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Background: Surface functionalization of gold nanoparticles (AuNPs) has emerged as a 

promising field of research with enormous biomedical applications. The folate (FA)-attached 

polymer-gold nanoconjugates play vital role in targeting the cancer cells.

Methods: AuNPs were synthesized by using di- or tri-carboxylate-polyethylene glycol (PEG) 

polymers, including citrate-PEG (CPEG), malate-PEG (MAP), and tartrate-PEG (TAP), as a 

reducing and stabilizing agent. After synthesis of polymer-AuNPs, the freely available hydroxyl 

and carboxylate groups of CPEG, MAP, and TAP were used to attach a cancer cell-targeting 

agent, FA, via a 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxy succinimide 

coupling reaction to obtain FA-CPEG-AuNP, FA-MAP-AuNP, and FA-TAP-AuNP nanocon-

jugates, respectively. The 5-fluorouracil (5FU) was attached to π back-bonded carbonyl oxygens 

of the nanoconjugates, and the in vitro drug release profile was studied by high pressure liquid 

chromatography. Biocompatibility profiles of the FA-CPEG-AuNP, FA-MAP-AuNP, and FA-

TAP-AuNP nanoconjugates were investigated using adult human dermal fibroblasts. Anti-breast 

cancer activity of 5FU-loaded nanoconjugates was investigated using MCF-7 breast cancer cells.

Results: X-ray photoelectron spectroscopy and Fourier-transform infrared spectroscopy analyses 

confirmed that AuNPs attached to CPEG, MAP, or TAP via the formation of π back bonding 

between AuNPs and the ester carbonyl group. The π back-bonded nanoconjugates exhibited 

sustained release of 5FU up to 27 days. FA-MAP-AuNPs exhibited an IC
50

 at 5 µg/mL, while FA-

CPEG-AuNPs and FA-TAP-AuNPs showed the IC
50

 at 100 µg/mL toward MCF-7 cancer cells.

Conclusion: The developed polymer π back-bonded multifunctional gold nanoconjugates could 

be used as a potential drug delivery system for targeting MCF-7 cancer cells.

Keywords: polymer-gold nanoconjugates, 5-fluorouracil, anticancer activity, MCF-7 cells, 

green synthesis

Introduction
According to the WHO, cancer is the second leading cause of death worldwide, 

responsible for 8.8 million deaths in 2015 and ~70% of deaths in low- and middle-

income countries.1 Most common cancer therapies, including surgery, radiation, and 

chemotherapy, might cause damage to normal cells or incomplete obliteration of 

cancer cells. Nanotechnology is a promising method of treating cancer since it pro-

vides advanced approaches for the detection and targeting of cancer cells. Recently, 

gold nanoparticles (AuNPs) have received the attention of researchers due to their 

biocompatibility and feasibility for extensive applications in the biomedical field.2–5

The anticancer drug 5-fluorouracil (5FU) is one of the most commonly used 

drugs for treating breast cancer, and various folate (FA)-based controlled drug 
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delivery systems (DDSs) have been developed to deliver 

5FU to MCF-7 breast cancer cells.6,7 Several biodegradable 

polymer-based materials, including gellan gum,8 poly(D,L-

lactic-co-glycolic acid),9 polycaprolactone,10 and L-lysine-

modified hyperbranched polyester,11 have been developed as 

5FU delivery platforms to enhance the anticancer activity 

of 5FU. However, the size of these polymeric platforms is 

a major concern with regard to cell internalization of drug-

incorporated carriers. Recently, metal nanoparticles (NPs), 

such as gold, selenium, and silver NPs, have been used as 

5FU carriers to achieve efficient anticancer synergism due 

to their small size and ease of surface functionalization 

with biomolecules.12–14

FA receptor-mediated targeted drug delivery often 

focuses on breast cancer cells due to their higher surface 

level of FA receptor presentation compared with normal 

cells. As a targeting moiety, FA can be extensively con-

jugated with various NPs and biocompatible polymers.15,16 

Therefore, the anticancer functionality of FA-functionalized 

AuNPs has been extensively investigated. For instance, 

Mansoori et  al developed FA-functionalized AuNPs by 

using 4-aminothiophenol and 6-mercapto-1-hexanol as a 

linking agent, whereas Dixit et al suggested thioctic acid-

polyethylene glycol (PEG)-FA-conjugated AuNPs for target-

ing cancer cells.17,18 In order to develop effective FA-based 

AuNP nanoconjugate platforms, two fabrication parameters 

are important: 1) increasing the colloidal stability of nanocon-

jugates by conjugating polymeric compounds and 2) covalent 

attachment of FA to avoid leakage of this targeting moiety 

before reaching cancer cells.

A green chemical synthetic method has been widely 

utilized to obtain biocompatible AuNPs. Green chemical 

synthesis of AuNPs involves the usage of water as a sol-

vent along with biomolecules, such as amino acids, pro-

tein, carbohydrates, and phytochemicals as reducing and 

stabilizing agents.2,3,5,19,20 Synthetic biocompatible polymers 

have also been used as stabilizing agents in the green synthe-

sis of AuNPs.21 Recently, multicarboxylate-PEG bifunctional 

copolymers, such as citrate-PEG (CPEG) copolymers were 

used as reducing and stabilizing agents, and the synthesized 

AuNPs were shown to be uniformly distributed on a CPEG 

copolymer matrix.22–24

Especially, bifunctional carboxylate-PEG polymers could 

play multiple roles 1) as reducing and stabilizing agents for 

synthesis of AuNPs and 2) as linkers for covalent attach-

ment of FA. After synthesizing polymer-AuNPs, freely 

available carboxylate and hydroxyl groups of carboxylate-

PEG copolymers can be used to covalently attach FA with 

polymer-AuNPs nanoconjugates. AuNPs can be attached to 

the ester carbonyl group of the polymers via formation of π 

back bonding between the fully filled d-orbital of AuNPs and 

the empty antibonding π* orbital of the ester carbonyl group 

of CPEG, and tartrate-PEG (TAP).25,26 The π back-bonded 

ester carbonyl oxygen exhibits high electron density, which 

could effectively load drug molecules.25 Hence, 5FU-loaded 

FA-decorated π back-bonded polymer-AuNPs nanocon-

jugates could exhibit sustained drug release and enhanced 

anticancer activity.

