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a b s t r a c t

Supramolecular bioarchitectures formed by assembly of achiral or chiral building blocks play important
roles in various biochemical processes. Stereochemistry of amino acids is important for structural or-
ganization of peptide and protein assemblies and structure-microenvironment interactions. In this study,
oppositely charged peptide amphiphile (PA) molecules with L-, D- and mixture of L- and D-amino acid
conformations are coassembled into supramolecular nanofibers and formed self-supporting gels at pH
7.4 in water. The enzymatic stability of the PA nanofiber gels was studied in the presence of proteinase K
enzyme, which digest a broad spectrum of proteins and peptides. The structural changes on the chiral PA
nanofibers were also analyzed at different time periods in the presence of enzymatic activity. Controlled
release of a model cargo molecule through the chiral PA nanofiber gels was monitored. The diffusivity
parameters were measured for all gel systems. Release characteristics and the enzymatic stability of the
peptide nanofiber gels were modulated depending on organization of the chiral PA molecules within the
supramolecular assemblies.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Chirality is an intrinsic property of molecules due to non-
superimposable organization of the atoms on their mirror images
either with right- or left-handed positioning [1]. Proteins and
peptides found in natural organisms typically consist of L-amino
acids, which direct many different biological processes including
enzymatic reactions [2], receptor-cell membrane binding [3] and
antimicrobial activity [4]. Changing amino acid chirality effects the
interaction of peptides with proteolytic enzymes such that the
integration of the unnatural D-amino acid into the peptide back-
bone results in improved biostability to the enzymatic activity at
molecular level [5].

The chiral information in amino acids, which are the building
blocks of self-assembling peptide molecules can be used as a con-
trol on the design of supramolecular peptide assemblies [6,7],
which have received wide interest for various biomedical applica-
tions due to their inherent bioactivity, biocompatibility and
biodegradability [8,9]. The structural organization of the peptide
molecules can be modulated by incorporation of the D-amino acids
O. Guler).
into the peptide backbone [10]. Previously, it was shown that the
position of the D-amino acid on the peptide molecule resulted in
disturbance of the hydrogen bonding and weak self-assembly
properties [11]. On the other hand, the supramolecular peptide
gels, which were built via the self-assembly of only D-amino acids
showed increased biostability against proteolytic degradation
althoughweak gelation behavior was reported due to the disrupted
intermolecular interactions [12]. In another study, stability, bio-
distribution and toxicity of self-assembled peptide nanofibers with
different chirality (L-fibers or D-fibers) were studied [13]. The
results of in vitro and in vivo studies exhibited that supramolecular
D-fibers are more stable than L-fibers under physiological condi-
tions. While L-fibers were completely degraded in plasma within
6 h, D-fibers preserved their overall structural integrity in plasma
for 24 h. In addition, biodistribution studies revealed that chirality
of the self-assembled nanofibers also affected the accumulation of
the supramolecular architectures on the organs [13]. In addition, D-
amino acids containing dipeptide hydrogelators were also used
in vivo for controlled drug release applications [14].

Peptide amphiphiles (PAs) consisting of hydrophobic alkyl tail,
aliphatic and hydrophilic amino acid residues self-assemble into
highly ordered hierarchical nanostructures and supramolecular
self-supporting gels due to the noncovalent interactions between
the building blocks [15,16]. The straightforward functionalization of
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Fig. 1. Chemical representations of the oppositely charged PA molecules with L and D
configurations.
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the PA molecules with bioactive epitopes and control on their self-
assembly via different factors [17] such as pH change, monomer
concentration, temperature or salt concentration make them
promising candidates for controlled delivery of the therapeutics
[18,19] and tissue engineering applications [20,21].

