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Abstract

Biological hydrogels consisting of self-assembling peptide nanofibers are potentially excellent materials for various controlled molecular
release applications. The individual nanofiber consists of ionic self-complementary peptides with 16 amino acids (RADA16, Ac-
RADARADARADARADA-CONH,) that are characterized by a stable -sheet structure and undergo self-assembly into hydrogels containing
~99.5% w/v water. We report here on the diffusion properties of phenol red, bromophenol blue, 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium
salt (pyranine, 3-PSA), 1,3,6,8-pyrenetetrasulfonic acid tetrasodium salt (4-PSA), and Coomassie Brilliant Blue G-250 (CBBG) through RADA16
hydrogels. The apparent diffusivity (D) of phenol red (1.05+0.08 x 10 ' m* s~ ') is higher than that of 3-PSA (0.050+0.004x 10 '* m* s~ ") and
4-PSA (0.007+0.002x 10" ' m* s '). The difference in 3-PSA and 4-PSA diffusivities suggests that the sulfonic acid groups directly facilitate
electrostatic interactions with the RADA16 fiber surface. Bromophenol blue and CBBG were not released from the hydrogel, suggesting that they
interact strongly with the peptide hydrogel scaffold. The diffusivities (D) of the dyes decreased with increasing hydrogel peptide concentration,
providing an alternate route of controlling release kinetics. These results indicate that release profiles can be tailored through controlling

nanofiber-diffusant molecular level interactions.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Self-assembling peptides; Nanofiber scaffold hydrogel; Diffusion coefficient; Controlled molecule release

1. Introduction

Self-assembling peptide nanofiber based hydrogels can be
used in a broad range of biomedical and biotechnological
applications ranging from 3D scaffolds for tissue engineering to
drug delivery vehicles [1-3]. Short peptides (8—16 residues or
2.5-5 nm in length) are chemically synthesized and form p-
sheet structures in water [4—7]. Depending on the pH and the
ionic strength of the medium these peptides self-assemble into
nanofibers, which in turn form a hydrogel. These hydrogel
systems are well characterized and have already been employed
in a variety of 3D tissue cell cultures and tissue engineering
research applications [8—14].
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A significant increase in therapeutic efficacy can be realized
through incorporating controlled release strategies into the design
of drug delivery systems [15-19]. Developing a drug release
system that is not only efficient, biocompatible, robust, but also
useful for diverse applications requires a material that can deliver
active compounds, at specific rates, throughout the entire therapy
regimen. Thus, controlling the release rates of small molecules
and peptides/proteins through various hydrogels is crucial. Self-
assembling peptide hydrogels are an important class of hydrogels,
which are potentially good candidates for providing a robust drug
delivery system. When compared to chemically synthesized
polymer materials, self-assembling peptide nanofiber hydrogels
are generally more biocompatible [1,2], able to respond to ex-
ternal stimuli under various physiological conditions and main-
tain a high water content (i.e., ca. 99.5% w/v): the latter may allow
for the diffusion of a wide range of molecules. Furthermore, self-
assembling peptide nanofiber hydrogels are amenable to mole-
cular design and can be tailored for the specific needs of the
application.
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Fig. 1. The self-assembling peptide scaffold. (a) Molecular model of RADA16, the dimensions of which are 59.0 Ax 11.0 Ax3.5 A. For the representation the VMD
software was used: cyan, carbons; red, oxygen; blue, nitrogen; white, hydrogen. (b) AFM image of the RADA16 nanofibers. (c) SEM image of the RADA16 hydrogel.
(d) Image of the RADA16 hydrogel with high water content, i.e., >99.5% w/v (photograph by Dr. Hidenori Yokoi).

Herein, we investigated the effect of the model drug pro-
perties (charge and structure) on their release kinetics through
self-assembling peptide hydrogels (Fig. 1). Phenol red,
bromophenol blue, 8-hydroxypyrene-1,3,6-trisulfonic acid tri-
sodium salt (3-PSA), 1,3,6,8-pyrenetetrasulfonic acid tetraso-
dium salt (4-PSA), and Coomassie Brilliant Blue G-250
(CBBG) were chosen as model drugs for several reasons: (1)
they are well characterized dyes that have been used to
investigate drug interactions with the liver (phenol red and
bromophenol blue) [20,21] and as anionic probes for sensor
applications (3-PSA and 4-PSA) [22,23]; (2) these molecules
should allow for the systematic investigation of charge effects
on drug diffusion through peptide hydrogels due to both their
physical properties and the specific amounts of sulfonic acid and
amine groups present (Fig. 2). The release kinetics of compounds
dispersed throughout a hydrogel are predominantly controlled by
diffusion [24]. The diffusion coefficients of these model
compounds through our hydrogel will be calculated using standard
methodologies [25—27]. Furthermore, by correlating the model
drug properties to the resulting diffusion coefficients it is possible to
discuss the release mechanism.

