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lowering the dose of administered drugs and side effects.

Methods: Doxorubicin (DOX) was introduced to water-soluble hyaluronic acid (Hyal)
using 1-amino-3,3-diethoxy-propane (ADEP), as a pH-sensitive linker, to develop a new
hydrophobic structure, i.e. Hyal-ADEP-DOX. The conjugates were grafted in three ratios
(7.5%, 12.5%, and 20%) to Hyal and characterized by Fourier transform infrared (FT-IR) and
proton nuclear magnetic resonance (IHNMR). Cannabidiol (CBD) was physically loaded in
the core of nano-micelles.

Results: Prepared nano-micelles were analyzed for critical micelle concentration (CMC)
particle size stability and drug release before and after loading the CBD. Hyal-ADEP-
DOX-12.5 was the optimized ratio and had a mean diameter of 50 nm before loading the CBD
and 120 nm after loading (observed by transmission electron microscopy). The release results
showed that DOX releases slowly in physiological pH, and CBD has a burst release at acidic
pH from Hyal-ADEP-DOX-12.5. These properties altogether make Hyal-ADEP-DOX nano-
micelles, as a stimuli-sensitive nano-carrier, a potential candidate for hydrophobic anticancer
agents’ co-delivery.

Conclusion: The grafted DOX exhibited pH-sensitive release behavior, i.e. while
22.8% of the drug was released after 24 h at pH 5.5, and 5% was released after 24

Keywords: h at pH 7.4. Hyal-ADEP-DOX due to its low CMC value, colloidal stability, slow
Doxorubicin, Cannabidiol, i drugrelease in physiological pH, and burst release in acidic pH Hyal-ADEP-DOX,
Nano-micelle, pH-sensitive, is an excellent candidate as a carrier to co-deliver hydrophobic therapeutic agents
Co-delivery ¢ to tumor tissues.
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1. Introduction

reast cancers are the most common

cancers diagnosed in women and the

second cause of cancer-related deaths

in the world [1]. Treatment regimens

usually consist of the simultaneous
use of various types of anti-cancer molecules in reducing
the dose used by increasing the effectiveness synergisti-
cally and consequently reducing the severe side effects
of these drugs [2, 1]. Doxorubicin (DOX) is among the
chemotherapy agents used in the treatment regimens of
all types of breast cancer. It has shown effectiveness in
the past, but resistance to DOX and side effects have lim-
ited its use [1]. DOX is used as a water-soluble salt with
a solubility problem, but due to the potency of the drug
and serious side effects, it requires a new drug delivery
system to reduce the dose of the drug used [3, 4]. Can-
nabinoids (CBDs) are the molecules found in the extract
of the flowering branches of the marijuana plant. CBDs
have shown a good capacity in regulating the prolifera-
tion of cancer cells and tumor growth [5, 6]. CBD as
one of the cannabinoid molecules found in the plant has
a high concentration in the extract, and in past studies,
various mechanisms of action on cancer cells have been
proven to play a role in reducing the possibility of metas-
tasis of cancer cells [5]. Also, the effectiveness of CBD
has been proven in many studies on breast cancer cells
through different mechanisms [7-10]. The CBD mole-
cule has also been investigated for adjunctive drug regi-
mens to radiotherapy treatment with acceptable results
[11,12].

The reduction of therapeutic success following the
use of a drug molecule for cancer treatment often does
not lead to good results because most of the molecules
used in chemotherapy regimens are not ideal in terms of
physicochemical characteristics and are rejected by the
body’s various defense systems [13, 14]. They cannot
create a suitable concentration to destroy cancer cells in
the tumor tissue. Delivering the drug to the target tissue
simultaneously is a wise method to solve this problem,
which reduces the dose of the used drug and therefore
reduces the side effects [15]. The use of nano-micelles
to deliver the drug to the target tissue in new drug deliv-
ery systems has many convincing reasons, and the small
size (<200 nm) of these drug delivery systems, which
is intrinsically one of its characteristics, is the most at-
tractive of these reasons [13, 16]. The small size of the
drug delivery system makes the drug delivery system
benefit from the phenomenon of enhanced permeability
and retention effect (EPR), which according to previous
studies, increases the accumulation of the drug deliv-
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ery system in the tumor tissue passively [17, 18]. This
structure, which has a hydrophilic part, can avoid the
defense system of the reticuloendothelial system (RES)
and maximize the duration of its presence in blood cir-
culation [19].

