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Soft interfacial materials, such as self-assembled polymer membranes, are gaining increasing interest as
biomaterials since they can provide selective barriers and/or controlled affinity interactions important to
regulate cellular processes. Herein, we report the design and fabrication of multiscale structured mem-
branes integrating selective molecular functionalities for potential applications in bone regeneration. The
membranes were obtained by interfacial self-assembly of miscible aqueous solutions of hyaluronan and
multi-domain peptides (MDPs) incorporating distinct biochemical motifs, including mineralizing (EE),
integrin-binding (RGDS) and osteogenic (YGFGG) peptide sequences. Circular dichroism and Fourier
transform infrared spectroscopy analyses of the MDPs revealed a predominant p-sheet conformation,
while transmission electron microscopy (TEM) showed the formation of fibre-like nanostructures with
different lengths. Scanning electron microscopy (SEM) of the membranes showed an anisotropic structure
and surfaces with different nanotopographies, reflecting the morphological differences observed under
TEM. All the membranes were able to promote the deposition of a calcium-phosphate mineral on their
surface when incubated in a mineralizing solution. The ability of the MDPs, coated on coverslips or pre-
sented within the membranes, to support cell adhesion was investigated using primary adult periosteum-
derived cells (PDCs) under serum-free conditions. Cells on the membranes lacking RGDS remained
round, while in the presence of RGDS they appear to be more elongated and anchored to the membrane.
These observations were confirmed by SEM analysis that showed cells attached to the membrane and
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at these molecularly designed interfacial membranes can both provide relevant biochemical signals and
DOI: 10.1039/c7nr03410e structural biomimetic components for stem cell growth and differentiation and ultimately promote bone
rsc.li/nanoscale regeneration.
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between miscible aqueous liquids has also been reported
using polyelectrolyte complexes (PECs) in a single step™® or
through layer-by-layer (LbL) deposition using a solid
template.”° A major advantage of PEC-based approaches con-
sists of the mild conditions (aqueous solution, neutral pH,
and room temperature) used during the assembly process’
allowing the direct incorporation of delicate bioentities, such
as enzymes,'® growth factors,* and cells.'> However, materials
formed from PECs do not present internal order”**'* and the
resulting assemblies typically require post crosslinking (ionic,
chemical or photo-induced) to prevent dissolution or dis-
sociation under ionic strength close to the physiological con-
ditions. In addition, LbL assembly is a time intensive multi-
step process (layer build-up and intermediate washings). In
2008, Stupp and co-workers reported the formation of stable
and highly organized membranes at the interface of two misci-
ble liquids, one containing a large polysaccharide and the
other containing small peptide amphiphiles (PAs)."> Since
then, our groups and others have been exploring interfacial
self-assembly of PAs with various macromolecules, including
hyaluronan (HA),'**® alginate,'® ' and elastin-like proteins,>*
to develop a range of macroscopic biomaterials, including
membranes, sacs/capsules and tubes, with strong application
potential in tissue engineering. We have previously shown the
formation of thin membranes by interfacial self-assembly,*
combining positively charged multi-domain peptides (MDPs),
proposed by Hartgerink et al.,>* with the negatively charged
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biopolymer HA. The initial MDP design was based on the
model sequence K,(QL)sK, (Fig. 1) consisting of alternating
hydrophobic (leucine, L) and hydrophilic (glutamine, Q) resi-
dues in the centre and positively charged residues (lysine, K)
in the flanking sides. This design creates two distinct faces, a
hydrophobic face with leucine side chains on one side and a
hydrophilic face formed by glutamine side chains on the other
side, while the charged groups provide peptide solubility and
hinder self-assembly. In aqueous solution, the two hydro-
phobic faces pack together generating a hydrophobic sandwich
that supports and stabilises the extending structure. When the
charges are screened by counterions (oppositely charged multi-
valent ions, such as PO,*7), the MDPs form nanofibre hydro-
gels through self-assembly. Building on this first design,
several sequence variations have been explored to modulate
the mechanical and biological functionalities of the resulting
gels for different biological applications.>®*® These studies
demonstrate that MDPs can tolerate a wide variety of modifi-
cations, while retaining their basic nanofiber structure and
desired bioactivity. The fabrication of synthetic membranes via
self-assembly is very appealing due to its low-cost and ability
to create inbuilt order by combining properties of different
building blocks.*® Self-assembling peptide-polymer hybrid
membranes present advantageous physical and chemical fea-
tures. They are formed spontaneously in a single step and can
be assembled in situ in the physiological environment.
Because peptides can be customized to display specific bio-
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Fig. 1 Chemical structure of the multi-domain peptides (MDPs) designed for interfacial self-assembly with HA, their expected charge and zeta

potential measured at neutral pH.
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chemical motifs, the membranes can be made intrinsically
bioactive not requiring post-functionalization. To tailor these
membranes for bone regeneration applications, this work
exploits MDPs functionalized with bioactive motifs derived
from mineralizing®® and cell adhesive (fibronectin, FN)*' pro-
teins and bone anabolic factors (osteogenic growth peptide,
OGP)** to generate membranes with intrinsic mineralization
capacity and cell-adhesive and osteoinductive properties. The
presence of negatively charged glutamic acid residues (E,)** at
the C-terminal (K;(QL)sE,) aims to attract and localize calcium
ions at this flank of the peptide as a means to create a nuclea-
tion point for mineralization. The RGDS and YGFGG epitopes,
derived respectively from FN and OGP, were also incorporated
at the C-terminal of the MDPs. The RGDS domain is well
known to be involved in cell adhesion through integrin-
mediated processes.>" The physiologically active form of OGP
is obtained by proteolytic cleavage of the C-terminal (OGP
[10-14], YGFGG)***® and is known to interact with cell mem-
brane receptors activating the MAP kinase, Src and RhoA sig-
nalling pathways.*®*” OGP regulates cell proliferation, alkaline
phosphate activity and matrix mineralization.’” OGP[10-14]
has shown to increase bone formation and trabecular bone
density.’®?*° Thus, OGP and OGP[10-14] peptides have been
chemically immobilized on surfaces by click chemistry or
incorporated into self-assembling peptide gels to enhance
osteogenic differentiation of MC3T3-E1 cells."”*! The osteo-
genic ability of this peptide could, for example, eliminate the
need for exogenous supplementation of bone growth factors to
promote osteogenic differentiation of stem cells. These bio-
chemical signals were designed and selected to achieve an
optimal cell microenvironment and maximize the osteogenic
potential of the membrane.

