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The aggregation of nanoparticles (NPs) in the tumour environment has been hypothesized to enhance retention and cellular uptake, crucial for
NPs-—assisted cancer treatment. Gold nanoparticles (AuNPs) are synthesized by reducing gold chloride with sodium borohydride and appended

10 with mono and paired DNA bases (adenine, cytosine, and thymine). The AuNPs—DNA bases nanoconjugates show aggregation which was
characterized by UV—Vis spectroscopy and TEM. An intense surface plasmon resonance (SPR) band in the visible region at 520 nm was
observed for the synthesized AuNPs, while addition of mono and pair of DNA bases exhibited colour change and generation of new band at
higher wavelength. FTIR studies evidenced the mode of interaction of the DNA bases with the AuNPs. Zeta—potential study indicates that
functionalized AuNPs were negatively charged and showed zeta—potential values in the range of -53 to -24.5 mV. These functionalized AuNPs

1s were internalized to a greater extent with high cellular uptake than AuNPs into HeLa cells, quantitatively examined using MP-AES and
visualized by optical microscopy. MP—AES results estimated highest (51.43%) cellular uptake for AuNPs—CT among other NPs. Cytotoxicity
study demonstrates that functionalized AuNPs possess the highest toxicity than AuNPs against HeLa cells.

Introduction

20 Recently nanoparticles (NPs) have gained impetus in biomedical resonance, provide excellent fluorescence and photostability
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applications for the diagnosis and treatment of various diseases.
Specific targeting strategy has been achieved via ligands targeting
receptors that are over—expressed on the diseased cells.'
Enhanced tumour targeting, improved cancer bearing survival
time, and reduced side—effects in vivo and tumour cell uptake in
vitro have been some of the major outcomes. Doxorubicin—
loaded targeted polymeric NPs (BIND-014), is one of the
successful examples and is currently under clinical evaluation.’

Among the targeted strategies in the utilization of
nanoparticles one class of inorganic particles that has shown
promise in targeted cancer therapy are the gold nanoconstructs.’
Gold nanoparticles (AuNPs) can be synthesized with very precise
sizes, shapes and surface chemistry at the nanoscale level.*
Besides the physical and chemical properties of AuNPs, they are
easily characterized by UV—Vis spectrometry and microscopy,
while their unique optical properties make them particularly
attractive tools for cancer detection and therapy.’ The ability to
collectively oscillate their conduction—band electrons during light
exposure, AuNPs can scatter light resulting in an array of colours
characteristic of colloidal gold.’These properties have recently
been exploited for early detection of cancer biomarkers.” *If gold
nanoparticles, particularly rods, are exposed to wavelengths
dictated by the particles aspect ratio, then surface plasmon
resonance may occur and the light energy is transformed into
heat.>® This phenomenon has led to the idea of using gold
nanorods to target tumors and thermally ablate them using near—
infrared (NIR) light irradiation. °™"'

AuNPs have the advantage of small size, which is highly
tunable (1-100 nm), enabling them to evade the immune system.
so The optical properties of AuNPs, such as surface Plasmon
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necessary for imaging applications.'>'* The chemical properties
of AuNPs, such as chemical inertness, low toxicity to human
cells, '* and high selectivity, * allow them to interact easily with
the biological systems. AuNPs have been used to deliver
antitumor agents such as tumour necrosis factor (TNF) or
paclitaxel at the site of the tumour by the enhanced permeability
and retention (EPR) effect.'®

Surface modification of metal particles using functionalized
capping molecules has led to exciting possibilities for anchoring
colloidal particles to metal surfaces. Recently, this has also been
exploited in the development of diagnostic tools for biological
compounds. AuNPs when functionalized with the suitable surface
moieties, can readily penetrate living cells.'” Therefore, attempts
have been made to stabilize metal nanoparticles in the presence of
biologically important compounds such as DNA, DNA bases and
proteins.'®?' DNA bases are the fundamental constituent of
nucleic acids containing nitrogen found within nucleotides. Thus
interaction of metal nanoparticles with nucleic acids is important
in the bioinorganic field because of its imminent effects on the
synthesis, replication, and structural integrity of DNA and
RNA.> After proteins, the nucleic acids are the most studied
biomolecules for capping noble metal nanoparticles. Cytosine
modified Gd,S;:Eu®" nanoparticles show better accumulation of
blood platelets with cytosine modified nanoparticles as compared
to unmodified NPs.”* Rotello and co-workers have synthesized
functionalized AuNPs which carry oligonucleotides inside the
cell.* Several researchers have been able to modify the AuNPs
surface for enhanced applicability. Amongst this thiol

