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Abstract

Background: Nordihydroguaiaretic acid (NDGA) is a plant lignan obtained from creosote bush, known to possess
anti-oxidant, anti-cancer and anti-viral activities and is being used in traditional medicine. However, toxicity stud-

ies indicated liver and kidney damage despite its immense medicinal properties. There has been a recent increase

of curiosity in the chemical synthesis of NDGA derivatives for therapeutic applications. NDGA derivatives have been
developed as better alternatives to NDGA and for targeted delivery to the site of tissue by chemical derivatives. In

this regard, an analog of NDGA, Acetyl NDGA (Ac-NDGA), has been synthesized based on a previous procedure and
formulated as a nanostructured complex with Polycaprolactone/Polyethylene glycol polymer matrices, by o/w solvent

evaporation method.

Results: The drug-incorporated polymeric nanospheres exhibited a drug load of 10.040.5 pug drug per mg of
nanospheres in acetonitrile solvent with 49.95 4= 10% encapsulation efficiency and 33-41% drug loading capacity
with different batches of nanospheres preparation. The in vitro drug release characteristics indicated 82 +0.25% drug
release at 6 h in methanol. Further, the nanospheres have been characterized extensively to evaluate their suitability

for therapeutic delivery.

Conclusions: The present studies indicate a new and efficient formulation of the nanostructured ACNDGA with good

therapeutic potential.

Keywords: Acetyl Nordihydroguaiaretic acid, Atomic force microscopy, Differential scanning calorimetry, FT-IR
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Introduction

Nordihydroguaiaretic acid (NDGA) is obtained from cre-
osote bush, Larrea tridentata, commonly found in desert
regions of North America and Mexico. NDGA is a plant
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lignan and possesses several important biological activi-
ties. NDGA is a lipoxygenase inhibitor and is known to
possess anti-oxidant, anti-cancer and anti-viral activi-
ties and is used in traditional medicine. It is commonly
referred as ‘chapparal’ and consumed as tea to treat sev-
eral medical ailments [1]. However, its prolonged con-
sumption leads to hepatotoxicity [1-3] and formation
of renal cysts [4] as reported from in vivo and in vitro
experimental studies. It was marketed as Actinex® as an
anti-neoplastic drug in 1992. However, the FDA banned
its use in medical ailments in 1996 due to low market
demand and few reported cases of side effects [5]. The
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therapeutic effects of NDGA has been investigated in
cancer [6] as a hypoglycemic agent [7], as an anti-inflam-
matory and analgesic drug in the treatment of arthritis
[8] and stomach ulcers [9]. But, there is little awareness
of its toxicity effects rarely reported in literature or estab-
lished in animal models. During the past two decades,
chemical synthesis of NDGA analogs have been car-
ried out by several researchers demonstrating the newly
acquired properties/therapeutic effects of the derivatized
NDGA with different chemical moieties [10-12]. This
has been a promising approach to reduce/eliminate the
toxicity implications of the native drug, but there is also a
need for further investigations of the reduction of toxicity
of NDGA analogs in vivo by supported literature.

Nanotechnology has been emerged as a broad scien-
tific discipline encompassing material science, physics,
chemistry, medicine, pharmacology and biotechnology as
well and has been investigated for about 25-30 years to
effect various applications in science and technology. The
worldwide market for nanoparticles in biotechnology and
pharmaceuticals industry reached nearly 25.0 billion dol-
lars in 2013 and this market is expected to reach $79.8
billion in 2019 [13]. Polymeric nanoparticles are excep-
tional vehicles for site-directed deliverance of drugs [14—
18] and are a proficient platform for drug delivery [19].
Further, drug nanocarriers have been considered as the
future of chemotherapy for targeted delivery to tumor
tissues [20].

In Nanomedicine, nanotechnology is applied for diag-
nostic, therapeutic strategies and in regenerative medi-
cine for various biomedical and biomaterial scientific
developments. In drug delivery, despite the vast amount
of pharmacological drugs that are developed for clinical
trials, most of the drugs fail to enter the pharmaceutical
market due to inefficiency of drug delivering modules
even if the drug has been identified as a potent candidate
for treatment of several medical disorders by in vitro and
in vivo studies. Therefore, drug discovery is one aspect
where several drug candidates are in the pipeline, while,
proper targeting of the drugs are of significant concern in
recent years. Nanotechnology has been able to be utilized
for drug delivery approaches imparting several novel fea-
tures to the drug delivery device/module to achieve tar-
geted delivery with tissue specificity by passive diffusion
or by binding with cell-surface receptors or by endocy-
totic process within the cells. Thereby, passive or active
targeting of the drug to the cells is being accomplished
from the nano device [21]. To achieve this, nanoformula-
tions need to possess suitable therapeutic characteristics
which enable them to carry the drug to the appropriate
tissue site and affect a therapeutic response. Thus, the
nanoscale features of the drug formulations are critical
for therapeutic delivery, which decide the fate of the drug
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within the physiological system as well as the drug release
properties.

Cancer diagnosis and cancer therapeutics are particu-
larly benefited by the advent of Nanomedicine for bio-
imaging and drug delivery. Targeting cancer tissues/cells
has been the most intriguing tasks of Nanomedicine for
several years and also of recent research interests. This
holds good for future promises of cancer therapy. The
rapid advancements in Nanotechnology/Nanomedicine
account for such an increased input of scientific inter-
ests in cancer diagnosis and treatment. Nanoparticle-
mediated drug delivery in anti-cancer therapy has been
investigated up-to-date for better treatment procedures
and patient compliance [22-26]. Polymeric nanoparti-
cles have been largely employed for targeted drug deliv-
ery due to significant advantages in cancer nano therapy.
Nanoparticle-mediated cancer therapies offer: (1) low
toxicity due to decreased therapeutic dosage; (2) ability
to traverse blood—brain barrier; (3) site-directed therapy
by surface-modified chemical derivatives; (4) controlled
drug release over a time period; (5) enhanced tumor
penetration; (6) use in combination therapies; (7) over-
coming drug resistance; (8) increased cellular uptake; (9)
increased bioavailability; (10) recognition of cancer cells
by ‘memory’ of targeting; (10) permitting design of dif-
ferent forms for various therapeutic requirements; (11)
non-interference to healthy cells and; (12) improved drug
solubility. These advantages of nanoparticles prompt
more research interests to find more solutions to the
increasing rates of cancer incidences worldwide.

Considering these aspects, we have standardized the
preparation of a polymer-based nanoformulation of Acetyl
NDGA (Ac-NDGA) with polycaprolactone (PCL) and
Polyethylene glycol (PEG) by an o/w emulsification sol-
vent-evaporation protocol and characterized it extensively
by different microscopic and spectroscopic techniques to
assess the efficiency of the drug nanoformulation in thera-
peutic delivery. The drug load and drug release profiles have
also been determined to estimate the capacity of the nano-
formulation for therapeutic delivery. Further, the cytotox-
icity of the nanoformulation has been studied on HepG2, a
liver cancer cell line by MTS [3-(4, 5- dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4- sulfophenyl)-2 H-tetra-
zolium] assay to evaluate the anti-cancer potential of the
drug-loaded nanospheres for drug delivery applications.

