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Controlling the cellular microenvironment is thought to be critical for the successful application of
biomaterials for regenerative medicine strategies. Self-assembling peptides are proving to be a promising
platform for a variety of regenerative medicine applications. Specifically, RADA16-I self-assembling peptides
have been successfully used for 3D cell culture, accelerated wound healing, and nerve-repair. Understanding
the fundamental mechanisms for protein mobility within, and ultimately release from, this nanostructured
system is a critical aspect for controlling cellular activity; studies which are largely lacking within the
literature. Herein, we report that designer self-assembling peptide scaffolds facilitate slow and sustained
release of active cytokines that are extremely relevant to many areas of regenerative medicine. In addition,
multiple diffusive mechanisms are observed to exist for human βFGF, VEGF and BDNF within RADA16-I
and two different RADA16-I nanofiber forming peptides with net positive or negative charges located at the
C-terminus. In some cases, two populations of diffusing molecules are observed at the molecular level: one
diffusing fully within the solvent, and another that exhibits hindered mobility. Results suggest that protein
mobility is inhibited by both physical hinderances and charge induced interactions between the protein and
peptide nanofibers. Moreover, assays using adult neural stem cells (NSCs) are employed to assess the
functional release of active cytokine (βFGF) up to three weeks. Our results not only provide evidence for
long-term molecular release from self-assembling peptide scaffolds but also inspiration for a plethora of slow
molecular release strategies for clinical applications.
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1. Introduction

Facilitating advantageous cellular activity through controlling the
local cues within the cellular microenvironment is the ultimate goal of
the majority of regenerative medicine studies. Hydrogels that are
amenable to non-invasive therapies have long been recognized as
being crucial to regenerative medicine efforts [1–3]. Recently, it has
been shown that hydrogels formed from self-assembling peptides
(RADA16-I) have attributes that make them ideal for soft-tissue
applications [4,5]: generally non-immunogenic, lacking an inflamma-
tory response, non-thrombogenic, applicable to non-invasive thera-
pies (i.e. void filling), gel under physiological conditions, stimulates
cellular response via a 3-D microenvironment, while maintaining an
internal hydration of up to 99.5% (w/v) water [6–10]. For these
reasons, self-assembling peptides have gained acceptance as scaffolds
for 3-D cell culturing systems [11–13], regenerative medicine
applications [10,14], and drug delivery applications [9,15,16]. It is
thought that the biocompatible traits of RADA16-I, coupled with the
ease of peptide functionalization, should allow for the development of
novel cell based therapies [11]. Utilization of these materials for
regenerative [9] medicine purposes necessitates the controlled presen-
tation of therapeutically relevant proteins for directing cellular activity;
where it is generally agreed that hydrogels used for regenerative
medicine strategies should be capable of modulating the mobility of
bioactive proteins as a means of altering their presentation to local
cells [15].

The programmability of the amino acid sequence of these self-
assembling proteins allows a means of controlling and fine-tuning
nanofiber properties at the molecular level. This programmability
may provide a platform from which peptide engineering may
significantly affect molecular diffusion. However, despite the recog-
nized importance of incorporating and controlling the release of
therapeutically relevant biomacromolecules including cytokines, very
little work has focused on understanding the crucial role that the
physicochemical properties of these nanofibers have on influencing
the release mechanism, release rate, solution protein conformation
and protein function. This information is of fundamental importance,
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as protein diffusion through hydrogels may not only affect host tissue
events at the implantation site but may also dictate cellular events
within the construct itself (e.g. gene expression, stem cell differen-
tiation, etc.). Some examples of protein release from these designed
peptide scaffolds include the in vivo delivery of IGF from biotinylated
RADA16-I nanofibers, which yielded a slow release of IGF-1 upon
being implanted within the infarcted myocardia of rats [15]. Small
molecule releases from these self-assembled scaffolds were shown to
be affected by nanofiber backbone charge [9,16]. For unmodified
RADA16-I systems [17], a clear relationship between protein release
kinetics and nanofiber density, relative to protein dimension, was
previously demonstrated. Herein we attempt to elucidate the effect of
nanofiber charge upon the mobility of similar sized proteins of
different isoelectric points. Moreover, cellular activity studies are
conducted to investigate the period of functional release of cytokines
that occurs from these systems. It is hoped that coupling the in-gel
dynamics of protein mobility with functional release studies will
allow for further engineering of these nanofiber scaffolds so as to
augment cellular activity.

To this end, we selected several cytokines, of similar molecular
weight (Table 1) but differing isoelectric points, to incorporate into 3
hydrogel scaffolds: a) RADA16-I (Ac-RADARADARADARADA-CONH2),
b) RADA16-DGE (Ac-RADARADARADARADAGGDGEA-CONH2) and c)
RADA16-PFS (Ac-RADARADARADARADAGGPFSSTKT-CONH2) that
have net charges of neutral, negative and positive at a solution pH
of 17.4, respectively. Basic-fibroblast cytokine (βFGF, +), vascular
endothelial cytokine (VEGF, −) and brain-derived neurotrophic factor
(BDNF, +) were used as molecular probes because: 1) they had similar
sizes but overall charge differences; 2) cell function assays were
generally available and 3) they are used in a number of in vitro tests and
in vivo experimental therapies [18,19]. Thus, it is thought that these
cytokines would provide evidence that adding negatively or positively
charged domains to RADA16-I would effectively modulate their release
from these hydrogels.

