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Abstract Application of nanoparticles in drug delivery has become an emerging phenomenon.

This is typically achieved either via custom made nanoparticles or through the functionalization

of pre-synthesized nanoparticles with the pharmaceutically active ingredients. In this study, Prega-

balin, which is the active pharmaceutical ingredient of commercially available drug Lyrica, is used

to functionalize pre-synthesized gold nanoparticles (AuNPs). The work was divided into two parts.

The first part determined by synthesis of AuNPs. The second part was achieving conjugation of the

AuNPs with Pregabalin to obtain nanocomposites (AuNPs-PGN). AuNPs formed were nanosized,

spherical in shape, with a particle size ~35 nm. The probable nanocomposite formation takes place

by conjugation between AuNPs and the carboxyl group (COOH) of Pregabalin.
� 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recent advancements in the field of nanotechnology, a scien-

tific multi-disciplinary field (Nasrollahzadeh et al., 2019), for
the development of nanomaterials for various applications,
including the competent transportation of drug molecules led

to the development of nanomedicines (Majeed et al., 2019).
Generally, nanomedicines deals with drug delivery
applications with an emphasis on the applications and
physio-chemical properties of the primary organic nanocarri-

ers (dendrimers and liposomes) and inorganic nanocarriers
(quantum dots, carbon nanotubes and gold nanoparticles)
(Paul and Sharma, 2020). The inorganic nanocarriers, mostly

nanoparticles (NPs) that have distinctive properties of display-
ing higher surface area to size, volume ratio, structure like rod
or spherical etc. owing to which they are being extensively used

(Menon et al., 2017), which is clearly evident by the gradual
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increase in the number of nanoparticles based drugs over the
last couple of decades (Fan et al., 2016; Raza et al., 2019;
Sahoo et al., 2017). They have made huge impact on drug

delivery, as these materials have unique ability to enhance var-
ious properties of therapeutic carriers including bioavailability,
solubility and immunogenicity etc. due to their physicochemi-

cal properties that enhance their interactions with various bio-
macromolecules and cellular moieties (Gao et al., 2018; Shi
et al., 2017).

However, among the various nanoparticles that have been
reported for the medicinal applications, the Au NPs have
attracted the spotlight particularly due to the combination of
unique physical, chemical and optical properties, which has

been tremendously exploited in various fields including medi-
cine, and advanced nano-biomedical applications (Blanco
et al., 2015). In particularly, the AuNPs are applied to imag-

ing, photo thermal therapy, sensing, antimicrobials and drug
delivery (Küünal et al., 2018). Mainly, AuNPs possess great
potential in drug delivery, as they enhance the drug concentra-

tion at the infected sites. Moreover, they are capable of deliv-
ering several types of drugs molecules, recombinant proteins,
vaccines, or nucleotides into their targets with control release

mechanisms via biological stimuli (internal) or light activation
(external) (Kong et al., 2017). They can be specifically engi-
neered to reduce the toxicity of the drug and also lower the
dose-limiting side effects of various active pharmaceutical

ingredients (APIs) (Dreaden et al., 2012; Pardo et al., 2018;
Han et al., 2007). Nevertheless, only few studies have been
reported on the direct conjugation of NPs with commercial

drugs for enhanced drug delivery. For instance, Saha et al.,
directly conjugated AuNPs with various antibiotics such as
ampicillin, streptomycin and kanamycin and in vitro evalua-

tion of the nanocomposites for their antimicrobial activities
was carried out (Saha et al., 2007).
Scheme 1 Schematic representation of the synthesis of AuNPs using

AuNPs-PGN nanocomposites.
Lyrica is a pharmaceutical compound, consisting of prega-
balin (PGN), an anti-seizure drug that binds to alpha2 delta
auxiliary subunits of voltage-gated calcium channels. The drug

slows down impulses in the brain and affects the chemicals that
send pain signals across the nervous system. In a chemical
sense, it has the structure (as shown in Scheme 1) that is an

alpha-2-delta ligand, that is believed to work by calming
hyper-excited neurons. Hence, in this study, we have demon-
strated the synthesis of AuNPs using tri sodium citrate as

reducing agents and directly conjugated it with PGN to yield
AuNPs-PGN nanocomposites (Scheme 1).

