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The ability to guide molecular self-assembly at the nanoscale into complex macroscopic structures could
enable the development of functional synthetic materials that exhibit properties of natural tissues such
as hierarchy, adaptability, and self-healing. However, the stability and structural integrity of these kinds
of materials remains a challenge for many practical applications. We have recently developed a dynamic
biopolymer-peptide co-assembly system with the capacity to grow and undergo morphogenesis into
complex shapes. Here we explored the potential of different synthetic (succinimidyl carboxymethyl ester,
poly (ethylene glycol) ether tetrasuccinimidyl glutarate and glutaraldehyde) and natural (genipin) cross-
linking agents to stabilize membranes made from these biopolymer-peptide co-assemblies. We investi-
gated the cross-linking efficiency, resistance to enzymatic degradation, and mechanical properties of the
different cross-linked membranes. We also compared their biocompatibility by assessing the metabolic
activity and morphology of adipose-derived stem cells (ADSC) cultured on the different membranes.
While all cross-linkers successfully stabilized the system under physiological conditions, membranes
cross-linked with genipin exhibited better resistance in physiological environments, improved stability
under enzymatic degradation, and a higher degree of in vitro cytocompatibility compared to the other
cross-linking agents. The results demonstrated that genipin is an attractive candidate to provide func-
tional structural stability to complex self-assembling structures for potential tissue engineering or
in vitro model applications.

Statement of Significance

Molecular self-assembly is widely used for the fabrication of complex functional biomaterials to replace
and/or repair any tissue or organ in the body. However, maintaining the stability and corresponding func-
tionality of these kinds of materials in physiological conditions remains a challenge. Chemical cross-
linking strategies (natural or synthetic) have been used in an effort to improve their structural integrity.
Here we investigate key performance parameters of different cross-linking strategies for stabilising self-
assembled materials with potential biomedical applications using a novel protein-peptide co-assembling
membrane as proof-of-concept. From the different cross-linkers tested, the natural cross-linker genipin
exhibited the best performance. This cross-linker successfully enhanced the mechanical properties of
the system enabling the maintenance of the structure in physiological conditions without compromising
its bioactivity and biocompatibility. Altogether, we provide a systematic characterization of cross-linking
alternatives for self-assembling materials focused on biocompatibility and stability and demonstrate that
genipin is a promising alternative for the cross-linking of such materials with a wide variety of potential
applications such as in tissue engineering and drug delivery.

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

In biological systems, molecules can tidily bind one to another
by non-covalent interactions (e.g. hydrogen bonds, van der Waals,
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electrostatic and hydrophobic interactions), forming complex hier-
archical structures with outstanding functions. The last two dec-
ades have seen a remarkable increase in studies aiming to
exploit supramolecular chemistry for the fabrication of materials
that attempt to recreate the molecular organization found in Nat-
ure [1]. A wide variety of natural and synthetic molecules are being
used as self-assembling building-blocks of hydrogel materials with
promising bioactive and mechanical properties [2–4] for applica-
tions in bioactive surfaces [5], devices [6], and implants [7].

While the potential of self-assembling biomaterials has been
well demonstrated [1,8], guiding molecular organization through
non-covalent interactions across scales in order to recreate the
structural complexity and functionality of natural tissues has been
challenging [9]. An increasing number of strategies aim to fabri-
cate, through molecular self-assembly, hierarchical structures with
precision and tuneability [1,3,9–12]. Our group has recently
reported a co-assembling system based on the conformational
modification of elastin-like recombinamers (ELRs) by peptide
amphiphiles (PAs) that enables the fabrication of membranes with
the capacity to undergo morphogenesis into complex tubular
micro/macro structures [10]. When a drop of PA is injected into a
larger volume of ELP, an interfacial assembly spontaneously devel-
ops, forming a membrane that opens and adheres upon contact to
any surface. The process leads to the formation of tubular mem-
branes that display controlled assembly and disassembly capabili-
ties, adhesion and sealing to surfaces, self-healing and the
capability to undergo morphogenesis into complex structures with
high spatiotemporal control (Fig. 1B). However, as most self-
assembled biomaterials [13], these membranes lack the mechani-
cal properties required for many biomedical applications due to
the nature of non-covalent interactions involved in the self-
assembly of molecules, which limits their applicability. Indeed,
hydrogen bonds have very low association strength in hydrogels
due to competition of water for binding sites, hydrophobic interac-
tions are highly limited by solubility of the hydrophobes in solu-
tion [14], and hydrophilic polymers tend to dissolve into the
aqueous phase [15]. All these phenomena tend to weaken the
hydrogel network. Therefore, there is a need for cross-linking
strategies that can enhance the mechanical properties of these
materials in a practical and biocompatible manner in order to max-
imize the benefits of the self-assembling process such as bioactiv-
ity, complexity, and structural hierarchy.

