¢LN 1 molecules have binding sites
for various ECM molecules such as nidogens, agrin, perlecan,
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Figure 2, Architecture of varous hiybrid ECM networks after deposition of external ECM components, a) Schematic of pF N and exCOL | in
cFM and oCOL | to generate a hybrid ECM network in micropatterned cells. b) 3D confocal image of the native ECM network (left), with ar
model in the dashed box (upper-left) turn inte hybrid ECM networks [right), with an illustrated model is shown
images of: c) the hybrid FN network; d) the hybrid COL | netwaork; and &) 1
cCOL | and all FM network composite (middle), and all FM network (right). Al FM, all COLY and ¢COL | networks were
detected with antibodies, the pFN and exCOL | were flucrescence labelled

channel of the composite |

fibulin-1, heparin and sulfatides, " they are not localized but dis-
persed on the entire cellular surface. The specific binding of pFN,
exCOL I, and exLN | to the native ECM indeed partly affects the
morphology and composition of the cellular ECM. However, all
external ECM components that constitute a native ECM network
are integrated with the cellular ECM, confirming the possibility
of realizing a desired ECM composition in a native ECM network,

2.3. Fabrication of Hybrid ECM Metworks with Various ECM
compositions

We investigated whether it is possible to produce hybrid ECM
camplex networks with a variety of compositions from a single
ca: ECM. We began by depositing varied amounts of exCOL
| at concentrations ranging fom 0 to 100 pg mL™"! anto micropal-
terned cells, As shown in Figure 3a, as the concentration of COL
I deposited in the cells increased, hybrid ECMs formed and the
intensity of exCOL I in the ECMs increased. A low concentration
of exCOL 1 adsorbed in partial patches onto the cCOL | fibrils,
whereas a high concentration of deposited exCOL | fully encir-
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e enlarged 30 shapes of the hy

cled the ¢COL | fibers and formed thicker fibers. In addition, ad-
sorption of cFN fibrils exposed to the medium was also observed.
At 100 pg mL*, externally administered red COL | coated almost
all extracellular Rbrils, including cellinduced ¢COL 1 and cFN
As shown in Figure ib, based on the relative luorescence inten-
sity, the prupm'rirm of COL | in the total ECM composition in the
control group was 20,09 + 2.85% compared to other ECM compo-
sitions, and ¢FN {fgreen) and LN | were 7213 +4.47% and 7.78 +
0.65%, respectively, When the concentration of deposited COL 1
was increased to 12.5, 50and 100 pg mL™" | the proportion of CO1
| increased to 38.92 + 2.105%, 87.77 = 5.71% and 93.48 + 6,063
(Figure 3b), indicating that hybrid ECMs of various compositions
can be implemented

Figures 3c,d and 3ef are E—[)L;.IJ and SEM images of hybrid
ECM obtained by depositing 50 pgmL™" of COL 1 and 50 pg mL
af pFN on fibroblastderived cellular ECM, respectively, Figure 3¢
shows that 50 pg mL " of deposited red COL | constitutes a Abril
network along the ariented direction of the cells. (Movie 85, Sup-
porting Information). The dense network of COL [-rich ECMs
can also be confirmed in the SEM images, forming COL | fibrils
with a diameter of =200-300 nm (Figure 3d). On the other hand,
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trations of the deposited exCOL |, with llustrated models bemg shown at the bottom. b) Relative fluorescence intensity of ECM components for various
concentrations of deposited exCOL 1. COL I-rich ECM networks: ¢) the confocal image; and d) the SEM images. FN-rich ECM networks: ) the confocal
image; and {) the SEM images. 1n SEM images, the embedded box shows an enlarged image of the dashed area and the blue-green color represents
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with DAPL g) Relative fluarescence intensities of the ECM companents for COL l-rich and FN-rich EC

ata are means + SDs for n = 3 experiments

ECM fibers, All FN, FMNE and cCOL | networks were detected with sntibodies, the FMNp and exCOL | MF{;'E scence labelled; and nucleus was stained

h) Concentrations of the ECM components in the composites, as determined using competitive ELISA; data ane means + SDs for m= 3 experiments. i)
‘Westem blot results for the ECM components (FN, COL | and LN 1) in the control, the COL I-rch, and the FN-rich composites

58
whr.'ngpg mL™" of FN solution was added to the medium, addi-
tional FNfs were produced (Figure 3e). A newly formed 100 nm
thin Abril was Tcadih,‘ ohserved {Figure 3}, and bundled fiber
muq:lmlug}' with a diameter of =300-400 i, combined with
cFN, was alsn observed (Figure e[ and Movie 56, Supporting
Information),

While the presence of additionally hybridized ECMs was con-
fArmed by SEM, it was difficult 1o distinguish theFNp*l and
cFNgon live fibroblasts nor compositions of ECM types via SEM
without selective contrast (Figure 54, Supporting Information).
Therefore, confocal microscopy was primarily wsed to distin-
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guish and determine the relative compositions of ECM from the
cFN control and hybrid ECM networks, with each being distin-
p;ui:i]milh' |1:,' ﬂuurn]':h{:l:\-]ahr‘]nj antibodies. Using the COT posi-
tHon of cellular ECM constituting Abroblast cells as a control and
structural template, the relative compositions of ECM changed to
CoL lE‘l and FN rich are shown in Figure 3g. After COL | depo-
sition at 4 concentration of 50 pg mL™', the relative Ruorescence
imensity of COL | grew rapidly to B6.42 + 6.96%, whereas FN and
LN were 10.26 + 1.52 an§EJ#0 + 0.27 respectively. On the other
hand, the addition of F a concentration of 50 pyg mL~' w the
same system increased refative fluorescence intensity of FN
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to BLA64 + 14.11%, wlu:rens@n&lﬁn fluorescence intensity of
COL | and LN | decreased to 18.09 £ 1.34 and 0.26 + 0.05%, re-
spectively. 'I'.he-sui'ts were further quantitatively compared us-
ing competition engyme linked im munoadsorbent assay (ELISA)
(Figure 3h) and Western blot assay (Figure 3i). The quantitative
values of each protein in the COL I-rich ECM and FN-rich ECM
confirmed essentially the same results as the results observed by
the relative fluorescence intensities.

