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A B S T R A C T   

Naringenin, a flavone with a growing body of evidence as an anti-cancer agent, is found in Typha capensis, an 
indigenous South African plant commonly used in traditional medicine. However, despite favourable in vitro 
results, clinical usage of naringenin remains restricted due to notoriously poor oral bioavailability, rapid 
metabolism and poor tumour site availability. This study aimed to investigate a simple, easily reproduced, 
reliable and effective drug delivery method of mitigating these issues using green nanotechnology principles, and 
assess their biomedical applications in the treatment of prostate cancer. Gold nanoparticles (AuNPs) were syn-
thesized using green nanotechnology principles and characterized by spectrophotometry, dynamic light scat-
tering, zeta potential, transmission electron microscopy, and Folin-ciocalteu phenol assay. Effects on LNCaP and 
PC-3 cell viability were evaluated using the MTT assay. A significant (P < 0.0001, P = 0.0003, P = 0.0002) 
reduction in cell viability was observed for S1-AuNPs, S2-AuNPs and Ng-AuNPs, respectively, in PC3 cells. The 
extracts, naringenin, and subsequent AuNPs yielded comparable levels of toxicity toward the LNCaP cells. This 
study reports the first successful synthesis of self-stabilized AuNPs from naringenin in isolation and, most 
importantly, the application of these novel particles as an effective drug delivery tool. The biomedical appli-
cations of this novel formulation and drug delivery approach is expected to aid effective delivery of anticancer 
therapeutics, in this case naringenin, and thus expand the realms of the treatment of prostate cancer.   

1. Introduction 

Traditionally, indigenous South African cultures have prepared de-
coctions from Typha capensis (T. capensis) rhizomes for medicinal 
preparations, aimed at the treatment of dysmenorrhea, diarrhoea, ve-
nereal disease, and as the name “love reed” suggests, to boost libido and 
treat fertility disorders in men [1,4]. In contrast to this, early scientific 
studies into the effects of T. capensis extracts on male fertility reported 
several deleterious effects in vitro, namely reduced sperm motility, vi-
tality, sperm reactive oxygen species production, and mitochondrial 
membrane potential [4,21]. More recently, however, a study investi-
gating the effects of T. capensis F1 fractions, produced from seasonal 
harvests, strongly increased the production of testosterone in TM3 
Leydig cells, suggesting a possible application in the treatment of male 
infertility [23,24]. More importantly, they reported that T capensis 

extracts produced from summer harvests significantly reduced cell 
viability, induced apoptosis, and yielded DNA fragmentation in the 
prostate cancer LNCaP cell line while remaining virtually non-toxic to-
ward the non-cancerous TM3 Leydig and PWR-1E benign prostatic hy-
perplasia cell lines [23,24]. Subsequently, naringenin was identified as 
one of the bioactives in T capensis extracts and credited with a great deal 
of the reported effects toward prostate cancer cells [23]. These findings 
are remarkable, given the recent classification of prostate cancer as the 
second leading cause of cancer-related deaths in men [47]. However, 
while these studies elucidated valuable insight into the plant’s bioac-
tivity, some limitations have been observed. For example, the exact 
month of collection within the summer harvest was not specified, and 
considering that varying external environmental factors are known to 
alter secondary plant compound production [45], this may present a 
problem when extracts are presented as a therapeutic. Precision is, 
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therefore, necessary to limit variability and thereby maintain biomed-
ical effectiveness. Moreover, despite promising results under in vitro 
conditions, the in vivo usage of isolated naringenin is limited due to poor 
water solubility [17], variable oral bioavailability depending on the 
method of delivery [17,42], and rapid metabolism [44] and overall lack 
of effective drug delivery. Therefore, it is imperative to develop inno-
vative drug delivery approaches so that the tremendous clinical value of 
these and related phytochemicals can be fully reaped while mitigating 
the aforementioned limitations. 

Apart from naringenin, T. capensis rhizome extracts contain several 
other flavones, phenolic compounds, long-chain hydrocarbons, and 
various triperpenoids, containing afzelechin, epiafzelechin, catechin, 
epicatechin, and two novel phenolic compounds known as typharin and 
typhaphthalide [40]. These are likely the driving force behind the pre-
viously reported antioxidant capacity [22]. Phytochemicals with strong 
antioxidant capacities, such as catechin and epicatechin, have become 
increasingly popular non-toxic agents in gold nanoparticle (AuNP) 
synthesis, often playing dual roles as both reducing and stabilizing 
agents [9,11,14,35]. Furthermore, many of these nanoparticles func-
tionalized with phytochemicals exhibit excellent biocompatibility and 
notable cytotoxic action toward multiple cancer cell lines [2,3,6,18,26, 
27,29,30,41,43,49,51], making them promising therapeutic agents in 
the emerging field known as nano-medicine. 

