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ABSTRACT: Self-assembling peptide based hydrogels have a wide range of applications in the field of tissue repair and tissue
regeneration. Because of its physicochemical properties, (RADA), has been studied as a potential platform for 3D cell culture,
drug delivery, and tissue engineering. Despite some small molecule and protein release studies with this system, there is a lack of
work investigating the controlled release of hydrophobic compounds (i.e., anti-inflammatory, anticancer, antibacterial drugs, etc.)
that are important for many clinical therapies. Attempts to incorporate hydrophobic compounds into self-assembling matrices
usually inhibited nanofiber formation, rather resulting in a peptide—drug complex or microcrystal formation. Herein, a self-
assembling chitosan/carboxymethyl-f-cyclodextrin nanoparticle system was used to load dexamethasone, which formed within a
self-assembling (RADA), nanoscaffold matrix. Nanoparticles dispersed within the matrix were stabilized by the nanofibers within.
The in vitro release of dexamethasone from the hybrid system was observed to be pH sensitive. At pH 7, release was observed for
more than 8 days, with three distinct kinetic domains in the first 6 days. Data suggest that the deprotonation of chitosan at a
solution pH > 6.8 leads to nanoparticle dissociation and ultimately the release of dexamethasone from the hybrid system. This
system has the potential to form a multifunctional scaffold that can self-assemble with the ability to control the release of
hydrophobic drugs for a wide variety of applications.

1. INTRODUCTION

Nanoscaffolds formed via peptide self-assembly have the
potential for becoming robust drug delivery platforms and, as
such, are actively being investigated for regenerative medicine
applications.' > A controlled release system for the delivery of
hydrophobic molecules is crucial for anti-inflammatory,
antimicrobial, and antitumor therapies."”” Compared to
systemic administration, the localized administration of drugs
at the site of interest can result in reduced side-effects, a greater
therapeutic outcome, while using a lower overall amount of
drug. The ion-complementary self-assembling peptide,
(RADA),, is composed of alternating hydrophobic and
hydrophilic amino acids and has been shown to form well-

scaffold can be introduced by directly altering the self-
assembling peptide sequence with functional motifs (e.g., cell
adhesion,11 angiogenesis,lz_14 bone 1regeneration,15’16 nerve
regeneration,'”'® etc.). Several authors have reported various
protein and hydrophilic small molecule release from these
nanoscaffolds, including BFGF, VEGF, and BDNF ,'%2% human
antibodies,” where protein release depended primarily on the
size of the protein and network density of nanofibers. Sustained
release of smaller dyes molecules that contain sulfonic acid
groups from (RADA), nanoscaffolds have been reported;™
however, few studies have reported the delivery of uncharged
hydrophobic small molecules via this type of system.
Although the alanine side chains of (RADA), are hydro-

ordered nanofibers that subsequently develop into a highly
hydrated (>99.5% water), three-dimensional nanostructured
matrix in physiological solution.*'® In addition, an advantage
of peptide self-assembly is the potential for molecular level
programmability; biofunctionality of the assembled nano-
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phobic and thought to drive assembly through interpeptide
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Figure 1. Schematic of the formation process of nanoparticle—nanofiber matrix. (a) Particle without TPP or CS/CM-f-CD/Dex; (b) add TPP as
cross-linker or CS/CM-f-CD/Dex/TPP. %, Molecular diagram;8 #3%, CS was dissolved in 1% v/v acetic acid, pH 4.9.

hydrophobic interactions, direct encapsulation of hydrophobic
molecules within the hydrophobic phase of the resulting f-
sheet is hard. Several hydrophobic anticancer drugs (e.g,
paclitaxel,23 ellipticine,“’25 curcumin,”® etc.) have been
attempted to be released by (RADA), or other similar ion-
complementary self-assembling peptides (e.g, EAKI16-IV,
EAK16-II and EFK-IL>"*"* MAXS8,***' etc.). However, the
usual result of these attempts is either an inhibited nanofiber
formation (significant decrease in f-sheet content)” or an
inability to form nanofiber networks at all: most result in a
peptide-drug/microcrystal complex.”**>** Only the incorpo-
ration of curumin using a MAXS8 peptide-based matrix has been
shown to allow for stable nanofiber networks, which was
thought to be a result of the special folding ability of this
peptide sequence.”® To achieve the hydrophobic drug loading
without affecting the secondary structure of nanofiber back-
bones, a two-step strategy of embedding self-assembling
nanoparticles loaded with the hydrophobic drug into the
nanofiber matrix was explored.

Nanocarriers including nanoparticles, micelles, dendrimers,
liposomes, etc., with abundant hydrophobic domains, are
commonly used to encapsulate hydrophobic compounds.*”~**
Composite hydrogels of microspheres, liposomes, and other
types of particle-based drug delivery vehicles have been shown
to have the capacity for hydrophobic drug release.”** In this
work, we propose a strategy that two kinds of nanostructures,
chitosan/cyclodextrin nanoparticles and (RADA), peptide
nanofibers, were self-assembled independently and then
incorporated into a hybrid nanoscaffold.

Nanoparticles made of chitosan (CS) and carboxymethyl-f-
cyclodextrin (CM-4-CD) or mixtures of CM--CD/tripoly-
phosphate (TPP) were used to form stabilized nanoparticles via
the ionotropic gelation progress.36 This nanoparticle system has
been used to encapsulate drugs with different physicochemical
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properties (i.e., hydrophilic and hydrophobic) including
insulin,36’37 heparin,36 sulindac®® and gene/DNA,39 etc. The
pK, of the amine group in CS is ~6.5; thus, the CS-based
nanoparticles may dissociate at physiological condition (pH
7.4), a trait that may significantly limit their use in systemic
applications.’*™** However, this inherent property is suited for
inclusion in a (RADA), hydrogel, as this matrix can assemble in
acidic environments (~pH 4.0,”°), and formed nanofibers may
stabilize the embedded nanoparticle structure allowing for a
reduced rate of dissociation upon changing the environmental
pH. Cyclodextrins (CDs) are a family of compounds composed
of —(1, 4) linked glucopyranose subunits bound together to
form a cyclic oligosaccharide. Because of the stereochemical
structure, cyclodextrins have an internalized nonpolar cavity
that allows for a hydrophobic molecule to be bound, while a
hydrophilic exterior allows for this complex to remain soluble in
water."’ CDs can form reversible inclusion complexes with
hydrophobic molecules, yielding an improved aqueous
solubility and bioavailability of hydrophobic drugs. In this
work, the anionic CM-f-CD was selected because it can not
only spontaneously interact with the cationic CS, but also can
load dexamethasone as inclusion complexes.

