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Development of a hybrid peptide dendrimer
micellar carrier system and its application in the

reformulation of a hydrophobic therapeutic agent
derived from traditional Chinese medicine
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The discovery that a cane toad poison-derived steroid, bufalin can significantly impact cancer cell

proliferation supports its potential use in cancer therapy. However, its poor aqueous solubility and tissue

deposition characteristics hamper its broader application as an anticancer therapeutic agent in its own

right. To address this we developed an amphiphilic dendrimer-based delivery system, which self-

assembles into discrete micelles in an aqueous environment. The bufalin—micelle inclusion complex was
prepared by the co-precipitation method and their presence was confirmed by dynamic light scattering

(DLS), zeta potential and differential scanning calorimetry (DSC) and transmission electron microscopy

Received 22nd November 2018
Accepted 6th January 2019

(TEM) measurements. The self-assembled bufalin-containing micelles were found to form at/above the

dendrimer concentration of 105.38 pmol L%, and showed a more than threefold increase in the aqueous
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1. Introduction

Bufalin, a cardioactive C-24 class of steroid is an active ingre-
dient of a well-known toad-based Traditional Chinese Medicine
(TCM) Chan Su, which has long been approved as a treatment
for a range of cancers by the Chinese Food & Drug Adminis-
tration.* The active ingredients in TCM are widely recognised to
have great potential for the development into medicines for
cancer therapy, globally. Taking the bioactive bufalin as an
example, it has similarities and shortfalls associated with well-
known western medicines such as digoxin, digitoxin, and
ouabain, each of which is emerging as potential candidate for
the treatment of cancer.”> Despite the reported pharmacological
action of individual active ingredient in TCM, a range of
universal issues remain, which centre around their poor
aqueous solubility, limited stability and short biological half-
life.® These features are also common to bufalin, which to-date
have limited its broader application in a clinical setting, and an
aspect this work attempts to address through rational design
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solubility (142.9 ug mL™Y) of bufalin, when compared with a saturated bufalin agueous solution (42.4 ug
mL™1), and two non-assembling peptides of similar composition (79.3 and 62.5 ng mL™* respectively).

and formulation of a hybrid nanoparticulate system.* Through
the self-assembling features of amphiphilic peptide den-
drimers, capable of incorporating bufalin in their core, stable,
micellar structures of low nm dimensions with enhanced
aqueous solubility were formed and characterised using a range
of conventional techniques.

Peptide dendrimers, derived exclusively from natural amino
acids are wedge-like branched macromolecules consisting of
a amino acid-based branching core and/or covalently attached
surface functional units.>® Our extensive earlier studies have
shown promise of peptide dendrimers in the delivery of
a diverse range of molecules, from small molecules to genetic
cargo.”** We explored the cell internalisation characteristics of
a broad variety of peptide dendrimer designs, providing all-
important structure-cell delivery relationship data for rational
design of carrier systems."” To elaborate, we reported on the
influence of dendrimer head group chemistry (lysine, histidine,
arginine) on cellular entry characteristics, finding that cationic
guanidine head groups of arginine were the most efficient at
driving cellular internalisation.'” This is in agreement with
earlier studies where peptide dendrimers with terminal argi-
nine residues showed enhanced solubility, permeation and
cellular internalization for delivery of small molecules.”* To-
date very few drug delivery systems (e.g. chitosan, PEG-PLGA-
PLL, agglutinin-based) have been trialled for enhancing cellular
delivery of bufalin although they are limited by their cytotoxicity
(chitosan-induced cell lysis), complex tri-block composition

—~
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(PEG-PLGA-PLL) and quality control/characterisation issues
(wheat germ-based agglutinin)."**® In contrast low generation
amphiphilic peptide dendrimers reported here are well known
for their non-cytotoxic and biocompatible nature, their
synthesis can be automated and is scalable (mg to kg), while
they self-assemble into nanomicelles and readily accommodate
poorly soluble drugs, such as bufalin into their core. Based on
the evidence from our extensive research in various aspects
peptide dendrimer design, synthesis and evaluation we present
a first of its kind study reporting on the potential of hybrid-
peptide dendrimers to accommodate the steroid bufalin,
while simultaneously forming nano micelles, which have
inherent properties promoting deposition in tumour tissue.'”*®

