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Chapter 6A Gold Nanoparticles-Doxorubicin HCI

Part A: Development of gellan sum reduced gold nanoparticles as a carrier for delivery of

6A.1

anticancer drug, doxorubicin hydrochloride

Qutline of the present work .

The anthracycline antibiotic doxorubicin hydrochloride (DOX) is one of the most useful
antineoplastic agents. After its discovery in 1969, it has been used in the treatment of a
wide variety of cancers, such as acute lymphoblastic leukemia’s, multiple myeloma,
carcinomas of the head and neck, breast, pancreas, stomach, liver, ovary, lung, prostate,
uterus and neuroblastomas.” The broad spectrum anticancer activity of DOX against
various cancer cells is ensured via reactive oxygen species involving quinone group in
the anthracycline ring, which is critical for generating intracellular oxidative stress, a DNA
intercalating property and inhibition of topoisomerase.”! Despite DOX being highly
effective against various malignant tumors, clinical application which involve systemic
administration of the drug have demonstrated very limited efficacy in the treatment of
gliomas.”! Moreover the cytotoxic effect of DOX lacks specificity to cancer cells and
hence leads to severe side effects such as cardiotoxicity and myelosuppression.®
Indeed, nearly 2000 analogs have been synthesized and evaluated but very few of them
have reached the stage of clinical development and approval. Second generation analogs
like mitoxantrone, epirubicin or idarubicin exhibited lower cardiotoxicity, but had lower
efficacy compared to the parent molecule. Hence DOX becomes indispensable when it
comes to cancer chemotherapy.’® As DOX is a hydrophilic molecule, restricted transport
is observed through the cellular membrane leading to minimal drug internalization and its
ability to overcome biological barriers, such as the blood brain barrier, is rather
negligible.” To overcome various problems associated with DOX, many colloidal carriers
have been studied with the aim of reducing cardiac toxicity and improving therapeutic
efficacy.™ In general, the utilization of nanoparticle based vehicles as multifunctional,
versatile and biocompatible carriers serve as an ideal technology as their significant
advantages include the ability to target specific locations in the body, the reduction of the
overall quantity of drug used at the active dosing site and the potential to reduce the
concentration of the drug at healthy/unaffected sites, resulting in fewer side effects that
can significantly complicate the course of treatment. In recent years, a considerable
effort has been devoted to the design and synthesis of novel nanostructure materials with
functional biological properties for diagnostic aind therapeutic purposes. The most
successful poly(ethylene glycol) liposomal nanoparticulate system for DOX till date is
Doxil®"% Doxil® was originally approved for the treatment of AlDS-related Kaposi's
sarcoma and is now approved for use in ovarian cancer and multiple myeloma.l'%®
Recently collcidal metal nanoparticles have received substantial atténtion for diagnostic
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and therapeutic applications. Colloidal gold nanoparticles (AuNPs) can be synthesized in
sizes much smaller than micro and nanoparticles currently being tested for drug delivery
applications. Moreover, unlike other polymeric based nanoparticles, AuUNPs not only are
smaller in size (4 to 5 nm .in diameter, ~ 103 times smaller than a bacterium) but also
maintain a constant shape and size in solution.""! Furthermore, colloidal AuNPs are
considered to be relatively inert,' and can be readily conjugated to a large range of

31 proteins/enzymes,!'*'¥ DNAI'® and other

biomolecules, such as amino acids,
molecular species without altering the biological activity of the conjugated species. The
drugs can be grafted onto AuNPs via physical adsorption, ionic bonding and covalent
bonding.I'"? The ability to modulate the surface chémistry of AuNPs, ease of surface
functionalization and distinct optical properties, has spawned major interest in the utility of
AuNPs for in vivo molecular imaging and therapeutic applications. All these properties of
AuNPs has opened doors to wide biomedical applications encompassing colorimetric
assays,I'” cell imaging,'191 immunostaining,”” biosensing?®"! and drug delivery.?* 2% For
example, antibody- modified AuNPs displayed a million fold higher sensitivity than
conventional ELISA-based assay in the detection of prostate specific antigen.?* Recent
reports include the utilization of gold nanostructures such as gold nanoshells, gold
nanocages and gold nanospheres as effective in photothermal destruction of cancer ceils
and tissue.”®* Gold nanoparticles have also been successfully demonstrated for the
delivery of peptide drug, insulin via oral and nasal route,”?® enhanced antimicrobial
activity against Escherichia coli strains!'! and ciprofioxacin protected nanoparticles with *
ability to release the drug molecule over an extended period of time.”¥ The most
emerging use of AuNPs is the diagnostic and therapeutic appﬁcatioh for the treatment of
cancer. Gold nanoparticles have been used for the conjugation of anticancer drug
paclitaxel to increase its solubility and selectivity to cancer cells.®” Doxorubicin
hydrochloride has also been conjugated with AuUNPs and other metal nanoparticles for
diagnostic and therapeutic applications. Luminescent porous silicon nanoparticles with
DOX have been employed for imaging of tumors and other organs.®" in another study,
DOX was coated on the nanodiamonds and introduced into living cells. An MTT assay
was applied towards the confirmation of functional apoptosis inducing mechanisms
enabled by the DOX functionalized nanodiamonds.*
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Despite this, very few studies have been reported regarding the possibility of applying
AuNPs in drug delivery applications. The biggest obstacle is the effective loading of the
drug molecules on thé nanoparticle surface, their stability in physiological conditions and
the drug's availability for action when needed. Here the attachment of the drug molecule
through electrostatic or hydrogen bonds may be a better strategy than covalent
linkages.!"! Here in, we studied the synthesis of AuNPs using gellan gum (GG) as a
reducing and capping agent, thus unraveling the superior stability they impart on the
synthesized nanoparticles under various conditions. Gellan gum is characterized by many
carbohydrate units and thus their capping on AuNPs should make the surface
carbohydrate rich. This enables drug loading, especially for drugs that bear many
hydroxyl, amine and other functional groups capable of forming hydrogen bonds. Gellan
gum was used as reducing and stabilizing agent for the synthesis of AuNPs and
subsequent loading of DOX. The DOX loaded AuNPs were characterized in terms of size,

~ zeta potential, drug loading efficiency, fluorescence studies and stability studies. In
addition, the cytotoxicity of the DOX-loaded AuNPs was evaluated by using two different
well established glioma cell lines, that is, LN-18 and LN-229, by in vitro MTT assay.

- Immunofluroscence studies were conducted for confirmation of apoptosis induced by
DOX-loaded AuNPs in the above mentioned cell lines.
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6A.2
6A.2.1

6A.2.2

Experimental work

Loading of doxorubicin hydrochloride onto gold nanoparticles

A calculated afnount of DOX was added to a dispersion of GG-AuNPs, resulting in a final
DOX concentration of 10™ M in solution. The solution was then incubated for 24 h at room
temperature and then centrifuged at 20,000 rpm for 0.5 h. The pellets thus obtained after
centrifugation were separated from the supernatant solution and redispersed in milli Q
water prior for further characterization. The free DOX present in the supernatant was
determined by measurements of its UV absorbance and the percentage loading of DOX
on AuNPs was estimated using the following formula: % Loading efficiency = [(total
amount of DOX added - amount of DOX in supernatant)/total amount of DOX added]
x100.

Note: Safe handling of doxorubicin was done in laminar flow hood and by wearing
appropriate protective equipment such as gloves, safety glasses, masks etc.

Preparation of spray dried DOX loaded gold nanoparticles

After preparation of DOX loaded gold nanoparticles (DOX-AuNPs), the dispersion was
spray dried to obtain dry powder. During the spray drying operation, the inlet and outlet
temperature was maintained at 100-110°C and 50-80°C respectively. The atomization air
pressure and aspirator was rﬁaintained at 2 kg/cm? and -200 mmWC respectively to
collect free flowing product. The product was collected and stored in desiccator till further
study.
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6A.2.3 Characterization

6A.2.3.A UV-Visible spectroscopy measurements
The change in the surface plasmon resonance of AuNPs, before and after loading of
DOX was monitored by UV/Vis/NIR spectroscopy, carried out at a resolution of 2 nm.

6A.2.3.B Transmission electron microscopy (TEM) measurement
Samples for TEM analysis were prepared by drop casting of DOX-AuNPs and spray dried
DOX loaded gold nanoparticles (SD-DOX-AuNPs) on carbon coated copper grids and
allowed to dry at room temperature. Measurements were taken at an accelerated voltage
of 300 kV with a lattice resolution of 0.14 nm and point image resolution of 0.20 nm. The
particle size analysis was carried out using Gatan software.

6A.2.3.C Zeta potential measurements
The surface charge of AuNPs before and after loading of DOX was determined by using
zeta potential analyzer. The average zeta potential of nanoparticulate dispersion was
determined as such without any dilution.

6A.2.3.D pH dependent stability of doxorubicin loaded gold nanoparticles
To study the pH dependent stability of DOX-AuNPs, the DOX-AuNPs were subjected to
various pH changes (pH 2-10) and then incubated for 24 h at room temperature. The
analysis of the characteristic absorption peak was checked for the precnpltatlon of DOX in
AuNPs dxspers;on using UVA/is spectroscopy measurements.