Therefore, in the present study, citric acid (tricarboxylic 

acid) was reacted with PEG to obtain a branched CPEG 

structure, whereas malic acid and tartaric acid (dicarboxylic 

acids) were reacted with PEG to obtain linear malate-PEG 

(MAP) and TAP structures, respectively. CPEG, MAP, and 

TAP were used as reducing as well as stabilizing agents 

for the green synthesis of CPEG-AuNP, MAP-AuNP, and 

TAP-AuNP (commonly referred to as polymer-AuNPs) 

nanoconjugates, respectively, and these AuNPs attached to 

polymers via the formation of π back bonding with the ester 

carbonyl group. Then, FA as a targeting agent was attached 

to the carboxylate group of the bifunctional polymer-AuNPs 

by carbodiimide coupling reaction to obtain FA-CPEG-AuNP, 

FA-MAP-AuNP, and FA-TAP-AuNP (commonly referred 

to as FA-polymer-AuNPs) nanoconjugates. Additionally, the 

chemical cancer drug 5FU was loaded onto the π back-bonded 

FA-polymer-AuNPs nanoconjugates. Drug-loading efficiency 

and in vitro 5FU release profile were evaluated by HPLC tech-

nique. Biocompatibility profiles of the FA-polymer-AuNPs 

nanoconjugates were investigated using adult human dermal 

fibroblasts (HDFs), whereas the in vitro anticancer activity of 

5FU-loaded FA-polymer-AuNPs nanoconjugates was assessed 

using MCF-7 breast cancer cells. The drug-loading efficien-

cies, in vitro drug release profiles, and anticancer activities of 

the three different nanoconjugates with different carboxylate 

linkers were compared based on their chemical structure.

Materials and methods
Materials
Citric acid, malic acid, tartaric acid, stannous chloride 

dihydrate (Merck & Co., Inc., Whitehouse Station, NJ, 

USA), PEG6000 (HiMedia), Gold (III) chloride hydrate, 

folic acid, 5FU, 1-Ethyl-3-(3-dimethylaminopropyl) car-

bodiimide (EDC), and N-hydroxy succinimide (NHS) 

(Sigma-Aldrich Co., St Louis, MO, USA) were used without 

further purification. The multicarboxylate-PEG bifunctional 

copolymers  CPEG and TAP were synthesized by direct 

melt polycondensation as reported in the literature.22,25 All 
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solvents used were of analytical grade. The HDFs were 

purchased from Lonza (Walkersville, MD, USA, catalog 

no CC-2511), while the MCF-7 cells were purchased from 

American Type Culture Collection (Manassas, VA, USA, 

ATCC® HTB-22™), and the cells were stored in liquid 

nitrogen until further use.

Characterization techniques
Transmission electron microscopy (TEM) images were 

captured on a FEI TECNAI G2 (T-30) transmission elec-

tron microscope. The CPEG-AuNPs, MAP-AuNPs, and 

TAP-AuNPs were uniformly coated on aluminum foil, and 

X-ray photoelectron spectroscopy (XPS) spectra of the 

samples were recorded on an Omicron Nano Technology 

XPS system (XM1000) with Al-Ka radiation. The XPS 

data were calibrated with respect to C 1s core level peak. 

Fourier-transform infrared spectroscopy (FTIR) spectra were 

recorded on a Perkin-Elmer FTIR spectrometer. The 5FU 

drug was quantified by Agilent reverse phase HPLC system 

with C18 column by using a mixture of phosphate buffer (1 

mM): acetonitrile (95:5) (pH 5.5) as a mobile phase at a flow 

rate of 1 mL/min at 25°C. The live/dead cell images were 

captured on a Nikon fluorescence microscope.

Synthesis of PEG-malate copolymer (MAP)
MAP was synthesized by direct melt polycondensation of 

malic acid and PEG6000. Malic acid (1 g), PEG6000 (10 g), 

and stannous chloride dihydrate (10 g) (0.1 wt %; 0.11 g) 

were taken in a round-bottom (RB) flask and degassed for 

30 minutes. Then the reaction was carried out at 160°C for 3 

hours under 15–25 mmHg vacuum and then cooled to room 

temperature. The product was dissolved in chloroform and 

precipitated in ice-cold diethyl ether. Then it was washed 

three times with diethyl ether and dried under vacuum 

overnight. (Yield: 7.5 g; 68.1%). (mp=46°C–48°C; FTIR: 

3,445 cm-1, 2,887 cm-1, 1,734 cm-1; 1H-NMR (CDCl
3
): 

δ2.8 (s), δ3.4 (s), δ3.7(s), [η]=0.25 dL/g; Mn=1,858 

g/mol, Mw=2,125 g/mol, PDI=1.2).

General method for green synthesis of 
AuNPs using CPEG, MAP, and TAP
The AuNPs have been synthesized by following the literature 

procedure with slight modification.22 The aqueous solution 

(1% wt/v) of the polymers CPEP (or) MAP or TAP and an 

aqueous solution of auric chloride (0.5 mM) were prepared 

in Millipore water. The polymer (CPEG or MAP or TAP) 

solutions (50 mL) were taken in three different RB flasks and 

pH of the solutions was adjusted to 8.5. Then, the polymer 

solutions were heated to 80°C under magnetic stirring. 

