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Abstract The fabrication and characterization of gold (Au)

nanostructured materials draws significant attention because

of their distinctive properties and their technological appli-

cations. The first objective of this study is to fabricate poly-

mer-stabilized Au nanoparticles and nanofilms (PAN)

through a cost effective and green synthetic methodology. In

this study, the gold trication (Au3?) can be spontaneously

converted into metallic gold atom using a non-toxic reductant

(ascorbic acid). The ultrafine Au clusters were formed and

stabilized through metallic bonds in the colloidal suspension,

which was then deposited on a micro-glass or polymer-bead

substrate to prepare thin films. It was found that ascorbic acid

was the best reducing agent due to its rapid rate, spontaneity of

reaction, and its non-toxic nature. In order to prevent aggre-

gation of the nanoparticles, a dispersing agent (gum Arabic)

was used. The second objective of this study was to analyze

the PAN using a number of state-of-the-art instrumentation

techniques and analytical approaches, such as X-ray powder

diffraction (XRD), atomic force microscopy (AFM), scanning

and transmission electron microscopy (SEM and TEM),

ultraviolet–visible (UV–Vis) spectroscopy, and ZetaPALS.

These techniques were applied to evaluate specific properties

of the PAN, such as characterization of its crystalline phase,

surface topology, characteristic plasmon, particle size distri-

bution, and stability. From this study, it can be concluded that

the ultrafine Au nanoparticles and uniform films were

obtained using the green chemistry method. The ultrafine Au

particles are highly stabilized and monodispersed as demon-

strated by their high absolute value of zeta potential.

Abbreviations

Au Gold

GA Gum arabic

NPs Nanoparticles

PAN Polymer-stabilized Au nanoparticle and

nanofilm

XRD X-ray powder diffraction

AFM Atomic force microscopy

SEM Scanning electron microscopy

TEM Transmission electron microscopy

EDS X-ray energy dispersive spectroscopy

UV–Vis Ultraviolet visible spectroscopy

Introduction

Nanoscale science and technology are inherently multidis-

ciplinary fields, which have drawn significant attention due

to their uses in a diverse range of applications, such as

electronics, nanomechanics, sensors and actuators, water

and air purification, green energy resources, drug delivery,

cancer diagnosis, and medicine [1–3]. The term nanotech-

nology was popularized by Drexler [4, 5] who described the

ability to build products by molecular manufacturing. The

fundamental objective of using a nanotechnological

approach is to manufacture, control, design, and study

nanostructures and nanodevices with dimensions of less than

100 nm [6–8]. Engineered nanomaterials have different
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properties relative to their macroscale counterparts and thus

can be used, for instance, as building blocks that can spon-

taneously self-assemble into ultratiny spheres, tubes, curved

sheets, and ultrathin films [9–11]. This study focuses on the

fabrication and characterization of polymer-stabilized Au

nanoparticles and nanofilms (PANs). One application of the

PAN composed nanodevice is in the detection and possible

neutralization of viruses and bacteria [12]. The precise

properties of the synthesized nanomaterials depend on the

reduction of particle size, monodispersity, stability, and

surface topology [13–15]. The focus of this study is on gold

nanoparticles and nanofilms, which were prepared by a

bottom-up green colloidal method and stabilized using gum

Arabic (GA), which is a mixture of saccharides and glyco-

proteins [16–18]. The reason for using this polymer is that

GA acts as a non-toxic dispersing agent and mainly prevents

the particles from aggregation [19–21] which lends to opti-

mized device performance.

The noble metal (such as gold) displays properties,

which are significantly different from those of individual

atoms, surfaces, or bulk materials [22, 23]. For example,

gold metal is non-luminescent and lacks catalytic activity,

whereas gold colloidal nanoparticles (NPs) exhibit visible

luminescence and catalytic activity [24, 25], which can be

exploited in nanocatalysis due to their large specific surface

areas and in electronic devices for non-linear optics [26,

27]. The presence of free moving electrons in their con-

duction band gives rise to the surface plasmon band which

is dependent on particle size [28, 29]. NPs with diameters

smaller than 2 nm have their surface plasmon band strongly

diminished because of the low electron density in the con-

duction band [30]. To synthesize these nanoscale metallic

gold, a number of methods have been developed over the

years. These methods rely on photochemical and chemical

reductions, electrochemical methods, and radiolytic meth-

ods to prepare nanoscale Au [31–33]. However, one of the

major disadvantages is that the Au-NPs aggregate due to the

Van der Waals force interactions between Au atoms [34].