2. Experimental
2.1. Materials

The self-assembling peptide RADA16 (Ac-RADARADAR-
ADARADA-CONH,, PuraMatrix™) 3% (w/v in PBS, pH=3)
was obtained from 3DM Inc. (Cambridge, MA, USA). Phenol red
(MW=354.4), bromophenol blue sodium salt (MW=691.9),
8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (3-PSA,
pyranine, MW =524 .4), 1,3,6,8-pyrenetetrasulfonic acid tetra-
sodium salt (4-PSA, MW=610.4) and Coomassie Brilliant Blue

G-250 (CBBG, MW =854.0) were purchased from Sigma-Aldrich
and dissolved in Milli-Q water to prepare 0.8 and 1.06 mM
solutions.

2.2. Diffusion experiments of dyes through the peptide gel

RADA16 was diluted with Milli-Q water to 1.5% w/v and
mixed with the dye solution (0.8 mM) at a ratio of 1:2. The final
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Fig. 2. Molecular structure of the dye molecules: (a) phenol red, (b) bromophenol
blue, (c) 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (3-PSA), (d)
1,3,6,8-pyrenetetrasulfonic acid tetrasodium salt (4-PSA) and (e) Coomassie
Brilliant Blue G-250 (CBBG).
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concentrations of the RADA16 and the dye in the mixture were
0.5% w/v (2.9 mM) and 0.53 mM, respectively. 100 pul of the
mixture was placed at the bottom of 1 ml tubes (SepCap Vials,
6.4 mmx40 mm) and the hydrogel formed overnight at room
temperature. Then, 900 pl of isotonic saline solution (0.9% w/v
NaCl) was slowly added to each tube so as to not disrupt the
hydrogel structure. The release experiments were performed at
37 °C, for a period of 7 days, where the supernatant dye
concentration was measured at 15 min, 30 min, 1, 2, 4, 8 h, after
which we sampled every 8 h. The concentration of the dye
molecules in the supernatant was measured by a NanoDrop
Spectrophotometer (ND-1000 UV—Vis, NanoDrop Technolo-
gies, Delaware, USA) using 1.5 pl aliquots. The concentration
of the dye released from the hydrogel was determined using a
calibration curve of the pure dye in isotonic saline solution at
the wavelength where they showed their maximum absorbance,
i.e., phenol red at 429 nm, bromophenol blue at 592 nm, 3-PSA
at 404 nm, 4-PSA at 373 nm, and CBBG at 583 nm. To examine
the effect peptide density has on drug release kinetics hydrogels
were formed using the same procedure as above, with RADA16
concentrations of 1 and 1.5%.

2.3. Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) analyses

Prior to SEM analysis, peptide hydrogels were dehydrated
using a Tousimis Sam-Dri 1000 critical point dryer, coated with
an Au—Pd layer and examined using a Jeol JSM 6060 SEM:
6 kV acceleration voltage and 12 mm electronic working
distance.

AFM images were recorded using a Nanoscope Illa (Digital
Instruments, Santa Barbara, CA) operated in tapping mode at a
frequency of 60 kHz. After sonication for 30 min, a small
portion of the RADA16 hydrogel was diluted 20 times in Milli-
Q water and 1 pl of the final solution was deposited on a freshly
cleaved mica surface and was allowed to dry. Soft silicon
cantilevers of 219 pm length were used (Veeco Probes) with
spring constant 1-5 N/m and tip radius of curvature 5—10 nm.
AFM images were taken at 512 x 512 pixels resolution. The root
mean square (RMS) amplitude before tip—surface contact was
1.0—-1.2 'V, the integral and proportional gains were 0.2—0.6 and
0.4—1.2, and the set point and scanning speed were 0.7—1.0 V
and 1.0—1.5 Hz, respectively.

