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Abstract

Hepatocellular cellular carcinoma (HCC) is one of the most challenging liver cancer
subtypes. Due to lack of cell surface biomarkers and highly metastatic nature, early
detection and targeted therapy of HCC is an unmet need. Galactosamine (Gal) is
among the few selective ligands used for targeting HCCs due to its high binding
affinity to asialoglycoprotein receptors (ASGPRs) overexpressed in HCC. In the
G4 polyamidoamine (PAMAM)

dendrimers anchored to galactosamine and loaded with the potent anticancer

present work, we engineered nanoscale

curcumin derivative (CDF) as a platform for targeted drug delivery to HCC.
In vivo targeting ability and bio-distribution of PAMAM-Gal were assessed via
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its labeling with the clinically used, highly contrast, near infrared (NIR) dye: S0456,
with testing of the obtained conjugate in aggressive HCC xenograft model. Our
results highlighted the targeted dendrimer PAMAM-Gal ability to achieve
selective high cellular uptake via ASGPR mediated endocytosis and significantly
enhance the delivery of CDF into the studied HCC cell lines. Cytotoxicity MTT
assays in HCC cell lines, interestingly highlighted, the comparative high potency
of CDF, where CDF was more potent as a chemotherapeutic anticancer small
molecule than the currently in use Doxorubicin, Sorafenib and Cisplatin
chemotherapeutic agents. In conclusion the proof-of-concept study using
nanoscale PAMAM-Gal dendrimer has demonstrated its competency as an
efficient delivery system for selective delivery of potent CDF for HCC anticancer

therapy as well as HCC diagnosis via NIR imaging.

Keywords: Pharmaceutical chemistry, Materials science, Pharmaceutical science

1. Introduction

Liver cancer is a neoplasm that affects the hepatic tissues. According to WHO,
liver cancer was documented as the second most common lethal cancer worldwide
in 2012 [1]. In contrary to the declining trend of most cancer types, liver cancer
presented increased incidence and mortality rates, indicating its poor prognosis [2,
3]. American cancer society, estimated 42,220 new cases of liver cancer to occur
in the US during 2018 [4]. Histological analysis suggested that hepatocellular car-
cinoma (HCC) contributes to 75—90% of liver cancer [5]. It originates mostly in
inflamed and cirrhotic liver, with the most commonly recognized causes being the
Hepatitis B (HBV) and Hepatitis C (HCV) infections [6, 7]. Other risk factors as
aflatoxin B1 ingestion, non-alcoholic fatty liver, alcohol consumption, iron over-
load in hemochromatosis [8] and type 2 diabetes [9] also have a correlation with
HCC.

In terms of HCC treatment strategies, they are multiple and various depending on the
tumor size, the liver functionality, as well as the number of lesions and stage. Sur-
gical liver resection is mostly performed in case of single non-cirrhotic tumor lesion,
other than in cases of cirrhosis and multiple invasive tumor foci. Cases of cirrhotic
and multiple lesions are more susceptible to post resection tumor relapse [10, 11].
Patients who are not candidates for resection, are managed by different invasive
but non-surgical therapeutic approaches including local radiotherapy (LR), percuta-
neous ethanol injection (PEI) [12], trans arterial chemoembolization (TACE) [13],
and radiofrequency ablation (RFA) [14]. Liver transplantation is another HCC ther-
apeutic module, however it is a big and expensive procedure that takes long time to
find the right matched liver donor, and needs post-operative immunosuppressive
treatment to avoid rejection [10, 15].
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Unfortunately, more than 80% of HCC patients are lately diagnosed at an advanced
stage where the above curative therapeutic modalities would not be effective [16,
17]. Systemic chemotherapeutic drugs such as cytotoxic drugs or antiangiogenic
agents are the main treatment of choice for those advanced stage HCC patients. In
addition, systemic chemotherapies are also important with other therapeutic strate-
gies since they are administered as adjuvant therapies with other treatment options.
Systemic cytotoxic agents such as doxorubicin, 5-fluorouracil, epirubicin, and
cisplatin were used for advanced HCC either solo or in combination; however,
very low efficacy with no more than 20% response rate was accomplished [16,
17]. Antiangiogenic agents such as sorafenib, erlotinib, and Bevacizumab are also
reported to play a role in HCC management through the suppression of the tumor’s
ability to generate new blood vessels [18, 19]. Currently, checkpoint inhibitors
against programmed death-1 (PD-1), programmed death ligand-1 (PD-L1), CTL-4
has demonstrated significantly better therapeutic outcomes in multiple cancers,
including HCC [20]. The blocking of immune-check point molecules resurrect the
T-cell mediated cancer cell killing that revalorized the current cancer therapy [21,

22, 23] and this discovery was recognized by 2018 Nobel prize in medicine. .

In terms of cancer chemotherapy, the low responsive rate and the poor therapeutic
outcomes of systemic cytotoxic agents are related in a way or more to several phys-
icochemical properties of drugs such as their molecular weight, stability, and hydro-
phobicity, in addition to related pathophysiological factors such as drugs inefficient
accumulation in tumor lesions, as well as various cancer cells chemo-resistance
mechanisms [19, 24, 25, 26]. Consequently, in order to increase and improve ther-
apeutic responses in HCC cases, there is urgent need to try to overcome the
mentioned factors that participate in diminishing the cytotoxic drugs’ efficacy.

