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ABSTRACT

Purpose To formulate dendrimer-stabilized smart-nanoparticle
(DSSN; pD-ANP-f) for the targeted delivery of the highly hydro-
phobic anticancer drug, Paclitaxel (PTXL).

Method The developed nanoformulations were evaluated for
particle size, surface-charge, loading efficiency, particle density,
in-vitro drug release, SEM/TEM, cytotoxicity assay, fluorescence
uptake, HPLC quantitative cell uptake assay, flow cytometry,
tubulin polymerization, and stability assessments.

Results The developed pD-ANP-f nanoformulation (135.17 =
7.39 nm; —2.05%£0.37 mV and 80.1| £4.39% entrapment)
exhibited a pH-dependent drug release; remained stable in phys-
iological pH, while rapid releasing PTXL under tumorous
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environment (pH 5.5). The cytotoxicity assay performed in cer-
vical, breast, blood, and liver cancer cell lines showed pD-ANP-f
to be strongly suppressing the growth of cancer cells. We inves-
tigated the fluorescence based intracellular trafficking and HPLC
based cellular uptake of nanoformulated drug and the result
indicates higher cellular uptake of pD-ANP-f compared to other
formulations. pD-ANP-f prominently induced apoptosis (73.1 | =
3.84%) and higher polymerization of tubulins (59.73 = 6.22%).
DSSN nanoformulation was found to be extremely biocompati-
ble (<1% hemolytic) compared to naked PTXL (19.22+
[.019%) as well as PTXL-dendrimer nanocomplex (8.29 =
0.71%).

Conclusion DSSN strategy is a novel and promising platform for
biomedical applications that can be effectively engaged for the
delivery of drug/gene/siRNA targeting.

KEY WORDS albumin - cancer cell uptake - caspase activity -
dendrimer - fluorescence imaging

INTRODUCTION

The development of a suitable nanocarrier for the targeted
delivery of anticancer bioactives is of growing interest in the
field of applied biomedical sciences (1). Assortments of
nanocarrier systems are presently being explored to accom-
plish this objective (2). The selection of suitable biomaterials
for the preparation of nanoparticles has long been an essential
consideration (3) and, in this context, negatively charged
albumin represents an attractive biopolymer.

Albumin i1s a hydrophilic, safe, biocompatible, and biode-
gradable natural biopolymer (4), that has been approved by
FDA for in vivo administration in patients (5). Several investi-
gators have reported the formulation of albumin-based
nanocarriers for the delivery of hydrophobic drug. However,
most of these formulations employ co-solvent like di-methyl
sulfoxide (DMSO) to load hydrophobic drug, but, low drug
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loading as well as high drug leaching are potential limitations
associated with such formulation strategies (6). In this direc-
tion, we recently reported the preparation of albumin nano-
particles using a mild gelation technique and the work dem-
onstrated great potential for the delivery of anticancer drugs
(7). However, the high negative charge of albumin nanopar-
ticles impedes its uptake, while instability, low loading, as well
as drug leaching tendency of loaded hydrophobic drugs, man-
dates improvement in its nanoformulation strategy (7).
Herein, we propose a novel concept formulation of dendrimer
stabilized albumin nanocarrier for the targeted delivery of
highly hydrophobic anticancer drug, paclitaxel (PTXL).

Dendrimers represent the family of polyelectrolytes with
perfectly monodisperse and regular core-shell highly
branched nanostructure (size <10 nm) (8). Dendrimers have
attracted widespread consideration owing to their versatile
architecture. The dendrimer core offers a unique microenvi-
ronment for the entrapment of hydrophobic bioactives, while
the positively charged periphery can provide binding ites to
load a variety of oppositely charged hydrophilic molecules (9,
10). In our previous work, we have reported successful efficacy
of dendrimer with a highly loaded hydrophobic drug (9-11).
The present work further widens the application of
dendrimers for preparing stable albumin nanoconstructs for
the delivery of hydrophobic drug, PTXL.

The interaction of dendrimer with surfactants and supra-
molecular surfactant assemblies such as anionic micelle, DNA
(12), lipidic layer (13), anionic liposome (14), lyotropic liquid
crystalline systems (15), and lamellar phase (16) have been
systematically reported. Literature also reveals the successful
development of dendrimer assemblies to form thin films (17).
In contrast to previous studies, which investigated the influ-
ence of dendrimer on preformed supramolecular architec-
tures (e.g. micelles, liposomes, liquid crystals, lamellae, thin
film) (16), this work presents a detailed investigation towards
the formation of a self-assembled nanostructure developed on
controlled electrostatic gelation of anionic bovine serum albu-
min [zeta potential, {=—-27.7320.81 mV; (7)] containing
fourth generation poly amidoamine (4.0 G PAMAM) dendri-
mer to form supramolecular nano assembly (pD-ANP-f;
Fig. 1). We were principally interested in using the high drug
loading capacity of dendrimer to load hydrophobic drugs (via
hydrophobic interaction), a property that is potentially
afforded by dendrimer due to its hydrophobic core (18, 19).

Folate ligand based cancer targeting is a well-known con-
cept and folic acid can be straightforwardly conjugated to
albumin nanoparticles owing to availability of abundant
amine groups in albumin biopolymer (20, 21). Hence, it is
envisaged to append folic acid as a model targeting ligand to
attain targeted delivery following receptor mediated endocy-
tosis, while sparing normal cells (20). It is well reported that
under acidic condition, amine groups of cationic dendrimer
exhibit the “proton sponge effect”(10), hence, when the

formed pD-ANP-f nanoparticles are internalized within can-
cer cells, dendritic nanoconstructs will undergo protonation
leading to the buffering of endosomal vesicle causing
endosomal swelling and lysis (22) thereby rapidly releasing
the loaded drug into the cytoplasm. This innovative formula-
tion strategy will also help in solving the drug leakage issue
commonly encountered with conventional albumin based
nanoparticles (6). These dendrimer-stabilized albumin nano-
particles are especially useful for drug/gene/siRNA targeting,
sustained release applications.

MATERIALS AND METHODS
Materials

PAMAM Dendrimer (4.0 generation, G) with an
ethylenediamine core in methanol (20%, w/w) was purchased
from NanoSynthons Inc. (Michigan, USA). Folic acid, glutar-
aldehyde (grade II, 25%), 1-ethyl-3-(3-dimethylaminopropyl
carbodiimide hydrochloride (EDC) and Nile-red were pur-
chased from Sigma Aldrich Co. Ltd., (Gillingham, Dorset,
UK) (refer supporting informations. Dialysis membrane
(Spectra/Por® 3 KDa MWCO), membrane filter (Millex
pore size 0.45 pm), were purchased from Fisher Scientific
UK Ltd (Loughborough, UK), while Paclitaxel was purchased
from ChemieTek®, USA. Albumin and tripolyphosphate
(TPP) were purchased from Amresco (OH, USA) and Strem
Chemicals (MA, USA), respectively.

Triton X-100, trypan blue, Corning Transwell® polycar-
bonate membrane inserts (pore size 3.0 pm, membrane diam-
eter 12 mm), and Dulbecco’s Modified Eagles Medium
(DMEM were purchased from (MediatechInc, VA, USA). L-
glutamine, non-essential amino acid, 50 IU/ml penicillin and
50 mg/ml streptomycin, trypsin-EDTA 0.25%, were purchased
from Gibco BRL, Invitrogen Paisley, UK. Heat inactivated fetal
bovine serum (FBS) was purchased from Atanta Biologicals
(Lawrenceville, GA, USA). All other materials for cell culture
were purchased from Invitrogen Life Technologies (Paisley,
Scotland). All other chemical reagents were analytical grade
and obtained from commercial sources. Deionized, 0.22 pm
filtered sterile water was used throughout the experiments.

Cell culture

The Human Cervical Cancer (SiHa), Human Breast Cancer
(MCF-7), Human Lung adenocarcinoma epithelial cell line
(A549), blood (Furkat) and Liver (HepG2) cancer cell lines were
grown as monolayer in 75 cm” tissue culture flasks (Greiner
Bio-one, Monrow, NC, USA) at 37°C under 5% CO, in
DMEM, RPMI and F12K medium (Life Technologies,
Grand Island, NY, USA), respectively supplemented with
10% FBS and an antibiotic anti-mycotic solution of penicillin
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(5,000 U/ml), streptomycin (0.1 mg/ml) and neomycin
(0.2 mg/ml) (PSN).