In this study, arginine-terminated peptide dendrimers with
a 4" (Fig. 1a: non-lipidated form and Fig. 1c: lipidated form) or
8" surface charge (Fig. 1b), were prepared wholly by solid phase
peptide synthesis. Next, each system was assessed for its ability
to increase the solubility of bufalin while self-assembly was
determined using a range of confirmatory techniques, as is
elaborated on below.
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Fig.1 Chemical structures of peptide dendrimers. (a) 4* charge; (b) 8*
charge; (c) lipidated 4* charge.
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2. Materials and methods
2.1 Materials

Fmoc-Gly-OH, Fmoc-Lys (Fmoc)-OH, Fmoc-Lys (Boc)-OH,
Fmoc-Arg (Pbf)-OH, 0-(1H-benzotriazol-1-y1)-1,1,3,3-
tetramethyluronium  hexafluorophosphate  (HBTU)  were
purchased from GL Biochem (Shanghai) Ltd, China. Rink amide
resin (200-400 mesh, loading capacity 0.34 ¢ mmol ') was
purchased from Chem-impex International, Inc (USA). The
solvent used throughout the synthesis was peptide grade N,N-
dimethylformamide (DMF; Merck Australia), trifluoroacetic
acid (TFA), N,N-diisopropylethylamine (DIEA), dichloro-
methane (DCM), triisopropylsilane (TIPS), piperidine, were
purchased from Sigma-Aldrich (Australia).

2.2 Synthesis of Fmoc-Lys (Mtt)-OH

Fmoc-Lys-NH (Boc)-OH (0.46, 1 mmol) was dissolved in 5 mL of
dichloromethane (DCM). To this solution, 5 mL of trifluoro-
acetic acid (TFA) was added slowly and reaction stirred for 1 h at
room temperature. The reaction was monitored with TLC to
confirm the complete disappearance of Fmoc-Lys (Boc)-OH in
the reaction mixture. DCM and TFA were removed using high
vacuum and further toluene was added to the crude to remove
any traces of TFA using high vacuo. The dried product was
collected and again dissolved in 10 mL of DCM. To this solution
2 equivalence of triethylamine (TEA, 0.202 g, 2 mmol) and
methyl trityl chloride (Mtt, 0.356 g, 1.2 mmol) were added and
the reaction continued for 24 h by monitoring with TLC to make
sure complete disappearance Fmoc-Lys (NH,)-OH spot on TLC
plate. The mixture was extracted with DCM (2 x 20 mL). The
combined organic layers were dried over Na,SO, and concen-
trated in vacuo. The residue was purified by column chroma-
tography using n-hexane and ethyl acetate (80 : 20 v/v). Yield
(74%, 0.461 g), TLC: R; value 0.55 (n-hexane : ethyl acetate =
3: 2, UV active, illuminates under UV light).

2.3 Synthesis of (lipidated)-peptide dendrimers

A panel of arginine-terminated lipidated dendrimers (4", C-to-N
sequence: Gly-Lys (C10)-Lys-(Arg)2) were synthesized by Fmoc-
solid phase chemistry purified and characterized as described
in our earlier publications. Briefly, Rink amide resin was
swollen with N,N-dimethylformamide (DMF) for 2 h and
deprotected with piperidine solution (20% v/v in DMF, 2 x 8
min). After washing with DMF, first amino acid (pre-activated
Fmoc-Gly-OH with 0.5 M HBTU and DIEA) was coupled to the
Rink amide resin and then repeat the deprotection and
coupling of Fmoc-Lys (Mtt) OH. The resulting product was
treated with TFA solution (3% v/v in DCM) and washed with
DMF. Then the lipid pre-activated decanoic acid with 0.5 M
HBTU and DIEA was coupled. Sequential deprotection and
coupling was performed until the desired dendrimer construct
formed by adding Fmoc-Lys (Fmoc)-OH and Fmoc-Arg (Pbf)-
OH. Ninhydrin test was performed to confirm the coupling
efficiency (=99.8% coupling) of amino acid coupling. After the
final deprotection, resin was thoroughly washed with DMF and
dry DCM. The dried resin was collected into the round bottom
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flask and added with cleavage cocktail (TFA, DCM, water and
TIPS). TFA was removed using high vacuo and residual TFA
azeotroped with toluene. The crude peptide was triturated with
cold diethyl ether. Further, the crude peptide dissolved in water
and lyophilized. Synthesized dendrimers were purified by using
a preparative RP-HPLC system (Agilent 1200)

