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sustained drug release  
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Abstract: Here, we report a facile, versatile and simple one-

pot synthesis of doxorubicin (Dox) loaded gold nanoparticles 

(Dox-GNP conjugate), where Dox can act both as reducing as 

well as capping agent. Interestingly, when the conjugate was 

placed into the transporter protein environment, it avoided 

the undesirable multilayer protein corona formation, which is 

very common for nanomaterials. The in vitro drug release 

kinetic studies and the cytotoxicity assay and cellular update 

efficiency advocates that the system is capable of sustained 

release of the drug even in the presence of complex biological 

environment. 

 

The therapeutic efficiency of any chemotherapeutic drug largely 

depends upon its bioavailability at a particular site, which relies on 

its design and fabrication. Various reports are available in the 

literature proving that in contrast to the free drug molecules, the 

pharmacokinetics and therapeutic index of the drugs is significantly 

improved. This can be achieved by loading drugs onto the surface of 

nanostructures such as metal nanoparticles, polymeric 

nanoparticles and liposomes, through the physical encapsulation, 

surface adsorption or chemical conjugation.
1
 Especially, gold 

nanoparticles (GNP) have emerged as attractive candidate for 

delivering various payloads into their targets due to its proven bio-

compatibility and low cytotoxicity.
2,3

Additional advantage of GNP is 

the ease of their surface functionalization, which can enhance the 

efficacy of the drug delivery by reducing the uptake by the 

reticuloendothelial system and preventing nonspecific binding to 

biological substances.
4,5

Doxorubicin, an anthracycline anti-tumor 

drug when administered directly, lacks tumor-targeting ability 

which leads to poor therapeutic efficacy and severe side effects 

including cardio toxicity and myelosuppression.
6 

Another 

disadvantage of administrating the bare Dox molecule is the 

development of chemo resistance due to the over expression of a 

membrane transporter, p-glycoprotein, that actively pumps Dox out 

of the cell.
7
Oppositely, Dox conjugated nanoparticles based drug 

delivery system is taken up by the cells efficiently through 

endocytosis and can minimize chemo resistance and ill effects 

towards normal cells.
8 

The unearthing of this fact has motivated 

significant research on nanoparticles assisted drug delivery system. 

General strategies for linking drug to nanoparticles involves multi 

steps including the synthesis of nanoparticles, surface 

functionalization by bio-compatible functional groups and  followed 

by incorporation of drug (as shown in Scheme i, route a). However, 

most of the processes are complicated and even involve harsh 

chemical intermediates which can cause unwanted cell death.
9 

Herein, we are presenting a facile and unique one-pot route for 

loading of Dox onto the GNP and its sustained release. In the 

synthesis process, Dox acts as both reducing agent for synthesizing 

GNP as well as capping agent for GNP stabilization. The schematic 

of the synthesis of Dox-GNP conjugate is furnished in Scheme i 

(route b). The synthesis of Dox-GNP conjugate is carried out by 

reacting optimized concentrations of HAuCl4 (0.25 mM / 5 ml) with 

Dox (10 μM / 5 ml) under basic condition (pH 10) with moderate 

stirring (Figure S1a and b, Supporting Information). An optimum 

temperature of 50°C is chosen for carrying out of the reaction 

(Figure S2, Supporting Information).   

 

Scheme i: Schematic representation of generally adapted multistep 

process (route a) and the proposed single step one pot synthesis 

(route b) of Dox-GNP conjugated nanoparticles. Scheme ii: 

Schematic representation of the Dox-GNP conjugate synthesis 

under different reaction condition. Scheme iii: Mechanism of Dox-

GNP conjugate synthesis where O2 can abstract the proton from –

CH2OH group of Dox and thus forming aldehyde and OOH*as 

intermediates. Finally, OOH* species helped in reducing the Au
3+

 to 

Au
0
 in alkaline solution 
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The absorption spectra of bare Dox (Fig. 1a) shows one band 

centered at 490 nm associated with the π-π* transition and a 

shoulder at around 360 nm attributed to partially forbidden n-π* 

transitions involving the three C=O group.
6, 10 

These characteristic 

bands of free Dox molecule are disappeared and an absorption 

band pertaining to the surface plasmon resonance (SPR) of GNP 

starts appearing at 525 nm on completion of reaction (3 h).The 

progress of the reaction is also evident from the change in the color 

of the reaction mixture from pale yellow to purple. (Inset Fig. 1a). 