Dexamethasone (Dex), a glucocorticoids, is the gold-
standard anti-inflammatory medicine due to its high potency
and effectiveness in reducing inflammation through binding
glucocorticoid receptors.”” Dex has been chosen as a model
drug for this study due to its widespread use, safety,
hydrophobic nature, similarity to other hydrophobic drugs in
structure, and relatively complete characterization. Further-
more, it has already been shown that the aqueous solubility of
Dex (~0.1 mg/mL) has been enhanced by the pharmaceutical
industry for decades using cyclodextrins.”’ In this report, the
release of Dex from (RADA), based composite matrices was
achieved using a CM-f-CD/Dex based nanoparticle that was
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mixed with self-assembling peptides to form a hybrid
nanoscaffold. The influence of incorporating these nano-
particles on the matrix morphology was also evaluated.

2. MATERIALS AND METHODS

2.1. Materials. CS (degree of deacetylation 96.5%; viscosity SS
mPa.s) was purchased from Yuhuan Ocean Biochemical (Zhejiang,
China). Dex, CM-#-CD (the average degree of substitution, DS ~3),
S-CD, and TPP were purchased from Sigma (USA). (RADA), peptide
(>95% purity) was purchased from RS Synthesis (Louisville, KY,
USA). The chemical structures of CS, CM-$-CD, TPP, and Dex are
shown in Figure SI.

2.2. Nanoparticle Preparation. Nanoparticles, with or without
the anionic cross-linker TPP, were prepared according to a modified
procedure from the literature (Figure 1).** Briefly, CS was dissolved at
0.2% w/v (2 mg/ mL) with 1% v/v acetic acid and then raised to pH
4.9 with S N NaOH. Dex/CM-$-CD inclusion complex solution was
obtained by dissolving Dex in CM-$-CD water solution via an
overnight stirring. For Dex-loaded nanoparticles, 200 uL of CM-j-
CD/Dex solution (CM-$-CD, 9 mg/mL or ~6.545 mM; Dex, 0.8 mg/
mL or 2.038 mM) and 100 uL of TPP water solutions (0, 1, 2 mg/
mL) were added to 800 yL of CS solution (0.2% w/v, pH 4.9) under
magnetic stirring for 30 min at room temperature. The nanoparticles
were isolated by centrifugation in a glycerol bed (20 000 X g, 30 min,
at room temperature) and then resuspended in 100 pL of Milli-Q
water. Glycerol was used for centrifugation to enhance the
resuspensability of centrifuged nanoparticles, as described previously.*®

The production yield of the nanoparticles was obtained by
centrifuging fixed volume of the nanoparticle suspensions (20 000 X
g 30 min, at room temperature) without glycerol bed. After
centrifugation, the supernatant was discarded, the tube with isolated
particles at bottom was carefully raised with water, and then it was kept
at 60 °C in vacuum until constant weight. The production yields were
calculated from the ratios between actual weight and the theoretical
weight of the nanoparticles.

2.3. Particle Characterization. 2.3.1. Nanoparticle Size and {-
Potential. The size and {-potential of the nanoparticles in various pH
conditions (pH 3.0—9.5; size, 1X PBS; {-potential, 10 mM KCI) were
measured using the Malvern Zetasizer Nano-S (Malvern Instruments,
UK).

2.3.2. Fourier Transform Infrared Spectroscopy (FT-IR). In FT-IR
analysis, transmittance spectra of KBr sample pellets of pure CS, CM-
p-CD, TPP, and dried nanoparticle were obtained using the FT-IR
spectrometer (Varian FTS 7000, USA), operating from 4000—500
em™ at resolution of 2 cm™.

2.3.3. Drug Loading Capacity of Nanoparticles. The Dex loading
and association efficiencies of the nanoparticle preparations were
determined after isolation of nanoparticles by centrifugation as
described in section 2.2. The amount of loaded Dex in nanoparticles
was determined by extracting Dex by incubation and sonication in 50%
methanol. Briefly, SO yL of the nanoparticle stock solution was added
into 1 mL of 50% methanol, incubated overnight at 37 °C, then
sonicated for 2 h. The above incubation and sonication procedure was
repeated to get a sufficient dissolution of Dex. After that, the extract
solution was collect after a centrifugation progress (20000 X g 30
min, at room temperature), and the concentration of it was
determined by UV—vis at 240 nm; the standard curve was made by
pure Dex in 50% methanol.

The loading efficiency and the association efficiency of Dex were
calculated as presented below:

) Nanoparticles weight
Yield = X 100
Total amount of matierials (1)
Amount of bound D
Loading efficiency = ount o Do X % 100
Nanoparticles weight )
Amount of bound D
Association efficiency = T o7 DO X % 100
Total amount of Dex (3)

2.3.4. Stability Study of Nanoparticles in Different pH. The
stability of particle size in different pH has also been studied.
Nanoparticles were incubated in PBS buffer (pH 7.4 or pH 6.0 that
chitosan should be protonated, pK, ~ 6.5) at 37 °C. At appropriate
time points, samples were collected, and the size distribution of the
nanoparticles was measured as described in section 2.3.1.