Although the biochemical functionalities used in this work
have been previously explored in other studies,****'™** to the
best of our knowledge they have never been presented in an
interfacial self-assembled membrane. Furthermore, compared
to previously developed HA-peptide membranes, the current
system presents a more advanced design by adding multiple
functionalities to the membrane for controlled and selective
interactions. Thus, the goal of this work consists of the inte-
gration of selective and interactive molecular functionalities
into the membrane formulation able to promote multiple bio-
logical outcomes for coordinated bone regeneration. The
ability of the membranes to grow cells is evaluated using peri-
osteum-derived cells (PDCs). PDCs were selected as the cell
source due to their relative ease of isolation and higher prolif-
erative rates than mesenchymal stem cells (MSCs).** Human
PDCs show multipotency similar to human bone marrow cells
(BMCs) as both types of cells originate from mesoderm-
derived populations during embryonic development. Since
PDCs are vital during fracture healing, this type of cell might
be a more suitable cell population for bone engineering appli-
cations than the commonly used BMCs.*® By testing the ability
of these molecularly designed membranes to support the
adhesion of PDCs, we expect to take a step closer to developing
a functional periosteum graft.
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2 Experimental

2.1 Peptide synthesis and purification

MDPs (Fig. 1) were synthesized in an automated peptide
synthesizer (Liberty Blue, CEM, UK) using standard 9-fluo-
renylmethoxycarbonyl (Fmoc)-based solid phase chemistry. Rink
Amide MBHA resin (100-200 mesh) was used for synthesizing
K»(QL)6Kz, Ku(SV)eKs, K3(QL)6E,RGDS and K;(QL)sE,YGFGG,
while Glu(O¢Bu)-Wang resin (100-200 mesh) was used for the
synthesis of K;(QL)E,. Amino acids were coupled using 4 mol
equivalents of Fmoc protected amino acids, 4 mol equivalents
of 1-hydroxybenzotriazole hydrate (HOBt) and 4 equivalents of
N,N'-diisopropylcarbodiimide (DIC). Fmoc deprotections were
achieved using 20% (v/v) piperidine in dimethylformamide
(DMF). Before cleavage from the resin, the N-terminus of the
peptides was acetylated using 10% (v/v) acetic anhydride in
DMF. The acetylation reaction was carried out at room temp-
erature under shaking in two cycles of 3 and 7 minutes, with
an intermediate extensive washing with DMF. After washing
several times with DMF and dichloromethane (DCM), a
Kaiser test was performed to confirm acetylation (negative,
no free amine groups). Peptide cleavage from the resin and
the removal of the protecting groups were carried out with a
mixture of trifluoroacetic acid (TFA)/triisopropylsilane
(TIS)/water (95%/2.5%/2.5%) for 3 hours at room tempera-
ture. The peptide mixture was collected and the excess of
TFA was removed using a rotary evaporator. The resulting
viscous peptide solution was triturated with cold diethyl
ether. The white precipitate was allowed to dry overnight
after centrifugation and removal of the supernatant. The
peptide mass was confirmed by electro-spray ionization mass
spectrometry (ESI-MS) using a single quadrupole mass detec-
tor (SQ Detector 2, Waters, USA). Peptides were then purified
using a Waters AutoPurification preparative scale high-per-
formance liquid chromatography (HPLC) system equipped
with a binary gradient (2545) module, UV/Vis (2489) and
mass (SQD2) detectors, sample manager (2767) and a pre-
parative reverse-phase C18 column (XBridge Prep 5 pm, OBD
30 x 150 mm, Waters, USA). Peptide samples were eluted at
20 mL min~' in a water/acetonitrile (0.1% TFA) gradient.
Fractions were collected based on the peptide mass, concen-
trated by rotary evaporation and then lyophilized. TFA
counter-ions were exchanged by sublimation from 0.01 M
hydrochloric acid or by solid phase extraction using PL-HCO;
MP SPE columns (Agilent Technologies, USA). Finally, the
peptides were dialysed against ultrapure water using 500
MWCO dialysis tubing, and subsequently lyophilized. Their
purity was checked by analytical HPLC (Alliance HPLC
system coupled with a 2489 UV/Vis detector, Waters, USA).
Peptide solutions (1 mg mL™", 100 uL) were injected into an
analytical reverse-phase C18 column (XBridge analytic 5 pm,
4.6 x 150 mm, Waters, USA) and eluted at 1 mL min~" using
a water/ACN (0.1% TFA) gradient with UV detection at
220 nm. The peptide mass was confirmed by MS as
described above.

This journal is © The Royal Society of Chemistry 2017
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2.2 Peptide characterization

To determine the overall charge of MDPs at different pH
values, the zeta potential of aqueous MDP solutions (0.1 wt%)
was measured using a Zetasizer Nano ZS instrument (Malvern
Instruments Ltd, UK). MDPs were dissolved at 0.1 wt% in ultra-
pure water and their pH was adjusted to 3, 7 and 9 with hydro-
chloric acid (0.1 M) or ammonium hydroxide (0.1 M). Peptide
solutions were aged for 4 hours prior to the zeta-potential
measurement. The samples were loaded into a U-shaped
cuvette, equipped with gold electrodes, and the zeta potential
was recorded at 25 °C.

The secondary structure of the MDPs was analysed by circu-
lar dichroism (CD) spectroscopy. Peptides were dissolved in de-
ionized water to a final concentration of 0.011 mM and the pH
was adjusted to 3, 7 and 9 with hydrochloric acid (0.1 M) or
ammonium hydroxide (0.1 M). To study the influence of
charge screening on the MDP conformation by the presence of
counterions (e.g. phosphate ions), the peptides were also dis-
solved in a 3 mM phosphate solution to obtain 0.011 mM con-
centration and the pH was adjusted to 7. The CD signals of
water and phosphate solution were also measured and sub-
tracted from the CD signal obtained for the peptide solutions.
The CD measurements were performed on a PiStar-180
spectrometer from Applied Photophysics (UK) under a con-
stant flow of nitrogen (8 L min™") at a constant pressure value
of 0.7 MPa. Far-UV spectra were recorded at 25 °C from 190 to
300 nm in a quartz cuvette with 1 mm path-length. All scans
were performed in the steady state with a bandwidth of 1 nm
and each presented spectrum is an average of 3 spectra. The
molar ellipticity [6] was then calculated ([6] = 6/(C-I) where 0 is
the measured ellipticity in mdeg, C is the concentration of the
peptide in dmol L™ and [ is the light path length of the
cuvette in cm).