2.4 MS and HPLC condition

HPLC analysis was carried out using a Shimadzu Prominence
liquid chromatography system, equipped with a binary mobile
phase pump with an auto-sampler and a DAD detector. The
stationary phase comprised a GraceVydac® C18 protein
analytical column (5 um, 4.6 mm x 250 mm). The detection
wavelength of interest was 210 nm and the flow rate was
maintained at 1.0 mL min~". The gradient elution of the mobile
phase consisted of (A) 0.1% TFA and (B) 100% acetonitrile with
the gradient program optimised as follows: 0-30 min, linear
gradient 1-100% B; 30-35 min, isocratic at 100% B, then 35-
50 min 100-2% B.

Mass spectrometric electrospray ionization (ESI'-MS) anal-
ysis was performed on an Applied Biosystem/MDS Sciex Q TRAP
LC/MS/MS system. Declustering potential (DP) and entrance
potential (EP) were set at 200 and 10 mV respectively.

2.5 Solubility studies

Saturation solubility of bufalin was determined in aqueous
solutions of at neutral pH. An excess amount of bufalin was
added to deionized water and aqueous dendrimer solutions
(Arga” & 8" dendrimer, and Arg4" lipidated dendrimer) and
stirred for 24 h at room temperature. The mixture was then
filtered through a 0.45 pm syringe filter, and the filtrate directly
analysed by HPLC and bufalin concentration determined.

The HPLC analysis of bufalin was undertaken using mobile
phases comprising 0.1% TFA in MilliQ water (solvent A) and
acetonitrile (solvent B) equilibrated, under isocratic (2 : 3 v/v)
conditions. Working solutions of 20, 50, 100, 200, 500 nmol
L~ of bufalin were prepared by appropriate dilution of the
stock solution (1000 mg L") with methanol. The stationary
phase comprised a GraceVydac® C18 analytical column (5 pm,
4.6 mm x 250 mm). The detection wavelength of interest was

296 nm and the flow rate was maintained at 1.0 mL min .

2.6 Dynamic light scattering (DLS) measurements

The CMC was determined by using a Malvern Zetasizer, NANO
ZS (Malvern Instruments Limited, UK) equipped with a 4 mW
He-Ne laser operating at a wavelength of 633 nm. The scattered
light is detected at an angle of 169°, an optical arrangement
known as non-invasive back scatter (NIBS) optic arrangement
that maximizes the detection of scattered light while main-
taining signal quality. This provides the exceptional sensitivity
that is required for measuring the size of entities such as
nanoparticles and polymer micelles, at low concentrations.
Measurements were carried out in a polystyrene cell at 25 °C.
Data processing was carried out with a computer attached to the
instrument. The measurements were repeated three times in
order to check their reproducibility.
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2.7 Dendrimer-bufalin complexation

To obtain the complex, bufalin was dissolved in methanol, then
evaporated using rotary evaporator to remove methanol
completely. Following which the dendrimer in deionized water
was added. The reaction mixture was stirred for 24 h in the dark.
The dendrimer-drug suspensions were filtered through a 0.2
um nylon syringe filter to remove excess solid drug and then
lyophilized to remove water. The drug-dendrimer complex ob-
tained was in the form of a white powder.

Bufalin, dendrimer, bufalin/dendrimer mixture and the
bufalin-dendrimer complex were subjected to analysis using
TGA/DSC 2 STARe System (Thermal, USA) up to 300 °C at
a heating rate of 5 °C min~". Empty aluminina pan was used as
a blank reference. The heat flow as a function of temperature
was measured for the samples.

2.8 Zeta potential measurements

Zeta potential of dendrimers, bufalin-dendrimer mixtures was
determined using a NanoZS (Malvern Instrument Limited, UK)
for the solutions of bufalin, dendrimer and the bufalin loaded
dendrimer in pH 7.4 phosphate buffer.

2.9 Transmission electron microscopy measurements

Dendrimer were analysed using Cryo-TEM, where in the copper
grids were first dipped into a sample solution and immediately
transferred into liquid nitrogen and allowed to stay in for
10 min, later the copper grid was analysed using transmission
electron microscope using JEOL 1010.