Methods

Materials and reagents

Nordihydroguaiaretic acid (NDGA), Polycaprolactone
(PCL, Av.MW 10,000), Polyethylene glycol (PEG, Av.MW
400) chemicals were obtained from Sigma Chemicals Co.
(India). All other chemicals and solvents were of reagent
grade.
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Synthesis of tetra-O-acetyl nordihydroguaiaretic acid
derivative

Acetyl NDGA was synthesized by a chemical procedure
as previously described by Plaza et al. [27] with some
conditions adapted in our laboratory. NDGA (1.5 g;
4.96 mmol) was taken in a 100 ml screw-capped Erlen-
meyer flask and 3.0 ml (6 times of 4.96 mmol NDGA) of
acetic anhydride was added to the NDGA in aliquots of
1 ml and gently mixed. About 2.5 pl of conc. H,SO, was
added to the reaction mixture and shaken by hand until
it completely dissolved. The reaction mix was kept over-
night at room temperature to ensure complete reaction.
About 10 ml of ice was taken in another 100 ml Erlen-
meyer flask and the reaction mix was added. A buttery
yellow solid was obtained which was filtered in a Buchner
funnel under vacuum and washed with distilled water and
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for 30 min. The nanospheres were collected by centrif-
ugation at 6000 rpm for 20 min. The nanospheres were
further washed with milli-Q water three times to remove
traces of HPMC and solvent, and vacuum dried to con-
stant weight. The percent yield of the nanospheres was
calculated and the nanospheres obtained were designated
as PPNS (without drug load) and PPDNS (with drug
load).

Drug loading capacity of PPDNS

About 30 mg of PPDNS was dissolved completely in 3 ml
of Acetonitrile and the absorbance at 282 nm was meas-
ured using a Nanodrop instrument (ThermoScientific,
USA). The amount of the drug was determined from the
calibration graph of 0-12.5 mg/3 ml Ac-NDGA in Ace-
tonitrile [28]. The drug loaded in the nanospheres was
determined as follows:

Wt. of the drug in the sample x Wt. of the nanospheres in the batch preparation

Drug load (mg) =

Wt. of nanospheres taken

pressed to remove traces of water. The pressed filter-cake
was dissolved in 95% ethanol by heating to 80 °C and kept
at room temperature for re-crystallization overnight. The
Tetra-O-Acetyl NDGA crystals were filtered in a Buch-
ner funnel and dried in a vacuum dessicator overnight
until constant weight. The filtrate was kept until further
re-crystallization and the crystals were treated simi-
larly and weighed. The percent yield of the tetra-acetyl
NDGA derivative (AcNDGA) was calculated. The struc-
ture of ACNDGA was assessed by "H-NMR spectroscopy.
The elemental composition (C, H) of AC(NDGA was also
determined by CHN analyzer, Perkin-Elmer CHN 2400.
Ac-NDGA was characterized by ATR (Attenuated Total
Reflectance) FT-IR for analysis of functional groups. The
molecular weight of ACNDGA was determined by ESI-
MS to confirm the tetra-acetylated molecular structure.
This tetra acetylated derivative (Ac-NDGA) was used for
preparation of Nanospheres and characterized.

Preparation of PCL/PEG/AcNDGA Nanospheres by o/w
emulsion method

About 2 g of PCL was dissolved in 20 ml of Dichlo-
romethane and added 178 pl of PEG (10:1 w/w, 0.2 g/
density per ml) in a 100 ml screw-capped Erlenmeyer
flask, and mixed well. Ac(NDGA (20 mg) was added to
the polymer solution and mixed well. A control set of
the polymer formulations without the drug and soni-
cated for 1 min was also carried out. The polymer solu-
tions were added drop wise to 1% (w/v) Hydroxy Propyl
Methyl Cellulose (HPMC) (external aqueous phase) solu-
tion in milli-Q water. The resulting emulsion with 1%
HPMC was stirred using an overhead mechanical stirrer

Encapsulation efficiency (%)
_ Wt of drug in the nanospheres

100
Wt. of feeding drug x
Drug Loading capacity (%)
Wt. of drug in the nanospheres
= x 100

Wt. of nanospheres taken

In vitro drug release of PPDNS

About 50 mg of PPDNS was suspended in 2 ml of meth-
anol in 5 ml eppendorffs and mixed in a rotaspin for
15 min, 30 min, 1, 2, 3, 4, 6 h at room temperature and
for 8, 10 and 24 h at 4 °C. At the specified time intervals,
the samples were centrifuged, the volume of the superna-
tant was noted, about 0.3 ml aliquots of the supernatant
was taken in a 96-well plate in triplicates and the absorb-
ance of the samples along with methanol blank was read
at 284 nm [28]. The amount of Ac-NDGA released was
determined from the calibration graph of 0-300 pg/ml
Ac-NDGA in methanol.

Characterization of PPDNS

PPDNS were characterized by Dynamic Light Scattering
(DLS), Attenuated Total Reflectance (ATR) FT-IR, Scan-
ning Electron microscopy (HR-SEM), Powder XRD spec-
troscopy, Atomic Force Microscopy (AFM), Electrospray
Ionization Mass spectrometry (ESI-MS), Thermo Gravi-
metric Analysis (TGA) and Differential Scanning Calo-
rimetry (DSC) techniques.
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a) Dynamic Light Scattering Measurements

About 5 mg of PPNS and PPDNS were suspended
in 3 ml of milliQ water and dispersed in a sonicator
for 1 min at 60% amplitude and analyzed for particle
size distribution and zeta potential using a Micro-
trac instrument with cumulative values of 3 scans for
each sample. The particle size distribution in nanom-
eter scale and the zeta-potential were determined
with Microtrac FLEX software v. 10.6.2.

b) Attenuated Total Reflectance-Fourier Transform-
Infra Red Spectroscopy
Powder sample of PPDNS was applied to a Bruker
ATR-FTIR spectrometer without any sample prepa-
ration and analyzed between IR spectral range of
600-3500 cm™! wave number in % transmittance
mode. The spectral values were recorded for each
band of the spectrum and compared with standard
values of IR spectrum obtained with known func-
tional groups of Acetyl NDGA, PEG and PCL.

c) Powder X-ray diffraction spectroscopy
About 10 mg of PPDNS was analyzed in a Powder
X-ray diffraction spectrometer (DS Advance, Bruker)
and the data was plotted in OriginPro software v.8.5.

d) Electrospray Ionization (ESI)-Mass Spectrometry
About 10 mg of PPNS and PPDNS dissolved in 1 ml
of dichloromethane was analyzed for molecular mass
in a Q-TOF ESI-Mass Spectrometer.

e) Atomic Force Microscopy (AFM) analysis
About 3 mg of PPDNS was sonicated with 100 pl
of Milli-Q water in a probe-type sonicator. The dis-
persed sample was placed on a glass slide and allowed
to air-dry at room temperature for 1 h. The air-dried
sample was immediately analyzed in an Atomic Force
Microscope (Model XE-100, Park Systems) by semi-
contact mode scanning. Images of 2D and 3D surface
scan at nanoscale and the mean size parameters were
obtained.

f) High Resolution-Scanning Electron Microscopy/
EDX
PPDNS was placed on a stub and sputtered with gold
and analysed by a HR-Scanning electron microscope
FEI Quanta 200F (Netherlands) and images were
taken. EDX analysis was also carried out to deter-
mine the chemical composition of the nanospheres.

g) Thermogravimetric analysis
Powder sample of PPDNS was analyzed for thermal
degradation in a Perkin-Elmer TGA7, Q500 Hi-Res
TGA (TA instruments) and the transition curve was
obtained by heating the sample from 30 to 930 °C at a
constant heating rate of 20 °C/min.

h) Differential Scanning Calorimetry analysis
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DSC analysis of PPDNS was carried out in a Per-
kin-Elmer DSC7 Q200 MDSC Analyser (TA instru-
ments) between 10 and 250 °C at a constant heating
rate of 20 °C/min and the DSC thermograms were
obtained.

Cell line, culture media and maintenance of cell line

A liver cancer cell line HepG2 was obtained as gift from
Sri Ramachandra Medical College and Research Cen-
tre, Chennai. The cells were kept frozen in liquid N,
until use. DMEM medium-HG (ThermoScientific, USA)
was supplemented with 10% Fetal bovine serum (FBS),
1% antibiotic solution of Penicillin/Streptomycin with
Amphotericin or Nystatin, 3 ml/l flucanazole solution,
200 mg/l Taxim and was used for the culture of HepG2
cell line. HepG2 cells were maintained in DMEM-HG
media at 37 °C in a 5% CO, incubator during the experi-
ments. All procedures were carried out under sterile con-
ditions in a BSL II laminar flow chamber.

