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Abstract Production of metal nanoparticles using fungi
provides a safe and eco-friendly method superior to the
traditional physical and chemical methods. Metal nanopar-
ticles can be produced biosynthetically by intracellularly,
extracellularly, or both. Extracellular biosynthesis is supe-
rior, as it is void of unnecessary adjoining cell components.
A commonly used fungus Penicillium chrysogenum (the
penicillin producer) has been reported previously to pro-
duce gold nanoparticles intracellularly. In the current work,
P. chrysogenum was used to produce extracellular gold nan-
oparticles when gold chloride ion solution (HAuCl,-3H,0)
was added to the fungal filtrate. These nanoparticles were
characterized to determine the composition, shape, struc-
ture, and particle size.

1 Introduction

A nanoparticle is defined as an aggregate of atoms bonded
together with a radius between 1 and 100 nm (Bhushan
2010). The material properties of nanoparticles are changed
from their bulk properties. When the particle dimension is
reduced from a large size, the properties at first remain the
same. Then, they slowly start to change until the size drops
below 100 nm and great changes occur quickly (Edel-
stein and Cammarata 1996; Gogotsi 2006; Bhushan 2010;
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Hosokawa et al. 2012; Bhushan et al. 2014). Nanoparti-
cles can be classified into metal and non-metal nanoparti-
cles. They have different shapes and sizes (Hosokawa et al.
2012; Bhushan et al. 2014).

The toxic metals, such as Cd, Hg, Pb, and TI, always
produce toxic nanoparticles, which may produce adverse
effects in both plants and animals (Husen and Siddiqi
2014). Many useful metal nanoparticles have been practi-
cally proven. Ag nanoparticles are known to have antibac-
terial, antifungal, and antioxidant properties (Kim et al.
2007; Perera et al. 2013). Au nanoparticles have potential
applications in various fields, such as catalysis, sensor tech-
nology, electronics, biological labeling photonics, biomedi-
cine, and optics (Shipway and Willner 2001; Biswas et al.
2004; Wang et al. 2004; Singaravelu et al. 2007; Briigge-
mann et al. 2014). Au nanoparticles also have applications
in many fields such as cancer diagnosis and therapy, drug
and gene delivery, and DNA and protein determination (Li
et al. 2007; Jain 2012; Perrault 2014). Ag nanoparticles
are widely used as antimicrobial agents in a diverse range
of products such as air sanitizer sprays, pillows, slippers,
respirators, wet wipes, detergents, soaps, shampoos, tooth-
pastes, air filters, coatings of refrigerators, vacuum clean-
ers, washing machines, food storage containers, and cellu-
lar phones (Khaydarov et al. 2011).

Nanoparticles are produced by chemical, physical, and
biological techniques of fabrication. Figure 1 shows the three
major techniques of fabrication of nanoparticles. Chemi-
cal techniques are carried out by precipitation from solution
(Meulenkamp 1998; Chae et al. 2010), reduction process,
which includes the reduction of metal particles to nanoparti-
cles using chemical reducing agents, such as sodium borohy-
dride or sodium citrate (Jana et al. 2000; Cao and Hu 2009),
and chemical vapor deposition (Kong et al. 1998; Kumar and
Ando 2010). Physical techniques used for the synthesis of
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Fig. 1 Fabrication techniques
of nanoparticles, including
chemical, physical, and biologi-
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Name Extracellular/intracellular

Shape and size (nm) Reference

(a) By bacteria (unicellular)
Bacillus subtilis Extracellular and intracellular

Escherichia coli Extracellular and intracellular

Pseudomonas aeruginosa Extracellular
Bacillus licheniformis Extracellular
(b) By fungi (multicellular) and yeast
Saccharomyces cerevisiae (yeast) Extracellular
Penicillium chrysogenum Intracellular

Aspergillus clavatus Intracellular

Trichoderma asperellum Extracellular

Aspergillus flavus Extracellular and intracellular

Irregular and spherical 5-50 Southam and Beveridge (1994)
Deplanche and Macaskie (2008)
Husseiny et al. (2007)

Kalishwaralal et al. (2009)

Spherical < 10 irregular 20-50
Spherical 15 £+ 5
Cubic 10-100

20-60

Diverse 5-100

Triangular 20-35

Spherical 15, triangular 30
Diverse 18 (extra), 22 (intra)

Lin et al. (2005)

Sheikhloo and Salouti (2011)
Verma et al. (2011)
Mukherjee et al. (2012)
Gupta and Bector (2013)

nanoparticles include condensation (Gonzalez et al. 2008),
thermal decomposition (Yang and Aoki 2005), laser irradia-
tion (Dolgaev et al. 2002), electrolysis (Huang et al. 2011),
and diffusion (Murakami et al. 1999). Biological techniques
for the synthesis (biosynthesis) of metal nanoparticles are
carried out extracellularly, intracellularly, or both using bac-
teria, actinomycetes, yeast, fungi, and plants.

