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Abstract  

We report that the flavonoid, apigenin (4', 5, 7,-trihydroxyflavone) is able to form apigenin 

linked gold nanoparticles (ap-AuNPs) at RT with apigenin itself acting as the stabilizing agent. 

The synthesized ap-AuNPs have been characterised by UV- Visible spectroscopy, HR-TEM, 

DLS, FTIR and TGA analyses. The biocompatible nature of ap-AuNPs is shown by its non - 

toxicity towards normal epidermoid cells (HaCat). Additionally, it is shown to exhibit anti-

cancer activity towards epidermoid squamous carcinoma cells (A431). The uptake of ap-AuNPs 

into A431 cells is seen by TEM. Apoptosis induced by ap-AuNPs in these cells is observed 

through EtBr/AO and DAPI staining. Flow cytometric results also reveal the occurrence of early 

apoptotic cells, late apoptotic cells and the presence of sub-G1 population. DNA prepared from 

ap-AuNPs treated A-431 cells reveals a ladder like pattern in agarose gel electrophoresis 

indicating oligonucleosomal cleavage which is a hallmark of apoptosis. The ap-AuNPs also 

inhibit angiogenesis as shown by Chick chorioallantoic membrane (CAM) assay. Taking the 

results together, we believe that ap-AuNPs show promise in treatment of skin cancer. The ap-

AuNPs also have cytotoxic potential against the  human cervical squamous cell carcinoma cell 

line - SiHa.    

 

Keywords: Apigenin; AuNPs; A431 cells; HaCat cells; SiHa; Anti-carcinogenicity; 

Chorioallantoic membrane  
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Introduction 

The incidence of skin cancer has been increasing during the last decade.
1
 Overexposure to solar 

UV radiation and chemicals such as arsenic and nickel are the major etiological factors for the 

development of malignancy.
2-4

 Therefore, there is a need to develop novel therapeutic agents 

which preferably target cancer cells leaving normal cells unaffected. Gold nanoparticles (AuNPs) 

have attracted considerable attention due to their possible applications in cancer treatment, in 

drug delivery, as biosensors, in photo thermal therapy and in imaging.
5-10

 AuNPs have been 

synthesized by reducing Au
3+

 ions employing chemical reductants such as citrate, CTAB, etc., 

and the shape and size of the particles are tunable by adjusting the conditions employed.
11-13

 

Applications in biomedicine are however limited when the capping and stabilizing agents used 

have toxic effects in biological systems.
11,13

 For example, citrate reduced AuNPs are found to be 

toxic towards normal human dermal microvascular endothelial cells (HDMEC) and human 

cerebral microvascular endothelial cells (hCMEC).
13

 The synthesis of AuNPs using plant 

extracts and phytochemicals may prove advantageous over the AuNPs made via chemical 

capping.
14-16 

Phytochemicals like (-) epigallocatechin-3-gallate (EGCG), resveratrol, tannins etc, 

have all been used for forming colloidal gold from ionic solutions of gold.
16-18

  

The flavones which are one of the secondary metabolites of plants, exhibit antioxidant, 

antimicrobial, anti-proliferative and anti-carcinogenic properties.
19, 20

 Flavonoids like apigenin, 

quercetin, genistein etc., have been shown to exhibit anti-cancer activity while being nontoxic to 

normal cells.
20

 Some of the flavones that have been shown to reduce Au
3+

 ions to form AuNPs 

are apiin, dihydromyricetin, quercetin, tannic acid and rutin. The -OH and C=O groups present 

are reported to aid in the reduction of Au
3+

 and in the stabilization of the AuNPs formed.
16, 21-24
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Apigenin is a flavonoid (4', 5, 7,-trihydroxyflavone), derived from edible fruits and vegetables 

including parsley, onions, oranges, tea, chamomile, wheat sprouts and some seasonings.
25

 It is 

non-mutagenic and possesses antimicrobial, antiviral and anti-carcinogenic activities.
26,27

 When 

prostate cancer cells (22Rv1) are exposed to apigenin, enhanced ROS generation, activation of 

wild-type p53 and induction of apoptosis have been observed.
28

 Skin carcinoma induced by 12-

O-tetradecanoylphorbol-13-acetate (TPA) in mice model has been shown to be inhibited by 

topical application of 20 µmol/ Kg body weight of apigenin.
27

 It also inhibits the transcription of 

vascular endothelial growth factor (VEGF) in ovarian cells and thus inhibits tumour growth and 

tumour angiogenesis in mice.
29,30

 The concomitant antitumor activity of apigenin and ABT-263 

(Bcl-2 inhibitor) is found to be enhanced both in vitro and in vivo in human colon cancer cells.
31

 

Recent reports indicate that apigenin suppresses proliferation and migration and induces 

apoptosis of T24 bladder cancer cells and breast cancer (T47D and MDA-MB-231) cells.
32,33

 In  

human skin malignant melanoma (A375) and lung carcinoma cell lines (A549), apigenin induces 

apoptosis at 80 and 90 µg / mL respectively by modulating the mitochondrial oxidative 

phosphorylation system.
34

  

The effect of flavonoids is reported to be enhanced when they are in nano-formulations.
35

 The 

possible use of flavonoids in the treatment of several cancers also suggest the use of ap-AuNPs 

in treating skin cancer.
14, 36

 However it is not known whether apigenin can reduce Au
3+

 to form 

stable gold nanoparticles and if they have any effect on carcinogenic epidermoid cells. Here we 

report that apigenin conjugated to gold nanoparticles (ap-AuNPs) are formed when apigenin 

reacts with Au
3+ 

under appropriate conditions. The ap-AuNPs are also found to exhibit toxicity 

towards A431 (epidermoid squamous cell carcinoma) cells while being non-toxic towards 
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normal epidermoid cells (HaCat). Further, the cytotoxic effect of these ap-AuNPs on another 

squamous cell line (SiHa) is also demonstrated.  