6A.2.3.E Fourier transforms infrared spectroscopy (FTIR) measurements
An FTIR spectrum of DOX-AuNPs was recorded in the diffuse reflectance mode at a
resolution of 4 cm™ in the range of 400-4000 cm"1 in KBr pellets. For comparison, FTIR
spectrum of pure DOX was also recorded.

6A.2.3.F Fluorescence spectroscopy measurements
Fluorescence spectroscopy measurements were carried out to study the stability of DOX
after binding with GG-AuNPs. For comparison, a fluorescence spectrum of free DOX
solution was ailso recorded. The long term stability study of spray dried DOX-AuNPs,
under stability conditions of 25°C/65% RH (room temperature) and 2- 8°C (refrigerated)
for a period of three months, was also characterized by using fluorescence spectroscopy.
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6A.2.4 In-vitro cytotoxicity assay on glioma cell lines

6A.2.4.A Cell lines and growth medium ,
Human glioma cell lines LN-18 and LN-229 (procured from American type culture
collection, ATCC, USA) were cultured in Dulbecco’'s modified eagle's medium (DMEM)
supplemented with 1.5 gm/L sodium bicarbonate, 4 Mm glutamine and 10% fetal bovine
serum. The cultures were maintained in a humidified atmosphere of 5% CO; at 37°C.

6A.2.4.B Cell preparation

For cytotoxicity testing, the cells were used when they reached 60-80% confluency. The
cells were diluted as needed and seeded as 4x10° for LN18 and 3x103 for LN229 in 100
pL of media/well, sequentially plated in flat bottom 96 well plates. This number of cells
was selected to avoid potential over confluence of the cells by the end of the four day
experiment while still providing enough cells for adequate formazan production. After
plating, the 96 well plates were then incubated for 24 h to allow adherence of fhe cells
prior to the administration of various samples for testing.

6A.2.4.C Drug addition

After 24 h incubation at 37°C in humidified air with 5% CO,, the culture medium was
replaced with 200 pL of fresh media containing DOX-AuNPs and free DOX solution at
various concentrations (1.0 ug/mL to 15.0 pug/mL). To evaluate poésible effect of AUNPs
on cell viability, cells were also incubated with blank GG-AuNPs. Control wells containing
cells received only 200 pL of medium. After addition of all the test samples, the plates
“were returned to the CO incubator. The study was conducted further upto a period of 72 h
to allow both time dependent and concentration dependent drug induced cytotoxic?ty.
Furthermore, cells could be maintained in wells for this period without the need for
refeeding. The antiproliferative effect of DOX was analyzed by use of MTT assay to
assess the cytotoxicity of the DOX- AuNPs in comparison with free DOX and blank ’GG-
AuNPs. The percenfage cell viability was then determined. All experiments were done
three times, each conditions being performed in triplicate.
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6A.2.4.D MTT assay

6A.2.5

This assay is based on the measurement of the mitochondrial activity of viable cells by
the reduction of the tetrazolium salt MTT (3-(4, 5-dimethyathiazol-2-yl)-2, 5- diphenyl
tetrazolium bromide) to form a blue color water insoluble product formazan.®? After 24 h
of incubation, MTT (5 mg/mL, 20 ul) was added to respective set of cells and the plates
were incubated for an additional 4 h. After 4 h of incubation, the medium was removed
and 200 pl DMSO was added to dissolve the formazan crystals resulted from the
reduction of the tetrazolium salt only by metabolically active cells. The absorbance of
dissolved formazan was measured at 570 nm using a microplate reader. Since the
absorbance directly correlated with the number of viable cells, the percent viability was
calculated from the absorbance.

Apoptosis studies using confocal laser scanning microscopy

Confocal laser scanning microscopy was used to detect the apoptotic activity of DOX on
cell lines. Before addition of various formulations, LN-18 and LN-229 cells were seeded at
concentration of 3x10° in 500 pl. of media on glass cover slips in a 24 well plate and
incubated for 24 h to allow for adherence of the cells. After 24 h, when the cells were
attached to the surface of the cover slips as a monolayer, culture media.was replaced
with different concentration of DOX-AuNPs, free DOX solution and blAank GG-AuNPs
(concentrations same as MTT assay). The cells were further incubated for 24 h at 37C
and 5% CO, in a humidified environment. After incubation, the cover slips were washed
extensively with ice-cold phosphate buffered saline (PBS) and fixed in 4%
paraformaldehyde for 10 min at room temperature. After repeated rinses in PBS, cells
were blocked in 5% BSA in PBS for 30 min at room-temperature. Later the cells ‘'were
again washed in PBS in dark and then the nucleus was counterstained with 4'-6-
Diamidino-2-phenylindole (DAPI) for 10 min and the cells were mounted onto glass slides
with 1,4-diazobicyclo-2,2,2- octanex (DABCO) as mounting medium. The cover slips
were then observed using confocal microscope. The images were captured by camera
coupled with microscope and processed using the computer based programmable image
analyzer.
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6A.3

Results and discussion

For the AuNPs to be useful as nano carrier, it has to be stable in circulatory system, yet
become labile under appropriate conditions when the targeted organ is reached after
administration into circulatory system.l3l We took advantage of the biocompatible,
reducing and stabilizing properties of GG for the synthesis of AuNPs. It was envisaged
that this strategy would also provide sufficient exposed functional moieties on AuNPs that
will aid in the subsequent attachment of large number of biomolecules for drug delivery

applications (Scheme 6A.1).

After synthesis of stable GG-AuNPs, the loading of DOX onto the nanoparticles was
studied. Based on the UVA/is absorbance studies, the loading efficiency of DOX on GG-
AuNPs was determined to be 75%. Because the GG-AuNPs were negatively charged
and DOX ions (NH3+) were cationic, the interaction between the AuNPs and DOX
appeared to be straightforward. Huang et al., studied the loading of DOX molecules on
nanodiamonds[y and found the addition of salt such as NaCl to be a necessary
component of the loading process. In case of GG-AuNPs, the positively charged DOX
molecules were bound to the negatively charged GG-AuNPs surface by electrostatic

forces by simple incubation.

Scheme 6A.1: Schematic diagram showing anionic gellan gum gold nanoparticles
and subsequent loading of cationic doxorubicin hydrochloride on gold
nanoparticles.
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At neutral pH, the zeta potential of GG (pKa = 3.1) reduced AuNPs (0.02% wi/v) was -
38.25 mV. This clearly indicated that the AuUNPs were wrapped with the anionic GG which
helped nanoparticles to remain electrostatically stable. The zeta potential of DOX (pKa =
8.2) loaded AuNPs was - 30.00 mV. The decrease in the zeta potential was ascribed to
the presence of positively charged DOX on GG-AuNPs. The little decrease in the charge
even at 75% loading of DOX indicates that other aftractive forces including hydrogen
bonding could be playing a major role facilitating the drug loading process. It was clear
that even after DOX loading, GG-AuNPs remained in suspension by their electrostatic
repulsion and maintained the negative charge on the surface. The hydrogen bonding
hypothesis between protonated amine group of DOX molecule with GG on the surface of
AuNPs was also supported by FTIR; N-H stretching of the pure DOX at 3777 cm™ was
shifted to 3372 cm™ in case of DOX- AuNPs (Figure 6A. 1).

% Transmission (a.u)

Wave number (cm™)

Figure 6A.1: FTIR spectra of (a) Gold nanoparticles (b) pure doxorubicin solution
and (c) doxorubicin loaded gold nanoparticles.
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We studied the pH dependent stability of DOX loaded nanoparticles by adjusting the pH
of the DOX-AuNPs dispersion between pH 2 to 10 (Figure 6A. 2). It was observed that
the DOX-AuNPs were very stable between pH 4.0 to 8.0. Below pH 4.0 and above 8.0,
the addition of DOX solution in the colloidal AUNPs caused the particles to aggregate.

The retention of absorbance intensity corresponding to DOX d that the drug was stable in

this pH window.
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A) pH studies B) Salt studies of Gold Nanoparticles

Figure 6A.2: UVIVis absorption spectra of pH study of doxorubicin loaded gold
articles.