2.4. Molecular modeling

The molecular models of RADA16 anti-parallel p-sheet
structure and the resulting fiber were produced using Facio, a
3D-graphics program, employing Tinker with a charrm19 force
field parameter (http://wwwl.bbiq.jp/zzzfelis/Facio.html and
http://dasher.wustl.edu/tinker/) [28,29]. In order to model the
fiber structure the distance between RADA16 along the fiber
backbone was assumed to be 4.8 A and the inter-sheet distance
was set to 1.0 nm, as defined by the gap between two planes
spanned by C-alpha carbons belonging to each layer. The
graphic illustration of the result was generated using VMD
software (http://www.ks.uiuc.edu/Research/vmd/) [30].

3. Theory

Release experiments, utilizing thin hydrogel films containing
molecularly dispersed ‘drug’, provide a route for calculating the
hydrogel-specific apparent diffusion coefficients. Assuming an
adequate diffusion sink, with a significantly larger volume and a
significantly greater drug diffusion coefficient than that of the
hydrogel, we can ignore the transport within the sink when
calculating the overall release rate of the drug from the hydrogel
(Fig. 3). Given these conditions, the 1D unsteady-state form of
Fick’s second law of diffusion for a plane film of thickness, H, is:

oc &%c
gZD@ (1)

where D is the diffusion coefficient of the active agent in the
hydrogel and c is the concentration of the drug as a function of
time (f) and position (x) [31-33]. Given that diffusion is
concentration independent and only occurs in the positive x
direction, from the hydrogel to the sink, and assuming that (1) the
rate at which the substance is transported to the surface is equal to
the internal diffusion rate, (2) absence of solute—carrier interac-
tions and (3) at time zero the hydrogel surface is quickly brought
into contact with the perfect sink, then Eq. (1) can be transformed
to [31]:

Moo 4( > L‘ ZO lerfc Dt)0‘5 (2)

where M, and M,, are the total mass of the diffusing compounds
released from the layer after time # and infinite time, respectively.
For small values of 7, Eq. (2) can be reduced to:

M, (16 Dr\*’ )
M, \m H?

where the diffusion coefficient is constant. However, for most
systems, the diffusion coefficient is dependent on drug
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Fig. 3. Definition sketch and experimental conditions used to study diffusion of
compounds from the hydrogel (sky blue). The pictures were taken during a
typical experiment using 0.5% w/v RADA16 peptide hydrogel and phenol red as
a diffusing molecule 2, 30 min and 12 h. The color intensity of the bulk solution
increased with time as a result of phenol red release (for interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article).
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concentration as well as the concentration of the swelling agent
(i.e., water). In these cases, the slope (6;) of M,/ M,, as a function
of *° yields an average diffusion coefficient (D). It should be
mentioned that due to the fact there exists an interaction between
the solute and the nanofibers the calculated diffusivities are
considered to be apparent diffusivities and allow for a comparison
of the systems under study.
Eq. (2) can also be recast into the following form:

(4)
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As the drug concentration approaches zero, viz., after a long
diffusion time, all exponential terms can be neglected except the
first one, yielding:
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where D is the diffusion coefficient as the drug concentration
within the hydrogel approaches zero. Using these relationships,
the steady-state permeation rate (J) of the drug can be calculated
using:

J =gl -1] (7)
D= %[eﬁ%—l] (8)

where f is a system dependant constant.

The Stokes—Einstein equation (Eq. (9)) calculates the free
bulk diffusion coefficient as a function of the Boltzmann cons-
tant (kg), temperature (7), solvent dynamic viscosity (u) and
solute radius (ry).
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The various parameters were determined using the following
regimen:

1. D was solved from the slope (0,) of 0<M,/M,,<0.6 versus
1°3: for short times.

2. Dy was determined from 6,: for long times.

3. B was determined using the Excel ‘Solver’ routine, where 3
was varied such that Eq. (8) was resolved. Solver parameters
were set to the following constraints: iterations=1000;
precision=1x10" 15; tolerance=2%; convergence=1x 10" :
and all values converged to values of 1 x10" “