Despite the intense effort expended upon determining the rate of
protein mobility within various biomaterial constructs, most employ
the 1-D unsteady-state form of Fick's second law [21–23]. The
widespread application of which is problematic given the constraints
that net diffusion is considered concentration independent and that
there is an absence of solute–material interactions [24,25]. The latter
being reported as being involved in altering the mobility of difusing
solutes in several articles looking at diffusion within peptide based
hydrogels, which utilize this unsteady-state Fickian model [26,27].
Neither simple bulk measurements of molecular release kinetics into
Table 1
Physicochemical properties for all proteins and self-assembling peptides, including net
charge, molecular weight (MW), and solution diffusivity. pI was calculated using amino
acid pK values as described elsewhere [20]. Solution diffusivity was measured using
fluorescent correlation spectroscopy methods, with protein concentrations between
14nM and 0.5nM.

pIl, exp'1, calc'd Net charge,
pH 7.4

MW,a Da Solution
diffusity,b

×1010m2/s

Protein 14–0.5 nM
βFGF 10.03, 9.59 + 17,100 1.4–2.2

(±0.1)
BDNF 9.99, 9.59 + 27,000 1.8–2.1

(±0.1)
VEGF n/a, 7.2 − 38,200 1.6–2.2

(±0.1)

Matrix
RADA16-I 7.4, 8.1 Neutral 1713
RADA16-DGE n/a, 4.2 − 2199
RADA16-PFS n/a, 11.1 + 2576

a GF molecular weight as provided by supplier.
b As measured using FCS techniques, n=5 for all protien concentrations.
solution [28] nor even more sophisticated methods like fluorescence
recovery after photobleaching (FRAP) can provide a means of
determining population distributions of molecular mobility within
hydrogel materials [26]. To address this shortcoming, recent work has
focused on using ‘single-molecule’ fluorescence correlation spectros-
copy (FCS) approach that allows for the experimental determination
of the diffusion properties of in-gel proteins [17]. This technique
allows for the characterization of diffusion parameters for different
sub-populations of a single protein population within the nanofiber
matrix. The theory of which has been discussed in detail elsewhere
[29–31].

The results we obtained suggest that the charged residues added
to the carboxyl-termini of RADA16-I influence cytokine–nanofiber
interactions, altering their release kinetics. In general, two popula-
tions of diffusing molecules were identified, one being attributed to
the diffusion of molecules in the large aqueous ‘void’ of the 1% (w/v)
peptide nanofiber scaffold and the other a population of cytokines
that are impeded via an interaction with the nanofiber scaffold. It is
likely that the slower population of diffusing molecules may allow for
the long-term delivery of cytokines, whichwere observed to influence
cells in vitro for several weeks. Here, we observed that electrostatic
differences between the nanofiber and the cytokine had an effect on
their mobility, suggesting that inhibition of cytokine mobility within
the hydrogel was not only due to the physical presence of the
nanofibers, but also was affected by nanofiber charge. To our
knowledge, this is one of the first studies to characterize systemat-
ically the diffusive characteristics of multiple populations of a single
cytokines within a nanofiber scaffold. It is thought that this
information will allow for the design of cellular microenvironments
for many regenerative medicine applications.

2. Materials and methods

2.1. Self-assembling peptide synthesis and cytokine labeling

The self-assembling peptides RADA16-I, RADA16-PFS and
RADA16-DGE were synthesized using a CEM liberty microwave
automated synthesizer. Sample masses were characterized using
MALDI-TOF mass-spectrometer (Applied Biosystems), HPLC purified
to greater than 95% (results not shown) (Waters), lyophilized
(Labconco) and dissolved at 1% concentration ((w/v) in distilled
water, pH~3). Neutral pH7.4, phosphate buffered (PB) solutions were
prepared by adding specific amounts of Monosodium phosphate
(Sigma), monohydrate and Disodium phosphate, heptahydrate
(Sigma) to distilled water. Cytokines (human recombinant BDNF,
human recombinant βFGF and human recombinant VEGF121) were
purchased from Peprotech (Rocky Hill, New Jersey) and used without
further purification. Alexa Fluor® 647 Microscale Protein Labeling
Kit was purchased from Molecular Probes (Carlsbad, California), and
used to label the cytokines: un-reacted dyes were removed from the
reaction mixture via centrifugation.