so modification and DNA bases have been able to modulate the

chemical and physical characteristics. The formation of a

This journal is © The Royal Society of Chemistry 2014
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polymeric network of DNA-AuNPs by mixing two
oligonucleotide—functionalized AuNPs probes with a solution of
DNA target results in a concomitant red—to—purple colour
change. Furthermore, DNA—modified AuNPs have been used for
the colorimetric detection of duplex and triplex DNA binding
molecules.”?” Some purine derivatives (Pds) such as xanthine
and uric acid were reported to block the growth of AuNPs, which
may attribute to the formation of Pds—Au (III) complexes.”®
Different Pds have different affinities to the Au (III) ion.
However, it is still unclear how ligand—Au (III) affinities affect
the growth of AuNPs. A better understanding of the AuNPs—
biomolecule interactions would inspire new ideas for the
development of AuNPs-based bioassays.

The present study investigates the cellular uptake of AuNPs
appended with DNA bases such as adenine, thymine and
cytosine. Similarly, a pair of DNA bases such as AuNPs with
adenine-thymine and a mismatch pair cytosine-thymine and
adenine—cytosine were synthesized and characterized by their
physico—chemical studies. In the present study HeLa cell lines
were selected to study the cytotoxicity of the AuNPs and other
DNA base conjugates. Although other immortalized lines are
vastly available, HeLa remains the most widely used cell line in
biomedical research. HeLa cells can be used to explore the
complex processes involved in the growth, differentiation, and
cell death processes. Pair of bases appended AuNPs show
excellent cytotoxicity as well as high cellular uptake for human
cervical cancer cell line.

Experimental

Materials

All the chemicals used were of analytical grade. Chloroauric acid
(HAuCl;3H,0) (Thomas Baker, India), sodium borohydride
(Merck, India), cytosine, adenine, thymine, agarose (Sigma-—
Aldrich, India), tris base (Merck, India), boric acid (Merck,
India), and EDTA (Merck, India), were used without further
purification. Milli-Q water was used throughout the course of the
investigation.

Synthesis of gold nanoparticles

Gold nanoparticles were prepared by reduction of 1mM
chloroauric acid [HAuCly] with 2mM ice—cold sodium
borohydride [NaBH,4] solution.””*® A 1: 1 ratio of [NaBH,4] and
[HAuCl,] resulted in the breakdown of the product within an
hour. Thus a reaction optima was obtained with the initial ratio of
[NaBH,4]/ [HAuCly] = 2.0. Briefly the solution of chloroauric acid
was vigorously stirred with the sodium borohydride solution for
an hour at room temperature. Initially the mixture formed an
orange colour which subsequently, turned black in few minutes
and this was, persistent up to 15 to 20 min. Finally, the product
obtained was ruby red colour. The pH of the colloidal solution
was also checked.

Synthesis of DNA bases functionalized AuNPs

Stock solutions of DNA bases (20 mM) and pair of DNA bases
(20 mM) were prepared in milli-Q water. An aliquot of each of
the DNA base and pair of DNA bases solution (30 pL) was added
to the gold colloidal solution (3 mL). The colour changed from
red to blue/violet/purple depending on the DNA bases/pair of
DNA Dbases, indicating the formation of DNA bases
functionalized AuNPs. Interaction with guanine could not be
studied due to its low solubility in water. The pH of the solution
was checked after the addition of DNA bases.
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Gel electrophoresis

A 0.2% agarose gel was prepared by heating 300 mg of agarose
in 150 mL of 0.5x TBE buffer and allowed to cool at 60° C prior
to pouring the gel. The 0.5x TBE buffer was prepared by diluting
a 5x TBE buffer stock solution (54 g tris base, 27.5 g boric acid,
and 20 mL 0.5 M EDTA, pH 8.0, per L). Samples consisting of
40 pL DNA bases functionalized AuNPs and SpuL glycerol/
deionized water (1:1, v/v) were loaded into the wells. The gels
were run in a horizontal electrophoresis system (Midi—Horizontal
System Bio Era) at S0 V for 1 h.

Isolation of healthy cells from mouse spleen

Specific pathogen free BALB/c mice was selected. The mouse
was killed by cervical dislocation.*' Complete medium was placed
in a Petri dish while the dish was placed at an angle by resting it
partially on its lid. A hole in the capsule was made using forceps,
at one end of the spleen. The spleen was placed on the sloping
Petri dish, punctured end facing down. Using a cell scraper
gently press cells out of the spleen by working the scraper from
the middle to the lower end of the spleen. Another hole at the
other end of it was made and the rest of the cells were removed
out. When all cells were removed, the empty capsule was
discarded and the cells were transferred to a conical tube. The
volume was adjusted appropriately. The cells were cultured in a
T-25 flasks with RPMI-1640 (Sigma; cat. no.R-7638)
supplemented with 10% heat-inactivated fetal calf serum (FCS),
2 mML-glutamine,100U/mL penicillin/streptomycin, and 5x107
M 2-mercaptoethanol (2-ME).