No further change in the absorption band at 525 nm (A525) is 

observed indicating the completion of the reaction (Fig. 1b). The 

average size of the synthesized particles is 25 nm as determined by 

TEM analysis (Fig. 1c) and DLS (Dynamic light scattering) 

measurement (Figure S3, Supporting Information). The zeta 

potential of Dox-GNP conjugate was found to be -32 mV, which 

confirms the stability of synthesized nanoparticle conjugate. The 

reduction of Au
3+

 to Au
0 

proceeds through catalytic oxidation of 

alkyl alcoholic group of Dox in alkaline condition with molecular 

oxygen in the presence of gold as catalyst.
11,12

 O2 can abstract the 

hydrogen atom of the -OH group from alcohol to yield OOH
•
 species 

and aldehyde as an intermediate.
13 

Paclawski and Fitzner have 

reported that OOH
•
 species (generated from [Au(OH)4]

-
&[HO2]

-
) can 

reduce the complex gold (III) ions to metallic gold in alkaline 

solution (Scheme iii).
14 

To verify this hypothesis, the similar reaction 

is carried out under nitrogen atmosphere (Scheme ii). Even after 24 

h of reaction time, formation of GNP could not be realized proving 

the necessity of O2 in the process (Figure S4a and 4b, Supporting 

Information). The role of NaOH in the reaction progress is further 

investigated, and, it is observed that the absenteeism of NaOH from 

the reaction mixture obstructed the synthesis of nanoparticles. 