2.4. In Vitro Dex Release from Nanoparticles. Dex release
studies were performed by incubating 50 uL of NP suspension in 950
mL of PBS buffer (pH 7.4 or pH 6.0) at 37 °C. At appropriate
intervals, the supernatants of samples were separated and collected by
centrifugation (20000 X g, 30 min, at room temperature) and then
mixed 1:1 with 50% methanol. The amount of released Dex was
evaluated by measuring the mixtures by UV—vis at 240 nm (samples
without drug were used as a blank), and the standard curve was made
by CM-f-CD/Dex inclusion complex solution measured in the same
way.

2.5. Atomic Force Microscopy (AFM). The morphology of the
hybrid hydrogel matrices and nanoparticles was measured using
Dimension 3100 Nanoman atomic force microscopy (AFM, Veeco
Metrology, LLC) with tapping mode, tip radius of 8 nm. Nanoparticles
stock solutions were 100-times diluted with Mili-Q water, and
hydrogel solutions used in AFM studies were prepared by being 500-
times diluted with Mili-Q water. A drop (S pL) of each solution was
placed on freshly cleaved mica substrates then rise with water. The
surfaces were air-dried overnight at room temperature before being
imaged.

2.6. Circular Dichroism (CD) Measurement. The effect of
nanoparticle presence on peptide self-assembly was investigated using
CD spectroscopy of 0.5% w/v or 2.92 mM peptide solutions in 5 mM
PB, pH 4.0 at 25 °C. Briefly, 100 uL of each nanoparticle stock
solutions was made by diluting 16.7 uL of 3% w/v (RADA), peptide
solution with 5 yL of 100 mM PB and appropriate amount of
nanoparticles suspensions and water, incubated at 4 °C overnight. The
final concentrations of nanoparticle stock solutions were 25%, 50%,
and 75% v/v, respectively. CD data were collected by Jasco J-810
Circular Dichroism Chiroptical Spectrometer using a quartz cuvette
with a 0.1 mm path length. The effects of the nanoparticles on peptide
structure were determined by taking CD scans in different solutions. A
background spectrum was first collected for each sample using same
concentration of PB or nanoparticle suspensions. All CD measure-
ments were repeated at least three times from 185—260 nm. The raw
data were corrected by conversion to mean residue ellipticity.
Secondary structure fractions of different formula were estimated
from the CD spectra using the free software CDNN 2.1.** The “B/TR
ratio ((f-sheet content)/(f-turn + random coil content))” was used to
evaluate and speculate the quality of hydrogels from a secondary
structure level.

2.7. In Vitro Dex Release from Hydrogel-Nanoparticle
Composite. In this study, on the basis of the CD result, we select
0.5% w/v (RADA), with 25% v/v of nanoparticle stock solutions for in
vitro drug release. Similarly to CD sample preparation, (RADA),
solution was diluted with S mM PB buffer and mixed with the
nanoparticle suspension to obtain desired concentrations. Thirty
microliters of the mixture was placed at the bottom of a vial insert
(150 L) in a 1.5 mL vial overnight at 4 °C. Then 120 uL of PBS (pH
7.4 or 6.0) was carefully added to each vial insert. The samples were
incubated at 37 °C. The control groups of Dex passive release without
nanoparticles was represented by mixing (RADA), peptide with same
concentration of CM-f-CD/Dex solution (assuming the average drug
association efficiency of nanoparticles is 20%). At each time point, 80
uL of supernatant was taken out and replaced by fresh PBS to
maintain a sink condition. The amount of released Dex was
determined by UV—vis at 240 nm as the method described in section
24.

2.8. Statistical Analysis. All data were presented as means +
standard deviation (SD). The statistical significance of differences
between mean values was determined using one-way ANOVA
followed by Student’s t test for analysis of variance. Significance was
established by a value of p < 0.05.
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Table 1. Loading Characteristics of Dex Loaded Nanoparticles with Different Ratios of CS/CM-f-CD/Dex/TPP. Data

Presented Represent the Mean + SD for n > 3

sample ratio CS/CM-f-CD/Dex/TPP yield (%) Dex loading efficiency (%) association efficiency (%)
TPP-0 4:4.5:0.4:0 34 +7 23 +02 174 =+ 1.7
TPP-0.25 4:4.5:0.4:0.25 41 +£3 21+03 20.7 £ 2.2
TPP-0.5 4:4.5:0.4:0.5 S§+1 1.9 + 0.1 24.1 £ 09
3. RESULTS 1150 (P=0O stretching vibrations) and 896 cm™ (P—O-P

3.1. Nanoparticle Preparation. It has been previously
reported that a narrow range of ratios of CS/CM-f-CD or CS/
CM-f-CD/TPP concentration ultimately yields nanoparticles,
where the concentration of CM-#-CD or TPP dictates the
ability to form nanoparticles versus large aggregates that cannot
be resuspended in solution.’® For this study, several formulas
were screened for their ability to load Dex (results not shown),
of which only three were chosen for further study as they were
able to be resuspended after centrifugation and exhibited a
relatively high loading efficiency (Table 1).

3.2. Nanoparticle Characterization. 3.2.7. FT-IR. Control
materials were characterized using FT-IR spectroscopy (Figure
2), where pure TPP (Figure 2a) showed characteristic bands at
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Figure 2. Representative FT-IR spectra for (a) TPP, (b) CM-4-CD,
(c) CS, and nanoparticles: (d) TPP-0.5, (e) TPP-0.25, (f) TPP-0.

asymmetric stretching).%’47 All other remaining spectra showed
a broad O—H stretch peak at ~3425 cm™" and peak at ~2900
cm™ for the C—H stretch. CM-f-CD sodium salt (Figure 2b)
had bands at 1419 and 1602 cm™ corresponding to the
symmetrical and asymmetrical stretching vibration of the
carboxylate groups, respectively. Virgin CS (Figure 2c) showed
bands at 1078 and 1597 cm™" for the C—O stretching for a
primary —OH and N—H deformation of amine groups,
respectively.