Cytotoxicity analysis

HepG2 cells containing approximately 11.0 x 10* cells/
ml were seeded in 96-well plates and incubated in a 37 °C
CO, incubator for 24 h. The free drug (AcNDGA) and
the drug-loaded nanospheres in culture medium were
added at appropriate concentrations in 100 ul/well after
24 h. Cells without drug treatment were used as control.
After 24 h and 48 h of drug treatment, 25 pl of MTS rea-
gent (Promega, India) was added to each well and incu-
bated in a 37 °C CO, incubator for 2 h. Absorbance of the
samples were then measured at 490 nm using a micro-
plate reader (Molecular Devices, San Jose, USA) and the
percentage (%) inhibition was calculated according to
formula (1). A MTS control was also used to deduct the
absorbance by MTS from the absorbance of the samples.

100 — (OD of the individual test group)
(Mean OD of the control
x 100

% inhibition =

(1)

The percentage inhibition vs drug concentrations were

represented as a box plot to compare the broad range of
all groups using SPSS software v16.0.

Statistical analysis

The data was analyzed and the significance was evaluated
by One-way Analysis of Variance (ANOVA) using SPSS
software v16.0. The data was presented as mean+ SEM
and the P value <0.05 was regarded as significant.
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Results and discussion

NDGA has long been used traditionally as anti-cancer
drugs. However, its toxicity to liver cells has prompted
recent research to use NDGA analogs with similar anti-
cancer activity but lacking toxicity. Hence, this work was
carried out to chemically synthesize an efficient NDGA
analog and to assess its characteristics for therapeutic
delivery. Nanoparticle-based drug delivery systems can
improve the overall pharmacological properties of several
drug candidates as they can easily traverse the cell mem-
brane and diffuse within the cell matrix. The nanoscale
features of the nanoparticles such as size, surface area,
improved solubility and multi-functionality allow tar-
geted drug delivery over a sustained period. Controlled
release properties of nanoparticles offer lower drug con-
centrations to be administered systemically or at the tar-
get site thereby preventing toxicity due to excess drug
accumulation. The size and surface charge of nanoparti-
cles are critical for cellular uptake in tissues/bloodstream.
Nanoparticles are excellent candidates for drug deliv-
ery applications and are capable of delivering any type
of drugs namely hydrophilic or hydrophobic, biological
macromolecules including proteins and even vaccines.
Nanoparticles have significant advantages as compared
with microparticles developed earlier due to size lim-
its of the microparticles that can only remain in Peyer’s
Patch while nanoparticles can be systemically distrib-
uted. Further, nanoparticles are suited for intravenous
administration due to their ability to enter into blood
capillaries as small as 5-6 pm diameters [29]. Nanopar-
ticles may be prepared in different forms such as nano-
spheres, nanofilms, nanofibers, gels and other physical
forms. Polymers are best suited drug delivery carriers
and have a long history of use as preferred drug vehicles
[19]. Several polymers are used as nanocarriers which
maybe natural polymers or synthetic polymers. Synthetic
polymers such as Polycaprolactone (PCL) gained con-
siderable interest since 1970s and 1980s and was almost
forgotten for two decades. In recent years, PCL has been
used in several biomedical applications in drug delivery,
tissue engineering, in implants and devices owing to its
biodegradability, biocompatibility, low immunogenicity
and little or no antigenicity [30]. Polymeric nanoparticles
are in the order of 1-1000 nm size range and are well-
suited for controlled delivery. The widespread method
used for the preparation of solid polymeric nanoparti-
cles is the emulsification-solvent evaporation technique,
which can efficiently formulate hydrophobic drugs in a
nanostructured complex, rather than hydrophilic drugs.
Moreover, surface modifications of the polymer matrix
can promote targeted delivery of the drug candidates.
Hence, the AcNDGA has been formulated with PCL/
PEG polymeric matrices as drug-loaded nanospheres and

Page 5 of 16

extensively characterized by various spectroscopic and
microscopic techniques and assessed for drug loading
capacity and drug release properties, in order to evaluate
the nanostructured drug complex for efficient therapeu-
tic delivery. The elemental composition of the synthe-
sized Ac(NDGA was C-66.45%; H-4.24%.

Structural characterization of ACNDGA

The compound was characterized further by 'H-NMR,
ESI-MS and FT-IR to confirm its structure and chemical
moieties. The chemical structure of AcNDGA (Fig. 1) has
been assessed by 'H-NMR spectroscopy. The signals in
the NMR spectrum corresponded well with those of the-
oretically calculated functional groups of ACNDGA (data
not shown). The molecular mass of ACNDGA was deter-
mined by positive ion mode ESI-MS. The mass spec-
trum obtained showed a single peak of ACNDGA with an
observed mass of 493.21 as compared to the calculated
mass of 470.52 due to the protonation of the compound
while obtaining the mass spectrum (Fig. 2). The synthe-
sized AcCNDGA was characterized for functional groups
by ATR FT-IR. The IR spectrum confirmed the pres-
ence of functional groups of the compound with similar
bond stretches. The alkane C-H stretch was strong at
2970-2929 cm™! and the acid —~OH stretch was broad
and strong at 2870 cm ™. The carbonyl C=O stretch was
most intense and strong as well as the ester C=0 stretch
at 1756-1801 cm™". The 1500-400 cm™' is the char-
acteristic fingerprint region which has unique patterns
in nearly all molecules. This region showed single bond
stretches and wide variety of bending vibrations (data not
shown).

Molecular Weight: 302.37

b o
coch 3
0 COCH 5
/ 3
CH4CO o
CH3CO
<

Tetraacetyl NDGA

Molecular Weight: 470.51
Fig. 1 Chemical structures of NDGA (a) and Ac-NDGA (b)
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Fig. 2 ESI-MS spectrum of Ac-NDGA analysed in 4ve ion mode. MW 493.21 (obs)**Calculated MW of Ac-NDGA =470.52

Preparation of AcNDGA-loaded PCL/PEG nanospheres
(PPDNS)

The synthesized Ac(NDGA has been ascertained for its
molecular structure and therefore prepared as nano-
spheres with PCL and PEG, and characterized. In recent
years, focus has been largely on drug-incorporated
nanoparticles for efficient drug delivery in a sustained/
controlled release manner more than the free drug can-
didates. This is due to toxicity in excess administration,
poor solubility of hydrophobic drugs and systemic circu-
lation without reaching the targeted organ/tissue/cells of
the native drugs. Hence, it has been attempted to formu-
late a nanostructured drug complex with polymers such
as PCL and PEG. An advantage of using a dual polymer
system is to compromise on the stability of the amphi-
philic drug-polymer complex. PCL is a standard synthetic
polymer with excellent biodegradability and biocompat-
ibility and is a hydrophobic polymer. PEG is a synthetic
hydrophilic polymer and manipulation of the polymer
ratios can increase/decrease their solubility patterns.
Choice of PEG in this study is due to its low toxicity and
use as excipient in pharmaceutical formulations. PEG
400 is of pharmaceutical quality. A 10:1 (w/w) ratio of
PCL: PEG was used for preparation of drug-incorporated
nanospheres by an o/w emulsification-solvent evapora-
tion method. This method is less cumbersome and does
not require cost-intensive equipment. The solvent phase