In this regard, improving the chemotherapeutic drugs accumulation in cancer cells
through active targeting of cancer tissues, as well as the use of more potent drugs
are good means that are supposed to help increase therapeutic response rates. 3,4-
difluoro-benzylidene-curcumin (CDF) is curcumin fluoro synthetic analogue [27,
28, 29, 30]. CDF is a hydrophobic potent anticancer agent that showed antitumor
activity in different cancer types [31, 32, 33]. The CDF anticancer activity was attrib-
uted to several mechanisms. CDF is an efficient proteasome inhibitor and apoptosis
inducer in pancreatic cancer cell lines [27, 34]. Matrix metalloproteinase protein
MMP-2 expression and activity are highly inhibited by CDF leading to suppression
of tumor invasion and metastasis [35]. CDF showed potent anticancer activity in
pancreatic cancer stem cells with inhibition of pancreatic tumor sphere formation.
The mechanism of anticancer activity of CDF is associated with inhibition of NF-
kB binding to DNA, inhiation of COX-2 expression, downregulation of the miR-
21 oncogene expression, and up-modulation of the tumor suppressor miR-200
gene both in vitro [36] and in vivo [29, 37].
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Entrapment of CDF in one of the nano-carriers can overcome its hydrophobicity,
improve its water solubility, its stability and its systemic delivery in a way that helps
in CDF passive accumulation in tumor tissues. Targeting ligand galactosamine is
among the selective ligands used for actively targeting HCCs due to its high binding
affinity to asialoglycoprotein receptors [38, 39, 40]. Asialoglycoprotein lectin recep-
tors (ASGPRs), also known as (Ashwell receptor) are receptors that were found to be
overexpressed in several human tumorous hepatocytes [41] and HCC cell lines
including Hep G2 and Huh7.5 cells [42, 43]. ASGPRs internalize molecules
exposing the carbohydrate residue galactosamine through clathrin type receptor
mediated endocytosis [40, 44]. Galactosamine achievement of ASGPR mediated
efficient liver cancer targeting was documented in phase I clinical trial of poly[N-
(2-hydroxypropyl)methacrylamide] copolymer carrying doxorubicin and galactos-
amine, as reported by Julyan et al. [45]. In the present work, we engineered G4 PA-
MAM dendrimers which can be multifunctional in use and can be utilized as
modular platform for delivering anticancer drugs and/or imaging agents simulta-
neously or individually, in a targeted manner to liver cancer type [46, 47]. The multi-
functional terminology is used to indicate that the GAL-decorated G4 PAMAM can
function as a both therapeutic and imaging agent delivery system of asialoglycopro-
tein receptor overexpressing tumors, such as liver and colon cancer [48]. Our deliv-
ery system is composed of galactosamine anchored G4 PAMAM dendrimers loaded

with the new potent anticancer drug CDF.

2. Materials and methods
2.1. Chemical reagents and cell cultures

Curcumin analogue derivative CDF was synthesized as described earlier [30, 33, 49,
50]. Fourth generation (4.0G) PAMAM dendrimer, N-(3-(dimethylamino) propyl)-N-
ethylcarbodiimide hydrochloride (EDC), and 3-[4,5 dimethylthiazol-2-yl]-2,5diphenyl-
tetrazolium bromide (MTT) were obtained from Sigma-Aldrich (St. Louis, MO). GA
was purchased from Fisher Scientific. All other chemicals were of reagent grade and
used without any further modification. Human liver cancer cells (HepG2 cells) was
used for our study due to documented evidence of over-expression of ASGPR receptors.
HepG?2 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,; Fisher
Scientific, Waltham MA). All media were supplemented with fetal bovine serum
(10% viv), glucose (4.5 g/L), 1-glutamine (292 mg/L), and streptomycin sulfate (10
mg/L). All cell lines were incubated in a 5% CO, air humidified atmosphere at 37 °C.

2.2. Synthesis experimental and characterizations

Galactosamine targeted G4 PAMAM dendrimers (PAMAM-Gal) in which galactos-
amine moieties were attached to PAMAM dendrimers through succinic acid linker,

https://doi.org/10.1016/j.heliyon.2018.e01071
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.heliyon.2018.e01071
http://creativecommons.org/licenses/by-nc-nd/4.0/

5

| Heliyon
Article No~e01071

were synthesized in two steps. First, the G4 PAMAM dendrimers (250 mg, 0.0176
mmol) was dissolved in 10mL dimethyl sulfoxide (DMSO). Then, 20 fold excess
succinic anhydride (2253.5 mg, 22.53 mmol) was added to the solution and the re-
action mixture was stirred at 55 °C for 24 hours [50]. The product of PAMAM den-
drimers attached to succinic moieties (PAMAM-Succ) was dialyzed using a dialysis
bag (MWCO 12-14KDa, Spectra/Por, Spectrum Labs, San Diego, CA, USA) against
deionized water for 2 days with frequent changes to the dialysis water to remove sol-
vents, and any small molecular weight unreacted succinic acid reagent. The dried

final product PAMAM-Succ was obtained by lyophilization.