Nanoparticles (Figure 2d—f, TPP-0.5, TPP-0.25, and TPP-0)
were also characterized using FT-IR. The main differences in
the FT-IR spectrum among those nanoparticles relate to the
spectrum of raw CS and refer to the strong characteristic bands
at 1419 and 1575 cm™'. These bands correspond to the
symmetrical and asymmetrical stretching vibrations of the
—COO™ groups, where the peak at 1602 cm™' (—COONa) for
raw CM-B-CD shifted to 1575 cm™ (—COO~) upon
nanoparticle formation. In addition, a weak band at 1720
cm™" could be assigned to the stretching vibration of carboxyl
group. A band at ~1150 cm™ that is associated with the P—O
stretching vibration of TPP is present in the nanoparticle
spectra; however, it is overlapped by a strong peak also present
for the abundant CS. Another characteristic band for TPP
presence was observed at 894 cm™" for nanoparticles with TPP-
0.5 and TPP-0.25 (Figure 2d,e).”® These data show that all
three components are found within the formed nanoparticles.

3.2.2. Nanoparticle Characterization: Effect of pH. Dex-
loaded nanoparticle size and {-potential were significantly
affected by pH (pH 3.0—9.5) for systems with fixed
nanoparticle concentration of 0.15% w/v (Figure 3). For the
control (TPP-0) when pH was 3.0, two peaks were detected:
(1) —=7.8 + 4.4 mV, area = 88.7 + 6.3%; and (ii) 63.7 + 6.5 mV,
area = 11.3 + 6.3%. The predominant population at about —7.8
mV supported the observed trend in {-potential for pH from
4.0 to ~6.8, whereas a minor population had a significantly
higher surface charge that may be the result of free CM-3-CD

—e—TPP-05
—O—TPP-0.25
—A—TPP-0

- - -
o N s~ O
1 1 1 1

Zeta potential (mv)

Particle size (nm)

3000
2800
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400 -
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b)

Figure 3. Effect of buffer pH value on nanoparticle (a) {-potential and (b) size for systems studied with a nanoparticle concentration of 0.15% w/v
and T = 25 + 1 °C. Data points and error bars represent mean 1 S.D., n > 3, and the lines are to guide the eye only.
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and CS in solution. Because of the issues around the
characterization of this system at this pH, these results were
not included in the summary of results in Figure 3. TPP-0
showed a stepwise increase in {-potential from ~0 to ~8 mV as
pH increased from 4.0 to 6.8. The {-potential increased with
greater amounts of TPP (TPP-0.25, TPP-0.5), where TPP-0.5
had the highest {-potential of ~14 mV at pH of 3.0, which
significantly decreased to ~9 mV at a pH 6.8 (p < 0.001). The
{-potential for all three systems converged at ~9 mV when the
pH approached 6.8. As the pH increased beyond 6.8, all three
systems exhibited decreases in {-potential to ~2 mV at a pH of
9.5.

Nanoparticle size for all systems was also influenced by pH.
The control system (TPP-0) at a pH of 3.0 yielded a single
peak at 216.9 + 9.8 nm, but these data were not included in the
nanoparticle size results (Figure 3b) due to the issues
surrounding the (-potential characterization. As the pH
increased from 4.0 to 6.8, TPP-0 nanoparticles maintained a
relatively constant size and varied between 435 and 605 nm (no
significant difference between each point, p > 0.05). TPP-0.5
showed a similar trend in size as that of TPP-0 for pH values
from 3.0—6.8. However, TPP-0.25 showed a decreasing trend
in size from ~800 to ~450 nm (on average) as pH increased
from 3.0 to 4.9 (p < 0.001). From pH 4.9—7.4, all systems
exhibited similar trends in size, which started to increase as pH
increased from 6.8 to 7.4. All systems showed a significant
increase in particle size as the pH moved from 7.4 to 8.5:
~600—800 nm to ~2300—2650 nm (TPP-0, p < 0.01; TPP-
0.25 and TPP-0.5, p < 0.001). A steep decrease in size to ~1500
nm occurred for both systems with TPP upon increasing pH
from 8.4 to 9.5, whereas TPP-0 maintained a similar size of
~2200 nm.

3.2.3. Nanopatrticle Characterization: Nanoparticle Stabil-
ity. Nanoparticle stability in a physiological pH of 7.4 and a
slightly acidic pH of 6.0 were chosen due to the fact that the
amine group of chitosan has a pK, & 6.5. The results
summarized in Figure 4 illustrate that a solution pH less than
the pK, of chitosan led to a relatively stable nanoparticle size for
all three systems of study. Regardless of the amount of TPP in
the nanoparticle formulation, an initial diameter of ~500—600
nm decreased to 200—300 nm after 21 days of incubation in a
solution with a pH of 6.0 (TPP-0 and TPP-0.25, p < 0.05; TPP-

4500 - —=—pH 7.4 TPP-0.5
4 —e—pH 7.4 TPP-0.25
900~ —a—pH 7.4 TPP-0
— 3500 —v—pH 6.0 TPP-0.5
€ —<—pH 6.0 TPP-0.25
£ 3000- ——pH 6.0 TPP-0
o ]
B 2500+
)
< 20004
£ 1500+
&
1000 -
500
o T M T M T M T T T
0 5 10 15 20
Time (days)

Figure 4. Nanoparticle stability in buffers at pH 6.0 and pH 7.4 as
determined using the { sizer. Data represent mean + SD for n > 3
repeats, and lines are to guide the eye only.

