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ABSTRACT 

Curcumin is a natural product with immense medicinal assets. The low aqueous solubility and 

consequent poor bioavailability of curcumin are the serious limitations to its utilization as a 

potential therapeutic agent. In order to enhance the aqueous solubility and bioavailability of the 

drug, we covalently conjugated curcumin onto the surface of Gold Nanoparticles (AuNPs) aided 

by a water soluble polymer via succinate linker. Conjugation of curcumin was confirmed by 

Fluorescence, FTIR, 
1
H NMR and UV-Visible spectroscopy and XRD studies. The size and 

surface charge of the AuNPs were determined by DLS and the morphology was visualized by 

TEM. Aqueous solubility of curcumin was augmented upon conjugation with the polymer 

stabilized AuNPs. pH responsive release of curcumin from the nano-vehicle ensures safer 

delivery of the drug at physiological pH.  Cytotoxic potential and cellular uptake of curcumin 

conjugated AuNPs were assessed by MTT assay and fluorescence microscopy respectively using 

C6 glioma cancer cells. Thus, the curcumin conjugated polymer stabilized AuNPs circumvent 

limitations of curcumin and can find applications in pH responsive drug delivery.         
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Introduction 

Curcumin is a natural polyphenolic compound extracted from the rhizome of the plant Curcuma 

longa (turmeric). Curcumin is well known as a potent chemotherapeutic and chemopreventive 

agent with low intrinsic toxicity.
1
 Within the last couple of decades, extensive research work has 

revealed a variety of pharmacological activities in curcumin such as antioxidant, anti-

inflammatory, antiproliferative and antiangiogenic activities.
2-6

 It has also been reported that the 

–OH and –OMe groups in curcumin are responsible for its antioxidant and antiproliferative 

properties respectively.
7
 Curcumin inhibits several important cellular targets such as nuclear 

transcription factor NF-ĸβ resulting in blockage of the function of protein Kinase C, Her-2 and 

epidermal growth factor and thus induces apoptosis. Development of resistance to curcumin is 

less likely as it can induce apoptosis via multiple cell signaling pathways.
7, 8

 However, the main 

demerit associated with curcumin is its poor bioavailability originating from its hydrophobic 

nature, rapid metabolism and its physicochemical and biological instability.
9
 In order to redress 

these problems, several approaches have been proposed. Among them conjugation of curcumin 

to several water soluble polymers like polyethylene glycol, hyaluronic acid, sodium alginate etc.; 

encapsulation of curcumin in the hydrophobic core of diverse micelles and liposomes etc. are 

worthy to be mentioned.
10-14

  

Nanotherapeutics can surmount several limitations of conventional drug delivery systems such as 

low therapeutic indices, lack of water solubility, non-specific biodistribution etc.
15, 16

 Over the 

past decades several nanocarriers have been utilized for safer drug delivery with increased 

therapeutic efficacy. Among them Gold Nanoparticles (AuNPs) have been extensively used as 

the vector for various types of drug molecules including anticancer therapeutics.
17-19

 AuNPs have 
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emerged as the potential drug delivery vehicle because of its striking features
20, 21

 like low 

cytotoxicity, non-immunogenicity, excellent stability in the nanoscale, easy synthesis and 

functionalization along with tunable surface properties etc. Another important aspect is that, 

suitably functionalized AuNPs usually have much smaller sizes desired for passive targeting to 

tumor tissues via the enhanced permeation and retention (EPR) effect and they have reduced 

clearance through reticuloendothelial system (RES).
22, 23

  

Herein we report the development of a delivery vehicle for curcumin based on water soluble 

polymer stabilized AuNPs for the enhancement of aqueous solubility and bioavailability of the 

hydrophobic drug. To fabricate the nanocarrier, AuNPs were first stabilized with a water soluble, 

low molecular weight polymer (P1) to give P1 stabilized AuNPs (P1-AuNPs) which was 

subsequently modified via succinylation producing P1-AuNPs with succinate linker (SA-P1-