The auric chloride solution (25 mL; 0.5 mM) was added 

rapidly to each hot solution of polymers and stirred magneti-

cally for 15 minutes. Then, the yellow color of the solution 

changed to wine-red, indicating the formation of AuNPs.

Attachment of folic acid with di- (or) tri-
carboxylate-PEG-gold nanoconjugates
The folic acid was attached with polymer-AuNPs via EDC/

NHS coupling reaction as shown in Figure 1A. Briefly, 75 mL 

of CPEG-AuNPs or MAP-AuNPs or TAP-AuNPs were taken 

in three different 250 mL RB flasks separately and the flasks 

were protected from light. The FA (5 mmol; 100 mL), NHS 

(5 mmol; 100 mL), and EDC (5 mmol; 100 mL) solutions 

were prepared separately in PBS. The prepared solutions 

of FA (5 mmol; 25 mL), EDC (5 mmol; 25 mL), and NHS 

(5 mmol; 25 mL) were added to each flask containing 

the polymer-AuNPs solution and stirred magnetically for 

12 hours. The solutions were centrifuged at 10,000 rpm and 

washed with distilled deionized (DD) water to remove the free 

FA. The washing and centrifugation were repeated for at least 

three times. Finally, the nanoconjugates were freeze dried for 

2 days. The FA attached CPEG-AuNPs, MAP-AuNPs, and 

TAP-AuNPs were abbreviated as FA-CPEG-AuNPs, FA-

MAP-AuNPs, and FA-TAP-AuNPs, respectively.

Loading of 5FU on to FA-polymer-AuNPs 
nanoconjugates
Three types of FA-polymer-AuNPs nanoconjugates (FA-

CPEG-AuNPs or FA-MAP-AuNPs or FA-TAP-AuNPs) 

(100 mg) were dispersed in 6 mL of DD water, and 5FU 

(25 mg) in 10 mL of ethanol was added to the nanoconjugates 

solution. The mixture was ultra-sonicated by using a probe 

ultrasonicator (Sonopuls, Bandelin, Berlin, Germany) for 

2 minutes and stirred magnetically for 24 hours. Any unloaded 

free 5FU was removed by dialysis (molecular weight cut-off 

[MWCO] =2,000) against DD water (1 L) for 24 hours and the 

drug-loaded FA-polymer-AuNPs nanoconjugates were recov-

ered by freeze drying. The free drug present in the supernatant 

of dialysis was determined by reverse phase HPLC technique to 

calculate drug-loading efficiency and percentage drug content 

of the FA-polymer-AuNPs nanoconjugates as given below.

	

Drug loading efficiency (%)

Initial feeding amount of 5FU

=

( ))
( )− Amount of 5FU present in the supernatant

Initial feedinng amount of 5FU( )
×100

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2019:14submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

822

Gajendiran et al

	

Drug content (%)

Initial feeding amount of 5FU

Amount of
=
−

( )
  5FU present in the supernatant

Total amount of drug loa

( )
dded particles( )

×100.
�

In vitro drug release
The drug-loaded FA-polymer-AuNPs nanoconjugates (5 mg) 

were dispersed in 2 mL of PBS (pH 7.4), packed in a dialysis 

bag (MWCO=2,000) and immersed in PBS (25 mL) at 37°C 

under magnetic stirring.27 The amount of drug released at dif-

ferent time intervals in the release medium was determined 

by reverse phase HPLC technique. All the experiments were 

carried out in triplicates and the average cumulative percent-

age of drug release was plotted against time.

In vitro cytotoxicity of nanoconjugates 
on HDFs
Biocompatibility of FA-polymer-AuNPs (FA-CPEG-AuNPs 

or FA-MAP-AuNPs or FA-TAP-AuNPs) nanoconjugates 

Figure 1 (A) General scheme of synthesis of 5FU-loaded FA-polymer-AuNP nanoconjugates, graphical representation of (B) 5FU-loaded FA-CPEG-AuNP, (C) 5FU-loaded 
FA-MAP-AuNP, and (D) 5FU-loaded FA-TAP-AuNP nanoconjugates.
Abbreviations: AuNP, gold nanoparticles; CPEG, citrate polyethylene glycol; EDC, 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide; FA, folate; 5FU, 5-fluorouracil; MAP, 
malate polyethylene glycol; NHS, N-hydroxy succinimide; TAP, tartrate polyethylene glycol.

π

π 

δ

δ

δ

δ

δ

δ

δ

δ

δ

π 

π 

π

were investigated on HDFs. HDFs were cultured in normal 

growth media (DMEM) (Corning Inc., Corning, NY, USA) 

(89%, v/v), FBS (Corning) (10%, v/v) and penicillin–

streptomycin solution (Corning) (1%) at 37°C in a humidi-

fied atmosphere of 5% CO
2
. The HDFs (4,000 cells/well) 

were seeded in a 96-well culture plate and incubated for 

24 hours at 37°C in a humidified atmosphere of 5% CO
2
. 

After 24 hours of cell seeding, 0 (control), 5, 25, 50, 100, and 

200 µg/mL of FA-polymer-AuNPs were administrated to dif-

ferent concentration groups. After day 1, 3, and 5 of sample 

treatment, cell viability was assessed by WST-1 assay (EZ-

Cytox cell viability assay kit, DAEIL Lab Service, Korea) 

and live and dead (L/D) staining methods. To perform WST-1 

assay, old media were removed from each well and the cells 

were washed with PBS. The cells were treated with 100 µL of 

the WST-1 assay solution and incubated at 37°C for 3 hours 

under dark condition. Then, OD of the solution was measured 

at 440 nm and % cell viability was calculated with respect 

to OD value of the control group. The L/D fluorescence 
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staining was performed by adding fluorescent dye solution 

(100 µL) containing 2 µM of Calcein-AM (Thermo scientific, 

Chelmsford, MA, USA) and 4 µM ethidium homodimer-1 

(Thermo scientific) to the cells. After 30 minutes, the cells 

were monitored under a fluorescent microscope (Nikon Ti-E).