2.2. Diffusion experiments experimental setup

Labeled and unlabelled protein concentrations were measured by
a NanoDrop Spectrophotometer (NanoDrop Technologies). The final
concentration of the self-assembling peptides was 0.9% (w/v) while,
within gel solutions labeled and unlabeled protein concentrations
were 5nM and 50nM respectively. These solutions were used for all
fluorescent correlation spectroscopy (FCS) experiments, which were
carried out at room temperature (RT) using the MF-20 (Olympus,
Japan). Peptide–protein solutions were placed in 384-multiwell glass
microplate (20μL per well) and 180μL of buffer was slowly added so
as to accelerate peptide self-assembly. Protein release experiments
were performed at RT, where supernatants (100μL) were sampled at
0.5, 1, 2, 3, 5, 8, 24, 30 and 48h. Sampled supernatant was replaced by



Fig. 1. Cytokine release profiles from hydrogels composed of RADA16-I. βFGF (□),
VEGF ( ) and BDNF (■) were released from RADA16-I hydrogels for up to 48 h. It is
evident that VEGF was released slower than the other protein systems, whereas βFGF
and BDNF were slightly separated in their release rates and amounts. Data represent
average value±1 SD, nN5. Note that lines are to guide the eye, and do not represent
modeling results.
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fresh buffer. These data points allowed for the direct determination of
released protein amounts as a function of time. It should be mentioned
that due to the fact that there may exist an interaction between the
diffusant and the nanofibers, diffusivities calculated using bulk release
techniques yield apparent diffusivities and are for comparison purposes
only: between both different systems and values determined using FCS
characterization techniques. Moreover, FCS techniques were used to
characterize cytokine diffusion within the self-assembled peptide
scaffold and supernatants at selected time points. Although several
algorithmshavebeendeveloped to analyze the autocorrelation function
for anomalous diffusion cases [32–34], the equipment used in our
experiments (OlympusMF-20) did not allow for thefitting of thedata in
this manner. Moreover, this equipment did not allow for the capture of
the raw autocorrelation data, thus other algorithms could not be
employed to characterize these data.

2.3. In vitro βFGF release: neural stem cell proliferation test

Adult mouse neural stem cell (NSC) cultures were established and
expanded as previously described [11]. NSCs were seeded at a
concentration of 20×103 cells/well of a 24-multiwell plate (BD
Falcon, San Jose, US) two days after the last mechanical dissociation in
order to seed the maximum percentage of stem cells. Standard NSC
culture medium deprived of cytokines was used for the experiment
(500 μL per well). Peptide solutions 1% (v/w) were mixed with βFGF
solutions (1:40 ratio): final cytokine concentration within gel was
100nM. As the purpose for these experiments was to investigate
functionality of released βFGF, this concentration was chosen in order
to maintain a working dilution (1:12 between scaffolds and cell culture
media) of the fraction of βFGF released in the media capable of
stimulating NSC proliferation over multiple weeks (as an example the
concentration ordinarily usedwithNSCexpansion cultures is 20 ng/mL)
[35]. An aliquot of 40 μL of gel and βFGF solution was applied to
cell culture inserts membranes (1 μm pore size; Falcon) and allowed to
self-assemble in wells filled with PBS (7.4 pH) for 30min: for negative
controls empty inserts were used. Inserts with scaffolds were placed in
wells with NSCs. Culture experiments continued for four weeks, where
cell proliferation was assessed weekly using MTT assay (see next
paragraph) while inserts with scaffolds were placed in new wells with
PBS first for washing from previous medium then in wells with same
initial concentration of NSCs and fresh medium.

2.4. Cell imaging and proliferation assay

Cell imaging was performed using an inverted microscope (Zeiss)
one week after seeding. To assess the viability of proliferated cells
upon exposure to released βFGF from peptide scaffolds, a quantitative
method, MTT assay (Sigma), was used. MTT (3-(4,5-dimethylthiazol-
2yl)-2,5 diphenyl tetrazolium bromide) was prepared in a 5 mg/mL
stock solution in PBS, then added to the culture medium in a ratio of
1:100. After an hour of incubation at +37 °C, the MTT solution was
removed and the insoluble formazan crystals were dissolved by
soaking scaffolds and cells for 15 min in 250μL of dimethylsulfoxide
(DMSO). The absorbance was measured by using a Versamax
microplate reader (Molecular Devices, Sunnyvale CA) at an absorption
wavelength of 550 nm. For the cell viability test the direct propor-
tional linearity between the optical density and the viability/
metabolic activity of the cell populations was assessed by verifying
the linearity of 5 different standard curves at 6 increasing cell
concentrations, ranging from 2×103 to 2×105 cells/well. Results are
expressed as arbitrary absorbance units (a.a.u.).

3. Results and discussion

We have reported previously that RADA16-I [17] and RADA16-PFS
[11,36] peptides (Table 1) self-assemble into nanofibers upon
exposure to neutral pH solutions [11]. Using similar techniques,
RADA16-DGE has been shown to self-assemble into nanofibers (see
Supplementary data). While single fiber thickness may slightly vary
between these three constructs by a few nanometers, when 6 and 9
amino acids appended to RADA16 [36], it is expected that this does
not alter significantly the pore size distribution between the various
nanofiber systems that may influence the in-gel mobility of proteins.
This is especially apparent when one considers the large fraction of
water (~99%) within these hydrogels themselves.

