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Background: Phloridzin, an antidiabetic and antineoplastic agent usually found in fruit trees, 

is a dihydrochalcone constituent that has a clinical/pharmaceutical significance as a sodium-

glucose linked transport 2 (SGLT2) inhibitor. While the aglycone metabolite of phloridzin, 

phloretin, displays a reduced capacity of SGLT2 inhibition, this nutraceutical displays enhanced 

antineoplastic activity in comparison to phloridzin.

Purpose: The objective of this study was to develop gold nanoparticle (AuNP) mediated delivery 

of phloridzin and phloretin and explore their anticancer mechanism through conjugation of the 

dihydrochalcones and the AuNP cores.

Methods: Phloridzin and phloretin conjugated AuNPs (Phl-AuNP and Pht-AuNP) were syn-

thesized in single-step, rapid, biofriendly processes. The synthesized AuNPs morphology was 

characterized via transmission electron microscopy and ultraviolet-visible spectroscopy. The 

presence of phloridzin or phloretin was confirmed using scanning electron microscopy-energy 

dispersive x-ray spectroscopy. The percentage of organic component (phloridzin/phloretin) 

onto AuNPs surface was characterized using thermogravimetric analysis. Assessment of the 

antineoplastic potency of the dihydrochalcones conjugated AuNPs against cancerous cell lines 

(HeLa) was accomplished through monitoring via flow cytometry.

Results: The functionalized AuNPs were synthesized via a single-step method that relied only 

upon the redox potential of the conjugate itself and required no toxic chemicals. The synthe-

sized Phl-AuNPs were found to be in the size range of 15±5 nm, whereas the Pht-AuNP were 

found to be 8±3 nm, placing both conjugated AuNPs well within the size range necessary for 

successful pharmaceutical applications. These assays demonstrate a significant increase in the 

cancerous cell toxicities as a result of the conjugation of the drugs to AuNPs, as indicated by 

the 17.45-fold increase in the efficacy of Pht-AuNPs over pure phloretin, and the 4.49-fold 

increase in efficacy of Phl-AuNP over pure phloridzin.

Conclusion: We report a simple, biofriendly process using the reducing and capping potential 

of the dihydrochalcones, phloridzin and phloretin, to synthesize stable AuNPs that have promis-

ing futures as potential antineoplastic agents.

Keywords: gold nanoparticles, cancer, phloretin, phloridzin

Introduction
As of 2016, approximately 1,685,210 individuals in the United States were diagnosed 

with some form of cancer.1 This rate has been steadily increasing over the past few 

decades, which has led to a frantic search for effective cancer treatments. As of 2014, 

1,830 drug treatments had been identified and developed.2 This seemingly large value 

is inadequate and minuscule in comparison to the number of cancer diagnosed cases. 
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Additionally, most of these treatments are derivatives of 

chemotherapy, which may induce significant side effects. 

The need for more effective treatment that can be used in 

combination with some less malignant treatments is of para-

mount importance to the medical community.

Dihydrochalcones have been established as potent 

compounds for a vast array of pharmaceutical applications 

such as antidiabetic, antifungal, anti-inflammatory, anti-

malarial, antibacterial and antineoplastic medications.3–7 A 

dihydrochalcone pair of particular interest in this study are 

phloridzin (1-[2,4-dihydroxy-6-[(2S,3R,4R,5S,6R)-3,4,5-

trihydroxy-6-(hydroxymethyl)tetrahydropyran-2-yl]oxy-

phenyl]-3-(4-hydroxyphenyl)propan-1-one) and its aglycone, 

phloretin (3-(4-Hydroxyphenyl)-1-(2,4,6-trihydroxyphenyl)-

1-propanone). Phloridzin was initially isolated for pharma-

ceutical usage as the first sodium-glucose linked transporter 2  

(SGLT2) inhibitor in 1838.8,9 The mechanism of action for 

phloridzin allowed for the inhibition of glucose absorption 

through the SGLT2 due to a binding affinity for SGLT2 that 

was 3,000 times greater than that of glucose.9–11 Given this 

mechanism, phloridzin was suggested as an appropriate treat-

ment for hyperglycemia; however, phloridzin never achieved 

widespread usage due to its poor selectivity and poor oral 

bioavailability in comparison to other drug options. The phlo-

ridzin’s poor oral bioavailability is primarily attributed to the 

presence of lactase-phloridzin hydrolase in the microvillar 

membrane of the small intestine.12 This enzyme, intended for 

the hydrolysis of lactose, hydrolyses the β-glycosidic bond of 

phloridzin, resulting in the formation of phloretin and glucose. 