These interactions can be minimized through the use of a

colloidal chemistry approach [35]. The colloid method

displays advantages of formation of ultrafine particle size,

high specific surface area, long triple phase boundary,

control of composition at molecular scale, high homoge-

neity, low cost, and ease of preparation [36, 37]. From our

current investigation, it can be demonstrated that Au can be

formed by reduction of gold trication (Au3?) using ascorbic

acid. This reaction is preferred because of its rapid reaction

rate, high reproducibility, and its non-toxic property as a

reducing agent. The NPs aggregation can be eliminated

through the incorporation of GA.

The study has two broad goals: (a) to provide guidance

for cost-effective and green synthesis of PANs, which can

be used in the diagnosis of cancer (a future paper will

discuss Au nanosensor for cancer detection) and, (b) to

characterize the synthesized nanomaterials and the mech-

anisms of formation of the nanoscale Au clusters using

state-of-the-art analytical techniques.

Experimental procedures

All solvents and chemicals were purchased from VWR

International (West Chester, PA) unless otherwise speci-

fied. Double distilled water (Milli-Q) was used in the

preparation of the colloids and PANs.

The experimental procedure was split into two sections:

(1) fabrication of polymer-stabilized Au nanoparticles and

nanofilms; and (2) characterization of their microstructure.

The PANs were prepared using green colloidal chemistry,

and the colloidal suspension was deposited on the surface of

the substrate (such as glass slides or polymer beads). The

characterization of PANs was conducted using X-ray pow-

der diffraction (XRD), atomic force microscopy (AFM),

scanning and transmission electron microscopy (SEM and

TEM), ultraviolet visible spectroscopy (UV–Vis), and light

scattering technique (ZetaPALS).

Fabrication procedure of PAN

A green and cost-effective colloidal chemistry approach

was applied in the fabrication of the PAN. For the synthesis

of PANs, the reducing agent, (ascorbic acid (C6H8O6)) and

starting materials (hydrogen tetrachloroaurate (III) trihy-

drate (HAuCl4�3H2O)) were simultaneously double injected

into the aqueous solution containing the dispersing agent

(GA) to prevent the particle aggregation. In the presence of

excess amount of C6H8O6, HAuCl4 (acting as the limiting

reactant) was completely reduced to Au metal from Au3?,

which formed a colloidal suspension in aqueous solution.

The reaction was carried out at 60 �C and under high agi-

tation (1,000 rpm) (Fig. 1). The Au colloid was heated until

de-hydrolysis of GA was observed (*85 �C). The reaction

mixture was thoroughly rinsed with ultrapure water

(25 mL) and absolute ethanol (25 mL), alternatively. Vac-

uum filtration was undertaken to obtain Au nanoparticles,

which were dried at ambient temperature for 12 h.

For the synthesis of Au nanofilms, the above approach

was utilized until a colloid was formed. A 50 lL aliquot of

the colloid was deposited onto the surface of a substrate to

form a thin film, which was allowed to dry at ambient

temperature (Fig. 2a).

Characterization of PAN

An Ultima III XRD with copper (Cu) diffractometer

and visual XRD Jade 7 software (Rigaku Americas
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Incorporation, Houston, TX) was utilized to determine the

phase structure and crystalline size. The operating voltage

and current were controlled at 40 kV and 44 mA, respec-

tively. A NanoScope IIIa AFM (Veeco Instruments

Incorporation, Plainview, NY) was used in taping mode to

image the surface topology and roughness of the PAN. To

increase the signal-to-noise ratio, the scan rate of 0.587 Hz

was applied. The morphology and particle size distribution

of the PAN was determined using a Quanta 600 FEG field

emission SEM (FEI Company, Hillsboro, Oregon) equip-

ped with X-ray energy dispersive spectrometer (EDS). A

field emission gun assembly with Schottky emitter source

was used. The voltage was controlled at 5 kV and the beam

current at 100 nA. The morphology, particle size distri-

bution, crystallinity, and composition of the PAN were also

determined using a Tecnai F20 G2 TEM (FEI Company,

Hillsboro, OH) equipped with EDS and post-column Gatan

Image Filter. The PAN particles were dispersed in absolute

ethanol and deposited onto the carbon-coated copper grid

to prepare the TEM specimen. Magnifications were cali-

brated using standards of commercial cross-line grating

replica and silicon carbide (SiC) to obtain lattice images.