0.5, p < 0.001). However, for pH 7.4, particle sizes drastically
increased up to day S, reached a maximum of ~5—8-times
greater than at day 0 (p < 0.001), and then all systems exhibited
a decrease in particle size to near day 0 values (day 0 vs day 21:
TPP-0, p < 0.05; TPP-0.25, p > 0.05; TPP-0.5, p < 0.01).
The impact of solution pH on the structure of nanoparticles
was also measured using AFM. As shown in Figure 5, panels a—

TPP-0 TPP-0.25

TPP-0.5

5 days incubation in PBS
pH 6.0

pH7.4

3um

Figure S. Representative AFM images of nanoparticles after 100X
dilution: (a, d) TPP-0, (b, e) TPP-0.25, and (c, f) TPP-0.5. Incubated
at 37 °C for S days in PBS at (a, b, ¢) pH 6.0 and (d, e, f) pH 7.4.

¢, after 5 days of incubation in PBS at pH 6.0, distributed
nanoparticles were observed in all groups. Deducting the radius
of the AFM tip (8 nm) yielded an average measured diameter
of TPP-0, TPP-0.25, and TPP-0.5 of around 201.8 + 68.6,
1982 + 42.4, and 1969 + 65.8 nm, respectively (n > 20).
However, after S days of incubation in PBS at pH 7.4 (Figure
Sd—f), the morphology of nanoparticles changed dramatically:
large aggregates were observed (>1000 nm) as well as insoluble
amorphous clouds.

3.3. In Vitro Release of Dex from Nanoparticles. As
shown in Figure 6, a burst release of 17—20% of loaded Dex
occurred for all systems within 8 h. For the remainder of the
systems at pH 6.0, there was only a slow but significant increase
in release up to 18 days, which reached a cumulated release of
~27% (p < 0.001). However, systems incubated in pH 7.4
conditions showed further release after a 7 day lag period. At
day 18 for these systems, release kinetics showed a significant
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Figure 6. Cumulative release of Dex from nanoparticles with various
TPP amounts in PBS at 37 °C and pH 6.0 or pH 7.4. Data represent
mean =+ SD for n > 3 repeats, and lines are provided to guide the eye
only.
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increase from ~25-27% to as high ~93% for the TPP-0 and
TPP-0.25 groups and ~72% for the TPP-0.5 group.

3.4. Effect of Nanoparticles on (RADA), Self-Assem-
bly. CD experiments were used to understand if the
incorporation of nanoparticles would adversely affect the initial
self-assembly of (RADA), through analyzing the f-sheet peak,
which is indicative of nanofiber formation (Figure 7, Table 2).
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Figure 7. CD examination of the peptide structures of different mixing
ratio of nanoparticles. The final concentrations of hydrogels are 0.5%
w/v (RADA), that contend 25—75% v/v nanoparticle stock solutions:
(a) TPP-0.5, (b) TPP-0.25, and (c) TPP-0 suspensions in S mM PB. A
typical CD spectrum of (RADA), f-sheet structure contains a
minimum at ~216 nm (f-sheet contents) and a maximum at 196
nm (the degree of B-sheet twist).*” The nanoparticle solutions do not
have absorption in CD examination, see Figure S2.

Control experiments were conducted using CD character-
ization of nanoparticles without the presence of (RADA),
(Supporting Information) where no response as a function of
wavelength was observed. (RADA), controls exhibited a typical
P-sheet structure (minimum at 217—218 nm, maximum at
195—206 nm) for systems without nanoparticles (i.e., 0% v/v,
or pure 0.5% (RADA),). This secondary structure content was
further quantified using CDNN software (Table 2), which
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yielded a high 46% (antiparallel + parallel) S-sheet content with
low pf-turn and random coil content of 11 and 27%,
respectively. For all nanoparticle-(RADA), systems, the /TR
ratio decreased dramatically from 1.20 as the ratio of
nanoparticle stock solutions increased. In addition, the presence
of TPP within the nanoparticles seemed to reduce the impact
nanoparticles had on (RADA), f-sheet formation (and thus on
nanofiber formation). It is noteworthy that systems with 25%
v/v nanoparticles were able to retain a peptide secondary
structure similar to the control, illustrating that the nanofiber
matrix was able to form.

3.5. In Vitro Release of Dex from Nanoparticle—
Nanofiber Hydrogel Matrix. As shown in Figure 8, similar to
the release profile of nanoparticles in buffer, there was also a
burst release of Dex within the first ~12 h for all hybrid
nanoscaffolds. The control CM-f-CD/Dex system showed a
release of ~90% within 12 h, whereas a release of ~35—41% for
pH 7.4 was almost double that of ~18—20% for pH 6.0
systems. Hybrid nanoscaffold systems at pH 7.4 exhibited an S-
shaped release profile, with changes in release rates occurring at
12 h, 3 and 4 or 6 days depending on the system. Moreover,
there is a tendency that the involvement of TPP leads to a
slower release rate, a result also observed for release from
nanoparticles in buffer without (RADA), Furthermore, the
involvement of TPP seemed to reduce the release rate for
systems incubated in pH 7.4 solutions (Figure 8c). At the end
of 8 days, all groups reached a plateau in cumulative release
from 74% (TPP-0.5) to 95% (control). For the same systems
incubated in PBS at pH 6.0, a very low level of drug release
happened (~1.5%/day, Figure 8c) after a slight burst release
within the first day. After 8 days of incubation, only 25.5%
(TPP-0.5), 28.6% (TPP-0.25), and 30.7% (TPP-0) of total
drug was released when incubated in pH 6.0 solution.

3.6. Hybrid Nanoscaffold Morphology. The in vitro
release profiles for all hybrid systems showed a plateau in
release after S days of incubation. To further understand the
systems at this 5 day period, AFM characterization of the
hybrid systems was conducted. AFM results for initially formed
hybrid matrices with nanofibers and nanoparticles are
summarized in Figure 9, panels al—dl. Pure 0.5% w/v
(RADA), solutions exhibited long, evenly distributed, nano-
fibers (al). Upon incorporation of nanoparticles without TPP
(i-e, 25% v/v TPP-0 (bl)), it seemed that the nanofiber length
overall was reduced compared to (RADA), controls. However,
upon incorporation of TPP containing nanoparticles (i.e.,, TPP-
025 (c1) and TPP-0.5 (dl)), the nanofiber length was
unchanged compared to (RADA), controls. It also seemed
that TPP-0.5 yielded a higher number of nanoparticles than
compared to either TPP-0.25 or TPP-O systems. This
correlated with the results in Table 1, which show that the
greatest yield of nanoparticles was observed for systems with
TPP-0.5. In addition, before incubation, the interaction
between nanoparticles and nanofibers was not obvious.
Nanoparticles had a tendency to group but still remained
isolated from nanofiber networks.

