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Objective: This study aimed to investigate the interaction between the ion-complementary
self-assembling peptide RADA16-1 and the hydrophobic drug mangiferin (MA), and the
potential of the self-assembling peptide to be exploited as a drug carrier of MA.

Methods: The RADA16-I-MA suspension was prepared by magnetic stirring, followed by
fluorescence spectrophotometry, particle size determination, rheological properties analysis,
and in vitro release assay to characterize the interaction between RADA16-1 and MA. Then,
the effects of in situ MA-loaded hydrogel on the proliferation of KYSE 30 and DLD-1 tumor
cells and the toxic effect of the hydrogel on 293T renal epithelial cells were studied by the
Cell Counting Kit 8 method.

Results: The RADA16-I-MA suspension was formed in water under magnetic stirring; the in
situ hydrogel was formed when the suspension was added to PBS. The particle size in the
RADA16-I-MA suspension was around 300-600 nm with an average size of 492 nm. Within
24 h, the cumulative release of MA from the RADA16-I-MA hydrogel was about 80%. The
release rate of MA from the hydrogel was dependent on the concentration of RADA16-1 and
the release can be fitted with a first-order kinetic equation. The results suggested that the self-
assembling peptide can stabilize MA in water to form a relatively stable suspension; the results
also indicated that controlled release of MA from the RADA16-I-MA in situ hydrogel formed
from the RADA16-I-MA suspension can be achieved by adjusting the concentration of the
peptide in suspension. The cell viability studies showed that the RADA16-I-MA in situ
hydrogel not only can maintain or enhance the intrinsic proliferation inhibition effects of
MA on tumor cells, but also can reduce the toxicity of MA to normal cells.

Conclusion: The self-assembling peptide RADA16-I can be a potential candidate for
constructing a delivery system of the hydrophobic drug MA.

Keywords: RADA16-1, hydrophobic drug, delivery system, antitumor

Introduction
Many drug candidates have poor water solubility, which leads to less useful activity
in clinical applications and also limits the development of their new formulations.
Although there are many studies using novel derivatives or prodrugs to increase the
water solubility of certain drugs and then increase their bioavailability, exploiting
new drug carriers to transport hydrophobic drugs is still the main research and
development route.'*

Since the late 1980s, short peptides extracted from natural proteins with self-
assembling properties have begun to attract more and more research interest.” The
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self-assembling peptides have been widely investigated in
many fields including material science, tissue engineering,
and drug delivery.*® The self-assembling peptides usually
include ion-complementary self-assembling peptides,
amphiphilic peptides, cyclic peptides, surface-active pep-
tides, aromatic peptides, and many others.” The ion-com-
plementary self-assembling peptides are composed of
positively charged amino acids, negatively charged
amino acids, and hydrophobic amino acids. They have a
structure in which a positively charged amino acid and a
negatively charged amino acid are alternately arranged
with a hydrophobic amino acid and thus can self-assemble
under the electrostatic force, hydrophobic interaction, and
hydrogen bonding between the amino acids.® As a repre-
sentative of ion-complementary self-assembling peptides,
RADAI16-1 is structurally composed of positively charged
arginines (Arg, R), negatively charged aspartic acids (Asp,
D), and hydrophobic amino acid alanine (Ala, A) with
complementary ionic side modulus I, + —+ —+ —+ — It
has been commercialized and widely investigated in the
biomedical field,” " such as cell culture, tissue engineer-
ing, and drug delivery.'>'® This kind of peptide is able to
form a B-sheet secondary structure, a nanofiber structure
by self-assembling, and then a hydrogel.'*'® Self-assem-
bling peptides may become good carriers for hydrophobic
drugs because the hydrophobic side in their secondary
structure can interact with hydrophobic drugs and the
hydrophilic side can stabilize the particles in aqueous
solutions.'”'® Tt was found that the self-assembling pep-
tide was able to carry the hydrophobic compound pyrene
as a carrier for drug delivery and stabilize pyrene micro-
crystals in aqueous solution. Pyrene can be released from
the suspension of peptide—pyrene to enter egg phosphati-
dylcholine vesicles.'” !

Hydrogels are one of the most researched sustained-
release drug delivery systems in recent years. They have a
hydrophilic three-dimensional network structure and a
strong water absorption capacity of 10% to thousands of
times its actual dry weight. Hydrogels have many proper-
ties, including good biocompatibility, high water content,
and good viscoelasticity, which play a major role in regen-
erative medicine and drug delivery.*?* In situ hydrogel is
a process in which a drug is administered in the form of a
solution or suspension and undergoes a phase transition
immediately under the trigger of certain conditions, and
finally forms a nonchemically crosslinked semisolid pre-
paration at the administered site.”>***’ Since in situ
hydrogels can achieve a unique mode of administration

from solution or suspension to hydrogels, they have been
widely used for the development of new dosage forms in
recent decades.