2. Materials and methods

2.1. Materials

Tetrachloroauric(III) acid trihydrate(HAuCl4�3H2O, 99%)
was purchased from Sigma-Aldrich (USA), Tri-Sodium citrate
dehydrate (Na3C6H5O7�2H2O, 99%) was obtained from BDH-

AnalaR limited poole (England), Sodium hydroxide (NaOH,
98%) was purchased from Loba Chemie (India), High purity
pregabalin powder was supplied from Jazeera Pharmaceutical

Industries (KSA) and deionized (DI) water from a Millipore
Milli-Q system which was used in all experiments.

2.2. Methods

2.2.1. Synthesis of AuNPs by using trisodium citrate

An approach used in this experiment depends on AuNPs dis-
persion in water is prohibited by electrostatic stabilization.
The work has been implemented as follows, 10 mL of a
1 mM HAuCl4 aqueous solution in a round bottom flask

and heated to boiling point. A 1 mL of a 1% solution of
tri sodium citrate as reducing agents and their use in preparation of



Fig. 1 UV-Vis spectra of the as-synthesized AuNPs using

trisodium citrate.

Fig. 2 UV-Vis absorption spectra of PGN-Na.
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trisodium citrate dihydrate was added to the boiling solution
of HAuCl4. The reaction done under constant stirring with a
magnetic bar. The nanoparticles formation is achieved when

the solution turns deep red color. The color transformation
clearly indicates the formation of gold nanoparticles.

2.2.2. Preparation of AuNPs-PGN nanocomposites

The functionalization of the AuNPs was carried out using the
active molecules of Lyrica, which is Pregabalin to form
nanocomposites. The nanocomposite was prepared using

AuNPs synthesized using Trisodium Citrate. The nanocom-
posite was prepared, at room temperature by dispersing
1.9 mg of AuNPs in 2.0 mL DI water. The sodium salt of

PGN (PGN-Na) was prepared by preparing 98% NaOH by
dissolving 0.05 g NaOH in 4.0 mL distilled water, to which
0.2 g of pregabalin (PGN) was added gradually to the solution

until the whole PGN amount disappeared, which indicates the
formation of PGN-Na. Later, 2.0 mL of (PGN-Na) sample
was added to 2.0 mL of dispersed AuNPs. The obtained solu-
tion was put on magnetic stirrer, and covered with aluminum

foil. The solution was stirred until the complete consumption
of AuNPs in the solution, and the progress of the same was
monitored by UV-Vis spectroscopy.

2.3. Characterization

UV-Vis spectrophotometer (Perkin Elmer lambda 35, Wal-

tham, MA, USA) was used to measure the optical measure-
ments of the as-synthesized AuNPs-PGN nanocomposite.
FT-IR measurements were performed on a Perkin Elmer,

1000 FT-IR spectrometer (Waltham, MA, USA). The surface
morphology and the elemental composition of the samples was
determined by scanning electron microscopy (SEM) and
Energy Dispersive X-ray Analysis (EDX), which were carried

out using Jeol, JED-2200 series (Japan). Transmission electron
microscopy (TEM) measurement was carried out using Jeol
TEM model JEM-1011 (Japan) at 100 keV to determine the

shape and size of nanoparticles and confirm the formation of
nanocomposites.