Table 1 provides a literature review of biosynthesis of
Au-NPs carried out either extracellularly, intracellularly,
or both using bacteria and fungi. Table la shows exam-
ples using bacteria. Bacillus subtilis produces extracel-
lular irregular and intracellular spherical Au-NPs with
a size range of 5-50 nm (Southam and Beveridge 1994).
Escherichia coli was found to produce extracellular spheri-
cal Au-NPs with a size range of less than 10 nm, and intra-
cellular irregular Au-NPs with a size range of 20-50 nm
(Deplanche and Macaskie 2008). Pseudomonas aeruginosa
produces extracellular spherical Au-NPs with a size range
of 10-20 nm (Husseiny et al. 2007). Bacillus licheniformis
produces extracellular cubic Au-NPs with a size range of
10-100 nm (Kalishwaralal et al. 2009).
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Table 1b shows examples of Au-NPs produced using
fungi. Saccharomyces cerevisiae produces extracellular
Au-NPs with a size range of 20-60 nm (Lin et al. 2005).
Penicillium chrysogenum produces intracellular spheri-
cal, triangular, and rod-shaped Au-NPs with a size range
of 5-100 nm (Sheikhloo and Salouti 2011). Aspergillus
clavatus produces intracellular triangular Au-NPs with a
size range of 20-35 nm (Verma et al. 2011). Trichoderma
asperellum produces extracellular spherical Au-NPs 15 nm
in size, and triangular Au-NPs 30 nm in size (Mukherjee
et al. 2012). Aspergillus flavus produces extracellular Au-
NPs 18 nm in size, and intracellular Au-NPs 22 nm in size
with diverse shapes (Gupta and Bector 2013).

Fungi are believed to be superior to bacteria for bio-
synthesis as they can be separated easily from their broth
media, and are richer in the proteins used in the produc-
tion of nanoparticles. Both extracellular and intracellular
biosynthesis of metal nanoparticles is illustrated schemati-
cally in Fig. 2. For intracellular biosynthesis, positive metal
(Me™) ions enter the cell of the microorganism, where they
become reduced by reductases or reducing substances,
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Fig. 2 Schematic diagram of intracellular and extracellular biosyn-
thesis of metal nanoparticles. Intracellular Me-NPs are formed inside
the living cell. Extracellular Me-NPs are produced outside of the cell.
Extracellular biosynthesis has the advantage of producing more pure
nanoparticles that are void of cellular components

giving rise to Me” atoms that aggregate and deposit as
metal nanoparticles (Me-NPs) inside the cell. For extra-
cellular biosynthesis, reductase enzymes or reducing sub-
stances pass out of the living cell of a microorganism into
the solution of metal ions, where they reduce Me™ ions to
Me? atoms that aggregate to form Me-NPs. Extracellular
biosynthesis of nanoparticles has been exploited in many
applications and is preferable to intracellular biosynthesis
as it has no unnecessary cell components. The ability of
fungi to produce extracellular nanoparticles is due to their
enormous secretory components which are involved in
reduction and biosynthesis (Shankar et al. 2003).

Fungi are a relatively recent addition to the other micro-
organisms used to produce nanoparticles, as they have the
ability to secrete large amounts of enzymes (Navazi et al.
2010; Verma et al. 2011; Mukerjee et al. 2012). Du et al.

(2011) reported that the fungus Penicillium sp. 1-208,
when placed in a concentrated aqueous solution of HAuCl,,
gave rapid extra- and intracellular Au-NPs. Mukherjee
et al. (2001) reported the bioreduction of gold chloride ions
to form Au-NPs using the fungus Verticillium sp. Gold ions
were reduced by enzymes present in the cell wall leading
to the aggregation of Au-NPs. Also, the reduced nicotina-
mide adenine dinucleotide-dependent reductase, released
by Fusarium oxysporum, is responsible for the reduction of
gold ions to Au-NPs (Mukherjee et al. 2002).

Extracellular biosynthesis of Au-NPs had been reported
with Fusarium semitectum (Sawle et al. 2008). Extracellu-
lar biosynthesis of Au-NPs has also been reported with the
thermophilic actinomycete Thermomonospora sp. (Ahmad
et al. 2003). These microorganisms can produce nanopar-
ticles through the remediation of toxic metals by reducing
them under certain conditions (Fortin and Beveridge 2000).
The widely available fungus Penicillium chrysogenum, the
penicillin producer, occurs in nature and is often found in
foods and in the environment (Samson et al. 1977).