In vitro anticancer activity of drug-loaded 
nanoconjugates on MCF-7 cells
MCF-7 cells were cultured in DMEM (Corning) (89%, 

v/v), FBS (Corning) (10%, v/v) and penicillin–streptomycin 

solution (Corning) (1%) at the standard culture condition 

mentioned in previous section. The MCF-7 cells (5,000 cells/

well) were seeded in 96-well culture plate and incubated for 

24 hours at standard culture condition. After 24 hours of cell 

seeding, 5, 25, 50, 100, and 200 µg/mL of 5FU-loaded FA-

CPEG-AuNPs, FA-MAP-AuNPs, and FA-TAP-AuNPs were 

applied separately to MCF-7 cells. In addition, free 5FU with 

the same concentrations were also added to MCF-7 cells and 

analyzed simultaneously for comparison. After day 1 and 

3, cell viability was evaluated using the WST-1 assay by 

comparison with the OD of untreated control group and L/D 

fluorescence staining, as mentioned in the previous section 

In vitro cytotoxicity of nanoconjugates on HDFs.

Statistical analysis
The results of in vitro cellular cytotoxicity were statistically ana-

lyzed by one-way ANOVA and Tukey’s multiple-comparison 

test by using GraphPad PRISM software (GraphPad software 

Inc., San Diego, CA, USA). P,0.05 indicates a significant 

difference between experimental groups. The cell viability 

values are plotted as mean ± standard error mean.

Results and discussion
Synthesis of FA-polymer-AuNP 
nanoconjugates
CPEG showed a branched structure while MAP and TAP 

exhibited linear structures (Figure 1B–D). All three polymers 

contained hydroxyl and carboxylic acid groups and thus 

could effectively act as reducing agents for the synthesis 

of AuNPs, similar to a citrate-based mechanism.22 These 

polymers also acted as stabilizing agents via the formation of 

π back bonding between the fully filled d-orbital of AuNPs 

and the empty antibonding π* orbital of the ester carbonyl 

group to obtain spherical AuNPs with a diameter of 5–15 nm 

(Figure 1B–D).26 Freely available terminal carboxylate 

groups of polymers were then used to attach FA via an EDC/

NHS coupling reaction to obtain FA-CPEG-AuNPs, FA-

MAP-AuNPs, and FA-TAP-AuNPs. Due to π back bonding, 

π electrons partially moved toward the carbonyl oxygen, 

and these electrons effectively loaded the drug molecules 

(Figure 1B–D).

Characterization of polymer-gold 
nanoconjugates
TEM analysis
The TEM image of CPEG-AuNPs indicates that the NPs 

exhibited a spherical shape with a uniform distribution in the 

CPEG polymer matrix (Figure 2A). The particle size distribu-

tion curve of CPEG-AuNPs indicates that the average diam-

eter of AuNPs was about 9 nm (Figure 2D). Morphology of 

MAP-AuNPs also indicated the spherical structure of AuNPs 

with an average size of 11 nm (Figure 2B and E). The TEM 

image of TAP-AuNPs indicates that two (or) three spherical 

shaped AuNPs were nucleated (Figure 2C), and the average 

diameter of TAP-AuNPs was 14 nm (Figure 2F). TEM analy-

sis clearly indicated that the CPEG, MAP, and TAP systems 

acted as effective reducing as well as stabilizing agents. The 

hyperbranched structure of CPEG polymer could be seen in the 

TEM image of CPEG-AuNPs (Figure 2A), which shows that 

the AuNPs were uniformly distributed on the CPEG molecule.

The energy dispersive X-ray (EDX) spectra confirm the 

presence of C, O, and Au atoms at 0.3, 0.6, and 2.2 keV, 

respectively in CPEG-AuNPs, TAP-AuNPs, and MAP-

AuNPs (Figure 2G–I). Since, the samples were coated on 

an aluminum foil to record the EDX spectra, all the samples 

exhibit a signal at 1.5 keV corresponding to Al atom in 

addition to the signals of C, O, and Au atoms (Figure 2G–I).

X-ray photoelectron spectral analysis
Conjugation of AuNP with CPEG, MAP, and TAP polymers 

was confirmed by XPS technique. As shown in Figure 3, 

XPS data confirmed the presence of C, O, and Au atoms in 

all three systems. The high-resolution XPS components were 

de-convoluted into multiple components to elucidate the vari-

ous types of conjugation present in the nanoconjugates. The 

C 1s XPS traces of CPEG-AuNPs exhibited four components 

(Figure 3A1). The peaks appearing at 285 and 286.3 eV were 

assigned to the C-C/C-H carbons and C-O-C carbons, 

respectively, whereas the peak at 288.1 eV was assigned to 

the carbonyl carbon. The peak at 291 eV was attributed to 

the shake-up component of the π–π* transition of the C=C 

bond present in the CPEG molecule.26 The O 1s XPS traces 

of CPEG-AuNPs were de-convoluted into three components 

(Figure 3B1), and the peaks at 532.6 and 534.3 eV were 

assigned to the carbonyl oxygen (-C=O) and ethereal oxy-

gen (C-O-C), respectively, whereas the peak at 531.3 eV 
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Figure 2 Transmission electron microscopy images of (A) CPEG-AuNPs, (B) MAP-AuNPs, and (C) TAP-AuNPs, (scale bar=20 nm), particle size distribution curves of 
(D) CPEG-AuNPs, (E) MAP-AuNPs, and (F) TAP-AuNPs, EDX spectra of (G) CPEG-AuNPs, (H) MAP-AuNPs, and (I) TAP-AuNPs.
Abbreviations: AuNP, gold nanoparticles; CPEG, citrate polyethylene glycol; EDX, energy dispersive X-ray; MAP, malate polyethylene glycol; TAP, tartrate polyethylene glycol.

was assigned to the carbonyl oxygen (-C=O), which was 

conjugated with the AuNPs.26 The Au4f XPS trace exhibited 

Au4f
7/2

 at 83.9 eV and Au4f
5/2

 at 87.5 eV, indicating that the 

values were 0.2 eV higher than that of pure Au0 (Figure 3C1). 