In drug delivery systems that need to be made from
various components to modify the surface of hydro-
philic polymers by synthetic routes with relatively low
efficiency, choosing a polymer that is itself a ligand for
receptors with a high expression on the surface of tu-
mor cells seems to be a smarter choice [20]. Therefore,
in this study, 10 kDa hyaluronic acid polymer was cho-
sen as the main polymer, which solves the challenge of
targeting the drug delivery system by targeting CD-44
receptors that are increasingly expressed on the surface
of tumor cells [15, 21]. Carboxylic acid on its monomers
can create a hydrophobic part on the main chain struc-
ture so that it can form self-assembly micellar structures.
Many molecules can be used to create the hydrophobic
part in the micelle system, but one way to increase the
amount of drug loading in these systems is to use the
main chemotherapy agent molecules, which are most-
ly hydrophobic, as the hydrophobic part of the micelle
structure [22]. In this way, the drug molecule is bonded
to the main chain structure using a chemical bond, and
a linker with different properties can be used between
them to make the release of the drug in the target tissue
more controllable. This method allows us to have addi-
tional space for the physical loading of another molecule
in our micellar drug delivery system. Therefore, the drug
delivery system can carry two types of molecules at the
same time, which is desirable for creating a synergistic
effect of different molecules at the same time.

In this study, we designed a targeted drug delivery sys-
tem that includes surface-modified hyaluronic acid with
DOX drug molecules [23]. To create stimuli-responsive
properties, we used the ADEP molecule as a pH-sensi-
tive linker between DOX molecules and carboxylic acid
functional groups on the polymer chain so that the syn-
thesized copolymer can have self-assembly properties
and form a micellar structure [24]. The CBD molecule
is physically loaded inside the core of the nano-micelles
so that both drugs can be delivered to the tumor tissue in
a targeted manner and the drug can be released intact in
the endosomal acidic environment.

2. Materials and Methods

The current original research was conducted at the
Pharmacy Faculty of Shahid Beheshti University of
Medical Sciences.
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Materials

Doxorubicin  Hcl, hyaluronic acid (molecular
weight=10  kDa), 1-amino-3,3-diethoxy-propane
(ADEP), dimethyl aminopyridine (DMAP), 1-Eth-
y13-(3-dimethyl aminopropyl) carbodiimide (EDC), N-
hydroxysuccinimide (NHS), and cannabidiol reference
standard were purchased from Sigma-Aldrich, United
States of America. Dialysate (3.5 kDa and 12 kDa) was
obtained from Orange, United States of America. Di-
chloromethane (DCM) and other solvents were supplied
from Merck, Germany.

Synthesis of Hyal-ADEP

Hyal-ADEP was prepared by carbodiimide-mediated
reaction using EDC and NHS. After solving hyaluron-
ic acid (20 mg, 0.002 mmol) in 20 mL of 0.1 M PBS
(pH:7.4) at room temperature, EDC (10 mg, 0.05 mmol),
NHS (6 mg, 0.05 mmol), and ADEP (10 mg, 0.0675
mmol) were added in five steps (every 2 hours). Then,
the reaction was allowed to continue for 72 hours. The
obtained solution was precipitated and washed with 50
mL of acetone three times to eliminate any impurities
along with unreacted ADEP. Following centrifugation at
8500 rpm for 10 min remained precipitant was dialyzed
by a 3.5 kDa cut-off dialysis bag for 24 hours. The final
solution was freeze-dried and kept at -20°C for the next
synthesis step (Figure 1a). The purified product was re-
dissolved in distilled water and the pH of the solution
was adjusted to two using 1 M HCI and the temperature
increased to 50°C for the aldehyde process. After 24 h,
the pH was changed to 67 before dialysis (24 h) and
freeze-drying (Figure 1b) [21, 25].

Synthesis of Hyal-ADEP-DOX

Hyal-ADEP-DOX was produced by conjugating the
aldehyde group of Hyal-ADEP with the amine group
of DOX at DOX/Hyal-ADEP molar ratios of 7.5%,
12.5%, and 20% (Hyal-ADEP-DOX-7.5, Hyal-ADEP-
DOX-12.5, and Hyal-ADEP-DOX-20) at room tem-
perature and purified by a 12 kDa dialysis bag for 24 h
before freeze drying (Figure 1c) [21, 26].

Physicochemical characterization of Hyal-ADEP-
DOX conjugates

Proton nuclear magnetic resonance (1IHNMR) analy-
sis was performed using Bruker Biospin (AC400, Ger-
many). Then, 5 mg/mL of Hyal-ADEP and Hyal-ADEP-
DOX, and DOX.hcl dissolved in D20, were measured
using an NMR spectrometer. FT-IR spectra were record-
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ed on a Fourier-transform infrared spectrometer (WQS-
510/520, Raleigh, China) using KBr discs.