Mangiferin (MA) is a poorly water-soluble polyphe-
nolhydroxyl diphenyl and pyranoid ketone carbon glyco-
side, with a solubility reported as 0.111 mg/mL in water.”®
Modern pharmacological studies have shown that MA has
a variety of pharmacological effects, such as anti-inflam-

1. 12
031 immune regulation,'-*°

matory effects,”” antioxidation,
and other effects.**> However, its poor solubility in water
limits the development of its preparation, and severely
affects the bioavailability of its solid formulations.**>°

In this paper, we report the interaction between the self-
assembling peptide RADA16-1 and MA and the potential of
the self-assembling peptide as a drug delivery carrier to
encapsulate and release MA for the first time. This will
enhance understanding of the interaction between self-assem-
bling peptides and hydrophobic drugs. The research will be
helpful for further exploitation of self-assembling peptides as

practical and effective carriers for hydrophobic drugs.

Materials and methods

Materials

Self-assembling peptide RADA16-I (Ac-RADARADA
RADARADA-CONH,, 1712.78 g/mol, purity >98%) was
synthesized by Shanghai Biotech BioScience &
Technology (Shanghai, People's Republic of China). The
N-terminus and C-terminus of the peptide were protected
by acetyl and amino groups, respectively. Synthesized
product was stored at —20 °C, and used without further
purification. MA (99% purity) was purchased from
Guizhou Dida Biological Technology Co, Ltd. (Guiyang,
Guizhou Province, People's Republic of China). All other
reagents and chemicals were of analytical grade and used
directly. Double-distilled water was used in all experi-
ments. Human cancer cell lines KYSE 30 (human esopha-
geal cell line) and DLD-1 (human colorectal cell line) and
the human normal renal epithelial cell line 293T were all
kindly donated by the State Key Laboratory of Molecular
Oncology, Cancer Hospital, Chinese Academy of Medical
Sciences, Peking Union Medical College. Cell culture
bottles and other related consumables were purchased
from Corning Incoroprated (Corning, NY, USA).

Preparation of peptide solution
RADA16-I stock solution (10 mg/mL) was prepared by dis-
solving lyophilized peptide powder in pure water, followed

submit your manuscript

7448

Dove

International Journal of Nanomedicine 2019:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Meng et al

by an ultrasonic sonication for 10 min, and was stored at 4 °C
for 48 h and diluted as needed with pure water before use.

Fluorescence spectroscopy

The interaction between self-assembling peptide and MA
was measured by fluorescence spectrophotometer (F-380;
Guangdong Technology Development Co. Ltd, Tianjin,
People's Republic of China).

Preparation of the peptide—MA solutions and the
fluorescence study
The RADA16-I-MA solutions for fluorescence investigation
were prepared as follows: MA powder was dissolved in metha-
nol to obtain the stock solution (1 mg/mL). Then, 250 pL of
MA-methanol solution was transferred into a glass vial and
placed in the fume hood to form a light-yellow thin film of MA
at the bottom of the vial. The RADA16-I solutions with dif-
ferent concentrations of 10—100 pg/mL were added to the glass
vial, respectively, followed by sonication for 3 h, and allowed
to equilibrate at room temperature in the dark for sufficient
time (usually 24 h). The final concentration of MA was 30-50
pg/mL. MA in pure water solution was used as the control.
To study the fluorescence spectra of MA in a series of
concentrations of peptide solution, 3 mL of each sample was
put into a quartz cuvette. The sample was excited at 277 nm
and the emission spectra were collected from 400 to 600 nm.
The excitation and emission slit widths were both set as 10 nm,
the PMT (photomultiplier tube) voltage was 600 V, the scan
speed was 1200 nm/min, and the response time was 0.05 s. All
samples in the cuvette were scanned through the right angle
optical path measurement at room temperature.

Preparation of the peptide—MA suspension and the
fluorescence study

0.5 mg/mL RADA16-I aqueous solution was added to MA films
similarly prepared as already mentioned, and the emission spec-
tra and fluorescence intensity at 560 nm of MA in the suspension
were recorded immediately after the suspension was magneti-
cally stirred for 0.5, 2, 4, 8, 12, 24, 48, and 72 h. The final
concentration of MA was 0.2 mg/mL. The fluorescence spectro-
scopy was carried out similarly to that on solutions.