In the next step, PAMAM-Succ product obtained in the first step was reacted with
galactosamine. HCI as follows [51]: PAMAM-Succ (120 mg) was dissolved in 12
mL  (Na,HPO,/NaH,PO,) phosphate buffer pH 7.8, then 1-ethyl-3-(3-
dimethylamino) propyl carbodiimide, hydrochloride (EDC) (143 mg, 0.75 mmol)
and sulfo N-hydroxysuccinimide (sulfo NHS) (162 mg, 0.75 mmol) were added to
the solution, and the mixture was kept under stirring on ice for 1 hour. Galactos-
amine. HCI (104 mg, 0.484 mmol) was dissolved in 5 ml (Na,HPO,/NaH,PO,)
phosphate buffer with the addition of trimethylamine drops to the solution till pH
of 7.4. The solution of the galactosamine in its basic form was added to the above
activated PAMAM-Succ solution and was stirred at room temperature for 24 hours.
The product was dialyzed using a dialysis bag (MWCO 12-14KDa, Spectra/Por,
Spectrum Labs, San Diego, CA, USA) against deionized water for 3 days with
frequent changes to the dialysis water to remove salts and any small molecular
weight unreacted reagents. The dried final product, PAMAM-Gal was obtained by
lyophilization. The successful synthesis of PAMAM-Gal product was confirmed
by Fourier transform infrared spectroscopy (JASCO, FT/IR - 4200 Fourier Trans-
form Infrared Spectrometer, Japan) and Proton nuclear magnetic resonance (‘'H
NMR) spectroscopy (600 MHz, Agilent-NMR-inova600, Santa Clara, CA, USA).

2.3. Drug encapsulation and loading

CDF was encapsulated in plain PAMAM and PAMAM-Gal separately using equi-
librium dialysis method as described earlier [49, 50]. In brief, CDF/G4-PAMAM-
Gal and CDF/G4-PAMAMF nanoformulations at the molar ratio of 50:1 were dis-
solved in DMSO/phosphate buffered saline (PBS) pH 7.4 (ratio 4:6). The solution
was stirred in the dark after mixing them at a slow speed (50 rpm) for 48 h. at
RT. Then, the incubated solution was then dialyzed against DIW under strict sink
condition using dialysis bag (MWCO 3.5 kDa, Sigma), followed by filtration to re-
move un-encapsulated CDF, and was lyophilized, stored and utilized for all charac-
terization, and later the product was evaluated for solubility under dark conditions.
To quantify the amount of CDF loaded in both CDF/G4-PAMAM-Gal and CDF/G4-
PAMAM, the lyophilized powder were dissolved in DIW and measured the
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absorbance at 447 nm using either UV—vis spectrometry (Jasco 530 UV—vis spec-
trometer, Tokyo, Japan) or HPLC system as the method was previously described
[49, 50]. The encapsulation efficiency (EE %) and drug loading content (DLC) of
CDF/G4-PAMAM and CDF/G4-PAMAM were obtained by high-performance
liquid chromatography (HPLC) analysis. The lyophilized product was dissolved
in deionized water. Then the sample was quantitatively analyzed by HPLC. The mo-
bile phase consisted of 70% methanol, 29.55% water and 0.45% formic acid (v/v/v)
with 1 ml/min flow rate. The injection volume was 10puL and it was performed in
triplicate. The UV detection wavelength in HPLC were set at 447 nm. The EE%
and DLC were calculated by the following equations:

Amount of CDF in dendrimer
Amount of CDF used

EE (%) = x 100

Amount of CDF in dendrimer

x 100
Total amount of dendrimer

DLC(%) =

2.4. Size and zeta potential measurements (LS)

Hydrodynamic size and zeta potential measurements of plain G4 PAMAM dendrimers,
and G4 PAMAM dendrimers attached to galactosamine targeting moieties (PAMAM-
Gal) were performed in triplicates using Light Scattering (LS) analysis. All samples
were tested in a Zetasizer Nano ZS (Malvern Instruments, Westborough, MA, USA)
at 25 °C. Plain G4 PAMAM and PAMAM-Gal samples were prepared in DIW at con-
centration of (2 mg/ml) and (1 mg/ml) for size and zeta potential determination, respec-
tively. Plain G4 PAMAM and PAMAM-Gal sizes were measured at a volume of 350 pl
using disposable cuvettes, while their surface charge or zeta potentials ({) were tested at
a volume of 750 pl using transparent zeta cuvettes and using the same instrument. The
scattered light detection was at 173° backscatter angle, distilled water viscosity and
refractive index of (0.8872 cP) and (1.33), respectively, were set as measuring param-
eters. Triplicate samples where tested, and three measurements were performed for
each sample with at least 12 runs per each measurement. Results of size and zeta mea-
surements were presented in Table | as Z-average hydrodynamic size in nanometers
(£SD, n = 3) and mean in millivolts, mV (£SD, n = 3), respectively.

2.5. Morphology and size measurements (TEM)

The size and morphology of plain G4 PAMAM and PAMAM-Gal dendrimers in the
dry state were obtained by transmission electron microscopy (TEM). TEM samples
were prepared by adding a drop of plain G4 PAMAM or PAMAM-Gal dendrimers
solution (2 mg/ml) on a copper-coated grid (200 mesh) for 3 minutes followed by
blotting the grid and staining using 3% uranyl acetate staining solution for another

3 minutes. Finally, the grid was dried completely in air before imaging. Nanopure
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Table 1. Characterization of G4 PAMAM dendrimer nanoformulations.