Results and discussion 

Synthesis and formation of ap-AuNPs 

The formation of ap-AuNPs has been investigated using different molar ratios of apigenin to 

HAuCl4 (1: 1 to 1:5) and at different pH values of apigenin (8 - 11). Mixing apigenin and 

HAuCl4 solutions at neutral pH do not result in the formation of particles. Formation of ap-

AuNPs occurs at RT when the pH of apigenin is increased as observed through the color change 

from straw yellow to burgundy red. This has also been monitored using a spectrophotometer 

(Fig. 1).When the pH of apigenin is increased to 8, a small surface plasmon resonance (SPR) 

peak at 540 nm is observed indicating ap-AuNPs formation, but the particles formed are found to 

be unstable. As the pH is increased to 9, a new peak at 750 nm is observed in addition to the 

peak at 540 nm (Fig. 1a). This may indicate the formation of nanoparticles which are of different 

shapes. Increase in intensity as well as narrowing of the SPR peak at 540 nm is observed when 

the pH of apigenin is increased to 10 and this generally is a characteristic of monodispersed 

nanoparticles. Since the pKa value of apigenin as determined by HPLC method is ~ 10 the 

complete solubility of apigenin at this pH may be leading to the reduction of Au
3+

 to Au
0
 and 

hence the formation of monodispersed AuNPs.
37

 On increasing the pH of apigenin to 11, a turbid 

red coloured colloidal solution is formed and the SPR peak shifts to 560 nm. The particles are 

also found to settle down indicating that they are unstable. The results indicate that the pH of 

apigenin solution is crucial for the formation of uniformly sized nanoparticles. The pH 

dependency of AuNPs formation has also been observed with other flavones like 

dihydromyricetin and curcumin when they are the reductants.
22, 38

 Since, ap-AuNPs prepared 
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with apigenin at pH 10 only are found to be monodispersed, further characterisations have been 

performed on these samples.  

 

In order to optimise the conditions for synthesis, reaction of apigenin with HAuCl4 at different 

molar ratios (1:1 to 1:5) has been carried out. On increasing the concentration of HAuCl4, the 

intensity of SPR peak at 540 nm also increases and at a molar ratio of 1:4, it is found to be the 

maximum (Fig. 1b). When the molar ratio is increased to 1:5, a shift in the SPR peak is observed 

(590 nm) and the peak is also broad indicating that the particles are not of uniform size. A small 

and clear shift in SPR towards longer wavelength and decrease in the bandwidth with increasing 

ratio of apigenin to HAuCl4 from 1:1 to 1:4 and pH of apigenin from 8 - 10 indicates that 

uniform particles are formed at the saturating concentrations than at lower concentrations (Fig. 

S1a and S1b). Thus, a molar ratio of apigenin to HAuCl4 of 1:4 (0.3 mM of apigenin: 1.2 mM of 

HAuCl4) and a pH of apigenin at 10 are found to be the optimum parameters for the synthesis of 

monodispersed ap-AuNPs. The UV - Visible spectroscopy method has been used as a 

conventional method for qualitatively determining the yield of AuNPs. A SPR value of around 

1.7 obtained for ap-AuNPs (when 1.2 mM of HAuCl4 is used) indicates that the yield is similar 

to that of AuNPs formed when citrate is used as the reductant.
39

   

Characterisation of ap-AuNPs 

High Resolution -Transmission Electron Microscopy (HR-TEM)  

The morphology of the ap-AuNPs has been analysed by HR-TEM. Regular, spherical particles of 

uniform size having an average diameter of 14.5 ± 3.6 nm are formed at pH 10 (Fig. 2a). A 

mixture of structures such as triangles, prisms and spheres are obtained with an average size of 

29.2 ± 8.0 nm at a pH of 9 (Fig. S2a and S2b). The histogram indicates the narrow size 

Page 6 of 39RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



7 

 

distribution of the particles at pH 10 while at pH 9 the particles formed have wider size 

distribution (Fig. 2a and Fig. S.2a inset). These results clearly confirm that the peak in the NIR 

region corresponds to particles possessing different shapes indicating that apigenin at a pH of 9 

is not able to reduce Au
3+ 

uniformly. Our results are similar to the reports of Santos et al., 2005, 

where peaks at NIR region corresponding to different shaped particles were observed in the case 

of AuNPs reduced with fulvic acid.
40,41

 Fig. 2b shows the lattice planes corresponding to gold 

over a single nanoparticle. The selected area electron diffraction (SAED) pattern of ap-AuNPs at 

both pH corresponds to the values (111), (200), (220) and (311), indicating that the ap-AuNPs 

are crystalline in nature (Fig. 2c & Fig. S2c). AuNPs formed in the presence of morin also 

possess similar narrow size distribution when the pH is above 9.5.
36 

X-Ray diffraction analysis (XRD) 

The Bragg reflection peaks at 2Ɵ = 37°, 43° and 65° are predominant and can be indexed as 

(111), (200), (220) and (311) reflections of metallic gold respectively (Fig. 2d). The results 

corroborate with the standard data (JCPDS file no. 04-0784) confirming the crystalline nature of 

Au core in the ap-AuNPs. 

Dynamic Light Scattering (DLS) and Zeta potential 

The hydrodynamic diameter of ap-AuNPs has been determined using dynamic light scattering 

(DLS) method (Fig. 2e). The average size of ap-AuNPs prepared is found to be 22.2 ± 0.3 nm.  A 

zeta potential value of -32.2 mV indicates that the ap-AuNPs formed are stable (Fig. 2f). No 

precipitation of particles or changes in the SPR spectrum is observed over a period of 3 months 

at pH 10 indicating the stability of the ap-AuNPs at RT (Fig. S3).  

Fourier transform infrared spectroscopy (FT-IR) 
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The FTIR spectra of apigenin and ap-AuNPs prepared using apigenin at pH 10 are shown in Fig. 