3.1. Apparent diffusivity and plateau release kinetics: solution data

Cytokine release profiles for all peptide scaffold systems are
presented (Figs. 1–3). In general it is apparent that cytokine release
from these hydrogel scaffolds was largely affected by the relative
scaffold and protein charge, as well as protein molecular weight.
Slightly negatively charged VEGF release from RADA16-I was
suppressed compared to both positively charged βFGF and BDNF, as
illustrated in the general release profile (Fig. 1) and the subsequently
determined apparent diffusivity values (Table 2).

VEGF apparent diffusivity values were order of magnitude slower
than both positively charged cytokines for release from RADA16-I.
Despite the fact that RADA16-I has a net neutral charge at pH7.4, a
potential for charge separation along the nanofiber has been shown to
exist [9] due to the fact that the guanidinium group of the arginine
side chain extends farther from the nanofiber surface than the
neighboring carboxylic acid group of aspartic acid. It was previously
determined [9] using small molecules that the access to the negatively
charged aspartic acid within the nanofiber was significantly inhibited,
whereas access to the positively charged arginine played a dramatic
role in dictating small molecule release from RADA16-I hydrogels. As
the guanidinium group has a pKa of 12.48, it readily adopts a positive
charge in almost all environments. The presence of a high density of
these positively charged guanidinium groups along the nanofiber
surface has recently been shown to play a critical role in dictating the
release of small negatively charged molecules from RADA16-I [9]. The
results shown in Fig. 1 suggest that the release of negatively charged
VEGF from RADA16-I is slower compared to cytokines of somewhat
similar molecular weight but opposite charge, suggesting that VEGF



Fig. 2. Cytokine factor release profiles fromhydrogel scaffolds composed of RADA16-DGE.
βFGF (□), VEGF ( ) and BDNF (■) were released fromRADA16-DGEhydrogel scaffold for
up to 48 h.βFGF and BDNFwere similar in their release rates and amounts and suppressed
compared to VEGF. Data represent average value±1 SD, nN5. Note that lines are to guide
the eye, and do not represent modeling results.

Table 2
Apparent in-gel diffusivity ( D × 1010m2 = s) values as determined from the release
profile of βFGF, VEGF, and BDNF from hydrogels composed of RADA16-I, RADA16-DGE,
and RADA16-PFS.

βFGF VEGF BDNF

RADA16-I 0.26±0.02 0.06±0.01 0.77±0.05
RADA16-DGE 0.039±0.002 0.19±0.02 0.067±0.004
RADA16-PFS 0.91±0.08 0.09±0.01 2.2±0.3
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mobility may be hindered via interaction with the presence of the
positive guanidinium. Moreover, these results support the previous
finding [9] that although there are negative carboxylic acids in the
backbone of the nanofiber, they may not play a significant role in
dictating the release kinetics of molecules. It is probable that these
carboxylic acids are sufficiently screened, either sterically or with
counterions, making them inaccessible for interaction with positively
charged proteins. Trends observed in Figs. 2 and 3 further support the
conclusion that charge effects are an important mechanism for the
release of proteins from these hydrogel scaffolds, where VEGF release
is greater than the positively charged cytokines in negatively charged
RADA16-DGE, and lower in positively charged RADA16-PFS.

RADA16-DGE is comprised of RADA16-I with two negatively
charged amino acids added to its C-terminus. Plateau released
Fig. 3. Cytokine release profiles from hydrogel scaffolds composed of RADA16-PFS.
βFGF (□), VEGF ( ) and BDNF (■) were released from RADA16-PFS hydrogel scaffold
for up to 48 h. VEGF was released slower than the other protein systems, whereas
almost all BDNF were released. βFGF release was slightly impeded in comparison to
BDNF. Data represent average value±1 SD, nN5. Note that lines are to guide the eye,
and do not represent modeling results.
amounts (Fig. 2) and apparent diffusivity values (Table 2) showed a
similar trend for βFGF, BDNF and VEGF release. The suppression of
both βFGF and BDNF release from RADA16-DGE yielded apparent
diffusivity values ~75% of VEGF. It is apparent that the addition of
these negatively charged residues to RADA16-I reduces the release
kinetics of both positively charged cytokines, when compared to
RADA16-I itself. Respective plateau release amounts of βFGF and BDNF
from RADA16-DGE were determined to be similar at ~0.19; this being
much less than the ~0.4 and ~0.6 amounts observed in RADA16-I. These
results suggest that even though the negatively charged carboxylic
acids within RADA16-I seem not to interact with the positively charged
cytokines, the addition of negatively charged residues to RADA16-I's
C-terminus does affect protein–nanofiber interactions. Thus, the
release of positively charged cytokines was greatly reduced in the
RADA16-DGE system compared to the RADA16-I system. VEGF,
however, has exhibited a greater plateau release amount for RADA16-
DGE (~0.4) compared to RADA16-I (~0.2) systems. The increase in
plateau release amount in this case may be due to the repulsive events
between the negatively charged species. However, it is still apparent
that the presence of these C-terminus negative residues does not
provide a sufficient barrier for reducing the interaction that probably
occurs between VEGF and the guanidinium groups on the RADA16-I
portion of the nanofiber backbone. However, the total release observed
during this time periodwas only ~0.4, a result thatmay suggest that the
VEGF diffusion is hindered by the nanofibers.

