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ABSTRACT

Purpose The selective delivery of chemotherapeutic agent to
the affected area is mainly dependent on the mode of drug
loading within the delivery system. This study aims to com-
pare the physical method to the chemical method on the effi-
ciency of loading DOX.HCI to GNPs and the specific release
of the loaded drug at certain tissue.

Method Bifunctional polyethylene glycol with two different
functionalities, the alkanethiol and the carboxyl group
terminals, was synthesized. Then, DOX-HCI was cova-
lently linked via hydrazone bond, a pH sensitive bond,
to the carboxyl functional group and the produced polymer
was used to prepare drug functionalized nanoparticles.
Another group of GNPs was coated with carboxyl containing
polymer; loading the drug into this system by the means of
electrostatic adsorption. Finally, the prepared system were
characterized with respect to size, shape and drug release in
acetate buffer pH 5 and PBS pH 7.4 Also, the effect of
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DOX.HCI loaded systems on cell viability was assessed using
MCF-7 breast cancer cell line.

Results The prepared nanoparticles were spherical in shape,
small in size and monodisperse. The release rate of the
chemically bound drug in the acidic pH was higher
than the electrostatically adsorbed one. Moreover, both
systems show little release at pH 7.4. Finally, cytotoxicity pro-
files against human breast adenocarcinoma cell line (MCF-7)
exhibited greater cytotoxicity of the chemically bound drug
over the electrostatically adsorbed one.

Conclusion Chemical binding of DOX-HCI to the carboxyl
group of PEG coating GNPs selectively delivers high amount
of drug to tumour-affected tissue which leads to reducing the
unwanted effects of the drug in the non-affected ones.

KEY WORDS bifunctionalized PEG - doxorubicin HC -
electrostatic adsorption - GNPs - MCF-7 - pH sensitive release

ABBREVIATIONS

ABN Azobisisobutronitrile

ANOVA Analysis of variance

DCM Dichloromethane

DOX-HC Doxorubicin HCI1

DMSO Dimethyl sulfoxide

EPR Enhanced permeability and retention
GNPs Gold nanoparticles

HAuCl4.3 H3O  Hydrogen tetrachloroauric acid trihydrate

ICso The concentration of substance required
for 50% growth inhibition

MCF-7 Breast cancer cell line

MDR Multi-drug resistance

MWCO Molecular weight cut off

PCS Photon correlation spectroscopy
PDI Polydispersity index

P-gp P-glycoprotein

PBS Phosphate buffered saline
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PEG Polyethylene glycol

RES Reticulo-endothelial system

SPR Surface plasmon resonance

TEM Transmission electron microscope

INTRODUCTION

Nanomedicine-based delivery of chemotherapeutic agents
can markedly improve the accumulation of chemotherapeutic
agents in the tumor sites as a result of: the enhanced perme-
ation and retention phenomenon (EPR) and lowering the ac-
cumulation of the nanocarriers into healthy tissues. In addi-
tion, the uptake of chemotherapeutic agents into cancer cells
can be adversely influenced when the chemotherapeutic mol-
ecule is a substrate to multi-drug resistance (MDR) efflux
transporter (e.g. P-glycoprotein, P-gp) as in the case of doxo-
rubicin (1). Nanocarriers are not substrates to MDR trans-
porters and can be endocytosed into the cancer cells.
Although earlier release of the chemotherapeutic agent into
the cytoplasm might be exposed to P-gp, nanocarriers that
only disassemble or release their cargo following endosomal
uptake have better chance to evade P-gp-mediated efflux (2).
In this regard, pH-dependent drug release can help to avoid
the immature drug release in the blood circulation
(pH 7.4) and can only take place at the tumor micro-
environment (pH 3-6). Furthermore, the ones that are
taken up into the cancer cells can further release drug
load into the acidic environment of the endosomal-
lysosomal system (pH 3) (3).

GNPs are regarded as useful, safe and biocompatible in the
field of targeted drug delivery (4—6). Cooating of GINPs with
hydrophilic PEG corona dramatically enhances both the
in vitro as well as the i vivo stability due to steric stabilization
rather than electrostatic one (7). Uncoated GNPs are likely to
be accumulated in liver and spleen (reticuloendothelial sys-
tem) due to the hydrophobic nature and the absence of the
hydrophilic coat provided by PEG molecules. Alternatively,
PEGylated GNPs have minimum affinity to adsorb plasma
protein and consequently can evade uptake by RES. This
results in long blood circulation time giving them the chance
for tumor extravasation and to act as an excellent sustained
drug delivery approach (7,8). Based on these facts, PEGylated
GNPs could be taken by cancer cells more efficiently than
non-PEGylated ones (9,10).

Doxorubicin hydrochloride (DOX-HCI) is a well-known
chemotherapeutic agent with a broad-spectrum activity
against several types of cancer. This drug is regarded as one
of the most potent approved chemotherapeutic agents (11).
The drug acts by binding to DNA-associated enzymes, inter-
calating with DNA base pairs, and targeting multiple molec-
ular targets to produce a range of cytotoxic effects that results
in cancer cell apoptosis (12).

@ Springer

The loading of the cytotoxic agent to the nanomaterial
along with strategy of its targeting are highly important factors
for targeted and selective drug therapy. The drug may be
physically adsorbed, covalently attached to the nanomaterial
surface or it can be encapsulated into particle core asin case of
polymer based-nanoparticles. It has been reported that cova-
lent linking is likely to be more advantageous than other ways
of attachment and loading as it enables better control over the
number of drug molecules attached to the nanomaterial. Also
it provides a more precise control of the amount of therapeutic
compound delivered to specific sites (13).