In this study, we show three different PA nanofiber gel systems
to study enzymatic stability and controlled release characteristics
depending on their chiral amino acid content. For this purpose, we
designed and synthesized oppositely charged self-assembling
peptide amphiphile molecules with D and L conformations.
Oppositely charged D-, L- and the mixture of D- and L- PA mole-
cules coassembled into high-aspect-ratio nanofibers and supra-
molecular PA nanofiber gels at pH 7.4 in water without need of any
external factor. The enzymatic stability of the supramolecular PA
architectures with different chirality were both examined at both
nano and bulk scale by TEM imaging and weight loss method,
respectively. Furthermore, controlled release of Rhodamine B
(RhoB), a model cargomolecule, through the D-, L- and the mixture
of D- and L- PA nanofiber gels was monitored with or without
proteolytic activity. This study presents a systematic investigation
of the effect of supramolecular chirality on the release behavior of
D-, L- and themixture of D- and L- PA nanofiber gels, quantitatively.
In the light of the controlled release characteristics and estimated
transport parameters of a model cargo molecule through the D-, L
and the mixture of D- and L- PA nanofiber gels, these architectures
with different chirality can pioneer development of smart drug
delivery systems for therapeutic applications.

2. Experimental section

2.1. Material

9-Fluorenylmethoxycarbonyl (Fmoc)-protected amino acids,
lauric acid, Wang resin, Rink amide MBHA resin and 2-(1H-ben-
zotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) were purchased from NovaBiochem. Other chemicals
including dichloromethane (DCM), dimethylformamide (DMF),
acetonitrile, piperidine, acetic anhydride, N,N-Diisopropylethyl-
amine (DIAE), trifluoroacetic acid (TFA), uranyl acetate and rhoda-
mine B (RhoB) were purchased from Fisher, Merck, Alfa Aesar or
Sigma-Aldrich. Proteinase K from tritirachium album was pur-
chased from VWR chemicals.

2.2. PA synthesis and characterization

Standard Fmoc solid phase peptide synthesismethodwas used to
synthesize lauryl-ValD-ValD-AlaD-Gly-GluD-GluD-GluD-OH (D-E3PA),
lauryl-Val-Val-Ala-Gly-Glu-Glu-Glu-OH (L-E3PA) and lauryl-ValD-
ValD-AlaD-Gly-LysD-LysD-LysD-Am (D-K3PA), lauryl-Val-Val-Val-Ala-
Gly-Lys-Lys-Lys-Am (L-K3PA). D-K3PA and L-K3PA were constructed
on Rink Amide MBHA resin while D-E3PA and L-E3PA were con-
structed on Fmoc Glu(OtBu)-Wang resin. Amino acid couplings were
performed with 2 equivalents of Fmoc-protected amino acid, 1.95
equivalents of HBTU and 3 equivalents of DIAE and then the mixture
was shaken for 2 h. In order to remove the Fmoc group, the resins
were mixed in 20% (v/v) piperidine/DMF solution for 20 min. After
each coupling reaction, the unreacted amine groups were acetylated
using 10% (v/v) acetic anhydride solution in DMF for 30 min to
prevent side reactions. The PAs were cleaved from the resin by using
TFA/TIS/H2O mixture (95:2.5:2.5 ratio) for 2 h and then collected by
DCM. The excess TFA and DCMwere removed by rotary evaporation.
The remaining sample was triturated with diethyl ether overnight
at �20 �C. Then, the PA molecules were removed from diethyl ether
by centrifugation. The resulting white precipitate was dissolved in
Milli-Q water and then freeze-dried. For the characterizations of the
synthesized PA molecules, 1 mg of PA sample was dissolved in 1 mL
of H2Owith ultrasonication for 15min. Liquid chromatography-mass
spectrometry (LC-MS) analysis of the PAs was performed with Agi-
lent Technologies 6530 Accurate-Mass QTOF system equipped with
a Zorbax Extend-C18 column. 0.1% (v/v) ammonium hydroxide in
water (A) and 0.1% (v/v) ammonium hydroxide in acetonitrile (B)
were used asmobile phase for the analysis of the negatively charged
PAs (D-E3PA and L-E3PA); while 0.1% (v/v) formic acid in water (A)
and 1% (v/v) formic acid in acetonitrile (B) were used as a mobile
phase for the positively charged PAs (D-K3PA and L-K3PA). The flow
rate of mobile phase was 0.65 mL/min. For the first 2 min, mobile
phase was 98% (v/v) of A, then B increased to 98% (v/v) between 2
and 25 min; and then turned back to 2% (v/v) for the next 2 min. LC
chromatogram was obtained at 220 nm. To purify the synthesized
peptide molecules, preparative-high performance liquid chroma-
tography (HPLC) was used.
2.3. Preparation of the PA nanofiber gels