Significant examples of innovative drug delivery approaches, 
through green nanotechnology, include pioneering efforts by Katti et al. 
who have performed groundbreaking research and product develop-
ment focused on the application of green nanotechnology for the sci-
entific rigour and validation of Ayurvedic Medicine [2,3,18,26,27,29, 
41,49,51]. In this context, the invention of a new medical modality, by 
Katti and co-workers, referred to as Nano Ayurvedic Medicine has been 
recently approved by the US Patents and trademarks office [2,3,18,26, 
27,29,41,49,51]. In a recent report, Katti and co-workers have described 
outcomes of the first-ever clinical trial investigation for the safety, ef-
ficacy and effective drug delivery of AuNPs-based Nano Ayurvedic 
medicine for treating triple-negative breast cancer patients [29]. This is 
the first credible scientific rationale toward the application of green 
nanotechnology-based AuNPs (referred to according to Ayurvedic Mo-
dality as Nano Swarna Bhasma), showing effective drug delivery, and 
widespread utility in oncology for treating various human cancers [29, 
30]. In a recent publication, Katti et al. have described a complete 
mechanistic overview on how Nano Swarna Bhasma derived from 
Mangiferin functionalized AuNPs can be used in the immunotherapy of 
cancer by targeting and drug delivery to the tumour microenvironment 
[30]. This is the first-ever scientific investigation showing the unique 
immune-modulating power of Nano Swarna Bhasma for 
down-regulating NF-κB. Nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) which is found in all types of mammalian cell 
types is involved in cellular responses to stimuli such as stress, cytokines, 
and free radicals. It is a protein complex that controls transcription of 
DNA, cytokine production and cell survival. Extensive investigations 
have revealed that NF-κB is linked to various cancers, inflammatory and 
autoimmune diseases, septic shock, viral infection, and improper im-
mune development. Therefore, the recently reported investigations on 
the ability of Mangiferin functionalized AuNPs in suppressing the ac-
tivities of NF-κB in tumour cells provide clear clinical evidence on the 
extraordinary utility of Nano Ayurvedic medicines in treating various 
human tumours [30]. These investigations also demonstrated the ability 
of Mangiferin functionalized AuNPs—referred to as Swarna Bhasma in 
re-educating and modifying the macrophage axis for the transformation 
of pro-tumor M2 macrophages into the anti-tumour M-phenotypes—-
thus aiding cancer treating through direct targeting of the tumour 
microenvironment [30]. 

Moreover, Katti and co-workers have also recently emphasized the 
considerable biomedical application of AuNPs as drug-delivery systems 
due to their unique properties; including a favourable surface area to 
volume ratio, excellent biocompatibility, propensity toward tumour 

micro-environment infiltration, and ease of surface modification and 
functionalization with numerous biomolecules—including proteins, 
targeted ligands, and chemotherapeutic drugs [50]. For example, 
studies investigating AuNP-based delivery systems for chemotherapeu-
tics, such as doxorubicin, bleomycin and methotrexate, demonstrated 
improved cell-specificity, higher intracellular accumulation, and mark-
edly improved cytotoxicity toward drug-resistant cancer cells upon 
loading the drugs onto AuNPs, in comparison to the unbound drug [15, 
52,53]. Notably, AuNP-conjugation has also been shown to greatly 
improve drug delivery, and therefore therapeutic potential, of flavo-
noids as anti-cancer agents in both in vitro and in vivo models [16,53]. 

These findings clearly demonstrate the growing application of 
phytochemical-functionalized AuNPs in the realm of nano-medicine and 
cancer therapy, along with their unique potential as drug and phyto-
chemical delivery agents. For all the aforementioned reasons, herein, we 
have performed the syntheses of AuNPs encapsulated with a cocktail of 
phytochemicals from T. capensis extracts, and naringenin in isolation. 
The overall objective was to validate our hypothesis that these phyto-
chemical embedded-AuNPs serve as superior drug delivery agents. To 
evaluate this, the characterization, development, and therapeutic anal-
ysis of a self-stabilized drug delivery particle, embedded with naringenin 
and the plethora of phytochemicals found within T capensis extracts 
formed the major objective of this study. 

2. Materials and methods 

Unless otherwise noted, all chemicals and reagents were purchased 
from Sigma-Aldrich Chemical Company (St Louis, MO, USA), and 
Thermofisher Scientific (Waltham, MA, USA). 

2.1. Extract preparation and analysis 

Extracts were prepared by the previously described methodology 
[23,24]. In short, T. capensis rhizomes were collected during the summer 
months and on the Cape Nature Reserve, located in the suburb of Belhar 
in the Western Cape province of South Africa. Once collected, the rhi-
zomes were washed thoroughly, dried at 25 ◦C in an air oven, and milled 
into a fine powder. Next, powdered rhizomes were infused in distilled 
water heated to 75 ◦C for 1 h and filtered. The filtrate was then frozen at 
− 80 ◦C and finally freeze-dried to yield water-soluble extracts. This 
procedure was performed for samples collected in January and in 
March, yielding two distinct extracts, labelled T. capensis extract sample 
1 (S1) and sample 2 (S2), respectively. 

2.2. LC-MRM analysis 

Samples were dissolved with 1 ml of a solution consisting of 50% 
methanol, 50% water, 0.01% formic acid and containing 25 ng/ml 
chloramphenicol. Once dissolved, samples were vortexed for 5 min, then 
centrifuged 16,000×g, and finally, 200 μl transferred into autosampler 
vials. Supernatants were diluted 1:10, 1:1000 and 1:1000 with chlor-
amphenicol. Next, standards were diluted in methanol to yield a 500 μg/ 
ml working solution and serial diluted 1:1 to concentrations ranging 
from 200 μg/ml to 1.5625 μg/ml. Finally, standard curves were gener-
ated for naringenin. The S1 and S2 extracts, S1-AuNPs, S2-AuNPs and 
Ng-AuNPs were analyzed using a Xevo TQS mass spectrometer (Waters, 
Milford MA, USA) with chloramphenicol as internal standard. Nar-
ingenin was used as standard. 