After 5 days of incubation, the morphology of the hybrid
matrix changed dramatically, especially for TPP-0 and TPP-0.25
samples. For TPP-0 after incubation at pH 6.0 (b2), the
network was made of short and stubby fibers, which may also
resemble small particles (white small arrow). Meanwhile, fibers
tended to aggregated at pH 7.4 (b3), and those short fibers also
have a trend to be sequences of particles (white small arrow).
The chitosan nanoparticles were hard to distinguish from fiber
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Table 2. Estimated Structure Fractions of (RADA), Peptide with Different Nanoparticles Contents at 25 °C

secondary-structure fractions (%)

items helix antiparallel parallel
pure 0.5% (RADA), 14.8 39.8 6.6
+25% v/v TPP-0 17.1 33.9 8.3
+50% v/v TPP-0 20.6 23.7 9.5
+75% v/v TPP-0 9.1 34.5 4.6
+25% v/v TPP-0.25 14.9 39.2 6.6
+50% v/v TPP-0.25 15.2 38.9 7.1
+75% v/v TPP-0.25 11.7 23.5 9.4
+25% v/v TPP-0.5 129 42.0 5.8
+50% v/v TPP-0.5 12.0 36.6 6.9
+75% v/v TPP-0.5 19.0 18.5 9.5

p-turn random coil total sum B/TR?
11.3 274 99.9 1.20
9.2 29.1 97.6 1.1
8.1 31.4 93.3 0.84
153 36.8 100.3 0.75
11.6 274 99.6 1.17
10.6 28.1 99.8 1.19
6.2 459 96.6 0.63
12.4 28.1 101.2 1.18
9.4 34.0 98.8 1.12
6.9 372 91.1 0.63

“f/TR = (antiparallel + parallel)/(f-turn + random coil). At the current state of the trained networks, the RMS error (%) for the prediction of one

of these protein structures is ~2.07.
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C) Table 3. Calculated release rate/slope of different stages of each system in pH 7.4 and pH 6.0
pH System Stage (day-day) Release rate/slope (%/day)
1st 2nd 3rd
74 Control 1 0.5-8 0.27 NA NA
TPP-0.5 1%t 0.5-3; 2m: 3-5; 37 5.39 10.32 1.79
TPP-0.25 15t 0.5-3; 27 3-5; 3 5-8 6.54 16.21 2.02
TPP-0 15t 0.5-3; 28: 3-4; 3 4-8 6.60 19.36 2.39
6.0 Control 154 0.5-8 0.95 NA NA
TPP-0.5 151 0.5-8 1.39 NA NA
TPP-0.25 1% 0.5-8 1.49 NA NA
TPP-0 1t 0.5-8 1.51 NA NA

Figure 8. (a) Release profiles of Dex from hybrid matrix containing 0.5% w/v (RADA), with 25% v/v nanoparticle stock solutions in PBS at pH 7.4
and pH 6.0, 37 °C. The control group is free release of CM-f-CD/Dex inclusion complex from 0.5% w/v (RADA), gel. Data represent mean + SD
for n > 3 repeats, and lines are to guide the eye only. (b) Sketch of different release stages. (c) Calculated release rate/slop of each release stage; the

burst release at first 12 h was not included.

aggregates. For samples with TPP-0.25, there is no significant
difference between pH 6.0 (c2) and pH 7.4 (c3) incubation,
also shown as aggregates of broken short fibers, even particles-
like fiber fragments. Similarly, it is hard to distinguish chitosan
nanoparticles from fibers after incubation at pH 7.4. However,
TPP-0.5 exhibited a better fiber compatibility than others. After
being incubated with both pH 6.0 (d2) and pH 7.4 (d3), the
fiber network looks very similar to pure (RADA),, namely
fibers were long and relatively equally distributed. For pH 6.0
(d2), we can even see that chitosan nanoparticles were adhered
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to nanofibers, not isolated from fibers network. After incubation
at pH 7.4 (d3), regular shaped nanoparticles were barely
observed. There are more thick bundles and fewer dispersed
thin nanofibers in d3 compared with d2, which may due to the
insolubilized nanoparticles.

The morphology change was obvious for the pure (RADA),
nanofiber matrix. After S days of incubation in pH 6.0, single
nanofibers (al) became fiber bundles (b1), and they cross-
linked or branched into a complicated network. From the end
of a branch of bundles (white arrow in a2), we can easily
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Without nanoparticle

With 25% v/v of nanoparticle stock solutions

Before incubation
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5 days incubation in PBS

pH 7.4
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{

TPP-0.5

3um

Figure 9. AFM images of hydrogels with S00-times dilution: (al) 0.5% w/v (RADA),, (b1) 0.5% w/v (RADA), with 25% v/v TPP-0 stock solution,
(c1) 0.5% w/v (RADA), with 25% v/v TPP-0.2S stock solution, and (d1) 0.5% w/v (RADA), with 25% v/v TPP-0.5 stock solution. (a2—d2)
Hydrogels incubated in PBS at pH 6.0 and 37 °C for S days. (a3—d3) Hydrogels incubated in PBS at pH 7.4 and 37 °C for S days. Small blue arrows
point to nanoparticles. White arrows point out the cross-section height analyzed in Figure 10.

understand the thicker fibers were composed of single
nanofibers, not single nanofibers that may be enlarged due to
being coated with nanoparticle materials. Compared with b2,
c2, and d2, it can be concluded that nanofiber can be broken
into fragments by nanoparticles, and the increased TPP content
inhibits this effect. After 5 days of incubation, no difference in
fiber morphology could be discerned between pH 7.4 (a3) and
pH 6.0 systems, where their effect was similar to perhaps more
aggregations in b3.