The TEM images were taken at a direct magnification of

six-hundred thousand magnitudes with the point resolution

of 0.2 nm. The chemical composition was determined by

EDS. Perkin Elmer Lambda 35 UV–Vis, (PerkinElmer,

Fremont, CA) was employed to indentify the Au formation

with a scanning range of 200 to 800 nm and concentration

of the colloidal suspension of 0.001 M. A ZetaPALS

(Brookhaven Instruments Corporation, New York, USA)

was employed to measure the particle size distribution and

the zeta-potential to evaluate the stability and electro-

chemical behavior of the Au colloidal suspension. The

ZetaPALS utilizes analysis phase light scattering to

measure the electrophoretic mobility of charged colloid.

The software (ZetaPALS 31311) then converts these

Fig. 1 Nanoscale gold particles derived by green-chemistry method

Fig. 2 a Simplified diagram of nanoscale gold thin films and Au-coated polymer beads. b Topology and height roughness analysis: 2D imaging.

c Topology and height roughness analysis: 3D imaging. d Topology and height roughness analysis: cross-sectional analysis
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electrophoretic mobility data to zeta-potential values based

on the Smoluchowsky mathematical model.

Results and discussion

Reduction and oxidization (redox) reaction

The redox reaction between tetrachloroaurate (III) trihydrate

(HAuCl4�3H2O) and (R)-3,4-dihydroxy-5-(S)-1,2-dihydr-

oxyethyl)furan-2(5H)-one (ascorbic acid, C6H8O6) is shown

in the following Eq. 1 and 2. The Au3? in the AuCl4
-

complex ions was reduced to Au0, by ascorbic acid (also

known as vitamin C), a bio-reducing species which in turn

was oxidized. The following equations are the half redox

reaction and its associated standard reduction potential.

HAuCl4 aqð Þ þ 3e� ! Au
�

sð Þ þ Hþ aqð Þ þ 4Cl� aqð Þ
E
� ¼ þ0:99 V ð1Þ

C6H8O6 aqð Þ þ 2e� ! C6H6O6 aqð Þ þ 2Hþ aqð Þ
E
� ¼ þ0:06 V ð2Þ

According to these standard reduction potentials of the two

half reactions, the overall reaction is determined to have a

potential of 0.93 V, which indicates that the redox reaction

between HAuCl4 and C6H8O6 occurs spontaneously. The

released proton from reaction (1) was responsible for the

resulting decrease in the pH.

AFM analysis of PAN

The 2D, 3D images, and cross-sectional analysis of the PAN

are shown in Fig. 2b–d, respectively. The AFM results of both

surface texture and surface cross-sectional measurement

indicates that a distinguished grain boundary and well-devel-

oped reticulate were formed. The compact and uniform film

shows the presence of smooth-terrace feature (2D) formed by

polycrystalline particles, with areas averaging approximately

2 lm by 2 lm. The quantitative parameters of average surface

roughness (Ra) of 8.74 nm and root-mean-square (Rq) rough-

ness of 19.92 nm were obtained over this scan area. The sur-

face distance was noted to be 2.82 lm, and the horizontal

distance 2.81 lm, respectively. The vertical distance, which

represents the uniformity of the PAN, was determined to be

64.45 nm. From cross-sectional analysis results, it is demon-

strated that the distance between the crest and trough of the Au

ultrathin film is approximately 43.22 nm, which indicates that

a uniform nanoscale thin film was obtained.