Maximum suspension concentration of

MA in the peptide—MA suspension

To prepare the RADA16-I-MA suspension, RADA16-1
water solutions at peptide concentrations of 0.01, 0.1,
and 0.2 mg/mL were added to MA films similarly prepared
as already mentioned, respectively, followed by magnetic

stirring for 48 h. The proper amount of suspension was
diluted and dissolved with methanol 50 times. The absor-
bance of MA in the diluted solutions at 240 nm was
determined by UV spectrophotometer. MA reference was
dissolved in a solution containing 2% water and 98%
methanol, and then diluted to a series of expected concen-
trations. The standard linear equation was obtained by
linearly fitting the absorbance to the MA concentration
(4-18 pg/mL). The maximum amount of MA suspended
in the suspension was calculated by the standard curve and
compared to the given original MA concentration (about
0.3 mg/mL).

Particle size distribution of the RADAI 6-

[-MA suspension

The particle size distribution of the RADA16-I-MA col-
loidal suspensions was determined by the laser particle
size analyzer (Brookhaven Instruments, Holtsville, NY,
USA), and the test temperature was maintained at 25 °C.
Colloidal suspensions with RADA16-I at concentrations of
0.01, 0.1, and 1 mg/mL and MA with a concentration of
0.5 mg/mL were prepared according to method similar to
that described in part "Maximum suspension concentration
of MA in the peptide-MA suspension". Each sample was
assayed three times and the particle size expressed as
meanSD.

Formation of RADAI6-I-MA in situ
hydrogel and rheological analysis of in situ
hydrogel

The in situ hydrogel was prepared by quickly adding
100 uL RADA16-I-MA colloidal suspension to PBS
(pH 7.4) and allowed to stand for 10 min to observe the
gel state.

The dynamic rheological characterization of the
RADA16-MA suspension and hydrogel was performed
on a DHR-1 rheometer (TA Instruments, New Castle,
DE, USA).RADA16-I-MA suspension was transferred to
the rheometer plate, and the parallel plate was then low-
ered to a gap of 250 um. For the RADA16-I-MA hydro-
gel, RADA16-I-MA suspensions were mixed with PBS
quickly at a volume ratio of 1:1 and then placed on a
rheometer plate. After equilibration for 5 min, the parallel
plate was then lowered to a gap of 250 um. Subsequently,
G’ and G” were measured following the procedure already
described.
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In vitro drug release

To obtain drug-loaded hydrogels with different concentra-
tions of RADAI6-I, colloidal suspensions containing
RADA16-1 at concentrations of 5 and 10 mg/mL were
prepared according to method similar to that described in
part "Maximum suspension concentration of MA in the
peptide-MA suspension”.

The release of MA from RADA16-I-MA hydrogel was
investigated in PBS solution containing 0.3% of sodium
dodecyl sulfate (SDS). The accumulative release of MA
was determined by dialysis through a membrane with
molecular weight cutoff larger than 3500 Da. An aliquot
of 200 uL colloidal suspension was dripped to the dialysis
bag with 1 mL PBS, allowed to stand for 10 min, and then
each dialysis bag was immersed into 20 mL of release
media and incubated at 37 °C with shaking at 100 rpm
after the extra PBS was removed gently. At 0.25, 0.5, 1, 2,
4,6, 8, 12, 24, 36, and 48 h, 2 mL of release medium was
taken out and replaced with 2 mL of fresh release media.
The release media satisfied the sink conditions, and the
experiments were performed in triplicate and the average
value was calculated. Each sample was filtered through a
0.45-pm microporous membrane and measured at 240 nm
on the UV spectrophotometer (Beijing Purkinje General
Instrument Co., Ltd, Beijing, People's Republic of China).
The calibration curves were obtained by gradually diluting
MA stock solutions in release media and absorbance mea-
sured at 240 nm.