Phloretin demonstrates more modest antidiabetic activity, in 

comparison to phloridzin, due to its mechanism of action, which 

focuses on glucose transporter (GLUT) inhibition.13 Since phlo-

retin’s mechanism is much less specific than that of phloridzin, 

it is ultimately less effective for the treatment of hyperglycemia. 

Through comprehensive pharmaceutical experimentation, it 

was determined that in addition to potential pharmaceutical 

application of phloridzin and phloretin as an antidiabetic agent, 

these nutraceuticals demonstrated a significant effect as antine-

oplastic, antipyretic and antimalarial agents.9,11,14,15 Of particular 

interest are the potential applications of phloridzin and phloretin 

as antineoplastic agents. The efficacy of phloridzin and phlore-

tin has been previously examined; it was determined that both 

compounds demonstrate a statistically significant antineoplastic 

action, where phloretin is more potent than phloridzin.5,6,16,17 In 

order to properly exploit this activity to its greatest potential, 

a drug delivery system must be integrated with these drugs to 

side-step any inherent bioavailability and selectivity issues.

Nanoscale materials bring a plethora of new possibilities 

to medicinal chemistry. Gold nanoparticles (AuNPs) have 

proven to be particularly useful in medicinal chemistry due 

to their chemical stability, ease of surface functionalization, 

and relative safety, and have been used for several years 

for cancer drug delivery and bioimaging.18–21 Clinically-

approved, nano-conjugated doxorubicin have demonstrated 

an enhanced drug accumulation and retention in multidrug 

resistant MCF-7/ADR cancer cells.22–26 Provided with 

the highly hydroxylated structure of both phloridzin and 

phloretin, conjugation via hydroxyl group oxidation as an 

ester linkage to the AuNP structure is possible (Figure 1). 

These studies, among others, provide credible evidence 

that the conjugation of phloridzin and phloretin to AuNPs 

have the potential for augmented antineoplastic activity.23,26,27 

The successful conversion of an antiquated antidiabetic treat-

ment (phloridzin) and its biodegrade precursor (phloretin) to 

a successful antineoplastic treatment would invigorate and 

revitalize such efforts, possibly leading to a new wave of 

effective, cost-effective antineoplastic treatments.

Materials and methods
Materials
Analytical grade phloridzin (Sigma Aldrich Co., St Louis, 

MO, USA), analytical grade phloretin (Sigma Aldrich 

Figure 1 Chemical structures of the two dihydrochalcones.
Note: (A) Phloretin molecular weight: 274.26 g mol-1; (B) phloridzin molecular weight: 342.30 g mol-1.
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Co.) potassium gold (III) chloride (Sigma Aldrich Co.), 

gold (III) chloride trihydrate (Sigma Aldrich Co.), sodium 

citrate dihydrate (Sigma Aldrich Co.), Dulbecco’s Modified 

Eagle’s Media (Corning Inc. Corning, NY, United States), 

fetal bovine serum (Life Technologies, Thermo Fisher 

Scientific, Waltham, MA, USA), and Sytox 7AAD (Life 

Technologies, Thermo Fisher Scientific), were purchased 

and used as required. The HeLa cell line was purchased 

commercially from the American Type Culture Collection 

(ATCC, Manassas, VA, USA). All laboratory glassware were 

thoroughly cleaned and rinsed followed by steam steriliza-

tion (121°C, 45 min) before use. The cancerous cells were 

cultured by standard procedures.