2g. The spectrum of pure apigenin shows a deep band at 3422 cm
-1 

representing the -OH stretch 

of the phenolic groups at the C
6
-OH and C

9
-OH regions. The absence of this deep peak for ap-

AuNPs synthesised at pH 10 suggests that these bonds are possibly involved in the formation of 

the ap-AuNPs. The band at 1384 cm
-1

 corresponding to the out-of-plane bending vibrations of 

the C
17

-OH group is also absent indicating the involvement of the hydroxyl group in the 

formation of ap-AuNPs at pH 10. This hydroxyl group is intact in the ap-AuNPs prepared at pH 

9 indicating that the particular hydroxyl group is not involved in the formation of ap- AuNPs 

(Fig. S4). The band 634 cm
-1 

is attributed to the out-of-plane bending vibrations of the phenolic 

groups. The absence of this band in the ap-AuNPs spectra is evidence for the involvement of the 

polar groups in the reduction of Au
3+

. The band at 1645 cm
-1

 assigned to the C=O stretching 

vibrations appear in all the spectra indicating that the keto group remains unaltered at the end of 

the reaction. The CCC ring vibrations represented by the band at 1020 cm
-1

 and the alkyl ring 

vibrations associated with the band at 2924 cm
-1 

can be observed in the ap-AuNPs spectra 

indicating the presence of apigenin on the ap-AuNPs formed.
42,43 

These results show the 

involvement of the polar hydroxyl groups of apigenin in reducing and capping the ap-AuNPs.  

Thermogravimetric analysis (TGA) 

The TGA spectrum of ap-AuNPs shows a significant weight loss of apigenin conjugated to the 

AuNPs (Fig. 2h) with increase in temperature. The thermal decomposition of ap-AuNPs is seen 

in 3 stages between 30°C and 800°C. The first stage of decomposition from 30°C to 100°C with 

weight loss of 4% may be due to the escape of water molecules present. The next decomposition 

process is at around 379°C with weight loss around 8%. The third stage of the decomposition of 

ap-AuNPs appears at 473°C with weight loss around 13 %. The last stage indicates that apigenin 
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is conjugated to AuNPs which is degraded under high temperature. The amount of apigenin 

conjugated to the ap-AuNPs is thus around 21 % and the gold core comprises the remaining. 

These results are similar to morin reduced AuNPs and quercetin coated citrate reduced 

AuNPs.
36,44

 

Mechanism of ap-AuNPs formation 

Fig. 1c, illustrates the kinetics of the formation of ap-AuNPs when apigenin solution at pH 10 is 

used for synthesis. During ap-AuNPs formation, initially a broad absorption spectrum is obtained 

and as the reaction progresses, the SPR centred at 540 nm becomes narrower. Burgundy red 

coloured ap-AuNPs are obtained within 10-20 min of the reaction, and maximum SPR intensity 

is obtained after 3 h of reaction. The gradual narrowing of the peak and the uniform spherical 

particles obtained finally indicate that the nanoparticles might have formed through a process of 

temporal evolution where large sized particles are first formed which then get cleaved to smaller 

sized particles.
22

 The HR-TEM images indicate the presence of monodispersed spherical 

particles. 

At a pH of 9, besides the SPR peak at 540 nm, another peak at 750 nm is observed indicating the 

formation of different sized or shaped particles. This is reflected in the HR-TEM image where a 

mixture of spherical, triangular, hexagonal and oblong shaped particles with a broad size 

distribution is observed (Fig. S2). Similar observations were made during the synthesis of 

AuNPs using fulvic acid where a decrease in pH leads to the formation of different sized 

particles while at higher pH monodispersed particles are obtained.
41

 Since the deprotonated 

hydroxyl groups of apigenin are assumed to reduce Au
3+

, and as apigenin at pH 9 is found to 

have only two hydroxyl ions when compared to that at pH 10 (3 hydroxyl ions) it can be inferred 

that the polydispersed particles produced at pH 9 might be due to the inability of apigenin at this 
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pH to completely reduce Au
3+

. Thus the extent of deprotonation of apigenin is found to 

determine the size and shape of ap-AuNPs formed. 

Uptake studies 

The uptake of ap-AuNPs by A431 cells has been observed through transmission electron 

microscopy (TEM). The representative images of the uptake of ap-AuNPs by A431 cells after a 

treatment period of 48 h are presented in Fig. 3. Internalization of ap-AuNPs into the sub- 

cellular organelles is observed. The mode of internalization of A431 cells may be by the 

endocytosis pathway and the absence of aggregation of ap-AuNPs inside the cell reflects a high 

degree of stability. Citrate reduced AuNPs are also reported to undergo such an endocytotic fate 

in macrophage cells.
45

 Localization of AuNPs inside mitochondria and other organelles has also 

been observed in HeLa and MCF-7 cells.
46

 

Biocompatibility and cytotoxicity studies 

Biocompatibility and cytotoxicity studies have been carried out with ap-AuNPs prepared at pH 

10 and molar ratio of 1:4. 

Haemolysis 

In vitro haemolysis assay in the presence of ap-AuNPs has been carried out. The release of 

haemoglobin in the presence of water (positive control) represents 100 % haemolysis. 

Haemolysis in the presence of 50, 100, 150 and 200 µg / mL of ap-AuNPs are found to be less 

than 5 % (Table 1), indicating that the ap-AuNPs are haemocompatible.  

Cell viability  

Cell viability has been measured through MTT assay. Fig. 4a, illustrates that ap-AuNPs do not 

alter the viability of HaCat cells (normal cells) even up to a period of 72 h. At a concentration as 

high as 200 µg / mL, the viability is 90 % indicating that ap-AuNPs are not toxic to these normal 
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cells. On the other hand, the percentage viability of A431 cells has been found to decrease in a 

concentration and time dependent manner. When treated with 100 µg / mL of ap-AuNPs for 24 

h, the viability is 72.4 ± 2.0 %, which further decreases to 60.0± 4.6 % after 48 h. Treatment with 

200 µg / mL of ap-AuNPs for 24 and 48 h, reduces the viability to 48.3 ± 3.3 % and 37.1 ± 3.1 % 

respectively and a low value of 21.4 ± 1.7% is observed after 72 h treatment (Fig. 4b). The IC50 

values obtained are 180 ± 2.3, 130.3 ± 4.5 and 95.4 ± 6.1 µg / mL of ap-AuNPs at 24, 48 and 72 

h respectively. When A431 cells are treated with different concentrations of ct-AuNPs (50, 100 

and 150 µg / mL), the viability is not altered up to 24 h. Only after 72 h, the viability decreases 

to 56.5 ± 3.1% on treatment with 200 µg / mL (Fig. 4c). Comparison of the difference in the 

viability observed when A431 cells are treated with a similar concentration (200 µg / mL) of ap-

AuNPs and ct-AuNPs indicate the enhanced cytotoxic effect of ap-AuNPs over ct-AuNPs 

towards A431 cells. Further, the ap-AuNPs are non-toxic to RBCs and HaCat cells at similar 

concentrations indicating that the action of ap-AuNPs is more specific to these cancer cells. 