HPLC method for analysis of PTXL

PTXL was analyzed by HPLC technique, using Agilent 1100
Series HPLC system (UK) equipped with a Luna 5 pm, C18
column (250 mmX4.6 mm; Phenomenex, Cheshire, UK).
The mobile phase consisted of an optimized mixture of
MeOH:water: TFA acid::80:20:0.1, v/v/v, with a gradient elu-
tion at a flow rate of 1 ml/min, and UV detection at 225 nm at
ambient temperature was used (23). All measurements were
triplicate and results averaged for calculation.

Formulation development of dendrimer stabilized
albumin nanoparticles and folate anchoring

The formulation of dendrimer complexed albumin nanopar-
ticles was achieved by a three-step process as depicted in
Fig. 1. Briefly, PTXL (5 mg) and 4.0G (15 mg) dendrimer
were dissolved in methanol and stirred using a magnetic bar at
300 rpm in dark at room temperature for 24 h. The solvent
was then removed under vacuum followed by addition of
sufficient phosphate buffer (pH 7.4) to prepare a 2%uw/v
solution. This solution was then added drop-wise (I ml, at
0.2 ml/min) under constant stirring at 500 rpm to 1%uw/v
aqueous albumin solution (10 ml) and the resultant mixture
was stirred continually at 37°C for 2 h in dark. To this mixture
ethanol was added drop-wise to produce albumin nanoparti-
cles containing drug-dendrimer complex. The resultant nano-
particles were stabilized by addition of glutaraldehyde as cross
linking agent (1 pg glutaraldehyde/mg albumin) to yield stable
PTXL-dendrimer complex containing albumin nanoparticles
(pD-ANP). Finally, the nanoparticles were collected by centri-
fugation (16,000 g, 30 min), washed with PBS pH 7.4 (X 3);
and the resultant product was lyophilized using 2%/ vlactose
as cryoprotectant (24). Following conventional methodology,
albumin nanocarriers (p-ANP) were also prepared (6) to assess
the change in bio-performance of nanocarriers with and with-
out inclusion of dendrimer in the formulation of ANP. The
formulation of dendrimer-stabilized folate-anchored albumin
nanoparticles (pD-ANP-/] was achieved by well-established
carbodimide methodology as reported earlier by our group
(9, 25) with slight modifications (see supporting information).

Formulation of dendrimer-stabilized folate-anchored
albumin nanoparticles (pD-ANP-f)

The folate tagging of albumin nanoparticles was achieved by
well-established carbodimide methodology as reported earlier
by our group (25, 26) with slight modifications. Briefly, the
carboxy group of folic acid (4 mM) was activated by adding
EDC (5 mM, 25% molar excess) and stirring it for 4 h in dark.

@ Springer

The activated folic acid is then added drop wise to the solution
of pD-ANP (27) to prepare pD-ANP-f. The product was
purified by dialysis against 1,000 ml of phosphate buffer
(pH 7.4) using dialysis bag (MW cut off 5 KDa) to remove
the free folic acid, EDC and other impurities from reactants.
During this purification process, external buffer was replaced
with fresh buffer and periodically assayed spectrophotometri-
cally to determine the existence of free folic acid, EDC or any
other impurities (un-reacted reactants) (27). Similar protocol
was followed to prepare folate conjugated conventional albumin
nanoparticles (p-ANP-f. The pD-ANP-fand p-ANP-fformula-
tions were then lyophilized using 2% lactose as cryoprotectant,
characterized as follows and stored for future studies.

Preparation of freeze dried powders containing
dendrimer stabilized nanoparticles

Suspension of ANP and dendrimer stabilized ANP (pD-ANP)
nanoparticles were freeze dried employing 2% w/v lactose
monohydrate as a cyroprotectant following reported protocols
(28) with slight modifications. Briefly, nanosuspension formu-
lation in 2%w/v lactose monohydrate was frozen to —80°C in
Ultra-Low Temperature Freezers (Thermo Fisher Scientific
Inc., PA, USA) for 3 h. The frozen suspension was lyophilized
for 48 h under vacuum at <0.133 mBar pressure at —84°C
using a laboratory scale Freezeone 12 Plus Lyophilizer
(Labconco, Kansas City, MO, USA). The nanoformulation
suspension was prepared by suspending the lyophilized for-
mulation in deionized water for further characterization. The
resultant freeze dried powders were collected and stored in a
desiccator at room temperature until use. The yield of freeze
drying process was determined via gravimetric analysis by
establishing a comparison between the weights of resultant
freeze dried powder and that of the total solids involved in the
formulation (29), as per following formula (n=23):

%Yield(Freeze drying Process)

B Weight of nanoparticles o
~ Total solids (Lactose + BSA) weight

100

Size, surface charge and morphology of various ANP
formulations

The particle size and surface charge (zeta potential) of con-
ventionally prepared p-ANP, pD-ANP, p-ANP-f and pD-
ANP-f'were determined by dynamic light scattering using a
NICOMP ZLS 380 analyzer (PSS-NICOMP, Santa Barbara,
USA) as described previously by our group (24). The particle
size and zeta potential were determined by dispersion of the
prepared formulations in PBS at 25°C. All measurements
were recorded in triplicate and results expressed as mean*
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SD. The surface morphologies of p-ANP, pD-ANP, p-ANP-f
and pD-ANP-f were also examined by scanning electron
microscopy (SEM, LEOSUPRA 55 Genesis 2000,
CarlZeiss, Germany) and transmission electron microscope
(TEM, Hitachi H-7600, Japan).

Determination of entrapment efficiency

Entrapment efficiency was determined by employing
Vivaspin-500 ultracentrifuge filters with molecular cut off

: Free amine
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Sl : NH; Pk
:, " >
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Fig. 1 Schematic showing formulation development of dendrimer stabilized- folate targeted- albumin nanoparticle (pD-ANP-f).

weight of 100 K.Da (Viva Products, Inc., Littleton, MA,
USA). Briefly, PTXL loaded formulation (0.5 ml) was placed
in Vivaspind00 ultracentrifuge tubes with filter membranes
(molecular weight cutoff 300 K Da) and centrifuged at
13,000 rpm for 15 min. The aqueous filtrate generated at
the bottom of Vivaspin500 ultracentrifuge tubes was subjected
to HPLC analysis to determine the concentration of loaded
and free PTXL. The entrapment efficiency (EE) of the PTXL
within developed formulations was defined as the drug con-
tent and was calculated by employing equation (1).
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X=X,

%Entrapment Efficiency(EE) = x 100 (1)

Where,

X Amount of total PTXL taken (mg).
X5 Amount of free/leaked PTXL detected in supernatant after
ultracentrifugation (mg).

In-vitro release of PTXL from various nanoformulation

In-vitro release of PTXL from the developed formulations (p-
ANP, pD-ANP, p-ANP-f and pD-ANP-/] were evaluated
using extensive dialysis technique (9, 10, 26). Briefly, drug-
loaded formulation was placed into a pre-swollen dialysis
cassette (molecular weight cutoff of 12 K Da; Sigma, USA)
and immersed in a glass vessel containing 500 ml of PBS
(pH 5.5 or 7.4) with 1%uv/v PEG 4000. The entire drug
release assembly was maintained at 37 +2°C with continuous
slow magnetic stirring at 300 rpm. At predetermined time
intervals (0.25, 0.5, 1, 2,4, 6, 8, 12, 24 and 48 h), 1 ml aliquots
were withdrawn from the dissolution medium and replenished
with same volume of fresh medium to preserve the sink
condition. The samples were analyzed at each time point
using the HPLC method as described above (23), and the
release profile was created by plotting time (x-axis) versus
cumulative percent PTXL release (y-axis).

Differential scanning calorimetry

The nanoformulations were also characterized by differential
scanning calorimetry (DSC) using a DSC1 instrument
(Mettler Toledo, Columbus, OH, USA). For this study ap-
proximately two mg of different samples were placed into an
aluminum pan separately and a lid was hermetically sealed.
The pan was then positioned in the analyzing cell of a DSC
module and the temperature of the DSC module, equilibrated
at 35°C and the thermal behavior was determined by ampli-
fying the temperature at a rate of 10°C/min under Ny envi-
ronment until the sample began to degrade. Baselines were
determined using an unfilled pan, and all the thermograms
were corrected for baseline. Transition temperatures were
determined from the endothermic peak minima while transi-
tion enthalpies were obtained by integration of the endother-
mic transitions using linear baselines.

pH stability studies

Nanoformulations (p-ANP, pD-ANP, p-ANP-fand pD-ANP-
J) were also exposed to varying pH conditions to infer the
effect of pH on size and charge of developed targeted formu-
lations. For this investigation, pH 7.4 and 5.4 were selected to
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assess the stability of formulation under physiological condi-
tions (blood) and acidic tumor environment, respectively (30).