4. J was calculated using Eq. (7).

5. Dg_g was calculated using Eq. (9).

4. Result and discussion

In order to interpret the results obtained for the diffusion of
these dyes through the self-assembling peptide nanofiber
hydrogel, it is imperative that the physicochemical character-
istics of the peptide hydrogel and the structural, and the
chemical, properties of the dye molecules are taken into
consideration. RADA16 nanofibers have a hydrophilic surface
composed of alternating arginine (positive charge) and aspartic
acid (negative charge) residues [1,34] that intertwine to form a
hydrogel (Fig. 1) with a large surface to volume ratio. The pH of
the system was held at pH ~ 3. At this pH sulfonic acid groups
(Fig. 2) of the dye molecules are deprotonated [35-39].
Whereas the hydroxyl groups of 3-PSA (pK,=7.3), phenol
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Fig. 4. Measured release kinetics of dye molecules through the hydrogel: ()
phenol red, (x) bromophenol blue, (A) 3-PSA, (—) 4-PSA and (<) CBBG. (a)
Cumulative dye release as a function of time. The plots show three types of
diffusion kinetics through the hydrogel: fast diffusion (i.e., phenol red), slow
diffusion (i.e., 3-PSA and 4-PSA) and no diffusion (i.e., bromophenol blue and
CBBG). (b) Cumulative dye release results for first 12 h. (c) Plots of M,/ M, as a
function of ° for the dyes released from the hydrogel, (i.e., phenol red, 3-PSA,
and 4-PSA). Data points are average of n=3 and error bars represent =1 SD.
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Table 1
Diffusion parameters and calculated values for the compounds released from
RADA16 hydrogels

Phenol red 3-PSA 4-PSA
yx1073 (I)* 0.84+0.01  0.84+0.01 0.84+0.01
Hx 1073 (m)* 42+0.5 42405 42405
%1071 (m) 6.2 5.8 5.8
rx 10710 (m) 8.5 8.1 8.1
0, %107 3% 5.6+0.2 1.23+0.05 0.46+0.05
R 0.97 0.93 0.24
0,%10°"" -2.0+£03  —0.069+0.002  —0.005+0.001
R 0.98 0.99 0.99
Dx10" " (m? s yrex 1.05+0.08  0.050+0.004 0.007+0.002
Dox 107" (m? s~ 'y 0.34+£0.06  0.012+0.001 0.0008+0.0002
Ds %107 " (m*s ™) 2.84 2.98 2.98
B 0.087 0.045 0.078
Jx10" (ugm s YRR 57407 0.66+0.02 0.080.01

* Errors determined from standard deviation calculation where 7=3.
*ok . . c s . ..
Errors in slope determined using ‘linest’: Excel function for determining
error in slopes.
Errors determined using standard error propagation techniques.

red (pK,="7.9) are strongly protonated, while bromophenol blue
(pK,=4) is only weakly protonated.

4.1. Release profile of the dyes from 0.5% w/v peptide hydrogel

The mass-transfer kinetics for the release of the dyes from the
0.5% w/v peptide nanofiber hydrogel are illustrated in Fig. 4a, as a
plot of mass released fraction (M,/ M) as a function of time (7).
Based on the release kinetics of the diffusing compounds we were
able to categorize the dyes into three groups: fast released dye
(phenol red), slow released dyes (3-PSA and 4-PSA), and non-
released dyes (bromophenol blue and CBBG). A summary of the
data analysis for the dyes released from the 0.5% w/v peptide
hydrogel are presented in Table 1. Such an analysis could not be
performed for bromophenol blue and CBBG, since they were
essentially retained in the peptide scaffold even after 7 days. As
illustrated in Fig. 4b, the M,/ M., ratio as a function of % for the
dyes that were released from the peptide hydrogel was non-linear,
suggesting that the diffusion behavior of these systems was non-
Fickian in nature.

The concentration of phenol red in the supernatant increased
quickly, more than 50% of the loaded amount was released from
the peptide scaffold after 2 h and reached a plateau after 12 h.
Calculated diffusivity and permeation rate for phenol red were
1.05£0.08x107"" m* 5! and 5.7£0.7x10"® pgm 2 s~ ',
respectively. The Stokes—Einstein diffusivity (Ds_g Eq. (9)) for
phenol red, in aqueous solution, was 2.84 x 10 Om2s 1, about
five times smaller than the experimentally determined diffusiv-
ity. This difference is most likely due to the presence of the
nanofiber and its interaction with the diffusant.

Although phenol red and bromophenol blue have similar
molecular structures, the former was readily released from the
hydrogel while the latter was not. This may be explained in
terms of the acidic properties of the dyes. Bromophenol blue has
a lower pK, value than phenol red. This is due to the presence of
electron-attracting groups of the bromophenol blue phenol
rings, which in turn retain fewer electrons in the ring as

compared to the aromatic rings of phenol red [35]. Hence, the
phenolic hydroxyl group of bromophenol blue is a stronger acid
than the one in phenol red. Thus, the hydroxyl group of bro-
mophenol blue tends to be dissociated in the hydrogel micro-
environment (ca. pH=3), which could facilitate a stronger
electrostatic interaction between bromophenol blue and the
peptide nanofibers as compared to those between phenol red
and the nanofibers.