AuNPs reduced using plant extracts such as banana stem and guava leaf are also found to be 

non-toxic towards normal cells, while showing anti-carcinogenicity.
17, 47

  

In order to find out whether the toxicity caused by ap-AuNPs is due to the reductant apigenin, 

viability assay was conducted with free apigenin at concentrations corresponding to that present 

on ap-AuNPs. The results show that there is no significant decrease in viability on treatment with 

20 µg / mL of free apigenin up to 72 h (Fig. 4d). A significant decrease is observed with 40 µg / 

mL of free apigenin after 48 and 72 h and the viability percentages are found to be 71.0 ± 3.5 % 

and 65.5 ± 2.1 % respectively. It is to be noted that in the presence of 50 µg / mL of ap-AuNPs 

(which contains only 10 µg / mL of bound apigenin), similar viability values are obtained, 
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indicating that almost a four-fold increase in capacity to kill the cancer cells is realized by the ap-

AuNPs conjugation.  

The effect of ap-AuNPs on SiHa cells has also been studied. The results show a concentration 

and time dependent decrease in viability. On treatment with 200 µg / mL of ap-AuNPs for 24 h, 

the viability is found to be 52.7 ± 2.6 %, which further decreases to 44.2 ± 3.1 % and 31.8 ± 1.1 

% after 48 h and 72 h respectively (Fig. S5a). Gallic acid conjugated gold nanoparticles (150µM) 

are reported to induce cell death in SiHa cells.
48 

The viability results are comparable to that of 

A431 cells indicating that the ap-AuNPs exhibit comparable cytotoxicity towards these two types 

of epidermoid squamous  carcinoma cell lines.  

Microscopy Analysis 

EtBr/AO and DAPI staining 

The EtBr/AO staining of HaCat and A431 cells treated with different concentrations (50, 100, 

150 and 200 µg / mL) of ap-AuNPs for 48 h has been carried out. Fig. 5a shows that the control 

and treated HaCat cells possess similar morphology and fluoresce green, which indicates that 

they are viable. No significant difference is observed even in the presence of a higher 

concentration of ap-AuNPs (200 µg / mL). But at the same time, A431 cells treated at a 

concentration of 50 µg / mL of ap-AuNPs show the presence of a few dead cells (red 

fluorescence). The initial stage of membrane damage and reddish-orange colour stained cells are 

observed in the presence of 100 µg / mL of ap-AuNPs. The loss of membrane integrity with most 

of the cells fluorescing red post-treatment at concentrations of 150 and 200 µg / mL of ap-

AuNPs has also been observed. Under these conditions, some cells are also found to detach from 

the plate (Fig. 5b). 
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The nuclear damage is analysed through DAPI staining. DAPI is a fluorescent chromophore, 

which binds to double stranded DNA. Fig. 5c shows control cells with uniform round nuclei 

indicating that they are viable. When 200 µg / mL of ap-AuNPs are present, cells show crescent 

shaped nuclei and chromatin condensation with membrane damage, which is characteristic of 

apoptosis. Thus, these results suggest that the cell death brought about by ap-AuNPs may be 

through apoptosis. 

The ap-AuNPs induced cell death on SiHa cells has also been analysed through EtBr/AO 

staining. Fig. S5b. shows the membrane damage and reddish-orange stained cells in the presence 

of 100 µg / mL of ap-AuNPs. When treated with 200 µg / mL of ap-AuNPs, a few cells are 

reddish-orange in color indicating late apoptotic phase and comparatively more number of cells 

are with red nuclei indicating necrosis.  

DNA Fragmentation 

 We have further analyzed the fragmentation characteristics of DNA in the treated cells using 1% 

agarose gel electrophoresis. The electrophoresis pattern obtained on treatment with all 

concentrations of ap-AuNPs for 48 h show a ladder-like pattern indicating the presence of 

fragmented DNA (Fig. 6). The ladder-like pattern of DNA fragmentation confirms the 

occurrence of apoptosis. DNA fragmentation has been observed in MCF-7 cells on treatment 

with gold nanoparticles.
49

  

Flowcytometry analysis 

Phosphatidylserine (PS) is present on the cytoplasmic surface of the cell membrane in viable 

cells.  When the cells undergo apoptosis, PS is translocated from the inner to the outer leaflet of 

the plasma membrane. Annexin V is a 35-36 kDa Ca
2+

 dependent phospholipid-binding protein 

that has high affinity for PS and hence translocation of PS can be analysed using fluorescein 

Page 13 of 39 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



14 

 

isothiocyanate (FITC) conjugated to annexin V through flow cytometry.
50

  Dual staining of 

treated cells with annexin V-FITC and PI analysed through flow cytometry is shown in Fig.7a. 