To gain further insights into the peptide secondary struc-
ture, attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy was performed on dried MDP films.
For this, 5 pL of each MDP solution (1 wt%) in D,O was de-
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posited onto the “Golden Gate” diamond crystal ATR accessory
(Specac, UK) and dried using a stream of nitrogen. Then, the
spectrum was acquired in the absorbance mode using a FTIR
spectrometer (Bruker TENSOR 27, Germany) in the range of
1750-1500 cm ™" by averaging 256 individual scans per peptide
film at a resolution of 4 em™'. Collected spectra were linear
baseline corrected, normalized, and subsequently deconvo-
luted by fitting with a mix Gaussian/Lorentzian function using
PeakFit software.

To analyse the nanostructures formed by the new MDPs
under different conditions, transmission electron microscopy
(TEM) imaging was performed. Peptide solutions were pre-
pared at 0.01 wt% in ultrapure water or 10 mM phosphate
solution. Samples were observed under three different con-
ditions: water at pH 7, phosphate solution at pH 7 and 11
adjusted with hydrochloric acid (0.1 M) or ammonium hydrox-
ide (0.1 M). After being aged for 48 hours, the peptide solu-
tions were loaded onto the carbon film coated copper girds
(400 mesh, Agar Scientific, UK) and negatively stained by
2 wt% uranyl acetate (Agar Scientific, UK). The excess staining
solution on the grids was removed with filter paper and the
grids were allowed to dry at room temperature for at least
3 hours. Bright field TEM imaging was performed on a JEOL
(Japan) 1230 TEM operated at an acceleration voltage of 100 kv
and images were recorded by using a SIS Megaview III wide
angle CCD camera.

2.3 Preparation of HA-MDP membranes

Peptide and HA solutions were prepared by dissolving the
powders in ultra-pure water to obtain the desired concen-
tration. The membranes were prepared in a sterile environ-
ment using a 96 well plate as a template. 50 pL of a 2% (w/v)
HA (700 kDa, Lifecore Biomedical, USA) solution was cast at
the bottom of the wells (Fig. 2A) and then 50 pL of 3% (w/v)
peptide solution was added on top of the HA solution
(Fig. 2B). The solutions were incubated at 60 °C for 4 hours
(Fig. 2C) to accelerate the process of membrane formation, but
membranes can also form at RT and 37 °C. The membranes

NH
O NH, O(NH, O_NH, OLNH, ONH Ho_ O
H O o H O

Fig. 2 Membrane fabrication by interfacial self-assembly. Membranes are formed by first casting the HA solution (A) followed by the addition of
MDP solution (B) on top. A membrane immediately forms at the interface of both solutions which further develops into a robust membrane (D) after

incubation at 60 °C for 4 hours (C).
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were rinsed with sterile ultrapure water to remove unreacted
HA and peptide (Fig. 2D).

2.3.1 Characterization of membrane microstructure. The
microstructure of the membrane surface and cross-section was
examined by scanning electron microscopy (SEM). For this, the
membranes were prepared by immersion in 2% glutaralde-
hyde/3% sucrose in PBS for 1 hour at 4 °C. The membranes
were then progressively dehydrated using graded ethanol con-
centrations. Ethanol removal was performed using a critical
point dryer (EMS 850, Electron Microscopy Sciences, USA). All
membrane samples were first coated with a gold layer
(5-30 nm) using an Emitech SC7620 sputter coater (Quorum
Technologies, UK) and then imaged using an ultra-high resolu-
tion field emission gun scanning electron microscope (FEG
SEM, Inspect F50, FEI, The Netherlands).

2.3.2 Membrane mineralization. Membranes formed with
K,»(QL)¢K», K3(QL)6E,, K;3(QL)oE,RGDS and K;(QL)sE,YGFGG
were used for the mineralization studies. The membranes were
incubated in a modified stimulated body fluid (m-SBF) solu-
tion, prepared as described previously,*® for 7, 14 and 21 days
at 37 °C under sterile conditions. The m-SBF solution is 1.5x
concentrated and contains ion concentrations (Na“ 142.0, K"
5.0, Ca®" 2.5, Mg** 1.5, C1~ 103.0, HCO;~ 10, HPO,*~ 1.0, SO,*~
0.5 mM) nearly equal to those of human blood plasma.*”"*?
m-SBF solution was renewed twice a week and coverslips were
used as the control substrate. After each immersion time, the
membranes were removed from m-SBF, washed with distilled
water and prepared for SEM observation. Membranes were
first dehydrated using graded ethanol concentrations and
ethanol removal was performed using a critical point dryer
(CPD, Autosamdri-815 Series A, Tousimis, USA). To evaluate
membrane mineralization, the membranes were analysed by
using a high-resolution field emission SEM (AURIGA Compact,
Zeiss, Germany) equipped with energy dispersive electron
X-ray (EDX) spectroscopy (Bruker QUANTAX ESPIRIT 2.0 EDS
system, X-flash detector, Germany). For the EDX analysis, the
membranes were coated with carbon by thread evaporation.
EDX measurements were carried out at an accelerating voltage
of 10.0 kv and a working distance of 8 mm to identify the
chemical composition of the mineral formed on the
membrane surface. The atomic percentage of calcium and
phosphorus was determined using ESPIRIT 2.0 software
(Bruker, Germany) from which the calcium-to-phosphorus
ratios were calculated. For SEM examination, the membranes
were coated with platinum by ion sputtering (EM ACE600,
Leica, Germany).