This was an important exercise because stable particles would show better uptake and
subsequent bioavailability as aggregation would be undesirable and may compromise the
uptake as well as activity.l3 The TEM images recorded from the DOX-AuNPs [Figure 6A.
3(a)] indicated that the overall structure of the nanoparticles and their assemblies were

not different in comparison to blank GG- AuNPs.
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Figure 6A.3: (a) TEM image of orubicin loaded gold nanoparticles (reduced by

0.02% wi/v gellan gum) and (b) particle size distribution of the same.
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The TEM image of DOX-AuNPs retain their morphology giving credence to the assertion
that DOX loading neither cause much change in their size nor lead to any aggregation.
When DOX molecules are conjugated to GG-AuNPs, they can serve as the protector of
AuNPs and thereby avoid aggregation of AUNPs. The particle size distribution of DOX-
AuNPs [Figure 6A. 3(b)] revealed that the average size of the nanoparticles was 14 nm.
There was no significant change in the particle size before and after loading of DOX on
GG-AuNPs. We further used spray drying to prepare powdered DOX-AuNPs. The SD-
DOX-AuNPs were free flowing without any aggregation or change in color. The SD-DOX-
AuNPs were further redispersed in water and evaluated for any change in morphology
and stability after spray drying. The TEM image [Figure 6A.4 (a)] showed that the overall
assemblies of the DOX- AuNPs were not affected after spray drying. There was no
change in the shape and size of the nanoparticles. The particle size distribution of SD-
DOX-AuNPs [Figure 6A.4 (b)] revealed that the average size of nanoparticles was also
14 nm. The average particle size did not change in comparison to DOX loaded GG-
AuNPs. The TEM and particle size distribution concluded that the SD-DOX-AuNPs
formed after spray drying retained all the properties of nanoparticles, with no change in
shape, size and without aggregation. Thus the drug loaded nanoparticles car be stored in

powder form and redispersed whenever required.

Figure 6A.4: (a) TEM image of spray dried doxorubicin loaded gold nanoparticles

and (b) particle size distribution of the same.
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The binding and stability of DOX molecule after loading on AuNPs was studied using
fluorescence spectroscopy. Fluorescence studies offer an excellent probe for confirming
the binding of drug molecule with AUNPs. It has been previously reported that gold metal

efficiently quenches the emission of many fluorophores.3! Doxorubicin hydrochloride

exhibits a unique fluorescence emission spectrum that is susceptible to changes in its
microenvironment.3l The emission spectra of DOX solution and DOX-AuNPs were
recorded from 490 to 800 nm at a fixed excitation of 480 nm. The fluorescence emission
spectra recorded are shown in figure 6A. 5. There was no major change in the spectral
profile in DOX loaded AuNPs and the peaks at 597 nm and 635 nm that were observed in
pure DOX were retained. Doxorubicin hydrochloride was initially highly fluorescent but
with the addition of AUNPs, the fluorescence intensity was reduced and this quenching of
intensity could be attributed to the electrostatic or hydrogen bond formation between the
DOX molecule and AuNPs, which was responsible for the decrease of fluorescence.
Moreover, the preservation of the fluorescence signature supports the claim that DOX

structure was retained following complexation with nanoparticles, 13l which is important for

the biological activity of the DOX molecule.

485

Absorbance (a.u)
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Figure 6A.5: UV Spectra & Figure 6A.6 Fluorescence spectra of (a) doxorubicin

solution and (b) doxorubicin loaded gold nanopatrticles.

UV Spectra of (a) pure Doxorubicin (b) Doxorubicin attached to gold nanoparticles (c)
Gold nanoparticles -Peak is broadened and red shifted at 535 nm upon addition of

colloidal gold to doxorubicin
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Fluorescence spectroscopy was also used to evaluate the stability of spray dried DOX-
AuNPs, monitored over a period of three months (Figure 6A.6). It was found that the
spray dried powder was stable at both storage conditions of 2-8°C (refrigerated) and

25°C/65% RH (room temperature), during its storage for 3 months.

Intensity (a.u

g1

00 700 800500 600 800
— Wavelength (nm)

Figure 6A.6: Fluorescence spectra of spray dried doxorubicin loaded gold
nanoparticles, stability period of three months, (a) 2-8°C (refrigerated) and (b)
25°CI65% RH (room temperature).

There was no change in the fluorescence spectra profile of SD-DOX-AuNPs in
comparison to plain DOX solution. The decrease in the intensity in 3rd month can be

attributed to quenching in fluorescence in the presence of AuNPs.

To explore the platform capabilities of the AuNPs drug carrying technology, we
determined the cytotoxic effect of GG-AuNPs as well as the sensitivity of DOX loaded
AuNPs on human glioma cell lines. Brain tumors, especially malignant gliomas, belong to

the most aggressive brain tumors in adults.138 391 Despite DOX clinical effectiveness in the

treatment of many malignant tumors, clinical trials involving systemic administration of the
drug have demonstrated very limited efficacy in the treatment of gliomas.l4l Very high

doses of DOX must be administered systemically to exert any therapeutic benefit and
these doses are highly toxic and therefore ineffective in treating CNS malignancies.lll
The cytotoxicity of different formulations namely, free DOX solution, DOX loaded AuNPs,
control AuNPs and only culture media, was evaluated on human glioma cell lines (LN-18
and LN-229) using in-vitro MTT assay. The wells that received only media were regarded
as a control with a cell viability of 100%. No cytotoxicity effect of GG-AuNPs was
observed on either cell lines as the cell viability did not decrease even after 48 h of
experiment. It showed that the AuNPs were well tolerated by both cell lines and had no

effect on cell viability, which further confirmed the biocompatibility of the AUNPs.1121 Figure

6A.7 showed the percent viability of LN-18 cell line after exposure to DOX, in pure
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solution form and as loaded on AuNPs for 24 and 48 h respectively. Each concentration
of the drug loaded AuNPs was taken such that the DOX concentration was similar to that
in free solution making a direct comparison possible. At the end of 24 h, none of the
concentration of pure DOX solution caused 50% inhibition of the cell growth, whereas
DOX loaded AuNPs exhibited strongly enhanced cytotoxicity, with viability ranging from
about 50% at 7.5 pg/mL to 40% at 15.0 pg/mL [Figure 6A. 7(a)], After 48 h of incubation
[Figure 6A. 7(b)], all the LN-18 cells cultured in the presence of DOX-AuNPs within the
checked concentration range (5.0 pg/mL to 15.0 pg/mL) showed more significant
reduction in viability. The highest concentration at 15.0 pg/mL was able to decrease the
cell viability to 5% at the end of 48 h. The maximum decrease in cell viability achieved via
15.0 pg/mL free DOX solution was 40% at the end of 48 h indicating a slower rate of

decrease (50% to 40%) as compared to the DOX-AuNPs (40% to 5%).
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Figure 64.7; Viability ofLN-18 after (a) 24 and (b) 48 h, after exposure to (from left to
right): control (media), blank gold nanoparticles, doxorubicin solution and
doxorubicin loaded gold nanopatrticles.
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In case of human glioma cell line LN-229 (Figure 6A. 8), free DOX solution and DOX-
AuNPs gradually increase their cytotoxicity with increasing concentration and the
cytotoxicity was dominated by DOX-AuNPs. At the end of 24 h incubation [Figure 6A.
8(a)], the decrease in cell viability via free DOX solution and DOX- AuNPs at the
concentrations range studied (1.0 pg/mL to 12.5 [jg/ml_) was between 58-51% and 57-
34% respectively.
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Figure 6A.8: Viability of LN-229 after (a) 24 and (b) 48 h, after exposure to (from left
to right): control (media), blank gold nanoparticles, doxorubicin solution and

doxorubicin loaded gold nanoparticles.
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At the end of 48 h incubation [Figure 6A. 8(b)], the decrease in cell viability at highest
concentration of 12.5 pg/mL was dominated by DOX-AuNPs, as the cell viability reduced
to 10% compared to 24% in the case of free DOX solution. Many authors studied the
incorporation of DOX in colloidal carriers. The increase of DOX cytotoxicity compared to
the solution has already been observed with polymeric nanoparticles, micelles and
liposomes carrying DOX.[*? The AuNPs employed here also turn out to be very effective
DOX carriers as compared to the intricate systems mentioned above. In our study, we
obsetved a steep increase in the cytotoxicity in both the cell lines when AuNPs loaded
with DOX was used. A possible explanation for the activity enhancement of DOX loaded
AuNPs is that the DOX carried by the AuNPs inside the cells results in higher cytotoxicity,
where as free DOX is released outside the cells. This improved internalization of DOX
loaded AuNPs is by an endocytosis mechanism compared to passive diffusion
mechanism of free DOX into cells.* Moreover, it was found that binding of DOX to
nanoparticles increased the efficacy against glioma tumors.P?

We next analyzed the kind of death DOX loaded AuNPs caused on glioma cell lines.
Doxorubicin hydrochloride is known to induce apoptosis (i.e., programmed death of tumor
cells) by blocking the cell cycle and inhibiting the DNA polymerase enzyme.*¥ The
apoptosis induced cells exhibit a number of charactéristics including cell shrinkage,
condensation of chromatin, nuclear fragmentation and appearance of apoptotic bodies."!
Interactions of DOX loaded AuNPs with glioma cells were imaged by using confocal
microscope to assess the impact of DOX loaded AuNPs on cellular.
morphology/architectures. After incubation of human glioma cell lines LN-18 and LN-224
with DOX loaded AuNPs for 24 h, the morphology of both cell lines changed significantly
(Figure BA. 9 &10). The blank AuNPs treated cells had no change in their morphology
and the free DOX treated cells did not show major apopfosis bodies. It was possible to
visualize DOX directly since DOX (red color) itself is a fluorescent molecule.
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Figure 6A.9: Confocal microscopy images to demonstrate the apoptosis induced
by doxorubicin loaded gold nanoparticles on human glioma cell line LN-18

(a) Phase (b) DAPI (c) doxorubicin loaded gold nanoparticles and (d) overlaid (b&c).
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Figure 6A.10: Confocai microscopy images to demonstrate the apoptosis induced
by doxorubicin loaded gold nanoparticles on human glioma cell line LN-229

(a) DAPI (c) doxorubicin loaded gold nanoparticles and (d) overlaid (b&c).