Different chemical, biological, and physical cross-linking strate-
gies have been proposed to increase the mechanical properties of
self-assembled materials [13,16]. The ideal cross-linker should be
capable to covalently link molecular groups of these building-
blocks without compromising their hierarchical order, or eliciting
cytotoxic, or immune reactions [17]. Natural and chemical cross-
linkers can therefore enhance hydrogel stability and mechanical
performance by introducing covalent bonds within the hydrogel,
preventing the dissolution of the molecules into the aqueous
phase.

Glutaraldehyde (GTA) has been widely used to cross-link bio-
materials due to its efficacy in enhancing their mechanical proper-
ties [17]. However, GTA has been associated with dystrophic
calcifications, pro-inflammatory response by activation of
macrophage-like cells, and cytotoxic effects when used to cross-
link implanted materials [16,17]. Therefore, cross-linking strate-
gies based on multifunctional poly (ethylene glycol) (PEG) systems
and plant extracts have been proposed as alternative cross-linker
candidates. Multifunctional PEG cross-linking systems are either
linear or exhibit branched chains with terminal active ester groups
that react with the primary amine groups of the building blocks
[13,18]. Poly (ethylene glycol) ether tetrasuccinimidyl glutarate
(4S-StarPEG), a multi-armed functional PEG molecule, has been
reported as an effective cross-linker of hydrogels [18,19] and
Please cite this article in press as: K.E. Inostroza-Brito et al., Cross-linking of a b
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implantable fibres [13]. The resulting scaffolds demonstrated
improved stability and mechanical properties in physiological
environments while exhibiting good biocompatibility [18,19]. Sim-
ilarly, succinimidyl carboxymethyl ester (SCM-PEG-SCM), a linear
functionalised PEG cross-linker, has been shown to improve stabil-
ity and mechanical properties of collagen hydrogels with good bio-
compatibility [17,20]. Natural molecules from plant extracts have
also been used as cross-linking agents for decades to enhance sta-
bility of materials for biomedical applications. Genipin (GNP), a
natural cross-linker agent derived from the fruit of Gardenia jasmi-
noides Ellis, reacts with primary amine groups of the building
blocks via its hydroxyl and carboxyl reactive groups [21,22]. GNP
has been shown to exhibit lower cytotoxicity and inflammatory
responses compared to GTA, and to possess antiphlogistic, anti-
inflammatory, diuretic, choleretic, and haemostatic properties [23].

In this study, we investigated possible exogenous cross-linking
strategies (4S-StarPEG, SCM-PEG-SCM, GNP, and GTA) for the
enhancement of stability and structural integrity of self-
assembling systems with potential biomedical application. Specif-
ically, we explored the performance of these cross-linkers in the
biopolymer-peptide self-assembling system (ELR/PA membrane)
previously reported by our group as ELP/PA system [10]. We com-
pared cross-linking efficiency, resistance to enzymatic degradation,
and potential toxicity of these cross-linkers, in order to identify an
effective cross-linker agent that does not compromise hierarchical
nano/microstructure and bioactive properties.
2. Experimental section

2.1. Materials

Peptide amphiphile (PA) molecules (C15H31CONH-VVVAAAKKK-
CONH2) were obtained from Cambridge peptides (Birmingham,
UK). Elastin-like recombinamers (ELR) molecules (MESLLP-
[(VPGVG VPGVG VPGEG VPGVG VPGVG)10-(VGIPG)60]2-
[(VPGIG)10-AVTGRGDSPASS(VPGIG)10]2-V) were provided by Tech-
nical Proteins NBT S.L. (Valladolid, Spain). Glutaraldehyde (GTA),
collagenase (Cg), pronase (Pn), proteinase K (PK) and trypsin (Tp)
were purchased from Sigma Aldrich (Dorset, UK). Genipin (GNP)
was purchased from Cambridge Bioscience (Cambridge, UK). Suc-
cinimidyl carboxymethyl ester (SCM-PEG-SCM, molecular weight
2000 Da) and poly (ethylene glycol) ether tetrasuccinimidyl glu-
tarate (4S-StarPEG, molecular weight 10,000 Da) were purchased
from JenKem Technology (Texas, USA). Elastase (Et) was purchased
from Elastin Products Company (Missouri, USA). 2,4,6 Trinitroben-
zenesulfonic acid (TNBS) assay was purchased from Thermo Scien-
tificTM PierceTM (Paisley, UK).
2.2. ELR/PA membrane fabrication

