
Acta Biomaterialia 66 (2018) 282–293
Contents lists available at ScienceDirect

Acta Biomaterialia

journal homepage: www.elsevier .com/locate /ac tabiomat
Full length article
Cell-instructive pectin hydrogels crosslinked via thiol-norbornene
photo-click chemistry for skin tissue engineering
https://doi.org/10.1016/j.actbio.2017.11.016
1742-7061/� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

⇑ Corresponding authors at: School of Mechanical, Aerospace and Civil
Engineering, University of Manchester, M13 9PL, UK (Paulo J. Bártolo), i3S –
Instituto de Investigação e Inovação em Saúde, Universidade do Porto, 4200-135,
Portugal (Pedro L. Granja).

E-mail addresses: paulojorge.dasilvabartolo@manchester.ac.uk (P.J. Bártolo),
pgranja@i3s.up.pt (P.L. Granja).
Rúben F. Pereira a,b,c,d, Cristina C. Barrias a,b,c, Paulo J. Bártolo e,f,⇑, Pedro L. Granja a,b,c,g,⇑
a i3S – Instituto de Investigação e Inovação em Saúde, Universidade do Porto, 4200-135, Portugal
b INEB – Instituto Nacional de Engenharia Biomédica, Universidade do Porto, 4200-135, Portugal
c ICBAS – Instituto de Ciências Biomédicas Abel Salazar, Universidade do Porto, 4050-343, Portugal
dCDRSP – Centre for Rapid and Sustainable Product Development, Polytechnic Institute of Leiria, 2430-028, Portugal
e School of Mechanical, Aerospace and Civil Engineering, University of Manchester, M13 9PL, UK
fManchester Institute of Biotechnology, University of Manchester, M1 7DN, UK
g FEUP – Faculdade de Engenharia da Universidade do Porto, 4200-464, Portugal

a r t i c l e i n f o a b s t r a c t
Article history:
Received 22 July 2017
Received in revised form 30 October 2017
Accepted 7 November 2017
Available online 8 November 2017

Keywords:
Dermal fibroblasts
Hydrogel
Pectin
Photocrosslinking
Skin
Thiol-norbornene
Cell-instructive hydrogels are attractive for skin repair and regeneration, serving as interactive matrices
to promote cell adhesion, cell-driven remodeling and de novo deposition of extracellular matrix compo-
nents. This paper describes the synthesis and photocrosslinking of cell-instructive pectin hydrogels using
cell-degradable peptide crosslinkers and integrin-specific adhesive ligands. Protease-degradable hydro-
gels obtained by photoinitiated thiol-norbornene click chemistry are rapidly formed in the presence of
dermal fibroblasts, exhibit tunable properties and are capable of modulating the behavior of embedded
cells, including the cell spreading, hydrogel contraction and secretion of matrix metalloproteases.
Keratinocytes seeded on top of fibroblast-loaded hydrogels are able to adhere and form a compact and
dense layer of epidermis, mimicking the architecture of the native skin. Thiol-ene photocrosslinkable pec-
tin hydrogels support the in vitro formation of full-thickness skin and are thus a highly promising plat-
form for skin tissue engineering applications, including wound healing and in vitro testing models.

Statement of Significance

Photopolymerizable hydrogels are attractive for skin applications due to their unique spatiotemporal
control over the hydrogel formation. This study reports the design of a promising photo-clickable pectin
hydrogel which biophysical and biochemical properties can be independently tailored to control cell
behavior. A fast method for the norbornene-functionalization of pectin was developed and hydrogels fab-
ricated through UV photoinitiated thiol-norbornene chemistry. This one-pot click reaction was per-
formed in the presence of cells using cell-adhesive and matrix metalloproteinase-sensitive peptides,
yielding hydrogels that support extensive cell spreading. Keratinocytes seeded on top of the fibroblast-
loaded hydrogel formed a compact epidermis with morphological resemblance to human skin. This work
presents a new protease-degradable hydrogel that supports in vitro skin formation with potential for skin
tissue engineering.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Skin wound healing is a complex, orchestrated cascade of bio-
logical processes that rely on the interaction between several
mediators, such as extracellular matrix (ECM) molecules, cells,
growth factors, cytokines and chemokines, towards the replace-
ment of lost tissue [1]. Despite the variety of commercially avail-
able products and therapeutic strategies for skin wound
healing (e.g., skin substitutes, wound dressings), the formation of
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functional skin remains a major challenge [1–3]. Hydrogels are
widely explored as templates for skin wound healing due to their
chemical versatility, hydrated nature, elasticity and ability to con-
form into complex-shaped defects. In addition, hydrogels can be
designed to provide instructive environments for tissue formation
as well as to deliver cells and growth factors in order to stimulate
skin regeneration [4–6]. Cell-instructive hydrogels play a pivotal
role in tissue engineering due to their biochemical and biophysical
similarities with the native ECM, along with the ability to influence
the behavior of embedded cells [7,8]. Synthetic materials have
been widely explored to design such bioactive hydrogels as they
provide greater control over the chemical composition and materi-
als properties [9,10]. However, materials derived from natural
sources possess unique features (e.g., cell remodeling, biological
recognition, biodegradation) that also make them suitable candi-
dates to engineer ECM analogues [11,12].

Pectin, a structural polysaccharide extracted from the primary
cell wall of plants, is receiving increased attention for tissue engi-
neering due to its water solubility, biocompatibility, biodegradabil-
ity and anionic nature [13–15]. It is a branched polymer composed
of multiple polysaccharide domains, providing a multitude of tar-
get sites for chemical modification. In addition, pectin hydrogels
are susceptible to in vitro and in vivo degradation [16,17], which
is useful for tissue engineering applications. A distinctive charac-
teristic of pectin compared to other bioactive natural polymers
(e.g., gelatin, fibrin) relies on the lack of endogenous
cell-adhesive and cell-proteolytic sites. This feature allows for
the precise introduction of specific biochemical moieties onto the
otherwise bioinert polymer backbone [16] in order to control cell
fate and to decouple their effect on cell behavior.