Sample Hydrodynamic PDI Zeta potential Conductivity EE (%) with
size (nm) (mYV) (mS/cm) addition of CDF
PAMAM-Gal 487 £7.03nm 0.69 + —83 £ 1.24 0.0256 755 £ 12
(Targeted) 0.02
G4-PAMAM (non- 997 £3.76 nm 023 £+ 13 £3.23 0.0358 85+ 9.8
targeted) 0.07

Abbreviations: G4-PAMAM, Polyamine dendrimer; GAL, Galactosamine; PDI, polydispersity index;
EE, encapsulation efficiency.

deionized water was used as the dispersion medium for preparing samples. Various
images were obtained for each sample with a transmission electron microscope
(JEOL 2010 TEM, LaB6 Filament Gun, Tokyo, Japan) at an accelerating voltage
of 200 kV and 100,000 x magnification.

2.6. Cytotoxicity assays (MTT)

The in vitro cytotoxicity of free drugs Curcumin, Cisplatin, Sorafenib, doxorubicin,
and CDF (and its dendrimer formulations CDF/G4-PAMAM-Gal and CDF/G4-
PAMAM), as well as the cytotoxicity of the plain carriers (G4 PAMAM and
PAMAM-Gal) were studied and compared using MTT assay on HepG2 human
HCC cells. The Hep G2 cells were seeded in 96 well plates at cell density of 5000
cells/well in 100 uL of DMEM growth medium containing 10% FBS and incubated
for 24 hours at 37 °C in humidified air containing 5% CO,. Stock solutions of different
drugs were prepared in DMEM growth medium after dissolution in sterile dimethyl
sulfoxide (DMSO). Predetermined concentrations were obtained by serial dilution
of the respective stock solutions with cell culture medium supplemented with FBS.
Subsequently, 100 pL of each serial dilution was added on the preexisting 100 pL me-
dia in each well to achieve final drug concentrations ranging from 0.5 to 50 pM. The
cells were incubated either for 24 or 48 hours. MTT solution in phosphate buffered
saline (PBS; 5 mg/mL) was then added to cells (20 pL/well), and the plates were incu-
bated for additional 3 hours at 37 °C and 5% CO,. Then, all the media were removed
and 100 pL of dimethyl sulfoxide (DMSO) was added in each well and the plates were
subjected to orbital shaking in the dark for 15 minutes. The DMSO solvent dissolved

the purple colored formazan crystals formed in the mitochondria of live cells.

The absorbance was recorded at 590 nm on a synergy 2 microplate reader (BioTek
Instrument, Winooski, VT, USA). Results were presented as mean (+SD, n = 6) of
relative cell viability (%). Percentage relative cell viability = (treated cells absor-
bance — blank absorbance)/(untreated cells absorbance — blank absorbance) u
100. Treated and untreated cells are cells cultured in presence or absence of drugs,
respectively. Blank values (controls) were referred to the absorbance measured in

wells that did not contain cells.
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2.7. Fluorescence microscopic study

All formulations were firstly labeled with Rhodamine B (red fluorescence dye) at a
molar concentration of dendrimer formulation to Rhodamine B of 5:1 and incubated
in DIW for 8 h at room temperature with intermittent mixing. HepG2 human HCC
cells (5 x 10%) were seeded in six-well plate and incubated at 37 °C under 5% CO,
for 24 h. The media was replaced with 2 ml of serum-free, antibiotic-free medium
and treated with various concentrations of labeled formulations and incubated for
2 h. The formulations containing medium was removed, and resulting cells were
washed thrice with PBS and fixed with 2% formaldehyde in the PBS at room tem-
perature for 15 min. Nuclei were stained with a blue fluorescence dye (Hoechst
3342, Thermo Fisher Scientific, Waltham, MA) at RT for 5—10 min and samples
were quantitatively analyzed using fluorescence microscopy [52, 53, 54, 55].

2.8. Animal husbandry and In vivo NIR imaging and
biodistribution study

6—8 weeks old nu/nu female mice were purchased from Jackson Laboratories,
housed in a sterile environment on a standard 12 h light/dark cycle and kept on
normal rodent diet and water. All animal procedures were approved by the Wayne
State Animal Care and IACUC committee in accordance with National Institutes
of Health guidelines. Mice were injected subcutaneously with HepG2 human
HCC cells in PBS medium (5.0 x 10° cells per mouse). Tumor growth was
measured in two perpendicular directions every 2 days with a caliper. Tumor vol-
umes were calculated using formula 0.5 x a x b% where a is the measurement of
the longest axis and b is the measurement of the axis perpendicular to L. Tumor
bearing mice were treated via tail vein injection with PAMAM-GAL-S0456 at a
S0456 dye concentration of 10 nmole/mice in the dye conjugate. Mice were imaged
14 h post injection using a Carestream In Vivo MS FX Extreme, Light Source: 400
W Xenon, Monochrome interlined, fixed lens (10x), cooled (—60 °C), CCD camera,
excitation 750 nm, emission 830 nm wavelength for fluorescence, and X-ray images
were captured. Both fluorescence and X-ray images of mouse was merged to demon-
strate the localization of nanoparticles. Importantly, to more understand the target
ability in tumor and healthy tissues, bio-distribution at 14 h post-injection for major

organs/tissues were examined for NIR fluorescence.