The apoptosis induced by DOX-AuNPs was clearly visible as the cells shrunk to spherical
shape and most of the cells were detached from the cover slip. The cytoplasm of the cell
was distributed badly and formed the apoptotic bodies and some of the cells were
budding. Because of apoptosis, most of the cells were detached from the cover slips and
washing further removed the apoptotic cells but the main apoptosis features like cell
shrinkage, chromatin condensation and nuclei fragmentation were clearly obsetved with
the help of confocai microscopy. Confocai images clearly demonstrated the apoptosis
induced cell death by DOX loaded AuNPs on human glioma cell lines LN-18 and LN-229.
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PART B: DEVELOPMENT AND EVALUATION OF DOXORUBICIN HYDROCHLORIDE LOADED

6B.1

SOPHOROLIPID AND POLY(ETHYLENE GLYCOL) CONJUGATED GOLD
NANOPARTICLES

Outline of the present work

In continuation of our quest for the bio-mediated synthesis of AUNPs and their application
as carrier for the delivery of biomolecules, we studied the surface functionalization of
gellan gum reduced gold nanoparticles by using microbial produced biosurfactant
“Sophorolipid”. The yeast celis such as Candida bombicola, Yarrowia lipolytica, Candida
apicoia and Candida bogoriensis when challenged with fatty acids plus glucose (oleic acid,
stearic acid, etc) results in the formation of glycolipids, known as sophorolipids (SL).*?!
First described by Tulloch”! in 1961, SL are generally present in the form of disaccharide
sophoroses linked glycosidically to the hydroxyl group at the penultimate carbon of fatty
acids. They méinly occur as mixtures of close ring (macrolactone form) and open ring
(acidic form) structures, which undergo acetylation to various extends at the primary
hydroxyl group of the sophorose ring.***® Sophorolipid themselves have shown to posses
very interesting biological and other applications. Sophorolipids have good surfactant,
properties that have been used in petroleum industry and in food areas as emulsifiers.”™
Sophorolipids and their derivatives have shown immense potential application as
therapeutic agents that can function in cosmetic as a high value isturizer,®" as
antibacterial, antiviral, spermicidal and antif'ungal agents.®*% |n addition to the above,
reports have also indicated the therapeutic application of SL as immunomodulators for the
treatment of septic shock®™! and most importantly as anticancer agent.®**® From the
literature, it is clear that SL and several of the modified analogues have been extensively
investigated by various groups. Manasi et. al., studied the SL obtained from oleic acid as
capping agent for cobalt nanoparticles.®" Sanjay et al., studied the reducing/capping
agent properties of SL derived from oleic acid for the synthesis of water dispersible silver
nanoparticles.’®?
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But still their application in nanoparticulate and cancer therapy has yet not been fully
explored. Gliomas are highly vascularized, aggressive and diffusely infiltrating primary
brain tumor that are rarely, if éver, cured, despite advances in modern chemo and
radiotherapy.®™ The failure of typical cytotoxic therapies to cure cancer has been
attributed to the fact that they target rapidly proliferating tumor cells, while sparing the

- tumor stem cell compartment, which has a low proliferation rate and high tumorigenic
potential.’®® We initiated our explorations by synthesizing AuNPs by using gellan gum
(GG) and subsequent loaded anticancer drug, DOX. The cytotoxicity of the DOX loaded
AuNPs was evaluated against two different human glioma cell lines, that is, LN-18 and LN-
229, by in vitro cytotoxicity assay (Part 6A). After attaining success in decreasing the
viability of both human glioma cells, we thought of utilizing the same nanoparticles to test
out if they can demonstrate any effect against human glioma stem cell. The human glioma
stem cell line evaluated was HNGC-2. The DOX loaded GG-AuNPs were not as effective
against human stem cells lines compared to other human glioma cell lines. The reason
behind this may be that cancer stem cells mainly resist current drug therapies and repair
DNA after radiation treatment more efficiently than their differentiated, daughter cells. That
explains why solid tumors often recur after treatment and the new tumors are much harder
to treat.®¥

For any targeted biomedical applications, surface functionalization of AuNPs is essential in
order to target them to specific disease areas and allow them to selectively interact with

“cells or biomolecules. Properly functionalized AuNPs not only can serve as a drug
reservoir, but also provide a long circulation time and low cytotoxicity; thus, they have
emerged as attractive candidates for delivering various payloads into their targets.® So,
here by taking the advantage of surfactant and anticancer properties of SL, we used it for
surface functionalization of gellan gum reduced gold nanoparticles (SL-AuNPs). Moreover,
SL-AuNPs could also cross BBB (owing to the presence of specific targeting moieties) and
will help to deliver drugs either electrostatically or covalently attached to them. Here in we
describe our results disclosing the efficient manipulation of human glioma cell line as well
as human glioma stem cell line by SL conjugated AuNPs and the doxorubicin
hydrochloride loaded SL-AuNPs. The combine use of DOX and SL with AuNPs may he!p
in increasing the efficacy of the treatment against human glioma cells and stem cells,
without increasing the toxicity.
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Additionally, another approach was adopted for surface modification of SL-AuNPs by the
use of Poly (ethylene glycol), (PEG). Surface modification of nanoparticles with water
soluble PEG, which has been approved for human intravenous application, helped in
stabilization of nanoparticles by steric repulsion to inhibit colloid aggregation in
physiological conditions.® Due to the high degree of hydration and randomly coiled PEG
molecules, it is reported that the drug molecules could be shielded from being uptaken by
the reticuloendothelial system (RES).®"! Surface modification of nanoparticles through the
PEG spacer would, therefore, allow the modified nanoparticles to remain for extended
duration in the systemic circulation and provide flexibility to the attached ligand for efficient
interaction with its target.®™ The PEG has been used extensively for surface modification
on AuNPs in orde:j to achieve excellent stability and conjugation with biomolecules. Wang
et al., studied the PEG modified synthesis of AuNPs, size of particles were found to
decrease with increasing PEG concentration, moreover PEG (MW6000) was found
optimal for size control and colloidal stability in biologically relevant media.®™® Niidome et
al., reported modification of gold nanorods by prepairing them in
hexadecyltrimethylammonium bromide (CTAB) solution using thiolated PEG.
Poly(ethylene glycol) modified AuNPs were found in blood at 0.5 h after i.v. injection,
whereas most of gold was detected in the liver in the case of original gold ‘nanorods
stabilized with CTAB."® Similarly reports indicated that for therapeutic applications, where
AuNPs are used as carrier for drug delivery, PEG molecules are insulated on AuNPs
before loading of drug molecules to achieve higher stability and conjugatiori to
biomolecules. 7 But recent reports have raised concern about use of PEG in
association with AuNPs as drug delivery carriers. Cho et al., reported an in vivo toxicity
study using 13 nm sized AuNPs coated with PEG (MW 5000). The studies indicated that
the 13 nm sized PEG coated AuNPs were seen to induce acute inflammation and
apoptosis in the liver of the mouse.” The results suggested that careful scrutiny of the in
vitro and in vivo toxicities of PEG- AuNPs nanoparticles are required that have been
previously shown to have limited or no toxicity-at the cellular level. We throught it will be
interesting to study the effect of PEG conjugation on sophorolipid gold nanoparticles
(PEG-SL-AuNPs). The doxorubicin hydrochloride was also loaded on PEG-SL-AuNPs,
and the cytotoxicity of PEG-SL-AuNPs and DOX-PEG-SL-AuNPs was evaluated on
_human glioma cell line LN-229 and human glioma stem cell line HNGC-2.
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6B.2
6B.2.1

6B.2.2

6B.2.3

Experimental work

Conjugation of sophorolipid and Poly (ethylene glycol)‘on gold nanoparticles

After synthesis of GG-AuNPs, AuNPs dispersion was thoroughly dialyzed (dialysis tubing
12 kDa cut off) for 24 h to remove thé by products of the reaction. Sophorolipid (10* M)
was added to the GG-AuNPs dispersion under stirring. The stirring was continued for 24 h
to ensure optimum conjugation of SL on GG-AuNPs. For éonjugation of PEG, 0.2% wiv
solution of PEG was added to SL-AuNPs under continuous stirring. The surface piasmon
resonance of SL-AuNPs and PEG-SL AuNPs was monitored using UV/Vis spectroscopy.