The selection of suitable chemistries is of critical importance for
the formation of cellularized ECM-inspired polymer hydrogels
under cytocompatible conditions, without yielding toxic byprod-
ucts. Bio-orthogonal click chemistries assume a central role on
the modular synthesis of advanced cell-laden hydrogels, as they
can develop under mild conditions in the presence of cells, proceed
with high yield and be easily controlled by selecting complemen-
tary chemical functionalities [18,19]. Photoinitiated thiol-
norbornene chemistry is a click reaction between multifunctional
norbornene-modified macromers and sulfhydryl-containing link-
ers (e.g., dithiothreitol, biscysteine peptides), triggered by UV or
visible light in the presence of a low photoinitiator concentration
[10]. In contrast to chain-growth hydrogels formed by radical-
mediated polymerization, which often contain heterogeneous
and high molecular weight crosslinks, light-mediated thiol-
norbornene polymerization is non-oxygen inhibited and proceeds
through a step-growth mechanism. Hydrogels formed by thiol-
norbornene chemistry contain networks with less heterogeneities
and lead to the formation of engineered tissues with improved
overall quality [20,21]. Furthermore, in thiol-norbornene reactions
there is no homopolymerization or chain growth between strained
norbornene groups and the gelation is much faster [22]. Nor-
bornene end groups are widely used in the modification of both
natural (e.g., hyaluronic acid, alginate) and synthetic (e.g., poly-
ethylene glycol) polymers owing their fast reactivity and cytocom-
patibility. Norbornene-functionalized polymers can be rapidly
converted into cell-laden hydrogels under physiologically relevant
conditions and the crosslinking reaction did not affect the cell via-
bility [10,23,24]. As the norbornene moieties are only reactive in
the presence of active radical species, hydrogels bearing free nor-
bornene groups can be explored to dynamically modulate the
material properties and/or cell fate after hydrogel formation with-
out cytotoxic effects for the embedded cells [25].

Recently, we reported on the development of photocrosslink-
able methacrylate-modified pectin for the bioprinting of cell-
responsive tissue constructs for skin applications [26]. Although
bioprinted RGD-functionalized pectin hydrogels support the
spreading of embedded dermal fibroblasts and de novo deposition
of endogenously synthesized ECM, cell-mediated hydrogel
remodeling is limited by the lack of protease degradable sites.
This study describes for the first time the synthesis of
norbornene-functionalized pectin macromers for thiol-ene pho-
topolymerization reactions. Macromers are rapidly converted into
cell-instructive hydrogels through one-pot, photo-click reaction
with a monocysteine RGD integrin binding peptide and a biscys-
teine matrix-metalloproteinase (MMP)-cleavable peptide as cross-
linker. These new polymer-peptide conjugates are rapidly
prepared in the presence of cells through an efficient thiol-
norbornene reaction, providing sites for cell attachment and
cellular-driven remodeling of the hydrogel network. This photo-
click reaction also affords spatiotemporal control over the hydrogel
formation and allows easy manipulation of biophysical and bio-
chemical cues presented to the embedded cells. The proposed
novel pectin hydrogel system allows the one-step formation of
chemically defined cell-laden hydrogels capable of supporting
the in vitro formation of full-thickness skin.
2. Materials and methods

2.1. Synthesis of norbornene functionalized pectin

The norbornene-functionalized pectin (NorPEC) was syn-
thetized through the reaction with carbic anhydride (CA, Acros
Organics) in dimethyl sulfoxide (DMSO). Prior to synthesis, low
methoxyl citrus pectin (Classic CU701, 86% galacturonic acid unit
content and 37% degree of methylation, Herbstreith & Fox,
Neuenbürg, Germany) was purified [16] and converted into tetra-
butylammonium salt (PEC-TBA) for solubilization in organic sol-
vents. Pectin was dissolved in ultrapure water at 1 wt%, the
Dowex 50 W proton exchange resin (Acros Organics) was added
to the solution (3.5 g resin per 1 g polymer) and allowed to
exchange under vigorous agitation for 3 h. The solution was cen-
trifuged to remove the resin, filtered (0.20 mm) and neutralized to
pH 6.50 with tetrabutylammonium (TBA, Sigma-Aldrich). The solu-
tion was subsequently frozen, lyophilized and stored at �20 �C. For
the synthesis of NorPEC, PEC-TBA was dissolved in anhydrous
DMSO at 1 wt% and CA added at 1-fold molar excess to hydroxyl
groups in the polymer backbone. The solution reacted under vigor-
ous agitation and inert (N2) atmosphere at room temperature for 1
h. After this, the solution was immediately transferred to dialysis
(MWCO 3500, Spectra/Por�, SpectrumLabs) with sodium chloride
for 3 days, followed by purification with deionized water for addi-
tional 2 days. Then, the solution was treated with activated char-
coal (1 g charcoal per 1 g of polymer, Sigma-Aldrich) for 1 h,
centrifuged (60 000 rcf, Beckman Avanti J-26XP) and filtered
(0.20 mm). Finally, the pH was adjusted to 7.00 with sodium
hydroxide (0.1 M), the solution frozen and the polymer recovered
by lyophilization. The product was dissolved in deuterated water
(D2O, Euriso-top) containing 3-(trimethylsilyl)propionic-2,2,3,3-d
4 acid sodium salt (TSP-d4, Euriso-top) as internal standard (d = 0
ppm) and analyzed by 1H NMR using a 400 MHz spectrometer
AVANCE III (Bruker).
2.2. Formation and characterization of photocrosslinked hydrogels

For the fabrication of hydrogels, NorPEC macromer (2.5 wt%)
was dissolved in 0.9 wt% NaCl containing the photoinitiator VA-
086 (0.25 wt%, Wako Chemicals), the peptide crosslinker CGPQG;
IWGQC (4–6 mM, arrow indicates enzymatically cleavable site,
Genscript) and the cell-adhesive peptide ligand CGGGGRGDSP
(0–2 mM, underline indicates cell-adhesion motif, Genscript) at
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desired concentrations. After dissolution, the solution was pipetted
on the top of a glass slide treated with SigmaCote (Sigma-Aldrich)
to prevent attachment of the gel, covered by a treated glass side
with 500 mm spacers and polymerized under UV light (365 nm,
RoHS) at 7 mW/cm2 for 20 s.

To characterize the shear modulus, hydrogels were soaked in
PBS at 37 �C for 24 h and the samples (Ø = 4 mm) tested in a
humidified environment at physiological temperature (37 �C)
using a strain-controlled Kinexus Pro rheometer (Malvern). Both
frequency sweeps (0.01–10 Hz at 1% strain) and strain sweeps
(0.1–100% at 0.1 Hz) were performed on swollen samples (30%
compression) to ensure that all measurements were representative
of the linear viscoelastic regime.

The swelling ratio was determined by soaking freeze-dried
hydrogel samples in PBS (0.5 mL) at 37 �C for 24 h. Hydrogel sam-
ples were collected, the superficial excess of water was gently
removed with a tissue paper, and the swollen weight determined.
Swelling ratio (q) was determined by dividing the weight of
hydrated hydrogel by its initial dry weight.