In vitro cell viability studies

KYSE 30, DLD-1, and 293T cells were cultured in a 96-
well plate at a density of 1.25x10* RADA16-I-MA hydro-
gels (30, 60, 90, 120, 150, 180, 210, and 240 uM) and
incubated for 24, 48, and 72 h at 37 °C. Untreated cells
incubated in medium and the medium served as control
and blank, respectively. After incubation, Cell Counting
Kit 8 (10 pL/well) was added into each well. Cells were
further incubated with Cell Counting Kit 8 for 4 h. Cell
viability was assessed by measuring absorbance at 450 nm
using a 96-plate reader (Bio-A—MA hydrogels (30, 60, 90,
120, 150, 180, 210, and 240 puM) and incubated for 24, 48,
and 72 h at 37 °C. Untreated cells incubated in medium
and the medium served as control and blank, respectively.
After incubation, Cell Counting Kit 8 (10 uL/well) was
added into each well. Cells were further incubated with
Cell Counting Kit 8 for 4 h. Cell viability was assessed by

measuring absorbance at 450 nm using a 96-plate reader
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Statistical analysis

All data were presented as mean+SD, and statistical ana-
lysis was conducted using Graph Pad Prism 7. Student’s
t-test or one-way ANOVA was used to compare the differ-
ence between groups, and a value of p<0.05 was defined as
statistically significant.

Results and discussions
Interaction between RADAI6-1 and MA

Formation of a colloidal suspension of RADAI 6-1 and
MA

In pure water, MA showed very low solubility of about
2.6x10°* M.® The MA suspension in pure water
remained a light-yellow color even after mechanically
stirring for 48 h. MA powders were floated in the water
or attached to the vial wall during stirring; a few
minutes after stopping stirring, MA powders sunk to
the bottom of the vial. When the MA powder was
stirred in RADA16-1 water solution, a milky colloidal
suspension was gradually formed. The turbidity of the
colloidal suspension related to the concentration of
RADA16-I. When the concentration of RADA16-1
was very low (0.01 mg/mL), parts of the MA became
a suspension and the rest stuck to the vial wall or
floated on the surface of the liquid. When the concen-
tration of RADAI16-I increased to 1 mg/mL, the MA
was almost completely suspended in the solution
(Figure 1).

Fluorescence study on the interaction between
RADAI6-1 and MA

Figure 2A shows the fluorescence emission spectra of
MA (50 pg/mL, a concentration lower than the satu-
rated solubility of MA in water) in aqueous solutions
with the self-assembling peptide RADA16-1 at a series
of concentrations of 0—-0.08 mg/mL. When the excita-
tion wavelength was set at 277 nm, the maximum
emission fluorescence intensity of MA at 560 nm
increased significantly with increasing concentration
of RADA16-1, showing a peptide concentration depen-
dence. This phenomenon may be attributed to the inter-
action between MA and the self-assembling peptide
RADAI16-I. The increase of MA fluorescence intensity
with the increase of RADAI16-I concentration may
reflect incorporation of MA into the hydrophobic
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Figure | Formation of a colloidal suspension of RADA6-I and mangiferin (MA). (A) MA with pure water. (B) MA with RADAI6-l. The photograph was taken after the

mixture was magnetically stirred for 24 h. [MA]=0.5 mg/mL, [RADAI6-1]=5 mg/mL.
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Figure 2 (A) The fluorescence emission spectra of mangiferin (MA, 50 pg/mL) in aqueous solutions with various concentrations of RADAI6-l (0-0.08 mg/mL). (B)
Fluorescence intensity of MA at 560 nm in a suspension with RADAI6-l under magnetic stirring at different time points. [MA]=200 pg/mL, [RADA[6-]=500 pg/mL. The

excitation wavelength was set at 277 nm.

domains of the RADA16-I self-assembly. At a higher decrease

exposure of MA to the aqueous phase, and,

RADA16-1 concentration, relatively more hydrophobic  subsequently, increase fluorescence due to relatively

domains can accommodate more MA molecules and higher fluorescent quantum yield.
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Figure 2B shows fluorescence intensities of MA
(200 pg/mL, a concentration higher than the saturated
solubility of MA in water) at 560 nm in a suspension
with RADA16-1 (500 pg/mL) under magnetic stirring at
different time points. After adding RADA16-1 for mag-
netic stirring, the peptide began to interact with MA in the
suspension and the interaction between the peptide and
MA got stronger with the stirring time. After stirring for
about 48 h, the fluorescence intensity of the suspension
was basically unchanged. This may reflect a balance of the
interaction between MA and RADAI16-I in an aqueous
suspension.

Maximum suspension ratio of MA in the
RADA6-I-MA suspension

UV spectrophotometry was used to determine the amount
of MA stabilized in suspension by RADA16-1. The cali-
bration curve for MA was linear in the concentration range
of 4-14 pg/mL, with a correlation coefficient (r) of 0.9991
and a regression equation of C=20.1931A-0.8408. The
MA concentration was calculated by calibration curve,
and the maximum suspension rate (%) is shown in
Figure 3.