Loading of doxorubicin hydrochloride onto sophorolipid and Poly(ethylene glycol)
conjugated gold nanoparticles

A cailculated amount of DOX was added o a dispersion of SL-AuNPs and PEG-SL-
AuNPs, obtained as described above, resulting in a final DOX concentration of 10* M in
solution. The solution was then incubated for 24 h at room temperature and then
centrifuged at 20,000 rpm for 0.5 h. The pellets thus obtained after centrifugation were
separated from the supernatant solution and redispersed in milli Q water prior to further
characterization. The free DOX present in the supernatant was determined by
measurements of its UV absorbance and the percentage loading of DOX on SL-AuNPs
and PEG-SL-AuNPs was estimated by following formula: % Loading efficiency = [(total
amount of DOX added - amount of DOX in supernatant)/total amount of DOX added} x100.

Preparation of spray dried sophorolipid, Poly (ethylene glycol) conjugated and
doxorubicin loaded sophorolipid and Poly (ethylene glycol) conjugated gold
nanoparticles _ ,

After preparation of SL-AuNPs, PEG-SL-AuNPs and DOX Ioaded SL-AuNPs and PEG-SL-
AuNPs, the dispersions were spray dried to obtain dry powder. During the spray drying
operation, the inlet and outlet temperature was maintained at 100- 110°C and 50-60°C
respectively. The atomization air pressure and aspirator was maintained at 2 kg/cm? and -
200 mmWC respectively to collect the dry and free flowing products. The products were
collected and stored in desiccator till further study.
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6B.2.4 Characterization

6B.2.4.A UV-Visible spectroscopy measurements
The change in the surface plasmon resonance of SL- AuNPs and PEG-SL-AuNPs after
conjugation with GG-AuNPs was monitored by UV/Vis/NIR spectrophotometer, operated
at a resolution of 2 nm.

6B.2.4.B Transmission electron microscopy (TEM) measurement
Samples for TEM analysis were prepared by drop casting of as such dispersions and
spray dried SL-AuNPs, PEG-SL-AuNPs, DOX loaded SL-AuNPs and PEG-SL- AuNPs on
carbon coated copper grids and allowed to dry at room temperature, Measurements were
taken at an accelerated voltage of 300 kV with a lattice resolution of 0.14 nm and point
image resolution of 0.20 nm. The particle size analysis was carried out using Gatan
software.

6B.2.4.C Zeta potential measurements
The surface charge of SL-AuNPs and PEG-SL-AuNPs before and after loading of DOX
was determined using a zeta potential analyzer. The average zeta potential of
nanoparticulate dispersion was determined as such without any dilution.

6B.2.4.D In vitro stability studies of sophorolipid and Poly (ethylene glycol) conjugated gold
nanoparticles
The stability of SL-AuNPs and PEG-SL-AuNPs was studied over time and under different
pH and eleétrolytic conditions. In case of pH studies, the pH of SL-AuNPs and PEG-SL-
AuNPs was adjusted between pH 2-12 and incubated for 24 h at room temperature. The
analysis of the characteristic absorption peak was checked for the precipitation of AuNPs.
The stability of SL-AuNPs and PEG-SL-AuNPs was also tested by challenging the AuNPs
in the presence of electrolyte (sodium chloride) solution and incubated for 24 h before
taking the absorption measurements. For long term stability study, the spray dried SL-
AuNPs and peg-sl-aunps were kept at 25°/65% rh (room temperature) and at 2-8°c
(refrigerated) for a period of six months.

6b.2.4.E fluorescence spectroscopy measurements
Fluorescence spectroscopy measurements were carried out to study the stability of dox
after binding with sl-aunps and PEG-SL-AuNPs. A fluorescence spectrum of free DOX
solution was also recorded. The stability study of spray dried DOX ldaded SL-AuNPs and
PEG-SL-AuNPs for a period of three months were also monitored by fluorescence
spectroscopy.

Ph.D.Thesis: Suresh Kamath B Pharmacy Department, The M.S University of Baroda 123



Chapter 6B Gold Nanoparticles-Doxorubicin HCI

6B.2.5 In-vitro cellular uptake and cytotoxicity assay

6B.2.5.A Cell lines and growth medium
For uptake studies, human glioma cell line LN-229 was used. For cytotoxicity studies,
human glioma cell lines LN-229 and human glioma stem cell line HNGC-2 were used. LN-
229 cell line was procured from American type culture collection, ATCC, USA and HNGC-
2 was developed at National Center for Cell Sciences, Pune, India. The cells were cultured
in dulbecco's modified eagle's medium (DMEM) supplemented with 1.5 grrf1 sodium
bicarbonate, 4 Mm glutamine and 10% fetal bovine serum. The cultures were maintained
in a humidified atmosphere of 5% CO, at 37°C.

6B.2.5.B Synthesis of Texas red labeled sophorolipid and Poly {(ethylene glycol) conjugated
gold nanoparticles
The dialyzed SL-AuNPs and PEG-SL-AuNPs were labeled by addition of excess Texas
red (140 ng/pl. in DMSO). The colloidal dispersion was incubated overnight in darkness at
4C to avoid photo degradation of Texas red molecules. Free Texas red in the AuNPs
dispersion was removed by centrifugation at 10,000 rpm for 10 min followed by washings
with carbonate buffer (pH 8.4). This effectively removed any loosely bound Texas red to
the nanoparticles. The pellets containing Texas red labeled SL-AuNPs and PEG-SL-
AuNPs were redispersed in carbonate buffer and used for further studies. The amount of
carbonate buffer in which the pellets were redispersed was adjusted such that the surface
plasmon peak intensity of the AuNPs dispersion obtained: before and after centrifugation
was same. ‘

6B.2.5.C Cell preparation
For uptake of SL-AuNPs and PEG-SL-AuNPs, the cells were seeded at concentration of
3x10% in 500 pL of media on glass cover slips in a 24 well plate and incubated for 24 h to
allow for adherence of the cells. For cytotoxicity testing, the cells were utilized when they
reached 60-80% confluent. The cells were diluted as needed and seeded as 3x10° for
LN229 and HNGC-2 iﬁ 100 ul of media/well, sequentially plated in flat bottom 96 well
plates. This number of cells was selected to avoid potential over confluence of the cells by
the end of the four day experiment while still providing enough cells for adequate formazan
production. After plating, the 96 well plates were then incubated for 24 h to allow
adherence of the cells prior to the administration of various samples for testing. For
apoptotic studies, before addition of various formulations, LN-229 cells and HNGC-2 were
seeded at concentration of 3x103 in 500 [iL of media in 24 well plates on cover slips and

grown for 24 h to achieve semi-confluent cultures.
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6B.2.5.D Sample addition

For cellular uptake, after 24 h of incubation, when the cells were attached to the surface of
the cover slips as a monolayer, culiure medium were replaced with 500 pl. of solution

- containing fresh medium and Texas red labeled SL-AuNPs and PEG- SL-AuNPs. The
cells were further incubated for 24 h at 37°C and 5% CO, in a humidified environmenf. For
cytotoxicity testing, after 24 h incubation at 37°C in humidified air with 5% CO,, the culture
medium were rép!aced with 200 plL of fresh media containing SL-AuNPs, PEG-SL-AuNPs,
DOX-SL-AuNPs, DOX-PEG-SL- AuNPs and free DOX solution at various concentrations
(1.0 ng/mL to 12.5 pg/mL). Control wells containing cells received only 200 uL of medium.
After addition of all the test samples, the plates were returned to the CO, incubator. The
study was conducted further upto a period of 72 h to allow both time dependent and
concentration dependent drug induced cytotoxicity. The MTT assay was used to assess
the cytotoxicity of the SL-AuNPs and 'PEG-SL-AuNPs on glioma cell lines. The cytotoxicity
of DOX-SL-AuNPs and DOX-PEG-SL-AuNPs was also evaluated in comparison to free
DOX solution. The percentage cell viability was then determined. All experiments were
done three times, each condition being performed in triplicate. For apoptotic activity, when
the cells were attached to the surface of the cover, they were incubated with DOX-SL.-
AuNPs and DOX-PEG-SL- AuNPs. The cells were further incubated for 24 h at 370 and
5% CO, in a humidified environment.