3. Results
3.1. Synthesis and confirmation of PAMAM- GAL conjugate

PAMAM-Gal dendrimers were synthesized in two steps through amide bonds for-
mation (Figs. 1 and 2). In the first step, opening of the anhydride ring in succinic

anhydride acids (1) by terminal primary amine groups on the surface of G4 PAMAM
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Fig. 1. PAMAM-Succ Synthesis. Opening of the anhydride ring in succinic anhydride acids (1) by ter-
minal primary amine groups on the surface of G4 PAMAM dendrimers (2) to form amide bond links and
obtain the PAMAM-Succ product (3). The reaction mixture was stirred in DMSO at 55 °C for 24 hours.

dendrimers (2) to form amide bond links and obtain the PAMAM-Succ product (3)
was undertaken. In the second step, coupling of sulfo N-hydroxysuccinimide esters
of PAMAM-Succ with amine group in galactosamine. HCI (4) in its basic form was
performed. The coupling reaction resulted in amide bond formation and PAMAM-
Gal dendrimers product (5) were obtained.

The structural characterization of PAMAM-GAL conjugate and the synthesized
products were confirmed by FTIR spectroscopy (Fig. 3) and 'H NMR (Fig. 4).

FT-IR (v,cm ™ ) spectrum showed masking of PAMAM-Succ (2500—3500 carbox-
ylic acid broad —OH stretch), 3322 (amide —NH stretch, and alcohol —OH stretch),
2972—2885 (aliphatic —CH stretch), 1641 (secondary amide —C=O0 stretch), 1541
(amide -NH deformation), 1086 (alcohol — C-OH stretch).

'"H NMR (d»-D,0): spectrum demonstrated peaks of o6 (ppm) = 2.2
(-NCH,CH,CONH-), 2.3—2.6 (overlapping peaks of: -COCH,CH,CO-Gal,
-NCH,CH,NHCO-, and -COCH,CH,CO-Gal), 2.7—3.4 (overlapping peaks of:
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Fig. 2. PAMAM-Gal Synthesis. Coupling of sulfo N-hydroxysuccinimide esters of PAMAM-Succ with
amine group in galactosamine. HCI (4) in its basic form. The reaction was performed at pH 7.4 for 24
hours. Amide bonds were formed and PAMAM-Gal product (5) was obtained.

Carboxylic acid
—C=0 stretch at
1716 cm?

oT Carboxylic acid
60k —OH stretch at Amide -C=0
2500-3500 cm’ stretch at 1631,
1641, 1651 cm™ . PAMAM-Suce

s PAMAM-Gal

40 s Galactosamine
— G4 PAMAM

30 " L A 1

4000 2000

1000 520
Wavenumber [cm-1]

Fig. 3. Overlay of the FT/IR spectra of PAMAM-Succ (green), PAMAM-Gal (blue), Galactosamine
(red), and G4 PAMAM (greenish yellow). Characteristic peaks are marked as shown on the spectra.
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Fig. 4. Proton nuclear magnetic resonance (*H NMR) spectra of: (A) G4 PAMAM (B) PAMAM-Succ
(C) GAL (D) PAMAM-GAL. The 'H NMR spectrum of PAMAM-GAL showed the characteristic inte-
grated peaks as described. Characteristic peaks of PAMAM dendrimers and their products are included.

-NCH,CH,CONH -, -NCH,CH,NHCO-, -NHCH,CH,NH-, and —CHNHCO- pro-
tons in galactosamine alpha and beta anomers), 3.5—3.6 (-CH,OH, -CHCH,- pro-
tons in galactosamine alpha and beta anomers), 3.7 ((NHCHCHCH- protons in
galactosamine alpha anomers), 3.75 (-CHCHCH,OH - protons in galactosamine
alpha anomers), 3.8 ((-CHCHCH,OH - protons in galactosamine beta anomers),
3.9 (-CHCH,OH protons in galactosamine beta anomers), 3.95 (-NHCHCHCH-
protons in galactosamine beta anomers), 4.45 (-OCHOH alpha anomeric protons
in galactosamine), 5 ((OCHOH beta anomeric protons in galactosamine). As pre-

sented in Fig. 4, structural characterization confirmed by '"H NMR and the peaks
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integration in the PAMAM-Gal spectrum showed that around 30 galactosamine mol-
ecules get attached on each PAMAM dendrimer. The 30 galactosamine molecules
were 12 alpha and 18 beta anomers as demonstrated in the "H NMR spectrum. As
a result, the PAMAM-Gal product molecular weight was calculated to be
25455.97 gm compared to 14214.17 gm for plain G4 PAMAM.

3.2. Characterization of PAMAM-GAL dendrimers
3.2.1. CDF drug loading and encapsulation

Dendrimer based formulations were found to be completely water soluble compared
to free CDF drug. CDF was encapsulated in PAMAM and PAMAM-GAL conjugate
using equilibrium dialysis method. The CDF loading in CDF/G4-PAMAM-GAL
was higher than in CDF/G4-PAMAM. It was found to be 17.7% + 5.43% wi/w
and 13.5% + 3.70% w/w, respectively. Also, the CDF/G4-PAMAM-GAL EE%
was found to be 85% + 9.8% and for CDF/G4-PAMAM was found to be 75.5%
+ 12% and that results revealed the addition of GAL to the dendrimer formulation

might be the reason of the increase in the EE%.