Hemolytic activity

The study was performed following protocol reported earlier
with slight modifications (31). Briefly, RBCs were collected
from human blood and re-suspended in normal saline to get
5% RBC suspension. To 1 ml of RBC suspension 5 ml dis-
tilled water as well as 5 ml normal saline were added sepa-
rately, which were considered to be 100% and 0% hemolytic,
respectively. Similarly, formulations such as plain PTXL, p-
ANP, pD-ANP, p-ANP-fand pD-ANP-f(0.5 ml) were added
separately to a mixture of normal saline (4.5 ml) and RBC
suspension (1 ml). All the sample tubes were allowed to stand
for 30 min with mild shaking intermittent and were centri-
fuged for 15 min at 3,000 rpm in an ultracentrifuge. The
supernatants were analyzed by UV spectrophotometric assay
(1601 UV—-Visible spectrophotometer, Shimadzu, Japan) at
540 nm and the degree of hemolysis was determined by the
following equation:
Abs — Absg

% )Hemolysis = —— — x 100
(%)Hemolysis Absi—Abs,

Where Abs, Absy and Abs;gg are the absorbance of sam-
ples, a solution of 0% hemolysis, and a solution of 100%
hemolysis, respectively.

MTT cytotoxicity assay

The i vitro cytotoxicity of free PTXL as well as developed
formulations (p-ANP, pD-ANP, p-ANP-f and pD-ANP-/j
were evaluated by M7TT cytotoxicity assay based on measure-
ment of the activity of enzymes present in live cells that
reduces MTT to give a purple color formazan (10). This assay
was performed on five Cervical (SiHa), Breast (MCF-7), Lung
(A549), blood (furkat) and Liver (HepG2) cancer cell lines.
Briefly, cells (5% 10%) were seeded evenly into 96-well flat-
bottomed tissue culture plate (Iwaki; Japan) in medium
(Mediatech Inc, VA, USA) supplemented with 10%uv/v FBS
(FBS; Sigma, USA) and 1%¢u/v Penicillin-Streptomycin mix-
ture (Sigma, USA). The cells were incubated for 24 h in a
humidified atmosphere of 5% COq at 371+0.5°C and treated
with freshly prepared formulations as standard solutions be-
tween 0.001 and 100 pM concentrations. After 24 h, 20 pl
MTT (5 mg/ml) in PBS (pH 7.4) was added to each well and
the plate was incubated for 2 h at 372£0.5°C, allowing viable
cells to reduce the M 77 into purple colored formazan crystals.
The formazan crystal was dissolved by adding 100 ul of Lysin-
buffer (TrisHCI, 10 mM; NaCl, 75 mM; EDTA, 10 mM;
Sodium dodecyl sulphate, 0.5% in water) containing
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Proteinase-K (0.15 mg/ml). The absorbance was measured at
570 nm using ELISA microplate reader (Synergy H1, Bio-
Tek, USA) at 37£0.5°C.

Fluorescence and HPLC based cell uptake assay

Human breast cancer cell line (MCF-7) was selected for this
investigation due to its stable and comparatively larger mor-
phology. Briefly, MCF-7 cells were seeded on six well plates
(5% 10*/well) and incubated at 37 0.5°C under 5% CO, for
24 h. After 24 h media was removed, and incubated with 2 ml
of FITC tagged formulations (""" “p-ANP, " “pD-ANP,
PG, ANP-f and "™ “pD-ANP-/) for 1 h. Afier 1 h, media
was removed; cells were washed with PBS (x3) and fixed with
2% formaldehyde for 10 min, followed by washing with PBS
twice. The samples were imaged using Axiovert 40 CFL
inverted microscope (Carl Zeiss Microscopy, LLC, USA) at
40x magnification with FITC excitation and emission spec-
trum peak wavelengths of 495 nm and 519 nm respectively
with an Exfo X-Cite series 120 mercury vapor lamp as light
source for fluorescence imaging (Lumen Dynamics Group,
Inc., Mississauga, Ontario, Canada).

In order to determine the time bound quantitative cellular
uptake of the PTXL in MCF-7 cells following treatment of
various nanoformulations, HPLC analysis of cell associated
PTXL was also done employing methods recently reported by
our group (23). Briefly, MCF-7 cells were seeded on six well
plates (5% 10°/well) and incubated at 37+0.5°C: under 5%
COsy for 24 h. After 24 h media was removed, and incubated
with 2 ml of PTXL formulations (p-ANP, pD-ANP, p-ANP-f
and pD-ANP-fj for 1, 2, 4 and 6 h. After incubation of cells for
predetermined intervals of time, media was removed; washed
thrice with PBS and treated with 100 pL trypsin PBS solution
(2.5 mg/ml) and further incubated for 10 min and then
harvested by adding 400 uL. TBME:DEE::50:502/v as extrac-
tion media selected as per method recently developed by us
(23). The cell lysate was centrifuged at 10,000 rpm for 15 min
and the PTXL content was measured by HPLC.

Flow cytometry assay

Assay was performed to assess the destiny of cells following
treatment of various formulations. For this investigation
MCF-7 cells were selected on ground of intermediate level
of folate expression on MCF-7 cells (32) and its robust life
cycle and sturdy morphology that help in nullifying effect of
auto cell-death and apoptosis (33). Briefly, MCF-7 cells were
either left untreated (control) or treated with 100 nM PTXL
equivalent p-ANP, pD-ANP, p-ANP-fand pD-ANP-/formu-
lations for 6 h. Cells were then incubated with Annexin V-
FITC in a buffer containing Propidium Iodide (PI) and ana-
lyzed by flow cytometry (Becton Dickinson, USA). Untreated
(Annexin V-FITC and PI negative) cells, represents viable cell

population those are not undergoing any apoptosis/necrosis
(34, 35). Flow cytometry was performed on single-cell suspen-
sions of adherent human breast cancer cell line, MCF-7 (after
trypsin and EDTA treatment) by subjecting to FACS analysis
using FACS ARIA (Becton Dickinson, USA) (36).

Cell apoptosis assay

For this assay, MCF-7 cells were seeded on the 24 well plates
(5% 10*/well), incubated at 37+0.5°C under 5% CO, for
24 h and treated with various PTXL nanoformulations (p-
ANP, pD-ANP, P-ANP-fand pD-ANP-/] for 24 h. Untreated
cells were used as a control. At the end of the incubation, the
cells were trypsinized, cell pellet was collected and resuspend-
edin 100 pl cell lysis buffer. The cell lysate was centrifuged at
10,000 rpm for 15 min and the protein concentration in the
supernatant was determined employing BCA assay kit
(Pierce). After this, 50 ul of buffer solution supplemented with
5 mM DTT was added to reaction mixture and incubated at
4°C. The substrate DEVD-pNA was added to each tube
(10 ul, 50 pM) and incubated for 2 h at 37°C. The sequence
DEVD is based on caspase-3 cleavage site in poly (ADP-
ribose) polymerase (PARP) and the associated caspase activity
can be quantified by spectrophotometric detection of free
substrate p-nitroanilide (pNA, A« 405 nm) after cleavage
from the peptide substrate DEVD-pNA, using Microplate
reader

Tubulin polymerization assay

The assay was done following established protocol for the
determination of levels of tubulin polymerization (37).
Briefly, MCF-7 cells plated on six-well plates (5% 10 cells/
well) were treated with various PTXL formulations as de-
scribed above and incubated for 1 h at 37£0.5°C. The cells
were then washed and lysed using 150 pLL hypotonic buffer
solution (2 mM EGTA, I mM MgCl,, 2 mM
phenylmethylsulfonyl fluoride, 10 pL/mL protease inhibitor,
20 mM Tris HCI), incubated in the dark (3720.5°C, 15 min)
and then transferred to a micro centrifuge tube by cell scrap-
ing. The micro centrifuge tubes were then centrifuged at
18,000¢ for 15 min, and the polymerized tubulin was collected
as sediment pellet. Protein fractions in the supernatant and the
pellet were resolved by SDS-PAGE electrophoresis and then
transferred to membranes, which were probed with a mono-
clonal antibody to a-tubulin (Sigma Aldrich, MO, USA).
Level of tubulin was then determined by densitometry using
Quantity One software (Bio-Rad) and the amount of poly-
merized tubulin was calculated by dividing the densitometric
value of polymerized tubulin fraction (insoluble fraction) by
the sum of polymerized and soluble fractions for each treat-
ment group, and the results were expressed as a percentage
insoluble polymer fraction (37, 38).