3. Results and discussion

3.1. UV-Vis analysis

Initially, the formation of AuNPs was confirmed using UV-
Vis spectroscopy. Fig. 1 shows the UV-Vis spectra of AuNPs

using trisodium citrate. UV-Vis spectrometry measures the
light absorbed by a medium at wavelengths in the ultraviolet
and visible bands. The sample is irradiated with light of iden-
tified wavelength and intensity and the intensity of the trans-

mitted light is measured. In present study, the absorption of
AuNPs was measured using a single beam spectrophotometer
and absorption maxima was noted at different wavelength

(400–600 nm). Metallic nanoparticles manifest absorption
peaks at the wavelengths consistent to plasmon excitation.
The surface plasmon resonance of AuNPs showed a single

absorption peak between 500 and 550 nm in the visible light,
and show dense absorption of visible light around 522 nm.
This provides bright red color of AuNPs, this color varies

depending on their size.
The AuNPs functionalization was carried out using the
active molecules of Lyrica, which is Pregabalin (PGN) to form

a nanocomposite. Primarily the AuNPs conjugation with Pre-
gabalin was monitored by UV–Vis absorption spectroscopy.
The UV–visible absorption spectra for PGN-Na yields

kmax = 200 nm shown in Fig. 2. The UV–Vis absorption
spectras obtained after the addition of PGN-Na to AuNPs
are given in Fig. 3, and the readings are recorded at regular
intervals, which depicts the gradual changes in the absorption

spectra upon complexation of PGN-AuNPs. The absorption
spectra immediately measured after adding PGN-Na to
AuNPs and the reading is recorded as 0 h, which gives an

absorption max at around 522 nm depicting the presence of
un-complexed AuNPs in the sample.

However, the absorption spectra of the sample measured

after 24 h and 48 h of adding PGN-Na to AuNPs, shows that
is a slump in the intensity of absorption max i.e. ~522 nm indi-
cating that the progress of conjugation of PGN-AuNPs

nanocomposite and the presence of AuNPs in the sample.
The absorption spectra obtained after 72 h of adding



Fig. 3 UV-Vis absorption spectra of gradual formation of

AuNPs-PGN nanocomposites. Fig. 5 FTIR spectra of Pregabalin (PGN).

Fig. 6 FTIR spectra of PGN-Na.

AuNPs-PGN
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PGN-Na to AuNPs reveals that AuNPs have completely com-

plexed with PGN-Na, that is evident from the disappearance
of peak at absorption max of ~522 nm completely. Fig. 3 sig-
nifies the comparative absorption spectra recorded at intervals

i.e. 0 h, 24 h, 48 h and 72 h of adding PGN-Na to AuNPs and
formation of AuNPs-PGN nanocomposites.

3.2. FT-IR analysis

Fig. 4 shows the FT-IR spectrum of as-synthesized AuNPs.
The evidence of the surface functionalization of AuNPs by
citrate ions was obtained by FT-IR measurements. The char-

acteristic peaks at 1385 and 1595 cm�1 (Fig. 4) associated to
the symmetric and anti-symmetric stretching of COO�. These
characteristic peaks confirm the interaction between the

AuNPs and citrate ions. The peak at 3427 cm�1 corresponds
to hydroxy group and the peak at ~2933 cm�1 associated to
asymmetrical stretch of CH. The formation of AuNPs, reveals

that the citrate ions play a dual role of reducing the Au(+3) to
Au(0) as well as stabilizing/capping it as confirmed by its exis-
tence on the surface of AuNPs.

FT-IR spectra of PGN (Fig. 5) was carried out to find out

the functional groups of presents, it indicated the existence of
Fig. 4 FT-IR spectra of the as-synthesized AuNPs.

Fig. 7 FTIR spectra of AuNPs-PGN nanocomposites.
carboxyl group (ACOOH), with strong signal at 2700 cm�1,
and amine group (NH2) with a weak signal at 1600 cm�1.
However, the PGN is dissolved in NaOH in order to prepare
sodium salt of PGN, wherein the carboxyl group (ACOOH)



Fig. 8 SEM micrographs of the as-synthesized AuNPs.
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gets converted to (ACOONa), and amine group, is more free in
the medium, so they can absorb IR more effectively, so the

absorbance is enhanced, and became more effective at the
two wavenumber values, i.e. signals at 2700 cm�1 and
1600 cm�1, as shown in Fig. 6.