2.4 Cell adhesion assay

2.4.1 Isolation and culture of periosteum derived cells
(PDCs). PDCs were isolated from human periosteum samples
obtained from patients with open fractures, under the frame-
work of an agreement with the Hospital of Guimaraes
(Portugal), approved by the ethical committees of both insti-
tutions and after informed consent by the patients. The
explants were rinsed with PBS supplemented with 2% of anti-
biotic, placed in culture flasks and cultured in alpha
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minimum essential medium Eagle (alpha-MEM), containing
10% fetal bovine serum (FBS) and 1% antibiotic, for two weeks
until cells became confluent. Medium was renewed twice a
week. After reaching confluence, the cells were trypsinized and
expanded up to passage 5. The expanded cells were subjected
to flow cytometry analysis to assess the mesenchymal nature of
PDCs (Fig. S10f). The cells were detached using TryPLE
Express (Thermo Fisher, USA), washed in PBS and centrifuged
at 300g for 5 minutes. The resulting pellet was resuspended in
cold PBS with 1% FBS. Different aliquots of the cell suspen-
sion were mixed with mouse anti-human CD105-FITC (AbD
Serotec, USA), CD90-APC (eBioscience, USA), CD73-PE, CD45-
FITC, CD34-PE (all from BD Biosciences, USA) and CD31-APC
(R&D Systems, USA) using the manufacturer’s protocols. After
20 minutes of incubation at room temperature in the dark, the
cells were washed with PBS and centrifuged at 300g for
5 minutes. After discarding the supernatant, the cells were
resuspended in 1% formalin in PBS and analyzed using a
FACSCalibur flow cytometer (BD Biosciences, USA). The results
were analysed using Cyflogic software (1.2.1, CyFlo Ltd,
Finland).

2.4.2 PDC seeding and culture on MDP-coated coverslips
and HA-MDP membranes. To determine the effect of the
MDPs alone on PDCs, cells were first cultured on MDP-coated
surfaces and then directly on HA-MDP membranes. The MDPs
were dissolved in sterile ultra-pure water at 0.01 wt% and steri-
lized by UV exposure for 15 minutes. 100 pL of peptide solution
was placed in the centre of the coverslip (6.35 mm tissue culture
coverslips, made of polyethylene terephthalate and glycol-modi-
fied (PET-G), Sarstedt AG & Co, Germany) and allowed to evapor-
ate overnight in a sterile tissue culture hood. To produce sterile
HA-MDP membranes, HA was sterilized by dissolving the
polymer in water followed by filtration through a 0.22 um filter
and lyophilisation in sterile Falcon tubes (Sartorius, USA).
Membranes were prepared as previously described. PDCs at pas-
sages 3-4 were harvested from culture flasks using trypLE
Express (Thermo Fisher, USA). Cells were washed with PBS and
centrifuged at 200g for 5 minutes. The cell pellet was resus-
pended in serum-free DMEM (without phenol red) and the cells
were seeded at 10 000 cells per coverslip or HA-MDP membrane
(peptide side), both previously placed into wells of a 96 well
plate. The cells were then cultured at 37 °C in a humidified
atmosphere of 5% CO, for 2, 14 and 24 hours.

2.4.3 Cell morphology on coverslips and HA-MDP mem-
branes. To investigate the morphology of adherent PDCs cul-
tured on MDP-coated coverslips and HA-MDP membranes,
F-actin and nuclei staining was performed. After 2, 14 and
24 hours, the culture medium was removed and the samples
were washed twice with PBS to remove any non-adherent cells.
The attached PDCs were fixed using a 10% formalin solution
for 30 minutes at 4 °C. The membranes were then washed
with 0.1 M glycine in PBS and twice with PBS. For cell permea-
bilization, a 2% BSA/0.2% Triton X-100 solution was used for
1 hour at RT. 4,6-Diamidino-2-phenylindole-dilactate (DAPI)
and phalloidintetramethylrhodamine B isothiocyanate dyes
(phalloidin) were used to stain the cell nuclei and F-actin fila-
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ments, respectively. Briefly, for each time point, 1 mL of PBS
containing 10 pL of phalloidin-TRITC was added to each cover-
slip for 1 hour at room temperature and protected from light.
After extensive washing, samples were stained with 1 pL of
DAPI in 1 mL of PBS for 30 minutes. After DAPI staining, the
membranes were washed three times with PBS. Cells cultured
on the membranes were visualized using a Leica TCS SP8
inverted confocal microscope (Leica, Germany) while cells on
coverslips were observed using a Zeiss axio observer fluo-
rescence inverted microscope (Zeiss, Germany). The images
were then processed and analysed using Fiji Image] software
(http:/fiji.sc/, ROI manager tool) to quantify cell morphology
(cell area and aspect ratio). Ten cells were randomly selected
from each image (in a total of three images per condition) and
their perimeters demarcated. Cells were fitted to an ellipse and
then the cell area (selected area in um®) and aspect ratio (AR,
ratio between the major and minor axes of the ellipse) were
calculated. The morphology of the cells and interaction with
the membranes were also examined by SEM. For this, cell cul-
tured membranes were fixed, dehydrated and prepared as
described in section 2.3.2.

2.4.4 Cell numbers (DNA quantification and cell density)
on MDP-coated coverslips and HA-MDP membranes. The
number of cells attached onto MDP-coated coverslips and
membranes was estimated by DNA quantification using a
fluorimetric double-strand DNA quantification kit (PicoGreen,
Molecular Probes, Invitrogen, UK). For this purpose, cells were
collected at 2, 14 and 24 hours by transferring the cell cultured
coverslips or membranes into 1.5 mL microtubes containing
1 mL of ultrapure water The samples were subjected to freez-
ing/thawing cycles to lyse cells and were then stored in a
—80 °C freezer until DNA quantification. Samples were thawed
and sonicated for 15 minutes. Samples and standards (ranging
from 0 to 2 mg mL ") were mixed with a PicoGreen solution
according to the manufacturer’s instructions in an opaque
96-well plate. Three replicates were prepared for each sample
and standard. The plate was incubated for 10 minutes in the
dark and fluorescence was measured in a microplate ELISA
reader (BioTek, USA) with an excitation of 485/20 nm and an
emission of 528/20 nm. A standard curve was created and DNA
values were calculated from the calibration curve for each
culture condition. Cell density (number of cells per mm?) was
also calculated by counting the number of DAPI stained nuclei
in the captured image area (0.34 mm?®) using Fiji Image].
Three images per condition were used for the quantification.