6B.2.5.E MITT assay

Aftér 24 h of incubation, MTT (5 mg/mL, 20 pl) was added to respective set of cells and
the plates were incubated for an additional 4 h. After 4 h of incubation, the medium was
removed and 200 pL. DMSO was added to dissolve the formazan crystals resulting from
the reduction of the tetrazolium salt only by metaboiically active cells. The absorbance of
dissolved formazan was measured at 570 nm using microplate reader. Since the
absorbance directly correlated with the number of viable cells, the percent viability was
calculated from.the absorbance.
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6B.2.6 Cellular uptake and apoptosis studies usirig confocal laser scanning microscopy Confocal
laser scanning microscopy was used to study the celiular uptake of Texas red labeled SL-
AuNPs and PEG-SL-AuNPs and apoptotic activity of DOX-SL- AuNPs and DOX-PEG-SL-
AuNPs on various. cell lines. The morphology changes of the glioma cells were observed
on optical microscopy. After incubation, the cover slips were washed extensively with ice-
cold phosphate buffered saline (PBS) and fixed in 4% paraformaldehyde for 10 min at
room temperature. After repeated rinses in PBS, cells were blocked in 5% BSA in PBS'for
30 min at room temperature. Later the cells were again washed in PBS in dark and then
the nucleus was counterstained with 4'-6-Diamidino-2-phenylindole (DAPI) for 10 min and
the cells were mounted onto glass slides with 1,4-diazobicyclo-2,2,2-octanex (DABCO) as
mounting medium. The cover slips were then observed using confocal microscope. The
images were captured by camera coupled with microscope and processed using the
computer based programmable image analyzer.
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6B.3

Results and discussion

To perk up the function of AuNPs as drug delivery vehicle, we studied the bioconjugation
of two different capping agents on GG-AuNPs. In the first approach, sophorolipid was
conjugated with GG-AuNPs dispersion (SL-AuNPs) and in the second approach the GG-
AuNPs were first conjugated with SL and then conjugated with PEG (PEG-SL-AuNPS).
Both conjugations were carried out at room temperature. The UVA/is spectroscopy of SL-
AuNPs and PEG-SL-AuNPs was conferred with that of GG-AuNPs in order to monitor any

change in the surface plasmon band after conjugation with SL and PEG-SL [Scheme 6B.

1(b)].

Wavelength (nm)

Scheme 6B.1: (a) Scheme diagram showing synthesis of gold nanoparticles and
sophorolipid conjugated gold nanoparticles and (b) UVA/is absorption spectra of

sophorolipid and Poly (ethylene glycol) conjugated gold nanoparticles.

The AuNPs had a strong absorption peak at 520 nm due to the characteristic surface
plasmon resonance. The broadening and red shift of the surface plasmon band is normally
associated with the aggregation of the AuNPs consequent to surface modification.[/5) In
case of SL-AuNPs, the information drawn from the UVAlis spectra indicated that the
conjugation of SL on GG-AuNPs did not cause any change in the surface plasmon band of
AuNPs. The SL conjugated colloidal AuNPs dispersion was highly stable without any
aggregation or change in color. Upon addition of PEG to SL-AuNPs dispersion, there was
slight change in the absorption spectrum. The decrease in surface plasmon intensity was
observed with change in surface plasmon peak to 524 nm compared to 520 nm of GG-
AuNPs and SL-AuNPs. Scheme 6B.1(b) shows very minimal broadening of the peak and
small shift in the peak position. This was a clear indication that conjugation with SL and

PEG did not cause any major change in the characteristic properties of AUNPs.
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To demonstrate the versatility of SL-AuNPs and PEG-SL-AuUNPs in biomedical application,
the dispersion stability of SL-AuNPs and PEG-SL-AuNPs was evaluated by assessing the
formation of aggregates and change in the color in the presence of different pH and

electrolytic conditions. Detachment of SL or PEG from

AuNPs would cause the nanoparticles to aggregate, which could be monitored by
measuring the disappearance of the characteristic plasmon absorption peak and the
appearance of a peak between 600 and 700 nm.761 In case of GG-AuNPs [Figure 5A.
7(a)], after adjusting the pH of the AuNPs dispersion to 2, the AuNPs immediately
precipitated out, this was clearly evident by the change in the intensity, position and
additional peak at 650 nm. The SL-GG-AuNPs dispersion did not show any discernible
change in the position at 520 nm in the pH window of 4-12 [Figure 6B. 11(a,c)]. Only when
the pH of SL-GG-AuNPs was adjusted to 2, the dispersion owed some instability but no

additional peak was observed.
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Figure 6B.1: UV/Vis absorption spectra of sophorolipid conjugated gold
nanoparticles (a, ¢) pH study and (b) electrolyte study.
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The addition of electrolyte (sodium chloride, 10 M to 1CPM) also caused no aggregation in
the SL-AuNPs [Figure 6B. 1(b)]. The minimal change in the surface plasmon resonance of
SL-AuNPs under the above experimental conditions indicated the extra stability imparted
to AUNPs due to conjugation with SL. This is in accordance with the recent reports where

higher stability to metal nanopatrticles in the presence of oleic acid derived SL when used
as reducing/capping agent was demonstrated.161621 To confirm the dispersion stability of

PEG-SL-AuNPs, nanoparticles were again evaluated under the condition of wide pH range
and different electrolyte concentration (Figure 6B. 2).

400 600 800 1000 400 600 800 1000
------------------ Wavelength (nm) --------------—--

pH=2 pH=4 pH=6 pH=8 pH=10 pH-12

Figure 6B.2: UV/Vis absorption spectra of polyfethylene glycol)-sophorolipid
conjugated gold nanoparticles (a, ¢) pH study and (b) electrolyte study.
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The PEG coating around the AuNPs serves as a protective biological layer to improve
particle stability and preventing particle agglomeration.l7ll Figure 6B.2 (a,c) shows that
there is no change of the peak position maximum of PEG-SL-AuNPs upon conjugation
with AuNPs. Adding HCI or NaOH to an aqueous suspension of the PEG-SL-AuNPs does
not affect the UVA/is spectra (i.e., no particle aggregation) over a pH range of 2-12.

Miyamoto et al, synthesized completely dispersible PEG-AuNPs having pH stability
between 4-10.181 The PEG-SL-AuNPs were then exposed to salt concentrations (10IM to

IO™M, NaCl). The assembly of a layer of the hydrophilic polymer PEG on the particle
surface afforded steric stabilization of AuNPs in salt, thus preventing their aggregation.
There was no change in the UVA/is spectra of PEG-SL-AuNPs monitored upto salt
concentration 10IM, The PEG-SL-AuNPs were stable under wide pH range and various
salt concentrations without any aggregation or change in color of the colloidal dispersion.
TEM was employed to study the morphology of SL-AuNPs and PEG- SL-AuNPs. Figure 3
and 4 shows the representative TEM images and particles size distribution recorded from

SL-AuNPs and PEG-SL-AuNPs respectively.

Frequency (%)

Particle size (nm)

Figure 66.3: (a) TEM image of sophorolipid conjugated gold nanoparticles and

(b) tide size distribution of the same.
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Frequency (%)

Particle size (nm)

Figure 6B.4: (a) TEM image of poly(ethylene glycol)-sophorolipid conjugated gold

particles and (b) particle size distribution of the same.

The SL and PEG-SL conjugated AuNPs images illustrated that upon modification, the
average particle size increases to 17 nm and 22 nm respectively. The particle size
distribution is shown in figure 6B. 3 and 4(b). The average particle size increased relative
to GG-AuNPs (14 nm), due to the conjugation of SL and PEG on AuNPs. The information
obtained from TEM concluded that the SL-AuNPs and PEG-SL-AuNPs were uniform in
shape, size and free of aggregation and the conjugation of SL and PEG did not affect the

overall morphology of the synthesized AuNPs.

At neutral pH, the zeta potential of SL-AuNPs and PEG-SL-AuNPs was -40.64 mV and -
38.98 mV respectively. Exposure of AuNPs to SL and PEG indicated that the surface
coating was capable of protecting the nanoparticles against aggregation, making them
electrostatically stablel’’l and that modified nanoparticles retain their surface charge.
These results were in agreement with the results obtained from UVA/is and TEM analysis.
The surface charge and size of the nanoparticles were not significantly affected by surface

modification, thus enabling the direct evaluation of the effectiveness of the targeting ligand
for activity. 18!

In order to confer higher stability to SL and PEG conjugated AuNPs, powder form of the
nanoparticles was obtained by using spray drying technique. The spray dried SL-AuNPs
and PEG-SL-AuNPs thus obtained were ruby red colored free flowing powder [Figure 6B.
5 and 6 (a)]. The resultant redispersed nanoparticles exhibited identical absorption spectra
to that of AUNPs before spray drying [Figure 6B. 5 and 6 (b)]. There was neither peak shift
nor any additional peak observed in the UVA/is spectra of SL-AuNPs and PEG-SL-AuNPs,
which confirmed that the spray drying had no effect on characteristic properties of SL and
PEG conjugated AuNPs. The TEM images of spray dried SL-AuNPs and PEG-SL-AuNPs
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are shown in figure 6B.7. The spray dried nanoparticles were spherical in shape and well
dispersed. The spray drying did not affect the overall assembly of the nanoparticles. The
average particle size of the redispersed AuNPs was same in comparison to the
nanoparticles before spray drying [Figure 6B (3 and 4)]. The TEM images were in
agreement to the UV/Vis spectra of the SL and PEG conjugated AuNPs that the spray

drying formed nanoparticles were uniform in shape, size and free of aggregation.

Sophorolipid-gold nanoparticles

PEG-Sophorolipid-gold nanoparticles

Absorbance
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Figure 6B.5: (a) Spray dried powder of sophorolipid and redispersed gold particles,
(b) UVNis absorption spectra of spray dried sophorolipid conjugated gold

nanoparticles.

(""V (b) ©

Figure 6B.6: (a) Spray dried powder of poly(ethylene glycolj-sophorolipid and
redispersed gold nanoparticles, (b) UV/Vis absorption spectra of spray dried

polyethylene glycol-sophorolipid conjugated gold nanoparticles.
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Figure 6B.7: TEM images of spray dried (a) sophorolipid and (b) polyfethylene

glycolj-sophorolipid conjugated gold nanoparticles.