The degradation of MMP-degradable NorPEC hydrogels was
evaluated in the presence of Type II Collagenase (385 U/mg, Wor-
thington Biochemical). Immediately after photopolymerization
hydrogels were frozen and lyophilized to determine the initial
weight (WI). Dry samples were hydrated overnight in Hanks’
Balanced Salt solution (HBSS) at 37 �C, followed by incubation in
0.5 mL HBSS containing Type II Collagenase at 2 U/mL, which cor-
responds to the collagenase concentration during the initial phase
of the wound healing process [27]. At specific time periods, sam-
ples were removed from the solution, washed with ultrapure
water, frozen and lyophilized to determine the final weight (WF)
after degradation. The degradation was expressed in percentage
of the weight loss compared to the initial dry mass and determined
using the following equation:

Degradation ð%Þ ¼ WI �WF

WI
� 100 ð1Þ

To determine the amount of non-bound RGD peptide during
photopolymerization, hydrogels were incubated in 0.5 mL PBS at
37 �C for 24 h and the supernatant collected. The amount of
released peptide in PBS was quantified by reversed phase chro-
matography (Merck-Hitachi HPLC) equipped with a detector at
220 nm. Samples were run at 1 mL/min on a LiChroCART 250–4
C18 column, eluting with 0.065/0.05 v/v% trifluoroacetic acid in
water/acetonitrile, respectively. The calibration curve for peptide
quantification was obtained using the peptide dissolved in PBS at
different concentrations (0–2 mM).

2.3. 3D cell embedding within hydrogels, cell viability and morphology
analysis

Human neonatal dermal fibroblasts (hNDFs) isolated from
human neonatal foreskin samples (Coriell Institute for Medical
Research, USA) were cultured in DMEM supplemented with 10%
fetal bovine serum (FBS, Gibco), antibiotics (100 U/mL penicillin
and 100 lg/mL streptomycin, Sigma-Aldrich) and amphotericin B
(2.5 mg/L, Sigma-Aldrich). Cells were cultured in 5% CO2 at 37 �C
in tissue culture polystyrene flasks. To characterize the behaviour
of hNDFs within MMP-degradable NorPEC hydrogels, cells (passage
6 to 9) were trypsinized before reaching confluence (70–80%) using
0.05 wt% trypsin/ethylenediamine tetraacetic acid (EDTA) solution
(Sigma-Aldrich) and centrifuged at 1200 rpm for 5 min. The cell
pellet was suspended and added to the NorPEC gel precursor solu-
tion at a final density of 1 � 107 cells/mL. Cellular gel precursor
solution (20 lL) was pipetted between SigmaCote-treated glass
slides and cell-laden hydrogels obtained by UV photopolymeriza-
tion. At predetermined time periods (day 1, 7 and 14), cell-laden
hydrogels were collected and characterized for their metabolic
activity, cell viability and cell morphology.

Metabolic activity of cells embedded with NorPEC hydrogels
was assessed by the resazurin assay. Hydrogels were incubated
in DMEM medium containing 20 v/v% resazurin sodium salt
(Sigma-Aldrich) for 2 h at 37 �C. Samples were measured using a
microplate reader (Synergy MX, Biotek) at 530 nm (excitation)
and 590 nm (emission).

Cell viability was measured using the Live/Dead cytotoxicity kit
(Life Technologies) according to the manufacturer instructions.
Briefly, cell-laden hydrogels were incubated in phenol red-free
DMEM media (Life Technologies) containing 1 mM calcein and 4
mM ethidium homodimer for 30 min. Cell-laden hydrogels were
imaged on a laser scanning microscope (CLSM, Leica TCS-SP5 AOBS,
Leica Microsystems).

The morphology of cells within NorPEC hydrogels was observed
by immunofluorescence staining for F-actin and nuclei. Cell-laden
hydrogels were fixed in 4 v/v% paraformaldehyde (PFA, Electron
Microscopy Sciences) in HBSS (Life Technologies) for 20 min, fol-
lowed by extensive washing with HBSS. Samples were incubated
overnight with phalloidin/Alexa Fluor� 488 (1:40, Molecular
Probes-Invitrogen) for F-actin staining, followed by incubation
with Hoechst (Life Technologies) for nuclei staining for 45 min.
Then, samples were extensively rinsed and imaged on a laser scan-
ning microscope (CLSM, Leica TCS-SP5 AOBS, Leica Microsystems).
2.4. Matrix metalloproteinases (MMPs) secretion by gelatin
zymography

To determine the expression of MMP-2 and MMP-9 from fibrob-
lasts embedded within hydrogels of different stiffness, cell culture
supernatants were collected at different time periods (day 1 and 3)
and the levels compared to culture media in the absence of cell-
laden hydrogels. After collection, conditioned media was cen-
trifuged to remove cell debris and the total protein content in
lysates of cells recovered from the hydrogels quantified by the
DC protein assay (BioRad). Sample volumes were adjusted to yield
equivalent total cell protein contents, loaded into gelatin-SDS poly-
acrylamide gels, and run in 1 � Tris-Glycine SDS running buffer at
80 V (Mini Protean Tetra Cell system, BioRad). Following elec-
trophoresis, gels were washed in 2 v/v% Triton X-100 to remove
the SDS and incubated with MMP substrate buffer for 16 h at 37
�C. Then, gels were washed and stained with Coomassie Brilliant
Blue R-250 (Sigma Aldrich). The activity of MMPs was visualized
by clear bands in the stained gels and compared to molecular
weight and standards. The gel was washed with distilled water,
scanned using the GS-800 Calibrated Densiometer (Bio-Rad), and
the activity of MMPs estimated by densitometric analysis (Quan-
tity One, Bio-rad).
2.5. Formation of full-thickness skin using cell-instructive pectin
hydrogel

The skin equivalent was constructed by the photopolymeriza-
tion of MMP-degradable NorPEC gel precursor solution loaded with
fibroblasts (1 � 107 cells/mL), as previously described. Cell-laden
hydrogels were cultured submerged for 7 days. After this time per-
iod, cell line keratinocytes (HaCaT) were seeded onto the
fibroblast-loaded hydrogel (5 � 105 cells/cm2), left to attach for 2
h and cultured submerged for 7 days. Then, the constructs were
cultured at the air-liquid interface (ALI culture) for either 14 days
or 28 days [28]. Culture medium was changed every two days in
submerged culture and daily in ALI culture.
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2.6. Histological and immunofluorescence analysis