2.5 Statistical analysis

EDX analysis and cell culture assays were performed in tripli-
cate. The zeta-potential values, Ca/P ratios and DNA quantifi-
cation values are presented as mean + standard deviation (SD).
Statistical analysis was performed using GraphPad Prism 5
software (USA). Statistical differences in DNA quantification
were determined using a two-way analysis of variance (ANOVA)
with a Bonferroni’'s multiple comparison post-hoc test (*p <
0.05; **p < 0.01; ***p < 0.001).
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3 Results and discussion

3.1 Peptide design for membrane self-assembly and
bioactivity
In this work, we have redesigned MDPs to contain a positively
charged block, composed of multiple lysine residues (K, and
K;) at the N-terminal, and a positively or negatively charged
block (K, or E,) at the C-terminal, while keeping a similar
design of alternating hydrophilic (Q or S) and hydrophobic ali-
phatic residues (L or V) in the central block (Fig. 1). The pres-
ence of positively charged lysine at both termini (K,(QL)sK, -
control, and K,(SV)¢K,) is expected to promote electrostatic
interactions with HA, known to be required for the self-assem-
bly of stable membranes. The hydrophobic residue leucine
(L, K»(QL)sK,) was replaced by valine (V, K,(SV)sK,) and the
hydrophilic glutamine (Q, K,(QL)sK,) by serine (S, K,(SV)sKy)
in order to investigate the effect of these amino acids in the
peptide self-assembly, since both Val and Ser are known to
have higher propensity for p-sheet formation than Leu and
Gln, respectively.*®

All MDPs listed in Fig. 1 were successfully synthesized and
purified, as confirmed by ESI-MS and HPLC analysis (Fig. S1-
S5t). Taking into account the importance of the electrical
charge on the self-assembly of MDPs, the zeta potential of
peptide solutions was measured at different pH values
(Table S27). At neutral pH, all MDPs show positive values of
zeta potential, except K3(QL)¢E, (Fig. 1) which has a slightly
negative zeta potential. The expected charge of this MDP at pH
7 is zero due to the free carboxylate at the C-terminal.

3.2 Self-assembly behaviour of MDPs

Previous studies®>*?®?” reported that MDPs were able to form

B-sheet secondary structures. However, in the current study
additional amino acids were introduced in the original design,
which are expected to affect the balance of molecular inter-
actions. CD analysis of MDP solutions revealed the presence of
f-sheet secondary structures at neutral pH for MDPs
K;(QL)6E,, K3(QL)6E,RGDS and K;(QL)6E,YGFGG (Fig. 3A),
while at basic pH all MDPs exhibit a p-sheet conformation
(Fig. S671) with zero ellipticity around 200-210 nm, a minimum
peak at 217-218 nm and positive maximum at 194-198 nm.
The presence of oppositely charged residues at both termini in
MDPs K;3(QL)sE,, K3(QL)sE,RGDS and K3(QL)sE,YGFGG at pH
7, may promote their dimerization into an antiparallel f-sheet
arrangement due to attractive electrostatic interactions among
individual peptide monomers without the addition of any
trigger. ATR-FTIR analysis (Fig. 3B) was then performed to
infer about the p-sheet arrangement. It has been shown that
most MDPs tend to organize into antiparallel p-sheets.”*>>?’
All spectra exhibited a strong absorbance between 1610 and
1630 cm ™", corresponding to parallel amide (Amide I;) and
indicative of an extended amyloid-like p-sheet, thus supporting
the CD results. All MDPs also showed a peak at ~1695 cm™*
characteristic of perpendicular amide (Amide I,) suggesting
that the B-sheets are anti-parallel. In K,(QL)sK,, K;3(QL)GE,,
K;(QL)6E,RGDS and Kj3(QL)¢E,YGFGG peptides, the peak at
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Fig. 3 (A) CD spectra of the synthesised MDPs at 0.011 mM in water
(pH 7); (B) ATR-FTIR spectra of MDP dried films (1 wt%) showing the
characteristic peaks (1695, 1650, 1616 and 1526 cm™). Spectra were
baseline corrected, normalized and stacked for clarity. (C) TEM images
of MDP assemblies (0.01 wt%, pH 7), (C1) K»(QL)sK»; (C2) K3(QL)sE2; (C3)
K3(QL)sE2RGDS; (C4) K3(QL)sE2YGFGG.

1650 cm™" from glutamine side chains is also observed. The
FTIR spectra were further deconvoluted and the observed posi-
tions are described in Fig. S7.1 It has been demonstrated that
B-sheet conformation is crucial to promote the self-assembly
of peptides into nanofibers.?** To assess the morphology of
peptide assemblies, TEM was carried out under different con-
ditions (Fig. 3C and 4B). At pH 7, K,(QL)sK, showed a dense
network of long fibres (Fig. 3C1), but surprisingly no aggre-
gates were observed for K,(SV)¢K, using TEM performed under
similar conditions. A similar MDP (K,(SL)¢K,) was shown to
form long nanofibres,*® as observed by cryo-TEM. Based on
these prior observations, and the fact that the only difference
between these MDPs is the presence of valine (V) instead of
leucine (L), one can speculate that the lower hydrophobicity of
valine may delay the initial dimerization (formation of the
“hydrophobic sandwich”),>®> especially when this MDP is
highly charged at pH 7 (Table S21). Hydrophobicity can be
expressed as the logarithm of octanol/water partition coeffi-

— Ky(QL)eK;

— Ky(SV)eK;
—Ky(QL)E,

— Ky(QL)eE,RGDS
—Ky(QL)E,YGFGG

[0] (deg cm? dmol™")x10* >

Fig. 4 (A) CD spectra and (B) TEM images of MDPs in phosphate solu-
tions (pH 7) at 0.011 mM and 0.01 wt% concentration, respectively. (B1)
K2(QL)gKz; (B2) Ka(SV)eKa; (B3) Ks(QL)eEn; (B4) Ks(QL)¢E,RGDS; (B5)
K3(QL)6E,YGFGG.
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cient, log P. Using the tool for calculating properties of mole-
cules in the Molinspiration Cheminformatics software,*® the
milog P of Val and Leu were calculated to be —1.91 and —1.38,
respectively, confirming the lower hydrophobicity of Val (the
higher the logP, the more hydrophobic the molecule).
K;(QL)6E, formed short aggregates with a rod-like morphology
(Fig. 3C2), while the presence of RGDS seemed to promote the
elongation of the aggregates into fibres of intermediate length
(Fig. 3C3). TEM of K;3(QL)sE,YGFGG showed the presence of
short nanofibres with uniform length (Fig. 3C4). The differ-
ences in nanofibre length exhibited by these MDPs might have
resulted from the fine balance between hydrophobic and
electrostatic interactions among peptide molecules, as they
present distinct zeta potential at neutral pH (Table S27).