The spray dried SL-AuNPs and PEG-SL-AuNPs were also monitored for long term stability
under temperature condition of 25°C/65% RH (room temperature). The spray dried SL-
AuUNPs and PEG-SL-AuNPs were stable during the storage period of 6 months [Figure 6B.
8 (a,b)]. It was observed that the surface plasmon peak intensity of SL-AuUNPs decreased
after 3 months of storage may be due to slight aggregation of the nanoparticles during the

stability period but there no change in the peak position and no additional peak were

observed.

Figure 6B.8: Stability study of spray dried, t-6 months (a) sophorolipid and (b)
poly(ethylene glycol) sophorolipid conjugated gold nanoparticles.
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In case of PEG-SL-AuNPs, there'was no change in the surface plasmon peak position
during the study period of 6 months. The SL-AuNPs and PEG-SL-AuNPs had definitely
attained more stability than the unconjugated GG-AuNPs. It is remarkable that the AuNPs
remain stable during the solid state and reconstituted easily in aqueous media without the
loss of their nanoparticulate properties. The long term stability could be attributed to the
high stability properties of SL and PEG. The SL-AuNPs and PEG-SL-AuNPs dispersion
can be easily stored as powdered form without compromising the stability as well as
properties of the nanoparticles and can be redispersed whenever required. The highest
colloidal stability and excellent redispersibility even after spray drying of SL and PEG
conjugated AuNPs could be of great importance for their practical biomedical use.

To understand the cellular uptake of SL-AuNPs and PEG-SL-AuNPs, fluorescent marker
Texas red was conjugated with nanoparticles. The amount of Texas red conjugated to SL-
AuNPs and PEG-SL-AuNPs was calculated to be 0.99 ng/ul and 1.26 ng/pL respectively.
The zeta potential of SL-AuNPs reduced from -40.6 mV to -24.1 mv and PEG-SL-AuNPs
reduced from -34.98 mV -15.134mv upon Texas red loading. The decrease in the zeta
potential can be taken as an indication of Texas red conjugation to SL-AuNPs and PEG-
SL-AuNPs. After conjugation, the cellular uptake of labeled SL-AuNPs and PEG-SL-
AuNPs was studied on human glioma cell line LN-229. The untreated cells were taken as
control for the experiment. Cellular uptake using confocal microscopy (Figure 9 and 10)
showed that the nanoparticles were efficiently internalized in tumor cells within 3 h of
incubation. Gold nanoparticles were clearly observed inside the cells as red dots [Figure
6B. 9 10 (c)]. The cellular uptaké of SL-AuNPs and PEG-SL-AuNPs was observed similar
to the GG-AuNPs. The nanoparticles were localized mainly in the cytoplasm and
perinuclear region of the cells. Reports on cellular uptake of PEG coated AUNPs have
indicated that if the internalization in cells is through endocytotic process, nanoparticles
tend to converge to the perinuclear area.’®
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Figure 6B.9: Confoca! images of cellular uptake of sophorolipid conjugated gold
nanoparticles in human glioma cell lines LN-229. (a) Phase (b) DAPI (c) gold

nanoparticles and (d) overlaid (b&c).

Figure 6B.10: Confocal images of cellular uptake of poly(ethylene glycol)-
sophorolipid conjugated gold nanoparticles in human glioma cell lines LN-229.
(a) Phase (b) DAPI (c) gold nanoparticles and (d) overlaid (b&c).
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After characterizing the SL-AuNPs and PEG-SL-AuNPs, DOX was loaded onto AuNPs.
Based on the UV/Vis absorbance studies, the loading efficiency of DOX on SL-AuNPs and
PEG-SL-AuNPs was determined to be 85% and 92% respectively. This was found to be
higher than the DOX loading observed on GG-AuNPs (75%). The positively charged DOX
molecules were bound to the negatively charged SL- AuNPs and PEG-SL-AuNPs surface
by electrostatic forces. The increased loading of DOX on SL-AuNPs and PEG-SL-AuNPs
was also confirmed by zeta potential. The zeta potential of DOX loaded SL-AuNPs and
PEG-SL—AuNPs was measured to be -26.73 mV and -23.50 mV respectively. The
decrease in the zeta potential was ascribed to the presence of positively charged DOX
molecules on the nanoparticles. Park et al., studied the loading of DOX on porous silicon
nanoparticles and reported that the loading of DOX on nanoparticles was by electrostatic
forces and that there was a decrease in the zeta potential of the DOX loaded
nanoparticles (-32.00 mV) as compared to the blank silicon nanoparticles (- 52.00 mv).F"
it was clear that even after DOX loading, SL-AuNPs and PEG-SL- AuNPs remained in
suspension by their electrostatic repulsion and maintained the negative charge on the
surface.

The TEM images recorded from the DOX loaded SL-AuNPs and DOX loaded PEG- SL-
AuNPs [Figure 6B. 11] indicated that the overall structure of the nanoparticles and their
assemblies were not different in comparison to blank SL-AuNPs and PEG- SL-AuNPs.
The TEM images of DOX loaded AuNPs retain their morphology after conjugation giving
credence to the assertion that DOX loading neither causes much change in their size or
nor lead to any aggregation. The particie size distribution of DOX-AuNPs also revealed
that the average particle size did not change as there was no significant change in the
particle size before and after loading of DOX on SL-AuNPs and PEG-SL-AuNPs.

.

3 o
S e L

Figure 6B.11: TEM images of doxorubicin loaded (a) sophorolipid and
(b) poly (ethylene glycol)-sophorolipid conjugated gold nanoparticles.
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The binding and stability of DOX molecule after loading-on SL-AuNPs and PEG-SL-
AuNPs was studied using fluorescence spectroscopy. Doxorubicin hydrochloride exhibits a
unique fluorescence emission spectrum that is susceptible to changes in its
microenvironment.1%! The emission spectra of DOX solution and DOX loaded on SL-
AuNPs and PEG-SL-AuNPs was recorded from 490 to 800 nm at a fixed excitation of 480
nm. The fluorescence emission spectra recorded are shown in figure 6B. 12. There was
no major change in the emission profile from DOX in DOX loaded SL-AuNPs and PEG-SL-
AuNPs and the peaks at 597 nm and 635 nm as observed in pure DOX were retained.
After binding of DOX molecules to AuNPs, the fluorescence intensity was reduced and this
guenching of intensity could be attributed to the electrostatic or hydrogen bond formation
between the DOX molecule and AuNPs. The preservation of the fluorescence signature
supports the claim that DOX structure was retained following complexation with
nanoparticles.37) The stability of spray dried DOX loaded SL-AuNPs and PEG-SL-AuNPs
were monitored over a period of three months using fluorescence spectroscopy (Figure
6B.13). It was found that the spray dried DOX loaded SL-AuNPs and PEG-SL- AuNPs
were stable during its storage period of 3 months. There was no change in the

fluorescence spectra profile of DOX loaded SL or PEG conjugated AuNPs.

Intensity (a.u.

500 600 700 800500 600 700 800
— Wavelength (nm)

Figure 6B.12: Fluorescence spectra of doxorubicin (A) Sophorolipid
(B) polyfethylene  glycol)-sophorolipid conjugated gold nanoparticles,
(a) doxorubicin solution and (b) doxorubicin loaded gold nanoparticles.

Figure 6B.13: Stability study of spray dried doxorubicin loaded, t=3 months

(a) sophoroliipid and (b) poly(ethylene glycolj-sophorolipid conjugated gold
nanoparticles.
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After successful synthesis and characterization of SL-AuNPs, PEG-SL-AuNPs and DOX
loaded SL and PEG-SL conjugated AuNPs, in vitro cytotoxicity of different formulations
namely SL-AuNPs, PEG-SL-AuNPs, DOX-SL-AuNPs, DOX-PEG-SL- AuNPs, free DOX
solution and only culture and media was evaluated using MTT assay against human
glioma cell line LN-229 and human giloma stem cell line HNGC-2. The well that received
only culture media was regarded as control with a cell viability of 100%. Figure 6B.14
shows the percent viability of LN-229 cell line after exposure to SL-AuNPs and DOX, in
pure solution form and as loaded on SL-AuNPs for 24 and 48 h respectively. In case of
SL-AuNPs, at highest concentration 12.5 pg/mL, the cell viability was 80% in 24 h and
reached 50% in 48 h.

(a)
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Concentration pg/mL

[ Control (media)
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m Free Doxorubicin

o Doxorubicin loaded sophorolipid Gold nanoparticles
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m Doxorubicin loaded sophorolipid Gold nanoparticles

Figure 6B.14: Viability of LN-229 after (a) 24 and (b) 48 h, after exposure to (from left
to right): control (media), sophorolipid gold nanopatrticles, doxorubicin solution and

doxorubicin loaded sophorolipid gold nanopatrticles.