AuNPs). Finally curcumin conjugated AuNPs (Ccm-SA-P1-AuNPs) were developed by 

conjugation of curcumin to the succinate linker through esterification reaction. The 

physicochemical properties of Ccm-SA-P1-AuNPs were characterized and in vitro cytotoxicity 

assessment was carried out against Glial cells from rat glioma (C6 Glioma) to prove the retention 

of intrinsic antiproliferative activity of curcumin after covalent conjugation onto the surface of 

polymer functionalized AuNPs. Cellular uptake of FITC tagged Ccm-SA-P1-AuNPs was 

visualized by fluorescence microscope. The curcumin conjugated AuNPs also clearly exhibited 

the characteristic surface plasmon resonance band signifying its potential applications for 

imaging that can also be explored.
24

  

Experimental 

Materials  
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Hydrogentetrachloroaurate(III)trihydrate (HAuCl4, 3H2O), sodium citrate tribasic dihydrate, 

citric acid (CA), Polyethylene glycol of average molecular weight 200 (PEG), L-Cysteine (L-

Cys), Succinicanhydride (SA), 4-Dimethylaminopyridine (DMAP), 1,3-

Dicyclohexylcarbodiimide (DCC) and Triethylamine (TEA) were purchased from Sigma-Aldrich 

(Bangalore, India). Curcumin (Ccm), from turmeric rhizome and 95% total curcuminoid content, 

was obtained from Alfa Aesar (Chennai, India). Dimethyl sulfoxide (DMSO) and ethanol 

(EtOH) were obtained from Merck (Mumbai, India). Hydrochloric acid (HCl) and sodium 

hydroxide (NaOH) were purchased from Merck (Mumbai, India). In all the experiments 

ultrapure water (18.2 mΩ resistivity, obtained from Milli-Q water purification system) was used. 

Glioma cells were obtained from the National Centre for Cell Sciences (NCCS), Pune, India. 3-

(4,5-Dimethylthiazol- 2-yl)-2,5-diphenyl tetrazolium bromide (MTT reagent), fetal bovine serum 

(FBS) and Dulbecco's Modified Eagle's Medium were purchased from Sigma-Aldrich 

(Bangalore, India). Trypsin/EDTA and Nutrient F-12 Ham were purchased from Invitrogen 

(Bangalore, India). 

Synthesis of low molecular weight polymer P1 and P1 stabilized AuNPs 

The water soluble, low molecular weight polymer P1 was synthesized as reported elsewhere with 

a little modification.
25

 In brief, equimolar amounts of CA and PEG were taken in a three necked 

round bottom flask fitted with a mechanical stirrer. Reactants were melted at 160 °C temperature 

with gradual addition of L-Cys (molar ratio of L-Cys: CA 0.2) under inert atmosphere. Reaction 

mixture was allowed to react at 160 °C for about 15 minutes and then the temperature was kept 

at 140 °C for about one hour with constant stirring. The highly viscous polymer P1 was 

transferred to a separate beaker in hot condition and then cooled to room temperature. P1 was 
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purified by dialysis against water and lyophilized. P1 was stored in refrigerator in an amber 

colored glass bottle for further studies. 

P1-AuNPs were generated from citrate-AuNPs via ligand exchange reaction.  Citrate-AuNPs 

were prepared by Turkevich method.
26

 Briefly, to a boiling solution of HAuCl4, 3H2O (20 mL, 

1.0 mM), 1% (w/v) aqueous solution of sodium citrate tribasic dihydrate (2 mL) was added 

under constant stirring. The solution showed a color change from pale yellow through bluish-

black to wine red. The wine red solution was cooled and mixed with aqueous solution of P1 (1 

mg/mL). The solution mixture was kept under moderate stirring at 25 °C for about 10 hours. 

Finally the solution was centrifuged for 20 min at 10,000 revolutions per minute (rpm) with an 

ultracentrifuge (Sigma 3-30 K, Germany) and washed with water to get the P1- AuNPs. The P1- 

AuNPs were used for further studies.  

Covalent conjugation of curcumin to P1-AuNPs 

Curcumin was conjugated to P1-AuNPs through a succinate linker following a two step synthetic 

approach. In the first step, the capping polymer P1 bearing free –OH groups was succinylated 

using excess SA.
27

 To a dispersion of P1-AuNPs in H2O/DMSO (3:1 v/v) mixture containing 

catalytic amount of DMAP, SA was added in small portions. The solution was stirred well and 

pH was maintained at 9 by dropwise addition of TEA. The reaction mixture was stirred for 16 

hrs at 25 °C. Then it was centrifuged (10000 rpm, 20 min) and thoroughly washed with water to 

get SA-P1-AuNPs.  