Penicillium chrysogenum has been reported to produce
intracellular Au-NPs when gold ion solution is added
(Sheikhloo and Salouti 2011). In the present work, extra-
cellular Au-NPs were produced to provide an easier tech-
nique for gaining more pure Au-NPs free from cellular
components.

2 Experimental procedure
2.1 Production of gold nanoparticles

The lyophilized fungus P. chrysogenum (ATCC 10106,
Fischer Scientific), first was sub-cultured on plates of malt
extract agar medium. This medium contained 20 g malt
extract (61001-518, VWR Intl), 20 g glucose (G8270,
Sigma Aldrich), 1.0 g peptone (J636, Bioexpress), and 15 g
agar (A1296, Sigma Aldrich), all in 1 L sterile distilled
water, and incubated for growth at 28 °C for 3-7 days.
After fungal growth, the fungal biomass was grown aero-
bically in Erlenmeyer flasks of malt yeast peptone glucose
broth medium (MYPG) containing 0.3 % malt extract,
0.3 % yeast extract (23547, Affymetrix Inc), 0.5 % pep-
tone, and 1 % glucose (Sheikhloo and Salouti 2011). The
flasks were incubated at a temperature of 28 °C for 7 days.
The fungal biomass was then separated from the culture
broth by filtration using Whatman No. 1 filter paper (pore
size 11 um) and washed thoroughly with distilled water to
remove medium components. Five grams of fungal bio-
mass fresh weight were suspended in 50 ml distilled water
and incubated for 3 days at 28 °C at a stationary condition.

After incubation, the fungal biomass was separated by
filtration with a Whatman No. 1 filter paper and the filtrate
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was collected. Added to 45 ml of the fungal filtrate were
5 ml of 10 mM gold chloride ion solution (G541, Fischer
Scientific), in order to reach a final concentration of 1 mM
and incubated for 4 days at 28 °C at a stationary condition.
The method is illustrated schematically in Fig. 3.

2.2 Characterization of gold nanoparticles

Au-NPs were characterized using UV—-Visible spectropho-
tometer, transmission electron microscopy (TEM), and
X-ray Diffraction (XRD). The Cary 100 Bio UV-Visible
spectrophotometer was used to run the sample solution
in the range of 400-800 nm, which is the range of visible
radiation with 1 nm resolution. TEM micrographs were
captured on a carbon coated copper grid using FEI Tecnai
F20 S/TEM operating at 200 kV. XRD of gold nanoparti-
cles was carried out using a Bruker D8 advanced diffrac-
tometer (40 kV, 50 mA, CuKal radiation) equipped with a

Fungal inoculum

Incubation \J/ 7 days at 28 C

Fungal growth

Separation | 11 pm pore-size
by filtration \|, filter paper

Fungal biomass

Washing \L with DI water

Fungal biomass
suspended in
distilled water

Incubation for \L 1Filtration using

o 1 pm pore-size
3daysat28"C filter paper

Fungal filtrate

|

Fungal filtrate
+

HAuCI, solution

Incubation for\L 4 days

Formation of Au-NPs
with dark purple color

Fig. 3 Methodology of the fungal biosynthesis of gold nanoparticles
using the extracellular biosynthesis approach
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Lynx Eye position sensitive detector, and a Ge 111 incident
beam monochromator. A scan range of 30-90 26 and a step
size of 0.015 were used.

3 Results and discussion

In this research, P. chrysogenum was grown aerobically in
MYPG broth medium to obtain the fungal biomass. Sus-
pending the fungal biomass in distilled water for 3 days
under stationary conditions allowed the diffusion of some
cellular substances, such as reductase enzymes or other
reducing substances, outside the cell. These cellular sub-
stances can then interact with gold chloride ions, reduc-
ing them to gold atoms, forming nuclei that aggregate to
give Au-NPs. Ahmad et al. (2003) have conducted a same
work to produce Au-NPs by using the thermophilic actin-
omycete Thermomonospora sp. The addition of gold chlo-
ride solution to the fungal filtrate resulted in the abrupt
change in the color of the filtrate from pale yellow to a
faint purple color. This color then intensified gradually
to become dark purple after 4 days of incubation in the
dark. The appearance of the dark purple color observed
in Fig. 4 indicates the reduction of gold ions and forma-
tion of Au-NPs. The dark purple color is due to the col-
lective coherent oscillation of conduction electrons at the
surface of Au-NPs that interact with the electric field of
the incident light, a phenomenon called surface plasmon
resonance (SPR). The intense colors and interesting opti-
cal properties of metal are due to surface plasmon oscilla-
tion when the light strikes the metal electrons (Mie 1908;
Mulvaney 1996).