(dichloromethane) contained PCL and PEG polymers
w/o the drug. The solvent phase was then added drop
wise to the external aqueous phase containing hydroxym-
ethyl propyl cellulose. The resulting emulsion was stirred
in a mechanical stirrer for about 30 min and the nano-
particles were washed in milli-Q water to remove excess
external phase, and dried under vacuum. This method
has been employed as a facile procedure for the prepara-
tion of nanospheres in our laboratory using an overhead
mechanical stirrer with rapid formation of nanospheres
in about 25-30 min stirring, while with lab magnetic stir-
rers with a maximum of 1000 rpm, overnight stirring is
required and have resulted in formation of microspheres.
We have developed this protocol based on available lit-
erature [31-34] and have avoided freeze drying of nano-
spheres [31, 32] which caused disruption of the surface
of nanospheres as observed in Scanning Electron Micros-
copy with extensive porosity and drug burst release in
methanol. Vacuum drying at room temperature was
employed to overcome this effect and we did not want to
use lyoprotectant such as mannitol [32] during lyophili-
zation procedure as removal of the lyoprotectant is dif-
ficult in order to carry out in vitro cell culture analyses.
Freeze-drying can greatly influence nanoparticle size,
release behavior, and therefore drug pharmacokinetics
[29]. Stirring overtime for solvent evaporation led to very
low yields of nanospheres. Hence, to compromise the
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yield, we attempted centrifugation method by extensive
washing of the nanospheres with purified water (milli-
Q) and careful separation of the supernatant containing
the solvent along with water. Centrifugation has been
reported as a more efficient and economic technique for
purification of nanoparticles. It also can act to concen-
trate the nanoparticles in suspension [35]. Preparation/
synthesis of nanoparticles by o/w emulsion and solvent
evaporation method has been reported to result in larger
nanoparticles as compared to those prepared by nano-
precipitation method, and larger nanoparticles have been
suggested to be more effective for local delivery than sys-
temic drugs [32]. We have used 1% (w/v) hydroxypropyl
methyl cellulose as a mild emulsifier that has excellent
implications as a non-toxic excipient in pharmaceuti-
cal formulations suitable for improved drug release and
increase in the bioavailability of poorly soluble drugs [36].
The amount of emulsifier is critical for nanospheres for-
mation, yield and aggregation tendency. Low amounts of
emulsifier lead to aggregation and little recovery of nano-
particles, while too much emulsifier concentrations can
lead to reduced drug incorporation [29]. Further, soni-
cation of the polymers in solvent with the drug resulted
in lower yield and varied drug loading capacity. Hence
sonication prior to addition to external aqueous phase
was not adopted. Thereby, we have developed a facile
protocol for preparation of PCL/PEG polymeric nano-
spheres with stable incorporation of AcNDGA to a yield
of 89.41% (Table 1).

Drug loading capacity, Encapsulation efficiency

and in vitro drug release

The drug loading capacity and encapsulation efficiency
of PCL/PEG/AcNDGA nanospheres in acetonitrile is
shown in Table 1. The drug-incorporated polymeric
nanospheres exhibited a drug load of 10.0+0.5 pg drug
per mg of nanospheres with 49.954+10% encapsulation
efficiency and 33-41% drug loading capacity with differ-
ent batches of nanospheres preparation. A 20 mg of drug
was feeded during preparation of the nanospheres. Lower
amount of drug (6 mg) resulted in poor drug incorpora-
tion and complete drug release due to erosion from the

Table 1 Drug load characteristics and zeta potential
measurements of PPNS and PPDNS

Nanosphere Yield Drugload Drug Encapsulation Zeta

(%) (mg)? loading efficiency (%)? potential
capacity (mV)
(%)*
PPNS 7286 - - - —10.34
PPDNS 8941 13.96 46.53 69.8 —045

2 PPDNS in Acetonitrile
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Fig. 3 In vitro drug release profile of PPDNS in Methanol

polymer matrix. It has been reported by Li et al. [32] that
a suitable amount of feeding drug is required to obtain
maximum drug loading capacity and encapsulation effi-
ciency. However, too much drug feed can diminish drug
loading content by reflecting largely on the stability of the
nanoparticles after reaching saturation solubility in the
polymer matrix [37].

The drug release profile of PPDNS in methanol is
shown in Fig. 3. A gradual increase in drug release was
observed between 15 min to 2 h and an initial burst
release of the drug was obtained by 3 h which further
increased linearly up to 6 h. Maximum drug release of
82% (220.64 pg) was obtained at 6 h. A lower release pro-
file was observed after 6 h instead of remaining almost
constant that should be achievable after maximal release.
This could be due to small amounts of reverse diffusion
of drug into the polymer matrix during temperature
variation. The initial burst release is attributed to the
release of the drug from the surface of the nanospheres
[32]. Large particles have low initial burst release and
exhibit a longer sustained release pattern, while higher
drug loads lead to increased burst release and fast release
rates [29]. The release pattern is not in a controlled fash-
ion but is sustained over a period of time. Thereby, we
have encountered drug release by erosion from poly-
mer matrix due to low drug feed, release from surface
of nanospheres causing initial burst release and by dif-
fusion from the polymer matrix as discussed by Dadwal
[16]. The gradual decrease upon longer hours of incuba-
tion observed in our study could be due to the incuba-
tion of the samples in the Rotaspin instrument at 4 °C
with constant agitation to avoid heat generation at room
temperature over a period of 8—24 h. The decrease in the
drug amount that is released at 8 h, 10 h and 24 h were
of the order of 10%, 16% and 15% respectively which is
not appreciably significant. Thereby, we have observed a
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temperature-dependent decrease in drug release profile
at4°C.

We have used a solvent system for estimation of drug
loading content and for release profile due to the hydro-
phobicity of the drug in phosphate-buffered saline (PBS).
Also, the quantification procedure of the drug is by UV-
spectroscopy in acetonitrile or methanol at 282 nm or
284 nm respectively [28]. We have used acetonitrile for
determining drug load as the drug was completely solu-
ble in acetonitrile which can give a direct measure of the
drug that has been incorporated in the polymeric nano-
spheres as all the drug that has been taken up by the
polymer would be present in acetonitrile [32]. Likewise,
in drug release study, methanol has been used for disper-
sion of the nanospheres and mixing that would facilitate
drug release at definite time intervals. Drug release pro-
file in solvent, with acetonitrile has also been reported
by Li et al. [32]. This validates our drug release experi-
ment in an organic solvent system. Under physiological
conditions, the released drug could be taken up into the
cell milieu through receptor-mediated endocytosis or by
phagocytosis. Although PBS has not been used for drug
release experiments, the solvent system is also viable
to evaluate in vitro release study. pH-dependent drug
release in PBS has been observed by Nimesh et al. [38].

Characterization of drug loaded PCL/PEG nanospheres

Characterization of nanoparticles is compulsively nec-
essary to pre-determine the drug interactions with cell
surface receptors and the release properties in vivo.
There does not exist any standardized procedure laid
down for usage of particular techniques to characterize
nanoparticles. In fact, there is no FDA approved regula-
tory protocols to undertake characterization techniques.
Nevertheless, characterization of nanoparticles is sig-
nificant in the evaluation of the drug-carrier properties
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and its pharmacokinetics. Therefore, the drug loaded
nanospheres were characterized extensively by various
spectroscopic and microscopic techniques to assess its
suitable characteristics as a nanostructured drug com-
plex, and evaluate its potential as a drug candidate for
therapeutic delivery.