The PA powders were dissolved in Milli-Q water and sonicated
for 15 min to obtain a homogeneous solution with a concentration
of 1% (w/v). Prior to the experiments, negatively charged 1% (w/v)
L-E3PA or D-E3PA solutions were mixed with the positively charged
1% (w/v) L-K3PA or D-K3PA solutions, respectively with 3:4 volu-
metric ratio to trigger coassembly of the PAs into supramolecular
nanofiber gels (L-E3/K3 or D-E3/K3) at pH 7.4 inwater and incubated
for overnight. For preparation of the DL-E3/K3 nanofiber gel, 1%
(w/v) E3PA and K3PA solutions consisting 50% D- and 50% L-mole-
cules were prepared, and then mixed with 3:4 volumetric ratio,
respectively at pH 7.4 in water. DL-E3/K3 nanofiber gel system was



Fig. 2. TEM images of the coassembled (a) L-E3/K3, (b) DL- E3/K3 and (c) D-E3/K3 nanofibers. (d) CD spectra of the E3/K3 coassemblies with L-, D- and the mixture of D- and L-
conformations.
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also incubated overnight.

2.4. TEM imaging

1% (w/v) L-E3/K3, DL-E3/K3 and D-E3/K3 nanofiber gels prepared
according to the protocol given above were diluted in 1:30 ratio by
addition of Milli-Q water. 10 mL of the diluted gel samples were
placed onto TEM grids and waited for 10 min. Excess sample so-
lution was removed from the grid using micropipette. A drop of 2%
(w/v) uranyl acetate was casted onto the grid for 5 min and then
removed for air-drying of the sample. A FEI Tecnai G2F30 TEM in-
strument was used to image the coassembled PA nanofibers.

2.5. Circular dichroism (CD) analysis

Overnight incubated 1% (w/v) PA nanofiber gels (L-E3/K3, DL-E3/
K3 and D-E3/K3) were diluted to 0.033% (w/v) final concentration
using distilled water. 300 mL of the diluted samples were filled into
1 mm thick quartz cells; and Jasco J-815 CD spectrophotometer was
used for the analysis between 190 and 300 nm with data pitch:
0.1 nm, sensitivity: standard, D.I.T: 1 s, band width: 1 nm, scanning
speed: 100 nm/min.

2.6. SEM imaging

1% (w/v) L-E3/K3, DL-E3/K3 and D-E3/K3 nanofiber gels prepared
on the silicon wafers were dehydrated with the gradually
increasing concentrations of ethanol prior to the drying of the PA
gels with a Tousimis Autosamdri-815B critical-point-drier (CPD).
After the CPD procedure, the nanofibrous architectures were
covered with 6 nm electron conductive Au/Pd coating using a
sputter. An FEI Quanta 200 FEG scanning electron microscope
equipped with an ETD detector was used for the imaging.