Skin equivalents were rinsed with HBSS, fixed in 4 v/v%
paraformaldehyde in HBSS for 30 min and extensively washed.
Then, samples were embedded in paraffin, sectioned onto 6 lm
slides and representative sections were stained for Hematoxylin/
Eosin (H&E) and Masson’s Trichrome using routine protocols. The
sections were mounted on coverslips and observed with an optical
microscope. For immunofluorescence analysis, deparaffinized sec-
tions were subjected to heat-induced antigen retrieval, permeabi-
lized with 0.25 v/v% Triton X-100 (Sigma-Aldrich) in PBS and
rinsed with PBS, followed by blocking and overnight incubation
with primary antibodies at 4 �C (Table S1). Then, sections were
rinsed and incubated with secondary antibodies for 1 h at room
temperature, following extensive washing. After mounting, the
sections were observed in a microscope (AxioImager Z1, Carl
Zeiss). Negative controls were performed by replacing the primary
antibody with blocking buffer.
2.7. Statistical analysis

Statistical analyses were performed in the GraphPad Prism 7.0
software. All experimental data are reported as the mean ± stan-
dard deviation (SD) of at least three individual samples. Unless sta-
ted, the non-parametric Mann–Whitney test was applied with 95%
confidence interval and statistically significant differences marked
with p < .05 (⁄), p < .01 (⁄⁄), p < .001 (⁄⁄⁄) and p < .0001 (⁄⁄⁄⁄).
3. Results and discussion

3.1. Synthesis of norbornene-functionalized pectin macromers for
thiol-ene photopolymerization

In thiol-ene photopolymerization, the reaction kinetics, the
extent of conversion and the structure of the polymer network
are determined by the reactivity between thiols and carbon–carbon
double bonds (referred to as alkenes), which in turn depends on
the alkene chemical structure [29]. Among the variety of alkene
functional groups capable of reacting with thiols, it is well-
established that strained (norbornene) and electron-rich alkenes
(e.g., vinyl ether) react faster than electron-poor alkenes [30].
Specifically, the strained norbornene functional group has received
increased attention for thiol-ene reactions as it follows exclusively
step-growth mechanism and displays extremely high reactivity,
which can be explained by the relief of ring strain after thiyl radical
addition, absence of abstractable hydrogens and stereoelectronic
effects [29,31]. In this work, pectin was functionalized with nor-
bornene functional groups for the fabrication of cell-laden hydro-
gels through thiol-ene click reaction in the presence of a low
concentration type I photoinitiator and UV light. Norbornene-
functionalized pectin was synthetized via an esterification reaction
between pectin and carbic anhydride (CA) in DMSO for 1 h at room
temperature (Fig. 1a). Secondary hydroxyl groups of the polymer
served as nucleophiles for reaction with CA, without compromising
the water-solubility of modified polymer. The reaction was per-
formed in organic solvents to overcome the limited solubility of
CA in aqueous solutions and its pH dependence [32]. This strategy
allows the neutralization of carboxylate groups with sodium ions
to improve the water-solubility of synthetized macromers and to
prevent spontaneous ionic gelation of photocrosslinked hydrogels
in culture medium mediated by positively charged calcium ions
(Supplementary Fig. S1). Pectin was firstly converted to its tetra-
butylammonium salt (PEC-TBA) for solubilization in organic sol-
vents via reaction with the Dowex ion-exchange resin, followed
by neutralization with tetrabutylammonium (TBA), as can be seen
in the 1H NMR spectra by the appearance of new peaks correspond-
ing to the butyl groups (3.20, 1.66, 1.38, and 0.96 ppm) (Fig. 1b,
Supplementary Fig. S2). Then, the lipophilic PEC-TBA was dissolved
in anhydrous DMSO and reacted with CA under a N2 atmosphere,
yielding norbornene-functionalized pectin (NorPEC), as confirmed
by 1H NMR analysis through the appearance of new peaks (6.12–
6.37 ppm) of vinyl protons on the norbornene functionality
(Fig. 1b, Supplementary Fig. S3). The product was purified through
dialysis against sodium chloride to ensure complete removal of the
TBA via neutralization of the carboxylate groups into the sodium
salt form. Further product purification was performed with acti-
vated charcoal and centrifugation to remove any unreacted CA
and potential byproducts (Supplementary Fig. S4). The extent of
norbornene substitution was determined to be 20.0 ± 0.6% through
1H NMR analysis by comparing the integral values corresponding
to norbornene protons (6.12–6.37 ppm) and native protons in the
polymer backbone (3.82–4.43 ppm). Higher substitution can be
achieved by changing either the reaction time or the CA content
(Table S2). The reproducibility and robustness of the chemical
reaction was confirmed by performing independent synthesis of
norbornene-functionalized pectin, followed by 1H NMR analysis
(Supplementary Fig. S5). Compared to alternative strategies for
norbornene-functionalization of natural polymers (e.g., gelatin,
hyaluronic acid), which are performed under aqueous alkaline buf-
fers (pH 8, 6 h, 50 �C) to ensure CA dissolution [32] or using di-tert-
butyl dicarbonate coupling chemistry in DMSO (20 h, 45 �C) [23],
the modification procedure previously described presents several
advantages, such as (i) prevents the addition of catalysts, (ii) pre-
cludes the pH adjustment during the reaction, (iii) proceeds at
room temperature, and (iv) significantly reduces the reaction time
(1 h).

3.2. Formation and characterization of thiol-ene click pectin hydrogels

Biomimetic polymer-peptide hydrogels with MMP-cleavable
peptide crosslinks are widely used as provisional matrices for tis-
sue regeneration because they allow for localized cell-driven
remodeling at the pericellular space, resembling the dynamic nat-
ure of ECM [7]. By simply altering the protease specific peptide
crosslinker it was shown that engineered hydrogels differentially
respond to MMPs secreted by distinct cell types, allowing for
cell-specific invasion within the gel network and controllable cell
responses [33,34]. In this work, enzymatically degradable, cell-
instructive pectin hydrogels were prepared via a fast UV photoini-
tiated thiol-ene reaction between a peptide crosslinker sensitive to
cell-secreted proteases (CGPQGIWGQC) flanked with biscysteine
and the norbornene groups of NorPEC in the presence of VA-086
as a water-soluble photoinitiator (Fig. 2). To mimic the cell-
mediated remodeling of natural skin ECM, the protease sensitive
sequence GPQG;IWGQ, derived from the sequence GPQG;IAGQ
found in type I collagen, was covalently incorporated into the poly-
mer backbone. This peptide sequence was selected due to its sus-
ceptibility to cleavage by a wide range of MMPs (e.g., 1, 2, 3 and
9) secreted by several cell types involved in skin wound healing,
including fibroblasts and keratinocytes [35,36], thus providing a
substrate for cell degradation. After 20 s of UV photopolymeriza-
tion, the biscysteine MMP-degradable peptide become part of the
crosslinked hydrogel, allowing for local network degradation and
determining both biophysical and biochemical properties. The
mono-cysteine peptide CGGGGRGDSP (fibronectin-derived adhe-
sion ligand based on RGD sequence) was also incorporated within
the hydrogels as a pendant moiety, via one-pot reaction during gel
formation, to provide integrin-mediated cell adhesion and cell-
matrix crosstalk [10]. Although the physical adsorption of native
integrin-binding proteins and biomolecules onto biomaterials can
contribute to a more robust signaling, the hydrophilic nature of



Fig. 1. Synthesis and characterization of pectin derivatives for thiol-ene photopolymerization. (a) Synthesis of norbornene-functionalized pectin (NorPEC) macromer from
PEC-TBA through the coupling of norbornene groups (shown in red) to secondary alcohols on pectin (R denotes substituting group on carboxylic acid moiety: NH2 or OCH3).
(b) 1H NMR spectra (D2O, 400 MHz) of NorPEC after 1 h reaction with carbic anhydride in DMSO and PEC-TBA after 3 h treatment with Dowex ion exchange resin and
neutralization with tetrabutylammonium. Insert shows the native protons in pectin backbone.