2.4, Decellularization and Recellularization of FM-rich ECM

Most organs are composed of commmon cell types, such as fbrob-
last and epithelial cells. While fibroblasts comprise the struc-
tural framework of tissues and produce the tissue-specific ex-
tracellular matrix, epithelial cells are tightly connected cells ar-
ranged with tissue-specific [unctions in adjacent tissue-specific
ECM micreenvironments. " A< an inwmitive in vitro attempt
to fabricate a tissue-specific ECM microenvironment, Figure 4a
outlines the experimental procedure to demonstrate an artificial
ECM framework that provides a tissue-specific ECM microenvi-
ronment. We first constructed a FN-rich model of liver ECM in
which fibroblast-derived native ECM was engineered to anchor
liver cells; after the FN-rich ECM was prepared. the fibroblasts
were decellularized, and hepatocytes were recellularized on the
decellularized FN-rich ECM scaffolds.

Indeed, after successfully engineering an FN-rich ECM net-
work on fibrablast cells (Figure 4b), we performed decellular
ization to remove the cells while preserving the hybrid ECM
network (Figure 4c). Figure 4d shows that the composition of
the ECM protein is maintained before and after the decelhilar
ization process as measured by Auoreseence intensity. The effi-
ciency of the decellularization process was asse by meastir-
ing the Auorescence intensity of a nudear dye via 4 b-diamidine-
2-phenylindale dihydrochlorde (DAPT), and =94% of cells were
successfully decellularized. (Figure 85, Supporting Information).
Liver tissue was selected as a model for FN-rich ECM. Most hu-
man tissues are composed primarily of fibrillar collagen, which
together with some nonstructural matricellular proteins consti-
tutes the most abundant structural ECM network, On the other
hand, liver lobules, unlike other tissues, do not have a basement
membrane and are composed of COL 1 and small amounts of
COL I, TV, ¥V and V1, and a greater amount of FN.P'! As a re-
sult, compared to breast-like tissue, where the majority of ECM
is made up of COL I molecules, the FCM scaffold for liver tis-
sue regeneration should have a lot more FN molecules, like real
liver tigssue " Note that, during the decellularization process of
ECM scafiolds, the content of hybrid FNFs was well preserved,
whereas hybrid COL components were significantly removed )
Therefore, only recellularization was demonstrated for the decel-
lularized FN-rich ECM composite in this current research.

First, wﬁmﬁﬁe{l the number of cell adhesions at an early
stage as a cell-biomaterial interaction cascade important for cell
proliferation and differentiation. In order t8 confirm the adhe-
sion of the hepatoma (H4LIE) cells, all samples were prepared in
a 50 pm line pattern. As a contrel for comparison with decellu-
larized FN-rich ECM, the FNp, which is generally used for cell
adsorption, and the decellularized cFN of fibroblasts that did not
undergo hybridization, were prepared. At initial attachment for
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3 and 6 h (Figure 4¢), H411E cells complewely occupied the FN-
rich ECM scaffold and FNp control, whereas in the ¢FN contral,
HAI1IE cells did not fully adhere, or close contact between cells
was not made in some parts. Figure 4f shows the density of ad-
sotbed H4IIE cells in the scaffolds of each condition at 3 and 6
h. The mamber of H41EE cells per millimeter square on the FN-
rich ECM networks was statistically higher than in the FNp or
cFN control, We would like to note that cancerous hepatomna cell
lines were used in this recellularization expeniment, so the results
may be slightly different from those using normal hepatocytes.
In many other studies, hepatoma cell lines have been also used
as liver models, ™% but more accurate comparison experiments
with normal hepatocytes should be performed in the future.

At initial attachment for 3 and 6 h, the hepatoma cell density
prrrn.i"imtltr SOUATE On our FMN-rich network {3930.31 + 6B0O.BS)
was higher than that on the FNp control (3162.34 + 653.54) and
the cFN contral group (2493.56 + 490.99) (p < 0.05). Moreaver, af
ter 6 h, our composite network had a statistically higher number
of attached cells as shown by the density of 10 597 82 + 1622.84
cells per millimeter square (p < 0.01) while the densities for the
FNp and cFN control group were 8510.51 + 1114.82 and 6501.49
+ 151513 cells per millimeter square, respectively (Figure 4f).
We can infer that H4I1E cells prefer to adhere to compounds in
which exFN iz complex with the cellular ECM. These characteris-
tics confirmed that the cells had an initial physicochemical pref-
erence for the FN-only control or FN-rich ECM. Therefore, while
maintaining the complex fibrillar network structare of ECM de-
rived from cells, it is shown that conversion to a specific preferred
surface is possible by converting the surface. At this time, most
of the adsorbed H4IIE cells survived on the 5th day, and 94.72 +
14, of the cells were found to have very high biscompatibil-
ity (Figure 56, Supporting Information). It should be noted that
when the same fibroblast cells used for the fabrication of cellular
ECM were reseeded instead of hepatocytes, there was a statisd-
cally similar or slightly highet adhesion density per millimeter
square in the ¢FN (2899.15 & 439.70 and 529351 + 515.56) seal-
fold than FNp {2585.97 + 375.09 and 4429.40 + 659.54) and FN-
rich {2535.36 1 158.58 and 4429.40 + 659.54) group both in 3 and
6 h after seeding (Figure 4g and Figure 57, Supporting Informa-
tHon).

3. Conclusion

In this paper, we sought to developa hybrid ECM scaffold that can
be used in a variety of tissues by artificially changing the compo-
sition of 3 natural ECM scaffold. Major ECM proteins such as
FN and collagen were supplied from the outside, and it was con-
firmed that they bind to native ECM derived from cells. While
maintaining the basic structure of the natural ECM network pro-
vided with native ECM, it was confirmed that the main protein
components could be regulated through this method. We then
proceeded with decellularization to create hybrid ECM scaffolds
with altered protein composition. In addition, it was confirmed
that the decellularized hybrid ECM provides a specialized mi-
croenvironment required for other organs or tissues, and can suc-
cessfully settle cells derived from other tissues. Although it was
not yet possible to fully replicate the complex biological proper-
ties of a specific organ, we believe that this ECM platform can be