3.2.2. Size, zeta potential, and morphology by transmission
electron microscopic (TEM) analysis

Light scattering techniques as well as Transmission Electron Microscopy were used
to evaluate size, zeta potential, and morphology of the nanoformulations. As shown
in Fig. 5, results were presented as mean (£standard deviation) from three indepen-
dent experiments. PAMAM-Gal dendrimers exhibited larger hydrodynamic diam-
eter of 48.7 £ 7.03 nm than plain G4 PAMAM dendrimers whose size was
around 9.97 + 3.76 nm. Plain G4 PAMAM dendrimers had positive zeta potential
of around 13 mV =+ 3.23 because of the terminal protonated amine groups, while
the galactosamine decorated PAMAM (PAMAM-Gal) showed a negative zeta po-
tential of -8.3 £ 1.24 mV due to the presence of anionic uncoupled succinic carbox-
ylic groups on the PAMAM surface. Polydispersity index (PDI) as an indication of
size distribution of plain G4 PAMAM and PAMAM-Gal dendrimers was found to
be 0.23 4+ 0.07 and 0.69 £ 0.02, respectively.

To further determine the size of the G4 PAMAM and PAMAM-GAL dendrimers in
the dry state, electron microscopic analysis was performed. TEM images illustrated
both the size and morphology of plain G4 PAMAM and PAMAM-Gal dendrimers
(Fig. 5). TEM images of the G4 PAMAM and PAMAM-Gal particles indicated their
nano-metric size range (Fig. 5C and D). Spherical structure of the dendrimers was
obvious in the images as plain G4 PAMAM showed a size of around ~4 nm, while
PAMAM-Gal dendrimers showed a size of ~21 nm. The TEM sizes, in the dry
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Fig. 5. (A & B) Hydrodynamic size of plain and targeted dendrimers in nanometers by (DLS); (C & D)
Morphology and size measurements of G4 PAMAM and PAMAM-GAL dendrimers characterized by
TEM are shown, with scale bar = 20 nm, and 100 nm respectively; and (E & F) Zeta potential measure-
ments of both dendrimers in millivolts.

state, although were relatively smaller but they were in accordance with the ones ob-
tained from DLS measurements, which is the hydrodynamic size.

3.3. In vitro cytotoxicity assay

CDF, doxorubicin, sorafenib and cisplatin plain drugs comparative cytotoxicity’s
were studied on HCC cell line Hep G2 by MTT cytotoxicity assay. The results
demonstrated that the drugs cytotoxicity was in the following order: CDF > sorafe-
nib > doxorubicin > cisplatin (Fig. 6) for 48 hrs as shown in Fig. 6. CDF was found
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to be more potent than sorafenib, doxorubicin, and cisplatin on Hep G2 cell line

where they showed an ICsq of around 4 uM, 8 uM, 12 uM, and 22 uM, respectively.

In addition, the ability of CDF/G4-PAMAM and CDF/PAMAM-GAL to exert their
anticancer response was tested on ASGPRs receptor overexpressing cells by in vitro
MTT cytotoxicity assay. The results showed a dose-dependent cell killing for both
CDF/G4-PAMAM and CDF/G4-PAMAM-GAL nanoformulations. The result of the
experiment revealed an IC5gof 4 £ 0.2 uM, 1 + 0.3 uM, and 2 £ 0.01 uM for CDF,
CDF/PAMAM-GAL and CDF/G4 PAMAM, respectively in Hep G2 cells. Interest-
ingly, G4 PAMAM and PAMAM-GAL dendrimers showed nontoxic behavior at the
concentrations used indicates that they could be promising carriers for anticancer

drug delivery.

3.4. Fluorescence microscopic study

Fluorescence microscopic study was performed to compare the level of cellular up-
take of the non-targeted formulation PAMAM and the targeted formulation
PAMAM-GAL. As shown in Fig. 7, the fluorescence intensity of Rhodamine B —
labeled dendrimer formulations was obvious indicating their uptake. Comparatively,
higher uptake was observed in case of targeted formulation PAMAM-GAL-
Rhodamine B, and it could be attributed to better uptake of the formulation via

ASGPRs receptors mediated endocytosis (Fig. 7). Our results are in accordance

HepG2 cells, 24h HepG2 cells, 48h
(A) W COF (B) B CDF Froe Drug

2™ B Doxorubicin 2 B COF/G4-PAMAM
L W Sorafenib Z Bl CDF/G4-PAMAM.GAL
| ]
5 >
z % 3
o o
® ®

o o

N S R R NS N R S
Concentration (uM) Concentration (uM)
HepG2 cells, 48h Compound or 1C50 (um)
(C) — (D) formulation
51 i ; BN PAMAM-GAL
;f, CDF 4+ 2.1uM
; 50 Doxorubicin 12+1.8uM
* Sorafenib 8+2.8uM
° CDF/G4-PAMAM 2+2.2uM
D R A CDF/G4-PAMAM-GAL 1% 1.4uM

Concentration (uM)

Fig. 6. (A) Cytotoxicity assay of Plain Drugs after 48h (B) Cytotoxicity Assay of free CDF, G4-
PAMAM-CDF, and G4-PAMAM-GAL-CDF after 48h (C) Cytotoxicity Assay of plain PAMAM,
PAMAM-GAL showed that they were safe at higher concentrations and conjugation with GAL reduced
the cytotoxicity. Data represented as mean (£SD, n = 6). (D) Summary of IC50s is represented using
GraphPad Prism software® as shown. The histogram columns represent means of three independent ex-
periments with 6 replicates for each treatment; bars, S.E. Figures (A—C), p < 0.05* and ** statistically
significant inhibition (*p < 0.05) relative to DMSO-treated respective controls or (**p < 0.05) relative to
CDF drug treated cells.
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Brightfield Hoechst Rhodamine B

Non-targeted
(PAMAM-
Rhodamine B)

Fig. 7. Fluorescence microscopic study. Cancer cell selective uptake of Rhodamine B labeled targeted

Targeted
(PAMAM-GAL-
Rhodamine B)

dendrimers than the non-targeted dendrimers in HepG2 cells after 2 h treatment. Blue and red fluores-

cence indicate cell nuclei and Rhodamine B, respectively.

with previous studies which showed higher fluorescence intensity with targeted
formulation and that could be a useful feature in inducing cancer cell selective cyto-
toxicity [55, 56].