RADA16-PFS is comprised of a RADA16-I segment with additional
positively charged amino acids appended to the C-terminus. Plateau
release amounts (Fig. 3) and apparent diffusivity values (Table 2)
yield similar trends for the release of βFGF, BDNF and VEGF from
RADA16-PFS; illustrating that the addition of these amino acid
residues to RADA16-I facilitates the movement of positively charged
species through the scaffolds. Similar to the release from RADA16-I,
VEGF release from RADA16-PFS yielded apparent diffusivity values an
order of magnitude lower than both positively charged cytokines.
Again similar to RADA16-I data, the steady-state release of VEGF and
βFGF was similar but much less than BDNF. Plateau release amounts of
βFGF and BDNF increased from ~0.4 and ~0.6 in RADA16-I systems to
~0.9 and ~1 inRADA16-PFS systems, respectively. There is no significant
difference between the plateau release amount of VEGF from RADA16-I
and RADA16-PFS systems, both being ~0.2; thus, suggesting that the
additional positive charges present on RADA16-PFS did not significantly
alter the overall interaction between these nanofibers and VEGF.

Ample evidence for the effect of charge upon cytokine mobility is
provided in Figs. 1–3, and it is evident that there is a difference in
mobility between the positively charged βFGF and BDNF, for example,
the release of βFGF is lower than BDNF for RADA16 and RADA16-PFS.
A result that is discussed in more detail below.

3.2. In-gel cytokine mobility: FCS data

Despite the apparent differences in the amount and rate of
released proteins as a function of charge, the underlying mechanisms
responsible for this are not easily resolved. The determined apparent
diffusivities derived from the release profiles cannot further elucidate
the mechanisms by which molecules move through the scaffold.
FCS techniques were employed in order to observe the dynamic
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motion of the molecules within the peptide nanofiber scaffolds in situ.
As we are investigating molecules moving in a complex hydrogel,
changes in translational diffusion time (τD) can occur as a result of
several events: protein aggregation, weak protein–nanofiber interac-
tions, and path-length differences within the confocal volume due to
steric effects of nanofibers. Therefore, any event that increases the
time it takes the molecule to traverse the confocal volume should
increase τD, and thus decrease the observed diffusivity value. Previous
work has shown, for 1.5% (w/v) agarose gels, that diffusion of non-
interacting solutes can be characterized by models that account for a
combination of obstruction due to cylindrical cells and local
hydrodynamics within the hydrogel [34]. It has also been shown
that for interacting spheres traversing a network of very long and thin
rods of cholesteric liquid crystal molecules that their diffusion is
related to the tracer size relative to the network mesh-size and that
both hydrodynamic and rod-sphere interactions further dictate tracer
mobility [37,38].

Given the variety of known constraints, we reasoned that through
choosing tracer proteins of similar sizes it would be possible to isolate
and investigate charge effects on in-gel diffusivity. Table 1 illustrates
the effectiveness of the FCS technique, as well as the effect of
molecular crowding on protein diffusion. Using pure protein solutions
ranging in concentration from 0.5nM to 14nM, it was possible to
characterize all proteins as being a single population of diffusants,
with diffusivities ranging from 1.4 to 2.2×10−10m2/s, respectively.

It is important to point out that FCS techniques only provide
information about the mobile population of molecules; immobile
proteins cannot be characterized and do not influence the diffusivity
values. Table 3 details the average in-gel diffusivity and fraction for all
populations of mobile cytokines at two points of time (2 and 48h)
during release. In general, after 2h of release, all systems were
described as having two populations of mobile fractions with different
τD values and population fractions; exceptions include the mobility of
VEGF in RADA16-I and BDNF in RADA16-PFS, which were character-
ized as a single population of diffusing species. For this time point, it is
apparent that multi-scale diffusion events occur within most
nanofiber scaffolds, most likely a result of: 1) cytokines that are
‘freely’ diffusing through the aqueous phase of the hydrogel; and 2)
‘hindered’ diffusion that is a combination of charge effects between
cytokines and nanofibers as well as steric effects due to protein size.
After 48h of release, it was observed that the majority of systems
could be characterized as a single population of diffusing molecules;
the exception being βFGF diffusion in RADA16-I. The disappearance of
the slower population of diffusing molecules may indicate that
cytokines, which were hindered in their motion have either become
Table 3
Summary of in-gel mobility of 3 cytokines for 3 different hydrogel scaffolds after 2h and 48h
and population fractions (F). Values represent mean±1 SD for nN5.