The substitution degree was measured by the HPLC-
UV method. Briefly, 1 mg of each conjugated copolymer
was exposed to an acidic environment (HCI, pH:1) con-
taining 2% w/w tween 80. The mobile phase (ACT: D20,
80:20, formic acid: 0.1 w/w, pH:3) flow rate was 0.5 mL/
min and samples were measured by UV detector at 225
nm. All measurements were carried out in triplicate.

Preparation of nano-micelles

Nano-micelles were prepared using a probe sonica-
tor (Bandelin, Germany) at 90W for 2 minutes. Hyal-
ADEP-DOX was protected from heat by performing
sonication in an ice bath with the pulse function on for 7
seconds and off for 3 seconds. The nano-micelles solu-
tion was passed through a 0.45-pm filter (millipore) and
stored in the dark for further studies.

Critical micelle concentration

CMC was measured by fluorescence spectroscopy us-
ing Nile red as a fluorescence probe. After preparing a
Nile red solution of 1x107°M in methanol, some 15 mL
tubes were added with 100 mL of the prepared solution.
Methanol was then allowed to evaporate and 4 mL of the
colloidal dispersion in water was added to each tube (con-
centration range: 4.88x107%-0.125 mg/mL). The tubes
were sonicated at ambient temperature for 1 hour, and
then, the tubes were allowed to rest for 2 hours to help the
micelles stabilize. The maximum fluorescence emission
of solutions was determined at excitation and emission
wavelengths: 520 and 620-680 nm, respectively. Finally,
the maximum fluorescence intensity vs. logarithmic con-
centration of the DOX-ADEP-Hyal copolymers curve
was drawn, and the intersection of the curve’s two linear
portions was considered the CMC [27].

Preparation of CBD-loaded nano-micelles

We added 120 pg/mL (0.06 mg) and 140 pg/mL (0.07
mg) CBD in 0.5 mL acetone to Hyal-ADEP-DOX-12.5
and Hyal-ADEP-DOX-20 copolymers (1 mg) in 10 mL
of deionized water respectively and then was sonicated
for 2 minutes performing probe sonication 7 seconds on
and three seconds off, three cycles of 2 minutes for cool-
ing between each cycle, in an ice bath. Then, the colloi-
dal solution was freeze-dried and the remained powder
was stored in a sealed and dark place [28].
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Particle size, zeta potential, and stability of sizes

The Z-average and poly-dispersity index (PDI) of na-
no-micelles were determined by dynamic light scattering
(DLS) using the photon correlation spectroscopy (PCS)
technique, and the zeta potential of nano-micelles was
measured by the laser Doppler electrophoresis technique
for both CBD-unloaded and CBD-loaded nano-particles.
The measurements were performed on samples (n=3) at
ambient temperature using a Malvern Nano ZS (Mal-
vern Instruments Ltd., Worcestershire, UK) equipped
with a 633-nm laser and 173" detection optics.

Transmission electron microscopy (TEM)

The optimum ratios of conjugated co-polymers (CBD-
loaded and CBD-unloaded) were dropped on a 300-
mesh carbon-coated copper grid. After air-drying, the
sample was stained with 1 w/w% uranyl acetate solution.
TEM observation was carried out on a ZEISS EM10C
(Germany) operating at an accelerating voltage of 80 kV.

In vitro release

Release of DOX molecule from the Hyal-ADEP-DOX
conjugate micelles was assessed in the phosphate buffer
and acetate buffer; 7.4 and 5.5 to mimic the pH of physi-
ologic and endosome media, respectively, using a dialy-
sis bag with a cut-off pore size of 12 kDa. All measure-
ments were performed in triplicates. Either phosphate
buffer or acetate buffer (10 mL for CBD relate ease pro-
file and 30 mL for DOX release profile, 37°C) was used
as the medium, and stirring was conducted constantly.
After pouring 1 mL of Hyal-ADEP-DOX micelle disper-
sion (1 mg/mL) into a dialysis bag, the bag was placed
in the medium. HPLC-UV method is used for analyzing
sample solutions [18].

Statistical analysis

All data were presented as Mean+SD. Parametric vari-
ables were analyzed using a one-way analysis of vari-
ance (ANOVA) followed by Tukey’s post hoc test. All
statistical analyses were performed by SPSS software,
version 18 (SPSS Inc., Chicago, IL, United States of
America). P<0.05 were considered significant for all sta-
tistical tests.