NaOH is quintessential in the synthesis of gold nanoparticles, as it 

furnishes the hydroxyl group in aqueous environment which 

accelerate the reduction of Au
3+

 to Au
0
. However, in the absence of 

Dox, only NaOH is not able to reduce Au
+3

 to Au
0 

(Figure S5, 

Supporting Information and schematic ii) Modification of the –NH2 

group of the glycosidic ring of Dox into -NH(C2H5) also produced 

GNP (Figure S6, Supporting Information), confirming that the 

terminal -CH2OH group is mainly responsible for the reduction 

process of Au
3+

 to Au
0 

and leaving anthraquinone ring of the drug 

(responsible for drug activity) unchanged.
15 

The stability of 

anthraquinone ring is further confirmed by the HRMS analysis of 

pure Dox, and Dox released from Dox-GNP conjugated system. The 

mass peak at 397 corresponding to anthraquinone ring of Dox 

released from the synthesized drug matches well with that of the 

pure Dox molecule (Figure S7, Supporting Information). These 

results indicate that the effective part of the antitumor drug 

remains unaffected during the synthesis process. Capping of the 

synthesized GNP with Dox molecule is also evident from the 

emission spectra of the synthesized system. The free Dox shows 

fluorescence emission maximum at 594 nm with an excitation 

source at 480 nm, whereas, fluorescence is completely quenched 

on its conjugation with GNP. This result confirms the surface 

adsorption of drug on GNP (Fig. 1d), where the surface energy 

transfer (SET) leads to quenching off fluorescence of free Dox.
16  

 At 

this stage, it is necessary to check the stability of the Dox-GNP 

conjugate in different pH and salt solution. The possible particle 

agglomeration in the complex biological environment might results 

undesirable accumulation in some organs, and trigger chronic 

immune responses. The synthesized conjugate is found to be stable 

upto 20 mM of NaCl and microscopic coagulation starts appearing 

at 30 mM of NaCl concentration (Figure S8a, Supporting 

Information,). It is observed that the synthesized Dox-GNP 

conjugate is more stable as compared to the most commonly used 

citrate coated GNP (Figure S8b, Supporting Information,). The 

synthesized system is also quite stable in the pH range 5 to 12, but 

at lower pH (pH<4) the nanoparticles tend to lose their stability 

(Figure S9, Supporting Information). The observed red shift of 60 

nm and the 8 % decrease in the absorption intensity at pH=2 could 

be due to nanoparticles coagulation. It is reported that the protein 

corona and its dynamic behavior may effectively hinder the 

chemical and surface properties of the designed nanoparticles and 

alter the specificity in targeting,
17 

bio-distribution, and cytotoxicity 

thus leading to nano-biotherapeutic failures.
18 

On the other hand, 

this nonspecific protein corona formation could also be exploited to 

tune the release of drug molecule from nanoparticles carriers in 

addition to loading and performing triggered release of the drug 

molecules.
19 

Therefore, it’s imperative to inspect the interaction of 

the developed system with serum protein. We have systematically 

investigated the interaction of Dox-GNP conjugate with human 

serum albumin (HSA) by monitoring the changes in the 

hydrodynamic size of the nanoparticles. It is observed that 

hydrodynamic size of nanoparticles increased only by 12 nm as a 

result of protein nanoparticles interaction (Fig. 2a). A red shift of 6 

nm in the SPR band of the Dox-GNP conjugate upon equilibration 

for 2 h with HSA also supports the increase in the hydrodynamic 

size observed in the DLS measurements (Figure S10, Supporting 

Information). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: (a) UV-vis Spectra of Dox (curve 1) and Dox-GNP (Curve 2), (b) 

Kinetics of Dox-GNP  conjugate formation monitored by the 

absorption spectra after regular time interval of 30 minutes  (inset 

shows Dox-GNP synthesis by recording surface plasmon at 525 nm) 

(c) TEM image of Dox-GNP conjugate and (d) Steady state 

fluorescence of Dox and Dox-GNP conjugate showed a complete 

quenching of fluorescence in the conjugated system. 

On contrary, the citrate coated GNP (without DOX conjugation), 

under similar condition, showed multi-layered protein adsorption 

with around ~60 nm increment in their hydrodynamic diameter 

(inset Fig. 2a). The secondary structure of HSA was unperturbed by 

the Dox-GNP conjugate as evident from circular dichroism 

spectroscopy (Figure S11, Supporting Information). The practical 

applicability of the synthesized system is investigated by monitoring 

the in-vitro release of Dox and the cell viability assay in the cancer 

cell line. The data is compared with the free Dox molecule. It is 
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observed that ~ 80 % of free Dox is released in first 2 h, whereas the 

synthesized conjugate system showed sustained release of bound 

Dox in 10 mM PBS buffer of pH 7.4, 6.6 and 5.0. The release pattern 

of conjugated system showed an initial burst for first 10 h, and then 

a sustained release followed up to 72 h. 

The loosely bound drug might release fast at the initial stage 

followed by its sustained release. The cumulative release of Dox (%) 

from Dox-GNP conjugates at pH 7.4, 6.6 and 5.0 is almost similar 

which could be of additional advantage for drug delivery, as the 

system is indifferent to the acidic extracellular and intracellular 

environments of tumors (Fig. 2b). However, the drug release at pH 

5.0 is comparatively higher for initial 20 h. This could be due to the 

protonation of the GNP surface bound –NH2 group of Dox at lower 

pH and hence release of drug from the GNP surface.  

 

 

 

 

 

 

 

 

Fig. 2: Time dependent kinetics of the protein corona formation (a) 

around the synthesized Dox-GNP conjugate, and inset a, around the 

citrate coated GNP (b) Time dependent study of the percentage 

release of Dox from the surface of the synthesized Dox-GNP 

conjugated nanoparticles at 7.4 and 6.6 and in the presence of HSA  

at pH 7.4 (c) GNP fluorescence spectra of free Dox used during 

dialysis (curve I) and Dox released from Dox-GNP conjugate after 80 

h of dialysis (curve II),(inset c) fluorescence recovery from Dox-GNP 

conjugate by dialysis method at every 10 h interval and (d) cell 

viability of MDA-MB-231 cells after treatment with free Dox and 

Dox-GNP conjugate at varying concentration, Dox and Dox-GNP 

conjugate were incubated with cells for 72 h at 37°C. Value shows 

the mean ± SD of two independent experiments. Treated groups 

showed statistically significant differences from the control group 

by the Student’s t-test(*P< 0.05) 

 

Around 70 % fluorescence recovery was also observed after 80 h of 

dialysis (Fig. 2c). This result also supports the observation that SET is 

mainly responsible for fluorescence quenching of Dox. The release 

of fluorescent drug molecule can be used in tracking the path of 

released drug in bio imaging studies without using any additional 

fluorophores. Various reports are available on different release 

profile of Dox from nano-biotherapeutic agents such as 

multifunctional hybrid silica nanoparticles (80%, 25 h),
20

 PEG–GNP 

(80%, 48 h)
7
, PEG-Dox system

21 
(20%, 80 h), etc. It is evident from 

the literature that even after multistep functionalization of 

nanoparticles, efficient and sustained release of the drug is hard to 

accomplish. 