Synthesis of phloretin-gold nanoparticles 
(Pht-AuNPs)
To synthesize the Pht-AuNPs, a primary reaction mixture 

was prepared of 0.365 M phloretin in 100% ethanol. A 

secondary reaction mixture of autoclaved deionized water 

(pH: 7.2±0.2) was preheated in a Thermo Scientific water 

bath at 80°C for 20 minutes. Once adequate heating of the 

secondary mixture was achieved, an aliquot of the primary 

reaction mixture (phloretin in ethanol) was added to result 

in a 1.22 mM phloretin solution. This reagent mixture was 

removed from the water bath after the addition of the ligand, 

at which point an aliquot of 0.132 M KAuCl
4
 was added to the 

solution to a final concentration of 0.353 mM KAuCl
4
. After 

mixing, a visible colorimetric shift from colorless to dark red 

was observed, indicating the formation of Pht-AuNPs. The 

reaction mixture was subsequently subjected to at least seven 

cycles of washing and centrifugation (14,000 rpm for 1 hour) 

with autoclaved deionized water to remove any unreacted 

reagents. Following the washing, the Pht-AuNP solution 

was pelleted, lyophilized, and stored at 4°C for stability. 

The Pht-AuNPs were reconstituted into an aqueous mixture 

with autoclaved deionized water and probe sonicated for 

most subsequent characterization and analysis.

Synthesis of phloridzin-gold nanoparticles 
(Phl-AuNPs)
To synthesize the Phl-AuNPs, a primary reaction mixture was 

prepared of 0.953 mM phloridzin in autoclaved deionized 

water (pH: 7.2±0.2). This reagent mixture was preheated in 

a Thermo Scientific water bath at 90°C for 10 minutes. Once 

adequate heating of the reagent mixture was achieved, an 

aliquot of 0.132 M KAuCl
4
 was added to the solution to a 

final concentration of 1.50 mM KAuCl
4
. This reagent mix-

ture was removed from the water bath after the addition of 

the KAuCl
4
. After mixing, a visible colorimetric shift from 

colorless to purple was observed, indicating the formation 

of Phl-AuNPs. The reaction mixture was subsequently sub-

jected to at least 10 cycles of washing and centrifugation 

(14,000 rpm for 20 minutes) with autoclaved deionized water 

to remove any unreacted reagents. Following the washing, 

the Phl-AuNP solution was pelleted, lyophilized, and stored 

at 4°C for stability. The Phl-AuNPs were reconstituted into 

an aqueous mixture with autoclaved deionized water and 

probe-sonicated for most subsequent characterization and  

analysis.

Characterization of phloridzin- and 
phloretin-coated NPs
Characterization of the Pht-AuNP and Phl-AuNP samples 

via ultraviolet-visible (UV-Vis) spectroscopy was performed 

with a Hitachi U-3900 spectrophotometer at a resolution 

of 0.5 nm. The samples were prepared creating 1 mg mL-1 

concentrations of both AuNP samples aliquoted in quartz 

crystal cuvettes. This analysis was intended to observe the 

peaks generated by the characteristic optical properties of 

AuNPs known as surface plasmon resonance (SPR). To 

characterize the morphological properties of the AuNP, 

such as size and shape, the samples were examined through 

transmission electron microscopy (TEM) using a JEOL JEM 

1400Plus electron microscope operating at a 110 kV acceler-

ating voltage. Sample preparation for TEM characterization 

involved the placement of 5 µL of each sample suspension on 

formvar-coated, 400-mesh copper grids, which were allowed 

to air-dry for 1 hour. Images of the samples were acquired 

through the built-in AMT XR-81M-B camera, and were 

subsequently processed via the Capture Engine Software 

AMT Version 602.600.52. The diameter and average size 

distribution of the AuNPs were determined using a Zetasizer 

Nano S (Malvern Instruments, Malvern, UK) dynamic light 

scattering analyzer at 25°C with a scattering angle of 90°. 