3. Results

3.1 Synthesis of peptide dendrimers

A panel of peptide dendrimer were synthesized using in-house
protocols as shown in the Fig. 2. We synthesized orthogonally
protected Fmoc-Lys (Mtt)-OH and used for on-resin introduc-
tion of lipid on to the peptide dendrimers. Synthesized den-
drimers were analysed and characterized by using RP-HPLC and
ESI'-MS. The yield of crude dendrimers was found no less than
70%. Further preparative RP-HPLC performed to achieve purity
no less than 95%. The purified dendrimer showed single peak
profile in analytical RP-HPLC (Fig. 3a) and desired molecular
ion (M + Na]", m/z = 819.5) under ESI'-MS characterization
(Fig. 3b), thus confirming the formation of target peptide
dendrimer.

3.2 Critical micelle concentration determination for
micelles

In this study, self-assembling properties (micellar) of lipidated
dendrimers were investigated. Hydrophobic core (decanoic
acid) and hydrophilic branching resulted in surfactant like
behaviour of lipidated dendrimers tend to self-assemble into
micelles in diluted aqueous solution.” The amphiphilic nature
of lipidated dendrimers (monomers) at certain concentration or
at critical micelle concentration (CMC) aggregate to form
micelles as shown in the Fig. 4. Above this concentration

This journal is © The Royal Society of Chemistry 2019
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Step 1.2.4 and 5. deprotection (20%
piperdine in DMF) and coupling (0.5
M HBTU and DIPEA) of amino acids.

Step 3, deprotection (3% TFA in DCM)
and coupling (0.5 M HBTU and
DIPEA) of lipid.

Step 6, deprotection (20% piperdine in
DMF)

Step 7, resin cleveage & pbf
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Fig. 2 Schematic representation of synthesis pathway of designed
lipidated peptide dendrimer.
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Fig. 3 HPLC and MS verification of lipidated dendrimers. (a) HPLC; (b)
MS.

lipidated dendrimer exist as both micelles and monomers,
whereas below the concentration only exist as monomers.

To determine the CMC by using DLS technique, aqueous
solutions of lipidated dendrimers was prepared within the
concentration range of 1-500 umol L™". The intensity values of
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Fig. 4 Schematic representation of lipidated dendrimer micelle being
formed above its CMC.
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scattered light as a function of concentration of dendrimers are
shown in Fig. 5. The scattering intensities detected for den-
drimers concentrations below CMC have an approximately
constant value corresponding to that of deionized water. As
shown in the Fig. 5, the intensity (kcps) starts to show a linear
increase with the concentration when it is close CMC, since the
number of micelles increases in the solution. However, size of
micelles (hydrodynamic diameter) were constant while the
concentration approaching to CMC and remain consistent even
increase in the concentration. This is an indication for the
formation stable micelle of lipidated dendrimers. The inter-
section of best fit lines drawn through the data point corre-
sponds to 105.38 pumol L' is the CMC value of lipidated
dendrimers. TEM results showed that the size of the micelles
was around 130 nm (Fig. 6).

3.3 Bufalin-dendrimer micellization

DSC studies were performed separately on dendrimer, drug,
and drug-dendrimer complexes. The DSC thermogram Fig. 7d

Intensity (kcps)
g

200 4 CMC d
0 T T T T d
o 100 200 300 400 500
Concentration (M)

Fig. 5 CMC determination: scattered intensity (kcps) as a function of
lipidated dendrimers concentration.

Fig. 6 Transmission electron microscopy (TEM) results showed that
the size of the micelles was around 130 nm.

RSC Adv., 2019, 9, 2458-2463 | 2461
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Fig. 7 HF-time curves (DSC) of (a) bufalin (melting point 232-241°C);
(b) dendrimer (melting point of L-arginine 216-218 °C); (c) bufalin and
dendrimer mixture (1:0.5 molar ratio); (d) bufalin-dendrimer
complex.

shows the bufalin-dendrimer complex was entirely different
from the physical mixture (Fig. 7c) and also bufalin and den-
drimers (Fig. 7a and b). Endothermic peak of dendrimer was
completely disappeared in the complex. And melting tempera-
ture was reduced as shown in the Fig. 7d. Further, zeta poten-
tials were measured to confirm the micellization. The zeta
potential was found to be —0.55 mV for bufalin and +18.9 mV
for dendrimers. On the other hand, the zeta potential of den-
drimer-drug complexes (1 : 0.5) was +3.03 mV, clearly suggest-
ing that complexes were formed, due to a fall in the net cationic
charge, most likely being offset (partial neutralization) by
bufalin.