It was apparent that the LN-229 cells when incubated with SL-AuNPs had lower viability
than the blank GG-AuNPs [Figure 6A. 7 and 8], As SL exhibit anticancer properties, it can
effectively decrease the viability when used against various cancer cells lines.159811 We
extended our studies on these cell lines with DOX loaded SL-AuNPs. At the end of 24 h
incubation, the DOX loaded SL-AuNPs effectively decreased the viability to 27% (at
concentration of 12.5 pg/mL) as compared to 59% as found in case of free DOX solution
[Figure 6B. 14(a)], By the end of 48 h of incubation, the viability of LN-229 cell with DOX
loaded SL-AuNPs reached 2% compared to 16% of free DOX solution [Figure 6B. 14(b)],
Further, results of these studies illustrate that the presence of SL functionalized AuNPs
apparently inhibits the growth of human glioma stem cells. The most appealing result were
that upon 48 h exposure to SL-AuNPs [Figure 6B. 15(b)], human glioma stem cells HNGC-
2 also showed similarly cell viability of 54% at concentration of 12.5 pg/mL similar to LN-
229 cell line. This clearly establishes that conjugation with sophorolipid alone on the
nanoparticles surface leads to cytotoxicity towards not just cancerous cells but towards
stem cells also. After 24 h of exposure, in case of free DOX solution and DOX loaded SL-

AuNPs, the cell viability within the checked concentration range (1.0pg/mL to 12.5 pg/mL)
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was 79.55% to 59.07% for free DOX and 60.99% to 40.01% for DOX loaded SL-AuNPs
[Figure 6B. 15(a)], After 48 h of incubation [Figure 6B. 15(b)], the DOX loaded SL-AuNPs
exhibited more cytotoxicity against human glioma stem cells as compared to free DOX
solution. Here, the maximum cell viability achieved via 12.5 (mg/mL at the end of 48 h was
32.34% for free DOX solution and 8.88% for DOX loaded SL-AuNPs. Thus, the DOX
loaded SL-AuNPs were able to significantly decrease the cell viability indicating that the
combination therapy have potential in eradication of glioma cancer cells and even glioma
stem cells. Liu et al., studied the combination therapy using stealthy liposomal vinorelbine
plus stealthy liposomal parthenolide and reported that combination therapy may be helpful
to provide a potential strategy for eradication of cancers by targeting both cancer and

cancer stem cells together.1

(@)
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m sophorolipid gold nanoparticles
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Figure 6B.15: Viability of HNGC-2 after (a) 24 and (b) 48 h, after exposure to (from
left to right): control (media), sophorolipid gold nanoparticles, doxorubicin solution

and doxorubicin loaded sophorolipid gold nanoparticles.
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The surface modified PEG are studied for its use in diagnostic and therapeutic, as it
readily get linked to AuNPs and successively allows attachment of the targeting agents
and biomolecules which masks AuNPs from the intravascular immune system and help
targeting cancer cells due to the EPR effect. We conjugated PEG with SL-AuNPs and
studied its cytotoxic effects against human glioma cell line LN- and human glioma stem
cell line HNGC-2. The wells that received only culture lia were regarded as a control with a
cell viability of 100%.
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Figure 66.76: Viability of (a) LN-229 and (b) HNGC-2, after 48 h exposure to (from
left to right): control (media), polyfethylene glycol)-sophorolipid gold nanoparticles,
doxorubicin solution and doxorubicin loaded polyethylene glycol)-sophorolipid
gold nanopaerticles.
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* Shows the percent viability of LN-229 and HNGC-2 cell line to DOX, in pure solution form
and as loaded on AuNPs after 48 h respectively. The PEG-SL- AuNPs did not show any
cytotoxicty against both glioma cell lines. The conjugation of PEG shielded SL and formed
a layer around AuNPs thus making them biocompatible as seen in figure 6B.16 (a & b). In
case of human glioma cell line LN- 229, after 48 h of incubation, DOX loaded PEG-SL-
AuNPs were able to decrease the cell viability to 9% as compared to 25% for free DOX
solution. In case of human glioma stem cell line HNGC-2 [Figure 8B. 16(b)], free DOX
solution and DOX loaded PEG-SL-AuNPs .gradually increase their cytotoxicity with
increasing concentration and the cytotoxicity was dominated by DOX loaded PEG-SL-
AuNPs. At the end of 48 h incubation, the cell viability via free DOX solution at the
concentration rangé studied (1.0 pg/mL to 12.5 pg/mL) was from 62-28% and for DOX
loaded nanopatrticles, the decrease was from 53-15%.

The rationale behind this could be the better cell penetration of the DOX loaded
funtionalized nanoparticles conjugate as compared to free DOX alone.®™ This may trigger
a rapid release of DOX from the DOX conjugated AuNPs after they internalized into the
tumor cells, thereby greatly enhancing the cell cytotoxicity.'841 Thus it is apparent that
DOX could move into the drug resistant cancer cells more easily in the présence of AuNPs
than that with DOX alone.

The phase contrast images were taken to see the morphological changes due to effect of
various treatments on the different -cell lines. The morphology of the control (cells in
media) of LN-229 and HNGC-2 was not affected and were highly proliferated [Figure
6B.17818 (a)]. In case of the SL conjugated AuNPs (LN-229 and HNGC-2), the
morphology of the blank SL-AuNPs treated _cells also changed. The cells were circular and
the cells were detached from the surface [Figure 6B. 17(b)]. These results were in
agreement to the cytotoxicty assay. The SL-AuNPs itself was able to decrease the cell .
proliferation and change the morphology of cells. The effect of DOX on the cancer cells
was also very clear. The morphology and number of cells were changed in comparison to
the control and most of the cells were detached from the surface and were circular in
shape. In case of PEG-SL- AuNPs. :ne mages clearly demonstrated the wrapping of PEG
around the AuNPs to remain biocompatible, hence no effect on the cells to proliferation.
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Figure 6B.17: Phase contrast images to demonstrate the morphology changes on
(A) human glioma cell line LN-229 (B) human glioma stem cell line HNGC-2 due to
(@) media (b) sophorolipid nanoparticles (c) free doxorubicin solution (d)
doxorubicin loaded sophorolipid conjugated gold nanoparticles.
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Figure 6B.18: Phase contrast images to demonstrate the morphology changes on
(A) human giloma cell line LN-229 (B) human glioma stem cell line HNGC-2 due to
(@) media (b) poly(ethylene glycolj-sophorolipid nanoparticles (c) free doxorubicin
in (d) doxorubicin loaded poly(ethylene glycolj-sophorolipid conjugated gold

nanoparticles.
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There was no change in the morphology of the blank PEG-SL-AuNPs treated cells [Figure
6B. 18 (b)]. The free DOX and DOX loaded PEG-SL-AuNPs treated cells were highly
affected as the number of the cells was very less cells compared to the control and the
effect of DOX loaded PEG-SL-AuNPs was more prominent compared to free DOX treated
cells [Figure 6B. 18 (c&d)]. The better internalization of AuNPs with DOX was clearly
established from confocal studies.
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Figure 6B.19: Confocal microscopy images to demonstrate the apoptosis induced
by doxorubicin loaded sophorolipid conjugated gold nanoparticles on (A) human
glioma cell line LN-229 (B) human glioma stem cell line HNGC-2. (a) Phase (b) DAPI
(c) doxorubicin loaded gold nanoparticles and (d) overlaid.

Figure 6B.20: Confocal microscopy images to demonstrate the apoptosis induced
by doxorubicin loaded poly(ethylene glycol) -sophorolipid conjugated gold
nanops'vdes on A) human glioma cell line LN-229 (B) human glioma stem cell line
HNGC-2. fa) ciase (b) DAPI (c) doxorubicin loaded gold nanoparticles and (d)
overlaid.
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The apoptosis induced by DOX-ioaded sophorolipid and polyethylene glycol)- sophorolipid
conjugated gold, nanoparticles was evaluated on LN-229 and HNGC-2 cells by confocal
microscope. Reports have identified apoptosis as a major mechanism of cell death in
exposure to doxorubicin hydrochloride.*¥ During apoptosis or programmed cell death,
cells undergo an energy dependent sequence of events, ultimately fragmenting nuclei and
cytoplasmic organelles into small membrane sealed apoptotic bodies. Morphologically,
rapid cell shrinkage, increase of cell granularity and chromatin condensation are the most
obvious changes associated with apoptosis. The apoptosis of DOX loaded AuNPs are
shown in figure 6B. 19 & 20. The apoptosis induced by DOX-AuNPs was clearly visible as
the cells shrunk t6 spherical shape. The cytoplasm of the cell was disturbed badly and
formed the apoptotic bodies. Because of apoptosis, most of the cells were detached; from
the cover slips and washing further removed the apoptotic cells but the main apoptosis
features like cell shrinkage, chromatin condensation and nuclei fragmentation were clearly
observed with the help of confocal microscopy. Confocal images clearly demonstrated the
apoptosis induced cell death by DOX loaded AuNPs on human glioma cell lines LN-229
and human glioma stem cell lines HNGC-2.
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