Conjugation of Au with the -C=O group was not due to Au–O 

sigma bonding, whereas it could be explained by the forma-

tion of π back bonding between the filled dπ or hybrid dpπ 

orbital of Au0 and the empty pπ* orbital of the -C=O group 

(Figure S1). The -C=O group contains vacant p orbitals, 

which can accept the electron cloud from the filled d orbitals 

of Au0 to initiate π back bonding. Hence, the high electron 

density of Au0 is delocalized onto the low-lying p orbitals 

of -CO.26,28 Patnaik et al reported π back bonding between 

Au0 and the carbonyl group of polycarbonate films.26 The 

aforementioned results confirm the conjugation of AuNPs 

with the CPEG polymer moiety via π back bonding, which 

induced stabilization of AuNPs.

In the case of MAP-AuNPs, the C 1s XPS traces exhibited 

three types of carbons (Figure 3A2). The C-C/C-H carbons 

appeared at 285 eV while the C-O-C carbon appeared 
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π π

Figure 3 XPS traces of (A1) C 1s, (B1) O 1s and (C1) Au4f of CPEG-AuNPs, (A2) C 1s, (B2) O 1s and (C2) Au4f of MAP-AuNPs, and (A3) C 1s, (B3) O 1s and (C3) 
Au4f of TAP-AuNPs nanoconjugates.
Abbreviations: AuNP, gold nanoparticles; CPEG, citrate polyethylene glycol; MAP, malate polyethylene glycol; TAP, tartrate polyethylene glycol; XPS, X-ray photoelectron 
spectroscopy.

at 286.5 eV and the carbonyl carbon (-C=O) appeared at 

287.9 eV.26 The O 1s trace was de-convoluted into three 

components (Figure 3B2). Two components appeared 

at 532.5 and 534 eV, which were assigned to the -C=O 

and C-O-C oxygens, respectively, whereas the peak at 

530.8 eV was assigned to the AuNP-conjugated carbonyl 

group via dative back bonding as discussed earlier with 

regard to the O 1s XPS traces of CPEG-AuNPs.26 The Au4f 

XPS trace of MAP-AuNPs also exhibited an Au4f
7/2

 signal 

at 83.9 eV and Au4f
5/2

 signal at 87.5 eV (Figure 3C2).

In the case of TAP-AuNPs, C 1s of C-C/C-H appeared 

at 284.9 eV, C 1s traces of C-O-C appeared at 286.5 eV, and 

C 1s traces of -C=O appeared at 289 eV (Figure 3A3). The 

O 1s XPS traces were fitted to three components, including 

MAP-AuNPs and CPEG-AuNPs (Figure 3B3). The peak at 

532.6 eV was assigned to the -C=O oxygen while the peak 

at 533.9 eV was assigned to the C-O-C oxygen trace.26 The 

π back-bonded carbonyl oxygen trace appeared at 351.3 eV. 

These XPS results confirm the conjugation of AuNPs via 

formation of π back bonding with the ester carbonyl oxygens 

of CPEG, MAP, and TAP polymers.

FTIR spectral analysis of drug-loaded 
nanoconjugates
FTIR spectral analysis was carried out to characterize chemi-

cal conjugation in each fabrication step as well as 5FU drug 

loading on FA-polymer-AuNP nanoconjugates. The CPEG, 

MAP, and TAP polymers exhibited ester carbonyl stretch-

ing frequencies at 1,735 cm-1, 1,739 cm-1, and 1,744 cm-1, 

respectively (Figure 4A, E and I), and these values shifted 

to lower frequency regions at 1,640 cm-1, 1,592 cm-1, and 

1,610 cm-1, respectively, after conjugation with AuNPs.25 

These results confirm the formation of π back bonding 

between AuNPs and the ester carbonyl group. Due to the 
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Figure 4 FTIR spectra of (A) CPEG polymer-based nanoconjugates: (a) CPEG, (b) CPEG-AuNPs, (c) FA-CPEG-AuNPs, and (d) 5FU-loaded FA-CPEG-AuNPs, (B) MAP 
polymer-based nanoconjugates: (e) MAP, (f) MAP-AuNPs, (g) FA-MAP-AuNPs, and (h) 5FU-loaded FA-MAP-AuNPs, and (C) TAP polymer-based nanoconjugates: (i) TAP, 
(j) TAP-AuNPs, (k) FA-TAP-AuNPs, and (l) 5FU-loaded FA-TGA-AuNPs.
Abbreviations: AuNP, gold nanoparticles; CPEG, citrate polyethylene glycol; FA, folate; 5FU, 5-fluorouracil; FTIR, Fourier-transform infrared spectroscopy; MAP, malate 
polyethylene glycol; TAP, tartrate polyethylene glycol; TGA, thioglycolic acid.