In the second step, curcumin was conjugated to the succinate linker available in SA-P1-AuNPs. 

Aqueous suspension of SA-P1-AuNPs (10 mg in 10 mL) was stirred with 200 µL DCC (4 mM, 

in DMSO) and 150 µL DMAP (4 mM, in DMSO) for 2 hrs at room temperature to activate the –
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COOH groups on NPs’ surface. After that 150 µL curcumin solution (4 mM, in DMSO) was 

added to it and the reaction mixture was stirred overnight at 25 ºC. The solution was then 

centrifuged (10000 rpm, 15 min) and washed properly (with both water/DMSO mixture and 

water) to remove the vestigial molecules. Finally the curcumin conjugated AuNPs (Ccm-SA-P1-

AuNPs) were dispersed in ultrapure water (10 mL) and this solution was used for further studies. 

Physicochemical characterization  

To obtain the Fourier Transform Infrared (FTIR) spectra in the range of 4000-400 cm
-1

, a Nicolet 

model 5700 FTIR spectrometer (Nicolet Inc., Madison, USA) was used. Nuclear Magnetic 

Resonance (
1
H NMR) spectra was analyzed by 500 MHz spectrometer (Brucker Avance DPX 

500). NMR spectra of P1 and Ccm-SA-P1-AuNPs were recorded in DMSO-D6 and D2O with a 

drop of DMSO-D6 solvents respectively, at room temperature. Formation of citrate-AuNPs and 

its surface modifications thereafter were analyzed by recording the surface plasmon resonance 

(SPR) absorption of the AuNPs by Ultraviolet-Visible (UV-Vis) spectroscopy (Varian model 

Cary Win Bio 100 spectrophotometer, Melbourne, Australia) using quartz cuvettes of 1 cm path 

length. The hydrodynamic diameter and zeta potential were measured using a dynamic light 

scattering (DLS) instrument (Malvern Zetasizer Nano ZS, Malvern Instruments Ltd., Malvern, 

UK) with a He-Ne laser beam at a wavelength of 633.8 nm. The morphology of the developed 

AuNPs were viewed by Transmission Electron microscope (TEM; HITACHI, H-7650, Tokyo, 

Japan). Samples for TEM analysis were prepared by depositing 10 µL of aqueous suspension of 

AuNPs on a 200 mesh copper grid with formver film and air drying it at room temperature. 

Fluorescence spectra of P1 and P1-AuNPs were recorded using a spectrofluorometer (Carry 

Eclipse model EL 0507). Gel Permeation Chromatography (GPC) (Waters Assoc Inc.; Mailford, 
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USA, model 600 pumps) was performed to determine number and weight average molecular 

weight of P1. Waters Styragel column (HR5E/4E/2/0.5 columns in series) and THF were used as 

the stationary phase and mobile phase respectively. Polystyrene molecular weights standards 

were used for column calibration. The powder X-ray diffraction (XRD) patterns of pure 

curcumin and curcumin conjugated P1-AuNPs were recorded with X-ray diffractometer (Bruker 

D8 Advance; equipped with Cu Kα radiation source) from 10° to 90° (2θ angle). 

Determination of stability of Ccm-SA-P1-AuNPs 

The stability of Ccm-SA-P1-AuNPs in different concentration of NaCl solutions (0.01-1M) and 

at different pH values (1.5-12) were measured by UV-Vis absorption spectroscopy. The pH of 

the aqueous dispersion of Ccm-SA-P1-AuNPs was adjusted by addition of 0.1 M HCl or 0.1 M 

NaOH solution. 

Determination of curcumin content in Ccm-SA-P1-AuNPs  

After synthesis and purification of Ccm-SA-P1-AuNPs by centrifugation, the NPs’ pellets were 

fridge dried. A known amount of the dry sample was then added to a known volume of EtOH 

and the mixture was kept in an orbital shaker for 24 h (at 37 ºC and at 120 rpm). Then it was 

centrifuged (14,000 rpm, 15 min) and the supernatant was carefully collected. The collected 

solution was diluted with distilled water and curcumin present in the solution was quantified 

from a calibration plot (R
2
 = 0.997) using UV-Vis spectrophotometer (at λmax = 427 nm).  