XRD analysis of PAN

XRD was used in providing fingerprint analysis for the

PANs crystal structures. The spectrum was obtained at

fixed incident beam and detector direction to receive spe-

cific reflexing of specimen. Figure 3 displays the XRD

spectra of two representative nanopowders, which were

prepared under the same variables to confirm the repro-

ducibility of the synthetic method utilized. The XRD

spectra aligned well with that of standard face-centered

cubic (fcc) Au structure (Jade database PDF No. 000-04-

0784, a = 0.40788 nm), with the frequency of merit

(FOM) of 0.19. This extremely low FOM indicated that the

samples are highly crystalline and well correspond with the

standard. The average crystallite size (strictly coherence

length) was calculated to be approximately 20–30 nm

Fig. 3 XRD diffraction of Au

metal derived from colloidal

chemistry (two specimens

shown)
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(Table 1) for plane (111) using full width at half maximum

(FWHM) using the Scherrer Eq. 3.

Dhkl ¼
kk

b cos h
ð3Þ

where D is the crystallite size (nm), k is a dimensionless

constant of 0.9 for spherical particles, k is the characteristic

wavelength of copper Ka1 (0.15418 nm), b is the full width

at half maximum (rad), and h is the diffraction angle (�). The

crystallinity (or dimensionless crystalline index) of various

specimens was 1.20–1.60 compared with the average size

obtained from SEM or TEM analysis using Eq. 4,

Icry ¼
Dhkl XRDð Þ

Dp SEM; TEMð Þ ð4Þ

where Icry is the crystallinity, Dhkl is the crystallite size

determined using XRD, and Dp is the particle size deter-

mined from SEM or TEM images.

SEM and TEM analysis of PAN

SEM image (Fig. 4) shows that nanoparticles of PAN are

semi-spherical and their sizes are controlled within the

range of 20 to 30 nm. The particles viewed under the

10,000 magnification indicate that the particles are dis-

tributed uniformly. It was noted that the particles aggre-

gated and were composed of polycrystals with size ranging

from 20 to 30 nm, which is consistent with the XRD results

(see section ‘‘XRD analysis of PAN’’). The particle

aggregation occurred due to the high surface energy of the

nanostructured Au polycrystals which were formed upon

heat treatment, noting that the GA was not present. The

elemental mapping (Fig. 4 inset) indicates that the Au

nanoparticles are distributed on the surface of the substrate

evenly.

The morphological and elemental studies through higher

resolution (HR) TEM technique are shown in Figs. 5 and 6.

HRTEM was used as a complementary technique to SEM,

which revealed that mono-dispersed and highly crystalline

Au NPs were obtained. The Au NPs appearance is near-

spherical with the average particle size from 15 to 20 nm in

diameter. The high-resolution image shows that the lattice

fringe was distinguishable, which also confirms the for-

mation of Au crystals. It can also be concluded that PAN is

highly crystalline from the ring pattern that results from the

polycrystals (insets in Fig. 5). The ring pattern of the PAN

indicated that the Au was well indexed with the standard

metallic pattern, which correlates with the XRD analysis.

Table 1 The crystallite size of various specimens calculated using

the Scherrer equation

# of

samples

Crystallite size

of (111) plane (nm)

TEM average

particle size (nm)

Crystalline

index

1 25.72 22.96 1.12

2 28.64 17.67 1.62

3 19.81 18.69 1.06

4 22.54 21.47 1.05

5 23.10 19.91 1.16

6 20.44 19.28 1.06

7 23.54 19.45 1.21

8 26.85 23.15 1.38

9 24.36 21.00 1.16

10 25.79 20.15 1.28

11 28.02 19.19 1.46

12 23.45 19.54 1.20

13 24.67 20.91 1.18

14 27.06 20.04 1.35

15 20.15 19.19 1.05

16 24.32 19.30 1.26

17 27.99 18.91 1.48

18 19.89 18.94 1.05

19 22.46 21.60 1.04

20 24.65 19.88 1.24

21 23.10 20.09 1.15

22 26.43 19.87 1.33

23 21.53 20.50 1.05

24 22.61 21.74 1.04

25 27.68 18.58 1.49

26 22.89 21.59 1.06

27 25.60 21.16 1.21

28 22.92 19.43 1.18

Fig. 4 main panel SEM morphology study of PAN ((inset) EDS

element composition study of PAN with scale bar (note ‘‘?’’

designated center of sample))
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The EDS spectra of the PAN (Fig. 6) indicated the pres-

ence of the Au and Cu elements, noting that metallic Au

displays two major peaks of La at 9.71 and Ma 2.12 keV,

respectively. The other characteristic peaks of PAN were

obtained, and correlated to the Ka peak which occurred at

2.10 KeV and the Kb peak which occurred at 2.18 KeV,

respectively. The element Cu detected originates from the

sample holder used in this experiment (data not shown).