formation of π back bonding, the carbonyl double bond 

character became weak, and thus the carbonyl stretching 

frequencies of CPEG-AuNPs, MAP-AuNPs, and TAP-

AuNPs shifted 95–147 cm-1 lower compared with AuNP-

free polymers (Figure 4B, F and J). Behera et al similarly 

reported that AuNP-attached poly(vinylpyrrolidone) (PVP) 

exhibited a carbonyl stretching frequency that was 5 cm-1 

lower than that of AuNP-free PVP.29 After attachment of 

FA, FA-CPEG-AuNP, FA-MAP-AuNP, and FA-TAP-AuNP 

nanoconjugates exhibited distinct signals at 1,718 cm-1, 

1,708 cm-1, and 1,715 cm-1, respectively, due to the amide 

or acid carbonyl group of FA, confirming attachment of FA 

to the polymer-AuNP nanoconjugates.30 Finally, 5FU-loaded 

FA-CPEG-AuNP, FA-MAP-AuNP, and FA-TAP-AuNP 

nanoconjugates exhibited distinct signals at 1,692 cm-1, 

1,695 cm-1, and 1,695 cm-1, respectively, compared with 

drug-free nanoconjugates, and this observation could be 

due to the overlapping carbonyl stretching frequencies of 

5FU and FA molecules (Figure 4D, H and L). These results 

confirm the sequential fabrication of FA-thioglycolic acid 

(TGA)-AuNPs as well as the further incorporation of 5FU 

into the nanoconjugates (Figure 4C, G and K).
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In vitro drug release profile
The 5FU loading efficiency and in vitro drug release profile 

of 5FU-loaded FA-polymer-AuNP nanoconjugates were 

determined by reverse-phase HPLC technique. The drug-

loading efficiencies and percentage drug contents are shown 

in Table 1. The nanoconjugates obtained with linear polymer 

structures (FA-MAP-AuNPs and FA-TAP-AuNPs) exhibited 

relatively higher 5FU loading efficiencies than that of nano-

conjugates obtained with a branched polymer structure (FA-

CPEG-AuNPs). FA-MAP-AuNP nanoconjugates exhibited 

a relatively higher drug-loading efficiency compared with 

FA-TAP-AuNP nanoconjugates. The presence of two hydroxyl 

groups adjacent to both carbonyl groups of the tartrate moiety in 

the FA-TAP-AuNP system could have added steric hindrance 

to the 5FU drug molecules at the π back-bonded ester carbonyl 

group (Figure 1D), resulting in relatively lower drug-loading 

efficiencies compared with the FA-MAP-AuNP system.

In vitro drug release profiles show that the 5FU-loaded 

FA-CPEG-AuNP, FA-MAP-AuNP, and FA-TAP-AuNP 

nanoconjugates exhibited 22.6%, 19.3%, and 39.6%, respec-

tively, sustained drug release up to 27 days (Figure 5). The 

5FU-loaded FA-TAP-AuNPs system exhibited faster 5FU 

release compared with the other two systems. This result 

suggests that the steric hindrance experienced by the two 

hydroxyl groups adjacent to the two π back-bonded ester 

carbonyls in the FA-TAP-AuNP nanoconjugates could have 

induced faster 5FU release. Since the citrate and malate 

moieties each possessed one hydroxyl group adjacent to only 

one ester carbonyl group, the other ester carbonyl groups 

of the citrate and malate moieties were free from any steric 

hindrance. Hence, the FA-CPEG-AuNP and FA-MAP-AuNP 

nanoconjugates with lesser steric hindrance exhibited slower 

5FU release profiles irrespective of a linear or branched struc-

ture. These results strongly suggest that the steric hindrance 

experienced by the hydroxyl group near the π back-bonded 

ester carbonyl group affected both the drug-loading efficiency 

and in vitro drug release properties of the nanoconjugates, 

whereas the type of polymer (linear or branched) had a 

remarkable effect on drug-loading efficiency.

Table 1 Drug-loading efficiency and drug content percentage 
values of 5FU-loaded nanoconjugates

Samples Drug-loading  
efficiency (%)

Drug content (%)

5FU-FA-CPEG-AuNPs 8.6 2.1
5FU-FA-MAP-AuNPs 29.1 6.8
5FU-FA-TAP-AuNPs 9.9 2.4

Abbreviations: AuNP, gold nanoparticles; CPEG, citrate polyethylene glycol; FA, 
folate; 5FU, 5-fluorouracil; MAP, malate polyethylene glycol; TAP, tartrate polyethylene 
glycol.

Figure 5 In vitro cumulative 5FU release profiles of (A) FA-CPEG-AuNPs, (B) FA-
MAP-AuNPs, and (C) FA-TAP-AuNPs nanoconjugate.
Note: *significantly different from CPEG-FA-AuNPs, #significantly different from 
FA-MAP-AuNPs.
Abbreviations: AuNP, gold nanoparticles; CPEG, citrate polyethylene glycol; FA, folate; 
5FU, 5-fluorouracil; MAP, malate polyethylene glycol; TAP, tartrate polyethylene glycol.

Recently, Safwat et al reported that 5FU-loaded cetyltri-

methyl ammonium bromide (CTAB)-coated AuNPs (5FU/

CTAB-AuNPs) exhibited in vitro drug release only up to 

24 hours and that incorporation of 5FU/CTAB-AuNPs into 

Pluronic F127 gel sustained the rate of drug release.27 Safwat 

et al also reported that 5FU-loaded TGA-capped AuNPs and 

glutathione-capped AuNPs exhibited pH-responsive in vitro 

drug release profiles, although drug release was completed 

within 12 hours.12 In addition, Duan et al reported that 5FU-

loaded poly(lactic acid–4-hydroxyproline–polyethylene 

glycol) NPs showed an initial burst release of 5FU (~60%) up 

to 24 hours, followed by sustained 5FU release .90 hours.31 

These results indicate that biodegradable polymer-based drug 

carriers exhibited sustained 5FU release over a relatively longer 

duration, whereas polymer-free AuNPs carriers maintained 

5FU release only for a short period. Interestingly, in the present 

study, our FA-CPEG-AuNPs, FA-MAP-AuNPs, and FA-TAP-

AuNPs exhibited sustained 5FU release up to 27 days (Figure 5) 

possibly due to the strong interaction between 5FU and the 

π back-bonded ester carbonyl groups of the nanoconjugates.