@ Springer



916

Tekade, Tekade, Kumar and Chauhan

Statistical analysis

The experiments were conducted in triplicate unless specified,
and the data presented as mean+ standard deviation. A one-
way analysis-of-variance (ANOVA) with Tukey’s multiple
comparison post-test was used in the analysis of differences
between the physicochemical properties of nanocarriers. The
differences were considered to be significant at p<0.05. The
least significant difference post-hoc ANOVA-analysis was
used in the comparison of biopharmaceutical properties of
different formulations.

RESULTS
Particle size

Dendrimer stabilized albumin nanoparticles (pD-ANP) were

successfully prepared as briefed in proposed methodology
(Fig. 1), with particle size of 89.38£5.62 nm as against to

conventional prepared albumin nanoparticles (p-ANP) of size

75.25£6.91 nm. Analogous observations were noted in case

of folate anchored counterparts of p-ANP (i.e. p-ANP-/j and
pD-ANP (i.e. pD-ANP-f], wherein, p-ANP-f and pD-ANP-f
showed particle size of 115.72£8.69 nm and 135.17=%

7.39 nm, respectively (Fig. 2).

Surface morphology and surface charge

SEM and TEM photomicrograph of sclected ANP’s were
taken to assess its structure as well as surface topography.
SEM pictures inferred formulations to be rounded and nano-
meter in size. pD-ANP-f'was found to be more rounded and
uniform in terms of their shape-size as compared to conven-
tionally driven p-ANP-f formulations (Figs. 2 and 3). The
formulation of conventional technique driven p-ANP’s
showed average surface charge of —23.05£1.08 mV, while
pD-ANP formulation showed significantly lower (p<0.005)
surface charge of —5.681£0.95 mV. Similar observation was
made in case of p-ANP-fand pD-ANP-/formulations, where-
in surface charge of =19.86+2.83 mV and —2.05£0.37 mV,
respectively were observed.

Entrapment efficiency

The entrapment efficiency of PTXL was found to be 59.08 =
3.85% and 57.75£6.83% with p-ANP and p-ANP-f; while
higher entrapment of 79.85£8.01% (p<0.005) and 80.11=%
4.39% (p<0.005) was observed with pD-ANP and pD-ANP-f,
respectively (Fig. 4a—c).
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In vitro drug release studies

In vitro release of PTXL from various nanoformulations was
studied at pH 7.4 and pH-5.4 to assess PIXL release under
physiological conditions (blood) and acidic tumor environ-
ment, respectively. The outcome of the investigation clearly
inferred slow-sustained and pH responsive drug release pat-
terns from all the nanoformulations compared to plain PTXL
(Fig. 5a—b). Close examination of release data infer that
PTXL release was significantly lower (p<0.05) in case of
dendrimer stabilized ANP’s. Plain PTXL formulation re-
leased more than half of the loaded drug (51.07%3.12%) in
merely 1 h, while at the same time point, p-ANP and p-ANP-f
released 22.15%1.84% and 17.08£0.97% drug, respectively.
It should be noted that corresponding dendrimer stabilized
formulations (pD-ANP and pD-ANP-/] released significantly
low percentage of drug (5.96+0.21% and 2.37%0.08%, re-
spectively) at 1 h time point. At 24 h time point, p-ANP and p-
ANP-f released 71.13£4.82% and 66.39+£6.02% PTXL,
respectively, while, the corresponding modified pD-ANP
and pD-ANP-f formulations released 55.52% and 47.06+
3.18% PTXL, respectively. Similar trend of drug release
was observed till the end of study, concluding the inclusion
of dendrimer as an effective strategy for the ANP formulation.

The slow wn vitro release of PTXL from p-ANP-fand pD-
ANP-f can be attributed to stearic hindrance offered by folic
acid residue conjugated on the surface of nanocarrier. The
outcomes of this study was in agreement with earlier investi-
gations wherein impeded drug release (upto 35% lower re-
lease) was observed in case of folate modified nanocarriers
compared to unmodified nanocarrier counterpart (39,40).
Chandrasekari e al. have also compared the influence of
number of folic acid conjugated to nanocarrier on drug re-
lease, wherein nanocarrier with higher folic acid (20.1 folate
per nanocarrier) exhibited approximately 15% low indometh-
acin release compared to intermediate folate (11.92 folate per
nanocarrier); and approximately 25% low indomethacin re-
lease compared to low (3.86 folate per nanocarrier) folate
modified nanocarrier (39).

Differential scanning calorimetry

DSC is a thermoanalysis method for measuring the tempera-
ture and heat flow associated with transitions in materials as a
function of time. DSC analysis was performed to assess the
thermal stability and transformation in nature of sample over
a range of temperatures. For this investigation, free PTXL,
free folic acid, BSA, PAMAM, pD-ANP and pD-ANP-fwere
studied and compared. The existence of shifted as well as
narrower peaks of PAMAM and PTXL in case of pD-ANP
confirmed formation of PTXL-PAMAM coupled loaded
nanoconstruct. Similarly, presence of lifted peaks of
PAMAM, PTXL and folic acid in case of pD-ANP-f
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Fig. 2 Particle size distribution of (a) p-ANP (b) pD-ANE (c) p-ANP-f, and (d) pD-ANP-. p-ANP and p-ANP-f represents PTXL loaded non-targeted as well as
folate targeted ANP's, respectively, formulated using conventional method. On the other hand, pD-ANP and pD-ANP-f represents dendrimer stabilized non-
targeted and folate conjugated ANP's formulated using method modified methodology. Particle size and polydispersity index was determined in PBS at 25°C by
dynamic light scattering using a NICOMP ZLS 380 analyzer (PSS-NICOMR Santa Barbara, USA. Results are represented as mean =SD (n =3).

Fig. 3 SEM photomicrograph of (@) p-ANP-fand (b) pD-ANP-f at a magnification of X2000; (c) and (d) represents TEM photomicrograph of p-ANP-fand pD-
ANP-, respectively at an acceleration voltage of 80 KV and X200K magnification. Insat (e) and (f) represents transmission electron microscopy photomicrograph
of pD-ANP-f at an acceleration voltage of 120 KV/X200K and 120 KV/X250K magnffication, respectively.
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Fig.4 Figure showing (@) Entrapment, %; (b) Particle size, nm, and (c) Zeta potential, mV of developed nanocarriers. Figure (d) p-ANE (e) pD-ANP (f) P-ANP-,
and (g) pD-ANP-f stability of various formulations with respect to particle size (nm) and zeta potential (mV) under influence of different pH (pH 7.4 and 5.4). DSC
thermograms of various nanoformulations are presented in figure (h). p-ANP and p-ANP-f represents PTXL loaded non-targeted and folate conjugated ANP’s,
respectively formulated using conventional method. On the other hand, pD-ANP and pD-ANP-f represents dendrimer stabilized non-targeted and folate targeted
ANP’s formulated using modified methodology. Results are represented as mean = SD (n =3). ns, non-significant; ***, P<0.001; **, P<0.01,. * P<0.05.

confirmed the successful folic acid conjugation as well as
construction of PTXL-PAMAM coupled targeted albumin
nanoparticle (Fig. 6h).

Hemolytic activity

The hemolytic toxicity of plain PTXL, plain PAMAM den-
drimer and PAMAM dendrimer-PTXL complex were 19.22
+1.01%, 12.71£0.95% and 8.291+0.71%, respectively
(Fig. 6). The albumin nanoparticle formulation approach
was observed to be a successful move towards producing
biocompatible formulation, wherein, p-ANP showed less than
1% hemolytic toxicity. p-ANP-fand pD-ANP-f also elicited
extremely low (p<0.005 in both cases) hemolytic toxicity of
1.29£0.04% and 1.02£0.01%, respectively.

pH stability studies

The pH dependent variation in particle size and surface
charge was studied to visualize the transformation in

@ Springer

biopharmaceutical properties of developed formulations un-
der physiological (pH 7.4) as well as in tumorous acidic envi-
ronment (pH 5.4) (7, 41). It was observed that p-ANP and p-
ANP-f showed an insignificant (p>0.005) change in particle
size on moving from blood physiological to acidic environ-
ment; however, minor rise in zeta potential was noticed
(p<0.05) (Fig. 4d—f). p-ANP and p-ANP-fshowed zeta poten-
tial of —23.74 mV and —21.93 mV at pH 7.4, nevertheless the
incubation of nanoformulations under acidic environment
(pH 5.4) leads to notable increment in its surface charge to
—19.55 mV and —18.02 mV, respectively).