Representative dot plot in the lower left quadrant denotes viable cells while the lower right and 

upper right quadrant populations represent early and late apoptotic cells respectively. Upper left 

quadrant population of cells stained only with PI denotes necrotic cells. Thus the ap-AuNPs 

induced cell death of A431 cells in a concentration and time dependent manner is clearly 

observed. The percentage of viable cells which is found to be 75.4 ± 3.2 % and 64.3 ± 1.3 % on 

treatment with 150 and 200 µg / mL respectively for 24 h, decreases to 47.7 ± 2.2 % and 34.9 ± 

2.1 % after 48 h. Corresponding increase in early apoptotic cell population as 12.5 ± 1.5 % and 

21.1 ± 1.6 % respectively is observed after 24 h which further increases to 29.6 ± 3.8 % and 42.5 

± 2.8 % after 48 h of treatment. These results confirm that the cells undergo apoptosis on 

treatment with ap-AuNPs. Recently, it has been shown that Cajanus cajan reduced AuNPs 

induce early apoptosis of Hep - G2 cells which has been identified through annexin V FITC 

analysis.
 51

 

 

 Cell cycle comprises four different phases (G1 phase, S phase, G2 phase and Mitosis) and two 

checkpoints (G0/G1 and G2/M checkpoints) which ensures that DNA damage is not transmitted 

to daughter cells.
52,53

 Cells treated with ap-AuNPs show gradual decrease in G0/G1 phase and 

corresponding increases in cell population in S - phase and Sub - G1 fraction after 24 h (Fig. 7b). 

An increasing S - phase population from18.1 ± 1.5 % (control) to 27.3 ± 0.7 % (150 µg / mL of 

ap-AuNPs) and 29.3 ± 2.5 (200 µg / mL of ap-AuNPs) indicates cell cycle arrest in S-phase. The 

percentage of Sub - G1 population is 1.8 ± 0.6 % in control, whereas after treatment with 50, 100 

and 150 µg / mL of ap-AuNPs for 24 h, the values are 5.6 ± 1.5 %, 10.1 ± 0.4 % and 13.8 ± 2.7 
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% respectively. For the same time period, the value further increases to 21.7 ± 3.2 % in the 

presence of 200 µg / mL of ap-AuNPs. The Sub - G1 population is as high as 31.1 ± 4.3 % after 

48 h of treatment with 200 µg / mL of ap-AuNPs, with a concomitant decrease in G0/G1 (29.8 ± 

2.3 %) and G2/M (12.6 ± 1.6 %) phases. The increase in Sub - G1 population with increase in 

ap-AuNPs concentration and treatment period also indicates the apoptotic mode of cell death. 

Thus, the characteristic morphological features of apoptosis observed though EtBr / AO and 

DAPI staining are confirmed through DNA fragmentation and flow-cytometric analysis. AuNPs 

have been reported to induce apoptosis of several cancer cells via S phase and Sub - G1 arrest.
 

50,53,54 

Anti-angiogenic potential exerted by ap-AuNPs (CAM assay) 

To test if ap-AuNPs possess anti-angiogenic activity, in vivo chick embryo chorioallantoic 

membrane (CAM) assay has been performed. CAMs were treated with different concentrations 

of ap-AuNPs for 48 h. The ap-AuNPs at a concentration of 200 µg / mL inhibits the formation of 

new blood vessels and sub branches when compared to that of control and VEGF treated chick 

embryos (Fig. 8). Though the ability of pure apigenin (20 µM) to inhibit angiogenesis in prostate 

cancer cells through HIF and VEGF expression has been demonstrated
30

 that apigenin capped 

AuNPs (ap-AuNPs) can also limit the growth of new blood capillaries is demonstrated in this 

study. The results on the ability of ap-AuNPs to inhibit the development of blood vessels indicate 

their anti-angiogenic property implying their value as agents for skin cancer treatment. 

Materials and Methods 

Hydrogen tetrachloroaurate (HAuCl4.3H2O, >99.9%), apigenin, Dulbecco’s Modified Eagle's 

Medium (DMEM), phosphate buffered saline (PBS), sodium bicarbonate, streptomycin, 

gentamicin, penicillin, amphotericin B, trypsin - EDTA, ethidium bromide (EtBr),  acridine 
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orange (AO), 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT), 4'-6-

diamidino-2-phenylindole (DAPI), agarose,  propidium iodide(PI),  DNase free RNase, 

proteinase K, 4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid (HEPES), 

ethylenediaminetetracetic acid (EDTA)  and dimethylsulphoxide (DMSO) were purchased from 

Sigma Aldrich (USA). Fetal Bovine Serum (FBS) was purchased from GIBCO (USA). 

Ammonium acetate, Nonidet P- 40, potassium carbonate (K2CO3), potassium bromide (KBr), tris 

hydrochloride and formaldehyde were obtained from Merck (USA). Annexin - V- FITC 

apoptosis kit was obtained from BD Bioscience, USA. Dodecenyl succinic acid (DDSA), epon 

812 resin, glutaraldehyde, lead citrate, nadic methyl anhydride (NMA), sodium cacodylate buffer 

and uranyl acetate were bought from EM Sciences, USA. MilliQ water (conductivity of 18 mΩ 

cm
-1

) was autoclaved and filter-sterilised using 0.22 µm filters. Cells (A431, HaCat and SiHa) 

were obtained from the National Centre for Cell Science, Pune, India. 

 Synthesis of apigenin conjugated gold Nanopaticles (ap-AuNPs) 

A stock solution of 10 mM apigenin was prepared by dissolving in 100 % DMSO. Aqueous 

stock solution of HAuCl4 (10 mM) and K2CO3 (150 mM) were prepared in filtered MilliQ water. 

The pH of the apigenin solution (0.3 mM) was adjusted to 10 using K2CO3. Then, 1.2 mM of 

HAuCl4 was added drop wise while mixing the solution of apigenin at RT. The reduction of Au
3+ 

to Au
0
 was monitored spectrophotometrically (280-900 nm) using a multimode plate reader 

(Tecan Infinite M 200). Reduction was also assessed using different concentrations of HAuCl4 

(0.3 to 1.6 mM) and at different pH values (8-11). The resultant ap-AuNPs solution was allowed 

to age at RT for 4 days and centrifuged at 15000 X g for 10 min at a temperature of 15° C. The 

pellet was resuspended with MilliQ water and washed thrice to eliminate unreacted apigenin and 

HAuCl4. Finally, the pellet was resuspended in MilliQ water and then used for further 
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characterisation.  Citrate reduced gold nanoparticles (ct-AuNPs) were also prepared by reacting 

sodium citrate and HAuCl4 in the ratio of 1: 6.8.
55  

This has been used as a control for comparing 

the cytotoxicity of ap-AuNPs. 