It was anticipated that the interaction of the acidic hydrogel
(pH ~3) with bromophenol blue, which is commonly used as a
pH indicator, would result in changing the color of the dye. This
was indeed the case with phenol red (pK=7.9), which upon
mixing with the hydrogel changed its color from red to yellow.
Because bromophenol blue has a pK value of 4.0, a similar color
change was expected upon mixing with the hydrogel. However,
we did not observe such a color change and bromophenol blue
remained blue throughout the course of the measurements.

This phenomenon has been previously investigated when the
interaction of bromophenol blue with bovine serum albumin
(BSA) was studied [40,41]. Even under acidic conditions, the
mixing of bromophenol blue and BSA did not lead to a change
in the color of the solution but resulted in a stable blue complex
with a bathochromic shift of the bromophenol blue absorption
spectra. This was attributed to the electrostatic interactions
between positively charged amines and phenolic hydroxyl
groups of bromophenol blue, whose acidic properties were
enhanced by the presence of electron-attracting groups. This
property of bromophenol blue led to the development of a
methodology for determining solution protein concentration
[42,43]. Hence, it is possible that bromophenol blue interacts
strongly with the RADA16 peptide nanofibers, in a similar
manner, viz., electrostatic interactions between the phenolic
hydroxyl group of bromophenol blue and the positively charged
amines of the arginine residues of the self-assembling peptide
hydrogel.

The mass fraction of the released 3-PSA and 4-PSA reached
26% and 9% after 7 days, respectively. Compared to phenol red
(1.05£0.08x107 ' m? s '), 3-PSA and 4-PSA were slowly
released from the hydrogel, yielding respective apparent dif-
fusivities and permeation rates of: 0.050+0.004 and 0.007+
0.002x10" "% m® s™'; 0.66+0.02 and 0.08+0.01x
10 pgm™?s™ ', Furthermore, when compared to the theoretical
diffusivities (Dg_g) 0f2.98x 10 ' m? s~ ! for both 3-PSA and 4-
PSA in water, the respective experimentally determined diffusiv-
ities of 0.050+0.004 and 0.0071+0.0015x10"'* m* s~ for 3-
PSA and 4-PSA were considerably smaller. This may indicate that
the peptide fibers interact with 3-PSA and 4-PSA in the hydrogel
matrix. Additionally, a comparison of the initial release kinetics
shows that the diffusivity of 3-PSA is about seven times higher
than that of 4-PSA. These two molecules have similar size and
structural characteristics and differ only in one sulfonic acid
group: 4-PSA has 4 sulfonic side groups while 3-PSA has 3
sulfonic groups and one hydroxyl group (Fig. 2). It is supposed
that the difference in the release rates is probably due to elec-
trostatic interactions between the sulfonic acid groups and the
positively charged amine groups of the peptide nanofibers
[22,23].
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Fig. 5. Calculated diffusivities of phenol red (¢), 3-PSA (A) and 4-PSA (—)
from 0.5%, 1% and 1.5% w/v peptide hydrogels. In all cases we observed a
decrease of the average values of the diffusivities with increasing peptide
concentration. Data points are average of n=3 and error bars represent =1 SD.

Although CBBG is a significantly larger molecule than the
others used in this study its release kinetics were interpreted
using the same arguments evoked for bromophenol blue. If we
compare the release profiles from Fig. 4 we see that: 1. phenol
red, PSA and bromophenol blue are similar sizes with
significantly different release rates; 2. CBBG and bromophenol
blue were very different in size and neither were released from
the gel. Therefore, it was concluded that for these systems solute
size did not dictate their release profiles. As CBBG binds
strongly to proteins, for which it is used in the Bradford assay to
determine protein concentration, it is concluded that this
interaction inhibits its release from the peptide based hydrogel
[44]. The strong binding of CBBG to proteins was attributed to
the ionized sulfonic groups of the dye that strongly interact with
the amino acids’ charged side groups [45].

4.2. Effect of the peptide density in the hydrogel

The respective apparent diffusivities of phenol red, 3-PSA and
4-PSA were: 0.67£0.09, 0.045+0.009 and 0.0044+0.0009 x
107" m*s™ " in 1% w/v; 0.4740.04, 0.014+0.001 and 0.0035+
0.0011x10" " m? s ! in 1.5% w/v peptide hydrogel, respective-
ly. The diffusivities are plotted as a function of the peptide con-
centration in Fig. 5, where average diffusivities show similar
trends in that the higher the peptide concentration the lower the
diffusivity. This result suggests that the drug release profile from
these hydrogels can be controlled by changing the peptide con-
centration of the hydrogel.