Study of curcumin release from Ccm-SA-P1-AuNPs  

The release of Ccm from Ccm-SA-P1-AuNPs was determined by dialysis bag method at 

different pHs (phosphate buffer of pH 7.4 and 5.3) at 37 °C. Prior to the study, the dialysis 
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membrane (MWCO 500) was soaked in water for 1h. Then Ccm-SA-P1-AuNPs was placed in 

the dialysis bag with two end fixed by clamps and the dialysis bag was suspended in 10 mL of 

release medium (Phosphate buffer of pH = 5.3). The bag was incubated at 37 °C, 120 rpm in a 

glass vessel. Release medium was removed periodically and an equal volume of fresh buffer 

solution (pH = 5.3) was added to the glass vessel. The sample removed was diluted with ethanol 

and analyzed using UV-Vis absorption spectroscopic technique. Similar experiment was carried 

out with phosphate buffer (pH = 7.4) to evaluate the release profile of the nano-carrier under 

physiological condition. 

Cytotoxicity evaluation of Ccm-SA-P1-AuNPs 

The cytotoxic potential of Ccm-SA-P1-AuNPs was quantified by MTT assay against Glial cells 

from rat glioma (C6 Glioma). In brief, C6 cells were maintained in 50:50 mixture of Dulbecco's 

Modified Eagle's Medium/Nutrient F-12 Ham  and MEM supplemented with 10% FBS. Then 

80% confluent cells were trypsinized and seeded in 48 well plates (5 x10
4 

cells) and incubated 

for 24 h. Then the cells were exposed to fresh medium containing different concentrations of 

Ccm-SA-P1-AuNPs and free curcumin in a CO2 (5%) incubator at 37 °C. After 24 h incubation, 

the medium containing sample and free drug was removed from respective wells and 200 µL of 

freshly prepared MTT solution (0.5 mg/mL) in culture medium was added into each well. After 4 

h incubation, MTT solution was carefully removed. DMSO (200 µL) was then added into each 

well and the plate was gently shaken for 10 min at room temperature to dissolve all precipitates 

formed. The absorbance of individual wells at 570 nm was then detected by a microplate reader 

(Tecan Infinite M200, Switzerland). Cell viability was expressed as the mean percentage of 
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sample absorbance relative to untreated cells. Here each reported value is the mean of three 

replicates. 

Cell viability (%) = 100×
Ac

As
, where As is the absorbance of sample and Ac is the absorbance of 

control. 

Cellular uptake study using FITC tagged Ccm-SA-P1-AuNPs 

Cellular images were acquired with a fluorescence microscope (Leica DM IRB, Germany) using 

C6 cell line. Cells were seeded on a 4-well plate at 37 °C for 24 h. After incubating the cells with 

FITC tagged Ccm-SA-P1-AuNPs for 3 h, the medium containing the nanoparticles was removed 

from each well and the cells were washed with PBS (twice) to remove any non-specific binding. 

After fixing the cell, uptake was detected in fluorescence microscope exploiting the fluorescence 

emission of FITC. 

Results and discussion 

Herein we report the stabilization of AuNPs by a low molecular weight water soluble polymer 

P1 and thereafter using P1-AuNPs as a carrier for curcumin with enhanced aqueous solubility 

and improved bioavailability of the hydrophobic drug. In this study, water soluble polymer P1 

was synthesized as reported elsewhere with minor modification.
25

 The synthetic scheme for P1 is 

depicted Fig. S1 (Supplementary Information). P1 was characterized using a variety of 

techniques. The number and weight average molecular weights and the polydispersity index 

(PDI) of P1 were determined by GPC. The data obtained from GPC are tabulated in Table S1 

(Supplementary Information). FTIR spectrum of P1 confirmed the presence of characteristic 

functionality like –C=O (1727 cm
-1

), -C(=O)NH- (1520 cm
-1

) and -S-H (2515 cm
-1

) in the 
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polymer chain (Fig. 1A). P1 was found to be photoluminescent in nature. Unlike fluorescent 

polymers, P1 is devoid of any conjugated phenyl chromophores. P1 bears a ring structure 

resembling morpholine-2,5-dione in its polymer chain (Fig. S1, Supplementary Information). An 

extensive hyperconjugation present in the heterocyclic ring containing both amide and ester 

linkages and a pendant –CH2SH group in close vicinity makes P1 fluorescent.
25

 The 

characteristic UV-VIS absorption spectra and fluorescence spectra of P1 (aqueous solution, 0.5 

% w/v) are shown in Supplementary Information (Fig. S2A, S2B respectively). 