Testing of functionalized AuNPs against HeLa and

healthy Cells

The cells were seeded from the T-Flask and added to a 96- well
plate. 1 ml of 1 x 10° cells/mL medium and with varying
concentration of the compounds were added and kept in the CO,
incubator. After 24, 48, 72, and 96 h MTT assays were done to
check the cell viability. All experiments were carried out in
Laminar flow hoods, Laminar Flow Ultraclean Air Unit, Micro
filter, India. The cells were visualized using an Inverted
Microscope, Olympus.

Cytotoxicity studies

Cytotoxicity studies were evaluated in the HeLa cell line obtained
from National Centre for Cell Science (NCCS), Pune University,
Pune, India. Cell viability was tested using the 3—(4,5—
dimethylthiazol-2—yl)-2,5—diphenyltetrazolium bromide (MTT)
assay. The cells were seeded in a 24—well plate at a density of 10*
cells/ well in Dulbecco’s Modified Eagle’s Medium (DMEM)
containing 10 % fetal calf serum and a 0.1 % antibiotic solution
for 24 h at 37 °C and 5 % CO, for adherence. Functionalized
AuNPs (5-100 pug mL™) were dispersed in 1% DMSO and added
to the wells with fresh medium. 1 % DMSO was used as a vehicle
control. After every 24, 48, 72 and 96 h of incubation, MTT assay
was carried out. The MTT solution (20 pL, 5 mg mL™") prepared
in a 10 mM phosphate buffer was added to each well and
incubated for 4 h. The purple formazan product was dissolved by
addition of 100 pL of 100 % DMSO for 5 min. The absorbance
was measured at 570 and 630 nm using an ELISA plate reader,
and the viability was calculated. Data were collected for three
replicates each and were used to calculate the mean. The
percentage inhibition was calculated from this data:

Mean OD of untreated cells (control)

x 100
Mean OD of treated cells (control)

% Inhibition =

2|RSC Advances2014, 00, 1-7
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Quantification of internalized functionalized

AuNPs by MP-AES
The cell suspension was stored at —20 °C until analysis. For the
uptake studies by microwave plasma atomic emission
s spectroscopy (MP-AES) HeLa cells were grown in a 6 well plate
and incubated for 24 h with 100 pL functionalized AuNPs. Cells
were washed three times with PBS to remove NPs not associated
with the cells before sample collection. 0.15 mL of aqua regia
(3:1 hydro-chloric acid: nitric acid [Caution must be taken when
10 handling, as reactions are exothermic]) was added to 10 puL of
cell of solution. This solution was incubated for overnight, then
further diluted to 5 mL using milli Q water to give a total sample
volume of 5 mL. These samples were then analyzed for total gold
content by MP-AES, and the measurement was repeated 3 times
15 for each sample. An Agilent 4100 MP-AES was used, and values
reported were based on a calibration curve using an Au MP-AES
standard. The emission Au line used was at 267.59 nm. The gold
concentration, the calculated number of accumulated AuNPs, the
normalized number of AuNPs per cell and the accumulation
20 percentage is reported in the main text.

Staining of cells for detection of changes in
morphology

HeLa cells (10*) were cultured on cover slips for 24 h and

»s incubated after treating with nanoparticles conjugated with FITC
for another 4 h. The treated cover slips were transferred into
another 6-well plate where the cells were fixed with 1%
paraformaldehyde. Next, DAPI stain was added for 3-5 min.
Cover slips were washed with PBS to remove excess stain. The

30 cover slip was dipped in alcohol and was allowed to dry. The
cover slip was dipped in xylene and mounted using DPX. The
images were captured using Carl Zeiss Axio Scope Al
fluorescent microscope with filter set number FS3 excitation at
340 nm.