ELR and PA molecules were dissolved in ultrapure water to a
final concentration of 0.1 mM and 8.7 mM, respectively. 10 ml drop
of PA solution was added in 190 ml of ELR solution (Fig. 1A, B). The
membranes were allowed to form at 23 �C for 48 h. Membranes
were then cross-linked overnight at 37 �C with 3.15 mM GNP,
1.66 mM SCM-PEG-SCM, 0.87 mM 4S-StarPEG (concentration cho-
sen to obtain a ratio 1:1 amine groups to cross-linker reactive
groups) and 62.50 mM GTA (standard concentration) (Fig. 2). After
the cross-linking process, membranes were washed three to five
times in ultrapure water to remove excess of cross-linkers from
the membranes.
iopolymer-peptide co-assembling system, Acta Biomater. (2017), http://dx.
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Fig. 1. Characterisation of the ELR/PA membranes in physiological conditions. (A) Molecular sequence and characterisation of ELR and PA molecules. (*) data provided by the
supplier, (**) theoretical value, (***) experimental value. (B) Self-assembly and properties of the ELR/PA system. (1) The immersion of a drop of PA into a larger volume of ELR
allows the spontaneous formation of a robust tubular membrane with a (2) nanofibrous multi-layered microarchitecture. (3) The system also presents self-healing properties
and (4–5) can undergo morphogenesis into complex structures such as four-way tubes (4) or tubular networks with tubular structures of different sizes (5). (6) ELR/PA
membranes can support cell viability. Images taken from Inostroza-Brito et al. http://dx.doi.org/10.1038/nchem.2349 [10]. (C) Turbidity profile showing the effect of ionic
environments on the molecular interaction between ELR and PA after incubation in physiological environment at 4 �C and 40 �C, respectively. Data were represented as
mean ± standard error of the mean (n = 3). *Denotes significant differences between the different groups at p < 0.05.
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2.3. Effect of physiological solution on ELR/PA aggregates

The effect of phosphate buffer saline (PBS) on the aggregation
process of ELR and PA molecules was evaluated by turbidity assay.
Turbidity of the aggregates was measured at 4 and 40 �C both in
water or 1� PBS. ELR and PA were mixed at lower concentrations
(0.008 mM and 0.174 mM, respectively) than those used to form
the membranes in order to avoid formation of visible aggregations
or membranes that would have interfered with the measurement.
After 5 min incubation at 4 and 40 �C, absorbance at 300 nm was
measured using an UV–visible spectrophotometer equipped with
a temperature controller (SpectrostarNano, BMG Labtech, UK).
2.4. Effect of physiological solution on ELR/PA membranes

After fabrication, membranes were rinsed with ultrapure water,
cross-linked as previously described, and stored in aqueous solu-
tion. Membranes were placed in 1� PBS at 37 �C for 48 h. 50 ll
of 1� PBS solution were collected after 48 h for quantifying the free
amine groups released in solution. Samples were then prepared for
SEM.
2.5. Scanning electron microscopy (SEM)

SEM was used to examine the micro and nanoarchitecture of
the ELR/PA membranes. Samples were fixed with glutaraldehyde
2.5% and then dehydrated with serial concentrations of ethanol
(20, 50, 70, 90, 96, and 100%) prior undergoing critical point drying
(K850, Quorum Technologies, UK). Samples were then sputter-
coated with gold (30 nm) and imaged using an Inspect F50 (FEI
Comp, The Netherlands).
Please cite this article in press as: K.E. Inostroza-Brito et al., Cross-linking of a b
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2.6. Enzymatic degradation of ER/PA membranes

The stability of the ELR/PA cross-linked membranes was
assessed through enzymatic degradation. Cross-linked membranes
were immersed in five enzymatic solutions containing proteinase
K (PK) at 20 U/mg, collagenase (Cg) at 20 U/mg, elastase (Et) at
20 U/g, trypsin (Tp) at 0.05 U/g and pronase (Pn) at 2 U/mg. Sam-
ples were then incubated at 37 �C for 24 and 48 h before free amine
groups resulting from the proteolytic degradation of the mem-
brane were measured using TNBS assay.
2.7. Orange II assay and TNBS assay

The amount of cross-linkage was assessed semi-quantitatively
by measuring the amount of free amine groups within the mem-
branes using orange II staining as previously described [24].
Orange II dye has the ability to adsorb onto amine group at low
pH and be released from these groups at high pH providing an indi-
cation of the amount of free amine groups available within the
membranes. Briefly, the cross-linked membranes were immersed
in 500 ml of orange II solution (14 mg/mL; pH 3) for 30 min at
40 �C. The samples were then intensively washed in acidic water
(pH 3) until all unbounded dye was removed. After air-drying,
the samples were immersed in 500 ml of alkaline solution (pH
12). After 5 min incubation, the solution containing the desorbed
dye was adjusted at pH 3 with a concentrated HCl solution. Absor-
bance was then measured at 484 nm using a microplate reader
(SpectroNanoStar, BMG Labtech, UK).