Steric stabilization by surface PEGylation of nanoparticles
1s very important because it prolongs circulation time, pre-
vents nanoparticles aggregation, minimizes phagocytosis and
shields form opsonization. Chemical binding of DOX-HCI to
PEG coated GINPs by covalent pH sensitive bond will result in
smart nanocarriers system for effective and selective cancer
treatment. In such system, GNPs will have more than one
function. Firstly, the PEG corona of GINPs will act as a plat-
form to which the chemotherapeutic agent can be attached by
acidic sensitive bond. This acidic sensitive bond cleaves at the
acidic pH of tumor tissues (5,14—19). Secondly, the function-
alized nanoparticles will be accumulated in the tumor tissue
by EPR effect leading to decrease of the required drug dose
and side effects (20). Additionally, GNPs produce heat upon
exposure to laser leading to physical treatment of the tumor
via the thermal ablation (21). The whole designed system can
combine physical treatment, due to GNPs, with chemothera-
peutic one, due to the attached drug, as a new approach for
cancer therapy.

The main aim of the present work is to selectively
deliver DOX-HCI to the diseased parts inside the body
for efficient cancer treatment. Hence, a comparative
study between two different DOX-HCI loaded GNPs
systems was established. The first system was based on
the chemical binding of DOX-HCI to the surface of
GNPs through PEG-undecanethiol spacer by a pH sen-
sitive hydrazone bond. The second system was based
on the non-covalent binding of DOX-HCI to the
carboxy-functionalized GNPs via an electrostatic attrac-
tion. Moreover, the two systems were subject to an
i vitro drug release study followed by the evaluation
of their cytotoxic activity against breast cancer cell line

(MCF-7).

EXPERMENTAL

Materials

Hydrogen tetrachloroaurate (III) trihydriate (HAuCly.3H50)

and thioglycolic acid were purchased from Acros organics,
Belgium. Trisodium citrate dihydrate was supplied by fisher
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scientific company, USA. Polyethylene glycol 2000 g/mol and
ellman’s reagent were purchased from alfa aeser, Germany.
Doxorubicin hydrochloride was provided by Beijing
mesochem technology company, Beijjing, China. P-toluene
sulphonyl chloride was purchased from lobachemi, India.
AIBN (azobisisobuteronitrile), hydrazine hydrate, thionyl
chloride and silver oxide were purchased from Sigma
Aldrich, Germany. Potassium iodide and anhydrous sodium
sulphate were supplied from El-Nasr pharmaceutical
chemical Company, Egypt. Thioacetic acid was pur-
chased from Tokyo chemical industries (TCI), Japan.
11-bromoundecene was purchased from Waco pharma-
ceutical company, Japan. Dialysis tubing (MWCO 12—
14 kd) was provided by Serva electronics GmbH,
Heidelberg, Germany. All the solvents were dried over
molecular sieve 4-8 mesh before use.

Synthesis of carboxy-PEG-undecane Thiol
and doxorubicin-PEG-undecanethiol Conjugate

Synthesis of monotosyl-PEG (1)

Compound 1 was synthesized by dissolving PEG (2000 g/
mol, 10.0 g, 5.0 mmol) in dry DCM (500 ml), the resulting
clear solution was chilled to 0°C in an ice bath under nitrogen
atmosphere. Then silver oxide (1.738 g, 7.50 mmol, 1.5 eq.)
and potassium iodide (0.332 g, 2.0 mmol, 0.4 eq.) were added
to the solution under stirring. p-toluene sulfonyl chloride
(1.0 g, 5.25 mmol, 1.05 eq.) was dissolved in sufficient volume
of dry DCM and quickly added to the rapidly stirred reaction
mixture. Reaction was left under nitrogen for 2—4 h, during
this period the reaction progress was TLC monitored till com-
pletion. Reaction mixture was then filtered to remove inor-
ganic salts, washed with water, dried over anhydrous sodium
sulphate, concentrated to small volume by rotary evaporator,
precipitated by dropping into ice-cooled diethyl ether, sepa-
rated by filtration and, finally, dried under vacuum. (yield
8.5 g, 78.9%).

"H-NMR (400 MHz, DMSO-ds, 8 ppm): 7.78 (2H, d, ] =
8.0, aromatic CH), 7.48 (2H, d, J = 8.0, aromatic CH), 4.47
(1H, s, PEG-OH), 4.14 (2H, t, -CH;CH,-OH), 3.70 (2H, ¢,
CHy,CH,OTsy), 3.60-3.50(m, PEG backbone), 3.35(2H, t,
CH,CH,OTs),, 2.44 (3H, s, CHy).

Synthesis of Polyethylene Glycol Ethyl Thioacetate (2)

Under nitrogen atmosphere, compound 1 (5.0 g, 2.4 mmol)
was dissolved in dry ethanol (60 ml) with gentle heating,
followed by drop wise addition of sodium hydroxide
(0.479 g, 12.0 mmol, 5 eq.) and thioglycolic acid (10 g,
12.0 mmol, 5 eq.). The reaction was refluxed under nitrogen
for 48 h. Then, the mixture was cooled to room temperature,
quenched with dilute hydrochloric acid and the solvent was

evaporated to dryness under vacuum. Residue was dissolved
in dichloromethane (20 ml), washed twice with water, dried
over anhydrous sodium sulphate, reduced to small volume
and precipitated by dropping into ice cooled diethyl ether.
The product was separated by filtration, washed with cold
ether and dried, (yield 3.9 g, 81%).

"H-NMR (400 MHz, CDCls, & ppm): 3.97(1H, s,
CH,OH), 3.83 (2H, t, J, 4.0 Hz, CH,CH,SCH,), 3.73 (2H,
t, ] = 4.0 Hz, CH,OH), 3.60-3.50 (m, PEG backbone), 3.48
(2H, s, CH,SCH,COOH), 2.91 (2H, t, J, 4.0 Hz,
CH,CH,SCH,).