2-hour time point

D1, ×1010m2/s F1, % D2, ×1010m2/s F2, %

RADA16-I
βFGF 1.79±0.04 86±4 0.032±0.007 14±4
VEGF 0.38±0.02 100±0 – –

BDNF 2.0±0.1 87±3 0.09±0.02 14±2

RADA16-DGE
βFGF 1.37±0.07 71±5 0.036±0.006 12±4
VEGF 1.5±0.1 54±5 0.28±0.06 28±6
BDNF 1.4±0.1 69±4 0.18±0.06 16±4

RADA16-PFS
βFGF 1.5±0.2 83±8 0.19±0.05 19±9
VEGF 1.8±0.4 68±34 0.42±0.01 8±0.5
BDNF 1.6±0.1 10±0 – –

Total count rate within the volume for these points was above the manufacturer's recomm
Δ1Sample count rates of ~10 kHz, model χ2 values were ~250.
immobilized on the nanofiber (and thus not measured), or have been
freed from the nanofiber into the ‘aqueous’ phase of the 1 wt.%
peptide nanofiber scaffolds. Moreover, it is apparent that FCS
diffusivity values for all 3 cytokines were dissimilar to the apparent
diffusivity values listed in Table 2. Rather, it was possible to measure
the subpopulations of diffusing molecules using the FCS technique.

Cytokine diffusion within RADA16-I (Table 3) shows that after 2h
of release the positively charged βFGF and BDNF have a significant
fraction (~86%) that has a similar mobility. These data suggest that
this fraction of molecules was traversing the nanofiber scaffolds
through the aqueous phase. The remaining fraction (~14%) of mobile
βFGF and BDNF exhibits diffusivity values two orders of magnitude
less than the first fraction, suggesting that these molecules may be
hindered in their diffusion through the scaffold either by interaction
with nanofibers, or via steric effects. After 48h of release it is apparent
that all BDNFmolecules weremoving within the aqueous phase of the
hydrogel. The relative fraction of βFGF interacting with the nanofiber
increased from ~14 to 40% from 2 to 48h. This increase in the
population of molecules experiencing hindered diffusion may result
from the decreasing concentration of βFGF in the local aqueous phase
only. However, it should be noted that the counting statistics for this
data set were low andmay lead to a low confidence in this value. βFGF
and BDNF mobility was drastically greater than that of the negatively
charged VEGF within RADA16-I, which was characterized by a single
population of mobile proteins with a diffusivity of ~0.38×10−10m2/s.
These data suggest that VEGF mobility is impeded, possibly due to its
interaction with the nanofibers of the nanofiber scaffold, and that the
diffusivity value represents the general mobility of these molecules as
they interact with the guanidinium groups along the RADA16-I
nanofiber. Perhaps presenting the mechanistic reason that VEGF
release, as illustrated in Fig. 1, was severely hindered compared to the
release of βFGF and BDNF from RADA16-I. After 48h of release, it was
observed that VEGF diffusion was similar to the 2-hour time point.

For RADA16-DGE systems, the mobility of both positively charged
cytokines (βFGF and BDNF) was significantly altered. After 2h of
release, the fraction of βFGF and BDNF with diffusivities similar to
solution free molecules dropped from ~86% in RADA16-I to ~70% in
RADA16-DGE, while the diffusivity values for this population also
dropped from 1.79 and 2 to ~1.4×10−10m2/s. As protein concentra-
tion was similar between the two systems, these differences suggest
an increase in nanofiber–protein interaction due to charge and
coinciding with the overall release profiles outlined in Fig. 2. After
48h of release, the majority of molecular transport occurs within the
aqueous phase of the hydrogel. When considering the mobility of the
negatively charged VEGF through the RADA16-DGE nanofiber
of release as determined using FCS techniques. Data include population diffusivities (D)

48-hour time point

D1, ×1010m2/s F1, % D2, ×1010m2/s F2, %

1.4±0.4Δ1 63±11 0.06±0.03 40±10
0.5±0.1 100±0 – –

2.0±0.2 100±0 – –

1.26±0.05 100±0 – –

1.9±0.1 100±0 – –

1.6±0.3 100±0 – –

1.6±0.1 100±0 – –

1.9±0.1 100±0 – –

1.8±0.3 100±0 – –

ended minimum, except where otherwise indicated (Δ); model χ2 were low at 10–30.
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scaffold, it is apparent that addition of negatively charged residues
significantly altered their in-gel mobility. After 2h of release, a large
fraction (~55%) of VEGF had mobility only slightly suppressed
compared to the solution condition, whereas the remaining fraction
experienced a diffusivity ~0.28×10−10m2/s, similar to that observed
for VEGF in RADA16-I, suggesting that this population of VEGF may
closely interact with the RADA16-I segment of the nanofibers. Also,
these results may explain the mechanistic differences that resulted in
the increase in both the release rate and plateau release amount of
VEGF in RADA16-DGE (Fig. 2). After 48h, it was observed that all VEGF
transport occurs in the solution phase.