Characterisation of ap-AuNPs 

Electron microscopic study 

For this, the ap-AuNPs were loaded onto carbon coated copper grids and allowed to air dry. The 

size and shape of the ap-AuNPs were viewed using HR-TEM (FEI, TECNAI T 20 G
2
) operated 

at 300 kV. 

X-Ray diffraction analysis (XRD) 

The lyophilized powder of ap-AuNPs were subjected to X-ray diffraction analysis (Seifert JSO-

Debye flex 2002) at an operating voltage of 40 kV and a current of 30 mA with CuKα1 radiation 

(wavelength = 1.54056 A ° ). The scan range was set between 20 and 80°. 

Dynamic Light Scattering (DLS) and Zeta potential 

The zeta potential and hydrodynamic diameter (size) of ap-AuNPs were analysed using Malvern 

Zetasizer version 6.2. 

Fourier transform infrared spectroscopy (FT-IR) 

KBr pellets of apigenin and ap-AuNPs were prepared and FT-IR spectra were recorded in a 

Nicolet spectrometer in transmission mode from 500 to 3500 cm
-1

. 

Thermogravimetric analysis (TGA) 

 TGA of the lyophilised powder of ap-AuNPs was performed with a TGA analyser (TGA Q 50-

TA instruments). The ramp was set at 20 °C/min range from 30 °C to 800 °C under nitrogen 

atmosphere. 

Atomic Absorption Spectrophotometry (AAS) 
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The concentration of Au in the ap-AuNPs was determined by atomic absorption 

spectrophotometry (AAS) using Analytik Jena (AAS novAA 350 BU) instrument. 

Biocompatibility of ap-AuNPs: Haemolysis assay 

Haemocompatibility studies were performed after getting approval from the Institutional Review 

Board (IRB) of Central Leather Research Institute (CLRI), Chennai, India. Blood was collected 

from healthy donors in a heparinised tube and red blood cells (RBCs) were separated by 

centrifugation. The isolated RBCs were washed four times with Dulbecco’s phosphate buffered 

saline (PBS) at 400 X g for 5 min, and then diluted 10 times with PBS. To 0.2 mL of RBCs, 0.8 

mL of different concentrations of ap-AuNPs in PBS were added and incubated for 4 h at 37°C.  

The cells were then vortexed and centrifuged at 400 X g for 10 min. The absorbance of 

haemoglobin was measured at 577 nm in 200 µl of the supernatant with reference wavelength at 

655 nm in a multimode plate reader (Tecan Infinite M 200).  Water and PBS served as positive 

and negative controls respectively. The percentage of haemolysis was calculated using the 

formula as below 

 

Cell Culture 

Cells were grown in DMEM medium containing 10 % FBS, 100 µg / ml streptomycin, 100 µg / 

ml gentamycin, 100 U / ml penicillin and 2.5 µg / ml amphotericin B. Cells were trypsinized at 

70 - 80 % confluency using 0.25 % trypsin - EDTA and seeded for the experiments. The cells 

were allowed to attach overnight and then treated with ap-AuNPs while untreated cells served as 

control. The cells were maintained at 37 ºC with 5% CO2 in a CO2 incubator (Binder, Germany). 

Uptake studies 
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For TEM analysis, 1 X 10
6
 cells were grown in a T25 flask and treated with 100 µg/ mL of ap-

AuNPs for 48 h.  After incubation, the cells were washed thrice with PBS and trypsinized. The 

cells were then fixed with 2.5% of glutaraldehyde prepared in 0.1 M sodium cacodylate buffer 

(pH 7.4) for 4 h. The pellet was then centrifuged and washed with the same buffer thrice for 10 

min each. They were then post fixed in 0.1% osmium tetroxide prepared in the same buffer for 2 

h at 8 °C and further washed as above. The cells were pelleted through centrifugation after each 

step and further dehydrated through a graded series of acetone 30%, 50%, 70%, 80%, and 90% 

for 10 min. It was then treated with 100% acetone twice for 10 min, each time followed by 

propylene oxide treatment for 10 min. The pellet was then infiltrated with resin mixture 

consisting of Epon 812 resin, DDSA and NMA starting with 25%, 50% and 75% for 2 h and 

100% overnight. It was then embedded in the same resin mixture with catalyst (DMP 30) in 

‘‘easymoulds’’ at 60 °C for 48 h. Ultra thin sections from the resin block were cut and stained 

with saturated solutions of uranyl acetate and lead citrate. After air drying, the sections were 

visualized in Jeol JEM 1400 transmission electron microscope at 80 kV and micrographs 

acquired using Olympus Keen view CCD camera. 

MTT viability assay 

The viability of HaCat, A431 and SiHa cells on exposure to ap-AuNPs were determined by MTT 

assay. Cells (1 X 10
4
) were treated with various concentrations of ap-AuNPs for 0 - 72 h. A431 

cells were also treated with apigenin, ct-AuNPs and compared with that of ap-AuNPs. They were 

then washed with sterile PBS and incubated with MTT (0.5 mg / mL) solution for 4 h at 37
o
C. 

The formazan product formed was dissolved in 200 µl of DMSO and the absorbance was 

measured at 570 nm using a reference wavelength of 630 nm in a multimode plate reader (Tecan 

Infinite M 200). Viability test was also conducted on cells treated with 10, 20, 30 and 40 µg / mL 
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of free apigenin. Experiments were conducted in triplicate and the percentage of viable cells was 

calculated with respect to control. 

Microscopy studies  

Ethidium Bromide / Acridine Orange staining (EtBr /AO) 

Cells were grown on cover slips and treated with different concentrations of ap-AuNPs. After the 

incubation period, the cells were washed and stained with 10 µg each of EtBr and AO in PBS. 