In vitro biocompatibility test
Biocompatibility of the developed drug-free FA-polymer-

AuNP nanoconjugates was assessed using HDFs. The in vitro 

cytotoxicity results show that all three FA-polymer-AuNP 

systems exhibited .95% cellular viability up to 200 µg/mL 

over a period of 5 days compared with the control group 

(ie, nanoconjugates-free HDFs group) (Figure S2). In the L/D 

fluorescence staining images, nanoconjugate-treated HDFs 

in all three formulations showed only live cells without any 
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red-colored dead cells, like the control group (Figure S3). 

These results demonstrate that our FA-CPEG-AuNPs, FA-

MAP-AuNPs, and FA-TAP-AuNPs were highly biocom-

patible toward normal human cells, and thus the developed 

nanoconjugates could be a feasible drug delivery platform.

In vitro anticancer activity of AuNP 
nanoconjugates in MCF-7 cells
The anticancer activity of the 5FU-loaded FA-polymer-AuNP 

nanoconjugates toward MCF-7 cancer cells was assessed. 

The results indicate that the 5FU-FA-CPEG-AuNPs, 5FU-

FA-MAP-AuNPs, and 5FU-FA-TAP-AuNPs exhibited 

approximately half maximal inhibitory concentrations (IC
50

) 

of 100 µg/mL, 5 µg/mL, and 100 µg/mL, respectively, on 

day 1 (Figure 6A). All drug-loaded nanoconjugates exhibited 

inhibitory effects against MCF-7 proliferation after 3 days 

of incubation, and inhibitory activities increased with an 

increasing concentration of 5FU nanoconjugates (Figure 6B). 

The 5FU-loaded FA-MAP-AuNPs and FA-TAP-AuNPs with 

higher 5FU loading efficiencies exhibited better inhibitory 

activities at concentrations .25 µg/mL on day 3 (Figure 6B). 

These results indicate that the nanoconjugates with a linear 

polymer structure (FA-MAP-AuNPs and FA-TAP-AuNPs) 

inhibited proliferation of MCF-7 cells more effectively due 

to their higher drug-loading efficiency compared with the 

nanoconjugates with a branched polymer structure (FA-

CPEG-AuNPs). Furthermore, all treatment groups exhibited 

significantly reduced MCF-7 proliferation compared with the 

untreated control MCF-7 group showing 100% cell viability 

(data not shown) on day 3. These results demonstrate that 

the developed FA-polymer-AuNP nanoconjugates could 

effectively deliver incorporated 5FU drug to the FA recep-

tors of MCF-7 cells.

Moreover, our results demonstrate that a 5FU delivery 

platform could be more effective for inhibition of MCF-7 

proliferation compared with conventional free 5FU delivery. 

For instance, Le et  al reported that 5FU-loaded FA-PEG-

modified nanoliposomes (5FU-FA-PEG-LPs) inhibited 

MCF-7 cells with IC
50

 values of 10.2 µg/mL on day 1 and 

4.4 µg/mL on day 2.6 In contrast, the IC
50

 values of free 5FU 

were shown to be .20 µg/mL and 17.9 µg/mL on days 1 and 

2, respectively. These results indicate that the incorporation 

of 5FU into FA-PEG-LPs augmented anticancer functionality 

compared with free 5FU, specifically for MCF-7 breast cancer 

cells. Similarly, Abd Rabou et al developed taribavirin (TBV) 

and 5FU-loaded PEGylated solid lipid NPs (PEG-SLNPs) 

for inhibition of MCF-7 proliferation.32 This study also 

observed lower IC
50

 values for TBV and 5FU incorporated 

into PEG-SLNPs compared with their free-drug counterparts.

Recently, polymer-stabilized metal NP-based DDSs 

exhibited synergistic effects on inhibition of MCF-7 cells. For 

instance, Matai et al reported that 5FU-loaded poly(amidoamine) 

(PAMAM) dendrimer-capped silver NPs (PAMAM-AgNPs) 

inhibited MCF-7 cells more effectively with an IC
50

 value 

of 1.5 µg/mL, and this synergistic effect was attributed to 

the combined cytotoxicity of PAMAM-AgNPs and 5FU.14

ϕ

Figure 6 In vitro cytotoxicity of (a) 5FU-FA-CPEG-AuNPs, (b) 5FU-FA-MAP-AuNPs, and (c) 5FU-FA-TAP-AuNPs on MCF-7 cells during (A) day 1 and (B) day 3. 
Notes: Statistical acronyms (#) significantly different from untreated control group (100% viability), (*) significantly different from 25 µg/mL within same group, ($) 
significantly different from 5FU-FA-MAP-AuNPs at same concentration, (%) significantly different from 5 µg/mL within same group, () significantly different from 50 µg/mL 
within same group, (&) significantly different from 5FU-FA-CPEG-AuNPs at same concentration and (ϕ) significantly different from 100 µg/mL within same group.
Abbreviations: AuNP, gold nanoparticles; CPEG, citrate polyethylene glycol; FA, folate; 5FU, 5-fluorouracil; MAP, malate polyethylene glycol; TAP, tartrate polyethylene 
glycol.
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Interestingly, in the present study, 5FU-loaded FA-MAP-