The AuNPs based curcumin delivery system (Ccm-SA-P1-AuNPs) was synthesized following a 

stepwise synthetic route as shown in Scheme 1. In the first step, citrate-AuNPs were prepared by 

Turkevich method
26

 and the citrate-AuNPs were modified with P1 following ligand exchange 

route. P1 bearing free thiol linkage can strongly bind to the surface of AuNPs via Au-S bond and 

hence imparts excellent stability to the AuNPs. In the second stage of synthesis, P1-AuNPs was 

succinylated in aqueous alkaline medium (pH = 9) using excess amount of succinic anhydride. 

The succinylated product (SA-P1-AuNPs) contained free carboxyl groups which were then 

activated using DCC. The activated –COOH groups in the succinate linker reacted with phenolic 

–OH group of curcumin in presence of catalytic amount of DMAP in H2O/DMSO mixture 

resulting in Ccm-SA-P1-AuNPs. 
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Scheme 1. Schematic presentation of the synthesis of Ccm-SA-P1-AuNPs. 
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Surface modification of AuNPs at each step of synthesis was confirmed by FTIR analysis as 

shown in Fig. 1. Fig. 1A and 1B show the FTIR spectrum of pure P1and P1-AuNPs respectively. 

The low intensity sharp peak of –SH functionality (at around 2515 cm
-
1) seen in Fig. 1A was 

found to be missing in Fig. 1B indicating chemical adsorption of P1 onto the surface of AuNPs 

via Au-S covalent bond. Besides, Fig. 1B displays peaks corresponding to –C=O stretching 

frequency at 1711 cm
-1

, -C-H stretching frequency at 2924 cm
-1

 and 2854 cm
-1

, free –O-H 

stretching frequency at 3647 cm
-1

 and –N-H bending vibration at 1462 cm
-1

. In Fig. 1C a broad 

band at about 3411 cm
-1

 is assigned to the –O-H stretching frequency and the peak at around 

1603 cm
-1

 characteristic to the -C-O stretching of carboxylate anion confirms the succinylation 

reaction. This peak around 1603 cm
-1

 vanishes as shown in Fig. 1D after Ccm conjugation 

pointing out that –COO¯ is the reaction site. In addition to this, in Fig. 1D a relatively sharp peak 

at 3420 cm
-1

 associated with the phenolic –OH of Ccm can be seen. The peaks at around 1703 

cm
-1

 and 1670 cm
-1

 are assigned to the ester C=O stretching frequency and ketonic functionality 

in Ccm respectively. A peak at 1290 cm
-1

 attributed to the –C-O stretching frequency of ester 

reflects conjugation of Ccm onto AuNPs via esterification reaction. Here it is worthy to be 

mentioned that the characteristic strong fluorescence emission of P1 was quenched as the AuNPs 

were functionalized with P1 (Fig. S3, Supplementary Information). Quenching of fluorescence of 

P1 strongly indicates the adsorption of P1 on the surface of AuNPs.  This type of quenching 

effect is observed frequently when a fluorescent species is in close contact with AuNPs.
28  

As SPR absorption is highly sensitive to the surface environment of NPs
29

 changes in the SPR 

absorption were monitored during each step of synthesis of Ccm-SA-P1-AuNPs. Citrate-AuNPs 

showed a characteristic SPR at 521 nm which was red-shifted to 524 nm in P1-AuNPs indicating 

chemisorption of P1 onto the surface of AuNPs (as shown in Fig. 2A). Fig. 2B shows further red- 
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shift of SPR absorption of P1- AuNPs upon succinylation and Ccm conjugation (λmax at around 

527 nm and 531 nm respectively). These shifts in SPR band confirm the surface modification of 

AuNPs. It is to be noted that the distinct and characteristic absorption peak of curcumin at 

around 420 nm was not seen in the spectrum as it overlaps with the intense SPR absorption of 

AuNPs (Fig. 2B). However, another absorption peak of curcumin at around 280 nm was clearly 

seen (Fig. 2B). Comparison of the SPR absorption spectra of SA-P1-AuNPs and Ccm-SA-P1-

AuNPs shown in Fig. 2B (in the range of 200 nm to 800 nm) strongly support the conjugation of 

curcumin onto the surface of P1-AuNPs. Besides, no significant broadening of the SPR 

absorption peak was noticed (Fig. 2A and 2B) which indicated that modification steps didn’t 

induced any aggregration among the AuNPs. This observation was supported by the TEM 

images shown in Fig. 4. 