They were immediately viewed using a confocal laser scanning microscope (450 – 490 nm) 

(Nikon Eclipse E600, Japan) and images were acquired using EZ-C1 software.  

DAPI Staining 

 Treated cells were washed with PBS and fixed with 4% formaldehyde in PBS for 30 min at RT. 

After washing with PBS, the cells were stained with DAPI (1µg / mL) dye for 10 min in the 

dark. They were immediately viewed using a confocal laser scanning microscope (350 – 470 nm) 

(Leica, TCS SP 2-X1, Germany) and images were acquired using EZ-C1 software. 

DNA Fragmentation 

A431 cells (3 X 10
6
) seeded in 6 well plates and grown in DMEM medium were exposed to 

different concentrations of ap-AuNPs for 48 h. DNA was isolated according to the method 

described by Hermann et al. (1994). Cells were centrifuged at 400 X g for 10 min, washed with 

PBS and were lysed using DNA lysis buffer (50 mM Tris–HCl (pH 7.5), 20 mM EDTA and 1% 

NP-40) on ice. The cell lysates were then incubated with 5 mg / mL of RNase and 1% SDS for 2 

h at 56 °C and then at 37 °C for 2 h with 2.5 mg / mL of proteinase K. DNA was precipitated 

with 0.5 volumes of 10 mM ammonium acetate and 2.5 volumes of ice-cold ethanol (70%) at -80 

°C overnight. The DNA was collected by centrifugation at 13000 X g for 20 min and dissolved 
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in Tris - EDTA buffer. The DNA samples were subjected to electrophoresis on 1% agarose gel 

and the image was documented using Gel Documentation system (Bio - Rad, USA). 

Flow-cytometry Analysis  

1X 10
6
 cells were grown in tissue culture (6 wells) plates and treated with different 

concentrations of ap-AuNPs for 24 and 48 h. Cells were pelleted, resuspended in the 1X binding 

buffer and stained with Annexin V- FITC and PI according to the manufacturer's instructions. 

After 20 min of incubation in the dark, the fluorescence intensities were measured with the FL1 

channel (FITC - 518 nm) and FL2 channel (PI - 620 nm) using a flow cytometer (BD FACS 

Calibur, USA). 

 For cell cycle analysis, treated cells were trypsinized, fixed with 70 % ethanol and stored at -20 
o 

C overnight. They were then suspended in 0.5 mL of sterile PBS containing 50 µg / mL of 

DNase free RNase and 50 µg / mL of PI at RT in the dark for 20 min. From the fluorescence 

measured at 488 nm using flow cytometer, the cells present in the various phases were analysed 

using Cell Quest Pro software. 

Chorioallantoic membrane (CAM) assay 

The effect of ap-AuNPs on angiogenesis was evaluated using chorioallantoic membrane (CAM) 

assay. For this, fertilized chick eggs (seven days old) were purchased from a local hatchery and 

incubated at 37 °C and 60 % humidity level. On the seventh day of incubation, a window was 

opened on the egg shell over the air sac region. Sterilized filter paper discs saturated with PBS, 

VEGF (positive control), Doxorubicin (negative control) or different concentrations of ap-

AuNPs were placed on the CAM and incubated as mentioned above. The formation of blood 

vessels was observed after 48 h of treatment period. The assay was conducted in triplicates for 

each concentration.  
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Statistical analysis 

All data were expressed as mean ± S.D of three independent experiments and statistical 

evaluations were performed with two - way ANOVA followed by Bonferroni post-tests using 

GraphPad Prism5 (GraphPad Prism software Inc., USA). Data were considered as statistically 

significant with p<0.05. 

Conclusion 

Our study on the synthesis of ap-AuNPs using apigenin has revealed that Au
3+

 can be reduced by 

apigenin at a pH of 10 and at RT forming highly stable and spherical ap-AuNPs. These ap-

AuNPs are biocompatible towards normal epidermoid cells (HaCat) while inducing apoptosis of 

A431 and SiHa cells at the concentrations used here. The ap-AuNPs also exhibit good anti-

angiogenic property. Hence, ap-AuNPs can be considered as a promising candidate for use in 

skin cancer treatment. 
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Fig. 1 UV –Visible spectra of the ap-AuNPs formed at different conditions of synthesis  (a) ap-

AuNPs formed at different pHs of apigenin (0.3 mM of apigenin and 1.2 mM of HAuCl4 is used 

for the synthesis); inset picture shows burgundy red color of ap-AuNPs formed at pH 10 (b) ap-

AuNPs formed at different molar ratios of apigenin to HAuCl4 reacted at pH 10 (Concentration 

of apigenin has been kept constant at 0.3 mM and the concentration of  HAuCl4 ranges from 0.3 

to 1.5 mM) and (c) Kinetics of ap-AuNPs formation 

Fig. 2 Characterization of ap-AuNPs formed at pH 10 (a) Low magnification HR-TEM image 

with inset showing the size distribution of ap-AuNPs (b) A single particle of ap-AuNPs depicting 

lattice fringes (c) SAED pattern depicting the lattice planes of Au in ap-AuNPs (d) X-ray 

diffraction pattern illustrating crystalline nature of the ap-AuNPs (e) size of ap-AuNPs measured 

by DLS (f) stability of ap-AuNPs measured by Zeta potential (g) FTIR spectrum of apigenin and 

ap-AuNPs (h) TGA showing the different phases of weight loss of the reductant apigenin on the 

ap-AuNps 

Fig. 3 Uptake of ap-AuNPs in A431 cells as seen by Transmission Electron Microscopy (a) 

internalization of ap-AuNPs (b) magnified image showing dispersed ap-AuNPs sequestered in 

phagolysosomes 

Fig. 4 Viability assay measured using MTT. The effect of ap-AuNPs on (a) HaCat cells (b) A431 

cells (c) Effect of ct-AuNPs on A431 cells and (d) Effect of free apigenin on A431 cells. The 

values represent mean ± SD of three independent experiments. * p<0.05, **p<0.01 and 

***p<0.001 vs control. 

Fig. 5 Fluorescence micrographs using EtBr/AO staining of (a) HaCat cells and (b) A431 cells 

on treatment with ap-AuNPs. The morphological changes are indicated as early apoptotic 

( ), late apoptotic ( ) and necrotic cells ( ) (c) Fluorescence micrographs 
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using DAPI staining. The morphological changes are indicated as apoptotic bodies ( ), 

chromatin condensation ( ) and chromatin condensation with membrane damage (  ). 