For this analysis a sample preparation, 1 mL of 2 mg mL-1 

AuNPs suspension was prepared and probe sonicated. The 

size was reported as an average distribution for over 40 runs 

for each respective sample. Presence of chalcone ligands on 

the surface of the AuNPs was confirmed from the surface 

elemental analysis using a JEOL-JSM-6510 LV scanning 

electron microscope (SEM) with IXRF system. For analysis, 

50 μL of 1 mg mL-1 sonicated samples of Phl-AuNP and 

Pht-AuNP suspensions were evenly spread on a cleaned 

silicon wafer and dried under vacuum at 80°C. SEM images 

of substrates were obtained at 20 kV accelerating voltage 

and 25 kX magnification followed by surface elemental 

analysis using energy dispersive spectroscopy (EDS). The 

presence and percentage of phloridzin and phloretin (w/w) 
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were confirmed using thermo-gravimetric analysis (TGA). 

Approximately 5 mg of lyophilized AuNPs and pure phlo-

ridzin and phloretin powder was heated individually in a 

platinum pan over a temperature range of 25°C–850°C at a 

heating rate of 10°C min-1 in the presence of nitrogen (N
2
) 

gas using a TA Q5000 instrument. The N
2
 gas was changed 

to air after 650°C to allow complete oxidation. Thermo-

grams showing the gradual weight loss of the ligand upon 

heating of the Phl-AuNPs and Pht-AuNPs were plotted and 

compared to the pure form of the ligands. The electrostatic 

charge and stability of the NPs were determined using a 

Zetasizer Nano S (Malvern Instruments). Then 1 mg mL-1 

AuNP suspensions were prepared by dissolving the samples 

in deionized water. The pH of the solution was maintained 

at a pH of 7.2±0.2 throughout the analysis. The analysis was 

performed at 25°C±0.3°C, at a scattering angle of 90°, and 

the applied voltage was 100V. Results were reported as the 

average of 40 measurements for each sample’s ζ-potential 

determination.28

Synthesis and characterization  
of Citrate-AuNPs
The Turkevich method was employed to synthesize the 

citrate-conjugated AuNPs.29 Briefly, 1 mM Aurochloric 

acid was preheated to 100°C with a 1% solution of sodium 

citrate dihydrate.30 A colorimetric shift from colorless to 

dark red was indicative of the formation of Citrate-AuNPs. 

The reaction mixture was subsequently removed from the 

heating source and allowed to cool to 25°C before the solu-

tion was titrated to a pH of 7.2±0.2. Unbound reactants were 

removed by washing with autoclaved nanopure water and 

centrifugation (15,000 rpm for 20 minutes) five times. After 

the final wash, Citrate-AuNPs were pelleted, lyophilized, 

and stored at room temperature until re-suspended in auto-

claved deionized water for characterization and analysis. 

Citrate-AuNPs were characterized by TEM and the zeta 

potential measured as described above for Phl-AuNPs and 

Pht-AuNPs.28

Evaluation of Phl-AuNPs and Pht-AuNPs 
for antineoplastic activity
To assess the antineoplastic activity of the synthesized 

AuNPs, in comparison to their free drug forms, all samples 

were prepared for analysis via live/dead cell staining assays 

preformed through flow-cytometry in HeLa cells. Stock 

solutions of the samples were prepared as 4 mg mL-1 solu-

tions in Dulbecco’s Modified Eagle’s Media (DMEM; 