10 2022 Wiley VEH GrabH
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Figure 4. Decellularization and recellularization of FMN-rich ECM composites. a) Scheme for the fabrication, decellularization and recellulanization of an
FM-rich ECM composite. Confocal images of FN nch-ECM: b) before decellularization, and ¢) after decellularization. FNf and cCOL | we Ertmltd with
antibodies; the Fip was fluorescence labelled; and nuclews was stained in DAPL. d) Fluorescence intensity of the retained ECM network; data are means
% 5D% for =3 experiments. ¢) Receflularization of the FN-rich ECM o site with H4IIE cells at 3 and 6 h; scale bars represent 150 prm. f) HANE cell
density on the composite at 3 and 6 h; data are means = SDs for n = & experiments. Statist ifsicance was determined using the one-way ANOWVA
followed by the Tukey test; *p < 0,05, g) Fibroblast call density on the compasite at 3 and 6 h; date are means £ 5Ds for n= 3 experiments.
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a promising method that is universally appli to promote the
repait or regeneration of damaged orpans in Bissue engineering,

4. Experimental Section

Materials and Reagenti: The base and the curing agent for the sill-
cone elastomer were supplied by Slygard 134 (Dow Coming). Glutaralde-
hyde (GA} (G5882), (3-aminopropyl) triethoxysfane (APTES) (440140,
Triton-X 100, 4' b-diamincdirff]-pherylindole [DAPI), paraformaldehyde
[PG148), Tween 20 (P1754), and bovire serum albumin [BSA) (A9647)
were procured fram SigmiasAldrich. Human plasma fibronectin was pur-
chasad fram Invitragen (33 016015) while rat tail and bovine collagen |
were purchased from Gibco (A1048301 and AT064401). Mouse EHS was
& phosphate buffer saline (PRS)

procured from Sigrma (1 124311?:)0@1
{10010-023) used in this IH% trypsin-EDTA in the eell culture

were purchased from Gibeo. re maintained in Dulbecca's Mini-
mum Essential Media {DMEM, Gibco 17995 065) containing 10% fetal
bavine serum (FBS, Gibco 16000 044), and 1% penicillin-streptomycin-
glutamine 100x (Gibca, 10 378 016). The ECM (FNFCOL I/ LN I} fluo-
rescent dyes, suceinimidyl (NHS) ester of Alexa Fluor 488 (A2000), suc-
cinimidyl [NHS) ester of Alea Fluor 647 and Alexs C5 maleimide
[A10258), were supplied by Life Technologies. The pr antibodies
used in this study for immunocytochemistry were rabbit anti-ibronectin
(Sigma Aldrich, F3648), rat polyclonal anti-LM a1 (Abcam, 2466}, and
mouse collagen type 1A (Santa Cruz, 59 772). On the other hand, the poly:
donal COL I :NBHJU—&M} and LN ﬂFA'I-]E]?!U; antibodies for ELISA
were purchased from Movus Bio and Imvitrogen. respectively. Further-
mare, the secondary antibodies for immunocytochemistry were anti-rabbit

Fluor 488 (Imvitrogen, MOP-A11034) for FM visualization, while
antibmouge Alexa Fluor 568 (Invitrogen, MOP.AZ1124), and anti-mouse
Aleca Fluor 647 [Invitrogen, A23728) for detecting eCOL | and cLN L
Additionally, nucleus was with DAPI (Sigma, D3542). The sec-
ondary antibedy for ELISA, homseradish perouidase conjugated goat anti:
rabibit IgG-HRP (ab&721), was purchased fram Abcam. Cell culiure dishes.
and pipettes were purchased fram SPL Life Sciences. For protein extrac-
tion, RIPA buffer (89900, protease and phosphatase inhibitors {78425
and 78420) purchased from Thermo Scientific were used. Thiourea
[TB656), urea (36 428), tris base (252859), dithiothreital (1097 777001),
and sodium dodecyl sulfate (L3771) were purchased fram Sigma-Aldnch,
For the westem blot test, the Pierce modified Lowry (P1856006) method
of Thermo Fischer Scientific was used.

ECM Migrocontact Printing Techmigue:  The patterned silicon wafer was
generated using a well-established soft lithagraphy process.!! hethin
stamp technique produced PDMS stamps by mixing the base, and the cur:
ing agent of Sylgard 124n a 10:1 ratio, and the mixture was poured into 3
patterned wafer, as mentioned in the authors' previous study.** After de:
gassing, the stamps were se1 a1 65 *C for 4 h; then, they were cut out fram
the silicon master in 20 mm x 20 mm pieces: In this study a pattern of 50-
pm lines was wsed. For the microcontact printing (WCP) substrate, PDM5
atthe same ratio as was used to produce the stamp was spin-coated onto
cleaned caverslips. The PDMS-coated coverslips were further cured, as
previously mentioned Before the stamping process, the surface of POMS
was chemically activated using the method of Kuddannaya et al. (2013)
by immersing it in 10% APTES in distilled water at 50 "C for 2 h and then
washing iR deionized (D) water three times, This substrate was then
iﬂ:u‘b},.'i% GA salution in D) water al rocm temperature (RT) for
an hour, washed with DI water three times, and then dried in an oven ! ™|

Thé ink for pCPwas prepared using fluorescence labelling of fibronectin
with eucessive molar NHS Alexz 488, and it was allowed to sit for an hour
atRT ina PBS (0.1 m HCL) solution. Excess Auorescence dye was removed
using PD Spintrap G-25, The labelled protein was kept at 4 °C until it was

The PDMS stamp was immersed in [abelled FN at & concentration
50 pg mL™"in PBS for an hour at AT, after which the solution was removed
from the POMS stamp and dried under Ny, The protein transfer from the
stamp to the substrate wis achieved by pressing the stamgp gently on the
surface of the activated substrate. In the noncellubar control, Figure e, FN
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micropattern was labetled using NHS Alexa 488, while deposited pFN was
labelled using MHS Alexa 647, In the basic study, as shown In Figure Te,f
after FN microcontact printing, the FN patterns with excess primary rab-
bit anti-fbronectin (Sigma Aldrich, F3648) and goat anti-rabbit lgG-HRP
(ab672 1) were blocked sothat those patterns would not be detected by im-
munostaining. Th ooontact printed PDMS was then transferred into
35-mm ol ishes and blocked with 256 BSA sclution in PBS for an hour
at BT or awerni 4 °C. The excess BSA solution was removed; then,
the dishes were washed with PBS, sterilized and kept in PBS solution at
47°C until use,