3. Results
Hyal-ADEP-DOX characterization

According to FT-IR analysis (Figure 2), Hyal-ADEP-
DOX was successfully produced. The newly appeared
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characteristic peaks at 1728 cm™ and 2808 cm™ were as-
sociated with CH=O stretch vibration and C-H stretch-
ing of the aldehyde group on HA-ADEP. These two
peaks became invisible, attributing to the consumption
of aldehyde to form an imine bond between HA—ADEP
and DOX. FTIR spectrum of pure DOX was due to N-H
stretching vibrations for the primary amine structure and
at 3355 cm™ due to O-H stretching vibrations. How-
ever, in the case of DOX-conjugated, the peak due to
N-H stretching vibrations and O—H stretching vibrations
overlap, are broadened and shifted to the lower frequen-
cy range (3284 cm™). The peak at 1207 cm'! (C-O-C
asymmetric stretching vibration) in DOX was observed
in the spectrum of Hyal-ADEP-DOX with a little shift
to 1213 cm™ (Figure 2a). Characteristic peaks of ADEP
were observed at 1.15 and 2.6 ppm of IHNMR spectra
of Hyal-ADEP. Following the performed procedures,
ADEP was present in the conjugate. These two peaks
almost vanished in the aldehyde process and there was
a shift from 2.6 to 2.95 ppm. Since the peak at (8.3, d)
ppm was related to the DOX (Figure 2b, c, and d), the
molecule was present in the conjugate after washing the
impurities out.

Degree of substitution

The total substitute degree of carboxyl groups (SD%)
of Hyal-ADEP-DOX-7.5, Hyal-ADEP-DOX-12.5, and
Hyal-ADEP-DOX-20 was measured by the HPLC-UV
method. The structure of conjugated copolymers in a
harsh acidic environment and high concentration of
tween 80 was destructed and drug molecule (DOX) was
released in solution. The SD% of Hyal-ADEP-DOX-7.5,
Hyal-ADEP-DOX-12.5, and Hyal-ADEP-DOX-20 was
6.1%, 10.2%, and 15.9%, respectively.

Critical micelle concentration

CMC was measured by fluorescence spectroscopy
and using Nile red for each of the ratios of grafted co-
polymers. In this method, the maximum emission peak
of Nile red against the copolymer concentration is used
as an index to measure the CMC. The advantage of this
method compared to the CMC measurement method us-
ing the emission peak of Nile red is that the possible tur-
bidity in the samples does not interfere with the results.
Also, the excitation and emission wavelengths of Nile
red do not interfere with the DOX molecule. To deter-
mine the CMC of grafted copolymers in water, the val-
ues obtained from Nile red are plotted against the loga-
rithm of copolymer concentrations and the CMC point is
the concentration, at which Nile red emission has a mu-
tation. Therefore, the CMC of Hyal-ADEP-DOX-7.5,
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Figure 1. Schematic structure of synthesis procedures:
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a) Synthesis of Hyal-ADEP conjugate, b) Aldehyde process of Hyal-ADEP, c) Synthesis of Hyal-ADEP-DOX

Hyal-ADEP-DOX-12.5, and Hyal-ADEP-DOX-20 co-
polymers was 1.56*¥10-2, 3.9%10-3, and 1.9*10-3 g/I, re-
spectively (Figure 3). The CMC of these three ratios was
in the usual range of the CMC of polymer micelles (10-5
to 10-7 M), which is four orders of magnitude lower than
the CMC of low molecular weight surfactants [29].

Determination of particle size and stability of
sizes

Particle size and polydispersity index were plotted
against 30 days period of time to choose the most stable
ratio of grafted copolymer (Hyal-ADEP-DOX) before
and after the physical loading of CBD molecules. As
shown in Figure 4, the size of Hyal-ADEP-DOX-7.5
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a) FT-IR spectra of DOX, hyaluronic acid (HA), Hyal-ADEP, and Hyal-ADEP-DOX. b) Hyal-ADEP, c) Aldehyde process of
Hyal-ADEP, d) Hyal-ADEP-DOX.
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Figure 3. Plots of the intensity of Nile red (NIR) from fluorescence spectra against logarithm concentration of nano-micelles:
Hyal-ADEP-DOX-7.5%, Hyal-ADEP-DOX-12.5 %, and Hyal-ADEP-DOX-20%. NIR was used as a fluorescent probe.
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Figure 4. Particle size determined during 30 days of hollow and loaded nano-micelles.