2.7. Oscillatory rheology

Rheologymeasurements of 1% (w/v) L-E3/K3, DL-E3/K3 and D-E3/
K3 nanofiber gels were performed using an Anton Paar Physica
RM301 Rheometer equipped with a 25 mm parallel plate at 25 �C.
The sample volume was determined as 250 mL. The distance be-
tween the measuring devise and the sample was determined as
0.5 mm. Time sweep analysis of the samples were conducted at
constant 10 rad s�1 angular frequency and 0.01% strain to examine
viscoelastic characteristics of the nanofiber gels. Time sweep
analysis of the gels was continued with amplitude sweep test to
reveal the linear viscoelastic range (LVR) at constant angular fre-
quency of 10 rad s�1 with logarithmically ramping the strain
amplitude from 0.01 to 1000%.

2.8. Weight based stability measurement of the PA nanofiber gels

300 mL of 1% (w/v) L-E3/K3, DL-E3/K3 and D-E3/K3 nanofiber gels
were prepared in glass vials, which were previously weighed.
Then, the weights of the vials containing the PA gels were recor-
ded to determine the weight loss of the gels compared to the
initial gel amount. After the incubation of the PA gels for 3 h



Fig. 3. a) SEM images of the L-E3/K3, DL- E3/K3 and D-E3/K3 nanofiber networks. b) Time sweep analysis of the supramolecular PA nanofiber gels; and c) the equilibrium storage (G0)
and loss moduli (G00) of the gels.
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within the vials; 900 mL of 1 mg/mL proteinase K prepared in
10 mM Tris buffer at pH 7.4 or 10 mM Tris buffer at pH 7.4 without
containing the enzyme as control was placed onto the gels care-
fully. At the defined time intervals, the buffer solutions were
removed; and the remaining gels were weighted. Then, the freshly
prepared buffer solutions with or without the enzyme containing
were replaced onto the gels.

2.9. Structural stability of the PA nanofibers

To obtain the PA nanofiber solutions with concentration of 0.1%
(w/v), incubated overnight 1% (w/v) L-E3/K3, DL-E3/K3 and D-E3/K3
nanofiber gels were diluted with distilled water. Then,100 mL of the
diluted PA nanofiber solutions were mixed with 900 mL of 1 mg/mL
proteinase K in 10 mM Tris buffer or only 10 mM Tris buffer at pH
7.4. Final solutions were incubated for 15 min, 1 day, 7 days and 14
days. At the different time intervals, 10 mL of the samples were
taken from the solutions for the structural analysis of the PA
nanofibers with TEM imaging.

2.10. Controlled release studies

For preparation of Rhodamine B (RhoB) encapsulated 1% (w/v)
L-E3/K3 and D-E3/K3 nanofiber gels, 1% (w/v) L- or D-K3PA solution
(160 mL) was mixed with 20 mL of 0.75 mM RhoB solution; and then
120mLof 1% (w/v) L-orD-E3PA solutionwasadded into themixture to
trigger coassembly of the PA molecules into supramolecular gels,
respectively. For preparation of 1% (w/v) DL- E3/K3 nanofiber gel; 1%
(w/v) D-K3PA (80 mL) and L-K3PA (80 mL) solutions or 1% (w/v) D-E3PA
(60 mL) and L- E3PA (60 mL) solutions were mixed separately, and
sonicated for 15 min. Initially, 20 mL of 0.75 mM RhoB solution was
added into 160 mL of D- and L-mixture of K3PA solution and gelation
was triggered upon addition of 120 mL of D- and L-mixture of E3PA
solution into themixture. The sampleswereprepared in1mmquartz
cuvettes and incubated for 3h. Then, 2200mLof1mg/mLproteinaseK
in 10mMTris buffer or only 10mMTris bufferwas added onto the PA
gels for the controlled release of RhoB molecules through the gels at
pH 7.4 at room conditions. The concentration of the released RhoB
was determined using Varian Cary 100 UVevis spectrophotometer
between400and600nm.At thedefined time intervals, themeasured
maximum RhoB absorbance was converted into the concentration
using a standard calibration curve. All measurements were repeated
for three different groups for each gel system.