The Xevo TQS was operated in negative-ion mode. Two transitions 
were used for each molecule, based on optimized cone and collision 
generated by the Xevo instrument. Separation was carried out using an 
Acquity H-class UPLC (Waters) on a Waters BEH C18 column by gradient 
delivery (0.4 ml/min) of solvent (0.01% formic acid in water and Sol-
vent 0.01% FA in acetonitrile). The total run time was 4 min. The col-
umn was heated to 45 ◦C and the samples cooled to 20 ◦C in the 
autosampler. TargetLynx version 4.1 (Waters, Milford MA, USA) was 
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used to calculate the area under the curve (AUC) and reported as both a 
response (AUC-compound/AUC-internal standard) and as ng/ml. To 
quantify naringenin, the linear response function was calculated and the 
line equation was used to calculate ng/mL from the peak integration 
data exported from TargetLynx. 

2.3. Green synthesis of AuNPs 

2.3.1. S1-AuNP and S2-AuNP synthesis 
Synthesis was performed using the S1-extract and the S2 extracts 

with the inclusion of gum arabic (GA). Briefly, 3 mg of GA was added to 
3 ml of distilled water and stirred continuously for 30 min at 50 ◦C. Next, 
the heat was switched off and 4 mg of the appropriate extract was added 
and allowed to dissolve for 10 min. Finally, 50 μl of a 0.1 M sodium 
tetrachloroaurate (NaAuCl4) solution was added in a drop-wise fashion, 
and the mixture was allowed to stir continuously at ambient tempera-
ture for 24 h before characterization. 

2.3.2. Ng-AuNP synthesis 
Naringenin purchased from Sigma-Aldrich Chemical Company (St 

Louis, MO, USA) was used for the synthesis of the Ng-AuNPs, and was 
performed without the inclusion of GA. Briefly, 3 mg of naringenin was 
added to 3 ml of distilled water and stirred continuously at ambient 
temperature. Finally, 50 μl of a 0.1 M NaAuCl4 solution, adjusted to pH 8 
using a 0.2 M sodium hydroxide solution, was added in a drop-wise 
fashion, and the mixture was allowed to stir continuously for 24 h 
before characterization. 

2.4. Characterization of AuNPs 

The optical properties of each nanoparticle formulation were 
measured in the 500–600 nm range using a Cary 60 UV–vis spectro-
photometer (Agilent Technologies, Santa Clara CA, USA). Dynamic light 
scattering (DLS) and zeta potential were measured by Zetasizer Nano ZS 
(Malvern Panalytical, Worcestershire, UK), and core size was deter-
mined by transmission electron microscopy (TEM), using a JEOL 1400 
transmission electron microscope (JEOL, Tokyo, Japan). TEM images 
were processed using the java-based processing software ImageJ version 
1.8.0 (National Institutes of Health, USA) to calculate particle size dis-
tribution. In vitro stability was determined using the Cary 60 UV–vis 
spectrophotometer. Total phenolic concentration for each nanoparticle 
formulation was measured using the Folin-ciocalteu phenol (FC) 
method. 

2.5. Optical properties, dynamic light scattering and zeta-potential 

The optical properties of each nanoparticle formulation were 
measured, particularly in the 500–600 nm range, using a Cary 60 UV–vis 
spectrophotometer (Agilent Technologies, Santa Clara CA, USA). The 
hydrodynamic size and zeta potential were measured by Zetasizer Nano 
ZS (Malvern Panalytical, Worcestershire, UK) following established 
methodology [25,29,43,49] In short, 200 μl of each respective nano-
particle formulation were diluted in 800 μl of distilled water (pH 7), to a 
final volume of 1 ml. For measuring DLS, samples were transferred to a 
standard disposable cuvette, and to a disposable folded-capillary cell to 
measure zeta-potential. Hereafter, samples were analyzed using the 
Zetasizer Nano ZS. An average of 3 measurements were taken. 

2.6. Total phenolic quantification 

Total polyphenolic concentration was determined according to pre-
viously described methodology [49], and was expressed as μg/ml, 
equivalent to a gallic acid standard curve (500, 250, 125, 62.5, 31.25, 
15.62, 7.18, 3.9 and 1.95 μg/ml). Briefly, 1 ml of each respective sample 
was transferred to a 2 ml centrifuge tube and centrifuged at 15×g for 15 
min to yield a pellet. Once pelleted, the supernatants were removed from 

each tube and 500 μl of the Folin-ciocalteu phenol reagent, diluted 1:10 
in distilled water, was added to each pellet, followed by 1 ml of a 7.5% 
(w/v) sodium carbonate solution. Hereafter, samples were briefly mixed 
and incubated at 30 ◦C for 30 min. Next, absorbance was determined at 
760 nm using the SpectraMax M2 microplate reader (Molecular Devices, 
San Jose, USA). 

2.7. Transmission electron microscopy (TEM) 

The core size was determined by TEM. In short, 20 μl of each 
respective AuNP sample was placed onto a copper gilder grid (Electron 
Microscopy Sciences) and allowed to air-dry. Finally, grids were viewed, 
using a Joel 1400 transmission electron microscope (JEOL, Tokyo, 
Japan). The java-based processing software ImageJ version 1.8.0 (Na-
tional Institutes of Health, USA) was subsequently used to measure in-
dividual particle size. 