The stability of the membranes was assessed by measurement
of released free amine groupsin solution using 2,4,6-
trinitrobenzenesulfonic acid (TNBS) assay according to manufac-
turer’s instruction. 50 ll of 0.01 (v/v)% TNBS and 75 ll of 1� PBS
were then mixed with 25 ll from the aliquots previously collected.
Mixture was incubated for 2 h at 37 �C before addition of 50 ll of
iopolymer-peptide co-assembling system, Acta Biomater. (2017), http://dx.
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Fig. 2. Cross-linker concentrations and structures. (A) Treatment groups used in this study and concentrations used to cross-link the ELR/PA membranes. (B) Molecular
representation of glutaraldehyde (GTA), succinimidyl carboxymethyl ester (SCM-PEG-SCM), poly (ethylene glycol) ether tetrasuccinimidyl glutarate (4S-StarPEG) and genipin
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SDS 10 (w/v)% and 25 ll of HCl 1 M in order to stop the TNBS reac-
tion. A standard curve using known concentrations of glycine was
used to determine the free amine concentration in solution. Absor-
bance was measured at 335 nm using a microplate reader (Spec-
troNanoStar, BMG Labtech, UK).
2.8. Mechanical properties by atomic force microscopy (AFM)

Samples were attached to a petri dish using a drop of
cyanoacrylate adhesive, and left for a minute for the adhesive to
dry. Samples were then immersed in distilled water. Young’s
Modulus measurements were taken with a JPK Nanowizard-1
(JPK Instruments, Germany) in force spectroscopy mode, mounted
on an inverted optical microscope (IX-81; Olympus, Japan). Quad-
ratic pyramidal cantilevers (MLCT; Bruker, MA, USA) with a spring
constant of 0.07 N/m and half-angle to face of 17.5� were used for
indentation. The sensitivity of cantilevers was determined before
measurements by measuring the slope of the force-distance curve
in the AFM software on an empty region of a petri dish. Indentation
was carried out with an approach speed of 5 mm/s and a maximum
set force of 1 nN. Measurements were taken multiple times per
region and in multiple regions per sample. The Young’s Modulus
was calculated by fitting the contact region of the approach curve
with the Hertz Contact model [25] using the JPK software, using
the above constants and calibrated cantilever sensitivity.
Please cite this article in press as: K.E. Inostroza-Brito et al., Cross-linking of a b
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2.9. Cross-linker toxicity

All cell experiments were conducted with mouse adipose tissue
derived stromal cells (mADSCs). Briefly, mADSCs were extracted
from mice adipose tissue harvested from the lower midline area,
as described elsewhere [26]. Adipogenic, chondrogenic and osteo-
genic differentiation assays were conducted to confirm the nature
of the extracted cells. Medium (DMEM 1� supplemented with 10%
FBS and 1% P/S) was changed every two–three days and cells were
maintained sub-confluent before seeding.
2.10. Direct cross-linker toxicity assay

50,000 cells/cm2 were seeded onto tissue culture plate and cul-
tured for 24 h before treatment. The different cross-linkers were
added in the medium onto the cells at the same concentrations
used for the cross-linkage of ELR/PA membranes. After 24 h, cell
metabolic activity was assessed by AlamarBlueTM cell metabolic
assay (Life Technologies, UK).
2.11. Cell seeding onto ELR/PA membranes

Cross-linked membranes were sterilised using UV light for
15 min and washed with Hank’s balance solution before cell seed-
ing. 50,000 cells were seeded onto the ELR/PA membranes cross-
iopolymer-peptide co-assembling system, Acta Biomater. (2017), http://dx.
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linked as previously described with the different agents. After cell
seeding, membranes were incubated for 1 h under agitation
(150 rpm) before culture in static condition for 7 days. mADSCs
cultured on tissue culture polystyrene (TCP) were used as control
group.

2.12. Cell metabolic activity

Cell metabolic activity was assessed using AlamarBlueTM cell
metabolic assay (ThermoFisher Scientific, UK) according to the
manufacturer’s protocol after 7 days. Briefly, cells were incubated
at 37 �C for 2 h in a 10% Alamar Blue solution. Absorbance was read
at 570 and 595 nm using a microplate reader (SpetrostarNano,
BMG Labtech, UK). The metabolic activity was calculated according
to the simplified method of calculating percentage reduction and
normalised by DNA content. DNA quantification was performed
using the PicoGreen� assay (ThermoFisher Scientific, UK) as per
manufacturer’s guidelines. A standard curve of known DNA con-
centrations was used to determine the DNA content and fluores-
cence was measured using a microplate reader (FLUOstar
Optima, BMG Labtech, UK) at 480 nm excitation and 520 nm
emission.

2.13. Cell morphology

Cell morphology was assessed after seven days. For both exper-
iments, samples were fixed with 4% paraformaldehyde for 1 h.
After three washes with 1� PBS, nucleus and cytoskeleton were
stained with DAPI (ThermoFisher Scientific, UK) and phalloidin
CruzFluorTM 647 conjugate (Santa Cruz, USA), respectively. Cells
were then imaged using a Leica TCS SP2 inverted confocal
microscope.