On the other hand, dendrimer inside the ANP core has
potential to change the internal microenvironment with
change in pH and ionic strength. Media can penetrate inside
the ANP and hence modify protonation of the dendrimer with
change in pH and initiate the ‘sponge effect’ moving outwards
and changing the ANP surface environment. Dendrimer sta-
bilized formulation, pD-ANP showed significant (p<0.005)
increment 1in its charge as well as particle size from —5.78+
0.31 mV (90.73£11.08 nm) to 6.291+0.44 mV (128.71%
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Fig. 5 In vitro release profile of PTXL from various nanoformulations under (a-b) physiological pH 7.4, and (e-d) under tumoral acidic pH 5.4. Lyophilized
nanoformulations were re-suspended in PBS solution and filled inside dialysis membrane cassette (molecular weight cutoff of 12 K Da, Sigma, USA). The dialysis
cassette was placed in 500 ml release medium (PBS pH 7.4) maintained at 37 = 2°Cwith continual slow magnetic stirring (300 rpm). At specific time intervals,
0.5 ml aliquots of dissolution medium was withdrawn and analyzed for PTXL content. Results are represented as Mean =S.D (n=3).

13.24 nm) while altering the pH from 7.4 to 5.4. Similarly,
pD-ANP-falso showed significant (p<0.005) rise in its size as
well as surface charge from —2.38+0.17 mV (135.08+
4.58 nm) to 7.41+0.24 mV (165%7.85 nm) clearly suggesting
pH dependent alternation in size/surface charge in case of
dendrimer stabilized formulations (Fig. 4d-f).

Cell line based cytotoxicity assay

The outcome of the investigation revealed /Cso of PTXL to be
1617.08£52.14 nM, 542.81+39.64 nM, 712.76+12.97 nM,
1,200.69131.87 nM and 475.05+22.37 nM in SiHa, A549,
Jurkat, MCF-7, and HepG2 cell lines, respectively. A slight
decrement in IC5q of PTXL was noticed following its
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Fig. 6 Hemolytic toxicity profiles of various nanoformulations. p-ANP and p-
ANP-f represents PTXL loaded non-targeted and folate conjugated ANP’s,
respectively formulated using conventional method. On the other hand, pD-
ANP and pD-ANP-f represents dendrimer stabilized non-targeted and folate
targeted ANP’s formulated using method modified methodology. Resullts are
represented as mean = SD (n=3).

formulation as p-ANP (1,405.55£29.05 nM, 507.62+16.87
nM, 735.15113.64 nM, 1,225.91£19.64 nM and 400.82+
17.65 nM 1n SiHa, A549, Jurkat, MCF-7, and HepG2 cell
lines, respectively) (Table I).

p-ANP-f (conventional method driven formulation) also
elicited higher cytotoxicity performance (/Csg, 1,054.07 %
23.15 nM, 299.11+20.55 nM, 398.37+£11.92 nM, 854.77 %
31.02 nM and 201.27+15.32 nM in SiHa, A549, Jurkat,
MCF-7, and HepG2 cell lines, respectively). However, the
most significant reduction in /G5 of PTXL was noticed fol-
lowing its delivery by dendrimer stabilized targeted formula-
tion (pD-ANP-f] wherein significantly low (50 (p<0.005) of
545.42+17.11 nM, 175.67%x14.13 nM, 201.59+10.08 nM,
545.63+18.49 nM and 109.04%+9.55 nM was noticed in
SiHa, A549, Jurkat, MCF-7, and HepG2 cell lines, respec-
tively (Table I). This clearly indicates that dendrimer stabili-
zation of ANP’s further raises the potential of nanocarrier in
addition to folate mediated targeting.

Fluorescence and HPLC assay based uptake assay

The outcome of this investigation suggests dendrimer stabi-
lized formulations (""" “pD-ANP/"" “pD-ANP-£, Fig. 7c & ¢)
are showing higher level of cell uptake as compared to corre-
sponding nanoformulations produced via conventional meth-
od ("p-ANP/™Cp-ANP-£ Fig. 7b & d). The order of
fluorescence uptake following treatment of various FITC
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tagged nanoformulations can be concluded as: FITCpD-AN P-
cell uptake of PTXL as assessed by HPLC infers relatively
insignificant difference in cellular uptake of PTXL following
various nanoformulations, wherein, 0.11£0.003 pg, 0.02+

SO ANP- > T DANP > T CP_ANP> control. The

of formulation treatment (p>0.05) (Fig. 8a). On the other
hand, after 8 h, significant enhancement in PTXL uptake
was observed with pD-ANP-fas compared to p-ANP-f. After

0.001 pg, 0.03£0.001 pg, 0.19£0.003 pg and 0.20*
0.001 pg of PTXL per mg cell protein was noted after 0.5 h

Fig. 7 Phase contract and Fluorescence images showing the cell uptake of
various FITC tagged nanoformulations viz: (a and f) Plain FITC treated control,
(band g) ""“p-ANP (c and h) T"“pD-ANP (d and i) ""p-ANP, and (e and j)

FTCoD-ANP-f formulation treated cells taken after | h (at 40X magnification).

The samples were imaged using Axiovert 40 CFL inverted microscope at 40x

lamp as light source for fluorescence imaging. Arrow head indicates interaction of

magnification with FITC excitation and emission spectrum peak wavelengths of
FITC tagged nanoformulations with MCF-7 cells.

495 nm and 519 nm respectively with an Exfo X-Cite series |20 mercury vapor
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8 h, p-ANP-fshowed 0.72£0.01 pg PTXL per mg cell protein
as against to 0.6710.02 pg PTXL per mg cell protein
(Fig. 8a). The outcome of this investigation was in agreement
with fluorescence uptake assay.

Caspase-3 activity

The results in Fig. 8b shows that after incubation with un-
treated control cell group elicited 5.01 £0.07 ng caspase-3 per
mg of cell protein. Treatment of cells with PTXL showed
23.9511.12 ng caspase-3, while upon treatment of cells with
conventionally targeted albumin nanoparticle 35.05£2.13 ng
caspase-3 activity was observed. In an exaggerated manner,
significantly higher caspase-3 activity (47.38+1.28 ng/mg cell
protein) was observed ($<0.01) pD-ANP-fwith respect to all
other nanoformulations under investigation.

Flow cytometry
The outcome of this investigation suggested 95.18+3.73%,

12.11£0.13%, 42.08+0.95%, 31.61 £1.12%, 30.61 £0.84%
and 19.651£0.42% live cells upon treatment of PBS, plain

PTXL, p-ANP, pD-ANP, p-ANP-f and pD-ANP-f

nanoformulations, respectively (Fig. 9a—f). Plain PTXL was
found to be an extremely necrosis prone bioactive with 49.97

+1.76% necrotic cell population. Treatment of cells with
albumin based nanoformulation of PTXL showed reduction
in necrotic cell populations with p-ANP, pD-ANP, p-ANP-f
and pD-ANP-feliciting 30.06 +1.17%, 28.19£1.05%, 17.26

+0.28% and 9.57+0.02% necrosis. As against to PTXL
(39.12+0.95% apoptosis), p-ANP and pD-ANP showed
27.09+0.33% and 41.77+2.02% apoptotic cell population,

respectively (Fig. 9¢—d). In similar but exaggerated fashion, p-

ANP-f and pD-ANP-f treatment resulted in 51.11+1.06%

and 73.11+3.84% apoptotic cell population, respectively
(Figs. 9e—{ & 10a).