 

Fig. 1. FTIR spectra of (A) P1; (B) P1-AuNPs; (C) SA-P1-AuNPs and (D) Ccm-SA-P1-AuNPs. 
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Fig. 2. Surface Plasmon resonance absorption of AuNPs at various stages of modifications (A) 

red shift in absorbance for P1-AuNPs synthesis from citrate-AuNPs and (B) further red shift in 

absorbance in formation of SA-P1-AuNPs and Ccm-SA-P1-AuNPs (inset absorption spectra of 

SA-P1-AuNPs and Ccm-SA-P1-AuNPs in the visible range).  

 

The formation of Ccm-SA-P1-AuNPs was further confirmed by 
1
H NMR spectra as shown in 

Fig. 3. In 
1
H NMR spectrum of pure P1 (Fig. 3A), the peaks at δ ≈ 2.7 ppm can be assigned to 

the –CH2 protons of citric acid. Peaks at δ ≈ 4.3 ppm are due to the –CH2-CH2-O protons from 

PEG. The characteristic peak at δ = 1.3 ppm (triplet as shown in the expansion in the inset of Fig. 

3A, due to –SH proton) confirms the presence of thiol functionality in P1. Presence of multiple 

peaks at around 3 ppm can be attributed to the –CH2-SH protons in P1. In the 
1
H NMR spectrum 

of Ccm-SA-P1-AuNPs (in Fig. 3B), new peaks can be seen between δ = 6.5 to 7.9 ppm (due to 

the aromatic protons in Ccm) and at δ = 3.8 ppm (due to the characteristic –OCH3 protons in 

Ccm) confirming curcumin conjugation to polymer stabilized AuNPs. 
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Fig. 3. 
1
H NMR spectra of (A) P1 polymer and (B) Ccm-SA-P1-AuNPs. 
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The hydrodynamic diameter and zeta potential (ζ) of the AuNPs in various steps of modification 

were measured by DLS at pH 7.4 (in aqueous buffer at 25 ºC). The DLS data for the 

functionalized AuNPs are tabulated in Table 1. The small size of the curcumin conjugated 

AuNPs might be advantageous to exhibit better EPR effect. The magnitude of ζ-potential of 

Citrate-AuNPs dropped from -40.2 ± 0.3 mV to -23.1 ± 0.2 mV in P1-AuNPs. This decrease of 

ζ-potential value may be attributed to PEG (possessing stealth property) which is the backbone 

for P1
30

. SA-P1-AuNPs contain free carboxylate groups on its surface and those carboxylates are 

in deprotonated state (pKa = 4.2)
31, 32

 at pH = 7.4, hence the NPs were found to possess surface 

charge of -40.9 ± 2.74 mV. After Ccm conjugation the ζ-potential again drops to -32 ± 0.65 mV 

in Ccm-SA-P1-AuNPs. Though the surface charge was reduced to certain extent after Ccm 

conjugation, yet there was sufficient repulsive force present in the system to prevent it from 

aggregation and the TEM image shown in Fig. 4D supports this fact. As the small sized AuNPs 

are functionalized with a polymer containing PEG as the backbone and they possess negative 

surface charge, hence the nano drug delivery vehicle may, to a large extent, evade protein 

adsorption resulting in longer systemic circulation and enhanced EPR effect.
12, 33

  

Table 1. Sizes and zeta potential values of AuNPs solution (25 °C, pH = 7.4) after each step of 

surface modification.  

Material Hydrodynamic diameter (nm) 

 
Zeta potential (mV) 

Citrate -AuNPs 15.60 ± 0.11 -40 ± 0.30 

P1-AuNPs 19.7 ± 0.06 - 23.1 ± 0.20 

SA-P1-AuNPs 25.8 ± 2.30 -40.9 ± 2.74 

Ccm-P1-AuNPs 43.10 ± 1.80 -32 ± 0.65 
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Fig. 4. TEM images of AuNPs at different stages of modification: (A) Citrate  AuNPs (B) P1-

AuNPs (C) SA-P1-AuNPs and (D) Ccm-SA-P1-AuNPs. 