The section heights of AFM measurement can provide more
objective and intuitive data for analysis since the tip radius
effect can be neglected and a number of random selected
nanofiber section heights or diameters can be obtained. The
cross-section information on each sample was shown in Figure
10, panel i. Each peak could be directly correlated to structures
that were crossed by the diagonal white arrows in Figure 9.
Nanoparticles can be easily distinguished from nanofibers
before incubation. After incubation for S days, the fiber height
increased dramatically at both pH 7.4 and pH 6.0. The
statistical fiber heights were shown in Figure 10, panel ii, and
the results indicate that before incubation the height of
nanofiber is ~1.5 nm for all groups, which can be considered as
single nanofiber. However, all nanofiber heights increased to
6.1-7.3 nm, except for TPP-0.5 pH 7.4 systems, which
increased to 10.3 + 3.8 nm. This height difference between
TPP-0.5 (pH 7.4) was significantly higher than other groups
(ii). Moreover, the distribution in cross-sectional height for
each sample also changed, which can help us to understand the
morphology change during different incubation environments.

4. DISCUSSION

Self-assembling peptide nanoscaffolds, like (RADA),, have
unique features that make them amenable for a wide variety of
tissue engineering scaffolds. That said, the release of hydro-
phobic drugs from these matrices has been an issue, particularly
in maintaining the ability to self-assemble while maximizing the
amount of drug loaded in the system.
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As expected, Dex was successfully loaded in CS/CM-f-CD
based nanoparticles via a CM-f-CD/Dex inclusion complex. It
was confirmed that TPP plays an important role in chitosan
nanoparticle formation, increasing both the nanoparticle yield
and association with the nanoparticles. Although on average the
Dex loading efficiency decreased with increasing TPP
concentrations, a change that was not statistically significant.
The total loaded amount of Dex was observed to be ~2%,
which is well below the theoretical maximum mass ratios of
Dex in TPP-0, TPP-0.25, and TPP-0.5 formulations of 4.5, 4.4,
and 4.3%, respectively. Moreover, the stability of nanoparticles
was significantly improved through TPP cross-linking. This is
likely due to the fact that the pK, of TPP is very low (ie,
negatively charged), and it has a relatively low molecular
weight.*”

CS is a weak base (pK, of ~6.5**) that is soluble or not
depending on the protonation of amino groups; thus, it is
almost insoluble in aqueous solutions with pH > 7.0.°>°" In
theory, the deprotonation of the amino groups at higher pH
would lead to the disintegration of nanoparticles. In our work, a
transition in particle size occurred in aqueous solutions at a pH
~7.4 where the particle sizes drastically increased from between
600 and 800 nm to 2300 and 2600 nm. This increase in size is
likely due to particle aggregation, rather than particle growth,"’
brought on by a significant decrease in {-potential after a pH
~6.5. The decline in size at pH 9.5 may due to the molecular
dissociation of nanoparticles; specifically, the alkaline hydrolysis
of TPP could break the nanoparticle structure of TPP-0.5 and
TPP-0.25.°*%

Relatively long-term stability of these nanoparticles was also
influenced by pH. Incubation in pH 7.4 yielded particle sizes
that rapidly over the first 5 days, whereas similar particles in pH
6.0 were relatively unchanged over the entire period of study
(21 days). The low {-potential values for these particles when
at pH 7.4 likely led to the increase in particle size through
aggregation, which was observed in the AFM images taken after
S days of incubation. In addition to aggregation, some
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Figure 10. Measured section height of matrix networks: (i) height of cross-sections of “white arrows” for before incubation groups; white arrows that
cross nanoparticles were selected for comparison. (ji) Average height of nanofibers before and after incubation in PBS for S days; nanoparticle
heights in “before incubation” group were not included. (iii) Section height distributions of each sample analyzed. Data represent mean + SD for n >

15 repeats.

amorphous forms of material were also observed, which may be
the presence of insoluble CS that has been dissociated from the
particles. This may explain why the particle size eventually
declined. The deprotonation of CS result in both particle
aggregation and particle disassociation® may be because the
hydrophobic property of deprotonation of CS and particle
aggregation led to smaller surface area and then slowed down
the imbibition or buffer absorption in the particles. Similar
results were reported that after CS deprotonation: the particle
aggregation kept ongoin§, and the particle disassociation did
not happen immediately.” >