35 The optical absorption spectra of colloidal solutions were
recorded on UV-1800 (Shimadzu) UV-Visible
spectrophotometer. Infrared spectra were recorded on FTIR 8400
(Jasco) spectrophotometer. Sampling was done using a KBr
pellet. An Agilent 4100 MP—AES was used for the quantification

40 of gold nanoparticles. TEM analysis was carried out on PHILIPS
CM 200 operated at 80 kV. The samples were prepared by
dropping 2uL gold colloid particle solutions onto a 400—-mesh
icon carbon—coated copper grid and wicking off the excess
sample with filter paper after 30 seconds and drying at room

4s temperature. Statistics describing the size distribution of the
observed colloids was analyzed by counting 100 particles. The
zeta potential was measured at 25°C using Malvern Zetasizer
Nano ZS instrument. Briefly, the samples were loaded into a pre—
rinsed folded capillary cell and a voltage of 150 and 100 V was

so applied. The zeta potential measurements were made in
triplicates.

Results and Discussion

ss Results
UV-Visible absorption spectroscopy is the most widely used
method for characterizing the optical properties and electronic
structure of nanoparticles, as the absorption bands are related to
the diameter and aspect ratio of metal nanoparticles. The time—

s dependent aggregation data were taken to understand the kinetics
of gold assembly formation via recording the time—dependent
UV-Visible spectra of the colloidal gold after addition of 30 uL

cytosine (20 mM) at room temperature (Figure 1 A). The intensity
of 520 nm decreased with slight bathochromic shift (527 nm),
and a new plasmon band at 658 nm appeared, while the colour
changed from red to deep blue (Inset Figure 1A). However,
precipitation accrued within 1 h after the addition of cytosine in
AuNPs, with a zeta potential value of -31.8 mV. This indicated
moderate stability of the solution (Figure S1, ESI). While upon
addition of 30 pL thymine (20 mM), the intensity of the band at
520 nm gradually decreased, and a new plasmon band at 636 nm
increased exponentially, indicating the formation of thymine—
gold assembly (Figure 1B), with the colour change from red to
violet (Inset Figure 1B). In the AuNPs-T assembly precipitation
accrued after 10 days. Moreover AuNPs-T has a zeta potential of
-41.8 mV, which indicates good stability of the solution (Figure
S1, ESI). The addition of 30 pL adenine (20 mM) in colloidal
gold solution shows broad band at 580 nm (Figure 1C), with the
colour change from red to violet (Inset Figure 1C). The
appearance of a broad band at 520 nm after addition of adenine to
the gold nanoparticles indicates better interactions. However,
precipitation accrued within 8 days after addition of adenine in
AuNPs. AuNPs—A has zeta potential of -28 mV, which indicates
moderate stability of solution (Figure S1, ESI). The degree of
ss interaction of the nucleobases with AuNPs is different which
results in different aggregation for different bases. After the
addition of DNA bases in AuNPs, pH of the solution remains
unchanged (Table S1, ESI), adeliberate pH change (4-12)
may perhaps not bring out any such aggregates. This explains the
s perception of the study.
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Figure 1 Kinetics of AuNPs with DNA bases and pair of DNA
bases over time. UV—Visible kinetics of gold assembly formation
upon addition of 30 uL of (A) cytosine (20 mM) (B) thymine (20

os mM) (C) adenine (20 mM) into 3 mL AuNPs solution (D) pair of
CT (20 mM) (E) pair of AC (20 mM) (F) pair of AT (20 mM)
into 3 mL AuNPs solution.

The spectral characteristics differ for the paired DNA bases
10 with AuNPs as compared to the mono DNA Bases. The UV—
Visible spectra for the AuNPs—CT pair wherein, CT is a mixture

This journal is © The Royal Society of Chemistry 2014
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of cytosine and thymine (20 mM), the CT pair was observed to

have a lower adsorption affinity than the individual bases (C and

T) and that the adsorption affinity of C was marginally higher

than that of T (Figure 1D). The spectra for the pair of AuNPs—AT

had similar spectral features of individual adenine (Figure 1F).

This may be due to the masking effect of adenine. Thymine has

lower adsorption affinity than adenine due to the two binding

modes in adenine (amine group and ring N atom) while thymine
has one binding mode (carbonyl group) (Figure S4 of FTIR). The
spectra of AuNPs—AC showed the intermediate characteristics of

C and T, which might be possible due to similar adsorption

affinity (Figure 1E). The zeta—potential values for pair of bases

were found in the range of -24.5 to -37.1 mV, confirming a

moderate colloidal stability (Figure S1, Table S1, ESI).