3.5. Animal imaging and bio-distribution study with HCC mice
model

Since HCC frequently detected at late stage and it has high metastatic tendency, thus
the early detection of tumor mass is one of unmet and urgent needs for surgical resec-
tion. Also, near infrared (NIR) imaging is a cost effective, less toxic, and advanced
diagnostic tool for tumor detection. To determine the in vivo HCC targeting efficacy
of PAMAM-GAL, we conjugated the clinically used, high contrast, structurally
symmetrical near infrared dye (S0456) to arrive at PAMAM-GAL- S0456 as tar-
geted formulation [57, 58]. Hep G2 tumor bearing mice were injected with
PAMAM-GAL-S0456 and whole-body imaging was performed as mentioned in
experimental section. As shown in Fig. 8 A, GAL-targeted conjugated dendrimers
were predominantly accumulated in ASGPRs overexpressed HepG2 tumor. Bio-
distribution results and the Fluorescence intensity of tumor (Fig. 8B) suggested
that PAMAM-GAL-S0456 was accumulated in liver cancer. Clinically translatable
imaging agent required faster clearance from the body and excretion of imaging
agent through kidney route reduces the toxicity as compared to liver. NIR imaging
of PAMAM-GAL-S0456 indicates as (Fig. 8C and D) showed that low liver uptake
compared to kidney. Control nanoparticle-dye treated mice revealed low tumor tu-
mor uptake (Fig. 8E). This favors the rational for developing HCC selective tumor
imaging agent and for imagining guided surgery [53]. Overall, ASGPRs receptor-
targeting dendrimer had potential to distinguish the tumor lesion and had kidney

mediated excretion that can be further developed orthotropic HCC tumor model.
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Fig. 8. HCC imaging of targeted formulation. (A) Whole body NIR fluorescence imaging of targeted
PAMAM-Gal-S0456. Ex-vivo imaging of tumor (B), liver (C), kidney (D) after 14 h of post i.v injection,
and (E) control-nanoparticle-dye treated mice. Higher tumor uptake was found in PAMAM-Gal-S0456 as
compared to control dye treated mouse. The higher intensity of kidney as compared to liver indicates that
PAMAM-Gal-S0456 is been excreted out through the kidneys.

4. Discussion

HCC is one of the most lethal and poor prognosis among all malignant aggressive
liver cancer and it is still one of the major clinical challenges to physicians and pa-
tients even it is a small minority of cases in overall. As the HCCs are lacking early
detection biomarkers, thus development of other biomarker specific theranostic drug
delivery system is an urgent need for early detection and therapy [56, 59, 60].
ASGPRs receptors are highly overexpressed in HCC cells surface and can be a tar-
geted site for drug delivery of nanocarriers containing targeting ligand to achieve
active targeted delivery. Also, the poor aqueous solubility of currently investigated
potent hydrophobic anticancer compounds like curcumin derivatives is a major
obstacle in the way for their clinical translation potential. The CDF drug in this study
has been shown to be a very promising anticancer flavonoid compound with the pos-
sibility to be efficient in several cancer cells but it has a major problem which is its
poor aqueous solubility. This factor has made its systemic administration very prob-
lematic [60, 61]. Previously, our group has reported multiple studies which sug-
gested that PAMAM dendrimers could enhance the solubility of various
compounds and could satisfy the need to achieve anticancer drug accumulation at
tumor site and minimize adverse side effects. Also, earlier we have been able to
design variety of drug delivery systems for curcumin derivatives and other anti-

cancer drugs such as our previously work indicated [30, 49, 55].

In this study, PAMAM dendrimer was selected because of their favorable characteris-
tics for drug delivery [62] such as enhanced drug loading, better aqueous solubility and
comparatively low toxicity profile (which can be further reduced by Galactosamine
surface modification) [46]. Also, it is well reported that galactosamine is a selective
targeting ligand for targeted anticancer drug delivery in HCCs due to its binding to
the overexpressed (ASGPRs) with high affinity and the combo internalization into
the cells through clathrin type receptor mediated endocytosis [40, 44]. Galactosamine

was demonstrated to achieve ASGPR mediated efficient liver tumor targeting in phase
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I clinical trial of poly[N-(2-hydroxypropyl)methacrylamide] copolymer carrying
doxorubicin and galactosamine, as reported by Julyan and coworkers [45]. In the
same line, Shen, et al. focused on the increased cellular uptake and cytotoxicity of
galactosamine targeted doxorubicin loaded albumin nanoparticles compared to non-
targeted particles [39, 50]. Similarly, Wang et al. showed that galactosamine conju-
gated micelles loaded with paclitaxel were of better drug internalization, cytotoxicity
and induction of cell cycle arrest in contrast to the paclitaxel loaded micelles without
galactosamine ligands [63]. As a result, galactosamine is a well-studied effective tar-
geting tool for HCC cells expressing ASGPR. Galactosamine conjugated delivery sys-
tems could thus be very promising in achieving more effective HCC therapy, with

better accumulation of therapeutic agents in the tumor tissue and lesser side effects.