When MA was stirred with water for 48 h, some MA
powder attached to the bottom or wall of the vials, and the
suspension rate was 48.3%; in the presence of self-assem-
bling peptide, 77-96% of MA was suspended in the aqu-
eous solutions with RADA16-1 concentrations from 0.01
to 0.2 mg/mL. The amount of MA stabilized in RADA16-1
aqueous solutions and the suspension rates of MA also
increased gradually with an increase of the concentration

120
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CRADA16-I(mg/mL)

Figure 3 The maximum suspension rate (%) of mangiferin (MA) in various con-
centrations of RADAI6-| (0.01, 0.1, and 0.2 mg/mL). [MA]=0.3 mg/mL.
Note: *p<0.05.

of RADA16-1, and 0.3 mg/mL of MA can be effectively
stabilized in suspension with the peptide at a concentration
higher than 0.1 mg/mL. The relatively strong interaction
between the self-assembling peptide RADA16-1 and MA
makes the peptide stabilize MA in aqueous suspension at a
molar ratio of MA to RADA16-I of about 12:1.

Size distribution of the RADAI6-I-MA

suspension
The particle size distribution of the RADA16-I-MA
suspension at different concentrations of RADA16-1
was determined by laser particle size analyzer. For a
suspension containing various concentrations of the pep-
tide, the particle size distributed between 300 and 600
nm with a peak distribution at 400 nm. The average
particle size of the RADA16-I-MA colloidal suspension
was 492 nm and polydispersity index (PDI) was <0.3.
The particle size distribution of the water—MA suspen-
sion was in the range of 300-2000 nm, and the average
particle size was about 810 nm (Figures 4 and 5).
Dynamic light scattering is conventionally used to
examine supramolecular structures in solution or suspen-
sion by measuring the average particle size distribution. It
was found from dynamic light scattering data that the
particle size of the suspension of MA formed with
RADAI16-I in water had a narrower distribution with a
smaller average particle size than that of the water—-MA
suspension. It is speculated that the interaction makes the
MA particles smaller and the colloidal suspension may be
formed through the adsorption of RAD16-I onto the sur-
face of MA microcrystals.

Formation of RADAI6-1-MA in situ

hydrogel and rheological properties

The formation of RADA16-I-MA hydrogel is shown in
Figure 6E and F. When being added into PBS, part of the
water—MA suspension floated on the surface of the liquid
and the rest precipitated at the bottom of the vial; while
the RADA16-I-MA suspension rapidly turned into a
white milky hydrogel immediately after being added
to PBS.

Analysis of the rheological properties of the hydrogel
is useful for understanding the viscoelastic nature and
strength in shearing action.’’”® Figure 6A-D showed
the frequency sweep of the RADA16-1 hydrogels with
or without MA prepared in different concentrations of
peptide. As shown in Figure 6A and B, in RADA16-]
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Figure 4 The particle size distribution of the water—mangiferin (MA) suspension (A) and the RADA6-I-MA suspension (B). The concentration of RADA6-1 and MA was |

mg/mL and 0.5 mg/mL, respectively.
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Figure 5 The average particle size of the RADA6-l-mangiferin (MA) suspension at
different concentrations of RADAI6-I (0.1, 0.5, and | mg/mL). The concentration of MA
was 0.5 mg/mL. The control sample was a water—MA suspension without RADA 6-1. There
was no significant difference between the various concentrations of RADA | 6--MA groups.
Abbreviation: PDI, polydispersity index.

solution without PBS, the storage modulus (G’) was
slightly larger than the loss modulus (G”’), and the values
of G’ and G” are relatively low. The dynamic frequency
scan of the sample was carried out in the range of 0.1-10
Hz. For the shear frequency changes, G* and G”” showed
irregular changes, which signified the high flowability of
the solution. When RADA16-1 solution was mixed with
PBS, G’ and G” increased significantly, but the increase
in G’ was significantly greater than that in G”, indicating
the formation of a stable hydrogel. In addition, as the
concentration of peptides increases, G’ and G also
increase significantly. As shown in Figure 6C and D,
the increase in G” and G of RADA16-I-MA suspension
and hydrogel showed a similar trend to RADA16-I solu-
tion and hydrogel, and the phase angle (A) values
decreased obviously (Table 1).