Particle size distribution and zeta-potential measurements
The particle size distribution of PPNS and PPDNS was
measured by dynamic light scattering technique along
with zeta potential measurements. The nanospheres dis-
persed in water were used as samples. The size distribu-
tion of PPNS was between 450 and 750 nm and the size
distribution of PPDNS was between 550 and 700 nm
exhibiting polydispersity (Fig. 4). Nanoparticles are
those materials with sizes between 1 and 100 nm. How-
ever, polymeric nanoparticles are an exception with sizes
between 10 and 1000 nm which can be explained due to
the bulk molecular weights of the polymers used. Other
polymeric nanoparticles have also indicated such size
range [31-34]. The size parameters are determined by
the preparation techniques used to obtain the nanopar-
ticles [39]. The composition of the components including
the solvents/surfactants and the process variables dur-
ing the nanoparticles formation are primary factors that
govern the size and morphology parameters. Moreover,
it has been proposed by Hickey et al. [40] that improved
therapeutic delivery can be achieved by size control of
polymeric nanoparticles. Thereby, the size of polymeric
nanoparticles is a critical factor while considering the
therapeutic potentials of polymeric nanoparticles.
Zeta-potential indicates the charge on the parti-
cle surface [41] and the extent of the surface hydro-
phobicity [16]. The nature and strength of the particle
surface charge determine the interactions of the nano-
particles with the surrounding biological environment.
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Zeta-potential is influenced by the nanoparticle compo-
sition and the dispersant medium, and is indicative of
the stability of the colloidal suspension [33]. The zeta-
potential values can offer predictions about the aggrega-
tion tendency of the nanoparticles. Negatively charged
nanoparticles are considerably regarded as stable with-
out aggregation in solution. Values close to+£30 mV
represent stable nanoparticle suspensions. However,
under practical conditions, zeta-potential values are usu-
ally negative and lower [31-33]. In our study, we have
obtained negative zeta-potential values with —10.34 mV
for PPNS and —0.45 mV for PPDNS (Table 1). PPNS is
more stable than PPDNS, although this value of PPDNS
reflects increased stability of the drug due to steric inter-
actions with PEG [31].

In PBS, aggregation takes place due to ionic interac-
tions of polymeric nanospheres (data not shown). In
water, the nanospheres are dispersed by probe sonication
and precise size measurements are obtained. The pur-
pose of the dynamic light scattering experiment is only
to measure particle size and does not reflect in vivo con-
ditions. Hence water was used for particle size and zeta-
potential measurements. Similarly, water has been used
for particle size measurements by Li et al. [32] and Cam-
pos et al. [33]. Water is a good dispersant medium for
particle size measurements as it does not induce aggrega-
tion. Hydrophobic drug-loaded nanoparticles need water
as dispersant medium to prevent aggregation whereas,
for hydrophilic drugs, PBS may be used as it would not
induce aggregation. In either case, size measurement by
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DLS technique is not indicative of behavior of nanoparti-
cles in physiological environment.

Structural analysis of PPDNS
FT-IR is useful for investigations of structural properties
of polymeric nanoparticles and the drug-polymer molec-
ular interactions [42]. ATR FT-IR is being used in recent
studies as a sampling technique which can examine the
surfaces of materials that may be in solid state or liquid
state without further derivatizations with Potassium bro-
mide, as in the case of FT-IR [34]. The ATR FT-IR spec-
trum of PPDNS prepared by mechanical stirrer method
is shown in Fig. 5. PPDNS showed similar bond stretch-
ing for their functional groups, indicating intact polymer
matrix. There was a strong alkane C-H stretch at 2941—
2864 cm ™, a strong carbonyl C=0 stretch at 1720 cm™*
and a variable alkane C—H bending at 14671365 cm ™.
The ether C-O stretch was strong between 1163 and
1041 cm ™! and the characteristic fingerprint region was
observed between 959 and 730 cm ™. The bond stretch-
ing in AcCNDGA was masked as there was no ester C=0O
stretch in PPDNS suggesting inaccessible ester linkage.
Powder X-ray spectroscopy technique provides an
X-ray diffraction pattern characteristic of the compound
in a powder/amorphous state of the sample in contrast
to X-ray crystallography where the technique can ana-
lyze only the crystalline lattices of a crystal specimen.
For most materials it is very difficult to obtain 100% pure
crystal structure which is a drawback of this technique.
Therefore with powder XRD, it is possible to analyze
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various samples irrespective of their physical state. The
powder XRD pattern of PPDNS is shown in Fig. 6. The
spectrum indicates that the semi-crystalline lattice struc-
ture of the drug-incorporated nanospheres with peak
intensities corresponding to PEG polymer. However, the
nanospheres appear in powder state due to the blend of
PCL/PEG. The diffraction pattern is characteristic of the
PPDNS sample.

ESI-MS is a promising tool not only to investigate the
molecular mass of a sample but it also complements cir-
cular dichroism spectroscopy to investigate protein fold-
ing and further to study post-translational modifications
[43]. The mass spectrum of PPNS showed a single peak
with molecular mass of 593.16 with sub-populations of
707.19, 821.24 and 305.14 due to the polymeric nano-
spheres. Generally, it is difficult to predict the exact
molecular mass of the polymers due to variations in their
molecular structure and sub-populations are obtained.
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However, in the case of drug-loaded nanospheres,
increased molecular masses of several subpopulations are
obtained indicating the random association of the drug
with the polymer matrix. This random association could
be due to the surface and interior matrix binding of the
drug with the polymer confirming the nanosphere for-
mulation. Thereby, ESI-MS seems to be a versatile tech-
nique to study association of drugs within the polymeric
matrix structure providing an analysis of nanosphere
structure distinct with nanocapsule formulation (Fig. 7).

Microscopic analysis of morphology, size and elemental
composition

AFM is a technique to monitor the force exerted between
the nanomaterial surface and the probe tip. This tech-
nique provides an exact and accurate analysis of size,
shape, size distribution and aggregation of the polymeric
nanoparticles. AFM technique replaces the conventional
Transmission Electron Microscopy (TEM) used to esti-
mate particle size and shape and was considered as the
‘gold standard’ to characterize nanoparticles. The sample
preparation is relatively simple and requires only puri-
fied water as the aqueous phase to disperse the nanoma-
terials followed by evaporation. However, careful sample
preparation is required as it influences the concentration
and aggregation, and therefore the size during analysis.
Proper evaporation is necessary to ensure aggregation
due to coalescence caused by hydrophilicity is avoided
[44]. It is also feasible that aggregation may tend to occur
during drying process which can be observed in AFM
images as larger composites [45]. AFM is being consid-
ered as a recent and reliable technique for biomedical
applications [46]. The 2D and 3D scans of PPDNS ana-
lyzed by AFM are shown in Fig. 8. The results indicate
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mean sizes of nanospheres between 40 and 60 nm as
compared to the apparent size range of 500-700 nm
obtained by DLS technique. This apparent size range or
the hydrodynamic particle diameter by DLS is due to the
formation of hydrodynamic layers surrounding the nano-
particles due to hydrophilicity leading to over-estimation
of particle size, whereas in AFM, dehydration of sample
occurs prior to analysis [47], providing actual informa-
tion of size parameters.

SEM is often a preferred technique to study surface
features of materials in the nano and micro ranges. For
studies of nanoparticles, HR-SEM provides valuable
information on the size, size distribution and the surface

morphology of polymeric nanoparticles with additional
information of the purity and degree of aggregation of the
samples [42]. Combined with SEM, EDX can analyze the
elemental composition of the materials when the sample
is bombarded by an electron beam. The materials emit
X-rays characteristic of the element present providing
a ‘fingerprint’ identification of the element. The results
of HR-SEM analysis of PPDNS and EDX spectrum are
shown in Fig. 9. The SEM images indicate the spherical
surface morphology of PPDNS. There were also no pits
in the nanospheres due to HPMC external phase [48].
PPDNS nanospheres exhibited polydispersity (Fig. 9a).
The EDX spectrum reflects the chemical composition
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Fig. 10 TGA curves of: a PPNS; b PPDNS at a constant heating rate of 20 °C/min

of the samples by displaying peaks corresponding to
the energy levels from which X-rays are released by the
samples. Each peak is specific for a single element and
the higher the peak, the more concentrated the element
exists in the sample. In Fig. 9b, PPDNS shows the pres-
ence of C-atom and O-atom in the polymeric nano-
spheres. H-atoms are not obtained as a peak due to lower
signal of X-rays released from its electron. EDX spectra
thereby cannot detect H-atoms [49].