In a previous work the release of methoxytryptamine was
studied using pB-cyclodextrin and hydroxyethyl acrylate hydro-
gels [46]. It was observed that the release kinetics were directly

related to the concentration of f-cyclodextrin, where higher -
cyclodextrin concentrations resulted in slower drug release rates.
B-cyclodextrin and methoxytryptamine form inclusion complexes
with 1:1 ratios [46]. Therefore, the concentration of B-cyclodex-
trin was interpreted to be the dominant factor in controlling drug
release from the hydrogel. In our study, the peptide nanofiber
surface also interacts with the diffusant. Likewise, as the peptide
concentration increases (along with the nanofiber surface area), it
is supposed that the probability of nanofiber-diffusant interactions
also increases, yielding a decrease in apparent diffusivity. There-
fore, the apparent diffusivities of anionic compounds can be
controlled by changing the peptide fiber concentration.

4.3. Proposed interaction mechanism between model ‘drugs’
and peptide nanofibers

In order to further understand the possible role of the sulfonic
acid groups on the release kinetics of 3- and 4-PSA a molecular
model of the interaction between RADA16 nanofibers and 4-PSA
was constructed (Fig. 6). The distance between neighboring
amines of the arginines in RADA16 is approximately 11.8 A. This
is comparable with the calculated average distances between the
oxygens of the sulfonic acids of 3- and 4-PSA (6.7, 8.1 and
10.4 A). Hence, it is structurally possible for 3- and 4-PSA to form
multiple contact points with the RADAI16 nanofibers. In

a Hydrophilic face

Hydrophobic face

Fig. 6. Illustration of the molecular modeling results for self-assembling
RADA6 peptide nanofibers: (a) hydrophobic alanine side groups are present on
one side of the RADA16 f-sheet and the other side is populated with alternating
positive and negative charges due to the arginine and aspartic acid residues,
respectively. (b) Illustration of the interaction between 4-PSA and RADA16
nanofiber shows that the interatomic distances between the sulfonic acid groups
of 4-PSA line up with the arginines on the peptide nanofiber, where: cyan,
carbons; red, oxygen; blue, nitrogen; white, hydrogen; yellow, sulfur (for
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article).
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RADA16 nanofibers the non-polar alanine residues reside in the
interior and the polar residues (arginines with pK,=11.5-12.5
and aspartic acid with pK,=3.0-5.5) are on the surface [1]. The
aspartic acid residues are shorter than the arginines. Therefore, in
the fB-sheet conformation the longer positively charged arginine
side groups stand out of the nanofiber. It is supposed that the
absence of one sulfonic group allows 3-PSA to be released faster
than 4-PSA from the peptide nanofiber hydrogel.

Our findings are in line with previous investigations, which
showed that multiple-point interactions facilitated the capture of 3-
and 4-PSA by methacrylamidopropyltrimethylammonium chloride
(MAPTAC, positive charge) that was present in a shrinkable gel
composed of N-isopropylacrylamide (NIPA) and N,N 9-methyle-
nebisacrylamide (BIS) [38]. In our case, the abundance of po-
sitively charged amines on the nanofiber allows for multiple-point
interactions with 3- and 4-PSA and the nanofiber-4-PSA interaction
is stronger due to the presence of an additional sulfonic acid group.

5. Conclusions

As controlled drug release enters into more and more appli-
cations in medicine there is a growing interest in developing a
system that is amenable to molecular design and can be tailor-
made for the specific drugs. We studied the possibility of using a
hydrogel consisting of self-assembling peptides as a carrier for
controlled drug release. The diffusing molecules were chosen so
as to model the diffusion of drug compounds that have similar
sizes and molecular structures, but varying charge densities. Our
data shows that the release kinetics of the dyes studied depended
on their structure, the number of available charged groups and the
peptide concentration in the hydrogel. The small differences
observed in the release kinetics between 3-PSA and 4-PSA may
suggest that their diffusion rates can be controlled by adjusting the
amino acid sequence of the engineered peptides. The same
principle may be applied in the case of bromophenol blue and
CBBG that were retained in the hydrogel because of their property
to bind strongly to the peptide nanofibers. As before, the tailor-
made properties of the peptide nanofibers could provide a suf-
ficient number and specific types of charged amino acids to
control the release rates of drugs through the hydrogel.
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