From the FTIR spectra of AuNPs-PGN nanocomposite
(Fig. 7), it is clear that there is no presence of the
Fig. 9 SEM micrographs of the AuNPs-PGN

Fig. 10 (a) TEM image of the as-synthesiz
2700 cm�1, functional groups of carboxyl group totally, and
amine group (ANH2) signal became very weak at 1600 cm�1.
This indicates the nanocomposite formation takes place by

the conjugation between AuNPs and the carboxyl group
(ACOONa). The decline in the signal intensity of amine group
(ANH2) could be attributed to the additional conjugation of

PGN-Na with the lone pair of electron from ‘N’ atom of the
–NH2 group to the vacant orbitals of Au0 to yield a more
stable covalent linkage, yielding a nanocomposite with

enhanced stability.
This is in accordance with the previously reported studies

wherein it was observed that covalent conjugation is achiev-
able through reaction between gold nanoparticles and hetero

atoms (Zhao et al., 2013). Moreover, for an easily modifiable
surface that can be selectivity geared towards application
specific targets, carboxyl (ACOOH) functionalized gold

nanoparticles give researchers the power to maximize the util-
ity of AuNPs (DeLong et al., 2010).

3.3. Scanning electron microscopy

The surface morphology of the as-synthesized AuNPs using
trisodium citrate was investigated using scanning electron
nanocomposites (a) 1 mm and (b) 10 mm.

ed AuNPs and (b) EDX of the AuNPs.



Fig. 11 TEM images of (a) AuNPs and (b) AuNPs-PGN Nanocomposites.
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microscopy (Fig. 8). SEM micrograph of the AuNPs suggest
that the morphology of the AuNPs are well defined spherical

in shape. In addition, SEM micrograph also showed that the
surface of the AuNPs were very homogeneous without any
apparent phase separation.

SEM micrographs of the AuNPs-PGN nanocomposites are
shown in Fig. 9. This figure suggests that the Pregabalin cas-
ings the AuNPs completely, indicating complete conjugation

between them.

3.4. Transmission electron microscopy and energy dispersive X-
ray spectroscopy

The TEM images of the AuNPs synthesized using trisodium
citrate exhibited size and shape as shown in Fig. 10(a). The
TEM images evidently shows that the AuNPs are nanosized

and spherical in shape with a particle size of ~ 35 nm. Further-
more, the elemental composition of the as-synthesized AuNPs
was also determined by energy-dispersive X-ray spectroscopy

(EDX), which discloses the elemental composition of the
AuNPs as shown in Fig. 10(b). The intense signal at 2.18,
9.6 and 11.5 keV strongly recommends that Au was the major

element, which has an optical absorption in this range due to
the surface plasmon resonance. It was also illustrious that
other signals were also found in the range 0.0–0.5 keV, which
represent the typical absorption of oxygen and carbon. This

EDX analysis confirms the formation of AuNPs.
Comparative TEM images of the AuNPs and AuNPs-PGN

nanocomposites are shown in Fig. 11, from which it can be

observed that the AuNPs surface is completely covered with
PGN indicating an remarkable conjugation takes place
between the AuNPs and PGN to form the AuNPs-PGN

nanocomposites.

4. Conclusion

Herein we report the successful preparation the nanocompos-
ites of AuNPs-PGN, an anti-seizure drug. The UV–Vis
absorption spectra of samples of AuNPs and PGN-Na

revealed that a complete formation of nanocomposite takes
place in 72 h. SEM and TEMmicrographs of the nanocompos-
ites of AuNPs-PGN suggested that the PGN completely covers
the surface of the AuNPs indicating the excellent conjugation.
Fourier transform infrared spectroscopy (FTIR) also con-
firmed the functional groups of PGN on the surface of AuNPs,

also indicating the formation of nanocomposites. It also con-
firmed that the conjugation takes place by the interaction
between the –COONa functional group of PGN-Na and addi-

tional stability is augmented to the nanocomposite by the
donation lone pair of ‘N’ atom from the –NH2 group and
AuNPs to yield a more stable covalent linkage in the

nanocomposite, which was confirmed by the partial absence
of amine group (NH2) peaks in the FT-IR spectra. Further
studies into the employment of these nanocomposites for
in vitro and in vivo studies will be carried out and the results

will be reported later.
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