Synthesis of S-(I [-bromoundecyl) Thioacetate (3)

Under nitrogen atmosphere, 11-bromoundecene (4.00 g,
3.77 ml, 17.15 mmol) was mixed with dry toluene
(250 ml), followed by addition of thioacetic acid
(7.43 g, 97.7 mmol, 5.7 eq.). Then, AIBN (0.8 g,
4.8 mmol 0.28 eq.) was added and reaction mixture
refluxed under nitrogen for 3 h. The reaction was
cooled down to room temperature and washed several
times with saturated sodium bicarbonate solution (3 X
200 ml) when the organic phase was separated and
dried over anhydrous magnesium sulfate. Toluene was
removed under reduced pressure, crude product was
purified by column chromatography using petroleum
ether:methylene chloride 4:1 (yield 3.7 g, 69.7%).
"H-NMR (400 MHz, DMSOdg, 8 ppm): 3.47 (2H, t, J,
4.0 Hz, CHyCH,Br), 2.81 (2H, t, J, 4.0 Hz,
CHy,CH,SCOCH3;) 2.30 (3H, s, CH,SCOCH;), 1.80 (2H,
t, J, 4.0 Hz, CH,CH,SCOCHS;), 1.50 (2H, t, J, 4.0 Hz,
CH,CH,Br), 1.39-1.26 (14H, m, undocyl backbone).

Synthesis of Carboxy-Polyethylene Glycol Undecanethioacetate
(4)

Under nitrogen atmosphere, compound 2 (2074.4 g/mol,
2.0 g, 0.964 mmol) was let to melt in an o1l bath with gentle
stirring. Then sodium hydroxide pellet (0.385 g, 9.64 mmol,
10 eq.) was added to the melt and the mixture was stirred for
an hour. A solution of compound 3 (1.193 g, 3.8 mmol, 4 eq.)
in dry acetonitrile (50 ml) was added in and reaction was
refluxed for 12 h. Reaction mixture was then cooled to room
temperature, neutralized with dilute hydrochloric acid and
the solvent was removed under reduced pressure to dryness.
Residue was dissolved in dichloromethane, washed with water
and dried over anhydrous sodium sulphate and concentrated
to small volume. Pure dried product (compound 4) was ob-
tained after precipitating DCM solution into ice cooled
diethyl ether, separated by filtration and dried under vacuum
(yield 1.4 g. 63%).

"H-NMR (400 MHz, CDCls) 8 ppm, 3.80-3.46 (m, PEG
backbone), 3.45 (2H s, SCH,COOH), 2.85 (2H t, J, 4.0 Hz,
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CH,CH,OCH,), 2.67 (2H t, J, 4.0 Hz, CH,CH,SCOCHS),
9.49 (2H t, J, 4.0 Hz, CH,CH,SCH,COOH), 2.31 (3H s,
CH3COSCHo,), 1.81-1.26 (22H m, alkyl chain).

Synthesis of Carboxy-Polyethylene Glycol Undecane Thiol (5)

Methanolic HCI (11.6 ml of 2 M) was added to 0.5 g
(2302.8 g/mol, 0.217 mmol) of compound 4 dissolved in
5 ml of dry methanol. The reaction mixture was refluxed
overnight, solvent removed under reduced pressure to afford
the residue of the free thiol. Residue was dissolved in 10 ml of
DCM, precipitated by dropping in ice cooled diethyl ether,
filtered and dried under reduced pressure (yield 400 mg,
80.4%). Formation of free thiol of compound 5 was confirmed
by testing with Ellman’s reagent (prepared in 0.1 M phosphate
buffer pH 8 in presence of 1 mM EDTA). The prepared
sample was incubated with 50 pl of the reagent solution for
15 min in the dark at 37°C and the obtained yellow color was
measured at 412 nm using UV-Vis spectroscopy indicating a
positive free thiol.

"H-NMR (400 MHz, DMSOdg, 8 ppm): 3.69 (2H t,
J, 4.0 Hz, CH,CH,S), 3.60-3.51 (m, PEG backbone), 3.41
(2H s, SCH,COOH), 2.82 (2H, bs, CH,CH;OCH,), 2.74
(2H t, J, 4.0 Hz, CH,CH,SCOCHj;), 2.68 (2H t, J, 4.0 Hz,
CHy,CH,SCH,COOH), 1.62 (2H ¢, J, 4.0 Hz,
CH,CH,SCOCHg,), 1.51(2H t, J, 4.0 Hz,
CH,CH,OCHS,), 1.24 (14H bs, alkyl chain), 0.86 (1H t, ],
4.0 Hz, CHy-SH).

Synthesis of Undecanethiol- Polyethylene Glycol Hydrazide (5')

To a solution of compound 4 (1.0 g, 0.434 mmol) in dry DCM
(30 ml), thionyl chloride (0.258 g, 2.17 mmol, 5 eq.) was added
drop wise in an ice bath. Reaction was vigorously stirred at
4°C for 4 h then at room temperature for 6 h, followed by
removal of DCM and excess thionyl chloride by distillation.
The acid chloride residue was re-dissolved immediately in
DCM (20 ml) and treated with hydrazine monohydrate
(0.065 g, 1.30 mmol, 3 eq.) and a drop of triethylamine in
an ice-bath and the reaction was left under stirring at room
temperature for 6 h. The reaction mixture was filtered, evap-
orated to dryness. The residue was dissolved in DCM and
dropped into ice cooled diethyl ether an the solid product
was separated by filtration and dried under vacuum. (yield
0.7 g, 70%).