Fig. 2. Schematic illustration of photocrosslinking and biofunctionalization of click NorPEC hydrogels via UV light photoinitiated thiol-ene reaction of di-thiol MMP-
degradable peptide (CGPQG;IWGQC, arrow indicates enzymatically cleavable site) and norbornene groups on NorPEC. Mono-thiol cell-adhesive peptide (CGGGGRGDSP,
underline indicates cell-adhesion motif) is tethered to the norbornene groups during the photopolymerization, providing pendant sites for cell-anchorage.
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hydrogels strongly reduces this phenomenon, limiting cell adhe-
sion both in vitro and in vivo [37,38]. A recent work with unmodi-
fied calcium-crosslinked pectin hydrogels prepared at different
concentrations (1%, 2% and 4%) showed that macrophages seeded
onto the hydrogel surfaces fail to adhere, though the hydrogels
adsorbed blood plasma proteins in a polymer concentration depen-
dent manner [39]. Therefore, the introduction of cell-adhesive pep-
tides into the backbone of hydrogel precursors, including pectin, is
recognized as an efficient strategy to promote cell adhesion. VA-
086 was selected as photoinitiator owing to its strong absorbance
at 365 nm and enhanced biocompatibility compared to the com-
monly used Irgacure 2959 [40]. We took advantage of the orthog-
onality and ultrahigh reactivity of norbornene moiety toward
thiol-ene reaction to reduce the concentration of photoinitiator
to 0.25 wt%. This concentration is significantly lower than the ones
typically applied in radical-mediated polymerization (1.0–1.5 wt
%), preventing the formation of macroscopic air bubbles within
the hydrogel due to the N2 generation [41,42].
In order to closely mimic key features of the ECM, hydrogel
mechanical properties and biological functions should be tailored
on relevant time scales by the user or the cells. There are several
approaches to tailor the rheological properties of photocrosslink-
able hydrogels, such as varying the crosslinking time, light inten-
sity, polymer fraction, crosslinker content or the degree of alkene
substitution. Increasing the polymer fraction enhances the number
of alkene groups available for reaction, potentially leading to
increased RGD-peptide conjugation. Similarly, increasing the
crosslinking time/light intensity could lead to a similar outcome
as the UV dose to which hydrogels are subjected is higher. Both
strategies often result in altered ligand density between hydrogels,
influencing the hydrogel properties and cell fate [10,43]. In this
study, the crosslinking time, light intensity, polymer fraction and
norbornene functionalization were maintained constant and the
hydrogel crosslinking density was tailored by varying the content
of MMP-peptide crosslinker. To evaluate the ability to precisely
adjust the rheological properties, hydrogels were prepared with
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varying bulk concentration of MMP-peptide crosslinker (4, 5 and 6
mM), while maintaining constant the concentration of polymer
(2.5 wt%) and RGD peptide (2 mM). As shown in Fig. 3a, the rheo-
logical properties on the swollen state are dependent on the con-
centration of MMP-cleavable peptide used during the
photopolymerization, with the shear elastic moduli varying
Fig. 3. Physical and mechanical properties of MMP-degradable NorPEC hydrogels.
(a) Influence of MMP-cleavable peptide concentration on the storage modulus (G’)
of photocrosslinked hydrogels. (b) Swelling of hydrogels upon overnight incubation
in PBS. (c) In vitro degradation of hydrogels prepared with varying contents of
MMP-degradable peptide in the presence of collagenase type II.
between 70.03 ± 10.39 and 446.75 ± 35.66 Pa. Results show that
higher MMP-cleavable peptide content increased the crosslink
density and consequently the elastic modulus. To confirm such
observations, the equilibrium mass swelling ratio of hydrogels
was determined after 24 h of incubation in PBS (Fig. 3b). It was
found that the swelling ratio decreases as the concentration of
MMP-cleavable peptide increases, which correlates with the for-
mation of a highly entangled and more crosslinked network. These
data indicate that the elastic modulus and swelling of low polymer
fraction hydrogels can be tailored via modulation of MMP-
degradable peptide content, which is in agreement with previous
works [25].

Enzymatically degradable hydrogels sensitive to the action of
MMPs are of particular interest for tissue regeneration because
proteases play a key role in numerous biological processes during
development and morphogenesis, including ECM remodeling,
wound healing and angiogenesis [44,45]. To confirm that thiol-
ene hydrogels are susceptible to enzymatic degradation by collage-
nase type II, hydrogels with varying elastic moduli were incubated
with the enzyme at a physiologically relevant concentration found
during the wound healing [27] and their change in mass was deter-
mined as a function of time. It was found that all hydrogel formu-
lations are sensitive to collagenase degradation and that the extent
of degradation is dependent on the crosslinking density (Fig. 3c).
Hydrogels crosslinked with 4 mM of MMP-cleavable peptide were
completely degraded after 3 h of incubation, while hydrogels with
5 mM of MMP-cleavable peptide remained stable in solution for 5
h of incubation. In contrast, highly crosslinked hydrogels (6 mM
MMP-sensitive peptide) maintained structural integrity through-
out the assay, clearly showing a crosslinking density-dependent
degradation. Control hydrogels incubated in HBSS buffer alone
exhibited minimal mass loss after 9 h of incubation (Supplemen-
tary Fig. S6), indicating that the degradation is specifically trig-
gered by enzymatic stimuli. Due to the recent introduction of
pectin-based hydrogels in the field of tissue engineering, evidence
regarding the mechanisms underlying the clearance/degradation
of pectin from the human body is still scarce. Since the degradation
of pectin is mediated by several pectinases (e.g., pectate lyases,
polygalacturonases) absent in the human body, the degradation
of pectin hydrogels by collagenase could facilitate the polymer
clearance upon implantation. As pectin polymer chains are cross-
linked by the MMP-sensitive peptide, it is expected that the cleav-
age of the hydrogel network into soluble pectin chains facilitates
the degradation/clearance of pectin via interaction with the com-
plex proteolytic environment (e.g., physiological enzymes, cell-
secreted proteases, pH and temperature) found in vivo.