3. Results and discussion

Four different PA molecules consisting of L- or D-amino acids (L-
K3PA, L-E3PA, D-K3PA, D-E3PA; Fig. 1) were designed and synthe-
sized according to Fmoc solid phase peptide synthesis method
(Figs. S1eS4). All PA molecules consist of three major segments;
hydrophobic lauryl tail, aliphatic b-sheet forming domain (-VVA-)
and charged amino acid residues (-KKK or -EEE, Table S1). The
mixture of positively charged K3PA solution with negatively
charged E3PA solution (L-, D- or the mixture of L- and D-chirality,
respectively; Table S2) triggered the formation of coassembled PA
nanostructures at pH 7.4 in water due to electrostatic, hydrogen
bonding and hydrophobic interactions between the PA molecules
(Table S2). TEM images of the PA nanostructures (Fig. 2aec) showed
that the coassembly of the oppositely charged PAs resulted in the
formation of high-aspect-ratio nanofibers with diameters in the
range of 6e10 nm and micrometers in length. In addition, the
mixture of the oppositely charged PA molecules with L- and D-
conformations did not disturb the nanostructure formation; and
revealed supramolecular PA nanoarchitectures (Fig. 2b).



Fig. 4. The stability of the L-E3/K3, DL- E3/K3 and D-E3/K3 nanofiber gels incubated (a)
with and (b) without proteinase K enzyme solutions.
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Circular dichroism (CD) spectroscopy was used to study sec-
ondary structure of the supramolecular PA assemblies. The CD
spectrum of L-E3/K3 coassemblies showed twisted b-sheet sec-
ondary structure organization [22] of the nanofibers with peaks at
around 200 and 220 nm (Fig. 2d). Furthermore, CD spectrum of
D-E3/K3 coassemblies revealed mirror symmetry with respect to
the spectrum of L-E3/K3 coassemblies due to the supramolecular
organization of the PA molecules with D-chirality. On the other
hand, the positive and negative CD signals of DL-E3/K3 coassem-
blies at around 200 nm and 220 nm respectively decreased since
the system consisted of the PA molecules with the mixture of D-
and L-conformations (Fig. 2d). The difference in the number of
H-bonds in the L and D- PAs is potentially due to two valine
residues. The conformational and dynamic behavior of the valines
in L- and D-forms are important for the nature of the H-bonds. The
valine side-chains can sterically hinder H-bond formation in the
D-form. TEM and CD results revealed that this approach enabled us
to obtain coassembled PA nanofibers with similar physical prop-
erties and different chirality.

To obtain self-supporting supramolecular PA nanofiber gels, 1%
(w/v) oppositely charged D-, L- or the mixture of D- and L- PA
solutions were mixed at pH 7.4 in water (Fig. S5). The physical
properties of the three-dimensional gel systems were imaged
using SEM. The images indicated that D-E3/K3, L-E3/K3 and DL- E3/
K3 gel networks have similar three-dimensional nanofibrous ar-
chitectures, which provide suitable environments for the encap-
sulation of therapeutics for the controlled delivery applications
(Fig. 3a). In addition, viscoelasticity and gel-like characteristics of
the resulting PA nanofiber gels were examined using oscillatory
rheology. The gelation kinetics of 1% (w/v) L-E3/K3, DL-E3/K3 and
D-E3/K3 nanofiber gels were monitored under constant angular
frequency and strain. The PA systems reached to an equilibrium
within 30 min (Fig. 3b); and revealed gel-like character since
storage moduli of the samples (G0) were higher than the loss
moduli (G00) (Fig. 3c). When the equilibrium moduli of the gels
were compared, slightly higher viscoelasticity was reported for
DL-E3/K3 gel system that could be related with the molecular
packing of the PA molecules with D- and L-chirality within the
supramolecular mixture (Fig. 3c). To determine the limiting strain
amplitude (LSA) values of the gels; amplitude sweep test was
performed on the incubated samples at the end of the time sweep.
Above LSA, the plastic deformation on the samples were observed
and the gel behavior disappeared due to the transition from linear
to non-linear viscoelastic regime [23]. LSA of the all groups
(Fig. S6) were close to each other, and pointed the similar visco-
elasticity under oscillatory stresses.