15 The interactions between the gold nanoparticles with DNA
bases were analyzed from the FTIR spectra. In AuNPs-C, a
remarkable shift was observed in the position and intensity for the
C(2)=0(8) group frequency from 1703 (free) to 1645 cm™
(bound to AuNPs). This designated that cytosine binds to AuNPs

20 via carbonyl group (Figure S3, Table S2, ESI). The N(3)=C(4) Figure 2 TEM images and size distributions of gold

stretching band exhibited a hypsochromic shift from 1536 (free) nanoparticles (A), AuNPs-A (B), AuNPs-T(C), AuNPs—C (D),
to 1504 cm™' (bound to AuNPs) which indicates that cytosine os AUNPs—AT (E), AuNPs-AC (F) and AuNPs—CT (G).

binds to AuNPs through N(3) nitrogen atom of the pyrimidine ’

ring (Figure S2, Table S2, ESI). The C(4)-NH, stretching band The TEM study was undertaken to highlight the shape, size
(bound to AuNPs) broadens with respect to the free cytosine and size distribution of the particles. A TEM micrograph of the
which suggests that cytosine can bind to AuNP§ through amine AuNPs appears as well separated nearly spherical particles
group (Figure S2, Table S2, ESI). The lone pair from exocylic (Figure 2A) with an average size of 6.3 nm. After addition of
nitrogen is a%go expected to takg part in binding \ylth gold adenine to the gold nanoparticles solution (Figure 2B), the
nanoparticles.” In AuNPs-T, major changes due to increased particle size was reduced to 4.8 nm indicating an interaction
30 wavenumbers of both the N-H stretching and bending vibrations, which is supported by UV-Vis spectra. TEM micrograph of
and minor variations of the C=0 stretching modes were observed AuNPs-T shows aggregation (Figure 2C) with increase in the
(Figure S3, Table S3, ESI). Also, a remarkable difference was particle size (15.5 nm). After addition of cytosine in gold
observed in the position and intensity of C(4)=O(8) group (Figure nanoparticles solution (Figure 2D), the particles seem to be
S4, Table S3, ESI). This m%wated that thymine blI'ldS t,o AuNPs elongated with particles size of 7.1 nm. TEM micrographs for the
through the carbonyl group.™ In AuNPs—A, NH, scissoring mode AuNPs-AT, AuNPs-AC and AuNPs—CT pairs show aggregation
(1779 em™") a hypsochromic shift with respect to free adenine with the size of 6.7 nm, 6.1 nm and 9.4 nm, respectively (Figure
(1720 em™) (Figure S4, Table S4, ESI) was observed, suggesting 2E-QG). The addition of mono and paired DNA bases in AuNPs
that external amino group participated in the binding process with exhibit a significant change in the particle size and a tendency to
AuNPs.*The C-N(7) stretching in five-membered ring shows agglomerate as inferred from the TEM images

40 decrease in intensity and a slight shift from 1595 (free) to 1579 Figure 3A depicts the electrophoretic patterns for the

cm '(bound to AuNPs) (Figure S4, Table S4, ESI), indicating different AuNPs-DNA bases. A control image of the gel was
that adenine strongly interacts with the AuNPs through the N(7)

nitrogen atom of an imidazole ring (Figure S6, EST).>*™’

o

=

2

S

3

by

captured without staining under white light illumination. The
. O image clearly indicates that the functionalized AuNPs (1-7) show

. Prominent band§ cenFred fit 1761, 1661 and 1345 cm, were almost similar mobility towards anode with the variation in band
attributed to stretching vibration of C(4)=0(8) of adenine, C- intensity. Highest band intensity was observed in AuNPs-T and
N(7) stretching in five-membered ring’” of adenine, and C-N AuNPs-AT systems (Figure 3B). This study indicates that

stretching of adenine. fo.r the AuNP szT.pair. (F igure S5, ESD). functionalized AuNPs were negatively charged and show
These bands clearly indicate that adsorption is dominated by A mobility towards anode.

than T in case of AT pair. For the AuNPs—AC pair major bands
centred at 1671, 1604 and 1345 cm™' were attributed to stretching
vibration of two secondary amide carbonyl C(2)=0(8) groups in
cytosine ring, NH, scissoring mode, and C-N stretching of
adenine (Figure S6, ESI). These bands clearly indicate equal
adsorption affinity of C and A in case of AC pair. While in case
of pair of AuNPs—CT the bands centred at 1770, 1695 and 1345
em ' were attributed to stretching vibration of two secondary
amide carbonyl C(2)=0(8) groups in cytosine ring, and C(4)—
NH, stretching vibration of cytosine (Figure S5, ESI). *> *® These
bands clearly indicate that adsorption is dominated by C than T in
case of CT pair.
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Figure 3 Gel electrophoresis experiment showing the behaviour
of functionalized AuNPs under the effect of an electric field.

s Panel A shows functionalized AuNPs run through the gel. Panel
B shows the plot of band intensity of functionalized AuNPs.