micelles was gradually increased. Despite its higher
zeta potential, this ratio was unstable after day five and
also there was some instability in size during the first
five days because of the lower CMC of this ratio. In the
case of Hyal-ADEP-DOC-20, there was instability in
size after loading the CBD. In addition, there was the
lowest zeta potential between ratios, and an increase
was observed in size due to aggregation after four days.
The most suitable drug-polymer ratio was Hyal-ADEP-
DOX-12.5 with a mean particle size of 280+19 nm
(Figure 4). The particle size and polydispersity of Hyal-
ADEP-DOX particles were significantly higher than two
higher ratios. Consequently, an increase in the degree of
substitution of hydrophobic content in the backbone of
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the copolymer encouraged hydrophobic interactions and
decreased the size of the micelles. Previous studies have
also reported similar findings [30]. Zeta potential analy-
sis of ratios showed that a higher degree of substitution
was associated with a lower zeta potential. The result of
zeta potential confirmed successful grafting on polymer
structure. Since the high negative charge of hyaluronic
acid-derived nano-micelles is caused by the carboxyl
groups of the hyaluronic acid monomers in the polymer
structure, the involvement of free carboxyl functional
groups in substitution causes a reduction in zeta potential
and leads to aggregation [31]. According to the results of
this part, further experiments were hence not performed
on Hyal-ADEP-DOX-7.5 and Hyal-ADEP-DOX-20.
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Figure 5. Transmission electron microscopy image of Hyal-ADEP-DOX in the ratio of 12.5%

a) Hollow nano-micelles, b) CBD-loaded nano-micelles

TEM

TEM was used to observe the morphology of nano-
micelles before and after the loading of CBD molecules.
The spherical shape of the particles is shown in Figure
5 and the mean diameter of unloaded and loaded nano-
micelles was about 50 nm and 120 nm, respectively. Both
hollow and CBD-loaded nano-micelles had spherical
shapes and were smaller than the light scattering method.
Different states of the nano-micelles (the dried state in the
TEM method and the hydrated state in the light scatter-

ing method) were responsible for the difference observed
between the results of the sizes of methods [32].

In vitro drug release behavior

Micelle stability, long circulation time, and controlled
drug release are required characteristics of a suitable ac-
tive targeted micellar drug delivery system. Although
the conjugation of DOX to polymers could solve water
solubility, control release was not addressed as well in
these systems. In our previous study on CPT-succinic
acid-CHO conjugation at pH 7.4 and 37°C, not more
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Figure 6. In vitro release behavior
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a) DOX from Hyal-ADEP-DOX 12.5%, b) CBD from loaded Hyal-ADEP-DOX 12.5% at two different pH values (7.4 and 5.5)
that represented physiological and endosomal/tumor tissue environments, respectively.

Note: Each point is the mean of three replicates. Data are presented as Mean+SD.

than 0.831% of the drug was released from CPT-succinic
acid-CHO micelles after 52 h. The rate was as low as
0.691% in 26 h at pH 5.5 and 37°C [25, 32]. Drug re-
lease from Hyal-ADEP-DOX micelles was faster than
from the CPT-succinic acid-CHO conjugate at pH 5.5.
The obtained results showed that in the case of Hyal-
ADEP-DOX-12.5, only 6% of the loaded drug was re-
leased after 24 h at pH 7.4 and 37°C. At pH 5.5 and 37°C,
20.8% of the loaded drug was released over 24 h (Figure
6). Whole grafted DOX was approximately released at
the end of five days of release test at pH 5.5 but there

was about 52.5% release at pH 7.4. Also, we observed
the same profile for physically-loaded CBD into the core
of the micelles. There was 69.5% release at pH 7.4 and
complete release at pH 5.5. This remarkable difference in
release profile showed the sensitivity of the ADEP linker
to endosomal pH (acidic). Comparing the drug release
behavior of the two conjugates reveals that the designed
system worked correctly and Hyal-ADEP-DOX may
become a fascinating candidate for stimuli-responsive
co-delivery systems.
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4. Conclusions

A new nano-micellar drug co-delivery system for DOX
was designed in the present study. Because of the pres-
ence of ADEP between DOX and Hyal, this formulation
was responsive to low pH (<5.5). Nano-micelles were
prepared in three ratios (7.5%, 12.5%, and 20%) and
the 12.5% ratio was chosen as the optimum formula-
tion after physiochemical analyses. CBD as an adjuvant
therapeutic agent was loaded physically into the core of
micelles. Self-assembled nano-micelles had a small size
of around 50 nm and 120 nm after loading the CBD and
spherical shapes observed by TEM. The grafted DOX
exhibited pH-sensitive release behavior, i.e. while 22.8%
of the drug was released after 24 h at pH 5.5, and 5% was
released after 24 h at pH 7.4. Hyal-ADEP-DOX due to
its low CMC value, colloidal stability, slow drug release
in physiological pH, and burst release in acidic pH Hyal-
ADEP-DOX, is an excellent candidate as a carrier to co-
deliver hydrophobic therapeutic agents to tumor tissues.
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