serum free). Solvation was assured through mixing and 

incubation at 35°C–45°C. Dilutions of the main stock 

solutions were prepared using DMEM as the solvent. The 

HeLa cells were cultured in DMEM supplemented with 

10% fetal bovine serum at 37°C, in 5% CO
2
 and 95% rela-

tive humidity. The resultant cells were seeded in 24-well 

plates at cell densities of 75,000 cell/well. After 24 hours, 

the culture media was replaced with the previously prepared 

serum-free culture media containing increasing concentra-

tions of AuNPs and pure drugs. The plates were incubated 

for 1 hour and 4 hours after the inoculation with the sample 

culture media. After the respective incubation periods for the 

plates, the AuNPs and pure drugs were removed via several 

washes with a phosphate buffer solution (pH: 7.2±0.2), and 

fresh DMEM supplemented with 10% fetal bovine serum 

was added to each well. After a further incubation period of 

36 hours, the media was aspirated and the cells were washed 

with a phosphate buffer solution. Following the wash, the 

cells underwent trypsinization to remove them from their 

plates and were then added to fluorescence-activated cell 

sorting tubes. To each tube 1.0 µL of Sytox 7AAD dead 

cell stain was added and incubated in an ice bath at 0°C–4°C 

for 15 minutes prior to fluorescence-activated cell sorting 

analysis. Fluorescence channel 4 (FL4) was used for the 

7AAD fluorescence analysis. Cell viability percentage was 

calculated relative to the untreated cells which were consid-

ered as 100% viability.

Results and discussion
Synthesis and characterization  
of Pht-AuNPs and Phl-AuNPs
The synthesis of AuNPs has been traditionally a multi-step 

process that relied upon the use of several chemical reagents, 

namely reducing agents and capping agents.21,29–32 In general, 

the process of AuNP formation begins with the addition 

of a reducing agent to a gold salt solution, composed of 

gold ions (Au3+/Au2+), to yield reduced neutral gold atoms. 

These ground state gold atoms demonstrate a propensity 

to aggregate in a manner that results in a varied shaped, 

multi-faceted, polyhedron.21,33,34 This nano-aggregate of gold 

atoms would expand without limit unless a capping agent 

is introduced into the system to limit the size, and in certain 

cases, the spatial dimensions.29,30,32,35 In traditional synthesis, 

methodologies rely on such multi-step processes to ensure 

the formation of consistent and stable NPs. However, such 

methods require additional steps for purification due to the 

production of reagent by-products, which ultimately result 

in the process having limited scalability due to its labor- and 

material-intensive nature. The methodologies employed in 

this synthesis procedure allow for a single-pot reaction mix-

ture that is conveniently and completely biofriendly, which 
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is highly desirable given the potential medicinal application 

of the AuNPs produced.36 In this synthetic methodology 

employed, the numerous electron rich regions of both of the 

chalcones (phloridzin and phloretin) serve as the reducing 

and, ultimately, the capping agent. The optimum concentra-

tion of the reagents, gold salt and phloridzin or phloretin, 

for AuNP synthesis was determined through assessment of 

the AuNP synthesis efficiency of a vast array of differing 

concentrations. Through these arrays it was determined that 

for the optimum synthesis of phloridzin a reaction mixture 

of 0.953 mM phloridzin and 1.50 mM KAuCl
4
 in water 

produced the optimum yield of Phl-AuNPs. In the synthesis 

of Pht-AuNPs, it was determined that in order to achieve 

adequate solvation of the potential ligand the phloretin, a 

0.365 M phloretin solution in absolute ethanol must be pre-

pared, prior to addition of phloretin to a 0.353 mM KAuCl
4
 

aqueous media (pH: 7.2±0.2), yielding a 1.22 mM solution 

of phloretin. These synthesis strategies resulted in the high 

yield of Phl-AuNPs and Pht-AuNPs, respectively, that had 

stable, mostly monodispersed, and uniform morphological 

characteristics.