Cellular Uptake by Cancer Cells
The cellular uptake of DNA bases functionalized AuNPs in the
10 human carcinoma cell viz. HeLa cells was studied. The bright
field images captured exhibit enhanced cellular uptake of
functionalized AuNPs uptake compared to AuNPs, as seen in
Figure 4. The cell morphology was observed after the addition of
nanoparticles. It is clear from the images that, the cells treated
15 with bare nanoparticles (Figure 4A) have also reduced in number,
indicating that the bare nanoparticles do have some effect on the
cell viability. Figure 4B-G shows the functionalized AuNPs were
cytotoxic and enhanced cell death compared to bare AuNPs.
Figure 4E-G shows the presence of pair of DNA bases with
20 AuNPs, particularly AuNPs—AC and AuNPs—CT internalization
within the cell (indicated by an arrow).

Figure 4 Bright field microscopic images of functionalized

»s AuNPs into HeLa cell lines after 24 h incubation. The observed
black dots (red arrow) indicate the presence of functionalized
AuNPs after their internalization into cells.

The key parameter in evaluating biocompatibility was
centred on the evaluation of potential cytotoxicity of the
30 nanoparticles. To examine the cytotoxicity in HeLa cell lines,
increasing amounts of functionalized AuNPs were incubated and
the cell viability was assessed for 24-96 h, expressed as
percentage of the untreated control (100% cell viability) by MTT
assay. Since the functionalized AuNPs exhibit cellular uptake, the
35 cytotoxic evaluations of these NPs were carried out to quantitate
cell death. However, 2 pg/mL functionalized AuNPs treatment at
24 h, demonstrated 95-97% cell viability in HeLa cell lines
(Figure 5) which further decreases to 52-50% at 96 h and 34-29
% at 96 h, respectively. At 24-96 h, the cell viability decreased
considerably as the concentration increased up to 30pg/mL,
almost 48-40 % cell viability was observed after 24h which
further decreased to 24-15 % for 48 h and 10-5 % for 96 h. At 24-
96 h, the AuNPs—CT, exhibited highest cell viability amongst
other samples at 30pg/mL concentration (Figure 5). Cell viability
4s of HeLa cells decreased after exposure to functionalized AuNPs,
especially at high concentrations.
Cytotoxicity study of functionalized AuNPs was also carried
out with healthy cell line (Figure S7 and S8, ESI). However, 30
pg/mL of functionalized AuNPs treatment at 24 h demonstrated
s0 90-70 % cell viability in HeLa cell lines which further decreases
to 89-69 % at 48 h (Figure S7 and S8, ESI). This result indicates
that functionalized AuNPs show high cytotoxicity towards cancer
cells (HeLa cells) compared to healthy cells. Also among other
NPs, AuNPs-CT show high percentage of cell death in HeLa cell
ss lines (5.97 % cell viability at 30 pg/mL after 96 h).Cytotoxicity
study demonstrated that functionalized AuNPs possess the
highest toxicity than AuNPsin HeLa cell lines.
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Figure 5 Cytotoxicity measurements of functionalized AuNPs in
HeLa cell lines at various concentrations 2—-30 pg/mL for 24 h, 48
h and 96 h using MTT cell viability assay.

5 Further the AuNPs-DNA bases were tagged with FITC
fluorophore to confirm cellular uptake. Figure 6 shows the
cellular uptake of functionalized AuNPs by HeLa cells monitored
by fluorescence microscopy. Bright blue fluorescence was
observed when cells were incubated with functionalized AuNPs,

10 demonstrating their uptake by the cells. Internalized AuNPs—

DNA bases were observed as green colour while the nucleus

stained with blue colour. Interestingly, only the nucleus was

found to be stained blue, suggesting that these functionalized

AuNPs easily enter nucleus of cell.As observed in Figure 6, the

functionalized AuNPs efficiently get internalized within the cells

in 4 h, hence making it viable to study the effects of the drug.

AuNPs—CT aggregates show complete internalization in the

nucleus (figure 6).

@

N /s

AuNPs-C

s

»

AuNPs-A AuNPs-T

AuNPs-AT

Figure 6 Fluorescence imaging with DAPI and FITC labelled
functionalized AuNPs. The cellular uptake study indicates
sufficient functionalized AuNPs were internalized to allow direct

25 visualization (indicated by an arrow).