Physicochemical characteristics of PPDNS

Thermogravimetric analysis is a useful technique to
determine the amount of conjugation of the drug in the
nanoparticle. The change in composition of nanoparticles
is reflected by a change in temperature weight loss [50].

The thermal degradation behavior of PPNS and PPDNS
by TGA analysis is shown in Fig. 10. PPNS exhibited
19.3% weight loss at 350 °C and complete weight loss at
550 °C. The decomposition temperature of PPDNS was
lowered to 500 °C with complete weight loss, around
97.87% of the sample. This change in weight loss of PPNS
and PPDNS is attributed to the incorporation of the drug
in the polymer matrices, further indicating lower interac-
tion of the drug molecule with the polymer to allow for
efficient drug release.

DSC analysis can be used to determine the structure,
stability and conformation of nanomaterials. The physical
transition states of the nanomaterials can also be studied
with this technique. The glass transition and melting tem-
peratures of nanomaterials can also be measured [35].
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Table 2 Median, minimum, maximum and P-values of comparison between free AcNDGA and PPDNS (drug-loaded
polymeric nanospheres) at different concentrations from ANOVA statistical analysis using SPSS v.16

Day 1(24 h) Day 2 (48 h)

Drug Median Minimum Maximum P-value Median Minimum Maximum P-value
D 25 ug 61.27 5461 74.21 Standard 7231 72.06 7835 Standard
ND 0.5 mg —529 —2353 20.03 0.002 29.35 28.23 36.50 0.10

ND 1.0 mg 0.89 —16.86 35.27 0.002 3357 20.87 34.67 0.10

ND 1.5 mg 23.30 —7.25 32.98 0.002 40.65 36.19 47.74 0.10

ND 2.0 mg 26.88 14.00 4555 0.002 54.81 33.79 63.50 0.10

ND 2.5 mg 73.93 67.01 78.56 0.026 7291 4581 80.05 1.00

ND 3.0 mg 73.92 68.80 78.36 0.015 82.22 81.16 83.29 0.20

D-Free AcNDGA; ND-PPDNS. Drug load of PPDNS (ND) = 10 pg drug per mg nanospheres

P-value less than 0.05 is considered as statistically significant

Day 1 P-values were *p < 0.05. Day 2 P-values were not significant (N.S.)

The DSC curves of PPNS and PPDNS at a constant heat-
ing rate of 20 °C/min are shown in Fig. 11. Upon heating
the polymeric nanospheres at a constant heating rate, a
definite amount of heat is transferred to the sample, and
the sample temperature reaches a certain amount. The
amount of heat it takes to bring about a certain tempera-
ture increase is known as the Heat capacity (Cp) which
can be calculated from the DSC plot. The C, can be cal-
culated from the heat flow and heating rate.

In the case of PPNS,

C,=92.83]/g/20 °C=4.64

and for PPDNS,

C,=94.04]/g/20°C=4.70

Upon further heating, the DSC plot shifted downwards
due to the change in heat capacity at its glass transi-
tion temperature. The glass transition temperatures of
PPNS and PPDNS were 56.43 °C and 56.16 °C respec-
tively. However, the DSC plot did not reflect any increase
in heat capacity and the glass transition occur rapidly
indicating rapid crystallization. After glass transition
the molecules become increasingly mobile and another
thermal transition occur known as melting. The melting
temperatures (T,,) of PPNS and PPDNS were 59.48 °C
and 59.05 °C respectively. However, the crystallization
transition was very rapid and did not show crystalliza-
tion peak due to the nearly amorphous nature of the
nanospheres. The DSC plots of PPNS and PPDNS were
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similar indicating that the incorporation of drug did not
affect polymer matrix as well as crystallization and melt-
ing states of polymers.

In vitro cell inhibition by MTS assay with HepG2 liver
cancer cells

Primary liver cancer is globally the sixth most frequent
cancer (6%) and the second leading cause of death from
cancer (9%). In 2018, it occurred in 841,000 people and
resulted in 782,000 deaths. In 2015, 263,000 deaths from
liver cancer were due to hepatitis B, 245,000 to alcohol
and 167,000 to hepatitis C (Source-Wikipedia, accessed
7th January 2020). The Indian subcontinent is facing
a serious threat due to HCC arising secondary to viral
hepatitis infection, Hepatitis B or Hepatitis C with a
mean incidence of 4.15%. In context of high incidences
of Hepatitis infections in India with over 3—9 million as
of 2018, and liver cancers arising secondarily to cirrhosis
and alcoholism as well, it is vital to develop new and effi-
cient drugs for therapeutic strategies to treat liver can-
cer. Considering these factors, we have tested the Acetyl
NDGA Nanoformulation for its cytotoxicity to liver can-
cer cells, HepG2, by a one-solution MTS assay. The MTS
assay results for percentage inhibition of HepG2 cells
by AcNDGA and AcNDGA/PCL/PEG (PPDNS) nano-
spheres are shown in Fig. 12 as a box plot graph. Box-plot
and the median test results along with P-values are gener-
ated by SPSS v.16.0 (Table 2). As the sample size is small,
non-parametric test has been applied and any P-value
less than 0.05 is considered as statistically significant.

The graph indicates maximum percent inhibition with
free ACNDGA (D) at 25 pg on Day 2 and PPDNS (ND)
at 2.5 mg (containing 25 pg drug) on Day 1 with median
values of 72.31% and 73.93% respectively. The whiskers
of box plots of D 25 pg and ND 2.5 mg suggest minimal
variation of data on the positive side of the interquartile
groups and were similar in the lower quartile group. The
medians also appear similar with ND 2.5 mg (73.93%)
and ND 3.0 mg (73.92%) on Day 1. The box plots of ND
0.5 mg, 1.0 mg, 1.5 mg and ND 2.0 mg all exhibited very
low percent inhibition values on Day 1 but were signifi-
cantly higher on Day 2 with comparatively short box
plots exhibiting similarity in each group.

These data conclude that the drug-loaded nanospheres
at 25 g exerted early cell death on day 1, which is
appealing to the use of the nanoformulation than the free
drug. These results suggest the rapid uptake and targeted
release of the drug to induce early cell death. Although
increased cell death occurred with 3.0 mg of PPDNS on
day 2, it can be speculated that increasing drug concen-
trations can also promote drug-induced toxicity espe-
cially with longer drug treatment time periods and also
the difference is statistically insignificant. Further, we
presume that the high cytotoxicity with 3.0 mg of PPDNS
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on day 1 as well as day 2 could be due to necrotic cell
death and does not provide a picture of cytotoxicity.
Hence, we consider that 2.5 mg PPDNS containing 25 pg
AcNDGA was effective in inducing HepG2 cell death
on day 1. It is also to be considered that controlled drug
release is desired for an effective drug delivery strategy
and the role of nanoparticles in drug delivery emphasizes
such an advantage of drug release. In a report by Myint
et al. [51], they have observed maximum cytotoxicity at
24 h at a concentration of 100 pg/ml of the drug extract
to HepG2 cells, while in our study, 25 pg concentration
was sufficient to induce about maximum cell death. This
result is in favor of the fact that the therapeutic dosage
should be at a minimal range to avoid drug-induced tox-
icity and its side effects. In a recent review, cell-based
assays such as cytotoxicity or anti-proliferative assays
in vitro have been considered as viable protocols for
evaluation of anti-cancer potential [52]. In this regard,
the drug-incorporated nanospheres are ideal candidates
than their free counterpart for drug delivery to human
hepatoma HepG2 cells.

Therefore, the Acetylated NDGA derivative as a nan-
oformulation seems to possess effective anti-cancer
potential which can be further elucidated by in vitro and
in vivo experiments for desired therapeutic and pharma-
cological applications. In this context, we have evaluated
that NDGA derivatives are better alternatives for drug
therapy as we have suggested in our recent article by
Mala et al. [53].