"H-NMR (400 MHz, DMSOdg, 8 ppm); 8.16 (1H s, CO-
NH-NH,), 3.71 (2H s, CO-NH-NH,) 3.68-3.50 (m, PEG
backbone), 3.41 (2H s, S-CH,-CO), 2.90 (2H t, J, 4.0 Hz,
CH,CH,OCH,), 2.78 (2H t, J, 4.0 Hz, CH,CH,SCOCH3),
2.68 (2H t, J, 4.0 Hz, CH2CH,SCH,COOH), 1.672H t, J,
4.0 Hz, CH,CH,SCOCH3;), 1.59 (2H t, J, 4.0 Hz,
CH,CH,OCHy,), 1.23 (14H m, alkyl chain), 1.09 (1H t, J,
4.0 Hz, CHy-SH).
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Synthesis of Doxorubicin HCI-Polyethylene Glycol Conjugates
through pH-Sensitive Hydrazone Linkage (6')

Under nitrogen atmosphere, DOX-HCI (0.033 g,
0.0571 mmol) was added to 0.162 g of undecane thiol-PEG-
hydrazide (0.0571 mmol, 1 eq.) dissolved in 10 ml of dry
methanol. Mixture was vigorously stirred under nitrogen for
5 min before addition of glacial acetic acid (0.102 g). The
reaction mixture was stirred under nitrogen at room temper-
ature in the dark for 24 h. Reaction progress was monitored
by TLC using methanol:chloroform 4:6. (R, DOX-HCI 0.3,
Dox.-Conj 0.7). Then, methanol was removed by evaporation
under vacuum, PEG-DOX conjugate was dissolved in chlo-
roform, filtered to remove unreacted DOX-HCI residue.
Chloroform solution was concentrated to small volume by
rotary evaporation, precipitated in cold diethyl ether, product
separated by filtration and dried under vacuum, yield
(98.2 mg, 48.6%).

"H-NMR (400 MHz, CDCl;, & ppm): the characteristic
DOX peaks obtained at 7.97, 7.71, 7.45, 1.99, 1.89, 1.13,
1.12 and 0.79 ppm. 7.97(H bs), 7.71 (H bs), 7.45 (H, bs)
3.72-3.42 (m, PEG backbone), 2.98-2.61 (m, alkyl chain),
1.99-0.75 (m, aliphatic peaks of DOX).

Preparation of Citrate Stabilized Gold Nanoparticles

GNPs were synthesized according to the method described in
the literature (22), Briefly, hydrogen tetrachloroaurate was
brought to boiling and reduced by the rapid addition of sodi-
um citrate. An optimized gold/citrate ratio was prepared as
follows, in 100 ml rounded bottom flask 97 ml of distilled
water and 1 ml of 1% HAuCl,.3H,O was heated under reflux
until boiling, and then 2 ml aqueous solution of tri-sodium
citrate dihydrate solution was added to the flask rapidly.
Boiling and stirring continued for 15 min. After that, the
heating was ceased and the solution was stirred until it was
cooled down to room temperature. Stock solutions of the gold
salt (10 mg/ml, 1%) and trisodium citrate (100 mg/ml, 10%)
were prepared using deionized water and were filtered
through 0.22 pm membrane filter.

Loading of Doxorubicin Hydrochloride Via the Self-Assembly
of DOX-PEG Undecanethiol Conjugate to the Surface of Citrate
Stabilized GNPs

The preparation of DOX-HClloaded GNPs was based on the
self-assembly of the DOX-PEG-undecanthiol over the surface
of GNPs to obtain GNPs functionalized with the exposed
DOX-HCI on their surface. Briefly, 29.42 mg of the DOX-
PEG-undecanthiol conjugate (contains 17% weight DOX:-
HCI) was added to 25 ml of citrated capped GNPs colloidal
dispersion in order to obtain a final concentration of
1.1768 mg/ml of the DOX-PEG conjugate (equivalent to
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200 pg/ml free DOX-HCI). The mixture was stirred for 24 h
in the dark, dialyzed against distilled water for 24 h to remove
unbound DOX.HCI and DOX-polymer conjugate.
However, the prepared GNPs-PEG-DOX assembly was
characterized for their size and zeta potential. In addition,
the amount of unbound DOX-PEG conjugate was deter-
mined spectrphotomertically at 480 nm (23). Also, the per-
centage amount of loaded drug was calculated using the
following equation:

total DOX — PEG conj
dialysed DOX — PEG cony

%of loaded DOX = x 100 (1)

Where total DOX-PEG cony: the total weight of DOX-PEG
conjugate added and dualyzed DOX-PEG conj represents the
amount of the unbound DOX and DOX-PEG in the dialy-
sate (23).

Preparation of Carboxyl Functionalized Gold Nanoparticles
and Adsorption of Doxorubicin Hydrochloride

To prepare GNPs-loaded with doxorubicin hydrochloride
loaded via electrostatic adsorption strategy, GNPs were first
functionalized with the previously synthesized carboxyl PEG-
undecanthiol (compound 5). In a typical procedure, excess
amount (50 mg) of the modified PEG was added to 25 ml of
the citrate stabilized GNPs and left stirring for 24 h. The thiol
end group of the polymer was adsorbed on the gold replacing
most of the adsorbed citrate anions on the particle surface with
the carboxy modified PEG. Then, 5 mg of DOX-HCI was
added and left under stirring in the dark for additional 12 h to
saturate the polymer carboxyl terminal with the positively
charged doxorubicin hydrochloride. However, the mix-
ture was dialyzed for 24 h in dialysis tubing to remove
unbound drug and polymer, and the percentage amount
of adsorbed DOX-HCI was calculated from the following
equation:

A-B

% of loded DOX.HCl = x 100 (2)

Where 4: the total amount of DOX-HCI added and B: the
amount of the unbound DOX-HCI in the dialysate. The free
unbound DOX-HCI in the dialysate was determined by
UV- vis spectroscopy at 480 nm.

IR and 'H-NMR Spectroscopy

The FT-IR analysis was carried out using “Nicolet 6700 FT-
IR instrument, Thermo-Fischer scientific corporation, USA.
The "HNMR analysis was carried out using "Bruker Avance
III 400 MHz for 'H and 100 MHz for "*C (Bruker AG,
Switzerland) with BBFO Smart Probe and Bruker 400
AEON Nitrogen-Free Magnet”.