AuNP nanoconjugates exhibited an IC
50

 value of 5 µg/mL 

on day 1 (Figure 6A). It should be emphasized that 5 µg of 

5FU-loaded FA-MAP-AuNPs contained only 335 ng of 5FU 

(6.7% drug content). 5FU-loaded FA-CPEG-AuNPs showed 

an IC
50

 value of 100 µg/mL with 2.1 µg of 5FU in the test 

sample (2.1% drug content) on day 1. Similarly, 5FU-loaded 

FA-TAP-AuNPs exhibited an IC
50

 value of 100 µg/mL with 

2.4 µg of 5FU in the test sample (2.4% drug content) on day 1 

(Figure 6A). All three 5FU-loaded nanoconjugates exhib-

ited higher inhibitory activities along with lower amounts 

of 5FU compared with the free 5FU group on day 1 (data 

not shown, reported in our earlier work).33 In particular, 

5FU-FA-MAP-AuNPs with 335 ng of incorporated 5FU 

effectively inhibited MCF-7 cancer cells compared with 

5FU-FA-PEG-LPs, TBV-loaded PEG-SLNPs, 5FU-loaded 

PEG-SLNPs, 5FU-loaded PAMAM-AgNPs, free TBV, and 

free 5FU, as reported in the literature.6,14,32 Hence, our 5FU-

loaded π back-bonded FA-polymer-AuNP nanoconjugates 

showed enhanced inhibitory activity along with lower 5FU 

drug content than administration of free 5FU, indicating that 

our delivery system could reduce the side effects of 5FU 

without compromising its anticancer functionality.

Furthermore, the L/D staining images indicate a higher 

number of dead MCF-7 cells in 5FU-loaded FA-polymer-

AuNPs compared with the control, and FA-MAP-AuNPs 

showed more dead cells after days 1 and 3. (Figure 7). 

This observation agrees with the WST-1 assay results in 

Figure 7 Live/dead fluorescent images of MCF-7 cells treated with 5FU-loaded (A) FA-CPEG-AuNPs, (B) FA-MAP-AuNPs, and (C) FA-TAP-AuNPs at (a) 0, (b) 5, (c) 25, 
(d) 50, (e) 100, and (f) 200 µg/mL after day 1 and day 3 of treatment (scale bar=200 µm).
Abbreviations: AuNP, gold nanoparticles; CPEG, citrate polyethylene glycol; FA, folate; 5FU, 5-fluorouracil; MAP, malate polyethylene glycol; TAP, tartrate polyethylene 
glycol.
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Figure 6. These results clearly indicate that the 5FU-loaded 

π back-bonded FA-polymer-AuNP nanoconjugates could 

effectively target and inhibit MCF-7 cancer cells even with 

lesser drug content, and 5FU administration with reduced 

side effects to patients can be anticipated.

It can be suggested that 5FU released from the FA-

polymer-AuNP nanoconjugates inhibited the proliferation 

of MCF-7 cells by the following mechanisms: 1) inhibition 

of production of deoxythymidine monophosphate and 2) 

misincorporation of 5-fluorodeoxyuridine monophosphate 

with a DNA chain or incorporation of 5-fluorouridine mono-

phosphate with an RNA chain (Figure 8).34,35

Conclusion
Two types of linear carboxylate-PEG polymer structures were 

synthesized by using malic acid and tartaric acid as a linear 

linker, whereas the branched carboxylate-PEG structure 

was obtained by using citric acid as a cross linker. All three 

polymers effectively acted as reducing as well as stabilizing 

agents for the synthesis of spherical AuNPs. The XPS and 

FTIR results confirm the conjugation of AuNPs with a poly-

mer backbone via the formation of π back bonding between 

the fully filled d-orbital of Au0 and the empty antibonding 

orbital of the ester carbonyl group. The FTIR results also 

confirm the attachment of FA with the polymer-AuNPs 

as well as loading of 5FU onto the nanoconjugates. The 

steric hindrance at the π back-bonded ester carbonyl group 

strongly affected the release properties of 5FU, and thus the 

5FU-loaded FA-TAP-AuNPs with steric hindrance at both 

carbonyl groups of the tartrate moiety exhibited relatively 

faster release compared with the two other systems with 

lesser steric hindrance. The developed FA-CPEG-AuNP, 

δ

δ

δ

Figure 8 Mechanism of folate receptor-mediated drug targeting and inhibition of MCF-7 cancer cells by 5FU-loaded FA-polymer-AuNPs nanoconjugates.
Abbreviations: AuNP, gold nanoparticles; FdUMP, 5-fluorodeoxyuridine monophosphate; FUMP, 5-fluorouridine monophosphate; 5FU, 5-fluorouracil; TS, thymidylate 
synthase; dTMP, deoxythymidine monophosphate.
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FA-MAP-AuNP, and FA-TAP-AuNP nanoconjugates were 

biocompatible toward HDFs up to 200 µg/mL for 3 days. 

Since the drug molecules were strongly attached onto the 

π back-bonded ester carbonyl group, the nanoconjugates 

exhibited sustained 5FU release up to 27 days. The FA-

MAP-AuNPs with a linear polymer structure and higher 5FU 

loading efficiency inhibited proliferation of MCF-7 cells at a 

low concentration of 5 µg/mL compared with other systems 

published previously. Hence, this investigation provides a 

feasible platform for the development of biocompatible π 

back-bonded FA-polymer-AuNP nanoconjugate systems 

for exhibiting anti-breast cancer activity in cellular levels.
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Figure S1 Schematic representation of Au-CO π back bonding.

Figure S2 In vitro cytotoxicity of (A) FA-CPEG-AuNP, (B) FA-MAP-AuNP, and (C) FA-TAP-AuNP on HDFs.
Abbreviations: AuNP, gold nanoparticles; CPEG, citrate polyethylene glycol; FA, folate; HDFs, human dermal fibroblasts; MAP, malate polyethylene glycol; TAP, tartrate 
polyethylene glycol.
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Figure S3 Live and dead fluorescence staining images of (A) control HDFs, (B) FA-CPEG-AuNPs, (C) FA-MAP-AuNPs, and (D) FA-TAP-AuNPs (at 100 µg/mL) treated 
HDFs after day 1 and 3 of incubation periods (scale bar=100 µm).
Abbreviations: AuNP, gold nanoparticles; CPEG, citrate polyethylene glycol; FA, folate; HDFs, human dermal fibroblasts; MAP, malate polyethylene glycol; TAP, tartrate 
polyethylene glycol.
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