Tubulin polymerization assay

The PTXL treated cells elicited 19.26+4.97% tubulin poly-
merization compared to control. The percent tubulin poly-
merization by p-ANP, pD-ANP, p-ANP-fand pD-ANP-fwas
found to be 17.27£3.99%, 25.61+4.01%, 33.16£5.17%
and 59.7316.22%. The % tubulin polymerization was found
to be enhanced by 9.82+2.28% and 22.39+%4.12% while

Fig.8 (a)Uptake of PTXL, and (b) a o
Caspase activity elicited by MCF-7 ’
cells following treatment of various
PTXL nanoformulations at 37 = =
0.5°C. For treatment PTXL con- £
centration in the medium was ° %01
maintained at |00 nM. p-ANP and s
p-Al\tlF’—f rtepdresecrjw?s |P;D§[L Ioatdzd E -9 PTXL (p)
non-targeted and folate targete
ANP's, respectively formulated 3 0.4 1 = pANP
using conventional method. On the % —#&—pD-ANP
other hand, pD-ANP and pD-ANP- a -@-p-ANP-f
f represents dendrimer stabilized ; —o- pD-ANP-f
non-targeted and folate conjugated S 0.2 1
ANP’s formulated using method
modified methodology. Results are
represented as mean = SD (n=3).
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Fig. 9 Annexin-Pl flow cytometry evaluation of MCF-7 cells treated with various PTXL formulations. Untreated control (a), Treatment of 100 nM padlitaxel
equivalent formulations as (b) Plain PTX solution, (€) p-ANP (d) pD-ANP (e) p-ANP-f, and (f) pD-ANP-f. Control as well as formulation treated cells were
incubated with Annexin V-FITC in a buffer containing Pl and then flow cytometry was performed on single-cell suspensions by subjecting to fluorescence
associated cell sorting (FACS) analysis using FACS ARIA.
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stabilizing the passive (pD-ANP) and targeted formulation
(pD-ANP-/] (Fig. 10Db).

DISCUS?SION

With an intention to produce stable albumin nanocarrier with
high drug loading as well as sustained and targeted drug
release benefit, an innovative strategy of formulation develop-
ment of stabilized albumin nanoparticles was explored and
reported in this investigation. The current research was an
extension of our focused research of developing albumin
based nanocarrier for successful clinical application (7). The
current nanoformulation approach is also expected to prog-
ress cationic dendrimer based research that has been stagnant
to a great extent owing to toxicity issues related to its surface
amino groups (8). The innovative concept of formulation of
dendrimer stabilized albumin nanoparticles by encapsulation
of drug-dendrimer complex in the core of albumin
nanoarchitecture will help in utilizing high loading (10) and
sustained release benefit of dendrimer (18) at significantly
reduced level of toxicity by masking cationic dendrimers in-
side biocompatible albumin nanoconstructs (19).
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Fig. 10 (a) Figure showing the fate (live, apoptotic and necrotic cell popu-
lation) of MCF-7 cancer cells treated with various PTXL nanoformulations as
determined by flow cytometry, (b) Effect of various PTXL formulations on
tubulin polymerization. p-ANP and p-ANP-f represents PTXL loaded non-
targeted and folate targeted ANP’s, respectively formulated using convention-
al method. On the other hand, pD-ANP and pD-ANP-f represents dendri-
mer stabilized non-targeted and folate conjugated ANP’s formulated using
modified methodology. In figure Y| bullet represents mean values of three
assays. Every time 100 nM PTXL equivalent formulations were used for
treatment. Results are represented as mean+=SD (n=3). ns, non-
significant; *** P<0.001; ** p<0.01,. * P<0.05.

As described in the methodology section (Fig. 1), dendri-
mer stabilized albumin nanoparticles were prepared by
1onotropic gelation of the positively charged dendrimer by
interaction with negatively charged albumin polymer.
Careful analysis of high resolution SEM image (X 50000)
inferred dendrimer stabilized formulations (pD-ANP-/] to be
more rounded, uniformly size distributed as well as stable
compared to bulged and non-uniform ANP-f formulations
formed via traditionally methodology (Fig. 3a—b). As evi-
denced by TEM microphotographs displayed in Fig. 3c—d,
conventionally formed targeted ANP (i.e. p-ANP-/] showed
rounded/oval shape as against pD-ANP-f which were pre-
dominantly rounded in shape. Investigation of pD-ANP-f at
higher magnitude of voltage and magnification clearly in-
ferred existence of dendritic complex in the core of albumin
nanoarchitect (Fig. 3e—f).

The slightly larger particle size in case of pD-ANP formu-
lation (89.38%5.62 nm; $<0.05) can be attributed to the
encapsulation of drug-dendrimer complex inside the core of
ANP as against plain PTXL in case of p-ANP’s (75.25+
6.91 nm). The particle size distribution curve was found to
be more squeezed and constricted in case of pD-ANP than in
case of p-ANP (Fig. 2). Also, the polydispersity index in case of
p-ANP and pD-ANP was found to be 1.0267 and 0.6205,
respectively, which clearly infer dendrimer stabilized ANP
formulation to be a superior technique to prepare uniformly
sized nanoparticles compared to conventional approach.

The narrow particle size distribution as well as small poly-
dispersity index in case of pD-ANP-f(135.174+7.39 nm; PI,
0.1208) compared to p-ANP (115.721+8.69 nm; PI, 0.8358)
affirms the capacity of assembling uniformly sized nanoparti-
cles following dendrimer mediated stabilization methodology
(Fig. 4a—c).

Conventionally produced p-ANP and p-ANP-f showed
surface charge of —23.05£1.08 mV and —19.86+2.83 mV,
respectively, while the surface charge was found to be ampli-
fied (moved towards positivity) by 78.931+5.87% and 89.45 +
5.02% to yield slightly negative pD-ANP (—5.68+0.95 mV)
and pD-ANP-f(—2.05+0.37 mV) (Fig. 4a—). The reduction
in surface charge following dendrimer stabilized method was
owing to neutralization of negative charge of surface covered
albumin (42) by positively charged dendrimer complex (18).
The slightly negative charged nanoparticles were reported to
be stable and biocompatible with blood components (blood
proteins and cells) (43) and will also be helpful in reducing
RBC hemolysis which is primarily observed with positively
charge nanoformulations (8)

Higher PTXL entrapment was observed in case of pD-
ANP and pD-ANP-f compared to that of corresponding
ANP’s. PTXL entrapment in pD-ANP (79.85£8.01%) and
pD-ANP-£(80.11 £4.39%) was found to be 1.33 and 1.50 fold
higher compared to p-ANP and p-ANP-f, respectively
(Fig. 4a—). The higher entrapment by pD-ANP and pD-
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ANP-f was attributed to engagement of dendrimer in core,
and dendrimer was reported to be loading higher proportion
of hydrophobic PTXL in its hydrophobic core by hydropho-
bic interaction (22). In this case, the loading step involved the
interaction between negatively charged albumin polymer (44)
and positively charged PTXI-~dendrimer complex (22). In
case of conventional method lower entrapment efficiency
was observed due to unfavorable interaction between nega-
tively charged albumin (44) and negatively charged PTXL
(45).

During formulation, the major point of drug loss was found
to be the step involving entrapment of PTXI-dendrimer
complex inside albumin nanoparticles, wherein approximate-
ly 40% PTXL was leaked in case of plain ANPs, while only
20% drug loss was observed while loading was accomplished
employing dendrimer stabilization concept (which is one ma-
jor innovation of this strategy).

The entrapment efficiency of PTXL in pD-ANP was found
to be 79.8518.01%, while after folate anchoring an insignif-
icant change in entrapment efficiency was noted with pD-
ANP-/(80.11£4.39%; p>0.005). This is because folate an-
choring was performed in aqueous condition (using water) in
which PTXL is insoluble and hence stayed as its loaded form.
After folate anchoring, one ml reaction milieu was dried and
assayed by HPLC using MeOH:water: TFA acid::80:20:0.10/
v/v as mobile phase at a flow rate of 1 ml/min, and UV
detection at 225 nm at ambient temperature. We did not find
any detectable PTXL in the reaction mixture when deter-
mined by HPLC.

In vitro release study performed at pH-5.4 suggested that all
the ANP formulations under investigation showed pH depen-
dent release profile, but, the effect of pH dependent release
was found to be more pronounced in case of dendrimer
containing formulations (pD-ANP and pD-ANP-/] (Fig. 5b).
Both pD-ANP and pD-ANP-fshowed two phases of initiation
of burst release (Fig. 5a—b), with one initiating between 1 and
2 h and the other between 8 and 12 h. This phase of drug
release can be attributed to the phase of initial burst release of
drug from albumin entangled barrier. While, the second
phase of drug associated to albumin as well as dendrimer.

On comparing the release profile at 2 h time point, at
pH 7.4 pD-ANP and pD-ANP-freleased 14.47+1.22% and
8.06£0.17% drug, however, at pH 5.4 same formulations
released 20.83+1.75% (p<0.005) and 15.97% (p<0.001)
PTXL, respectively (Fig. 5a). Similarly, when comparing the
release profile at 8 h time point, at pH 7.4, pD-ANP and pD-
ANP-f released 30£2.08% and 24.91% PTXL, while at
pH 5.4, same formulations released 49.27% and 33.07%
drug, respectively. Similar observations were made at 24
and 48 h time points, which confirm pH dependent release
behavior of developed nanoformulations (Fig. 5a—b). This
attribute of retaining drug at physiological pH and triggered
release of drug under acidic tumoral environment is
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anticipated to be extremely suitable for drug targeting to
tumorous region, where acidic pH exists (46). Although pD-
ANP-f showed slightly better drug release profile at low pH,
more work would be needed to make it fully pH responsive.

