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Abstract: There is an increasing demand in the synthesis of shape and size-controlled gold
nanostructures (Au NSs) with greener methods. Therefore, we aimed to synthesize differently
shaped and sized Au NSs using a greener technique under ambient conditions. In this study, we
utilized pollen extracts of Corylus avellana, Juniperus oxycedrus and Pinus nigra species (collected
from Kastamonu region of Turkey) for the synthesis. The extraction was performed in water in order
to recover “water soluble” content from the pollen grains. The extracts were used to stabilize, and
direct shape and size of the HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer
synthesized Au NSs. UV-vis, powder X-ray diffraction (PXRD), scanning electron microscopy
(SEM) characterizations proved synthesis of spherical, anisotropic and large Au NSs with this
benign approach. The obtained Au NSs were possible to separate small and large Au NSs through
centrifugation. Chemistry of pollen extracts played a key role on the morphology and stability of the
Au NSs. The findings, for the first time, is revealing the synthesis of large Au nanorod bundles
(>300 nm) along with hexagonal and spherical Au NSs under ambient conditions using pollen grain
extracts, whose maturation took 24h.

Polen Oziitii Aracih Altin Nanoparcaciklarin Sentezi ve Karakterizasyonu

Anahtar
Kelimeler
Altin
nanoyapt,
Altin nanorod,
Pollen tane
Oziti,

Yesil kimya
sentezi

Oz: Altin nanoyapilarin (AuNYlarin) morfoloji ve boyut kontrollii sentezlerinin yesil kimya ile
sentezine ihtiya¢ giderek artmaktadir. O nedenle biz bu ¢alisma da AuNYlarinin boyut ve morfoloji
kontrollerinin oda sartlarinda sentezini ¢alistik. Kastamonu bélgesinden toplanan Corylus avellana,
Juniperus oxycedrus ve Pinus nigra tiirlerine ait polen &ziitlerini kullanarak sentezler gergeklestirildi.
Polen tanelerinden Oziitleme saf su icerisinde gergeklestirilerek su da ¢oziinen bilesenlerin
izolasyonu hedeflendi. Oziitler, HEPES (4-(2-hidroksimetil)-1-piperazinetan siilfonik asit) tamponu
aracilifiyla sentezlenmis AuNYlarmn kararliligt ve sekil/boyut yonlendirilmesinde rol oynamustir.
UV-Vis, toz X-isilar1 krinim teknigi ve taramali elektron mikroskobu caligmalari sentezlenen
AuNYlarin sferik, anizotropik ve bilyiik yap1 morfolojilerine sahip oldugunu gdstermistir. AuNYlar
santrifiij kullanilarak boyutlarma goére ayrilmislardir. Polen kimyasinin sentezlenen AuNYlarin
kararliligt ve morfolojilerinde anahtar rol oynadiklarini gostermistir. Arastirmalarimiza goére bu
calisma ile hekzagonal ve sferik AuNYlara ek olarak >300 nm nanorod demetlerin polen tane
ekstraksiyonlar1 ile oda sicakliginda sentezi ilk defa gergeklestirilmistir. Sentezlenen AuNYlarin
morfolojik kararliliklar1 24 saat i¢erisinde tamamlanmustir.
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1. INTRODUCTION

Green synthesis of metallic nanomaterials are of great
interests owing to their sustainable production and being
free from environmentally toxic chemicals [1].
Utilization of plant extracts [2-5], simple sugars [6],
microorganisms [7] and carbohydrate polymers [6] are
among the greener approaches. Among these
approaches, the use of plant extracts are the most widely
preferred route in the synthesis of metallic
nanostructures including gold [6], silver [8], copper [9]
and platinum [10]. Similarly, pollen grains have been
shown as a reactor in metallic nanomaterials synthesis
[11] as well as that their extracts provide proper
chemistry in the synthesis of shape and size directed
metallic nanostructures [12,13].