After 2h of release, cytokinemobility within the positively charged
RADA16-PFS nanofiber scaffold (Table 3) yielded a large fraction of
βFGF and BDNF (~83 and 100, respectively) that had mobility similar
to the solution values. The increase in population of βFGF and BDNF
from ~70 in RADA16-DGE to N83 in RADA16-PFS is thought to be
directly related to the presence of the positively charged residue
appended to the RADA16-I segment of RADA16-PFS. The slower
moving fraction of βFGF (~20%) has an increased diffusivity as
compared to the RADA16-I situation. The diffusing populations of
βFGF and BDNF were found to be solely within the solution phase of
the hydrogel after 48h of release. VEGF mobility within RADA16-PFS,
after 2h of release, yielded a system of two populations of average
diffusivities of ~1.8 and ~0.4×10−10m2/s. It is apparent that the
slower moving fraction of VEGF has a similar diffusivity value
(~0.4×10−10m2/s) throughout all three scaffolds, suggesting that
RADA16-I interactions persist throughout all experiments. This
system did show a large fraction of VEGF diffusing in the solution
phase, however, the relative error for both the diffusivity and the
fraction reduces the confidence in these values. After 48h of release, all
mobile VEGF were located within the solution phase of RADA16-PFS.
These results may suggest that the slower moving population of VEGF
has partitioned into the aqueous phase within the hydrogel, or has
become static upon the nanofibers.

3.3. Released cytokine mobility: FCS determined diffusivities

FCS techniques were utilized to analyze eluted cytokines so as to
determine if the processes involved in incorporating and releasing
them from the various nanofiber scaffolds led to changes in the state
of the proteins in solution: unfolding, aggregation, etc. If aggregation
or significant unfolding events occurred, it would be expected to
result in a significant change in the translational diffusion time of the
fluorescent molecules; thus, affecting the calculated diffusivity times.
Table 4
Post-elution mobility of 3 cytokines in 3 different scaffolds after 2 h and 48 h of release as de
fractions (F). Values represent mean±1 SD for nN5.

2-hour time point

D1, ×1010m2/s F1, % D2, ×1010m2/s F2, %

RADA16-I
βFGF 1.92±0.14 100 – –

VEGF 1.4±0.2 59±11 0.67±0.03 49±25
BDNF 2.10±0.05 100 – –

RADA16-DGE
βFGF 1.7±0.1 100 – –

VEGF 1.3±0.1 100 – –

BDNF 1.78±0.06 100 – –

RADA16-PFS
βFGF 1.98±0.30 68±15 0.7±0.1 15±7
VEGF 1.99±0.04 100 – –

BDNF 1.86±0.05 100 – –

Total count rate within the sample volume for these points were above the manufacturer's
at 10–30.
Δ1 Sample count rates of ~30 kHz, model χ2 values were~100.
Δ2 Sample count rates of ~10 kHz, model χ2 values were~100.
In general, after both 2h and 48h of release, it was observed (Table 4)
that the cytokines were adequately described as a single population of
diffusing molecules with diffusivities similar to that determined
experimentally (FCS) for native cytokines in solution (Table 1). VEGF
release from RADA16-I was characterized as having equal fractions
with mobilities similar to native VEGF and a significantly slower
diffusion rate.

Although it is difficult to determine the mechanism for these
populations of molecules diffusing at a slower rate, it is apparent that:
1) there were a large fraction of VEGF that didn't have their mobility
altered compared to native VEGF; and 2) that the slower moving
fraction of VEGF did not coincide with the in-gel diffusivity values:
thus not representing the diffusing population within the hydrogel
scaffolds. The observed diffusivity values were half that of the solution
free VEGF, it is most likely that some VEGF may have formed
aggregates. A similar trend has been observed for βFGF released from
RADA16-PFS; however, it is evident that aggregate formation is only a
small fraction (~15%) of the released βFGF.

After 48h, the concentration of released protein released was low,
resulting in low counting statistics. In particular, VEGF release from
RADA16-I and RADA16-DGE showed populations of low diffusivity
values. In both cases, however, the counting rates were very low
compared to other solutions. However, it is possible that VEGF may
also have formed aggregates upon release from RADA16-DGE as we
see that the slower population was half that of the solution free
population.

3.4. Mechanistic differences between βFGF and BDNF mobility

Both the release kinetics and plateau released amounts of βFGF
were less than BDNF for scaffolds of positive charge (Figs. 1 and 3,
Table 3). Respective apparent diffusivities from the solution data for
βFGF and BDNF in RADA16-I and RADA16-PFS were ~0.26 and 0.77,
and ~0.91 and 2.2×10−10m2/s. Respective plateau values for βFGF
and BDNF in RADA16-I and RADA16-PFS were ~0.4 and 0.6, and 0.9
and 1. Although it might be expected that the slightly larger BDNF
should diffuse slower through the scaffold, these data suggest the
opposite. This difference in release rate and plateau released amounts
may indicate that βFGF takes a longer path through the scaffold.
Molecular size differences between βFGF and BDNF coupled with the
fact that these nanofiber scaffolds contain nanopores of ~5–200 nm
[39] make it plausible that βFGF is able to traverse a larger population
of nanopores within the scaffold; thereby significantly increasing
the path length required to move through the nanofiber scaffolds,
termined using FCS techniques. Data include population diffusivities (D) and population