 

In order to check the stability of the curcumin conjugated P1-AuNPs, the NPs were treated with 

varying concentrations of NaCl. Ccm-SA-P1-AuNPs were found to withstand high salt 
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concentration (highly stable in 0.1 M NaCl environment; Fig. 5A). In addition to this, Ccm-SA-

P1-AuNPs showed good stability in the physiological pH (pH = 7.4; Fig. 5B). These results 

indicated  that Ccm-SA-P1-AuNPs to be highly stable at physiological condition and the nano 

system may find potential application as a drug delivery vehicle
34

.  

 

 

Fig. 5. Determination of the stability of Ccm-SA-P1-AuNPs (A) UV-Vis absorption spectra in 

different concentrations of NaCl and (B) Change in SPR maxima against pH (1.5 to 12). 
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Fig. 6. (A) XRD pattern of Ccm-SA-P1-AuNPs (inset: XRD pattern of pure curcumin) and (B) 

curcumin release profile from Ccm-SA-P1-AuNPs in buffer solution of different pH. 

 

Fig. 6A compares the XRD patterns of pure curcumin and Ccm-SA-P1-AuNPs. The X-ray 

diffractogram of Ccm-SA-P1-AuNPs clearly depicts the characteristic peaks of face centred 

cubic (FCC) crystal lattice of drug conjugtaed polymer stabilized AuNPs.
35 

In the XRD pattern 

of curcumin (shown as the inset in Fig. 6A) a number of sharp peaks (in the 2θ range of 10° to 

30°) indicate the crystalline nature of the hydrophobic drug. However, in Ccm-SA-P1-AuNPs no 

such crystalline peak of curcumin was observed. This data further confirms that after covalent 

conjugation onto the surface of AuNPs via the water soluble capping polymer, the drug is in 

amorphos or disordered phase which is highly desired for a regular and unimpeded drug release 

from the AuNPs.
12, 36

  

The curcumin content in curcumin conjugated P1-AuNPs was determined by UV-Vis 

spectroscopy. The amount of curcumin extracted from a known amount of Ccm-SA-P1-AuNPs 

was measured using a calibration plot (R
2
 = 0.997, λmax = 427 nm). The study revealed that 10 

mg of Ccm-SA-P1-AuNPs contained 67.5 ± 0.08 µg of curcumin. Curcumin is basically having 

very poor aqueous solubility. But the curcumin conjugated water soluble polymer capped AuNPs 

readily get dispersed in water giving rise to a pink suspension. Hence conjugation of curcumin 

onto the surface AuNPs aided by the water soluble polymer P1 in turn helps in effectively 

augmenting the solubility of the hydrophobic drug in water.  

One of the most important criterion for a drug delivery vehicle is that it should not release the 

pay load in the blood stream. Covalent conjugation of a drug to the delivery vehicle is far better 

than the physical adsorption of the drug, provided the covalent bonding is stable enough at the 
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physiological pH. In this study curcumin was conjugated to the polymer stabilized AuNPs via 

succinate linker (i.e., through ester linkage). The drug release profile from Ccm-SA-P1-AuNPs 

shown in Fig. 6B indicates that very low amount of Ccm was released from the nano-carrier at 

physiological pH over a period of 6 h. Whereas, within the same time span ≈ 90 % drug was 

released at pH 5.3. Thus the release study revealed that Ccm-SA-P1-AuNPs exhibit pH 

responsive Ccm release behaviour
37

 and the nano drug delivery vehicle can safely carry the drug 

through systemic circulation at physiological pH. 

Here the AuNPs were stabilized using a water soluble polymer P1 containing free thiol 

functionality to generate P1-AuNPs. The thiol functional group in P1 originates from the 

flanking –CH2-(SH) chain of natural amino acid L-Cysteine. The backbone of P1 consists of 

PEG and CA that are known to be biocompatible. Moreover, in this study curcumin was 

covalently conjugated to P1-AuNPs via esterification reaction through the succinate linker. One 

of the phenolic –OH groups of curcumin reacted with the activated –COOH functionality on SA-

P1-AuNPs to form the ester linkage. It has been mentioned that the therapeutic activity of 

curcumin may be hindered due to conjugation of the drug through its phenolic –OH group.
24 

Herein, the cytotoxic activity of Ccm-SA-P1-AuNPs was evaluted by MTT assay against C6 

cancer cells with the aim to check the cytotoxic potential of Ccm conjugated to polymer 

stabilized AuNPs. MTT assay measures the metabolic reduction of 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl tetrazolium bromide to a colored formazan by living cells. 