Analysis of the morphological characteristics and particle 

aggregation character of the Phl-AuNPs and Pht-AuNPs was 

accomplished through the use of TEM analysis operating at 

110 kV. TEM micrographs of Phl-AuNPs revealed the NPs 

to all be spheroid, with low amounts of aggregation, and 

a particle core diameter of 15±5 nm (Figure 2A). Similar 

analysis of Pht-AuNPs revealed spheroid NPs that exhibited 

very little aggregation and a particle core diameter of 8±3 nm 

(Figure 2B). The size and approximate shape was confirmed 

through analysis of the AuNPs via UV-Vis spectroscopy by 

exploiting the principle characteristic of metallic NPs known 

as SPR, a phenomenon in which the AuNPs, when exposed 

to an oscillating electromagnetic field in the form of light, 

experience an induced oscillation of the conduction band 

electrons of the metallic nanoparticle.37–39 This oscillation of 

NP electrons results in a charge separation. The frequency at 

which the amplitude of this electron field is at its maximum 

is defined as the SPR and is characterized by a strong absorp-

tion of the incident light responsible for the oscillation.37,39,40 

This characteristic is dependent upon the size of the NP in 

question therefore through the application of spectroscopy 

the size of the AuNPs and their rough spatial arrangement 

can be estimated.41,42 The UV-Vis spectroscopic analysis 

indicated peak absorptions (λmax) at 536 nm and 542 nm for 

Pht-AuNPs and Phl-AuNPs respectively (Figure 2C and D). 

Given the presence of ligands on the AuNP core, it can be 

inferred that the particles are spheroid and the size is in fact 

Figure 2 Illustration of the morphological and size characterization of synthesized Pht-AuNPs and Phl-AuNPs through TEM, UV-Vis, and DLS analysis.
Notes: (A) TEM image showing formation of well-dispersed spherical Pht-AuNPs with a core size range of 8±3 nm (scale bar =50 nm). (B) TEM image showing formation of 
well-dispersed spherical Phl-AuNPs with a core size range of 15±5 nm (scale bar =100 nm). (C) UV-Vis spectrogram of Pht-AuNPs showing a SPR event occurring at 536 nm 
correlating to spheroid-shaped NPs. (D) UV-Vis spectrogram of Phl-AuNPs showing a SPR event occurring at 542 nm correlating to spheroid-shaped NPs. (E) Pht-AuNP DLS 
analysis shows the average hydrodynamic diameter as 8±2 nm. (F) Phl-AuNP DLS analysis depicts the average hydrodynamic diameter as 12±2 nm.
Abbreviations: Pht-AuNPs, phloretin-conjugated gold nanoparticles; Phl-AuNPs, phloridzin-conjugated gold nanoparticles; TEM, transmission electron microscopy; UV-Vis, 
ultraviolet-visible spectroscopy; DLS, dynamic light scattering; SPR, surface plasmon resonance.
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in agreement with the data collected for TEM analysis.37,43 

Through the application of DLS analysis, it was possible to 

determine the hydrodynamic radii distribution of the AuNPs, 

which, unlike the TEM core diameter determination, is a 

measure of the particle diameter including the conjugated 

ligands.44 It was determined that the hydrodynamic radii 

were 8±2 nm and 12±2 nm for Pht-AuNPs and Phl-AuNPs 

respectively (Figure 2E and F).

In order to confirm the conjugation of the ligands 

(phloretin and phloridzin) to the NP, it was necessary to 

perform an elemental composition analysis. This char-

acterization was achieved through scanning electron 

microscopy-energy dispersive x-ray spectroscopy (SEM-

EDS), an analytical technique that allows for the presence 

of carbon and oxygen to be confirmed. In this analysis the 

presence of both elements is confirmation of the presence 

of an organic ligand, specifically the drugs of interest, as 

the ligands are the only source of either element in the 

synthesis of each AuNPs. Concerning both the Pht-AuNP 

and Phl-AuNP analysis, it was confirmed that an organic 

molecule was indeed present, and given the method of 

sample preparation for both AuNPs that organic component 

must correspond to the drug being conjugated to the AuNP 

(Figure 3A and B).36 Quantitative analysis of the EDS spec-

trum produced indicated that gold accounted for 78.66% and 

95.01% of the elemental composition of Pht-AuNPs and 

Phl-AuNPs respectively, while carbon accounted for 15.27% 

and 4.27% of the elemental composition of Pht-AuNPs and 

Phl-AuNPs respectively. Additionally, the oxidation state 

of the gold in the sample can be determined through EDS 

analysis depending on the shift of gold peak on the spectro-

gram. A position of approximately 2.120 keV corresponds to 

reduced gold (Au0) whereas peaks of approximately 9.712 

keV corresponds to oxidized gold species (Au2+/Au3+).45,46 

The spectrum indicated the strong presence of gold in the 

reduced state, a state that is indicative of the presence of 

gold in a NP formation. For a quantitative elemental com-

position mass analysis, thermogravimetric analysis (TGA) 