2.8. In vitro AuNP stability 

In vitro AuNP stability was investigated using previously established 
methodology [25,43,49]. In short, this was achieved by combining 200 
μl of each nanoparticle formulation and 800 μl of each challenging 
medium, specifically 1% sodium chloride, 0.2% histidine, 0.5% human 
serum albumin (HSA), 0.5% bovine serum albumin (BSA), 0.5% cysteine 
and phosphate buffered saline (PBS) solution, to a final volume of 1 ml, 
respectively. Controls were combined with distilled water. Each mixture 
was incubated for 24 h. Finally, AuNP stability was measured by 
recording optical properties, particularly absorption maxima (λmax) 
using UV–vis spectrophotometry. 

2.9. In vitro effects of AuNPs on prostate cancer cells 

The LNCaP and PC-3 prostate cancer cell lines were used for this 
study. They were cultivated at 37 ◦C in 95% air and 5% CO2, following 
standard aseptic work procedures. LNCaP and PC-3 cells were cultured 
in complete RPMI 1640 growth medium, supplemented with 10% fetal 
bovine serum, 1% penicillin (100 IU/ml) and streptomycin (100 μg/ml), 
in 25 cm2 culture flasks. 

2.9.1. Cell viability MTT assay 
The effects of each extract and AuNP toward LNCaP and PC-3 pros-

tate cancer cell viability were determined using the 3-(4,5-dimethylth-
iazolyl-2)-2, 5-diphenyltetrazolium bromine (MTT) cell proliferation 
assay over 24 and 72 h periods. Briefly, cells were seeded into 96-well 
polystyrene plates at 5 × 103 cells/well in 100 μl of complete growth 
medium and allowed to adhere. Next, cells were treated with varying 
concentrations (200, 100, 50, and 12.5 μg/ml) of the extracts and AuNPs 
for 24 h and 72 h, respectively. Next, 10 μl of MTT were added to each 
well and plates were incubated at 37 ◦C for an additional 4 h. Growth 
medium and MTT were removed from each well, the remaining crystals 
were solubilized with 200 μl of dimethylsulphoxide (DMSO), and 
absorbance was measured at 570 nm using the SpectraMax M2 micro-
plate reader (Molecular Devices, San Jose, USA). Results were expressed 
as percentage viability using the following formula: % viability = (T/C) 
x 100%, where C = absorbance of control and T = absorbance of treated 
cells. 

2.10. AuNP internalization by dark field microscopy 

AuNP internalization by dark field microscopy [49]. In short, LNCaP 
and PC-3 cells were seeded over coverslips in sterile 6-well plates at 5 ×
105 cells/well in 2 ml of complete RPMI 1640 and incubated for 24 h at 
37 ◦C in 95% air and 5% CO2. Cells were treated with 50 μg/ml con-
centrations of the S1-AuNPs, S2-AuNPs and the Ng-AuNPs for 24 h, 
respectively. Thereafter, cells were washed 10 times with PBS and fixed 
using 4% paraformaldehyde for 15 min at room temperature. The 
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fixative was then removed and cells were washed 3 times with PBS. To 
prepare the slides, coverslips were removed from the 6-well plates, 
inverted, mounted with DAPI (stain nuclear) on glass slides and allowed 
to incubate at room temperature for 10 min. Finally, staining was 
observed using a dark field microscope capable of hyperspectral imaging 
technology (CytoViva), where the presence of AuNPs was observed as 
yellow-gold coloured particulates or agglomerates found covering or 
surrounding the blue-stained cells. 

2.11. AuNP internalization by TEM 

AuNP internalization by TEM was investigated using previously 
established methods [49]. In short, PC-3 cells were seeded over cover-
slips in sterile 6-well plates at 5 × 105 cells/well in 2 ml of complete 
RPMI 1640. Cells were treated with 50 and 100 μg/ml concentrations of 
the S1-AuNPs, S2-AuNPs and the Ng-AuNPs, over 6 and 24-h periods, 
respectively. Thereafter, cells were washed 10 times with PBS and dis-
lodged with 300 μl of 0.25% trypsin. Hereafter cells were centrifuged at 
125×g to form a pellet, supernatants removed, and cell pellets washed 
with PBS and centrifuged once more at 125×g. Subsequently, the PBS 
was removed and carefully replaced with TEM fixative (100 mM sodium 
cacodylate, 2% glutaraldehyde and 2% paraformaldehyde), without 
disturbing the cell pellet and stored at 4 ◦C. Finally, the fixed cell pellets 
were used for grid preparation and viewed using a transmission electron 
microscope (Joel 1400). 

2.12. Statistical analysis 

Data were recorded and analyzed statistically using MedCalc for 
Windows, version 19 (MedCalc Software, Mariakerke, Belgium). Data 
were tested for normality and analyzed further using the independent t- 
test and one-way ANOVA. A P-value of less than 0.05 was considered 
significant. 

3. Results 

3.1. Extract analysis 

Levels of naringenin were quantified in each T. capensis extract (S1 
and S2) using LC-MRM analysis (Fig. 1). A clear discrepancy was 
observed between the S1-extract and S2-extract. Naringenin was found 
to be higher in the S1-extract, accounting for 171.2 ng/ml, and lower in 
the S2 extract (Fig. 1b), accounting for 86.6 ng/ml. 