During DSC thermal analysis, free PTXL experienced a
sharp endothermic peak between 205 and 225°C, which was
near the reported melting point of PTXL(=211°C), while
broad endothermic peak ranging from 26 to 55°C was ob-
served in case of plain PAMAM dendrimers. Plain folic acid as
well as free BSA showed broad endothermic peaks between
temperature ranging 110-190°C and 30-95°C, respectively
(Fig. 4h). The DSC curve of PTXL loaded dendrimer stabi-
lized albumin nanoparticle (pbD—-ANP) showed both the endo-
thermic peaks of PTXL and ANP/PAMAM merged at 203—
227°C and 40-130°C, respectively. In the similar line, pD-
ANP-f showed existence of endothermic peaks of PAMAM,
BSA, folic acid and PTXL merged between 40 and 60°C, 60—
110°C, 130-180°C and 210-220°C, respectively. These out-
comes confirmed the manifestation of successful loading of
PTXL inside the dendrimer stabilized albumin
nanoconstructs (pD-ANP and pD-ANP-fj. Similar findings
were found in a study by Luppi ¢/ al., wherein DSC of BSA
as well as BSA nanoparticle was performed (47). Also the
existence of shifted as well as slight narrowing endothermic
peaks of folic acid in pD-ANP-f between 140 and 170°C in
place of actual 110-190°C’ demonstrates the folic acid does
not exist in physical mixture but in an intact conjugated form
within the dendrimer stabilized pD-ANP-f nanoformulation
(Fig. 4h).

Hemolytic toxicity assay is a representative of consequence
of formulation interaction with blood cells. The outcome of
this assay infers PTXL to be a very hemolytic bioactive with
19.22£1.01% hemolysis, irrespective of its very potent anti-
cancer activity (48). The hemolytic toxicity of PTXL-
dendrimer complex, pD was found to be 8.291+0.71% sug-
gesting PTXL complex formation to be reducing its toxicity
by almost 2.4510.13 fold. This can be envisaged to the core
loading of hydrophobic PTXL inside the hydrophobic core of
dendrimer. Also, the surface entangled PTXL covers the
peripheral toxic amine groups of dendrimer and generating
a complex with reduced hemolytic toxicity. The phenomenon
of resulting in less hemolytic dendrimer-drug complex com-
pared to free drug as well as dendrimer was also elucidated in
detail by us in our earlier reports. Further, loading of PTXL
inside albumin nanoconstructs (p-ANP-fand pD-ANP-/) leads
to an extremely significant reduction in its hemolytic toxicity
to 1.291+0.04% and 1.02£0.01%, respectively (Fig. 6). This
corresponds to 14.724+0.83 and 11.76+0.95 fold reduction in
toxicity of PTXL with p-ANP-fand pD-ANP-/, respectively.
The reduction in hemolytic toxicity by ANP formulations can
be envisaged to the extremely biocompatible nature of albu-
min (4, 42) asis also evinced from negligible hemolytic toxicity
0f 0.02+0.01% elicited by plain ANP’s (placebo).
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pH based alternation in surface charge and particle size
revealed a sharp increase in surface charge from —2.38+
0.17 mV to 7.41£0.24 mV, while decreasing the incubation
pH of pD-ANP-ffrom pH 7.4 to pH 5.4. Similar observation
was made in case of dendrimer stabilized non-targeted (pD-
ANP) formulations that showed surface charge change from
—5.78+0.31 mV to 6.29+0.44 mV (Fig. 4d—g). This corre-
sponds to an increase of surface charge by >200% in both case
of pD-ANP and pD-ANP-f. This increment in zeta potential
in case of pD-ANP and pD-ANP-/can be attributed to the pH
dependent protonation property of dendrimer (9, 10), which
occurs predominantly under acidic condition (tumor pH,
where acidic environment subsists).

The increase in surface charge was also found to be ac-
companied by significant increment in size as is evinced by the
size of pD-ANP and pD-ANP-f from 90.73+£11.08 nm to
128.71+13.24 nm and 135.08+4.58 nm 165+7.85 nm, re-
spectively (Fig. 4d—g). The increment in size of pD-ANP and
pD-ANP-f upon changing its incubation condition from
pH 7.4 to pH 5.4 was found to be 48.03+2.11% and 31.54
+1.01%, respectively. This increase in particle size can be
ascribed to increase in overall charge of ANP’s due to proton-
ation of core entrapped dendrimers (8—10). This aspect of
eliciting increase in surface charge as well as size of dendrimer
stabilized ANP’s under acidic conditions is anticipated to be
favoring endosomal escape (a key challenge in targeted drug
delivery). The rapid release of loaded PTXL in acidic envi-
ronment as well as slow-sustained release at physiological pH
in case of dendrimer stabilized pD-ANP-f (Fig. 5a—b) clearly
encourages this bioactive to be a smart drug delivery carrier,
particular in cancer treatment.

A set of five different cancer cell lines were studied to assess
the performance of developed formulations in cancers of
different origin and nature. As reported widely (45), PTXL
was found to be a potent anticancer analogue with /€50 of
1,617.08£52.14nM, 542.81+£39.64 nM, 712.76 £12.97 nM,
1,200.69£31.87 nM and 475.05£22.37 nM in SiHa, A549,
Jurkat, MCF-7, and HepG2 cell lines, respectively. p-ANP
formulation elicited slight reduction in IG5y of PTXL by
13.08% (p<0.05), 6.48% (p<0.01) and 15.63% (»<0.03) in
SiHa, A549, and HepG2 cell lines, along with a non-
significant alternation in /G5y of PTXL in Jurkat and MCF-
7 cell lines, respectively (Table I). On the other hand, dendri-
mer stabilized pD-ANP showed notable reduction in /G5, of
PTXL wherein 14.76% (p<0.005), 23.26% (p<0.001),
17.33% (p<0.05), 11.97% (p<0.01) and 24.77% (p<0.05)
was observed in SiHa, A549, Jurkat, MCI-7, and HepG2 cell
lines, respectively. These outcomes clearly infer that inclusion
of dendrimer in ANP formulation enhances drug uptake, drug
delivery as well as therapeutic potential of loaded PTXL.

The performance of targeted ANP formulations (p-ANP
and pD-ANP-/] was also studied to evaluate the role of inclu-
sion of dendrimer in ANP formulation as well as its anticancer

performance. p-ANP elicited reduction in /G5 value of PTXL
by 34.82% (p<0.05), 44.90% (p<0.05), 44.11% (p<0.001),
28.81% (p<0.05) and 57.63% (p<0.005), however, the fall in
1C5( was found to be more pronounced in case of pD-ANP-f
by 66.27% (p<0.005), 67.64% (p<0.003), 71.72% (p<0.005),
54.56% (p<0.005) and 77.05% (p<0.005) in SiHa, A549,
Jurkat, MCF-7, and HepG?2 cell lines, respectively.

Low anticancer efficacy of p-ANP-fcompared to pD-ANP-
Jfcan be attributed to very high negative charge carried by p-
ANP (> —20 mV; Fig. 4a—c), which may have hindered the
interaction of nanoparticle with negatively charged cell (8).
The higher cell kill as well as lowered 1C50’s in case of pD-
ANP-f can be attributed to the combined outcome of folate
based targeted delivery of drug as well as dendrimer effect
(high protonation, proton sponge effect, rapid drug release, at
endosomal pH) (22). Hence, the inclusion of dendrimer in
ANP formulation can be stated to be an affirmative move in
relation to intratumoral delivery of anticancer drug.
Additionally, fluorescence uptake as well as Annexin-PI assay
was also performed to closely analyze the anticancer perfor-
mance of various nanoformulations.

The outcome of fluorescence uptake assay inferred "' “p-
ANP to be eliciting very low cell associated fluorescence as
evinced by yellow arrow heads in Fig. 5g. Figure 5h corre-
sponds to fluorescence image of FITCpD-ANP formulation
treated cells, wherein pink arrows clearly shows high cell
surface associated fluorescence suggesting pD-ANP’s to be
primarily localized on the surface of cells.