2.14. Statistical analysis

Statistical analysis was performed using Minitab 17 (Minitab�,
Inc, USA). All values are expressed as mean values (n = 3) with
standard error of the mean (SEM). After the normality was
checked, one-way analysis of variance (ANOVA) for multiple com-
parisons was employed with post hoc test Tukey. When the popu-
lation did not present a normal distribution, non-parametric
statistics Kruskal–Wallis test for multiple comparisons was carried
out with post hoc test Dunns. Statistical significance was accepted
at p < 0.05.
3. Results and discussion

3.1. Membrane weakening in physiological environments

We have recently reported on a dynamic self-assembly system
that combines elastin-like recombinamers (ELRs), also known as
elastin-like polypeptides (ELPs) and peptide amphiphiles (PA)
(Fig. 1A). This system relies on the conformational modification
of the ELR molecules by interacting non-covalently (electrostatic
and hydrophobic interactions) with the PA molecules [10]. While
the membrane formed is stable in water, a weakening of the sys-
tem is visible when immersed in ionic solutions (e.g. PBS, cell cul-
ture media) (Fig. S1, Supplementary information). To elucidate the
mechanism behind this dissociation, the effect of ionic solutions on
ELR/PA interactions and ELR folding was studied using a turbidity
assay. ELRs are synthetic biopolymers that undergo a reversible
phase transition at a specific transition temperature (Tt). At tem-
peratures below this Tt, ELR molecules are highly soluble. When
the temperature is risen above the Tt, molecules collapse and
aggregate due to the dehydration of their hydrophobic domains
Please cite this article in press as: K.E. Inostroza-Brito et al., Cross-linking of a b
doi.org/10.1016/j.actbio.2017.05.043
[27], generating a change in the turbidity profile of the ELR solution
[28,29]. We previously showed that the molecular co-assembly of
ELR and PA molecules in water above the Tt modifies the turbidity
profile of the solution [10]. However, upon addition of an ionic
solution (i.e. 1� PBS), this turbidity profile is significantly reduced,
suggesting that the ions present in the solution modify the interac-
tion between ELR and PA molecules (Fig. 1C). These results are in
agreement with previous studies demonstrating a change in ELR
conformation in the presence of salts [28,29] and consequently
explain the observed dissociation of the ELR/PA membrane over-
time in 1� PBS (Fig. S1, Supplementary information). In order to
exploit the benefits of this biopolymer-peptide system, we investi-
gated the performance of cross-linking methods to maximize
structural stability while maintaining the structural hierarchy,
bioactivity, functionality, and biocompatibility of the system.

3.2. Crosslinking strategies

Four exogenous cross-linkers frequently used in tissue engi-
neering applications [13,16–18,23,30,31] were used including glu-
taraldehyde (GTA) [16,17,32], genipin (GNP) [15,22,33], poly
(ethylene glycol) ether tetrasuccinimidyl glutarate (4S-PEG)
[12,17,30,31], and succinimidyl carboxymethyl ester (SCM-PEG-
SCM) [29,34] (Fig. 2). GTA was included as a positive control at a
concentration used in other systems previously reported in the lit-
erature [35,36]. Non-cross-linked membranes were used as nega-
tive controls. The concentrations of 4S-StarPEG, SCM-PEG-SCM
and GNP used to stabilise the ELR/PA membranes were calculated
to maximize interactions between the amine groups available in
the membrane to a ratio 1:1 reactive groups to free amine groups
(see Experimental Part Section 2.2).

ELR/PA membranes were fabricated as previously reported [10]
and their stability assessed after incubation in a physiological envi-
ronment (1� PBS) and enzymatic degradation. Membranes cross-
linked with GTA and GNP exhibited a change in colour from white
to orange and blue, respectively (Fig. 3A). The cross-linking process
with GNP involves an oxygen radical-induced polymerisation that
generates the blue colour [22]. In contrast, cross-linking of the
membranes with 4S-StarPEG and SCM-PEG-SCM did not induce a
change in colour (no aromatic, cycles and radical polymerisation
process), but rather resulted in loss of the distinctive membrane
stickiness [10]. Lysine-rich segments have been shown to influence
the adhesive properties of materials and organisms [37,38]. These
segments become unavailable upon cross-linkage of the ELR/PA
membranes and therefore result in the decreased stickiness of
the membrane. A lower quantity of free amine groups was
observed after cross-linkage with SCM-PEG-SCM, GNP and GTA
cross-linked membranes (Fig. 2C). Interestingly, no difference in
orange II released was observed between non-cross-linked mem-
branes and 4S-StarPEG cross-linked membranes, suggesting an
absence or lower ability of 4S-StarPEG to cross-link the mem-
branes (Fig. 2C).