Fig. 7 shows the cytotoxic activity of curcumin conjugated to polymer stabilized AuNPs in 

comparison with the free drug. Fig. 7 also shows a concentration dependent decrease in cell 

viability (i.e. the more the equivalent concentration of curcumin in the nano-system, the more is 

Page 20 of 27Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



21 

 

the perccentage of cell death and P1-AuNPs was found to be cytocompatible at this 

concentration as shown in Fig. S4 in Supplementary Information.). The percentage of cell 

viability quantified by MTT assay indeed proves that the inherent potentiality of the drug to kill 

cells was not affected by the chemical conjugation. The drug conjugtaed to P1-AuNPs showed 

better cytotoxic response compared to that of the free drug. In Ccm-SA-P1-AuNPs, Ccm was 

covalently conjugated to water soluble polymer P1 and this might have helped the drug to get 

solubilized in aqueous medium and interact with the cells in a better manner than that of the free 

drug (Free Ccm may not get better exposure to the cells and may not interact with cells properly 

due to its poor water solubility and consequent precipitation in aqueous medium). In addition, the 

improved internalization of small sized Ccm-SA-P1-AuNPs can also be an important attribute to 

improved cytotoxic response of the drug. 

 

Fig. 7 Cell viability (%) as determined by MTT assay exhibiting the cytotoxicity of Ccm-SA-P1-

AuNPs in comparison with free Ccm against C6 cells. The error bars indicate mean ± standard 

deviation (n = 3).  
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Fig. 8. Fluorescence microscopic images of C6 glioma cells after 3h incubation with FITC 

tagged Ccm-SA-P1-AuNPs: green fluorescence from FITC (A) fluorescence image (B) bright 

field image and (C) merged image of green fluorescence in bright field. 

In order to confirm the internalization of Ccm-SA-P1-AuNPs, C6 cancer cells were incubated 

with the FITC tagged Ccm-SA-P1-AuNPs for 3 hours and the uptake of the nanoparticles was 

visualized by fluorescence microscope exploiting the characteristic green fluorescence of FITC. 

The fluorescence microscopic images shown in Fig. 8 clearly indicate that the drug conjugated 

AuNPs were effectively internalized by the cancer cells. 

Conclusions 

In this study, we reported the direct covalent conjugation of curcumin onto the surface of a water 

soluble polymer stabilized AuNPs via pH responsive succinate linker. The Ccm-SA-P1-AuNPs 

being small in size can be a very good candidate to exhibit  EPR effect. The polymer P1 used to 

stabilize the AuNPs has PEG as the backbone and hence negatively charged Ccm-SA-P1-AuNPs 

can avoid protein adsorption to a large extent resulting in enhanced time for systemic circulation 

and improved EPR effect. Poor water solubility of curcumin is one of the most serious demerits 

of this polyphenolic drug. This study also reveals that conjuagtion of curcumin onto the surface 

of AuNPs using a water soluble polymer eventually augments the aqueous solubility of the 

hydrophobic drug. Conjugation of curcumin via a pH responsive linker assures the safe delivery 

of the drug through blood stream and at the same time, loss in crystalline nature of curcumin in 
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Ccm-SA-P1-AuNPs confirms unimpeded release of Ccm from the nano-vehicle. Ccm in Ccm-

SA-P1-AuNPs exhibited improved cytotoxic response compared to free drug against C6 cancer 

cells. Augmented water solubility of Ccm in Ccm-SA-P1-AuNPs and better internalization of the 

drug conjugated AuNPs can be the two main reasons behind the improved cytotoxicity of the 

drug in conjugated form. The internalization of the drug conjugated nano-vectors was also 

confirmed by fluorescence microscopy. In conclusion, conjugation of Ccm to P1-AuNPs via 

succinate linker enhances the aqueous solubility of the hydrophobic drug and cytotoxic Ccm-SA-

P1-AuNPs indicates its potential to be utilized in pH responsive drug delivery. 
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Graphical Abstract 

 

Drug amended polymer stabilized gold nanoparticles as pH responsive drug delivery 

nano vehicles.   
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