Conclusions

NDGA finds a place in traditional medicinal practice for
remedy of multiple medical disorders, and is consumed
as ‘chaparral’ tea infusions in North America and Mexico.
Few reports have indicated hepatotoxicity and formation
of renal cysts with prolonged use. There have been recent
interests to synthesize NDGA derivatives by chemical
methods and evaluate their bioactivities. Previously, a
tetra-acetylated NDGA derivative has been synthesized
and evaluated for anti-cancer activity in adenocarcinoma
and melanoma, and in combination therapy with doxo-
rubicin. We have synthesized the ACNDGA based on this
procedure and have prepared a nanoformulation with
PCL/PEG by o/w emulsion solvent evaporation method
by a simple strategy. The drug loading capacity and
encapsulation efficiency of the drug-loaded nanospheres
were determined. Further, the nanospheres have been
extensively characterized by an array of spectroscopic
and microscopic techniques which provided valuable
information regarding nano-size regime, molecular inter-
actions between drug and polymer matrix and the release
characteristics. The nanospheres exhibited nanoscale fea-
tures to affect therapeutic delivery to human liver cancer
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cells, HepG2. Thereby, we have developed a drug deliv-
ery module with suitable characteristics and features
with therapeutic potential particularly for anticancer
treatment.

Acknowledgements

The authors thank Indian Institute of Technology (IIT) Madras for all the sup-
port. The financial assistance by MrKikuji Takeuchi and Mr.Naomi Takeuchi
of TAKENEN, Japan, to Dr. J.Geraldine Sandana Mala and their offer of
Consultancy project to Dr.Suresh Kumar Rayala is gratefully acknowledged.
The authors gratefully acknowledge the support of the Management of Sri
Ramachandra Institute of Higher Education & Research and Dean (Research)
for support & encouragement. The authors also acknowledge the Sophis-
ticated Analytical Instrumentation Facility (SAIF) and the Department of
Chemistry at IIT Madras for carrying out analytical services.

Author contributions

Study concept and design—RSK and GV, scientific guidance—RSK and GV;
data collection—GS and VKV; manuscript preparation—GS, VKV, ST, RSP, GV
and RSK; manuscript review—all authors. All authors read and approved the
final manuscript.

Funding information
Funding for this project was partly supported by Takeuchi Nenshi, TAKENEN,
Japan.

Availability of data and materials
All the data pertinent to this work has been submitted here

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors agreed for submission.

Competing interests
The authors declare that they have no competing interests.

Author details

! Department of Biotechnology, Indian Institute of Technology, Madras,
Chennai, Tamilanadu 600036, India. ? Factory of Takeuchi Nenshi, TAKENEN,
85NE Takamatsu, Kahoku, Ishikawa 929-1215, Japan. 3 Department of Com-
munity Medicine, Sri Ramachandra Institute of Higher Education & Research,
Porur, Chennai, Tamilnadu 600116, India. 4 Department of Human Genetics,
Sri Ramachandra Institute of Higher Education & Research, & Sri Ramachandra
Center for Biomedical Nanotechnology, Porur, Chennai, Tamilnadu 600116,
India.

Received: 14 March 2019 Accepted: 7 May 2020
Published online: 14 May 2020

References

1. Arteaga S, Andrade-Cetto A, Cardenas R. Larrea tridentata (Creosote
bush), an abundant plant of Mexican and US-American deserts and its
metabolite nordihydroguaiaretic acid. J Ethnopharmacol. 2005;98:231-9.

2. Lambert JD, Zhao D, Meyers RO, Kuester RK, Timmermann BN, Dorr
RT. Nordihydroguaiaretic acid: hepatotoxicity and detoxification in the
mouse. Toxicon. 2002;40:1701-8.

3. Sahu SC, Ruggles DI, O'Donnell MW. Prooxidant activity and toxicity of
nordihydroguaiaretic acid in clone-9 rat hepatocyte cultures. Food Chem
Toxicol. 2006;44:1751-7.

4. Smith A. Cystic renal cell carcinoma and acquired cystic renal disease
associated with consumption of chaparral tea: a case report. J Urol.
1994;152:2089-91.

5. LiX Jiang JH, Chen Q Xiao S-X, Li C-H, Gu HW, Zhang H, Hu JL, Yao F-H, Li
QG. Synthesis of nordihydroguaiaretic acid derivatives and their bioactivi-
ties on S. pombe and K562 cell lines. Eur J Med Chem. 2013;62:605-13.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Page 150f 16

Birkenfield S, Zaltsman Y, Krispin M. Antitumor effects of inhibitors of
arachidonic acid cascade on experimentally induced intestinal tumors.
Dis Colon Rectum. 1987;30:43-6.

Reed M, Meszaros K, Entes L. Effect of masoprocol on carbohydrate
and lipid metabolism in a rat model of Type Il diabetes. Diabetologia.
1999;42:102-6.

TylerV, Foster S. Tyler's Honest Herbal: a sensible guide to the use of herbs
and related remedies. New York: Haworth Herbal Press; 1999.

Argueta V. Atlas of the Traditional Mexican medicinal plants, vol. II.
Mexico: National Indigenous Institute; 1994.

Chen Q. Nordihydroguaiaretic acid analogues: their chemical synthesis
and biological activities. Curr Topics Med Chem. 2009;9:1636-59.

. Son JK, Lee SH, Nagarapu L, Jahug Y. A simple synthesis of nor-

dihydroguaiaretic acid and its analogues. Bull Korean Chem Soc.
2005;26:1117-20.

McDonald RW, Bunjobpon W, Liu T, Fessler S, Pardo OE, Freer IK, Glaser

M, Seckl MJ, Robins DJ. Synthesis and anticancer activity of nordi-
hydroguaiaretic acid (NDGA) and analogues. Anticancer Drug Des.
2001;16:261-70.

BCC Research Biotechnology Report, Nanoparticles in Biotechnology,
Drug development and Drug delivery, 2014.

Mahapatro A, Singh DK. Biodegradable nanoparticles are excellent vehi-
cle for site directed in vivo delivery of drugs and vaccines. J Nanobiotech-
nol. 2011;9:55-65.

Nitta SK, Numata K. Biopolymer-based nanoparticles for drug/gene
delivery and Tissue engineering. Int J Mol Sci. 2013;14:169-254.

Dadwal M. Polymeric nanoparticles as promising novel carriers for drug
delivery: an overview. J Adv Pharm Edu Res. 2014;4:20-30.

Singh D, Verma A, Alok S. Novel approaches of nanoparticle towards drug
delivery system. Intl J Pharm Sci Res. 2016,7:25-30.

Azimvand J, Didehban K, Mirshokrai A. Preparation and characterization
of lignin polymeric nanoparticles using the green solvent Ethylene glycol:
acid precipitation technology. BioResource. 2018;13:2887-97.

El-Say KM, El-Sawy HS. Polymeric nanoparticles: promising platform for
drug delivery. Int J Pharm. 2017,528:675-91.

Perez-Herrero E, Fernandez-Medarde A. Advanced targeted therapies in
cancer: drug Nanocarriers, the future of chemotherapy. Eur J Pharmaceut
Biopharmaceut. 2015;93:52-79.

Kim GJ, Nie S.Targeted cancer nanotherapy. Nanotoday. 2005;8:28-33.
Khan DR. The use of nanocarriers for drug delivery in cancer therapy. J
Cancer Sci Ther. 2010;2:058-62.

Drbohlavova J, Chomoucka J, Adam V, Ryvolova M, Eckschlager T,
Hubalek J, Kizek R. Nanocarriers for anticancer drugs-new trends in nano-
medicine. Curr Drug Metab. 2013;14:547-64.

FanY, Moon JJ. Nanoparticle drug delivery systems designed to improve
cancer vaccines and immunotherapy. Vaccines. 2015;3:662-85.