Oscillatory rheology is widely used to determine the
viscoelasticity of hydrogels, in which G’ and G” represent
the elasticity and viscosity of the material, respectively. An
increase in the G’ value means that the material properties
are closer to the elastic solid, and an increase in the G”
value means the material properties are closer to the viscous
liquid. The tangent of the ratio of G”/G’ represents A, and
the decrease in A value usually means that the material is
closer to the elastic solid. As shown in Figure 6 and Table 1,
for the RADA16-I solution and the RADA16-I-MA sus-
pension, the G’ and G” values were all around 10 Pa,
indicating that the material formed a low-elastic and low-
viscosity system at that time; when RADA16-I and the
RADA16-I-MA solution were mixed with PBS by equal
volume, the G’ and G” values increased significantly, but
the increase of G’ was significantly larger than that of G
and the A value decreased significantly, indicating that the
behavioral characteristics of the system gradually change
from viscous liquid to elastic solid. It is further illustrated
that RADA16-I aqueous solution can form a hydrogel with
certain hardness and cross-linking structures when mixed
with PBS. It seems that MA did not interfere with the
formation of the hydrogel.

In addition, after the RADAI16-1 solution and
RADA16-I-MA suspension were mixed with PBS, the
G’ and G” values remained constant with increasing fre-
quency. It was noted in our test range that the RADA16-1
solution without drug and the RADA16-I-MA suspension
can be slightly affected by the scanning frequency, while
both the RADA16-1 hydrogel and the RADA16-I-MA
hydrogel were significantly more stable to withstand exter-
nal forces than their solution or suspension state before
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Figure 6 The rheological properties of RADA | 6-I-mangiferin (MA) suspension and RADA6-I-MA hydrogel. (A) 5 mg/mL RADA16-| solution and hydrogel. (B) 10 mg/mL
RADAI6-I solution and hydrogel. (C) 5 mg/mL RADAI6-I-MA suspension and hydrogel. (D) 10 mg/mL RADAI6-I-MA suspension and hydrogel. (E) The water-MA

suspension in PBS. (F) The RADAI6-I-MA suspension in PBS.
Abbreviations: G’, storage modulus; G”, loss modulus.

Table | Viscoelastic properties characteristics of RADAI6-1 and RADA | 6-I-mangiferin (MA) hydrogel

Concentration of RADAI6-1
Group 5 mg/mL 10 mg/mL

G’ G” A G’ G” A
RADA6-| solution 10.25 3.82 20.44 33.26 15.15 24.49
RADAI 6-1 Hydrogel 105.64 22.20 11.87 185.90 30.92 9.44
RADA6-I-MA suspension 21.94 5.58 14.27 37.73 1.19 16.52
RADAI6-I-MA Hydrogel 118.29 23.88 11.42 287.87 43.32 8.56

Abbreviations: A, phase angle; G’, storage modulus; G”, loss modulus.

they were mixed with PBS. Meanwhile, with a concentra-
tion increase of the peptide, the A value of the hydrogel
decreased significantly, indicating that a higher concentra-
tion of the peptide can make the system much closer to the
elastic solid and greater in the strength of the hydrogel.
This may be related to the packing strength of the peptide.
Therefore, the self-assembling peptide RADA16-1 may be
capable of encapsulation and sustained release of the drug
as a stable injectable drug carrier or hydrogel matrix for
tumor or local administration. The greater strength the
hydrogel has, the tighter the encapsulation will be and

thus the slower the release of the drugs loaded in the
hydrogel. That is to say, the strength of the hydrogel
may be useful to improve encapsulation and to adjust
release of the drug by changing the types or concentrations
of peptide.

In vitro drug release from RADA6-I-MA
hydrogel

Method development

Specificity

The MA samples had absorption peaks at 240, 258, 319, and
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Figure 7 The ultraviolet spectra of blank RADA6-I solution and 4 pg/mL mangi-
ferin solution.

370 nm; the samples had maximum absorption at 240 nm and
RADA16-I did not affect the absorption of MA. Therefore,
240 nm was selected as the detection wavelength (Figure 7).

Linearity

The calibration curve for MA was linear in the concentra-
tion range of 3.2-8.0 pg/mL in release medium, with a
regression equation of C=9.8155A+0.6609 and a correla-
tion coefficient (r?) of 0.9995.

Recovery rate of MA

The sample solutions of MA with known concentration
were taken, and the MA reference solution was added in
a ratio of 1.5:1, 1:1, and 0.5:1 of the amount of MA in the
reference solution to that in the samples. Then, the absor-
bance of MA was measured at 240 nm and the recovery of
MA was calculated by comparing the actual measurement
with the added value based on the absorbance values. The
average recovery of MA with high, medium, and low
concentrations in PBS (pH 7.4) containing 0.3% SDS
were 101.51%, 99.32%, and 99.11%, with RSD (relative
standard deviation) of 1.08%. The recovery value was
between 98 and 102% and the RSD value was less than
2.0%, which indicates that the recovery rate meets the
methodological requirements and the method had high
accuracy.