3.3. Chemically defined cell-instructive pectin hydrogels promote 3D
cell attachment and spreading

A major challenge when using natural polymers as cellularized
ECM-analogues relies on the difficulty of designing hydrogels with
independently tunable biochemical and biophysical properties, an
important feature to precisely modulate cell functions [46,47]. To
decouple the influence of crosslinking density (MMP-cleavable
peptide) from ligand density (RGD peptide) on the behavior of
embedded dermal fibroblasts, cell-laden hydrogels were produced
with varying ligand density (0–2 mM), but using constant polymer
concentration (2.5 wt%) and MMP-cleavable peptide content (5
mM). Live/Dead analysis showed that the majority of the cells
remained alive after 7 days of culture, with marked differences
on the morphology and distribution within the gel network
(Fig. 4a). The incorporation of RGD peptide conferred adhesiveness
to the otherwise inert pectin network and was necessary to pro-
mote cell adhesion and spreading within the hydrogels. Fibroblasts
cultured within RGD-functionalized hydrogels showed elongated



Fig. 4. Influence of RGD peptide on dermal fibroblasts encapsulated within MMP-degradable NorPEC hydrogels. (a) Representative Live/dead images of fibroblasts embedded
within 2.5% NorPEC hydrogels (5 mMMMP peptide, 20 s UV), showing the effect of bulk RGD concentration (0–2 mM) on cell viability and distribution within the hydrogels at
day 7 (scale bar: 200 lm). (b) Bright-field images showing the influence of RGD peptide content on the spreading of fibroblasts in the center and periphery of hydrogels at day
7 of culture (scale bar: 100 lm).
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morphology with major differences on the spreading and elonga-
tion as a function of the bulk RGD content. At day 7, cells within
hydrogels containing 0.5 mM RGD displayed heterogeneous
spreading at both the center and periphery of the gels, while
fibroblasts embedded within hydrogels with higher concentrations
of RGD peptide (1 and 2 mM) were uniformly spread throughout
the gel network (Fig. 4b). In the absence of RGD, cells remained
mostly round without spreading and lacking cell-cell contacts,
though they remained metabolically active (Supplementary
Fig. S7). These results indicate that the peptide density determines
the extent of cell spreading, which could be easily controlled by
changing the bulk concentration of RGD peptide during the thiol-
ene reaction. The influence of ligand density (RGD peptide) on cell
spreading within thiol-ene 3D hydrogels has been investigated
using several cell types [48–50]. For instance, Bott et al. [49]
showed that dermal fibroblasts embedded within MMP-
degradable PEG hydrogels lacking cell-adhesion sites or containing
the non-biologically active RDG peptide sequence remain round,
while the tethering of RGD peptide promoted cell adhesion and
spreading. In another work, Kyburz et al. [48] reported that the
adhesivity of MMP-degradable PEG hydrogels determines the
spreading and migration of hMSCs in 3D. At 0 and 0.001 mM
CRGDS concentrations embedded hMSCs remained round, while
increasing the CRGDS concentration to 1.0 mM promoted a signif-
icant increase in cell spreading, elongation and migration. These
authors hypothesized that increased network adhesivity facilitates
cell attachment and spreading, providing the necessary traction for
cells to migrate. In this work, RGD was used at a concentration of
2.0 mM in order to maximize the number of adhesion sites and
promote uniform cell spreading within the hydrogel.

To investigate the influence of matrix stiffness on cell behavior,
fibroblasts were embedded within MMP-degradable hydrogels
(2.5 wt%, 2 mM RGD) of varying moduli. Adding the MMP-
cleavable peptide at three different contents (4, 5 and 6 mM)
resulted in the formation of hydrogels with low, medium and high
crosslinking densities, respectively. Fibroblasts cultured within all
hydrogel formulations remained metabolically active throughout
14 days of culture (Supplementary Fig. S8) and extensively spread
within the hydrogel network (Fig. 5a). Major differences between
the hydrogels were observed regarding the time required for cells
to spread, cell compaction and hydrogel contraction. At early time
points (day 1), fibroblasts were round in stiffer hydrogels (5 and 6
mM MMP) and displayed elongated morphology in loosely cross-
linked gels (4 mM MMP). At day 3, extensive cell spreading and
elongation was observed in hydrogels with low and medium
crosslinking density, while in hydrogels with high crosslinking
density the majority of cells only start spreading, with few protru-
sions. At later time points (day 7), cells extensively spread within
all hydrogels independently of the crosslinking density (Supple-
mentary Fig. S9). Fibroblasts embedded within MMP-degradable
pectin hydrogels formed 3D interconnected multicellular networks
and assumed a spindle-shaped morphology, characteristic of
fibroblasts cultured within 3D environments [49]. Although
MMP-degradable hydrogels supported extensive cell spreading,



Fig. 5. Cell encapsulation of dermal fibroblasts within MMP-degradable NorPEC hydrogels. (a) Representative confocal microscopy images detailing the influence of MMP-
peptide content (4, 5 and 6 mM MMP-cleavable peptide, 2.5% NorPEC, 2 mM RGD peptide, 20 s UV) on the morphology and spatial distribution of fibroblasts stained for DAPI
(blue) and F-actin (green) at day 14 (scale bar: 50 lm). (b) Influence of bulk MMP-degradable peptide content on the conjugation efficiency of RGD-peptide during
photopolymerization. (c) Representative confocal microscopy images of fibroblasts cultured within NorPEC hydrogels (2.5%, 6 mM MMP, 2 mM RGD) in medium containing
50 lM of MMP-inhibitor Marimastat at day 7 (scale bar: 50 lm). (d) Effect of MMP-peptide content on the contraction of hydrogels during the culture period. Results are
expressed as a percentage of area reduction compared to day 1. (e) Photographs showing the appearance of low and highly crosslinked hydrogels at day 1 and 14 of culture
(scale bar: 2.5 mm). (f) Gelatin-zymograms of conditioned media collected at day 1 and 3. Data from contraction assays were analyzed using two-way ANOVA with Tukey’s
multiple comparisons test (***p < .001, ****p < .0001); compared to day 3: +p < .0001, # p < .001; compared to day 7: *p < .01, $p < .001.
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confocal images showed that cells cultured within stiffer hydrogels
exhibit more pronounced compaction (Supplementary Fig. S9),
suggesting that the extent of cell compaction correlates with the
hydrogel stiffness. To prove that differences in fibroblasts spread-
ing and morphology were not a result of changes in the content
of tethered RGD peptide during the thiol-ene photopolymerization,
HPLC analysis was carried out to confirm that the conjugation effi-
ciency was comparable between all hydrogel formulations (4 mM:
54.91 ± 3.40%; 5 mM: 50.77 ± 0.90%; 6 mM: 49.61 ± 2.92%), as
shown in Fig. 5b and further confirmed using a fluorescently
labeled RGD-peptide (Supplementary Fig. S10). Results show that
fibroblasts require more time to spread and remodel denser hydro-
gels, even in presence of MMP-cleavable peptide crosslinkers, due
to the physical constrains imposed by the matrix. Our observations
are in agreement with a previous work reporting a significant
reduction on the percentage of hMSCs capable of elongate and
migrate within thiol-ene MMP-degradable PEG hydrogels of
increased crosslinking density [48].