Figure 3 Characterization of Pht-AuNPs and Phl-AuNPs.
Notes: (A) EDS spectra of Pht-AuNPs showing the presence of an elemental peak for carbon (C) and gold (Au) at 0.2 keV and 2.1 keV respectively. Figure in the inset shows 
SEM image of spin coated sample of Pht-AuNPs on silicon chip obtained at an accelerating voltage of 20 keV with a magnification of 5 kX. (B) EDS spectra of Pht-AuNPs 
showing the presence of an elemental peak for C and Au at 0.2 keV and 2.1 keV respectively. Figure in the inset shows SEM image of spin coated sample of Pht-AuNPs on 
silicon chip obtained at an accelerating voltage of 20 keV with a magnification of 5 kX. (C) A comparison of TGA showing loss of organic material for Pht-AuNP (—) and 
phloretin (- - -) respectively. The samples were heated from room temperature to 650°C at a rate of 10°C min-1 under nitrogen flow followed by heating to 850°C under 
air. (D) A comparison of TGA showing loss of organic material for Phl-AuNP (—) and phloridzin (- - -) respectively. The samples were heated from room temperature to 
650°C at a rate of 10°C min-1 under nitrogen flow followed by heating to 850°C under air.
Abbreviations: EDS, energy dispersive spectroscopy; TGA, thermo-gravimetric analysis; Pht-AuNPs, phloretin-conjugated gold nanoparticles; Phl-AuNPs, phloridzin-
conjugated gold nanoparticles; SEM, scanning electron microscopy; Pht, phloretin.
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was employed. Using this method the mass percentage 

composition of the organic percentage can be determined 

from lyophilized, powder samples ensuring that the only 

source of organic materials is the proposed ligands. It was 

determined through this analysis that the mass percentage 

composition of Pht-AuNPs was 16.2% organic whereas 

the Phl-AuNPs were 4.0% organic (Figure 3C and D). The 

differing mass percentages between Pht-AuNPs and Phl-

AuNPs in both EDS and TGA can be accounted for due to 

the size of each respective ligand. Phloretin is the smaller 

of the two ligands as it is the aglycone of phloridzin, as 

such it is to be expected that more of the smaller phloretin 

ligand can be conjugated to each AuNP in comparison 

to phloridzin. Zeta potential (ζ) analysis determined the 

electrokinetic potential of the AuNP samples, allowing for 

inference to be made regarding the stability of the AuNPs in 

a suspension.47,48 It was determined that the zeta potential for 

Pht-AuNPs was -31.7 mV (Figure 4A) whereas the potential 

for Phl-AuNPs was -38.2 mV (Figure 4B). In the case of 

both Pht-AuNP and Phl-AuNP, from their zeta potentials 

one can conclude that they demonstrate moderate stability 

as the magnitude of the experimentally determined ζ is 

greater than 30 mV.

Evaluation of Phl-AuNPs and Pht-AuNPs 
for antineoplastic activity
The antineoplastic potentials of the synthesized Pht-AuNPs 

and Phl-AuNPs were evaluated via live/dead cell fluores-

cence staining assays analyzed through flow-cytometry. 

To perform this analysis, HeLa cells were selected to act 

as the model cancerous cell line. Citrate AuNPs were used 

as a control to evaluate the effect of the AuNP, while pure 

phloretin and phloridzin were used as controls to evaluate 

any augmented antineoplastic activity resulting from the 

conjugation of the drugs to the AuNP core. The efficacy 

of the samples was determined by the cell viability of the 

HeLa cells in comparison to non-inoculated HeLa cells. 

It was determined that inoculation times greater than 1 hour 

yield no statistically different cell inhibition percentages; 

therefore, all values represented are 1-hour post inoculation. 