Stability of the 1% (w/v) L-E3/K3, DL-E3/K3 and D-E3/K3
nanofiber gels under proteolytic degradation was investigated by
incubating the supramolecular PA nanofiber gels with proteinase
K enzyme, which cleaves peptide bonds with a broad specificity
[24]. The PA nanofiber gels were weighed at the determined time
intervals by removing the enzyme solution placed onto the gels
for 29 days (Fig. 4a). While 1% (w/v) L-E3/K3 lost approximately
80% of their weight in the presence of the enzyme, DL-E3/K3 and
D-E3/K3 nanofiber gels preserved their gel integrity through the
incubation period (Fig. 4a). Although the half of the DL-E3/K3 gel
system consisting of the PA molecules with 50% D-conforma-
tions, the stability under proteolytic degradation was similar to
the D-E3/K3 nanofiber gel system. As a control experiment, 1%
(w/v) L-E3/K3, DL-E3/K3 and D-E3/K3 nanofiber gels were also
incubated without enzyme containing Tris buffer at pH 7.4.
All PA gel systems did not reveal any mass change for 29 days
(Fig. 4b) due to selectivity of the proteolytic degradation of
the gels based on the supramolecular chirality of the PA
architectures.

In addition toweight based stability of the PA nanofiber gels, the
change on the nanostructure feature under proteolytic activity
were examined via TEM imaging of L-E3/K3, DL-E3/K3 and D-E3/K3
nanofiber solutions incubated with the enzyme solutions at
different time periods. Like the bulk weight loss results, DL-E3/K3
and D-E3/K3 nanofibers did not show any alteration on the struc-
tural properties and presented significant nanofiber stability under
proteolytic activity for 14 days (Fig. 5). On the other hand, even after
15 min incubation of L-E3/K3 nanofibers with the enzyme solution,
the structures revealed both fiber and sheet-like nanostructures
while DL-E3/K3 and D-E3/K3 samples demonstrated nanofibers.
Over time, drastic effect of the enzymatic degradation on the
structural organization of L-E3/K3 nanofibers became apparent. The
nanofibers and sheets were converted into the smaller spherical
aggregates at day 14 (Fig. 5). On the other hand, both DL-E3/K3 and
D-E3/K3 nanofibers showed enhanced structural stability preser-
ving their nanofibrous organization under enzymatic degradation
for 14 days. In addition, all groups were also incubated in Tris buffer
solutions at pH 7.4 without enzymatic activity. TEM images of these
groups exhibited no significant change on the structural properties
of the L-E3/K3, DL-E3/K3 and D-E3/K3 assemblies for 14 days
(Fig. S7).

To study controlled release characteristics of the PA nanofiber
gels, a small molecule fluorescent probe, RhoB, was used as a model
drug molecule and encapsulated within the PA gel system with
100% efficiency during the coassembly of the oppositely charged PA
molecules in the supramolecular PA gels. Under proteolytic activity
of the proteinase K in Tris buffer at pH 7.4, the highest amount of