As the rate of cell spreading, elongation and migration in 3D is
dictated by both biochemical and biophysical cues [48], cell-laden
hydrogels with varying crosslinking density were also cultured in
the presence of a broad-spectrum MMP inhibitor (Marimastat) to
assess whether cell spreading was exclusively dependent on
MMP-mediated hydrogel degradation (Supplementary Fig. S11).
Fibroblasts displayed an elongated morphology within loosely
crosslinked hydrogels throughout the 14 days of culture period,
even in the presence of MMP inhibitor, suggesting that cells spread
essentially by an MMP-independent mechanism (e.g., defects in
the gel network). In contrast, cells embedded within medium or
highly crosslinked hydrogels incubated with Marimastat failed to
spread and remained mostly spherical with a few elongated cells
located near the hydrogel surface. F-actin staining further con-
firmed that cells embedded within highly crosslinked hydrogels
remained isolated and presented only minor protrusions (Fig. 5c),
indicating that cells are only able to overcome the physical barrier
of the matrix by enzymatic cleavage. Therefore, cell elongation
within cell-degradable pectin hydrogels is determined not only
by MMP-mediated degradation, but also by the hydrogel stiffness.
For hydrogels with low crosslinking density (G’ = 70.03 ± 10.39 Pa),
the stiffness was found to be a key parameter determining cell
elongation, while in stiffer hydrogels (G’ > 143.09 ± 29.70 Pa) cell
spreading was driven by MMP-mediated degradation. In a previous
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work using fully interpenetrating networks made of collagen-I and
RGD-functionalized alginate with embedded dermal fibroblasts, it
was found that cells fully spread within hydrogels of low storage
modulus (50 Pa), but remained spherical when encapsulated in
hydrogels of both intermediate (320 Pa) and high (1200 Pa) stiff-
ness [51], which is in agreement to our observations regarding
the effects of matrix stiffness on the response of dermal fibroblasts.
The incorporation of MMP-cleavable peptides as part of the pectin
hydrogel network allows embedded fibroblasts to locally degrade
the surrounding matrix, which is essential to create space for
spreading and elongation. Although cells require more time to
degrade the matrix of highly crosslinked matrices, they are also
able to fully spread in stiffer 3D hydrogels (446.80 ± 35.66 Pa),
forming interconnected cellular networks throughout the
hydrogel.

Fibroblasts play a key role during the healing of deep wounds,
being involved in ECM synthesis, deposition and remodeling, while
exerting forces towards wound contraction [52]. The contraction of
cell-laden hydrogels was monitored during the culture period to
determine whether the crosslinking density can be used to control
dimensional changes of hydrogel network (Fig. 5d,e). After three
days of culture, only hydrogels crosslinked with 4 mM MMP-
cleavable peptide shrank when compared to day 1, while at day
7 a significant reduction on the hydrogel’s area was observed for
all compositions. Loosely crosslinked hydrogels (4 mM MMP) dis-
played the highest shrinkage degree, reaching 9.7% of their initial
area at day 14. Hydrogels with medium and high crosslinking
degree reached 24.3% and 36.4% of their initial area at the same
culture time. Embedded fibroblasts were able to pull on the matrix
and contract it in a matrix stiffness-dependent manner, as a result
of contractile forces involved in cell attachment, elongation and
migration [53]. These results showed that hydrogel contraction
by dermal fibroblasts is linked to matrix stiffness, with higher stiff-
ness correlating with both increased structural integrity and lower
contraction degree. Thus, by using MMP-degradable pectin hydro-
gels of varying stiffness it’s possible to modulate the contractility
of embedded fibroblasts and associated matrix deformation.

During the healing of skin wounds, fibroblasts, keratinocytes,
endothelial cells and inflammatory cells secrete a broad range of
MMPs, which expression and activation is tightly regulated
[54,55]. MMPs play a pivotal role throughout the process, namely
by changing the properties of the wound matrix to allow cell
migration and new ECM deposition. In order to evaluate whether
fibroblasts embedded within MMP-degradable hydrogels secrete
relevant MMPs for remodeling, the activity levels of two ubiqui-
tous gelatinases (MMP-2 and MMP-9) involved in skin wound
healing [54], were determined in culture medium by gelatin
zymography at different culture times (Fig. 5f). Zymography anal-
ysis clearly showed that cells produced MMP-2 (72 kDa) and MMP-
9 (92 kDa), with higher expression of MMP-2. It was also found
that the activity of MMP-2 increased from day 1 to day 3 of culture,
which corresponds to the time period that fibroblasts start spread-
ing within the gel network. Characteristic bands of MMP-9 were
detected at low levels in conditioned media, indicating that
embedded fibroblasts mostly express MMP-2, which is in agree-
ment to previous works with dermal fibroblasts cultured in 3D
hydrogels [49].