Drug release

The release profile of MA from the different concentrations
of RADA16-I-MA hydrogel is shown in Figure 8 (the inset
illustration in the figure is an enlarged view of the release
trend of the first 6 h of the sample). MA is a slightly water-

———
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Figure 8 The cumulative release of mangiferin from drug-loaded peptide hydrogel

with different RADA16- concentrations. The RADAI 6-| concentration was 5 mg/
mL and 10 mg/mL.

soluble drug. To maintain sink conditions, 0.3% of SDS was
added to the release medium to increase the solubility of
MA. MA in pure water suspension presented faster release
than in hydrogels with the self-assembling peptide
RADAI16-I; about 91.4% of MA was released within 8 h,
and all MA was released within 24 h. The relatively slower
release was observed in the release of MA from the hydro-
gels with the peptide RADA16-I at different concentrations.
In addition, the release of MA from hydrogel with 10 mg/
mL RADAI16-I was slower than that from 5 mg/mL, which
suggests that the release of MA from the self-assembling
peptide hydrogel can be adjusted by the concentration of the
self-assembling peptide RADA16-1. The RADA16-MA
hydrogels showed sustained drug release for at least 48 h.
This can be related to the interaction between the self-
assembling peptide and MA and the network structure of
the RADA16-1 hydrogel.

The ionic-complementary self-assembling peptide
RADAI16-I has been reported to stabilize the hydrophobic
3940 Tphe

RADAI16-I can interact with hydrophobic compounds,

compound pyrene. hydrophobic region of
while the charged residues stabilize the complex in aqueous
solutions. With the addition of cations or physiological
media, or a change of pH value to neutral, the self-assem-
bling peptides undergo gelation into a macroscopic hydrogel,
which contains over 99% (W/V) water with a 10 nm fiber
diameter and a 5-200 nm pore size, a similar nanostructure to
the natural extracellular matrix.*! In this research, a colloidal
suspension containing the self-assembling peptide RADA16-
I and MA was formed in water under magnetic stirring; a
hydrogel was rapidly formed when the suspension was added
to PBS. The three-dimensional network of nanofiber
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Table 2 RADAI6-I-MA hydrogel release model fitting

CRrADAI6-1 Model
(mg/mL) . . L s .
Zero-order kinetics First—order kinetics Higuchi Riter—-peppas

0 Equation M.=1.04k—49.13 M,=89.88(1-¢"'2'%) M.=821t"2+40.32 M,=45.43¢%%4
R? 0.4591 0.9773 0.6970 0.8514

5 Equation M.=1.62k-50.75 M.=76.22(1-e"'*%) M.=10.58t'%+34.66 M.=52.68t"'?
R? 0.2650 0.9622 0.5792 0.6827

10 Equation M,=0.84k-55.59 M,=92.30(1-¢"' %% M.=8.52t"2+37.14 M,=50.07¢"'8
R? 0.4024 0.9895 0.6366 0.8129

Abbreviation: RZ, determination coefficient; M,, cumulative release of MA; k, zero-order speed constant.

structures in the hydrogel contains hydrophilic and hydro-
phobic regions whose hydrophobic regions can interact with
the hydrophobic drug MA. The hydrophobic drug MA is
supposed to reside within the hydrophobic regions of the
nanostructures in the hydrogel where the smaller pores and
MA-—nanofiber interaction may be hindrances to the diffusion
of the hydrophobic drug MA.

As can be seen from the inset illustration in Figure 8, in the
MA aqueous suspension without the self-assembling peptide
RADA16-I there was a significant burst release of MA during
the first 15 min, and the cumulative release was about 38% at
15 min and 75% at 2 h; while in hydrogels containing 10 mg/
mL of the peptide, the cumulative release of MA was about
12% at 15 min and 39% at 2 h. It was indicated that the self-
assembling peptide hydrogel can slow the release of MA and
limit the burst release of MA in the initial stage of release to

some extent.

Release model

In order to quantificationally describe the release of MA, the
Origin program was used to fit the release model and calculate
the model parameters and the determination coefficient (R?).

s
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as indicated by the highest R? values.