To test the effect of charge screening by the addition of
counter-ions (e.g. PO,*>7), the MDPs were dissolved in a 10 mM
phosphate solution. In the presence of phosphate ions,
K,(QL)sK, and K,(SV)sK, showed typical spectra of a f-sheet
conformation. Moreover, the CD signal for the other MDPs was
reinforced as observed by an increase in the maximum at around
197 nm and a simultaneous decrease at 218 nm (Fig. 4A). The
presence of phosphate seemed to promote the aggregation of the
nanofibres, as seen in the TEM analysis (Fig. 4B). Under these
conditions, TEM of K,(SV)sK, showed bundles of aggregates with
an irregular morphology (Fig. 4B2). At basic pH (pH 11) and in
the presence of 10 mM phosphate (Fig. S8t), MDPs K3(QL)sE,,
K;3(QL)6E,RGDS and K;3(QL)sE,YGFGG formed well-defined nano-
fibre structures of different lengths (as seen at pH 7, Fig. 4B),
while for K,(QL)¢K, entangled fibres were observed. Surprisingly,
K,(SV)sK, showed irregular aggregates with a fibre-like mor-
phology. Phosphate ions promote ionic crosslinking between
amines of lysine residues favouring self-assembly, nanofibre
growth and entanglement. The same behaviour has been
observed with other MDPs reported in the literature.>*”

3.3 Fabrication of self-assembled membranes displaying
different functionalities

The self-assembly of K,(QL)sK, and HA into membranes was
previously reported.*® Moreover, the incorporation of the cell-
adhesive sequence RGDS at the C-terminal promoted the
adhesion and spreading of rat MSCs on the membranes.
Inspired by this work, and aiming at expanding the biofunc-
tionality of these membranes, the membranes were fabricated
through interfacial self-assembly combining HA and MDPs
(Fig. 2) with different bioactive motifs. The self-assembly
process generates membranes with distinct faces, one rich in
HA (bottom side) and the other containing the peptide (top
side). SEM images of the overall membrane structure (Fig. S97t)
did not show noticeable macroscopic differences.

However, microscopic examination of the membrane cross-
section and top surface (Fig. 5) revealed differences in their
structural organization and surface nanotopography. Previous
studies combining HA and peptide amphiphiles showed the
formation of a highly organized structure composed of two dis-
tinct surfaces, one showing a rough and amorphous mor-
phology corresponding to the HA side and the other exhibiting
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Fig. 5 SEM micrographs of the self-assembled HA-MDP membranes
showing the cross-section (left and central panels) and surface (peptide
side, right panel). (A) Kx(QL)gK,, (B) Ka(SV)eKz, (C) Ks(QL)gE,, (D)
K3(QL)6E,RGDS and (E) K3(QL)6E,YGFGG.

randomly distributed nanofibers similar to the fibrillar struc-
ture of natural ECM,">'”** assigned to the peptide side. With
the exception of the membrane formed with K3(QL)¢E,YGFGG,
the cross section of all other membranes showed layers with
distinct fibre organization. Fibres tended to align closer to the
interface which then became less organized in the inner part
(contact with HA). When the central block was composed of
alternating serine and valine ((SV)e), a parallel fibre arrange-
ment near the interface was observed when compared with the
membrane obtained with control MDP (K,(QL)¢K,). Such be-
haviour suggests that the primary sequence of the MDPs
affected the interaction with HA and consequently the mem-
brane structural organization. The membrane obtained with
K;3(QL)6E,YGFGG showed a homogeneous structure with indis-
tinguishable layers. This amorphous organization was consist-
ently observed for this membrane. Although this result is not
fully understood, the presence of an aromatic/hydrophobic
sequence (YGFGG) at the C-terminal of this MDP may have an
effect on how it behaves at the air-liquid interface, resulting in
a membrane with a different microscopic organization.
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Depending on the MDP used, the surface of the membranes
also showed differences in terms of nanotopography, reflecting
the morphology of the peptide assemblies seen using TEM.
The surface of the membrane formed with K,(QL)¢K, showed a
dense network of long nanofibers, whereas the ones formed
with K,(SV)eK, and K;3(QL)sE,YGFGG exhibited a compact struc-
ture without the presence of well-defined fibres. Membranes
made with RGDS-containing MDP showed surface topography
similar to the control membrane, but the observed nanofibres
are shorter. In contrast to the other membranes, the surface of
the membrane obtained with MDP K;(QL)GE, is less compact,
showing a more porous structure formed of entangled fine
nanofibres. Considering that the membrane formed with
K,(SV)sK, MDP did not show a nanofibrillar surface, we have
focussed the following studies on the other membranes and
using the membrane formed with K,(QL)K as a control.

3.4 Invitro membrane mineralization

It is known that the proteins involved in the mineralization
in vivo are often highly acidic, promoting supersaturation of
calcium ions necessary for the nucleation of calcium phos-
phate (CaP) minerals.*>**>* For example, it has been shown
that negatively charged surfaces promote mineralization®* and
that the presence of carboxyl groups enhances CaP nuclea-
tion.> In this study, we included glutamic acid residues in the
K;(QL)E, peptide to attract calcium ions through complexa-
tion with carboxylate groups on their side chains, leading to
the nucleation and growth of CaP. This residue has been used
to promote oriented mineralization on a supramolecular
peptide amphiphile template.*

To assess the mineralizing ability of the membranes, an
m-SBF solution was used.*® The ion concentration of this solu-
tion is 1.5-fold higher than in the normal SBF and is typically
used to accelerate the mineralization process. The SEM images
of the membranes after incubation in SBF for 21 days (Fig. 6)
revealed the formation of CaP mineral with a hemispherical
morphology. The control surface (glass coverslip) did not show
deposition of CaP minerals (data not shown). For the
membranes formed with K3(QL)¢E,YGFGG, a few CaP nuclei
were detected on the membrane, while in the other
membranes more CaP minerals were observed. The chemical
composition of the mineral formed on the membrane was
then analyzed by EDX, which confirmed the presence of
calcium and phosphorus elements (Fig. 6). The Ca/P ratios
obtained for the membranes formed with MDP K,(QL)sKo,
K;3(QL)6E,, and Kj3(QL)sE,RGDS were within the range
previously  designed for precipitated  hydroxyapatite
(Ca;0(PO4)s(OH),) between 1.33 and 1.67. Mineral formed on
the K,(QL)¢K, membrane showed a Ca/P ratio equal to 1.5,
typical of a- and P-tricalcium phosphate (Caz(PO,),).>® Since
this MDP does not contain carboxylate groups, the mechanism
for mineral formation may have first occurred through electro-
static interactions between positively charged amine groups
(NH;") of lysine (K) residues and phosphate ions (PO,*”) in the
mineralizing solution and their subsequent complexation with
Ca®". For the membranes made with K;(QL)sE,YGFGG, the
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Fig. 6 SEM micrographs and EDX analysis of the surface (peptide side)
of self-assembled membranes after immersion in SBF for 21 days. (A)
K2(QL)eK>, (B) K3(QL)6E>, (C) K3(QL)6E-RGDS and (D) K3(QL)gE,YGFGG.

ratio was 2.67, meaning that there was a higher deposition of
calcium than phosphate ions, not leading to the formation of
a desired CaP mineral.