Xu X, HoW, Zhang X, Bertrand N, Farokhzad O. Cancer nanomedicine:
from targeted delivery to combination therapy. Trends Mol Med.
2015;21:223-32.

Xin'Y,Yin M, Zhao L, Meng F, Luo L. Recent progress on nanoparticle-
based drug delivery systems for cancer therapy. Cancer Biol Med.
2017;14:228-41.

Plaza C, Pavani M, Faundez M, Maya JD, Morello A, Becker MI, De Loannes
A, Cumsille MA, Ferreira J. Inhibitory effect of nordihydroguaiaretic

acid and its tetra-acetylated derivative on respiration and growth of
adenocarcinoma TA3 and its multiresistant variant TASMTX-R. In Vivo.
2008;22:353-62.

Karthikeyan R, Babu PS, Paulin DM. Novel validated ultra violet spectro-
scopic methods for determination of Nordihydroguaiaretic acid in dietary
supplements. Res Rev J Pharmacogn Phytochem. 2014;2:34-40.

Hans ML, Lowman AM. Biodegradable nanoparticles for drug delivery
and targeting. Curr Opin Solid State Mater Sci. 2002;6:319-27.

Woodruff MA, Hutmacher DW. The return of a forgotten polymer-poly-
caprolactone in the 21st century. Prog Polym Sci. 2010;35:1217-56.
Dubey N, Varshney R, Shukla J, Ganeshpurkar A, Hazari PP, Bandopad-
hyaya GP, Mishra AK, Trivedi P. Synthesis and evaluation of biodegradable
PCL/PEG nanoparticles for neuroendocrine tumor targeted delivery of
somatostatin analog. Drug Deliv. 2012;19:132-42.

LiR, Li X, Xie L, Ding D, Hu Y, Qian X, Yu L, Ding Y, Jiang X, Liu B. Prepara-
tion and evaluation of PEG-PCL nanoparticles for local tetradrine delivery.
Int J Pharm. 2009;379:158-66.



John et al. J Nanobiotechnol (2020) 18:74

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Campos EVR, De Melo NFS, Guilherme VA, De Paula E, Rosa AH, De Araujo
DR, Fraceto LF. Preparation and characterization of Poly (e-caprolactone)
nanospheres containing the local anesthetic lidocaine. J Pharmaceut Sci.
2013;102:215-26.

Ansari M, Salahshour-Kordestani S, Habibi-Rezaei M, Movahedi AAM.
Synthesis and characterization of acylated polycaprolactone (PCL) nano-
spheres and investigation of their influence on aggregation of amyloid
proteins. J Macromol Sci Pt B. 2015;54:71-80.

Fornaguera C, Solans C. Analytical methods to characterize and

purify polymeric nanoparticles. Intl J Polym Sci. 2018. https://doi.
0rg/10.1155/2018/6387826.

Ishikawa T, Watanabe Y, Takayama K, Endo H, Matsumoto M. Effect of
hydroxypropyl methy! cellulose (HPMC) on the release profile and bio-
availability of a poorly water-soluble drug from tablets prepared using
macrogol and HPMC. Int J Pharm. 2000,202:173-8.

Zhang L, HuYY, Jiang X, Yang C, Lu W, Yang YH. Camptothecin derivative-
loaded poly(caprolactone-co-lactide)-b-PEG-b-poly(caprolactone-co-
lactide) nanoparticles and their biodistribution in mice. J Control Release.
2004,96:135-48.

Nimesh S, Manchanda R, Kumar R, Saxena A, Chaudhary P, Yadav V,
Mozumdar S, Chandra R. Preparation, characterization and in vitro

drug release studies of novel polymeric nanoparticles. Int J Pharm.
2006;323:146-52.

Rao JP, Geckeler KE. Polymer nanoparticles: preparation techniques and
size-control parameters. Prog Polym Sci. 2011,36:887-913.

Hickey JW, Santos JL, Williford J-M, Mao HQ. Control of polymeric
nanoparticle size to improve therapeutic delivery. J Control Release.
2015;219:536-47.

Mohanraj VJ, Chen Y. Nanoparticles—a review. Trop J Pharm Res.
2006;5:561-73.

Crucho CIC, Barros MT. Polymeric nanoparticles: a study on the
preparation variables and characterization methods. Mat Sci Eng C.
2017;80:771-84.

Banerjee S, Mazumdar S. Electrospray ionization mass spectrometry: a
technique to access the information beyond the molecular weight of the
analyte. Int J Anal Chem. 2012. https://doi.org/10.1155/2012/282574.

Page 16 of 16

44. Rao A, Shoenenberger M, Gnecco E, Glatzel TH, Meyer E, Brandlin D, Scan-
della I. Characterization of nanoparticles using atomic force microscopy. J
Phys: Conf Ser. 2007,61:971-6.

45. Mosqueira VCF, Leite EA, Barros CM, Vilela JMC, Andrade MS. Polymeric
nanostructures for drug delivery: characterization by atomic force micros-
copy. Microsc Microanal. 2005;11:36-9.

46. Maver U, Velnar T, Gaberscek M, Planinsek O, Finsgar M. Recent progres-
sive use of atomic force microscopy in biomedical applications. Trends
Anal Chem. 2016;80:96-111.

47. Silva MS, Cocenza DS, Grillo R, de Melo NFS, Tonello PS, de Oliveira LC,
Cassimiro DL, Rosa AH, Fraceto LF. Paraquat-loaded alginate/chitosan
nanoparticles: preparation, characterization and soil sorption studies. J
Hazard Mater. 2011;190:366-74.

48. Mukerjee A, Sinha VR, Pruthi V. Preparation and characterization of poly-
e-caprolactone particles for controlled insulin delivery. J Biomed Pharm
Eng. 2007;1(1):40-4.

49. Shah MA, Ahmad T. Principles of nanoscience and nanotechnology. India:
Narosa Publishing House Pvt. Ltd.; 2013.

50. Lin PC, Lin'S,Wang PC, Sridhar R. Techniques for physicochemical charac-
terization of nanomaterials. Biotechnol Adv. 2014;32:711-26.

51. Myint PP, Dao TTP, Kim YS. Anticancer activity of Smallanthus sonchifolius
methanolic extract against human hepatocellular carcinoma cells. Mol-
ecules. 2019;24:3054. https://doi.org/10.3390/molecules24173054.

52. Ediriweera MK, Tennekoon KH, Samarakoon SR. In vitro assays and
techniques utilized in anticancer drug discovery. J Appl Toxicol.
2019;39:38-71.

53. Mala JGS, Takeuchi S, Venkataraman G, Rayala SK. Nordihydroguaiaretic
acid in therapeutics: beneficial to toxicity profiles and the search for its
analogs. Curr Cancer Drug Targets. 2020;20:86-103.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1155/2018/6387826
https://doi.org/10.1155/2018/6387826
https://doi.org/10.1155/2012/282574
https://doi.org/10.3390/molecules24173054

	Facile synthesis and nanoscale features of a nanostructured nordihydroguaiaretic acid analog for therapeutic applications
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Materials and reagents
	Synthesis of tetra-O-acetyl nordihydroguaiaretic acid derivative
	Preparation of PCLPEGAcNDGA Nanospheres by ow emulsion method
	Drug loading capacity of PPDNS
	In vitro drug release of PPDNS
	Characterization of PPDNS
	Cell line, culture media and maintenance of cell line
	Cytotoxicity analysis
	Statistical analysis

	Results and discussion
	Structural characterization of AcNDGA
	Preparation of AcNDGA-loaded PCLPEG nanospheres (PPDNS)
	Drug loading capacity, Encapsulation efficiency and in vitro drug release
	Characterization of drug loaded PCLPEG nanospheres
	Particle size distribution and zeta-potential measurements
	Structural analysis of PPDNS
	Microscopic analysis of morphology, size and elemental composition
	Physicochemical characteristics of PPDNS

	Conclusions
	Acknowledgements
	References