In vitro cell viability test
The effects of MA on cell viability in the presence and

In this study, four models (zero-order, first-order, Higuchi, and
Ritger—Peppas) were used to fit the kinetic profile of MA
release from the hydrogel. The fitted equation and the deter-
mination coefficients (R) are presented in Table 2. The first-
order kinetics model is the best to describe the kinetic profile,

absence of the hydrogel were determined to test the safety
and effectiveness of the delivery system in vitro. In this
study, we investigated the effects of free MA and
RADA16-I-MA in situ hydrogels on cell viability of
KYSE 30, DLD-1, and 293T cells by the Cell Counting

When RADA16-I-MA and free MA were cocultured

with the 293T cells, normal human renal epithelial cells,

for a certain period of time, the survival rate of the cells
incubated with RADA16-I-MA and MA decreased with
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an increase in the concentration of MA. But overall, the
toxicity of free MA to 293T cells is higher than that of the
RADAI16-I-MA in situ hydrogel (Figure 9).

Figure 9 Cellular toxicity of RADA|6-l-mangiferin (MA) in situ hydrogel and free MA on 293T cells. [RADA6-]]=5 mg/mL; data calculated from three independent experiments.
Notes: “P<0.05, *P<0.01.
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Figure 10 Proliferation inhibition effects of free MA and RADA6-I-MA in situ hydrogel on KYSE 30 and DLD-1 cells incubated for 24, 48, and 72 h. [RADAI 6-1]=5 mg/mL;

data calculated from three independent experiments.
Notes: #P<0.05, *P<0.01.

The proliferation inhibition effects of different concen-
trations of free MA and MA-loaded hydrogel on KYSE30
and DLD-1 cell lines at each time point are shown in
Figure 10. The inhibition effects of MA-loaded hydrogels
on two tumor cells at each time point were all stronger than
that of the equal concentrations of the MA solution. At 24,
48, and 72 h, with the increase of drug concentration, the
inhibition rates of MA-loaded hydrogels and MA solution

on tumor cells all increased. On the whole, the inhibitory
effects of RADA16-I-MA in situ hydrogel on tumor cells
were stronger than that of free MA. The experimental
results showed that the self-assembling RADA16-I-MA
hydrogel can enhance the anticancer activity of MA in vitro.

It is becoming increasingly clear that changes in the
administration of drugs can greatly impact efficacy, and
some researchers believe that the hydrogel is an excellent
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candidate as a local drug delivery vehicle for hydrophobic
drugs.**** In this research, both the proliferation inhibition
effects on tumor cells of free MA and MA in peptide-MA
in situ hydrogel showed concentration- and time-dependent
manners, and the in situ hydrogel had better antitumor
effects than that of the free drug with statistical significance.
The reason for this may be that MA is poorly water-soluble
and the free MA is easy to precipitate in the cell culture.
The delivery system in this research is a self-assembling
peptide-based suspension in situ hydrogel for the hydropho-
bic drug MA. When the effects of MA in the self-assem-
bling peptide in situ hydrogel on cell viability are tested,
adding the correct amount of RADA16-I-MA colloidal
suspension (prepared by magnetically stirring the self-
assembling peptide RADA16-1 and MA in water) can
increase the solubility of MA in water and improve the
administration of MA into the cell culture and the suspen-
sion can rapidly turn into a hydrogel in situ. In this process,
the self-assembling peptide RADAI16-1 can help increase
the solubility of MA in water and guarantee relatively stable
and uniform administration of MA, so the in situ hydrogel
had better antitumor effects than the free drug. The lower
cytotoxicity on normal cells of MA in the peptide-MA in
situ hydrogel than in free MA can be related to the slow
release and limited burst release of MA from the in situ
hydrogel. In summary, the peptide RADA16-I can be help-
ful for improving the administration, enhancing antitumor
effects, and reducing toxicity to normal cells of MA.

Conclusions

RADAI16-I-MA colloidal suspensions can spontaneously
form in situ hydrogel under physiological condition. MA
encapsulated in the RADA16-1 hydrogels can be released
from the hydrogel slowly and the release rate can be controlled
by adjusting the concentration of the peptide to achieve the
sustained-release effect. These results further demonstrated
that self-assembling peptides like RADA16-1 have great
potential to be carriers for hydrophobic drugs like MA.

This work will enhance understanding of the interac-
tion between self-assembling peptides and hydrophobic
drugs and promote the delivery system in encapsulating
and releasing hydrophobic drugs with self-assembling pep-
tides. The carrier presented in this research has the poten-
tial to be applied in administration at sites of eye, tumor,
skin, or local surgery. Further in vivo animal experiments
of this delivery system need to be carried out; the pro-
blems related to the material cost of the self-assembling
peptide and other specific drug-forming properties of the

system need further work to achieve practical application
of the carrier system in this research.
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