Particle Size and Zeta Potential Measurement

The particle size, size distribution and the zeta-potential of the
prepared plain GNPs, along with polymer coated GNPs and
drug loaded GNPs were analyzed by photon correlation spec-
troscopy (PCS) using Zetasizer ZSNano 90 (Malvern instru-
ments, UK). Analysis time was 60 s and the zeta potential of
nanoparticulate dispersions was determined as such without
dilution.

Transmission Electron Microscopy (TEM) Imaging
of the Nanoparticles

The morphology of the prepared GNPs was determined by
TEM imaging. TEM samples were prepared by dropping gold
colloids on carbon-coated copper grids and dried at room tem-
perature. The samples were observed on a JEM-100CXII
transmission electron microscope (JEOL Ltd, Japan).

Effect of Sodium Chloride and Different Buffers on the Dispersion
Stability of the Prepared GNPs

The dispersion stability of both citrate and polymer capped
GNPs was mvestigated in different conditions including PBS
(pH 7.4), acetate buffer (pH 5) and at high ionic strength (5 M
sodium chloride solution) as well. Briefly, known volumes of
both citrate and polymer capped colloidal gold dispersions were
treated with 200 pl/ml of the colloidal dispersion of both PBS
pH 7.4 and acetate buffer pH 5 and with 150 pl per milliliter of
colloidal dispersion of 5 M sodium chloride solution. The dis-
persion stability of different nanoparticle preparations was mon-
itored by changes in UV-Vis absorbance, size and zeta potential.

In Vitro Release Study of the Prepared DOX-HCI Loaded GNPs

The release behavior of the drug from different GNPs prepa-
rations was assessed in two different buffer systems, the PBS
(pH 7.4) and the acetate buffer (pH 5) to simulate the physio-
logical pH of blood circulation and mimic cancer acidic envi-
ronment, respectively. The release behavior of the drug from
both formulae was compared with the release behavior of
pure drug to figure out the effect of different loading strategies
of GNPs on the drug release profiles. DOX-HCI release from
the investigated systems was monitored over the period of
72 h. 3 ml of each system, pure drug, chemical bound drug
and adsorbed one, were sealed in dialysis membrane tubing
(MWCO 12-14 KD) and immersed in 50 ml of the release
buffer at 37°C and shaked at 50 rpm in a shaking water bath.
3 ml of the release medium was withdrawn at different time
intervals and replaced with equal volumes of fresh buffer to
keep the volume of the release medium constant. The
amounts of DOX-HCI released were determined using UV-
Vis spectroscopy at 480 nm.

@ Springer
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In Vitro Cell Viability Assay of Doxorubicin Loaded GNPs
against MCF-7 Breast Cancer Cell Line

MTT assay of the designed systems was assessed against
MCF-7 breast cancer cell line. The human breast adenocar-
cinoma (MCF-7) cells were obtained from Vacsera, Egypt.
Cells were routinely grown with RPMI-1640 medium con-
taining 10% fetal bovine serum (Sigma-Aldrich, Germany).
Cells were grown at 37°C in 25 ml flasks (purchased from
Thermo Fisher scientific, USA) in a humidified atmosphere
containing 5% CO,. Cells were generally replicated once a
week, and culture medium was renewed once or twice be-
tween two replications; 10,000 MCF-7 cells were seeded in
cach well of 96-well plates. 24 h later, cells were treated with
free DOX-HCI, chemically linked DOX-HCI-GNPs and
physically adsorbed DOX-HCI-GNPs for 48 h. At the end
of the incubations, the medium was removed, cells were
washed with buffered saline. The number of surviving cells

was estimated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay (BIO BASIC CANADA
INC). Briefly, after removing the medium, MTT reagent
(200 pL diluted in culture medium, 0.5 mg/ml) was added.
After 4 h incubation, the MTT/medium was removed, and
DMSO (200 pL) was added to dissolve the formazan crystals.
The absorbance of the colored solution was measured on a
microplate reader at &, 525 nm and £, 620 nm. Results
were evaluated by comparing the absorbance of the treated
cells with the absorbance of wells containing cells treated with
solvent alone. Conventionally, cell viability was estimated to
be 100% in the control. All experiments were performed in
triplicate. The concentration of substance required for 50%
growth inhibition (IC50) was estimated as that giving a 50%
decrease in absorbance relative to control. The obtained via-
bility results were statistically analyzed using the non-
parametric “Kruskal-Wallis test” through a graph pad-prism
software program.
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RESULTS AND DISCUSSION

Synthesis of carboxy-PEG-undecane Thiol
and the DOX-PEG-Undecane Thiol Conjugate

Synthesis of the Carboxy-PEG-Undecane Thiol

The synthesis of monotosyl-PEG was adopted according to
method described in the literature (24—27). Monotosylation
was achieved in a high yield by treating of PEG diol with silver
oxide, where silver cation coordinates with PEG. Then, the
addition of one equivalent of p-toluene sulphonyl chlo-
ride resulted in the formation of monotosylation. The
formation and the purity of monotosylate were con-
firmed by '"H-NMR. The previous step was followed
by synthesis of PEG-ethyl thioacetate which was pre-
pared by reaction of monotosylate with thioacetic acid
in presence of base as previously reported with slight
modifications (28,29). The monotosylated product was

HS. A

subjected to a nucleophilic substitution reaction using
thioglycolic acid and sodium hydroxide in absolute ethyl
alcohol (Scheme 1la). A similar reaction was patented by
Bogdanov et al. using dioxan in presence of 4-
dimethylaminopyridine (29). The produced PEG was
carboxyl functionalized through a thioether bridge as
can be seen in Scheme la.