All cross-linked membranes remained stable when immersed in
physiological conditions for up to 21 days, except membranes
cross-linked with 4S-StarPEG, while negative control membranes
disintegrated after a day. There was no qualitative evidence of
swelling of the membranes upon immersion in 1X PBS after
cross-linking (Fig. 3A, B). Furthermore, the distinctive multilayer
structure of the ELR/PA membranes [10] was conserved indepen-
dently of the cross-linker used (Fig. 3A), suggesting that the intro-
duction of the cross-linking agent did not interfere with the
molecular conformation and organization of the membrane. The
stability of the membrane was assessed by quantification of free
primary amine groups released after immersion in a physiological
solution for 48 h. Significantly lower release of free amine groups
was observed on membranes after cross-linkage compared to the
iopolymer-peptide co-assembling system, Acta Biomater. (2017), http://dx.
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non-cross-linked membranes (p < 0.05) (Fig. 3B), which correlates
with the structural modifications observed in non-cross-linked
membranes. In contrast, membranes cross-linked with GTA exhib-
ited the lowest amount of free amine groups released followed by
those cross-linked with 4S-StarPEG.

All membranes exhibited an increasing tendency to disintegrate
when immersed in ionic solution (1� PBS) from 6 to 48 h (GTA
reaching 2%, 4S-StartPEG 4%, and SCM-PEG-SCM 15% of free amine
groups at 48 h) except for those cross-linked with GNP (Fig. S2,
Supplementary information). In contrast, GNP cross-linked mem-
branes exhibited an initial release of about 18% of free amine
groups, release that stopped after 48 h of incubation in 1� PBS
(Fig. S2, Supplementary information). All membranes treated with
the different cross-linking agents presented an initial loss of mate-
rial form the outer layer. For example, in membranes cross-linked
with GNP, an outer layer of the materials was observed to detach
(Fig. 3C). The composition of the outer layer of the membrane
was previously reported to be mainly ELR molecules [10]. This loss
of amine groups detected by TNBS assay may result from the
release of excess ELR weakly bounded to PA on the outer part of
the ELR/PA membranes. Nonetheless, all membranes remained
stable in physiological conditions (1� PBS) after cross-linking
(Fig. 3), although membranes cross-linked with 4S-StarPEG exhib-
ited low stability and disassemble after seven days in culture med-
ium (data not shown).

We previously reported the non-equilibrium phase of the ELR/
PA membrane that allows the system to present dynamic proper-
ties such as growing, self-healing and morphogenesis (Fig. 1B)
[10]. ELR/PA molecules during the non-equilibrium phase are able
to self-assemble in membrane shape. However, as we previously
reported, this non-equilibrium state can only be maintained in
time if i) ELR and PA molecules are available in solution to interact
and ii) there is a constant displacement of the surface of the mem-
brane (e.g. displacing the surface of the membrane by adding more
Please cite this article in press as: K.E. Inostroza-Brito et al., Cross-linking of a b
doi.org/10.1016/j.actbio.2017.05.043
ELR solution into the system) [10]. After acquiring the desired
shape and geometry of the ELR/PA membranes, the membranes
are incubated for 48 h to allow them to reach a static-phase, where
they are more robust and suitable for further manipulation but
dynamic properties are no longer present. The cross-linkage of
the membranes was performed after the 48 h of incubation on
membranes without dynamic characteristics due to the previous
temporal stabilization of the system. Furthermore, the cross-
linkage induces the formation of covalent bonds in the system that
prevent the exchange of molecules within the system and there-
fore its dynamic properties.

3.3. Stability of the membranes after enzymatic degradation

In order to provide further insight into the potential perfor-
mance of the ELR/PA system, we assessed the resistance of the
membranes to enzymatic degradation using the proteolytic
enzymes collagenase (Cg), proteinase K (PK), pronase (Pn), trypsin
(Tp), and elastase (Et). For this study, we selected the membranes
cross-linked with GNP, as this approach enabled the generation of
stable membranes with an acceptable degree of structural integrity
(Fig. 3A, B) and a low level of cytotoxicity in vitro (Fig. 5). The
results demonstrated that GNP cross-linked ELR/PA membranes
incubated in proteolytic solutions were susceptible to enzymatic
degradation by PK, Pn, Cg, and Et (Fig. 4A). No degradation of the
membrane was observed after incubation with Tp (Fig. 4A). TNBS
assay revealed a significant increase in free amine groups released
after exposure to PK, Pn, Cg and Et, while lower degradation rates
were observed for membranes treated with Tp (Fig. 4B). This differ-
ence in degradation susceptibility can be explained by the ELR
amino acid sequence. ELRs are biopolymers composed of repeti-
tions of the pentapeptide motif Val-Pro-Gly-Xaa-Gly, where Xaa
can be any amino acid except proline [39] and have been shown
to be susceptible to degradation upon exposure to collagenase
iopolymer-peptide co-assembling system, Acta Biomater. (2017), http://dx.
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and elastase [40]. Elastase cleavage occurs on the carboxyl end of
small and neutral hydrophobic amino acids such as Gly and Val,
both of which are present in the ELR molecules used in this study
[41]. Similarly, collagenase cleavage occurs between Y-Gly bonds
where Y can be any amino acid [42]. Proteinase K and pronase
are two broad serine enzymes cleaving preferentially after
hydrophobic amino acids [43] while trypsin cleaves exclusively
C-terminal arginine and lysine residues [44]. Therefore, the differ-
ent levels of degradation according to the enzyme used can be
attributed to the enzyme cleavage site preference. All enzymes
except trypsin were able to degrade to some degree the ELR/PA
membranes.