Cell Seeding and Hybrid ECM Fabricatian;  Normal hu dermal fi-
broblist (NHDF) cells at passages 4 to 12 were maintained EM with
1026 FBS and 7% antibiotics at 37 "Cin a 5% CO, incubator untl the
reached a conffuent state. Normal human desmn al fibroblast {NHDF) el
were washed wsing PBS and enzymatically using trypsin-EDTA
(D25%) during the subculture, The cells were collected ina 15-mL conical
tube by centrifugation (Eppendrof S810R) at 1500 rprm for 3 min. The me
dia were removed, after which the cell pellets were suspended in DMEM
with 2,5% FBS and 19 antibiotics. The cell numbers were calculated be
fore conducting further experiments. Several samples with 10° cellsfmL
in DMEM containirg low serum (2.5% FBS) were added to the patterned
caverslips that haff@een prepared previously. After 3 h, ECM containing
low serum media wag changed to remove unbound cells, and the celis
were continuausly grawn for 24 h. For studying the architecture of hybrid
ECM, a singie red fluorescing component was added, labelled 50 pg_rrﬂ.‘1
human plasma FN/bovine COL |/mouse EHS LN I, to the micropatterned
cells ir a low serum meadium (2.5% FBS). Then, with the sxception ofthe
sample with added COL |, which had been grown for 4 h, the micropat-
temed cells were continuously grown for 24 b, The multicomponent ECM
combinations were built by depositing a combination of human plasma
FN, rat tail COL | and EHS LN | in the same concentration (25 pgmL- ') in
a low serum medium (2.5% FBS), which was then added to the cells and
continuously grown for 24 h. Far titrating the micropatterned cells, red-
fluoreseing tabelled-bovine COL | solutions at concentrations of @, 12.5,
50 and 100 yg mL™ " in low serum media were a8, For the fabrication
afthe COL I-rich and the FN-rich ECM networks, 50 pg mL™" of COL | and
FN were used_

Immunacytostaiming  The o were in 4% buffered
paraformaldehyde for 20 minl*'l. The fixed s were washed two
times with P85 for § min each time, Tollowed by 0.1% Triton-X 100 in TBS
for 3 min. The samples wem blocked using 2 2% BSA solution in PBS
for an hour at RT or overnight at 4 “C in order to eliminate unspecific
bmd@l’ the primary antibody. After the samples had been blocked,
they were incubated with primary antibiody for an hour at BT Unbeund
antibodies were further washed away with TBS solution containing 0. 1%
Tween (TBST) three times for 15 min each time. The calls were incubated
with secondary antibodies with or without DAPI for an hour. Excessive
antibodies were removed by wathing three times for 15 min each time.
The coverslips were mounted in dack glass before confocal Leles 5P-8
microscope imaging. For quantitative analysis, the experiments were
set up at the same intensity level for each channel: 16 frame and 4 line
average, 1 line and 1 frame aceumulation.

SEM Imagimg:  The cells an POMS-coated coverslips from a previous
experiment were immersed in 438 buffered paraformaldehyde for 20 min
and were then gently washed three times for an hour each time with dis-
tilled water to remove salt. The samples were dried at 37 “C overnight,
were fised on a silicon wafer, and were then observed using Zeiss |SM-

71 yatarm.

%mc Resonance Epergy Trangfer (FRET) Anolpiz  Fibronmectin
{FN) at not less than 2 mg mL~" was labelled with Alexa NHS 488 and
Alexa C5 maleimide 546, as modified by Smith et al. (2007)15%- Briefly,
8-m guaniding hydrochioride (Cdn HCl) in NaHCO, buffer at pH 8.5 was
added to the FM solution far 15 min to open its malecular structure. FN
was first labelled with 20-fold excess acceptor Alexa €5 maleimide for
3 hoat RT or overnight at 4 °C, Labelled proteins were dialyzed against
MaHCO, buffer two times for 3 b each time and ovem at 4 *C
to remove the excess dye. Furthermore, FN was labeled B0-fold
gxeess donor Alexa NHS #88for 2 h. Double-labelled FN, further named
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FM-donor acceptor ﬂm;. was separated from excess dye by using a
POecalumn that had previously been equilibrated with PBS. The FN-DA
was kept in a solution with & 10% glycered concentration at —20 "C until
use, The FRET efficiency was determined by wmsing the photobleaching
method with 4 5P-8 Leica confocal microscope. To demonsirate FRET
efficiency titration of the FN secondary structure, various concentrations
of Gdn HCl (06 m) were added to the FN-DA salution and then fixed
it in a 1% agarose solution, The FRET eﬁcmnqr was calculated by using
the photobleaching method with LAS-X software at ten different paints
in every sample from four different independent experiments, For FN
fibrillogenesis an micropatterned ECM, unlabeled ECM selution was used
as the ink for microcontact printing far which the detalled process was
mentioned previouly. After the stamping process, the PDMS substrate

transferred into & culture dish, blocked with 2% BSA and stenlized

s at a concentration 6F 1 » 10° gellsfmLin low serum DMEM were
depasited on the PDMS substrate, After the cells had attached them-
selves to the ECM micropattern, the medium was changed into a FRET
FN-containing medium and was continuously cultured. After 24 b, the
cells were fixed and then observed under a confocal 5P-8 microscope
to determine the FRET efficiency by using the photobleaching acceptor
method,

Protein Extroction amd Westem Blot:  Protein estraction from cells was
done based on Npoka's study!™| After the hybrid ECM had been grown,
as previously mentioned, cells were serapped In 250 jL of eold RIPA buffer
and then agitated for 30 min. Ta increase the yield of extracted protein, cell

es were sonicated every 5min, collected the lysate in microtubes and
en centrifuged at 10000 g at 4 "C for 20 min, The supematant was col-
bected, and ¢ ining pellats were estracted using 100 pL of urea buffer
consisting of 3-M urea, Z-m thiourea, 50-ms DTT and 0.1% 505 hm
base to dissolve fibronectin at 4 “C, were agitated, and were then gen:
trifuged at 14 000 rpm min. The supematant was added to the pre-
viows supernatant and uied for determining the pratein cancentration by
using Ehe PierceTh modified Lowry method according to manufacturer's
instruction. fly, 40 uL of sample and BSA standard solutions were
added into & | plate wnd miked throughly 6 a plate shaker for 10
min, Then, 20k of ng—ﬁouheu reagent was mixed into each well and
shaken for 30 5. The \N'am(! was incubated at RT for 30 min while
being protected from light. absarbance of the reaction was
measuied at a 750-nm wavelength (Enspire, PerkinElmer). The extracted
proteing were separated using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS5-PAGE) with 10% scrylamide and were then trans-
ferred to polyvinylidens Auoride (PYDF) membranes. a blocking pro-
cess was performed with 5% skim milk (non-fat), and the membrane was
weashied with TBST three times for 15 min gach time The blocked mem-
brane was then incubated with primary antibodies, as previously men.
tioned, in a 1:400 dilution overnight at 4 “C. After the membrane had been
washed, horseradish perovidase-linked secondary antibody was used for
colorimetnc detection.