Some reports show that the cumulative release and the sustained 

release behavior of Dox is further compromised in the complex 

biological medium.
22 

Therefore, the in-vitro release (at physiological 

pH) of the bound drug in presence of HSA protein (HSA-Dox-GNP 

conjugate) is also checked. As shown in Fig. 2b, the cumulative 

release of Dox from the HSA-Dox-GNP conjugate system is ~ 57% in 

90 h at room temperature. This result suggests that the monolayer 

formation of HSA protein around Dox-GNP conjugate system 

increases the residence time of the drug and insures sustained 

release. Further, the antitumor efficacy of the Dox-GNP conjugate is 

examined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) colorimetric assay using breast 

cancer cell line (MDA-MB-231). The viability of the cells after 

exposure to free Dox and Dox-GNP conjugate for 24, 48 and 72 h is 

depicted in Figure S12, Supporting Information. It is evident from 

the results, that about 40 % of cells are alive after being treated 

with free Dox for 24 h. In contrast, the viability of the cells is 48 % 

even after 72 h of treatment with Dox-GNP conjugate. These results 

indicate that the bioavailability of Dox is increased upto 72 h in the 

case of Dox-GNP conjugate.  
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Fig.3: Confocal images of MDA-MB-231 cells when incubated with 

Dox-GNP conjugate for 0 h, 24 h, 48 h, and 72 h at 37 
o
C (a = cell 

under bright field, b = cell merge image).    

The concentration causing death of 50 % cell (IC50 value) is also 

determined for free drug and the Dox-GNP conjugates against 

MDA-MB 231, in a dose dependent manner. The IC50 values for Dox 

and Dox-GNP conjugate are found to be 2.23 and 5.65 µM, 

respectively (Fig. 2d & S12b). ). Finally the cellular uptake efficiency 

and intracellular distribution of Dox-GNP conjugates have been 

monitored in MDA-MB-231 cells.  To this endeavor, the cells were 

incubated with Dox-GNP conjugate for 24, 48 and 72 h, 

respectively. The confocal images in Fig. 3 show that with increasing 

the incubation time, the uptake efficiency of the released drug from 

the conjugate is increased. For example, the number of fluorescent 

spots and as well as the intensity is maximum after 72 h of 

incubation, while no fluorescence was observed at 0 h of 

incubation.
24

  These results suggests that the loaded Dox can be 

released efficiently inside the cells and the released Dox has 

maintained its activity during the synthesis process. However, the 

activity of the Dox-GNP conjugate is lower as compared to the free 

Dox. This could be due to the difference in the uptake mechanism 

of the pure drug from that of the conjugated drug system. The Dox-

GNP conjugates are internalized by the cell through endocytosis 

followed by endo-lysosomal escape and subsequent drug 

distribution in the cytosol and nucleus.
24-26

 While free Dox is 

internalized by passive diffusion, which is very fast process as 

compared to endocytosis process.
10

 This slow release of the drug 

from the nanoparticle conjugate could be of extra advantages as it 

increases the bioavailability of drug, for improving the cell 

cytotoxicity. 

Conclusions 

In brief, this study reports a new, simple one pot synthesis of Dox- 

GNP conjugates which can be used for drug delivery without further 

processing. The terminal –CH2OH group of Dox takes part in GNP 

formation under basic conditions. The synthesized nanoparticles 

are quite stable under physiological pH and have better stability 

than that of the widely studied citrate capped GNP. The excellent 

drug release profile and the cell viability viability and cellular uptake 

efficiency data shows that the synthesized conjugates hold good 

potential for use as an efficient drug delivery system even in the 

complex biological matrix. 
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