On the other hand, the conversion of the bromoundecene
into a bromoundecylthioacetate was described by Moldt and
coworkers (30), where an anti-markovnikov addition reaction of
thioacetic acid to the terminal double bond of bromodecene
was catalyzed by AIBN, a radical initiator that was de-
scribed in several literature work (31-33). Followed to
that was, the synthesis of carboxy-PEG-undecane
thioacetate according to Williamson reaction of the free
hydroxyl terminal of the polyethylene glycol ethyl
thioacetate with the thiol protected bromoundecane in
the presence of excess of either sodium or potassium
hydroxide (Scheme la) (33-35)

1= " 10 o s

il
A ”"le .l N
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 [=l=124
= S(2KR= = =
= S F|= - S
11
7 & 353
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! J 1 '
A,__,/W \.\/».\.//‘ M~ W .
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Fig. I 'H-NMR spectrum of carboxy-PEG-undecane thiol (a) and Dox-PEG undecane thiol (b).
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Table | Size, Zeta Potential, PDI

and % Drug Loading Values for the Citrate capped GNPs  Chemically bound GNPS-Dox  Physically adsorbed GNPs-Dox
Developed GNPs-Dox HCI
Systems Compared to the Size (nm) 36.47 £0.22 40.37 = 0.52 40.29 = 145
Unloaded GNPs Zeta potential (mV)  —42.1 £0.5 -20+02 —27+06
PDI 0.3 +0.02 0.281 =£0.09 0.268 £0.11
% loaded Dox HCI  — 99% 92%

Synthesis of carboxy-PEG-undecane thiol was based on the
liability of thioacetate protecting group to hydrolyze in either
acidic or basic conditions (36). However, hydrolysis in acidic
medium was applied, where methanolic HCI was generated
situ through the reaction of acetyl chloride with dry cooled
methanol (37). "H-NMR spectrum of the produced free thiol
compound in DMSO is displayed in Fig. 1a. As can be seen, the
complete disappearance of the singlet peak at 2.3 ppm corre-
sponding to thioacetate protection was noticed. Also, the for-
mation of free thiol was confirmed using Elman’s reagent (38).

Synthesis of DOX-PEG-undecane Thiol Conjugate

As shown in Scheme 1b, to bind DOX-HCI chemically to the
carboxy functionalized PEG molecule, the hydrazide-PEG
derivative was first synthesized based on the usual thionyl
chloride activation method. The produced acid chloride de-
rivative is highly reactive and was directly treated with excess

amount of hydrazine monohydrate to give the desired hydra-
zide product. On the other hand, the basic conditions provid-
ed by the addition of triethylamine and excess hydrazine
monohydrate serve for reduction of the conversion of terminal
thioacetate into free thiol (36,39). This was followed by con-
jugating DOX-HCl molecule to the hydrazide-PEG. The syn-
thesis of doxorubicin bound molecules was described in liter-
ature (5,40). The employment of hydrazide bond to load this
cytotoxic drug onto the PEG molecule was investigated by
Wang ¢t al... (41) was found to have beneficial properties re-
garding the behavior of the drug release and the effect against
multidrug resistant cancer cell lines. The synthetic strategy
was adapted in dry methanol in the presence of catalytic
amount of glacial acetic acid; however a similar procedure
was described by Etrych et al (42). The obtained product was
identified by the appearance of the characteristic peaks of
DOX-HCl at 1.1, 1.9, 7.4, 7.7 and 7.9 ppm as illustrated in
the "H-NMR spectrum (Fig. 1b).

3.tif — image 1.tif
Print Mag: 59400x @ 51 mm 100 nm Print Mag: 83100x @ 51 mm 100 nm
14:17 05/11/16 HV=80.0kV 8:47 02/21/16 HV=80.0kV

Direct Mag: 100000x

Fig. 2 TEM images of the synthesized GNPs.
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Preparation and Characterization of GNPs

Sodium citrate reduction method was applied for preparation
of citrate stabilized GNPs as described by Turkovich and Frens
(22,43). The produced GNPs were of average size of 36.47 nm
with PDI of 0.3 and zeta potential of =42 mV (Table I).
Moreover, TEM images showed that nanoparticles are nearly
spherically in shape as depicted in Fig. 2. The size calculated
by TEM is smaller than the size determined by PCS because
light scattering (PCS) determines the hydrodynamic size of the
particles (the particles, adsorbed citrate anions and the sur-
rounding moving layer of water). In contrast, TEM detects
only the electron dense mass of the particles without the sur-
rounding layer of water and electrolytes. On the other hand,
the UV-Vis spectrum of the prepared GNPs showed a strong
absorption band in the visible region with marked SPR max-
imum at 520 nm.

Fig. 3 UV-SPR spectrums of the

Preparation and Characterization of DOX-HCI Capped
GNPs

The preparation of DOX-HCI functionalized GNPs was
followed by two different capping strategies; the electrostatic
adsorption and the covalent binding strategies. However,
Table I illustrates the size, zeta potential and PDI values of
the developed GNPs-DOX systems compared to the citrate
capped GNPs. The increase in GNPs size from 36.47 nm
(before drug capping) to 40.29 nm and 40.39 nm for physical-
ly adsorbed and chemically bound DOX-HCI, respectively,
was believed to be an indication for efficient nanoparticles
coating with polymer and consequently drug capping to
GNPs (44,45). Moreover, successful coating resulted decreas-
ing the negative value of zeta potential value from —42 mV for
the uncoated GNPs to —27 mV for the electrostatically
adsorbed DOX-HCI and — 20 mV for the chemically bound
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DOX-HCI. This finding may be due to the replacement,
shielding and masking of citrate anion on particle surface by
the PEG chain. The higher zeta potential of GNPs capped
with adsorbed DOX-HCI is due to the presence of ionized
carboxyl group on the particle surface and also due to incom-
plete coverage of the carboxyl anions with DOX-HCI (33,46).
(28,41). Additionally, the presence of the positively charged
DOX HCI on particle surface was also believed to neutralize
some of the surface negative charges due its extensive positive
charge imparted by the drug’s hydrochloride salt (44,47).