Fig. 6 DNA fragmentation assessed using 1% of agarose gel electrophoresis. Genomic DNA 

extracted from A431 cells without (control) and after treatment with various concentration of ap-

AuNPs for 48h.  

Fig. 7 Flow cytometry analyses of A431 cells on treatment with different concentration of ap-

AuNPs. (a) Annexin - V - FITC binding and PI uptake (b) Cell cycle analysis using PI 

fluorescence. Dot plots and histogram plots are representative of three independent experiments. 

Fig. 8 The anti-angiogenic potential of ap-AuNPs analyzed using CAM assay. Arrows point to 

the presence of blood vessels (control and VEGF) and inhibition of existing blood vessels in ap-

AuNPs treated CAM. 

Supplementary figures 

Fig. S1 Comparison of bandwidth values of ap-AuNPs (a) at different pH (molar ratio 1:4) (b) at 

different molar ratio (pH 10). 

Fig. S2 Morphology of ap-AuNPs prepared at pH 9 as analysed through HR-TEM (a & b) 

Different shapes of ap-AuNPs and inset shows the size distribution histogram (c) The SAED 

pattern of Au in the ap-AuNPs. 

Fig. S3 UV- visible spectra of ap-AuNPs showing stability at pH 10 after 3 months 

Fig. S4 FTIR spectra of apigenin and ap-AuNPs prepared using apigenin at pH 9 

Fig. S5 Effect of ap-AuNPs on SiHa cells (a) Viability assay using MTT (b) Fluorescence 

micrographs using EtBr/AO staining of SiHa cells for 48 h.  The morphological changes are 

indicated as early apoptotic ( ), late apoptotic ( ) and necrotic cells ( ) 

Table. 1 Showing the haemocompatibility of ap-AuNPs. 
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UV –Visible spectra of the ap-AuNPs formed at different conditions of synthesis  (a) ap-AuNPs formed at 
different pHs of apigenin (0.3 mM of apigenin and 1.2 mM of HAuCl4 is used for the synthesis); inset picture 

shows burgundy red color of ap-AuNPs formed at pH 10 (b) ap-AuNPs formed at different molar ratios of 

apigenin to HAuCl4 reacted at pH 10 (Concentration of apigenin has been kept constant at 0.3 mM and the 
concentration of  HAuCl4 ranges from 0.3 to 1.5 mM) and (c) Kinetics of ap-AuNPs formation  
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Characterization of ap-AuNPs formed at pH 10 (a) Low magnification HR-TEM image with inset showing the 
size distribution of ap-AuNPs (b) A single particle of ap-AuNPs depicting lattice fringes (c) SAED pattern 
depicting the lattice planes of Au in ap-AuNPs (d) X-ray diffraction pattern illustrating crystalline nature of 
the ap-AuNPs (e) size of ap-AuNPs measured by DLS (f) stability of ap-AuNPs measured by zeta potential 
(g) FTIR spectrum of apigenin and ap-AuNPs (h) TGA showing the different phases of weight loss of the 

reductant apigenin on the ap-AuNps  
59x30mm (600 x 600 DPI)  
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Uptake of ap-AuNPs in A431 cells as seen by Transmission Electron Microscopy (a) internalization of ap-
AuNPs (b) magnified image showing dispersed ap-AuNPs sequestered in phagolysosomes  
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Viability assay measured using MTT. The effect of ap-AuNPs on (a) HaCat cells (b) A431 cells (c) Effect of ct-
AuNPs on A431 cells and (d) Effect of free apigenin on A431 cells. The values represent mean ± SD of three 

independent experiments. * p<0.05, **p<0.01 and ***p<0.001 vs control.  
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Fluorescence micrographs using EtBr/AO staining of (a) HaCat cells and (b) A431 cells on treatment with ap-
AuNPs. The morphological changes are indicated as early apoptotic (      ), late apoptotic (   ) and necrotic 
cells (    ) (c) Fluorescence micrographs of A431 cells using DAPI staining. The morphological changes are 
indicated as apoptotic bodies (     ), chromatin condensation (       ) and chromatin condensation with 

membrane damage (     ).  
49x25mm (600 x 600 DPI)  
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DNA fragmentation assessed using 1% of agarose gel electrophoresis. Genomic DNA extracted from A431 
cells without (control) and after treatment with various concentration of ap-AuNPs for 48h.  
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Flow cytometry analyses of A431 cells on treatment with different concentration of ap-AuNPs. (a) Annexin - 
V - FITC binding and PI uptake (b) Cell cycle analysis using PI fluorescence. Dot plots and histogram plots 

are representative of three independent experiments.  
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The anti-angiogenic potential of ap-AuNPs analyzed using CAM assay. Arrows point to the presence of blood 
vessels (control and VEGF) and inhibition of existing blood vessels in ap-AuNPs treated CAM.  
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Table. 1 Haemocompatibility of ap-AuNPs. 

 

Sample  % of Haemolysis 

Positive control - Water 100 ± 0.0 

Negative Control - PBS 1.9 ± 0.2 

ap-AuNPs    50  µg/mL 1.0 ± 0.0 

ap-AuNPs    100 µg/mL 1.0 ± 0.1 

ap-AuNPs    150 µg/mL 1.7 ± 0.2 

ap-AuNPs    200 µg/mL 2.6 ± 0.1 
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Apigenin reduces Au3+ to Au0 to form ap-AuNPs at RT. ap-AuNPs are biocompatible towards HaCat cells. 
They show anti-cancer activity towards A431 cells by inducing apoptosis.  
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