3.4. Thiol-ene click pectin hydrogels support full-thickness skin
formation

To demonstrate the potential of the MMP-degradable pectin
hydrogels for skin repair and regeneration, dermal fibroblasts were
embedded within pectin hydrogels of medium crosslinking density
(2.5% NorPEC, 2 mM RGD, 5 mM MMP), cultured for 1 week and
subsequently seeded with keratinocytes. After submerged culture
for additional 1 week, cell-laden hydrogels were exposed to the
air-liquid interface to promote the stratification of epidermis and
characterized by both histological and immunofluorescence analy-
sis. Histological analyses depicted in Fig. 6a clearly show that cell-
instructive pectin hydrogels supported the in vitro formation of
full-thickness skin, with morphological resemblance to the human
skin. H&E staining (Fig. 6a) showed that the dermal compartment
is uniformly populated with elongated dermal fibroblasts, while a
well-defined epidermis was formed on the top of the fibroblast-
laden hydrogel. Keratinocytes formed a dense epidermal tissue
after 14 days of ALI culture with marked differences on cell mor-
phology as a function of their location in the epidermis. Basal ker-
atinocytes in the close proximity to the dermal-like layer display a
cuboidal shape, while most of the cells at the epidermis-air inter-
face present a flattened morphology, which is characteristic of
the differentiation and stratification of keratinocytes [56]. A higher
number of flattened keratinocytes at the surface of the constructs
could be observed at day 28 of ALI culture compared to day 14
(Supplementary Fig. S12a). Notably, the thickness of the
epidermis-like layer (�120 lm) is within the range of native
human epidermis, which varies in the interval 60–150 lm,
depending on the location in the human body [57]. Masson’s tri-
chrome staining (Fig. 6b) revealed that fibroblasts were secreting
collagen, a key ECM component of skin tissue, with more intense
blue staining (increased deposition) from day 14 to day 28 of ALI
culture (Supplementary Fig. S12b). Immunohistological analysis
also showed the presence of specific markers associated to epider-
mal differentiation and proliferation, including cytokeratin (Fig. 6c)
and Ki67 (Supplementary Fig. S13), respectively. The presence of
Ki67 proliferation marker mainly in the suprabasal layers of epi-
dermis correlates with the differentiation state of the ker-
atinocytes, as in native skin only keratinocytes in the stratum
basalemaintain proliferative activity [56]. To confirm that the pres-
ence of fibroblasts is limited to the dermal compartment, sections
were stained against vimentin, a cytoskeletal protein characteristic
of fibroblasts (Fig. 6d). No cell invasion across dermal and epider-
mal layers was observed, since the presence of cytokeratin- and
vimentin-positive cells was limited to the epidermal and dermal
layers, respectively. Key characteristic markers of ECM production
in dermal compartment were also identified such as collagen type-
I (Fig. 6e) and fibronectin (Fig. 6f), indicating that fibroblasts were
secreting essential ECM components for new dermal tissue forma-
tion. Although these results clearly demonstrate that protease-
degradable pectin hydrogels support the in vitro formation of skin
equivalents, a limitation of the present study relies on the use of
immortalized keratinocyte cell line (HaCaT) to generate the epider-
mal layer instead of primary keratinocytes. It’s well recognized
that immortalized keratinocytes undergo gradual loss of cell phe-
notype and function throughout passaging and culture, which
can delay or even compromise the stratification and terminal dif-
ferentiation [58]. However, we anticipate that the use of primary
keratinocytes can potentially address this issue.

In a future work we will focus on the detailed characterization
of the performance of MMP-sensitive pectin hydrogels in skin for-
mation and adhesion to biological tissues. The ability of MMP-
degradable pectin hydrogels to support the in vitro skin formation
will be compared to MMP-insensitive pectin hydrogels (e.g., dithio-
threitol (DTT), non-degradable CGDQGIAGFC peptide crosslinker)
and standard constructs for skin tissue engineering (e.g., collagen,
alginate) to elucidate the benefits of the proposed hydrogel. The
adhesion of hydrogels to the surrounding biological tissues is chal-
lenging in wound healing as it requires the establishment of chem-
ical bonds between the hydrogel and the tissue surface for
sufficient bonding strength. In situ photopolymerizable hydrogels
are particularly advantageous for wound healing as they can be
formed under clinically safe 365 nm light irradiation, conform to



Fig. 6. Histological and morphological characterization of skin equivalents formed using the protease-degradable pectin hydrogels after 14 days of differentiation at the air-
liquid interface. (a) Hematoxylin & eosin and (b) Masson trichrome staining’s showing the histology of skin equivalents. Immunostaining of paraffin embedded samples using
antibodies directed against (c) cytokeratin (keratinocytes), (d) vimentin (fibroblasts), (e) collagen type-I (Coll I) and (f) fibronectin (FN). Dash line delineates the interface
between the dermal and epidermal layers.
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the wound bed, and depending on the chemical composition, can
enhance the interaction with the tissue surface promoting better
integration [59]. The developed MMP-sensitive pectin hydrogel
exhibits key properties for wound healing such as fast gelation
(Supplementary Fig. S14) and the ability to promote cell spreading,
ECM deposition and in vitro skin formation. Pectin hydrogels also
contain multiple domains that bind do cell-surface receptors, with
potential to promote subsequent cell attachment and tissue inte-
gration. In addition, the carboxylic groups present in the pectin
backbone can also contribute for tissue adhesion through interac-
tion with amino groups [39]. In case of poor hydrogel adhesion
and integration, the chemical versatility of pectin allows for easy
modification with functional groups (e.g., aldehydes) capable of
reacting with the amino groups present on the tissue surface.
Alternative biomimetic strategies to improve the tissue adhesion
can also be translated to pectin hydrogels, including the function-
alization with mussel adhesive proteins (MAPs) containing the
amino acid 3,4-dihydroxyphenylalanine (DOPA). Through oxida-
tive crosslinking or metal chelation, the catechol moiety in DOPA
amino acid chain covalently crosslinks both to itself and to biolog-
ically relevant nucleophiles (e.g., primary amines and thiols),
allowing better tissue adhesion and improving hemostasis [60].
Due to the poor yield in the isolation and purification of MAPs,
nature-inspired adhesive hydrogels have been mostly designed
by incorporating DOPA-based peptides and simplified DOPA alter-
natives such as dopamine and catechol functional groups [61–63].
Mussel-inspired functionalization represents an attractive strategy
to improve the wet adhesion of hydrogels with particular interest
for in situ skin tissue engineering.

4. Conclusion

A simple, fast and robust method for the synthesis of
norbornene-functionalized pectin was developed and applied for
the fabrication of cell-laden MMP-cleavable hydrogels through
photoinitiated thiol-ene reaction. Step-growth pectin hydrogels
were rapidly formed upon exposure to UV light for very short irra-
diation times, without compromising the viability of embedded
dermal fibroblasts. By selecting suitable MMP-degradable peptide
crosslinkers and pendant cell-adhesive peptides, biofunctional
hydrogels were engineered with varying levels of crosslinking
density, resulting in distinct biological responses. Embedded
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fibroblasts displayed elongated morphology and less compaction
in more permissive hydrogels, contracting the matrix in a higher
extent. Cell-instructive hydrogels with embedded dermal fibrob-
lasts and seeded with keratinocytes supported the in vitro forma-
tion of full-thickness skin resembling the architecture and
morphology of human skin. Two distinct regions corresponding
to the dermal and epidermal layers were formed, showing the
presence of specific markers associated to proliferation and ECM
deposition. This versatile hydrogel system allows for independent
tuning of biochemical and biophysical cues of the gel network,
allowing the fabrication of chemically defined 3D matrices from
pectin as a natural polymer. Overall, this study demonstrates the
potential of novel biofunctionalized, click pectin hydrogels for skin
tissue engineering applications.
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