Effect of Sodium Chloride and Different pH Conditions
on the Dispersion Stability of GNPs

The reduction of gold salts by sodium citrate produces nano-
particles with sufficient negative surface charges which is main
reason for dispersion stability of citrate capped GNPs due to
electrostatic repulsion (48). Thus, any agents that can mask or
neutralize the surface negative charges of nanoparticles will
result in dispersion instability and aggregation of nanoparti-
cles. The aggregated nanoparticles are characterized by
change of the color of nanoparticles solution from wine red
to blue or violet, particle size increase observed with PCS and
a shift of the maximum absorption peak (3,.y) to longer wave
lengths. These additional absorption bands are caused by
electric dipole-dipole interaction and coupling between plas-
mon of adjacent particles inside the aggregates and the de-
creased interparticle distances inside the aggregates (49).
Upon addition of the acetate buffer, PBS or sodium chloride
to the merely citrate-stabilized GNPs, the color of colloidal gold
solution gradually changed from red to blue followed by

Size (nm)
™~ ~
[—3 N
< <

[
n
<

100

7

Refrence
sizes

SM NaCl Acetate

buffer pH 5

PBS pH 7.

M citrate capped GNPs  @polymer capped GNPs

appearance of a new very broad absorption band in the UV-
Vis spectrum above 550 nm (Fig. 3a) indicating the occurrence
of aggregation (50,51). The very rapid aggregation of citrate-
stabilized nanoparticles by the aforementioned reagents may be
due to the shielding or neutralization of the surface negative
charges and the subsequent reduction of the electrostatic repul-
sion between the individual particles (52,53). However, when
acetate buffer, PBS buffer or NaCl were separately added to
PEG-coated GNPs, the size and Ay, were not affected (Fig. 3b)
because the surface PEGylated GNPs are mainly stabilized by
steric stabilization of the attached hydrophilic polymers to their
surfaces rather than electrostatic repulsion (8,46,54).

In order to characterize the particle aggregation, particle
size of the non-PEGylated and PEGylated GNPs was mea-
sured in the different previously described conditions to help
an understanding of the aggregation process. In addition, the
apparent size mainly affects the biological applications of
nanoparticles by destroying their biocompatibility (55,56).
Figure 4a shows the effect of the addition of sodium chloride,
PBS and acetate buffer on the size of GNPs, determined by
photon correlation spectroscopy, of PEGylated and uncoated
(citrate stabilized) particles.

It’s obvious that sodium chloride had induced a large size
increase of the citrate-stabilized GNPs most likely due to neu-
tralization of most of negative surface charges of the particles.
Unlikely, the effects of both PBS and acetate buffer on size of
citrate-stabilized GNPs are smaller compared to that induced
by sodium chloride which may be attributed to their lower
tonic strength. Comparatively, the size of carboxy-PEG-
AlkSH coated GNPs did not show marked size increase after
sodium chloride, PBS or acetate buffer addition due their

Acetate buffer

Refrence

Apparent zeta potential (mV)

potential

SMNaCl  BPSpH74 pH 5

11

M citrate capped GNPs

& polymer capped GNPs

Fig. 4 Varied sizes of citrate and polymer capped GNPs in different ionic conditions (@) and the corresponding zeta potential (b).

@ Springer



Dox.HCI Capped GNPs, Chemical Binding Versus Electro Adsorption (2018) 35:112

Page I of 14 112

Fig. 5 In-vitro release profiles of
plain and loaded DOX.HCl in both
acetate (pH 5) buffer and PBS

(pH 7.4).

120

100

% Drug Released

—&—Chemically bound Dox.HCI (pH 5)

—&— Chemically bound Dox.HCl (pH 7.4)

—A— Electrostatically adsorbed Dox.HCl (pH 5)
—>Electrostatically adsorbed Dox.HCl (pH 7.4)
—6—Plain DOX.HCI (pH 7.4)

———Plain DOX.HCI (pH 5)

stabilization by the polymer coating. These results confirm the
previous UV-Vis spectroscopy findings however, similar re-
sults were reported in earlier studies (57,58).

The effects of sodium chloride, PBS and acetate buffer on
the zeta potential of citrate-stabilized and carboxy-PEG coated
GNPs are depicted in Fig. 4b. A pronounced increase of the
zeta potential is observed for the citrate stabilized GNPs after
addition of sodium chloride, PBS and acetate buffer which
demonstrated the shielding and neutralization of most of the
surface charges. The increase of the surface potential towards
more positive values is observed after addition of the previous
reagents to the carboxy-PEG-coated GNPs. This may be at-
tributed to the adsorption of some sodium cations to the PEG
chains or the formation of PEG-carboxylic acid salt.

Fig. 6 Cell viability (%) of the 1501
electrostatically adsorbed

DOX.HCI, chemically bound

DOX.HCl and free DOX.HCI

against human breast cancer cell line 1001 :

(MCF-7). Data is presented as
mean =+ SD.