ECM Components Quarstifiation:  The ECM eomponents of each com-
posite were quantified using ELESAs that had wdified in accordance
with the study by Rennard and colleagues 1% ell plate was coated
with 1pgmL~" of FNJLMN [/COL | in 0.1% BSA in TBS as a coating buffer
and was maintained overnig temperature of 4 “C. The remaining
proteing were washed away in tris buffered saling and Tween:20 [TBST],
The coated plate was blocked with 1% BSA in TBS fiar an hour a8 BT, afier
which it was washed with TBST three times to remove unbound BSA from
the bottom plate, Simultaneously, the samples wore prepared by incubat-
ing, for an hour at KT, 50 L of standard or sample in 50 plof ant-FN/COL
I/LN | antibady (1:10 000) isolated from rabbits, Merbin-ckug pro-
cess had been completed, 100 pL of prepared sample was sdded 1o the
well plate and incubated for an Kour at RT. After the remaining antibody
had been was. TBST three times. secondary antibody mouse anti-
rabhit |gG-HRP was added to sach well and incubated for an hour at RT
After wcess antibody had been washed away three times with TBST
ot RT, jiL of the tetramethyibenziding (TMB) substrate was added 1o
each well ind for 30 min. The cemplex products were dissolved
in 1. HCI, and The absorbance was measured at a wavelength of 450 nm
by using a multi-plate reader (EnSpire, Perkin Elmer)
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Decelkalanzation end Recellulorization:  ECM hybrid composites were
grown as previously mentioned. The ¢ re rermoved from the compos-
ite by washing it with 25-mm NH,OH far 20 min 2] The composite was
washedwith PESEnd then blocked using 2% BSA for an hour or cvernight,
FM-rich cal ites were recellulaized using HAIE rmt hepatoma cells
maintaired in Eagle MEM with non-essential amino acids and Earle's BSS
with 10% FBS, 10% call serum, and 1% penicllin-streptomycin. The num-
ber of sttached calls was obsarved at 3 and & h. The assessments of dead
and live cells were accomplished on days 0, 1, 3, and 5 by using the double
staining method based on a previous study!®

Irage Analysis:  The images were analyzed using Image | software and
the LASY program. The fluorescence intensity was obtained from Irmage |
normalized to the background intensity from every stack while Z-projected
images were visualized in the LASX program, The FRET efficiency was an-
alyzed using FRET-AB in a 5P-B confocal microscope from Lelca

Statigicel Analpic  All data preprocessed to identify outliers, af-
ter which data were presented as means + standard deviations IE' from
at least three independent measurements. Data were analyzed Uslng the
aneway ANOVA fallowed by Tukey's test, and the level of significance was
determined 3% < 0.05 by using Origin 9.0,

?upputing Information

Supporting Information is available from the Wiley Online Library or from
the author,

Acknowledgements

This work was supported by the Basic Ressarch  Pragram
[201BR1ABATAD3024940) of the Ministry of Education, the Mid-Career
Resmarcher Program (2019R1AZC2084638) the Global Research
Metwork Program (2021K1A4ABAQI079222) Ministry of Science
and 10T, Korea A5 received the Korean Covernment's Scholarship
Program for Doctoral Degree (KCSP-GRA-2016-263) and SL received
the Schelarship from (PRTraming program of CCUS for the green growth
{20214000000500) of Keres Institute of Energy Technology Evaluation
and Planning.

E:mﬂict of Interest
The authors declame no conflict of interest,

Data Availability Statement

The dats that suppon the findings of this study are avaitable in the sup-
plementary material of this article.

Keywords
collagen, extraceflular matro, fibronectin, laminn, tisswe engmneening
E_ ived: March 11, 2022

Revised: May 24, 2022
Published oaline: July 15, 2022

1] |. Winkler, A Abisoye-Ogunniyan, K. |. Metcalf, 2. Werb, Mat Com-
rrur, 2020, 17, 5120
[2] C.Bonnans, |. Chow, £ Werk, MNat, Rev, Mol Cell Brol. 2014, 15, 786

) 2022 Wiley-VCH GraibH

sarey | mwmmuy arue e mp iy Pt s e ek e o sws ey L) mejury Sy e fenpun o ssies e deie Lrssag oo oy e ey dig ey fEmee )| Ae ] e Lengry sy Gy | Lmapry ey fnmane pEma G ol 0T SR TION T VU Sy ey e nky s g 2T e TN