FITCH_ANP-f showed cell surface (primarily) as well as
intracellular compartment (minor) associated fluorescence
(Fig. 51), which can be attributed to the folate mediated uptake
of nanoformulations. On the other hand, dendrimer stabilized
targeted nanoformulations (""" “pD-ANP-f] elicited higher cell
surface as well as intracellular compartment associated fluo-
rescence (Fig. 5j, red arrow head) owing to existence of surface
anchored folate ligand as well as entrapped dendrimer com-
plex that had transformed it into a positive charged
nanoconstruct, thereby enabled easy communication with
negatively charged cell surface (Fig. 4a—c). Results of our
investigation strongly support dendrimer stabilized nanopar-
ticles to be efficient in delivering drugs to tumor cell.

The time dependent cellular uptake of PTXL in MCF-7
cells was assessed following treatment of various
nanoformulations using HPLC analysis of cell associated
PTXL using method recently reported by our group. The
outcome of this investigation infers PTXL to be eliciting time
dependent uptake. The uptake of PTXL was found to be
higher than p-ANP and pD-ANP, which can be attributed
to the ready availability of free PTXL in its naked treatment
form as against slow release from passively up taken formula-
tion. It may be noted that both p-ANP and pD-ANP are
negatively charged formulations and this negative charge on
nanoformulations further impeded their cellular uptake by
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negatively charged cell surface. The uptake of PTXL was
observed to be higher following its treatment with p-ANP-f
and pD-ANP-fformulations (Fig. 8a). Among these two ligand
targeted nanoformulations, uptake was found to be higher in
case of pD-ANP-f. This might be due to the folate mediated
targeting as well as less negative charge of pD-ANP-f com-
pared to other albumin nanoformulations under investigation
that have high negative charge (Fig. 4a—c). The outcomes of
fluorescence uptake assay were in well agreement with HPLC
based cellular uptake investigation.

Caspase-3 1s an effector caspase that elicits a decisive role in
cell apoptosis (programmed cell death). PTXL has been well
reported to be inducing apoptosis of cancer cells by inducing
caspase-3 activity. To investigate whether nanoformulation
based delivery of PTXL could amend the caspase-3 activity
of PTXL. pD-ANP-f increased the caspase-3 activity most
significantly compared with other nanoformulations
(p<0.001) (Fig. 8b), which was consistent with the observed
fluorescence uptake results in Fig. 7j inferring the robust
cellular uptake of pD-ANP-f.

Further, flow cytometry was also employed to investigate
the fate of cells upon treatment with various
nanoformulations. Untreated control groups showed exis-
tence of more than 95% live cells with less stressed cells
(2.01£0.07% necrotic; 3.94£0.08% apoptotic population;
Fig. 9a). Treatment of cells with plain PTXL formulation
resulted in significant reduction in live cells (12.11£0.13%),
however stressed cells comprised primarily necrotic (49.97 +
1.76%) population (Fig. 9b). p-ANP formulation improved
the performance of loaded PTXL, whereupon the necrotic
cell population reduced significantly (30.06+1.17%, p<0.05;
Fig. 9¢). This effect was probably because of sustained and
controlled release of PTXL (44) delivered via biocompatible
albumin polymer (7). Similar observations were noted by
carlier investigators (49).

The necrotic population was found to be further reduced
upon delivering the PTXL employing dendrimer stabilized
nanoparticles (pD-ANP), wherein 28.191+1.05% necrotic
populations were observed (Fig. 9d). This suggests that inclu-
sion of dendrimer leads to slow and sustained availability of
PTXL causing enhancement in its anticancer potential (41.77
+2.08% apoptosis) as well as reduction in PTXL toxicity
(21.99£0.52% less necrosis compared to plain PTXL,
$<0.005). Similar inference can be drawn from higher pro-
portion of apoptotic cell population observed in case of pD-
ANP (41.39£1.05%) compared to p-ANP formulation (27.12
+0.09%, p<0.005; Figs. 9c—d and 10a).

Targeting of PTXL was observed to be most eminent
strategy to deliver PTXL in cancer treatment. PTXL deliv-
ered via p-ANP formulation resulted in further reduction in
undesired necrotic cell population (17.26+0.28%, p<0.001)
with parallel rise in apoptotic cell population (p<0.0053;
(Figs. 9c and 10a). However, the most promising observation
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wasmade in case of dendrimer stabilized targeted
nanoformulations, wherein, live and apoptotic cell population
was found to be 19.651£0.42% and 73.11+3.84%, respec-
tively. Also, the necrotic cell population reduced significantly
t0 9.83£0.04% inferring pD-ANP-/nanoconstruct as a viable
strategy in delivering the PTXL to cytosolic environment. pD-
ANP-fleads to 21.07£0.12% (=1.63 fold) and 9.57+0.02%
(=2.13 fold) reduction in cell viability and necrotic cell popu-
lation, respectively (Figs. 9f and 10a). Also, a 21.73£1.18%
(=1.44 fold) enhancement in apoptotic cell population was also
observed in case of pD-ANP-fcompared to p-ANP-/(p<0.05).

These outcomes are in agreement with our cell line based
cytotoxicity assay; however, to examine further the influence
of these formulations on mechanistic activity (tubulin poly-
merization) of PTXL, tubulin polymerization assay was also
performed. To investigate the tubulin inhibition efficiency of
various PTXL formulations, levels of polymerized and un-
polymerized tubulin was determined following treatment of
various formulations (Fig. 10b). In case of untreated group,
the intrinsic level of polymerized tubulin was found to be 1.95
10.05%, while a significant rise in the fraction of polymerized
tubulin was observed in case of was plain PTXL formulation
(19.26%£4.97%, p<0.001). Upon delivering PTXL as conven-
tional nanoparticle formulation (p-ANP) an insignificant
amendment in tubulin polymerization (17.27%3.99%) was
noted compared to plain PTXL formulation (p>0.03). This
insignificant tubulin inhibition activity noted with p-ANP was
probably due to negative charge possessed by this nanofor-
mulation (23.0511.08 mV; Fig. 4a—c) that might had made its
mteraction difficult with negatively charged cell membrane.

Upon treating the cells with pD-ANP (=5.68£0.95 mV,
Fig. 4a—c), 25.61£4.01% polymerized tubulin was observed
(Fig. 10b). The enhancement in tubulin inhibition activity was
probably because of slightly positive charge possessed by the
pD-ANP formulations. Targeted delivery of PTXL elicited
most significant enhancement in tubulin polymerization,
wherein, p-ANP-f and pD-ANP-/ resulted in 33.16£5.17%
(p<0.005) and 59.73+6.22% (p<0.001) tubulin polymeriza-
tion (Fig. 10b). On comparing the tubulin efficacy of p-ANP-f
and pD-ANP-f; 23.82%6.28% higher tubulin polymerization
($<0.001) was observed in case of dendrimer stabilized
targeted nanoformulation (pD-ANP-/] compared to that of
p-ANP-f(Fig. 10b). This effect can be ascribed to the effective
targeted delivery of PTXL in the intracellular compartment of
MCF-7 cells owing to pH sensitive endosomal escape as well
as proton sponge effect (dendrimer mediated) observed in case
of dendrimer stabilized nanoformulation (Fig. 4d—g).

CONCLUSION

Previously, our laboratory reported the successful delivery of a
variety of drugs based on dendrimeric nanosystems. However,



Dendrimer-stabilized smart-nanoparticle (DSSN) platform

927

in spite of extensive applicability of dendrimers in biomedical
field, the usage of cationic dendrimers in biosystems is largely
constrained owing to inherent toxicity elicited by peripheral
amine groups of dendrimers. This work reports formulation of
self-assembled nanostructure developed upon controlled elec-
trostatic gelation of anionic bovine serum containing 4.0G
PAMAM dendrimer to form supramolecular nano assembly.
The outcomes of this investigation are promising for the
development of safe nanoformulation which efficiently in-
hibits the growth of cancer cells of vivid origin compared to
plain PTXL as well as conventionally reported albumin
nanocarriers. Remarkably, the treatment of pD-ANP-f with
cancer cells showed noteworthy enhancement in cell associat-
ed fluorescence as well as uptake of PTXL as compared to
that of unmodified as well as conventionally produced
nanocarriers. Based on this investigation, it can be stated that
DSSN platform can be successfully employed to accomplish
cytosolic delivery of loaded drugs and to attain high intracel-
lular drug concentration. Further it is projected that upon
appropriate amendments this technique can be extended to
deliver anticancer bioactives of vivid nature, type and origin
ranging from drugs, peptides, proteins to genes and siRNA,
miRNA etc. It is anticipated that complete exploration of this
research will help in translating the use of developed
nanocarriers into clinical practice, provided satisfaction of all
regulatory concerns.
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