% cell viabilty

50}

15 20 25 30 35 40 45 50 55 60 65 70 75 80
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In Vitro Release Study of the Prepared DOX-HCI
Capped GNPs

The percent of DOX-HCI capped to the GNPs was estimated
using eqgs. 1 and 2. As shown in Table I, the drug capping
capacity was found to be rather higher (99%) in case of the
chemically bound DOX-HCI than the electrostatically
adsorbed one (92%). The higher capping capacity of chemi-
cally bound drug compared to the adsorbed one could be due
to the fact that, chemical binding of drug to polymer (covalent
bonding) is stronger than the electrostatic attraction between
the drug and polymer. The drug’s release behaviors of both
systems, compared to plain drug, in different pH values are
illustrated in Fig. 5. The release of plain drug in both pH
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Table Il The ICs, Values for the

Chemically bound Dox HCI Electrostatically adsorbed Dox HCI

Chemically and Electrostatically System Free Dox HCI
Bound Dox HCl Compared to Free
Dox HCI 1Cs0 (ug/ml) 0.62

2.069 [1.98

values (7.4 and 5) was almost completed during the first two
hours of the release time. Other investigated systems, show a
weak release behavior in the PBS (pH 7.4) where only (10%)
of the chemically bound DOX-HCI was released while a larg-
er amount (17.6%) of the electrostatically adsorbed DOX:
HCI was released at this pH. These results may be attributed
to the weak hydrolytic reaction of the hydrazone bond, at
pH 7.4, (40,59) compared to the loose electrostatic attraction
of the carboxy-PEG with DOX-HCI. In contrast, up to 80%
of the chemically bound DOX-HCI was released in the acidic
acetate buffer compared to about 50% drug release of the
electrostatically adsorbed DOX-HCI following 72 h. Likely,
these results are due to the higher hydrolytic impact of the
acidic conditions on the pH sensitive hydrazone linker that
led to this amount of DOX-HCl release (41,60). On the other
hand, the electrostatically adsorbed DOX-HCI was not much
influenced by the acidic environment due to the lack of the
acid sensitive bond. This release behavior of DOX-HCl was in
accordance with the previously reported result where 50%
drug release was obtained following an external stimuli after
12 h (61). The release behavior obtained by developed sys-
tems, in comparison to the release behavior of plain drug,
seems to be more advantageous as it is largely affected only
by the pH conditions; without the use of any external stimulus
with more sustained behavior that would last for several days.
Moreover, the acid labile linker imparted by the hydrazone
bond would be more beneficial as passive targeting strategy
than the electrostatic adsorption strategy due to the smaller
amount of drug leakage in normal physiological environment
(pH 7.4) and the higher release activity in cancerous tissues
where the slightly acidic condition is available. Eventually,
both systems may be helpful in reducing the systematic ad-
verse effects and toxicity caused by premature release of load-
ed drug during circulation in the blood.

In Vitro Cell Viability Assay of Doxorubicin Capped
GNPs against MCF-7 Breast Cancer Cell Line

The cytotoxic activity of the developed systems was evaluated
against human breast adenocarcinoma (MCF-7) cells using
MTT assay where the obtained viability results were

compared to free DOX-HCI as positive control. Reportedly,
uncoated GNPs possess no cytotoxicity towards MCF-7 cells
and hence the developed cytotoxicity results were only attrib-
uted to the loaded DOX-HCI (62).

As shown in Fig. 6, at the higher DOX-HCI concentration
(10 pg/ml), the maximum count percent for viable cells were
15.4% and 65.4% for the chemically bound and the electro-
statically adsorbed DOX.HCI respectively. Compared to the
cytotoxic effect of free DOX-HCI (8.2%), it is obvious that, the
chemically bound DOX-HCI has the greater cytotoxicity pro-
file than the electrostatically adsorbed one. However, the cy-
totoxic activity decreased with the reduction of the amount of
DOX-HCl in all groups.

The calculated 1C5 values, as shown in Table II, proved
that the cytotoxic effects of free DOX-HCI and the chemically
bound DOX-HCI were much higher than the cytotoxic effect
of the electrostatically adsorbed DOX-HCI. Furthermore, the
obtained results were compared using the non-parametric
“kruskall-wallis” test as depicted in Table III. It was found
that there was no statistical significance between free DOX:
HCI and the chemically bound DOX HCI at p70.05, which
indicated the higher cytotoxicity of the chemically designed
GNPs system. Also, there were higher statistical significances
between the electrostatically bound DOX-HCI and the other
compared groups at P70.05 which implies for a lower cyto-
toxic effect of the electrostatically bound DOX-HCI than the
free or the chemically bound DOX-HCI. However, this en-
hanced cytotoxicity may be attributed to the effect of chemical
binding by the hydrazone linker on drug release.

CONCLUSIONS

Based on PEGylated GNPs, a comparative study was held to
understand the influence of the well-known acid sensitive
hydrazone linker and its rule in the passive-targeted delivery
of DOX-HCI to cancerous tissues. The covalent linking strat-
egy was compared to a non-covalent adsorption one and it
was found that the hydrazone linking strategy has shown a
marked acid sensitivity than the electrostatic adsorption which
was proven by the previously discussed release behavior in the

Table Il Non-Parametric

ANOVA “Kruskall-Wallis” Test Compared systems

Electrostatically Adsorbed vs

chemically bound vs Electrostatically adsorbed vs

Results Showing the p Values for the chemically bound Dox HCI free Dox HCI free Dox HCI

Cytotoxicity Profiles of the

Compared Systemg P value 0.045* 0.45 0.041*
*P<0.5
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acidic environment. Moreover, the hydrazone linked drug
showed slower release rate in the normal physiological pH
conditions compared to the electrostatically adsorbed drug
which is highly recommended feature for the reduction of
premature drug release. The cytotoxicity results against
MCF-7 cancer cells confirmed that the acid sensitive covalent
linking of DOX-HCI was more effective in reduction of
growth of cancer than the electrostatically adsorbed one.
Additionally, statistical analysis of the cytotoxicity results
showed significant differences in favor of both free and chem-
ically bound DOX-HCI on the expense of the electrostatically
bound DOX-HCIL. In conclusion, the covalent binding of
DOX-HCI to nanomaterials via pH sensitive linkers could
be beneficial and promising as a passive targeting strategy
than the non-covalent binding. This new approach would
help improve efficacy and reduce the side effects of such cyto-
toxic drugs.
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