G

Quantification of the amount internalized

functionalized AuNPs

Microscopic analysis is valuable for obtaining qualitative
30 information on uptake and for intracellular distribution but it only
evaluates a comparatively small population of the cells. Hence, a
quantitative measurement was essential. Because gold is not
found in measurable concentration in mammalian cells, AES can
be used to quantify the total amount of gold in a large number of
cells and to determine cellular uptake and has sub—ppb detection
limits. The amounts of internalized HeLa cells were quantified by
MP-AES. The quantification was based on an examination of all
exposed cells and thus resulted in higher precision compared to
high magnification microscopic image analysis, in which only
40 individual cells were examined. After exposing the cells to

functionalized AuNPs for 24 h, the entire cell population was

detached and analyzed after lysis to determine the internalized

gold concentration. The percentage uptake of AuNPs applied to

cells could be calculated, based on the number of AuNPs within
45 the cells and on the total amount applied to the cells.

w
&

100

80 |

% of total AUNPs

Figure 7 Quantification of internalized functionalized AuNPs in
HeLa cell by MP-AES. Percentage taken up was calculated using
gold nanoparticles as a control.

50

Figure 7 depicts the wvariation in cellular uptake of

nanoparticles at 24 h expressed as % particles uptake. The results
revealed that nearly 30 % to 52% of particles accumulated within
the cells for 100 png/mL nanoparticles concentration, respectively.

ss Figure 7 demonstrates that pair of bases appended AuNPs show
higher amount of uptake in HeLa cells. However, the amount of
AuNPs within the cells was higher for AuNPs-CT sample
(51.43%) among others NPs. MP-AES results indicate that
functionalized of AuNPs by a pair of DNA bases can enhance the

o cellular uptake. Also these functionalized AuNPs were
internalized to a greater extent with high cellular uptake than
AuNPs into HeLa cells. However optical microscopy results also
support this results that pair of bases functionalized AuNPs
demonstrate higher degree of internalization.

65

Discussion
A typical surface plasmon band of spherical AuNPs is observed
due to the collective oscillation of the conduction electrons in the
70 totally symmetric geometry of the particles. Addition of DNA
bases into the AuNPs solution generates a new plasmon band
along-with the SPR band. The SPR band is assigned to the dipole
plasmon excitation of the individual AuNPs, while longitudinal
band is assigned to the dipole plasmon resonance appearing due
75 to the aggregation among the individual nanoparticles.*° The
appearance of longitudinal band at longer wavelength region and
its relative position with different nucleobases could be accounted
for within the framework of effective medium theory.*!

The strength of interaction of the nucleobases with AuNPs

so may be evaluated on the basis of the appearance of longitudinal
band which arises at longer wavelengths. From the optical
absorption study it can be inferred that cytosine has strong
interactions amongst the DNA bases. The increasing strength of
gold-DNA bases can be accounted for the decrease in the

ss interparticle spacing between the particles which is clearly
reflected by the position of the extended plasmon band of
functionalized AuNPs. The difference in the strength of
interaction with AuNPs is likely due to the varying ability of the
bases to coordinate the AuNPs surface, this leads to possible

o0 nonspecific chemical interactions outcome in different
aggregation mechanisms for different nucleobases.

In cytosine, the available lone pair from exocyclic nitrogen
takes part in binding gold. It can generate a lesser amount of
canonical structures than adenine. Thus, AuNPs would strongly

ss interact with cytosine. The best aggregation takes place in the

6|RSC Advances2014, 00, 1-7
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case of cytosine as nitrogen and oxygen become preferred donors.
As cytosine contains electron rich N and O atoms, the charge—
transfer interactions from the lone pair on O are expected to take
part.*Whereas thymine has no such exocyclic nitrogen and
presumably the ring nitrogen does not take part in bonding so the
entire bonding takes place through O atoms. IR studies further
confirm that the binding is preferred through the carbonyl
(C(4)=0(8)) group with gold particles. Hence the orientation of
the molecular plane becomes perpendicular to the surface of gold
nanoparticles instead of being parallel as in case of cytosine and
adenine.*In adenine, the presence of the aromatic benzene ring
together with the heterocyclic five-membered ring provides
additional stability due to delocalization of the electron density.*
Purine bases are less aromatic compared to pyrimidine bases as
reported earlier by the Sharma group. Thus both become more
aromatic on complexation with gold atoms. Generally the gold
atom bound to an electron rich site is found to withdraw electrons
and acquire a negative charge. The carbon atoms of the adenine
loose a lesser amount of electron density, whereas the nitrogen
atoms loose a greater charge, this is due to the vicinity of the gold
atoms to the N atoms. A significant charge transfer takes place
from the lone pair of N in adenine to gold. In adenine the
exocyclic nitrogen is adjacent to two almost equivalent ring
nitrogens in its six-membered skeleton which might be the
reason for better interaction with gold surface.*