ADVANCED
SCIENCE NEWS

=

www. advancedseiencenews.com

[3] M.C Ratri, A L Britian, A Setiawati, H. T. Nguyen, V. Soum, K. Shin,
Adv. NanoBiomed Res. 2021, 1, 2000088
[4] X. Cun, L Hosta-Rigau, Nanomaterials 2020, 10, 2070.
[5] A Shinde, N. G. Frangogiannis, Cure Pathobiol Rep. 2017, 5, 145,
6] M., D'Urse, N, A Kurnigwan, Frost, Bioeng Biotechnol 2020, 8,
609653
[7 A.M Shinde, N. G. Frangogiannis, |. Mel, Cell. Cardial 2014, 70, 74
[8] 5. Battista, D. Guarnieri, C, Borselli, 5. Zeppetelli, A. Borzacchiello, L.
Mayal, D, Gerbasio, D. R Keene, L Ambrosio, P A Netti, Biamatenof
2005, 26, 6194,
[9] L. Krishna, K. Dhamodaran, C. Jayadev, K. Chatterjee, R. Shetty, 5. 5.
Khara, D. Das, Stem Cell Res. Ther, 2016, 7, 188,
[10] P E. Bourgine, B. E. Pippenger, A Todorov, L Tchang. I Martin, Bip-
matenals 2013, 34, 6099
[11] T. Hoshiba, G. Chen, €. Endo, H. Maruyama, M. Waku, E. Nemota,
N. Kawazoe, M. Tanaka, Stem Cells (nt. 2016, 2076, 6397520
[12] A.Setiawati, H. T. Mguyen, Y. jung, K. Shin, Int. Newroursl, J. 2018, 22,
S66.
[13] G. Rijal, W' Li, Sci Adw. 2017, 3, & 17007 64.
[V4] ¥, Guan, 5. Liw, C 5un, G. Cheng, F. Kong, ¥, Luan, X. X, 5. Zhao,
0. Zhang, |. Wang, K_ L, Y. Liu, Oncotarget 2015, 6, 36125,
[15] A5 Mao, D_|. Mooney, Proc. Notl Acad. 5o, /SA 2015, 112, 14452,
[16] 5. Petrus-Reurer, M. Romano, 5. Howlett, |. L. jones, G. Lombardi,
K. Saeb-Parsy, Commun. Blel 2021, 4, 798
[17] R Yoshimi, H. Nakajima, Framt. Med, 2022, 9 813952,
(18] . Ahn, L F Deravi, S.-), Park, B. E. Dabiri, |.-5. Km, K. K. Parker, K,
Shin, Adv. Mater. 2015, 27, 2838
1% L A. Sawicki, E. M. Ovadia, L Prachan, |. E. Cowart, K. E. Ross, C H.
W, A M. Kloxin, APL Bioeng, 2019, 3, 016101,
2% . Liw, H. Leng, D. Zeuschner, A F. B. Rider, W. |. Polacheck, H.
Kessler, L. Sorokin, 8. Trappmann, Naot Cormm. 2021, 12, 402
1] L Yamg M. Wu, L Lu, Q. He, B, Xi, H. Yu, R. Luo, Y. Wang, X. Zhang,
Biomatenals 2020, 276, 12 1055
[22] K. S Hellmund, B. Lospichl, C. Battcher, K. Ludwig, U, Keiderling, L.
Nairez, A Weil, D. |. Mikelsjczak, M, Gradzielski, B. Koksch, Pept
Sei 2027, 113, 224201
[23] €. Licht, ). C Rose, A ©. Anarkel, D, Blondel, M. Reccio, T. Haraszt],
D. B. Gehlen, |. A Hubbell, M. P Lutolf, L De Laporte, Blomacro-
molecules 2019, 20, 4075,
[24] C.D. Cook, A, 5. Hill M. Guo, L. Stockdale, . P. Papps, K. B, |saacson,
D. A Lauffenburger, L G. Griffith, Imtege Biol. 2017, §, 27 1.
[25] 5. Ahn, K ¥ Lee, K. K. Parker, K. Shin, Sci Rep. 2018, 8 1913
[26] W. 5. To, K. 5. Midwood Fibrog. Tissue Repair 2011, 4, 21.
[27] D.F. Mosher, R. B, johnsee, |, Biol Chem, 1983, 258, 6595
[28] K. Sakai, T. Fugii, T. Hayashi, J. Blochem. 1996, 119, 58
[29] N. Pernodet, M. Rafailovich, |. Sekolov, D. Xu, N. L. Yang, K. Mcleed,
). Biomed, Mater. Res, Part A 2003, 644, 684,
[30] J. A Paten, C. L Martin, |. T. Wanis, 5. M, Siadat, A, M. Figueroa-
Maveda, |. W. Ruberti, L F. Deravi, Chem 2019, 5, 2126,
[31] K. Scheuer, C. Helbing, | Firkowska-Boden, K. D. Jandy, RSC Adi
2021, 11, 14113
[32] D.B. Neale, A. ). Mufiz, M. 5. Jones, D. H. Kim, ). M. Buschhaus, B.
A, Humphries, W. Y. Wang, B. M. Baker, |. E. Raymond, L. Selorio, G.
D. Luker, . Lahann, Small Struct. 2021, 2, 2000137
[33] E.T. Goddard, R C. Hill, A, Barrett, C. Betts, Q. Guo, ©. Maller, V. F
Borges, K. C. Hansen, P. Schedin, InL |. Biochem. Cell Biol 2016, 81,
223,

Mogramol Bloscl 2022, 22 2200106

2200106 (11 6f11)

www.mbs journal.de

|34] 5. Kuddannaya, Y. |. Chuah, M. H. A. Lee, N. V. Menon, Y. Kang, Y.
Zhang, ACS Appl. Mater Intedaces 2013, 5, 9777

[33] A. W Feinberg, K. K. Parker, Nano Lett. 2010, 10, 2134

[36] T. Pampe, L Renner, C. Weener, Biophys . 2005, 88, 527,

[37] 5. M. Frah, |, Schoen, |, Ries, V. Vopel, Nat Cormmun 2015, 6,
7275,

[38] €. Zhong, M. Chezanowska-Wodnicka, |. Brown, A. Shaub. A. M,
Belkin, K. Burnidge, [ Cell Biol. 1998, 147, 539,

[39] D. D. Schlaepfer, M. A Broome, T Huntar, Mol Cell Biol 1997, 17,
1702

[40] S. K. Mitra, D. A. Henzson, D. D Schlzepfer, Nat, Reie Mol, Cell Biol.
2005, 6, 56,

[47] T.Welling. |. Risteli, K. Wennerberg, D. F. Mosher, 5. Johansson, J. Biol.
Chem. 2002, 277, 37377,

[42] S.Li €. Van Den Diepstraten, 5. ). D'souza, B. M. € Chan, |. G. Pick:
aring, Am. |. Pothol 2003, 163, 1045.

[43] |. Graham, M. Raghurath, V. Vopgel Biomawr 54, 2019, 7,
4519,

[44] |. M. Szymanski, K. Zhang, A W. Feinberg, Sci Rep. 2017, 7, 13413

145] ¥. Mag, ). E. Schwarzbauer, Matrix Biol 2005, 24, 389,

[46] M. Durbeej, Cell Trsue Res 2010, 339, 255.