3.2. Synthesis and in vitro stability of AuNPs 

Upon reaction, distinct colour shifts within the red-purple spectrum 
were observed, namely a shift from yellow-brown to a deep violet within 
1 h for the S1 and S2-extracts, and a gradual shift from milky white to 
deep ruby over 24 h for naringenin. Furthermore, UV–vis spectroscopic 
analysis demonstrated peak absorbance in the 500–550 nm range 
(Fig. 2), namely 540 nm for the S1-AuNPs (Figs. 2a), 534 nm for the S2- 
AuNPs (Figs. 2c), and 540 for the Ng-AuNPs (Fig. 2e). 

Stability was assessed by incubating each AuNP with various blood- 
mimicking components, namely sodium chloride (NaCl), cysteine, his-
tidine, HSA, BSA, and PBS, over 24 h. Slight increases in λmax were 
observed in each buffer tested with the S1-AuNPs (Fig. 2b), while the S2- 
AuNPs (Fig. 2d) yielded marginal decreases. Nevertheless, no major 
shifts in surface plasmon resonance (SPR) or signs of agglomeration 
were observed. Conversely, the Ng-AuNPs (Fig. 2f) showed remarkable 
stability in each buffer tested, with no notable shifts in SPR or signs of 
agglomeration. 

3.3. Dynamic light scattering, zeta potential and total phenolic 
quantification 

Dynamic light scattering (DLS), polydispersity index (PDI) and zeta 
potential were measured using the Zetasizer Nano ZS (Malvern Pan-
alytical, Worcestershire, UK), and the Folin-ciocalteu phenol (FC) 
method was utilized to gain insight into the phenolic content of each 
nano-formulation. These findings are summarized in Table 1. 

Average hydrodynamic sizes were below 100 nm for each nano- 
formulation. The S1-AuNPs measured 88.36 nm with a PDI of 0.284, 
the S2-AuNPs measured 96.73 nm with a PDI of 0.393, and the Ng- 
AuNPs measured 29.28 nm with a PDI of 0.685. Zeta-potential mea-
surements revealed strong negative charges for each nano-formulation. 
S1-AuNPs yielded an average zeta potential of − 27.1 mV, the S2-AuNPs 
yielded an average zeta potential of − 29.3 mV, and the Ng-AuNPs 
yielded an average zeta potential of − 33.3 mV. Variations in the 
calculated total polyphenolic content were noted between each of the 
gold nanoparticle formulations. A total phenolic concentration of 447 
μg/ml was found for the S1-AuNPs, 487 μg/ml 288 μg/ml for the Ng- 
AuNPs. 

3.4. TEM and size distribution 

When visualized using TEM (Fig. 3), the S1-AuNPs (Fig. 3a) and S2- 
AuNPs (Fig. 3c) consisted of a majority of spherically shaped nano-
particles, with a small proportion of triangle-shaped nanoparticles of 

Fig. 1. Naringenin content of the S1 and S2 extract analyzed by LC-MRM. The S1-extract exhibited 171.2 ng/ml of naringenin, while 86.6 ng/ml was found in the 
S2-extract. 
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variable size, and a calculated average particle size of 28.29 nm 
(Figs. 3b) and 18.99 nm (Fig. 3d), respectively. Conversely, the Ng- 
AuNPs (Fig. 3e) only presented as spherically shaped particles with a 
consistent observable size and a calculated average size of 12.53 nm 
(Fig. 3f). 

3.5. PC-3 cell viability 

3.5.1. S1-AuNP and S1-extract 
Following 24-h exposure to the S1-extract and S1-AuNP’s (Fig. 4a), 

respectively, significant (P = 0.03, P = 0.0001, P = 0.0001) differences 
between the extract and AuNPs were observed between 50 and 200 μg/ 
ml. One-way ANOVA revealed significant (P < 0.001) trends between 
the control and 200 μg/ml, for both the S1-extract and S1-AuNPs. Over 
72 h (Fig. 4b), significant (P < 0.0001, P = 0.0001, P < 0.001, P <
0.0001, P < 0.0001) differences between 12.5 and 200 μg/ml were 
observed. Similarly, one-way ANOVA revealed a significant (P < 0.001) 
trend between the control and 200 μg/ml, for the S1-extract and S1- 
AuNPs. 

Fig. 2. Spectrophotometric analysis of AuNPS. Absorption maximums are shown for the S1-AuNPs (a), S2-AuNPs (c), and Ng-AuNPs (c). AuNP stability in NaCl, 
cysteine, histidine, HSA, BSA and PBS are shown for S1-AuNP’s (b), S2-AuNP’s (d), and Ng-AuNP’s (f). AuNPs showed remarkable stability in each challenging media 
over 24 h. 

K. Pearce et al.                                                                                                                                                                                                                                  



Journal of Drug Delivery Science and Technology 80 (2023) 104100

6

3.5.2. S2-AuNP and S2-extract 
After 24 h of exposure (Fig. 5a), significant (P = 0.0006, P = 0.0319) 

differences were observed between the S2-extract and S2-AuNPs from 
100 to 200 μg/ml. One-way ANOVA revealed significant (P = 0.001, P <
0.001) trends between the control and 200 μg/ml, for the S1-extract and 
S2-AuNPs, respectively. Over 72 h (Fig. 5b), significant (P = 0.0021, P =
0.0001, P = 0.0004, P < 0.0001, P = 0.0003) differences from 12.5 to 
200 μg/ml were observed. One-way ANOVA revealed a significant (P <
0.001) trend between the control and 200 μg/ml. 