This study suggests predominant interaction of the gold
atoms with electron rich regions in the bases involving mainly the
hetero atoms like N and O. Thymine exhibits weakest interaction
with the metal nanoparticles which is in agreement with the
previous results (C >G >A >T).* 4" 4t is well established in
the literature that amines can bind exceptionally strongly with
metal nanoparticles.**Recent DFT and Post Hartree—Fock
calculations have shown that the interaction of the DNA bases
with the gold surface is dominated by dispersion interactions.*’

It is well established that the particle charge and colloidal
stability is of great importance in the cellular uptake studies.*®
The zeta—potential values were found in the range of -53 to -24.5
mV. The negative zeta potential values for all functionalized
AuNPs indicate the relative stability of these particles in the
dispersion medium. The zeta—potential values of the AuNPs
followed the order AuNPs—T<AuNPs—AT<AuNPs—AC<AuNPs—
C<AuNPs—A<AuNPs—CT, the rise in the zeta—potential value can
be associated with the formation of
small nanoparticle arrangements, causing a light scattering
increase and a mobility bias by the largest particles in the poly—
dispersed sample.**5

As reported earlier, AuNPs have little toxic effects due to the
nature of inert elements. AuNPs when functionalized with the
suitable surface moieties, can readily penetrate living cells.'” The
cytotoxicity of the AuNPs has been previously reported to be
dependent on AuNPs concentration, time of treatment, and cell
type.'™* For clinical applications, it is very essential that the
nanoparticles show efficient cellular uptake and easy clearance.

The bright field microscopic images indicate AuNPs-DNA
bases uptake in the HeLa cell lines (Figure 4). The observed
black dots (Figure 4) indicate the presence of functionalized
AuNPs after their internalization into the cells. This study was
further confirmed by tagging the AuNPs-DNA bases with FITC.
The cellular uptake study indicates sufficient functionalized
AuNPs internalized within the cell to allow direct visualization
(green dots) using fluorescence microscopy, as shown in Figure
6. The mono and paired DNA bases functionalized AuNPs were
able to enter the cells after 4 h of treatment. Thus, the cellular
uptake and cell viability studies suggest that functionalized
AuNPs are suitable for in vivo applications. The uptake of gold
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nanoparticles is mediated by the adsorption of serum proteins
onto the gold surface via the mechanism of receptor-mediated
endocytosis.ss'57 However, our results are consistent with earlier
data showing that in human dermal fibroblasts,”® leukemia
cells,”” human hepatocellular cells,*’ rat alveolar macrophages
and epithelial type-I cells,®'in mouse dendritic cells and
fibroblasts,*>®* gold nanoparticles were internalized. The uptake
of AuNPs seems to depend on the surface structure of NPs. The
authors concluded that negatively charged gold nanoparticles
interacted with proteins on the cell surface that might promote an
uptake process.

MP-AES study suggested that functionalized AuNPs were
internalized to a greater extent with high cellular uptake than
AuNPs. High percentage of uptake of functionalized AuNPs
would be of great importance for medical applications. Fazal and
co-worker also demonstrated that AuNPs synthesized by green
route show cellular uptake 47% to 67 % in A431cell lines. *

In addition to the charge effect, a size effect also plays a
vital role in cellular internalization of gold nanoparticles. Nel
group extensively discussed the biophysico—chemical interactions
at the nano-bio interface. In addition to the various forces
involved in the adsorption to the cell membrane, the diameter of
the nanoparticle was of major importance in promoting
internalization into the cell.’ Previous studies have found that,
AuNPs of less than 20 nm are more suitable for biological
application compared to particles of bigger sizes, as their cellular
uptake is higher and they can cross the blood-brain barrier in
animal model.®®” The present TEM study also indicates that the
functionalized AuNPs are below 20 nm.

Conclusions

We have been able to successfully design AuNPs appended with
DNA bases that tend to aggregate. This property of aggregation
renders suitable property to the appended AuNPs which helps in
cell internalization and enhanced cytotoxicity. In HeLa cell lines
the paired DNA bases functionalized AuNPs were internalized to
a higher degree even after a short exposure time of 4 h, as would
be expected due to interactions with the anionic cell membrane.
The damage rendered to the cell can be corroborated to the
accumulation of the AuNPs-DNA bases within the cell. Our
studies have indicated that these functionalized AuNPs are able to
penetrate into the nucleus of HeLa cell. This work can further be
extended to various applications in the field of nanomedicine and
nanobiotechnology.
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