As elastase is the most physiologically relevant enzyme used to
degrade ELRs [37], human leucocyte elastase was chosen to further
test the efficiency of the cross-linkage process in membranes trea-
ted with the different cross-linker agents used in this study. The
resistance of the membranes to enzymatic degradation was tested.
Cross-linked ELR/PA membranes were incubated with elastase for
24 and 48 h. TNBS assay was conducted, verifying the release of
free amine group in solution (Fig. 4C), which confirms the potential
biodegradability of the ELR/PA membranes in vivo. The use of dif-
ferent cross-linking agents does not protect the ELR/PA system
Please cite this article in press as: K.E. Inostroza-Brito et al., Cross-linking of a b
doi.org/10.1016/j.actbio.2017.05.043
from degradation by elastase. It is also worth noting that GNP
and GTA cross-linked membranes exhibited a lower degradation
rate (p < 0.05) and higher stability than the other cross-linked
membranes (Fig. 4C) as remaining of the membrane are still visible
in solution after enzymatic degradation.
3.4. Cytocompatibility of cross-linkers and membranes

A major objective of the study was to identify the most effective
cross-linker with the capacity to improve stability with minimal
cytotoxicity. To investigate the cytocompatibility of the tested
cross-linkers, mouse adipose derived stem cells (mADSCs) were
exposed to the different cross-linkers either in solution while
growing on tissue culture plastic (TCP) or after seeding onto
cross-linked membranes washed beforehand and culturing for up
to seven days.

After direct exposure to the tested cross-linkers, different
mADSCs responses were observed. No effect on metabolic activity
was observed after adding 4S-StarPEG in contact with mADSCs
while those cultured with SCM-PEG-SCM exhibited a 20% reduc-
tion of metabolic activity. The highest reduction in metabolic activ-
ity was observed in cells cultured with GNP (55%) and GTA (60%)
iopolymer-peptide co-assembling system, Acta Biomater. (2017), http://dx.
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with significant change in metabolic activity compared to that of
cells cultured on TCP (p < 0.05) (Fig. 5A). This reduction in meta-
bolic activity is associated with a higher degree of cytotoxicity of
GNP and GTA as previously reported [45]. Washing steps overcame
these issues and allowed cell seeding onto GNP and GTA cross-
linked membranes with significantly decreased levels of the
cross-linker toxicity (Fig. 5B) [46,47].

Cells seeded onto GNP and GTA cross-linked membranes exhib-
ited the highest metabolic activity without significant difference
compared to the metabolic activity of cells cultured on TCP, while
a reduction of cell of metabolic activity was observed after cultur-
ing on SCM-PEG-SCM (24.54 ± 4.44%) and 4S-StarPEG
(18.87 ± 7.69%) crosslinked membranes (Fig. 5C). The observed dis-
assembly of the scaffolds in physiological conditions (Fig. 3A) may
increase the toxicity (Fig. 5B) through the release of PA within the
medium and/or a modification of the cell attachment sites. PA
molecules used to fabricate the ELR/PA membranes were reported
to present a certain degree of toxicity [48]. Their release within the
medium could therefore induce some cytotoxicity. The cross-
linking process could also change the structure of the membrane,
limiting the availability of the RGD binding site [49]. Thus, cell
attachment would be limited which would result in cell death.