3.5.3. Ng-AuNP and naringenin 
Following 24-h exposure to naringenin and Ng-AuNPs, respectively 

(Fig. 6a). Significant (P = 0.008, P < 0.0001, P = 0.0069, P = 0.0009) 
differences were observed between naringenin and Ng-AuNPs at 25 μg/ 
ml, 50 μg/ml, 100 μg/ml and 200 μg/ml. One-way ANOVA revealed 
significant (P < 0.001) trends between the control and 200 μg/ml, for 
naringenin and Ng-AuNPs. Moreover, significant (P = 0.0199, P =
0.0125) differences at 100 μg/ml and 200 μg/ml were observed, 
following 72 h of exposure (Fig. 6b), along with one-way ANOVA 
revealing significant (P < 0.001) trends between the control and 200 μg/ 
ml, for naringenin and Ng-AuNPs. 

3.6. LNCaP cell viability 

3.6.1. S1-AuNPs and S1-extract 
Cells were exposed to the S1-extract and S1-AuNPs over 24 (Fig. 7a). 

Significant (P = 0.0048, P = 0.0056, P = 0.0004, P = 0.0123) differ-
ences were observed between the S1-extract and S1-AuNPs at 12.5 μg/ 
ml, 50 μg/ml, 100 μg/ml and 200 μg/ml. One-way ANOVA yielded 
significant (P < 0.001) trends between control-200 μg/ml, for the S1- 
extract and S1-AuNPs. Over 72 h (Fig. 7b), significant (P = 0.0001, P 
= 0.0068, P = 0.0001, P = 0.0033) differences at 12.5 μg/ml, 25 μg/ml 
and 100 μg/ml were observed. One-way ANOVA yielded significant (P 
< 0.001) trends between the control and 200 μg/ml, for the S1-extract 
and S1-AuNPs. 

3.6.2. S2-AuNP and S2-extract 
After 24 h of treatment with the S2-extract and S2-AuNPs (Fig. 8a), 

significant (P = 0.0001 and P < 0.0001) differences were observed be-
tween the S2-extract and S2-AuNPs from 25 to 200 μg/ml, respectively. 
One-way ANOVA yielded significant (P < 0.001) trends from control- 
200 μg/ml, for both the S2-extract and S2-AuNPs, respectively. More-
over, significant (P = 0.0001 and P < 0.0001) differences were observed 
at 25 μg/ml and 50 μg/ml, 100 μg/ml and 200 μg/ml after 72 h of 
exposure (Fig. 8b). One-way ANOVA revealed significant (P < 0.001) 
trends from control-200 μg/ml, for both the S2-extract and S2-AuNPs, 
respectively. 

3.6.3. Ng-AuNP and naringenin 
Following 24 h of exposure to naringenin and the Ng-AuNPs, sig-

nificant (P = 0.0001, P = 0.0003) differences were observed between 
naringenin and Ng-AuNPs at 25 μg/ml, and 50 μg/ml and 200 μg/ml, 
respectively (Fig. 9a). One-way ANOVA yielded significant (P < 0.001) 
trends from control-200 μg/ml, for both naringenin and Ng-AuNPs. Over 

72 h (Fig. 9b), significant (P = 0.0245) differences were observed at 
12.5 μg/ml. One-way ANOVA revealed significant (P < 0.001) trends 
between the control and 200 μg/ml, for both naringenin and the Ng- 
AuNPs. 

3.7. Cell internalization by dark-field microscopy and TEM 

Analysis by dark field microscopy in LNCaP (Fig. 10) and PC-3 
(Fig. 11) cells demonstrated that the S1-AuNPs, S2-AuNPs and Ng- 
AuNPs possessed a clear affinity toward LNCaP cells over 6 and 24 h, 
with large AuNP aggregates covering cell surfaces, with particular re-
gard to cell cytoplasm and nuclei. Similarly, strong cell affinity was 
observed in PC-3 cells, with each nano-formulation accumulating over 
cytoplasmic and nucleic cell surfaces indiscriminately. Upon further 
analysis by TEM (Fig. 12), the S1-AuNPs and Ng-AuNPs were detected 
intracellularly in PC-3 cells, following 6 (Figs. 12a) and 24 (Fig. 12b) 
hours of incubation. No signs of agglomeration were observed following 
internalization. 

4. Discussion 

4.1. AuNP synthesis and characterization 

Both, T. capensis extracts and naringenin in isolation yielded an 
observable colour shift toward a red-purple spectrum upon reaction, 
with peak absorbance in the 500–550 nm range upon spectroscopic 
analysis. These factors are highly indicative of successful AuNP synthesis 
[5,13], which was confirmed by TEM imaging. This comes as no sur-
prise, for the extracts, when the plethora of phytochemicals found 
within T. capensis [40] and antioxidant action [5] are considered. In 
particular, catechin and epicatechin were previously reported to act as 
reducing, and sometimes stabilizing agents [9,11,14,35]. It is, thus, 
possible that a combination of these phytochemicals contributed to the 
synthesis, and possibly capping, of the extract-derived nanoparticles 
reported in this study. Conversely, naringenin in isolation does not have 
a documented history of AuNP synthesis, and its contribution to the 
formation of the S1-AuNP and S2 AuNP, therefore, remains unclear. 
Additionally, AuNP synthesis using naringenin in isolation was presently 
noted to occur only when the pH was adjusted to a range of pH 7–8. 
Similar reports exist, such as pH adjustment using sodium hydroxide, 
being paramount to the successful synthesis of uniform AuNPs using 
carboxymethyl chitosan as a reducing agent [46]. Interestingly, the in-
clusion of a stabilizing agent, such as GA, was not found to be necessary, 
suggestive of a naringenin coating on the Ng-AuNP surface. 