In the present work, as a proof-of-concept we successfully conjugated GAL to G4
PAMAM dendrimers through succinic acid linkers. PAMAM-GAL systems com-
bined the benefits of excellent drug delivery aspects inherited from PAMAM den-
drimers and the unique and favorable binding of targeting ligand GAL to
ASGPRs receptors on tumor cells. As a result, PAMAM-GAL was able to enhance
the aqueous solubility of the anticancer compound (CDF) significantly. The higher
CDF loading in CDF/PAMAM-GAL as compared to CDF/G4-PAMAM could be
explained by the additional crowding of GAL ligands on the surface of PAMAM
dendrimers. Conjugation with GAL provided steric hindrance that minimized
CDF escaping from the hydrophobic cavities of PAMAM dendrimers. GAL conju-
gation also supported decreasing the surface positive charge of PAMAM dendrimer
which is known to be responsible for PAMAM cytotoxicity. Our results are in
concordance with previous reports, which also revealed better hydrophobic drug
loading in ligand conjugated dendrimers [33].

In terms of particle size impact, it is generally known that size is one of the most
important parameters in developing an ideal drug delivery system [56, 59, 64, 65,
66]. As illustrated in above results, it was concluded from hydrodynamic size and
TEM assessments that both dendrimer formulations (CDF/G4-PAMAM and CDF/
G4-PAMAM-GAL) were recognized to be in the ideal nano-metric range which sug-
gested that the formulation can benefit from the enhanced permeability and retention
(EPR) effect [67, 68, 69, 70, 71, 72] as well as from active targeting via galactos-
amine to selectively accumulate more in the tumor microenvironments than normal
tissues area or non-targeted organs. Thus, the combination of higher accumulation in
tumor site due to the EPR-effect and better cellular uptake by active targeting of
GAL based formulation (CDF/PAMAM-GAL) to ASGPRs receptors on tumor cells
is a key driving force to accumulate CDF in tumor site with increased therapeutic

effect and minimized side-effects.

Regarding the particles surface charge, on the contrary of the Plain G4 PAMAM

dendrimers which had positive zeta potential of around 13 mV =+ 3.23 because of

https://doi.org/10.1016/j.heliyon.2018.e01071
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.heliyon.2018.e01071
http://creativecommons.org/licenses/by-nc-nd/4.0/

18

| Heliyon
Article No~e01071

their terminal protonated amine groups, the PAMAM-Gal dendrimers exposing
galactosamine residues showed a low negative zeta potential of -8.3 £ 1.24 mV.
This lowering in the zeta potential could be explained by the presence of anionic un-
coupled succinic carboxylic groups on the PAMAM-Gal surface. Because of having
negative zeta potential, PAMAM-GAL formulation had less potential to cause cyto-
toxicity effects when used for in vivo drug delivery testing which is crucial factor for

developing effective and safe drug delivery vehicles.

Cytotoxicity evaluation demonstrated nontoxic behavior of PAMAM and PAMAM-
GAL at the concentrations used indicating that they could be promising carriers for
anticancer drug delivery. Our findings highlighted that CDF was more potent than
Sorafenib, Doxorubicin, and Cisplatin which are all among the reported chemother-
apeutic drugs used in treatment of advanced stages of hepatocellular carcinoma [16,
18, 19]. Thus, the more potent CDF could be more effective than all of them as a
therapeutic agent for hepatic cancer. Importantly, the targeted formulation (CDF/
PAMAM-GAL) showed highest anticancer activity at concentration range from
0.5 uM to 5 uM as compared to non-targeted formulation (CDF/G4-PAMAM) in
Hep G2 cell lines. This could be explained by the targeting ability of GAL ligand
that facilitates the PAMAM-GAL-CDF internalization into HepG2 cells overex-
pressing ASGPRs more efficiently than CDF/G4-PAMAM. This was confirmed
by the amount of fluorescence intensity detected in the fluorescence microscopy
study and the in vivo testing in the HCC mice model, which indicated the selective
uptake of the targeted formulation via ASGPRs receptors mediated endocytosis.
Overall, these results indicate that the targeted CDF/PAMAM-Gal formulation
can show promising antitumor response and effective therapeutic role especially
in HCC cancer with better accumulation of therapeutic agents in the tumor tissue

and lesser side effects.

5. Conclusions

In this current study, PAMAM-GAL conjugate has been developed and showed
great potential to be an excellent drug delivery system for CDF, a potent anticancer
compound. The engineered nano-dendritic delivery system possesses numerous
favorable properties such as enhancing the solubility of CDF with stable small
nano-size (less than 50 nm), globular shape particles with a smooth surface
morphology, and good drug loading content were obtained using dendrimer indi-
cating its applicability for in vivo drug delivery. Also, biologically safety has been
shown in vitro due to the shielding of positive charge of PAMAM dendrimer by
GAL, potent in vitro anticancer activity and better internalization of targeted formu-
lation with a high binding affinity to ASGPRs receptors compared to non-targeted
formulations in HepG2 cells. Good In vivo bio-distribution results and selective

accumulation in liver cancer has been demonstrated as well. Finally, the result
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indicated that CDF/PAMAM-GAL could be a promising potential for systemic (tar-
geted) anticancer therapy and imaging, warranting further in vivo investigations un-
derway in our laboratory.
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