Color formation for gold nanoparticle production

Reaction
mixture

Fungal filtrate
control

HAuClI,
solution

Fig. 4 Image of color formation for gold nanoparticle production
showing fungal filtrate (pale yellow) as control, HAuCl, solution (yel-
low), and Au-NP suspension (dark purple) (color figure online)



Microsyst Technol (2015) 21:2279-2285

2283

UV-Visible absorption spectrum of
Au nanoparticles
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Fig. 5 UV-Visible absorption spectrum of Au-NPs showing a sur-
face plasmon band characteristic of gold particles, with a maximum
absorption at 570 nm, corresponding to gold based on the spectro-
scopic data of gold in the handbook of basic atomic spectroscopic
data (Sansonetti and Martin 2005)

The UV-visible absorption spectrum of Au-NPs shown
in Fig. 5 reveals a peak of absorption in the visible range
of light, which starts at ~513 nm and increases to reach a
maximum at ~570 nm, corresponding to the surface plas-
mon band of crystalline Au-NPs (Mukherjee et al. 2012).
Mie (1908) was the first to explain this phenomenon
theoretically by solving the Maxwell equation for the

TEM micrographs of Au nanoparticles

absorption and scattering of electromagnetic radiation by
spherical particles. The data agree with the spectroscopic
data of gold (Sansonetti and Martin 2005). The UV-visible
spectrum in lower wavelength region (*400 nm), showing
absorption of UV light, suggests the presence of protein in
solution having aromatic amino acids responsible for the
absorption (Bhambure et al. 2009). The TEM micrographs
shown in Fig. 6 reveal the presence of a large number of
spherical Au-NPs with the majority having the size range of
1-3 nm with a standard deviation of 0.2 nm, and a minority
of the nanoparticles having a size range of 6-20 nm. The
smaller-sized nanoparticles obtained (1-3 nm) are approxi-
mately the same as that recorded by Jamal et al. (2012) for
the chemical synthesis of Au-NPs. The particle size distri-
bution reveals the large number of smaller-sized nanopar-
ticles (1-3 nm) with respect to the larger ones (620 nm).

The recorded XRD shown in Fig. 7 revealed four promi-
nent peaks at 26 angles: 38.3°, 44.4°, 64.8°, and 77.6°, and
Brag reflections corresponding to (111), (200), (220), and
(311). These values are in agreement with the reported data
for gold nanocrystals with face-centered cubic (fcc) struc-
ture (Leff et al. 1996; Ahmad et al. 2005; Du et al. 2007,
Deplanche and Macaskie 2008), and consistent with the
database (Wang et al. 1994). These results confirm the
presence of gold nanocrystals.

Penicillium chrysogenum was recorded to produce intra-
cellular Au-NPs when exposed to the HAuCl, solution, as
shown by Sheikhloo and Salouti (2011). However, in the
present work, P. chrysogenum was found to produce extra-
cellular Au-NPs as well.
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Fig. 6 TEM micrographs of Au-NPs showing spherical nanoparticles with a size range of 2-20 nm
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XRD pattern of Au nanoparticles
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Fig. 7 XRD pattern of Au-NPs. Labeled peaks correspond to the
characteristic diffraction peaks of elemental gold based on database
information (Wang et al. 1994)

4 Conclusion

The use of bacteria and fungi as sources of reducing
enzymes that catalyze reactions leading to the formation of
nanoparticles is a relatively new strategy. Fungi were found
to be superior to bacteria in this field, as they can be easily
separated from their broth media and they are richer in the
proteins used in the production of nanoparticles. Extracel-
lular enzymes can be easily separated from fungi and used
as pure enzymes for production of nanoparticles on a large
scale.

Penicillium chrysogenum was used to produce extracel-
lular gold nanoparticles when gold chloride ion solution
(HAuCl,-3H,0) was added to the fungal filtrate. Extracel-
lular biosynthesis was revealed by the change in the color
of the supernatant from pale yellow to dark purple. Gold
nanoparticles were produced and characterized by using
UV-Visible Absorption Spectroscopy, Transmission Elec-
tron Microscopy (TEM) and X-Ray Diffraction (XRD) to
determine the composition, shape, structure, and particle
size.

This study provides a simple bioprocess using the
widely distributed P. chrysogenum as a biological system
for production of gold nanoparticles. The extracellular bio-
synthesis of gold nanoparticles conducted in this research
can be applied on a large scale to serve in industrial and
medical fields. Also, the shape and size of these nanoparti-
cles can be controlled by controlling the conditions of the
production process.
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