3.5. Cell morphology

mADSC adhesion and morphology were assessed after seven
days in culture onto ELR/PA membranes cross-linked with GNP,
Please cite this article in press as: K.E. Inostroza-Brito et al., Cross-linking of a b
doi.org/10.1016/j.actbio.2017.05.043
4S-StarPEG, SCM-PEG-SCM, and GTA, respectively. All membranes
remained stable in culture for at least seven days (Fig. 5B) [10]. Dif-
ferences in cell morphology were observed after culture onto the
ELR/PA membranes depending on the cross-linker used for mem-
brane stabilisation (Fig. 5C). Cells cultured on GNP cross-linked
membranes displayed a fibroblast-like (elongated spindle) mor-
phology with abundant cytoplasm and large nuclei characteristic
of ADSCs [50] and similar to that of observed on TCP (Fig. 5C). In
contrast, cells grown on 4S-StarPEG, SCM-PEG-SCM, and GTA
cross-linked membranes showed differences in morphology com-
pared to cells cultured on GNP and TCP. Indeed, on 4S-StarPEG,
and SCM-PEG-SCM cross-linked membranes, mADSCs conserved
a large cytoplasm, although smaller than that of cells cultured on
GNP cross-linked membranes, with long filopodia. On the GTA
cross-linked membranes, cells exhibited an elongated shape with
numerous branching, long, and thin filopodia. The membranes
used in this study were fabricated with ELR molecules comprising
RGD motifs. This bioactive epitope is the principal integrin-binding
domain within ECM proteins such as fibronectin [46]. The presen-
tation of RGD domains to the cells influences cell attachment and
spreading [46,51]. Cross-linking processes were previously shown
to affect the presentation of RGDS epitopes onto materials [46].
The ELR/PA co-assembled fibres of the membranes may be reor-
ganised during GTA and SCM-PEG-SCM cross-linking processes.
This phenomenon could lead to a change in the presentation or
availability of the RGD binding sites, which could affect cell attach-
ment and spreading onto these membranes (Fig. 5C). The large size
iopolymer-peptide co-assembling system, Acta Biomater. (2017), http://dx.
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of the PEG chains in the 4-StarPEG and SCM-PEG-SCM molecules
may hide the RGDS motifs and prevent cell attachments onto the
membranes by their antifouling properties [3,52]. Furthermore, a
looser mesh of fibres for the non-cross-linked membranes and
insufficiently cross-linked (4-StarPEG and SCM-PEG-SCM) mem-
branes could be responsible for this morphology change. Cells
may sense the looser and less cross-linked nanofibrous mesh
(Fig. S3, Supplementary information) and therefore have difficul-
ties attaching to the structure [4,53].
3.5.1. Micro-rheological properties of ELR/PA membranes
It is also likely that the differences in cell attachment and

spreading can be a result from differences in surface stiffness
[49,54] or roughness [53]. To test this hypothesis, atomic force
microscopy (AFM) nanoindentation measurements were con-
ducted to test the mechanical properties of all membranes. Results
confirmed a higher stiffness for GNP cross-linked membranes com-
pared to non-cross-linked, SCM-PEG-SCM, and GTA cross-linked
membranes (p < 0.05) (Fig. 5D). 4S-StarPEG cross-linked mem-
branes were also mechanically stronger. Nanoindentation can be
used to measure rheological properties of soft biomaterials [46]
such as the ELR/PA membranes developed here. However, the
small size of the scanned membranes limit this technique [55].
Here, the area of the scanned sample does not take in consideration
the total bulk of the material as only about 1 mm was indented into
the samples providing only the Young’s modulus values of the
outer layer of the ELR/PA membranes [56,57]. The ELR/PA mem-
branes exhibit a nanofibrous multi-layered architecture. A lower
cross-linking capabilities were observed for the 4S-StarPEG cross-
linked membrane (Fig. 2C). As this cross-linking agent has the
highest molecular weight (10 kDa) compared to the other cross-
linkers, it is likely that the diffusion of the cross-linker throughout
the cross-section of the membrane might have been compromised.
Therefore, the cross-linking process may not occur uniformly. The
outer layers of the membrane may experience a higher exposure to
the cross-linker compared to the inside layers of the membrane.
This uneven distribution of the cross-linker exposure may have
led to insufficient cross-linking within the membrane, resulting
in a higher stiffness on the surface of the membrane (Fig. S3, Sup-
plementary information) and overall weaker membranes more
susceptible to disassembly. The stiffness of the membranes stabi-
lized with GTA was significantly enhanced when compare to the
control group. However, the use of this specific cross-linker agent
led to detrimental effects on cell attachment and spreading
(Fig. 5D), highlighting its unsuitability for biomedical applications.
In contrast, cells on GNP cross-linked membranes exhibited appro-
priate attachment, spreading, and proliferation, demonstrating
that GNP would be a more effective and cell-friendly cross-linker
of self-assembling biomaterials.
4. Conclusion

The engineering of more complex biomaterials that can recreate
and selectively interact with biological structures would require
fabrication processes that can provide both molecular precision
and hierarchical organization. Self-assembling systems are at the
forefront of this pursuit but require improvement of their struc-
tural integrity. Here, we conducted a comparative study to charac-
terize potential cross-linking strategies for self-assembling
biomaterials tested on a biopolymer-peptide co-assembly system.
The materials were assessed based on their effect on stability,
resistance to enzymatic degradation, structural integrity, and bio-
compatibility. All cross-linkers successfully stabilized the system
under physiological conditions but their biocompatibility differed
among them. GNP exhibited a higher degree of resistance in
Please cite this article in press as: K.E. Inostroza-Brito et al., Cross-linking of a b
doi.org/10.1016/j.actbio.2017.05.043
physiological environments, improved stability under enzymatic
degradation, and a higher degree of in vitro cytocompatibility
compared to all other tested. This study provides a systematic
comparison of different commonly used cross-linkers and demon-
strates that GNP is a promising alternative to improve stability and
the structural integrity of self-assembling materials for tissue
engineering applications.
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