[47] |. M. Szymanski, M. Ba, A. W Feinberg, | Mater. Chem. B 2005, 3,
7993,

|d.5[ H. Ko, L. F. Deravi, 5. |. Park, I.jlng, T Les, T K:n;, j 5 Les, K K
Parker, K. Shin, Adw Matec 2007, 29, 17071732,

[45] P. Mallinjoud, |. P. Villemin, H. Mortada, M. P Espinoza, F. O.
Desrnet, § Samaan, E Chautard, L € Tranchevent, 0. Auboeuf,
Genome Res 2004, 24,511

[50] L. E Tracy, R, A Minasian, E. |, Caterson, Adv Wound Core 2016, 5,
118,

[57] A.Martinez-Hernandez, P.5. Amenta, Virchows Arch, A Pathol. Anal.
Histapathol 1993, 423, 1

[52) Q. 5Shi, € Chen, M. L, Y. Chen, Y. Xu, |. Hu, |. Uu, H. Lu, BMC Mus
culeskeletal Disond. 2021, 22 235,

[53] C.T.He, R Z. Lin, R.), Chen, C. K. Chin, 5. E. Gong, H. Y. Chang, H.
L Peng L Hsu, T R. Yew, 5. F. Chang, C. H, Liu, Lab Chip 2013, T3,
3578,

[54] V. Hosseini, M. F. Maroufi, 5. Saghati, M. Asadi, M. Darabi, 5. N, 5.
Ahmad, H Hosseinkhar, R, Rahbarghazi | Trond. Med 2019, 17,
383,

[55] ¥.'Wang, M. H. Kim, H. Shirahama, |. H. Lee, 5. 5. Mg, |. 5. Glenn, N,
|- Cho, 5ci. Rep. 2018, 6, 37427

[56] |. F. Ashley, N. B. Cramer, R. H. Davis. C. M. Bowman, Lok Chip 2001,
11, 2772

|37) V. Guneta, Z. Zhou, N, 5, Tan, 5. Sugi, M. T. €. Wong, C. Choong,
Blomater. Sci, 2018, 6, 168,

[58] M. L Smith, D. Gourdon, W. C Little, K. E. Kubow, R. A, Eguiluz, 5.
Luna-Morris, V. Vogel, PLoS Biol 2007, 5, 2243,

|59] ). 5. Manda, |. R, Lorsch, Methods in Enzymology (Eds: . Lorsch), val,
536, Academic Press, San Diego 2014, Ch. 7.

[60] L C M. Npoks, Proteome 5. 2008, 6, 30.

[67] 5.1 Renrmard, R. Berg, C. R. Martin, |, M. Foidart, P. G, Robey, Anal,
Biochem. 1980, 104, 205.

[62] H. Lu, T Hoshiba, N. Kawazoe, G. Chen, |. Biomed. Moter. Res, Part
A 2012, 1004, 2507

[63] |. H. Choi, A. Park, W. Lee, |. Youn, M. A Rim, W Kim, M. Kim, ). E.
Sang, G. Khang, | Cortrolled Release 2020, 127, 747

Y 2022 Wiley VCH GrabH

sarey | mwmmuy arue e mp iy Pt s e ek e o sws ey L) mejury Sy e fenpun o ssies e deie Lrssag oo oy e ey dig ey fEmee )| Ae ] e Lengry sy Gy | Lmapry ey fnmane pEma G ol 0T SR TION T VU Sy ey e nky s g 2T e TN




Fabrication of a Tailored, Hybrid Extracellular Matrix
Composite

ORIGINALITY REPORT

12, 8« Oy 3

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

Submitted to University of California, Merced
Student Paper

T

www.infona.pl

Internet Source

(K

Puxeddu, I.. "The soluble form of a disintegrin 1
3 <l%

and metalloprotease 33 promotes
angiogenesis: Implications for airway
remodeling in asthma", The Journal of Allergy
and Clinical Immunology, 200806
Publication
Www.einj.or

InternetSourci g <1 %
scholars.cityu.edu.hk

Internet Source y <1 %
www.medrxiv.or

H Internet Source g <1 %
www.biorxiv.or

Internet Source g <1 %




academic.oup.com

B Internet Source p <1 0/0
cyberleninka.or

n In%grnetSource g <1 %
diseasebiophysics.seas.harvard.edu

Internet Source p y <1 %

Kaiyuan Wu, Allen Seylani, Jing Wu, Xufeng <1 o
Wu, Christopher K.E Bleck, Michael N Sack. ’
"BLOC1S1/GCN5L1/BORCS1 is a critical
mediator for the initiation of autolysosomal
tubulation", Autophagy, 2021
Publication
theses.gla.ac.uk

InternetSourgce <1 %
onlinelibrary.wiley.com

Internet Source y y <1 %
downloads.hindawi.com

Internet Source <1 %

ure.tue.nl

IEternetSource <1 %
WWW.[stage.ist.g0.]

InternetSJourceg J g Jp <1 %

Martinez, Francisco J., Guo-Qing Zeng, Alfredo <1 o

Pifieyro, Lourdes Garza-Ocanas, L. David

Tomei, and Samuil R. Umansky. "APOPTOSIS



INDUCTION AND CELL CYCLE PERTURBATION
IN ESTABLISHED CELL LINES BY
PEROXYSOMICINE A1 (T-514)t", Drug and
Chemical Toxicology, 2001.

Publication

WWW.maxapress.com
Internet Source p <1 %
I\:1\:;/r\:]\é\t/.Silc?caendidos-publications.com <1 o
Submitted to Korea Advanced Institute of “
| <l
Science and Technology
Student Paper
ul.qucosa.de
Inter(r:wletSource <1 %
Oztulrk, Ece, @ystein Arlov, Seda Aksel, Ling Li, <1 o
David M. Ornitz, Gudmund Skjak-Braek, and ’
Marcy Zenobi-Wong. "Sulfated Hydrogel
Matrices Direct Mitogenicity and Maintenance
of Chondrocyte Phenotype through Activation
of FGF Signaling", Advanced Functional
Materials, 2016.
Publication
Chungwon Park, Kwang - Sook Park, Mi Jin <1 o

Jeong, Han Byul Kim et al. "A Robustly
Supported Extracellular Matrix Improves the
Intravascular Delivery Efficacy of Endothelial



Progenitor Cells", Advanced Functional
Materials, 2021

Publication

Esther Koh, Benjamin R Freedman, Farshad <1 o

Ramazani, Johannes Gross, Adam Graham,

Andreas Kuttler, Eckhard Weber, David |

Mooney. "Controlled Delivery of

Corticosteroids Using Tunable Tough

Adhesives", Advanced Healthcare Materials,

2022

Publication
Monica Cahyaning Ratri, Albertus Ivan Brilian, <1 y

Agustina Setiawati, Huong Thanh Nguyen, ’

Veasna Soum, Kwanwoo Shin. "Recent

Advances in Regenerative Tissue Fabrication:

Tools, Materials, and Microenvironment in

Hierarchical Aspects", Advanced NanoBiomed

Research, 2021

Publication

L g

aagurmalsore <To
jvat.biomedcentral.com < o

Internet Source 0
Dylan B. Neale, Ayse J. Muniz, Michael S. <'I o

Jones, Do Hoon Kim et al. "Aligned Networks
of Engineered Fibrillar Fibronectin Guide
Cellular Orientation and Motility", Small
Structures, 2021



Publication

] Y Liu "Loss of matrix-dependent cytoskeletal <1 o
tyrosine kinase signals may regulate intestinal ’
epithelial differentiation during mucosal
healing,", Journal of Gastrointestinal Surgery,

1999
Publication
dspace.lib.cranfield.ac.uk

InterF:etSource <1 %
medialibrary.uantwerpen.be

Internet Source y p <1 %

Joo Hee Choi, Soo In Kim, Jin Sol Seo, Normin- <1 o
Erdene Tumursukh et al. "Fast stress relaxing ’
gellan gum that enhances the
microenvironment and secreting function of
bone mesenchymal stem cells", International
Journal of Biological Macromolecules, 2022
Publication
Padmanaban Annamalai, A.L.N. Rao. "Chapter <1 y
18 RNA Encapsidation Assay", Springer ’
Science and Business Media LLC, 2008
Publication

V. Guneta, Z. Zhou, N. S. Tan, S. Sugii, M. T. C. <1 o

Wong, C. Choong. "Recellularization of
decellularized adipose tissue-derived stem
cells: role of the cell-secreted extracellular



matrix in cellular differentiation"”, Biomaterials
Science, 2018

Publication

Yunbing Wang, Gaocan Li, Li Yang, Rifang Luo, 1
’ . <1l%

Gaoyang Guo. "Development of Innovative
Biomaterials and Devices for the Treatment of
Cardiovascular Diseases", Advanced
Materials, 2022
Publication
biologia.i-learn.unito.it

Internetiurce <1 %
hdl.handle.net

Internet Source <1 %

atents.justia.com

IEw)ternet Souche <1 %
res.mdpi.com

Internet Sourpce <1 %
static-curis.ku.dk

Internet Source <1 %

Jenna Graham, Michael Raghunath, Viola <1 o

Vogel. "Fibrillar fibronectin plays a key role as
nucleator of collagen | polymerization during
macromolecular crowding-enhanced matrix
assembly", Biomaterials Science, 2019

Publication




Min-Jeong Park, Misook Choi, Mina Kim, Don- <1 o
Haeng Lee. "Injectable and Cryopreservable ’
MSC-Loaded PLGA Microspheres for Recovery
from Chemically Induced Liver Damage",
Macromolecular Research, 2020
Publication

Yongchao Jiang, Yingying Guo, Haonan Wang, <1

. . . : %
Xiaofeng Wang, Qian Li. "Hydrogel coating
based on dopamine-modified hyaluronic acid
and gelatin with spatiotemporal drug release
capacity for quick endothelialization and long-
term anticoagulation”, International Journal of
Biological Macromolecules, 2023
Publication
aip.scitation.or

InteFr)netSource g <1 %
bmcoralhealth.biomedcentral.com

Internet Source <1 %
era.ed.ac.uk

Internet Source <1 %
ftp.idu.ac.id

Int(E_)rnetSource <1 %
livrepository.liverpool.ac.uk

InternetpSource y p <1 %

ublikationen.bibliothek.kit.edu

Ilt:w)ternetSource <1 %




s3.amazonaws.com
Internet Source <1 %
scholarworks.aub.edu.lb
Internet Source <1 %
www.fedoa.unina.it
Internet Source <1 %
Www.nature.com
Internet Source <1 %
Meng Wu, Jian - Bin Zhang, Yi - Wei Xiong, <1 %
Yong - Xu Zhao et al. "Promotion of Lung
Cancer Metastasis by SIRT2 - Mediated
Extracellular Protein Deacetylation", Advanced
Science, 2022
Publication
Moses Musiime, Joan Chang, Uwe Hansen,
55 2 <l%
Karl E. Kadler, Cédric Zeltz, Donald Gullberg.
"Collagen Assembly at the Cell Surface:
Dogmas Revisited", Cells, 2021
Publication
Rasmussen, Camilla Holzmann, Paul M. <1 o

Reynolds, Dorthe Roenn Petersen, Mattias
Hansson, Robert M. McMeeking, Martin
Dufva, and Nikolaj Gadegaard. "Enhanced
Differentiation of Human Embryonic Stem
Cells Toward Definitive Endoderm on



Ultrahigh Aspect Ratio Nanopillars", Advanced
Functional Materials, 2015.

Publication

Rong You, Lu Shi, Surong Chen, Qingpeng Liu, <1 y
Lingkun Zhang, Liang Yin, Runcai Yang, Yan - ’
Qing Guan. "Fabrication of Resveratrol -

Loaded Scaffolds and Their Application for

Delaying Cell Senescence In Vitro",

Macromolecular Bioscience, 2021

Publication

Coreacu <7
e 2 <Tw
B SXpomandvors <7«
];Itce)r\r/]\:tcg(/)'ttj.rcceyto.purdue.edu <"%
|rn(tee|rcr>§tss(i)tu?cgy.kopri.re.kr < o
Itn?elr.naetrglic\ées-ouvertes.fr <1 o
Lnouee edy <719

El
Ul

Girdhari Rijal, Weimin Li. "A versatile 3D tissue <1
%

matrix scaffold system for tumor modeling



and drug screening", Science Advances, 2017

Publication

m Keel Yong Lee, Huong Thanh Nguyen,
Agustina Setiawati, So - Jung Nam et al. "An
Extracellular Matrix - Liposome Composite, a
Novel Extracellular Matrix Delivery System for
Accelerated Tissue Regeneration", Advanced
Healthcare Materials, 2021

Publication

<1%

Legant, Wesley R., Christopher S. Chen, and
Viola Vogel. "Force-induced fibronectin
assembly and matrix remodeling in a 3D
microtissue model of tissue morphogenesis",
Integrative Biology, 2012.

Publication

<1%

assets.researchs uare.com
. <1 %

Internet Source

Paul J. Molino, Zhilian Yue, Binbin Zhang,
Anthony Tibbens et al. "Influence of
Biodopants on PEDOT Biomaterial Polymers:
Using QCM-D to Characterize Polymer
Interactions with Proteins and Living Cells",
Advanced Materials Interfaces, 2014

Publication

<1%

Exclude quotes Off Exclude matches Off



Exclude bibliography On