3.5 Invitro cell adhesion

Studies investigating cell attachment on biomaterials typically
use medium supplemented with animal-derived serum. Since
the protein content of serum is poorly defined and protein
adsorption could potentially mask the effect of the chemical
signals displayed on the MDPs, serum-free conditions were
used in this study. Before culturing cells on the membranes, a
preliminary adhesion study was performed for 24 hours using
PDCs cultured on coverslips coated with MDPs bearing the
selected functionalities. The results indicated that PDCs were
able to attach (Fig. 7) to the peptide-coated coverslips, as well
as onto the control surface (uncoated coverslips).

DNA quantification results (Fig. 7A) showed that PDCs
attach to the coverslips coated with the MDPs in similar quan-
tities to the control during the first 2 hours, except in the pres-
ence of the OGP[10-14] pentapeptide. After 14 hours, similar
DNA amounts were observed under all conditions, even
though the control revealed higher DNA quantity. Under
serum-free conditions, we should not expect a significant cell
proliferation within 24 hours, therefore explaining the
decrease in DNA quantity for the control and RGDS surface
between 14 and 24 hours. However, the cells seeded on cover-
slips coated with the other MDPs were able to increase the cell
numbers up to 24 hours. To further quantify cell adhesion on
MDP-coated  coverslips, cell density was calculated
(Fig. S11AY). At 2 hours of culture, the number of cells adhered
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Fig. 7 Cell adhesion on uncoated (control) coverslips and coated with
MDPs under serum-free conditions. (A) dsDNA quantification (***p <
0.001; **p < 0.01; *p < 0.05), error bars represent standard deviation. (B)
Fluorescence microscopy images showing DAPI-phalloidin staining of
PDCs cultured for 2, 14 and 24 hours. Cell nuclei were stained blue by
DAPI and F-actin filaments in red by phalloidin.
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to the coverslip is significantly higher on the RGDS-MDP-
coated coverslip, while at 24 hours the number of cells is sig-
nificantly higher for K3(QL)sE,, which is in accordance with
the DNA quantification results. The fluorescence microscopy
images (Fig. 7B) showed cells with different morphologies
depending on the underlying substrate. Coverslips were coated
with MDPs at a concentration of 0.01 wt%, the same concen-
tration used for the TEM analysis. The differences in the size
of the aggregates observed in the TEM (Fig. 2C) may explain
the morphology of the cells on the coverslips. Cells became
elongated after 14 hours for the control surface and surface
coated with MDP containing the RGDS sequence, while the
cells on surfaces coated with K3(QL)¢E, and K3(QL)sE,YGFGG
cells remained more round throughout the 24 hours of
culture. This is confirmed by the analysis of the cell aspect
ratio (AR, Fig. S11Cf). Cells on Kj3(QL)sE, and
K3(QL)E,YGFGG surfaces exhibited lower ARs (1.46 + 0.14 and
1.88 + 0.58, respectively) at 24 hours, while on RGDS-MDP-
coated coverslips and control surfaces PDCs have higher AR
(3.03 + 0.37), confirming the observed elongated morphology.
An increase in the cell area from 2 to 24 hours is also observed
for cells cultured on these two surfaces (Fig. S11BY), revealing
increased cell spreading over time. By contrast, cells on the
K3(QL)¢E, and K;3(QL)sE,YGFGG surfaces are more spread
2 hours after seeding and maintain their spread morphology
at 24 hours. TEM images of K3(QL)cE, and K3(QL)sE,YGFGG
showed short aggregates, while RGDS-containing MDP forms
longer fibers. Cells may adapt their morphology according to
the surface nanotopography, suggesting that PDCs seemed to
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recognize the nanostructural features formed by the different
MDPs. Despite these differences in the size of the assemblies
formed by the various peptides, the surface chemistry (charge,
hydrophobicity) may also have influenced the morphology of
the attached cells. However, in this preliminary cell adhesion
assay, it is not clear which factor contributes to the cell mor-
phology, as it was not possible to decouple the chemical and
physical features presented by the peptide assemblies. Several
studies have shown that cells develop an elongated and flatter
morphology on stiff substrates, than when cultured on soft
surfaces.”””® When culturing cells on rigid substrates, such as
coverslips, they generate more traction forces and typically
exhibit pronounced actin stress fibres. While this has been
observed for the control and RGDS-MDP-coated coverslip, the
other two MDPs seemed not to favor this behavior.