Further analysis of these AuNPs showed that the S2-AuNPs and Ng- 
AuNPs each possess a strong negative charge close to and lower than 
− 30 mV, respectively, which typically confers greater repulsive forces, 
and thus excellent colloidal stability [19,20]. It must be mentioned, 
however, that the S1-AuNPs exhibited a slightly weaker charge of − 27.1 
± 0.20 m V, and thus may have a marginally greater propensity toward 
agglomeration over time. Moreover, core sizes, as calculated from TEM 
images, are notably smaller than the reported hydrodynamic sizes, 
which is a measure of both core and cap-size. This may serve to confirm 
the capping of AuNPs with a combination of GA and available phyto-
chemicals for the S1-AuNPs and S2-AuNPs, and naringenin in the 
Ng-AuNPs. This study reports the first known instance of AuNPs syn-
thesis from T. capensis extracts coated with a multitude of phytochem-
icals. Additionally, the first successful synthesis of AuNPs using the 
flavone naringenin as both a reducing and stabilizing agent is also re-
ported. Considering the medicinal value of T capensis extracts and their 
bioactives, these AuNPs are likely to have exciting novel biomedical 
applications. 

4.2. T. capensis extracts, AuNPs and prostate cancer cells 

It is commonplace for a degree of plant compound variation to exist, 

Table 1 
DLS, Zeta-potential and phenolic concentration for the S1-AuNPs, S2-AuNPs and 
Ng-AuNPs.  

Sample DLS (nm) PDI Zeta-Potential 
(mV) 

Calculated phenolic 
concentration (μg/ml) 

S1- 
AuNP 

88.36 ±
1.41 

0.284 − 27.1 ± 0.20 447 

S2- 
AuNP 

95.73 ±
1.93 

0.393 − 29.3 ± 0.80 487 

Ng- 
AuNP 

29.28 ±
0.09 

0.685 − 33.3 ± 1.31 288  
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Fig. 3. TEM imaging and size distribution histograms for the S1-AuNPs (a–b), S2-AuNPs (c–d), and Ng-AuNPs (e–f).  
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Fig. 4. Effects of S1-extract and S1-AuNPs on PC-3 cell viability as assessed by the MTT assay over 24 (a), and 72 (b) hours of treatment. Dose-dependent decreases in 
cell viability were noted between control and 200 μg/ml of the S1-extract and S1-AuNPs over both exposure periods. 

Fig. 5. Effects of S2-extract and S2-AuNPs on PC-3 cell viability as assessed by the MTT assay over 24 (a), and 72 (b) hours of treatment. S2-AuNPs produced dose- 
dependent decreases in cell viability between control and 200 μg/ml over 24 h (a). Over 72 h (b), both the S1-extract and S2-AuNPs each dose-dependent reduction in 
cell viability control and 200 μg/ml. 

Fig. 6. Effects of naringenin and Ng-AuNPs on PC-3 cell viability determined by the MTT assay following 24 (a), and 72 (b) hours of treatment. Cell viability was 
reduced comparably at each concentration over 24 (a) and 72 (b) hours. 
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Fig. 7. Effects of S1-extract and S1-AuNPs on LNCaP cell viability as measured by the MTT assay following 24 (a), and 72 (b) hours of treatment. Cell viability was 
reduced dose-dependently at each concentration, with the S1-AuNPs yielding significantly (P = 0.0004, P = 0.0123, P = 0.0001 and P = 0.0033) greater reductions 
at higher concentrations over 24 (a) and 72 (b) hours, respectively. 

Fig. 8. Effects of S2-extract and S2-AuNPs on LNCaP cell viability as assessed by the MTT assay over 24 (a), and 72 (b) hours of treatment. Significantly (P < 0.0001) 
greater, dose-dependent reductions in cell viability were noted for the S2-extract at each concentration tested over 24 (a) and 72 (b) hours of treatment. 

Fig. 9. Effects of naringenin and Ng-AuNPs on LNCaP cell viability determined using the MTT assay over 24 (a), and 72 (b) hours of treatment. Comparable cytotoxic 
effects were observed between the naringenin and the Ng-AuNPs at each concentration tested. 
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especially when a comparison is drawn between geographical locations, 
external environmental factors, and seasons [39,45,54]. In this study, a 
clear discrepancy in overall bioactive concentration was found when 
plant material was collected at different points within the summer 
season, and subsequent extracts were analyzed. Despite this, however, 
both extracts were found to yield comparable, dose- and time-dependent 
reductions in LNCaP and PC-3 cell viability. It is therefore clear that the 
varying overall concentration of naringenin was not found to hold any 
significant influence over their cytotoxic effects toward prostate cancer 
cells. These findings corroborate the previously reported effect of 
bioactivity toward LNCaP cells [10,23,33], and further suggest that the 
medicinal value of T. capensis extracts toward prostate cancer may not 

be governed by the specific quantity of naringenin, but simply the 
overall presence. Therefore, plant collection within the summer season 
is sufficient to maintain the medicinal value of the extract, when 
intended as a therapeutic in the treatment of prostate cancer. By com-
parison, the extract-derived AuNPs produced varying levels of toxicity 
toward LNCap and PC-3 cells. 