48-hour time point

D1, ×1010m2/s F1, % D2, ×1010m2/s F2, %

1.8±0.2 100 – –

09±0.1Δ2 61±20 0.3±0.1 20±5
2.1±0.3 100 – –

1.5±0.2 100 – –

1.2±0.3Δ1 47±10 0.6±0.08 52±15
1.7±0.3 100 – –

1.6±0.2 100 – –

1.9±0.2 100 – –

1.6±0.3 100 – –

recommended minimum, except where otherwise indicated (Δ); model χ2 were low
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leading to a lowering of the apparent diffusivity and plateau released
amounts. Therefore, there is not only evidence to show that charge
effects play a crucial role in dictating the mobility of proteins within
these scaffolds, but that steric effects are also present.

3.5. Released cytokine activity: cell assays

BDNF was not tested for the cell proliferation assays because it
intrinsically lacks a potential mitogenic effect for our experimental cell
phenotypes. βFGF has been proven as an important mitotic agent
capable of actively stimulating neural stem cell proliferation [40]. To
Fig. 4. Proliferation effect of released βFGF over neural stem cells. A) MTT assay for prolifer
released βFGF is evidenced by significantly higher total cell population. The βFGF mitogenic
scaffolds. Data represent average values±1 SD. B)Week 2 of in vitro GF release. NSCs were re
details). Micrographs of proliferated NSCs at week 2 day 7 of βFGF release. Neurospheres te
scaffolds. In RADA16-PFS cells amount does not differ from the negative controls both in it
assess the activity of the released βFGF from the designer self-
assembling peptide scaffolds it was released from RADA16-I and
RADA16-DGE scaffolds, where it was shown to significantly stimulate
NSC proliferation for up to three weeks (compared with negative
control—Welch's unpaired t-test: week I RADA16-I P=0.0021,
RADA16-DGE P=0.0011; week II RADA16-I Pb0.0001, RADA16-DGE
Pb0.0001;week III RADA16-I Pb0.0001, RADA16-DGEP=0.0009).MTT
assay (Fig. 4) shows incremented NSC progeny while daily optical
screening of cultured NSCs confirmed the formation of neurospheres,
usually found in NSCs floating culture conditions, mainly in the case of
RADA16-I and RADA16-DGE scaffolds. In case of RADA16-PFS NSC
ated progeny (n=5). In the case of RADA16-I and RADA16-DGE a long-term effect of
activity can be appreciated till four weeks after mixing the GF with the self-assembling
placed with newly dissociated cells at the end of week 1 (see Materials and methods for
stify an NSC proliferation in the case βFGF released from RADA16-I and RADA16-DGE
s MTT values and via microscope imaging. Scale bars 50 μm.
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population did not differ significantly from negative controls. In vitro
results are in accordance with plateau release amounts obtained till
48h,where RADA16-DGE, RADA16-I andRADA16-PFS showedvalues of
0.19, 0.4 and 0.9, respectively. Given the asymptotic release of βFGF
from each peptide scaffold after the initial burst within the first 6 h we
can reasonably assume a similar release for additional days if the overall
systemsarenot perturbedand thebalancebetween the released and the
loosely bound GFs is not in equilibrium. The initial burst can also be
regulated with addition of another layer outside of the scaffold to
contain it. Thisfinding suggests that the release of activeβFGF is likely to
persist over several weeks till the reservoir of the slower diffusing
cytokine interacting with the electrostatic charges of the assembled
nanofibers is over. These findings may be useful for in vivo long-term
release of βFGF to enhance the vascularization of engineered implanted
tissues via non-invasive and applicable devices [41–43].

A similar experimental setup using a MTT proliferation assay with
mouse endothelial cells exposed to the slow release of VEGF provided
in vitro results in accordance with the FC section findings (results not
shown). However we detected differences in the proliferation of the
endothelial cell populations versus the peptide scaffolds tested.
Nonetheless significant differences lasted for two weeks. We assume
this finding may be given by a sensitivity of endothelial cells to the
proliferative stimulus brought by VEGF released in the supernatant at
low concentration.

4. Conclusion

Controlling the cellular microenvironment via controlling the
presentation of functional cytokines to local cells is crucial to the design
of biomaterials for regenerative medicine strategies. The engineering of
RADA16-I self-assembling peptides may provide a means for further
understanding how the physicochemical environment affects protein
mobility within gels. We report that designer self-assembling peptide
scaffolds facilitate slow and sustained release of active cytokines,
whereby mobile molecules are found to be within the bulk aqueous
fraction and a ‘hindered’ fraction within RADA16-I RADA16-DGE and
RADA16-PFS nanofiber system. Functional βFGF and VEGF release is
observed to occur over 2 to 3 weeks. With our systematic experiments,
and new findings, new self-assembling peptide nanofiber scaffolds for a
wide range of therapeutically important scaffolds will be designed.
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