To present the bioactive epitopes displayed on the MDPs to
cells in a more physiologically relevant physical environment,
membranes were fabricated by self-assembly using HA and
MDPs. PDCs were seeded and cultured on these membranes
under serum-free conditions. No cell proliferation was
observed from 14 to 24 hours when PDCs were cultured on
soft HA-MDP membranes. DNA quantification results (Fig. 8A)
showed that when seeded on OGP[10-14]-containing mem-
branes, PDCs were significantly higher in number than under
the other conditions for all time points, also confirmed by cell
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Fig. 8 Cell adhesion on HA-MDP membranes under serum-free con-
ditions. (A) dsDNA quantification (***p < 0.001; **p < 0.01), error bars
represent standard deviation. (B) Confocal microscopy images showing
DAPI-phalloidin staining of PDCs cultured on the membrane surface
(peptide side) at 2, 14 and 24 hours. Cell nuclei were stained blue by
DAPI and F-actin filaments in red by phalloidin.
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density analysis (Fig. S11D7). Despite a small number of cells
was found attached to the RGDS membrane, contrary to what
was expected, the cells clearly exhibited a more extended mor-
phology with focal adhesions, suggesting a distinct interaction
with the membrane. These results suggest that the presence of
OGP[10-14] pentapeptide enhanced the adhesion or survival
of PDCs on the membranes. It has been shown that OGP
[10-14] regulated cell proliferation and had a positive impact
on cell numbers for osteoblastic-like cells.>’” Although our
studies indicate that OGP[10-14] leads to enhanced cell
adhesion under serum-free conditions, further and more
detailed studies are needed to fully understand this effect. Cell
morphology and distribution on the membranes were analyzed
by confocal microscopy (Fig. 8B). Under all three conditions,
PDCs were found to adhere throughout the membranes. After
24 hours, the PDCs cultured in the presence of RGDS pre-
sented a more elongated morphology in comparison with the
other conditions. The quantification of cell morphology
(Fig. S11E and Ff) showed that PDCs cultured on membranes
containing the K3(QL)sE,YGFGG MDP are initially more spread
than on the other membranes, as measured by higher cell
area, but at 24 hours cells on K3(QL)¢E, exhibited an increased
cell area. Although cells on the RGDS-containing membrane
showed a lower area at 24 hours, their AR is significantly
higher (2.76 + 0.40), indicating a more elongated morphology.
This might be related to differences in the microstructure of
the membrane surfaces (Fig. 5C-E). The surface of the mem-
brane formed with RGDS-containing MDP showed compacted
nanofibers, whereas a more loose nanofibre network was
observed in the membrane without a bioactive sequence and a
relatively smooth surface for the membrane containing the
OGP-derived pentapeptide. In addition, the presence of RGDS
is expected to promote integrin binding that induces changes
in the cytoskeletal organization.®® Differences in cell mor-
phology were also observed previously, when rat MSCs were
cultured on the HA side of the membrane, as compared to the
peptide side containing the RGDS sequence.”® When cultured
on the HA face, there were less cells attached exhibiting a
rounded morphology. The less elongated cell morphology
observed on the membranes, compared to coverslip substrates,
is somehow expected, considering their softness. The mor-
phology of PDCs was further examined by SEM (Fig. 9). Under

K,(QL)sE,RGDS

K3(QL)eE,

K,(QL),E,YGFGG

Fig. 9 SEM images showing PDCs on the surface of HA-MDP self-
assembled membranes (peptide side) after 2 and 14 hours of culture
under serum-free conditions.
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all conditions, PDCs were seen to adhere to the membrane
surface 2 hours post-seeding, exhibiting numerous pseudo-
podia and suggesting enhanced and stable adhesion to the
membranes. After 14 hours, the PDCs cultured on membranes
with K3(QL)6E, and K;3(QL)sE,RGDS were more flat, showing
extended lamellipodia and filopodia and close interactions
with the membrane surface. On the membranes formed with
YGFGG-containing MDP, the cells were not fully extended,
which might be due to the smoothness of the membrane
surface. Collectively, the results showed good cell adhesion
and interactions with the membrane surfaces under serum-
free conditions. In addition to cell attachment, cell culturing
substrates should also support the proliferation and spreading
of attached cells. To assess cell proliferation on the mem-
branes, cells were cultured in the presence of serum up to 14
days (Fig. S12t). These assays showed similar proliferation
rates on the different membranes, with slightly higher prolifer-
ation for the OGP[10-14]-containing membranes (Fig. S12AT).
Previous studies using OGP, immobilized on solid substrates*"
or incorporated into self-assembling peptide gels,’® showed
increased proliferation of pre-osteoblast cells (C3 T3-E1). The
low proliferation rate seen for PDCs on the HA-MDP from day
7 to day 14 may indicate a transition from a proliferative phase
to an early differentiation. SEM images at day 14 (Fig. S12B¥)
showed numerous cells adhered to the membrane surface,
confirming that cells remained attached and spread on the
membrane, but not in a confluent cell layer.

In this study, MDPs bearing different functionalities were
used to co-assemble with HA, but future work should investi-
gate variations in the density of these functionalities on the
membrane to determine optimal cell responses, as shown in
previous studies. For example, when incorporating the
laminin-derived epitope (IKVAV) into a peptide amphiphile at
different molar ratios (100:0, 90:10, 50:50, 40:60, and
10:90), the percentage of neural progenitor cells that differen-
tiated into neurons was superior when the density of bioactive
epitope was higher than 40%.°" Nonetheless, the results from
the cell adhesion and proliferation assays on the membranes
suggest their potential in bone tissue engineering appli-
cations. These membranes can serve as scaffolds for the
attachment and growth of PDCs and then be implanted in vivo
to promote bone regeneration. Tejeda-Montes et al®?
implanted thin elastin-based membranes, functionalized with
mineralizing sequences derived from the statherin protein,
into a 5 mm critical-size rat calvarial defect model and showed
increased bone volume within the defect after 36 days after
implantation. The membranes reported here could also be
tested in a similar set-up, with or without cells attached, and
potentially be used as barrier membranes in guided bone
regeneration (GBR). According to a recent review on GBR,®’ the
resorbable membranes used in this oral surgical procedure are
typically made of synthetic copolymers of polylactide and poly-
glycolide (PLGA) or collagen. These membranes present
several limitations, such as inflammatory reaction caused by
acidic degradation products of PLGA and need for chemical
crosslinking to improve collagen stability. In addition, they do
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not present functional organization or selective bioactivity. By
contrast, the membranes reported here present a nano-
structured organization with defined biochemical functional-
ities, while maintaining mechanical integrity in vitro in a
physiological-like environment (up to 21 days) without the
need for chemical crosslinking.

4 Conclusions

Novel self-assembled membranes were fabricated by combin-
ing negatively charged hyaluronan and multi-domain peptides
containing different functionalities designed to promote bone
regeneration. All the developed membranes showed intrinsic
mineralizing capacity and the incorporation of different func-
tionalities in the MDP sequence affected the microstructural
organization of the membranes. The in vitro cell culture
showed that the membranes were able to support the adhesion
of primary human periosteal cells under serum-free con-
ditions. These results indicate the potential of these mem-
branes to deliver specific cell populations in vivo. The fabrica-
tion method (self-assembly) and water solubility of the build-
ing blocks allow the incorporation of cells during the mem-
brane fabrication. The integration of multiple and specific bio-
chemical signals in these nanostructured membranes can
provide synergistic signalling to cells, stimulating their growth
and differentiation and ultimately be used in bone regener-
ation applications. In addition, these membranes can be
assembled in situ inside microfluidic devices and be used as
cell culture substrates for “lab-on-chip” technologies. While
these self-assembling membranes were designed for bone
regeneration, they can also be used in a variety of applications
in regenerative medicine, such as skin, cardiac tissue, or
cornea, as they can be easily modified to specifically target
those tissues.
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