In LNCaP cells, it was found that the S1-AuNP produced dose- and 
time-dependent toxicity comparable to the S1-extract, while the S2- 
AuNPs were observably less toxic than the S2-extract. In PC-3 cells, 
however, both the S1-AuNPs and S2-AuNPs yielded higher levels of 
overall toxicity as compared to their extract counterparts—thus 
providing stellar proof of the importance of green nanotechnology in 

Fig. 10. Cell internalization by dark field microscopy in LNCaP cells following 6 and 24 h of incubation with 100 μg/ml of the S1-AuNPs, S2-AuNPs, and Ng-AuNPs, 
respectively. Notable instances of possible internalization were seen for each AuNP and are marked by red arrows. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article). 

Fig. 11. Cell internalization by dark field microscopy in PC-3 cells following 6 and 24 h of incubation with 100 μg/ml of the S1-AuNPs, S2-AuNPs, and Ng-AuNPs, 
respectively. Notable instances of possible internalization were seen for each AuNP and are marked by red arrows. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article). 
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achieving effective drug delivery. Additionally, these findings suggest 
that the S1-AuNPs and S2-AuNPs may possess a degree of cell-specificity 
between the LNCaP and PC-3 cells. Furthermore, nano-encapsulating 
available phytochemicals only appeared to improve therapeutic effects 
toward PC-3 cells, and not LNCaP cells, suggesting a more suited 
application in the treatment of late-stage, hormone-independent pros-
tate cancer—which is the most important unmet clinical need requiring 
urgent therapeutic interventions [31,34,48]. Analysis by dark-field mi-
croscopy also demonstrated a greater propensity toward PC-3 cells for 
both AuNPs, along with TEM imaging confirming the presence of 
intracellular AuNP in PC-3 cells. These findings further suggest a greater 
affinity toward PC-3 cells. Considering that naringenin has previously 
been shown to possess a degree of cell specificity toward PC-3 cells [32], 
rather than LNCaP, the greater affinity toward PC-3 cells reported here 
may be explained by the surface-bound naringenin in the 
extract-derived AuNPs. This may be supported by the action of the 
Ng-AuNPs. 

Presently, the Ng-AuNPs appeared to have favourable effects to-
wards prostate cancer cells, albeit comparable to free naringenin, in 
LNCaP and PC-3 cells. However, effective drug delivery affording opti-
mum bioavailability of the phytochemical is only feasible when the 
phytochemicals are bound to gold nanoparticulate surfaces as in Ng- 
AuNPs, S1-AuNPs and S2-AuNPs. Furthermore, dark-field microscopy 
also revealed a greater observable affinity toward PC-3 cells, along with 
subsequent TEM imaging revealing intracellular AuNPs in PC-3 cells. At 
first glance, the comparable cytotoxicity may appear to offer no bio-
logically significant benefit over free naringenin, but considering the 
limitations inherent to the flavonoid reveals the true potential of the Ng- 
AuNPs. Naringenin possesses enormous medicinal potential, ranging 

from being anti-carcinogenic and anti-inflammatory, to being radio- 
sensitizing [7,8,28,37]. However, its clinical usage is severely limited 
due to poor water solubility, poor oral bioavailability and intestinal 
absorption, low stability, rapid metabolism and ineffective transport 
across biological membranes yielding low tumor site bioavailability [8, 
17,36–38]. Previous attempts to improve bioavailability and absorption 
included complexing the flavonoid with β-cyclodextrin to improve up-
take [38], forming polymeric nano-suspensions of naringenin [8,36] and 
binding naringenin to AuNPs synthesized via citrate reduction [8,12]. 
These methods may improve delivery but are complex, labour-intensive 
and expensive. Conversely, we report small, highly stable AuNPs syn-
thesized directly from naringenin, using it as a dual reducing and a 
stabilizing agent. Moreover, the Ng-AuNPs also showed drug delivery 
effects comparable to free naringenin towards LNCaP and PC-3 cells, 
likely indicating a similar mode of action. However, the ability of 
AuNP-bound phytochemicals to withstand enzymatic degradation in 
vivo presents significant prospects for their ultimate use in oncology. 
Therefore, the present findings signify a simple, and a reliable drug 
delivery method—through green nanotechnology—thus overcoming the 
clinical limitations associated with naringenin by AuNP-mediated drug 
delivery. 

5. Conclusions 

In this study, our hypothesis that phytochemicals embedded-AuNPs 
serve as superior drug delivery agents to tumor sites and thus provide 
significantly improved therapeutic benefits for treating various human 
cancers has been experimentally validated. This investigation is a major 
step toward realizing the goal of the World Health Organization (WHO) 

Fig. 12. Internalized AuNPs imaged by TEM in PC-3 cells following 6 (a) and 24 (b) hours of incubation with 100 μg/ml of the S1-AuNPs and Ng-AuNPs, 
respectively. Both S1-AuNPs and Ng-AuNPs were detected within cells at each time point. 
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which has forecast that the global population would largely embrace 
herbal medicine for treating various diseases and disorders. More 
importantly, according to the author’s knowledge, this study reports the 
first successful synthesis of highly stable gold nanoparticles using the 
bioactive compound naringenin in isolation, serving as a dual reducing 
and stabilizing agent. Considering enhanced drug delivery features, and 
toxicity observed with these particles, our findings are expected to have 
realistic biomedical applications for the treatment of prostate and other 
cancers, as well as for the wider medical field, particularly in novel 
disease treatment and management strategies. 
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