UV–Vis analysis of PAN

UV–Vis spectra confirmed the Au NP formation. The

absorbance band detected at ca. 550 nm is the character-

istic gold surface plasmon peak. From the UV–Vis spectra

(Fig. 7), it is observed that during the early stage of the

redox reaction, the number of gold particles increases and a

limited aggregation is observed until the procedure is ter-

minated. This result was also in good agreement with our

primary studies on silver nanoparticles [38]. The plasmon

characteristic peak at approximately 550 nm indicated that

metallic gold particles were formed. This observation is

confirmed by the XRD analysis, which also indicated that

the metallic gold was obtained using colloidal chemistry

redox reaction.

Particle size and electrokinetics of PAN

In order to evaluate the stability and electrokinetic behavior

of the PAN colloid, the zeta-potential (also known as

effective surface potential, denoted as f) was measured by

imposing an electrical field (20 mV) across the colloid

particles. The measured f allows an estimation of the

degree of aggregation. It is commonly agreed that the fine

particles have high surface tension during the fabrication

procedure and large absolute zeta-potential. The particle

size distribution and zeta-potential analysis of Au colloidal

suspension is summarized graphically (Figs. 8, 9, 10). The

particle size is ranging from ca. 10 to 15 nm (Fig. 8). This

observation is different from the XRD and TEM/SEM

studies, which indicates that the aggregation occurs after

de-hydrolysis of GA (the dispersing agent) at 85 �C. After

removal of GA, the Au cluster aggregates due to its high

surface energy (Fig. 9). It was also found that the zeta-

potential essentially ranges from -40 to -45 mV

(Fig. 10), which depends on the particle sizes of the PAN.

The magnitude of the measured zeta-potential indicates the

high stability of the colloid. The particles with large

absolute zeta-potential (arising from negatively charged

particles) were able to minimize their aggregation due to

Fig. 5 main panel TEM images of gold nanoparticles (top inset)
lattice fringe ring patterns (bottom inset) shown in the inset

Fig. 6 EDS elemental composition of gold nanoparticles (Cu is from

the copper grid)

Fig. 7 UV–Vis of Au colloidal dispersion. The spectra was taken at

different times of the reaction. (a) 5 min, (b) 10 min, (c) 20 min
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electrostatic repulsion. The particle interaction and double

layer formation is shown schematically (Fig. 11). From the

schematic, it can be observed that the zeta-potential cor-

responds to the electric potential at the conceptual diffusion

layer, which is negatively charged. If this electric potential

exhibits high absolute magnitude value, the repulsion

between particles exceeds the van der Waals long-range

attractive forces, and fine particles will be formed. When

the zeta-potential approaches zero, particles tend to

aggregate when the GA is absent, due to de-hydrolysis.

Under these conditions, the van der Waals attraction

exceeds the electrostatic repulsion; therefore, the Au par-

ticles tend to agglomerate.

Conclusions

The polymer-stabilized Au nanoparticles and nanofilms

(PANs) were developed using cost-effective green colloi-

dal chemistry and evaluated using advanced instrumenta-

tion techniques. The gold nanoparticles (NPs) were

indexed with cubic crystalline phase structure from XRD

analysis. AFM indicates that gold nanofilms were highly

uniform (ca. 43 nm in thickness), with the relative standard

deviation (RSD) of 19.92 nm. It was also concluded from

the SEM and TEM studies that the green synthesized

nanomaterials were composed of near-spherical particles.

The average particle size was 11.3 nm (100%) and

12.6 nm (relative to the most abundant peak at 98%) from

ZetaPALS analysis, whereas the XRD calculation and

SEM images indicated that the particles size was approx-

imately 25 nm. The limited degree of aggregation may be

attributed to dehydrolysis of GA, where the van der Waals

attractive forces are less than the electrostatic repulsive

force with specific zeta-potential (ca.-42.50 mV). The

zeta-potential in turn depends upon particle size.
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Nucleic Acids Res 16:1
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