The burst release for all particle systems in aqueous solution
(Figure 6) may be due to the release of surface bound Dex or
CM-f-CD/Dex complexes. Beyond this time point, all particles
incubated in pH 6.0 buffer exhibited a very slow drug release.
This may be due to the passive diffusion of Dex from particles
rather than particle disassociation, which can be corresponded
to the results in Figures 4 and S. Interestingly, unlike other
similar CS/CM-p-CD particle systems reported,” the depro-
tonation and disintegration in this nanoparticle did not cause a
fast release in pH 7.4. This may be because, unlike reported
deliveries of protein drugs, hydrophobic interactions between
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dexamethasone released from inclusion complex and the
insoluble chitosan may help in prolonging the release.
Additionally, the aggregations of particles may lead to a smaller
surface area that protects the loaded Dex from releasing into
the environment and slow down the diffusion of the
surrounding weakly alkaline buffer into the core of nano-
particles. As shown in Figure 4, after S days of incubation at pH
7.4, TPP-0.5 nanoparticles were at their largest size. That is, the
surface area could be the smallest, thus explaining why it has
the slowest release rate. In addition, the trend in decrease in
particle size correlated to the release progress in Figure 6.
The incorporation of these particles into the self-assembling
matrix should not hinder the initial self-assembly event. To
understand this, the influence of incorporated particles on the
resulting secondary structure of (RADA), was studied using
CD. The observation of the typical f-sheet structure for
(RADA), is currently deemed to be the gold-standard for
indicating the formation of nanofibers and, thus, a successful
self-assembly event. The control (RADA), system yielded the
expected trend in molar ellipticity. CD spectra (Figure 7)
indicate that the amount and composition of nanoparticles
added to the matrix may affect the f-sheet formation for
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(RADA),. It was observed that the inclusion of particles to 50%
v/v or less had no observable effect on nanofiber assembly as
assessed via the CD spectra. That said, for TPP-0 and TPP-
0.25, the typical f-sheet trend was altered, where the lack of
TPP led to a greater decrease in f-twist signal. This may be due
to the surface charge of the large number of particles in the
matrix disrupting the ionic self-assembly of (RADA),. Those
negatively charged residues of (RADA), peptide may interact
with positively charged CS and then prevent f-sheet and
nanofiber structure. In all 25% v/v groups, a f-sheet content of
42—48% was observed, which was very similar to the control
(RADA), (46.4%). According to the study by Z. Ye and X.
Zhao et al, the random coils and f-turn of (RADA), via
hydrogen or ionic bonds would directly affect the stability of
the f-sheet and nanofibers.”” Thus, it is necessary to compare
the f-sheet content with the random coils and f-turn. On the
basis of this, the f/TR ratios have been calculated and
compared, which supported that 25% v/v nanoparticle solution
in hydrogel did not drastically affect the assembly of (RADA),.
In addition, it is worth mentioning that when interpreting the
analysis of CD results (Table 2), the relative proportions, rather
than the absolute content, is of major importance. AFM of
matrices before incubation supports the above CD spectra in a
more intuitive way. Even 25% v/v of nanoparticles solution has
an effect on the nanofiber formation. Especially with TPP-0, the
total amount of nanofibers decreased dramatically. Moreover,
there is no other interaction between nanofiber and nano-
particles; nanoparticles are isolated from nanofiber networks.

In the in vitro release study of hybrid matrices, the control
group was the free release of CM-$-CD/Dex inclusion
complexes from 0.5% w/v (RADA), gel. For an uncharged
Dex or weakly charged CM-f-CD/Dex complex, there is a very
fast release of free drug from this control group, which can be
classified as a passive diffusion release. The result also proves
that CM-f-CD and Dex do not interact with (RADA),
hydrogel matrix these conditions. Conversely, the Dex release
profiles from the hybrid matrices showed an initial burst release
followed by three relatively distinct regions of “zero order-like”
release after 8 days. The burst release could be due to the
release of surface-bound Dex. A trace of delayed release was
also shown in the three groups. The very slow release profiles of
samples under pH 6.0 correlated to the previous result in
Figures 4 and 6. It seems that, for the hybrid system, CS
deprotonation is the major determinant of drug release. As an
injectable hydrogel, the solution pH is under the pK, (~pH
6.5) of CS, and there is only a very slow drug release before
injection. When the hydrogels meet with a physiological
environment (pH 7.4), the three stages of sustained drug
release occur, and the release rate may be controlled by altering
the nanoparticle formula and content (Figure 8b,c).

To understand the mechanism of sustained drug release of
the hydrogel matrix, the morphologies after incubation at
different pH were obtained by AFM. As we can conclude from
previous results, matrix formation at day S is typical. Not only
can the day S images correlate with previous images of
nanoparticles, but also day 5 is a late stage of drug release of
hydrogels. After S days of incubation at pH 6.0, the hydrogel
with TPP-0 seemed to be composed of short stubby fibers. This
may be due to the surface charged nanoparticles interfering
with the nanofiber stability. This effect was reduced upon
increasing TPP content. TPP-0.5 systems at pH 6.0 (Figure
9d2) showed almost the same matrix morphology as the pure
(RADA),, and nanoparticles were interacting with fiber
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bundles, which means that not only the interaction between
each fibers became stronger during the incubation in PBS, but
also the interaction between nanofibers and nanoparticles
became more significant. After pH 7.4 incubation, unlike
nanoparticles in PBS without (RADA), no big particle
aggregations can be found (Figure 5b3,c3,d3) in those hybrid
matrices. This may explain why the in vitro release profiles of
hybrid matrices (Figure 8a) have no significant delay effect and
a much more rapid release compared with release profiles of
nanoparticles themselves (Figure 6). Nanoparticle aggregation
progress may have been inhibited by the scaffold networks,
insoluble particles being covered by peptide fibers, which
prevent further aggregation. The structured networks may help
nanoparticles remain isolated from each other and thus increase
the surface area of the total particles in the matrix and thus alter
the release kinetics. The TPP-0.5 nanoparticle led to more and

explain why this matrix has the slowest release rate at pH 7.4.

5. CONCLUSION

Dex has been successfully loaded in CS-based nanoparticles via
the formation of CM-f-CD/Dex inclusion complexes. The
deionization of CS in physiological environment led to an
aggregation and dissociation of solution free nanoparticles,
which resulted in a delayed and sustained release, while the
particle is stable in size with a very slow release at pH 6.0 for
several days. Nanoparticle cross-linking by TPP improved the
drug loading and yield and induced a more dramatic pH
response, which slowed down the release rate due to the
formation of aggregates that reduced the apparent nanoparticle
surface area for release to occur. The peptide self-assembly
nanofiber is affected by the concentration and the type of
nanoparticle dramatically before and after incubation. Formulas
with 25% v/v nanoparticle solution were observed to not alter
the secondary structure of (RADA), nanofibers. The nanofiber
and nanoparticles aggregate into hybrid bundle networks, which
explained why drug release from hybrid system achieved a faster
and less delayed release. However, the stabilities of each hybrid
systems are different after 5 days of incubation. TPP presence
affects the hybrid matrix morphology and further affects the
release rates for these systems. It is thought that this self-
assembling system may provide a platform for drug delivery
from peptide-based nanoscaffolds.
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