3.4 Bufalin solubility studies

The concentration of bufalin in water as well as it in different
dendrimer (Arg4" and, 8" dendrimer and Arg4" lipidated den-
drimer) solutions was determined as an index of the water
solubility of bufalin. The solubility of bufalin in different den-
drimer solution was determined using HPLC method. Linear
least-squares regression analysis of the calibration graph
demonstrated linearity in the 20-500 ug mL ™" concentration
range. A typical standard relationship (©* = 0.9999) was
described by the equation y = 6363.8 x + 13 779. Upon adopting
this equation and the peak area obtained for bufalin, the
concentration of bufalin in the saturated solution was

2462 | RSC Adv., 2019, 9, 2458-2463
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calculated to be 42.4 pg mL ™', which is close to the reported
maximum apparent aqueous solubility of bufalin (32.76 pg
mL~" at 37 °C, pH 7.0). The solubility of bufalin in Arg4" and
Arg8" dendrimer solution was 62.5 and 79.3 pg mL ™', respec-
tively. Interestingly the solubility of bufalin in Arg4" lipidated
dendrimer significantly increased to 142.9 pg mL ™. The results
showed that the solubility of bufalin has been increased in
dendrimer solutions, and lipidated dendrimer showed more
than twice increased solubility compared non-lipidated counter
parts.

4. Discussion

Significant evidences have been proved that the effect Chan Su
and its active ingredient bufalin on cancers such as
leukaemia,*® breast cancer,* prostate cancer,” melanoma and
other cancers.”® However, expected clinical outcomes can be
achieved only when the drug (bufalin) formulated with right
delivery system. The major setback for bufalin is its poor
aqueous solubility and drug delivery system to deliver the
molecule to the targeted disease. Dendrimers, relatively a new
class of carrier systems with hyper-branched structure exist in
variable sizes and flexible to change surface functionalities and
also for conjugation of targeting ligands and drug molecules.
Furthermore, dendrimers also showed enhancing the solubility
of hydrophobic drug molecules.”® These combined approach
offered to develop amino-acid based peptide dendrimers to
enhance the solubility and delivery of bufalin. Earlier, our group
published application of asymmetric peptide-dendrimers drug/
gene delivery. Now, the first time successfully introduced dec-
anoic acid onto the core by maintaining the terminal guanidine
chemistry. Both lipidated and non-lipidated dendrimers were
used for the complexation with bufalin. However, lipidated
dendrimers being an amphiphilic monomers quickly assem-
bled into micelles at and above the CMC and result in signifi-
cant enhancement in the solubility compared to non-lipidated
dendrimers. DSC studies showed the interaction between
bufalin and dendrimer and their inclusion-complex. DSC ther-
mogram of bufalin-drug inclusion complex showed signifi-
cantly different endothermic melting temperature compare to
dendrimer and bufalin. This result is in agreement with zeta
potential of bufalin-dendrimer complex, +ve charge of den-
drimers was neutralized by bufalin —ve charge. The aqueous
solubility data showed bufalin in lipidated peptide dendrimer
solution was increased more than 3 folds compare to bufalin
alone and 2 folds to non-lipidated counterparts.

5. Conclusions

In conclusion, we synthesized and characterised a hybrid
lipidated-peptide dendrimer using Fmoc-SPPS. The method-
ology to incorporate lipid into asymmetric dendrimers is ex-
pected to generate self-assembled micelles with greater
enhanced solubility of hydrophobic drugs, while retaining
arginine terminal can increase the cellular uptake and intra-
cellular delivery of the drug. The micellar formation was clear
with enhanced solubility of the guest molecule bufalin and

This journal is © The Royal Society of Chemistry 2019
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further in vitro studies warranted with optimised formulation.
This study here also provides a platform for effective and
versatile delivery of other moieties of therapeutic interests.
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