Additionally, it was discovered that all concentrations of the 

samples display increasing cancerous cell cytotoxicity to a 

concentration of 4 mg/mL. Above 4 mg/mL, no significant 

increase in anticancer activity was observed The flow-

cytometry assays revealed that the pure forms of the drug 

ligands, phloretin and phloridzin, resulted in a HeLa cell 

viability of 95.000% and 88.125% respectively (Figure 5A). 

The assays that evaluated the synthesized AuNP conjugates, 

Pht-AuNPs and Phl-AuNPs, displayed a cell viability 

of 12.750% and 44.625% respectively (Figure 5B). The 

efficacy of pure AuNPs was evaluated to determine if the 

augmented cytotoxicity was due to a synergistic effect of 

the conjugation or was purely due to the presence of the 

AuNPs. To determine the augmented synergistic potential 

of AuNPs, citrate-AuNPs of comparable size to the Pht-

AuNPs and Phl-AuNPs (20±5 nm) were synthesized. The 

surface ζ potential of the citrate-AuNPs was determined 

to be -33.5 mV. It was found, through analysis of citrate-

AuNPs, that cell viability remained at 85.000% indicating 

the increase in toxicity was a result of a synergistic activity 

(Figure 5C). These assays demonstrate a significant increase 

in the cancerous cell toxicities as a result of the conjuga-

tion of the drugs to AuNPs, as indicated by the 17.45-fold 

increase in the efficacy of Pht-AuNPs over pure phloretin, 

and the 4.49-fold increase in efficacy of Phl-AuNPs over 

pure phloridzin.

Figure 4 Surface zeta potential analysis.
Notes: (A) Surface zeta potential analysis of Pht-AuNPs determined to be -31.7 mV, and (B) of Phl-AuNPs determined to be -38.2 mV. The magnitude of the zeta potential 
greater than 30 mV is indicative of a moderately stable AuNP suspension.
Abbreviations: Pht-AuNPs, phloretin-conjugated gold nanoparticles; Phl-AuNPs, phloridzin-conjugated gold nanoparticles; AuNP, gold nanoparticle.
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Figure 5 HeLa live/dead cell fluorescence staining analysis via flow-cytometry.
Notes: (A) Comparison of the pure drug forms of phloretin and phloridzin to non-inoculated cells. (B) Comparison of the AuNP functionalized forms of the drugs to non-
inoculated cells. (C) Comparison of the functionalized AuNP to pure AuNP to determine the synergistic activity of the Pht-AuNPs and Phl-AuNPs.
Abbreviations: AuNP, gold nanoparticle; Pht-AuNP, phloretin-conjugated gold nanoparticles; Phl-AuNPs, phloridzin-conjugated gold nanoparticles.

Conclusion
These results concerning the functionalization of the dihydro-

chalcones, phloretin and phloridzin, to AuNPs in an effort to 

augment the existing antineoplastic activity of each pharmaceu-

tical agent reveal a potential treatment application. The func-

tionalized AuNPs were synthesized via a single-step method 

that relied only upon the redox potential of the conjugate itself 

and required no toxic chemicals. The synthesized Phl-AuNPs 

were found to be in the size range of 15±5 nm, whereas the 

Pht-AuNPs were found to be 8±3 nm, placing both AuNP 

conjugates well within the size range necessary for successful 

pharmaceutical applications. Significant multi-fold increases 

in the antineoplastic activity of both phloretin and phloridzin 

were observed upon the functionalization of the pharmaceuti-

cal agents to AuNPs in comparison to their pure drug forms. 

Evaluation of the antineoplastic of non-functionalized AuNP 

in conjunction with this data revealed that the augmented 

antineoplastic activity was in fact a result of a synergistic 

effect between the AuNP and each of the respective drugs. 

In conclusion we report a simple, bio-friendly process using 

the reducing and capping potential of the dihydrochalcones, 

phloridzin and phloretin, to synthesize stable AuNPs that have 

promising futures as potential antineoplastic agents.
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