Fig. 5. TEM images of the L-E3/K3, DL- E3/K3 and D-E3/K3 nanofibers incubated within proteinase K enzyme solutions for 15 min, 1 day, 7 day and 14 day.
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the released molecules was obtained in the L-E3/K3 nanofiber gels
due to their weak proteolytic stability compared to the DL-E3/K3

and D-E3/K3 nanofiber gels (Fig. 6a, Fig. S8). On the other hand,
although DL-E3/K3 system revealed similar stability behavior with
D-E3/K3 at both bulk gel and nanoscale, the controlled release of the
molecules through DL-E3/K3 system were higher than the D-E3/K3
nanofiber gels over time (Fig. 6a). The release of the molecules
through the L-E3/K3, DL-E3/K3 and D-E3/K3 nanofibers gels were
determined as approximately 75, 41 and 25%, respectively (Fig. 6a).
On the other hand, the sustained release of the molecules was
monitored through the PA nanofiber gels incubated within the Tris
buffer at pH 7.4 without the enzyme as control experiments.
Although slightly higher release of the molecules in the L-E3/K3
nanofiber gels (~34%) were observed compared to DL-E3/K3 (~23%)



Fig. 6. Controlled release of the model Rhodamine B (RhoB) as a model cargo molecule
through the supramolecular PA nanofibers gels with different chirality incubated (a)
with and (b) without proteinase K enzyme in 10 mM Tris buffer at pH 7.4.

Table 1
Diffusion parameters of the model drug molecules released through the supramo-
lecular PA nanofibers gels with different chirality.

Conditions Dapp (10�12 m2 s�1)

L-E3/K3 DL-E3/K3 D-E3/K3

Incubated with enzyme 2.66 ± 1.13 0.89 ± 0.13 0.33 ± 0.03
Incubated without enzyme 0.61 ± 0.20 0.28 ± 0.06 0.20 ± 0.09
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and D-E3/K3 (~19%) (Fig. 6a), the sustained release of the molecules
through both L-E3/K3, DL-E3/K3 were drastically decreased
compared to the systems incubated within the enzyme solutions
(Fig. 6aeb).

To estimate apparent diffusivity coefficients the RhoB molecules
released through L-E3/K3, DL-E3/K3 and D-E3/K3 for the quantitative
comparison of the mass transport properties of the systems; Fick's
second law of diffusion for 1D unsteady-state systems given in Eqn.
(1) was used [25,26]. In the equation, Dapp, Mt, M∞, H and t was
defined as the apparent diffusivity, the cumulative mass of the
diffused molecules at time t and infinite and the thickness of the
gel, respectively. The estimated apparent diffusion coefficients
were given in Table 1.

Mt

M∞
¼

�
16 Dappt
pH2

�0:5

(1)
Significantly higher diffusivity of the molecules in the L-E3/K3
nanofiber gels were calculated as 2.66 ± 1.13 � 10�12 m2 s�1 under
proteolytic degradation compared to the DL-E3/K3 and D-E3/K3 in
complementary to the weight based structural stability results.
Therefore, the release of the molecules can be modulated
depending on the chirality of the peptide molecules and their
nanostructures under proteolytic activity because of the chirality
on the interactions of the enzyme molecules with the PA
coassemblies.

4. Conclusions

In this study, we showed three different coassembled PA
nanofiber gel systems containing chiral peptide molecules. The
coassembled nanofiber formation and gelation behavior of D-, L-
and the mixture of D- and L- PA molecules were shown. The results
clearly demonstrated that mixing L- and D-form PA molecules
significantly enhanced the stability of the coassembled PA nano-
fibers and supramolecular PA nanofiber gels against the proteolytic
activity. While L-E3/K3 nanofibers were completely degraded dur-
ing 14 days of incubationwith proteinase K, D-E3/K3 and the DL-E3/
K3 nanofibers exhibited great stability in both enzyme and no
enzyme containing buffers. In the case of bulk gel stability, L-E3/K3
nanofiber gels lost approximately 80% of their weight, while it was
negligible for both D-E3/K3 and DL-E3/K3 nanofiber gels for 29 days
of incubation in the enzyme solutions. Finally, the release experi-
ments of the model molecules through the D-, L and the mixture of
D- and L- PA nanofiber gels revealed the tunability of the release
characteristics of PA nanofiber gels based on the chirality of the
peptide molecules and their nanostructures for controlled delivery
of various therapeutics for biomedical applications.
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