There is an increasing demand in synthesis of shape and
size controlled Au NSs along with surface chemistry
control in accordance with the application requirements
[14]. Pollen grains contain carbohydrates, proteins,
amino acids and phenolic compounds [15]. Extraction
methods can allow targeted isolation of chemical
constituents from pollen grains [16]. Even though pollen
grains are of seasonal allergens [17,18], they have been
exploited for biotechnological applications [19]. Despite
the fact that pollen extracts are rich of bioactive
molecules that can provide stabilization and capping for
metallic nanostructures during their wet-chemistry
mediated synthesis [13], their utilization has been rather
limited. Limited studied regarding on polen extracted
nanostructure materials have been found in the literature.

In this study, we utilized extracts of pollen grains from
Corylus avellana, Juniperus oxycedrus and Pinus nigra
species collected in Kastamonu province of west black-
sea region of Turkey. “Water soluble” organic
constituents and biomolecules (e.g. protein and sugars)
have differences among these species pollen grains
based on the obtained IR data. Water-based extraction
applied to the pollen grains to collect “water soluble”
molecules to prevent extra steps so as to solubilize the
synthesized nanostructures. It is known that aqueous
extraction of pollen grains, independent from the pollen
species, reveal release of amino acids [20],
carbohydrates and proteins [15]. HEPES buffer was used
to initiate Au NSs formation while the extracts served as
the directing, capping and stabilizing agents. The type of
pollen extracts with its addition method brought
dramatic effects on the Au NSs size and morphology.

2. MATERIALS AND METHODS

N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic
acid) (HEPES, > 99.5%) and gold (III) chloride
trihydrate (HAuCl4-3H20, 99.995 %), DPPH (2,2-
diphenyl-1-picrylhydrazyl, > 97 %) reagent, absolute
ethanol (> 99.8%) were purchased from Sigma-Aldrich.
De-ionized (DI) water with resistivity of 18.2 MQ was
produced by Humana Zeneer power 1 used throughout
the study.

2.1 Extraction of Active Ingredients from Pollens

The plants belong to different families as Corylus
avellane (CA) is a member of Betulacea, Juniperus
oxycedrus (JO) is member of Cupressaceae family [21]
while Pinus nigra (PN) is a member of Pinaceae family
[22], whose pollen grains were used in the study that
were collected in 2017 in Kastamonu. 1 g of pollen from
each species were added into 10 mL DI water, which
was kept at 60 °C for 4 h. Every 30-min, the mixture was
gently vortexed to enhance release of the water-soluble
active ingredients. The mixture was then centrifuged at
5000 rpm for 10 min to precipitate pollen debris.
Supernatant part was finally filtered through a 0.22 pm
sterile filter. The extract was frozen at -82 °C, followed
by lyophilization in Christ Alpha 1-2 LD Freeze Dryer
lyophilizer. ATR-FTIR (Bruker, Alpha Il) in the region
between 4000-400 cm-1 was used to characterize the
functional groups of the extracts.

2.2 Antioxidant Capacity of the Pollen Extracts

DPPH (2,2-diphenyl-1-picrylhydrazyl) assay was used to
characterize antioxidant potential of the pollen extracts
using 0.16 M DPPH prepared in absolute ethanol. All
pollen extracts were used at 0.75 mg/mL concentration,
and incubation time was kept as 5-min.

2.3 Au NS Synthesis

Ratio of pollen extracts and HEPES buffer (pH 7.4) were
optimized to obtain colloidally stable nanostructures.
Concentration of HEPES buffer was tested between 100
mM and 10 mM while pollen concentration varied
between 5 mg/mL to 0.75 mg/mL. HAuCl4-H20
concentrations were tested at 0.5 mg/mL to 0.15 mg/mL.
Table 1 summarizes the synthesis conditions for Au
nanostructures.

Table 1: Pollen extracts mediated synthesis of Au nanostructures using
HEPES as reducing agent.

Sample | HEPES! | DI water Pollen HAuCl,-H,0°
Name (uL) (uL) extract? (uL)
(nh)

Approach 1 Pollen extracts introduced to the media with HEPES
before HAUCI,-3H,0 introduction

HP1 1000 960 0 40
HP2 1000 940 0 60
PN1 1000 700 260 40
PN2 1000 700 240 60
JO1 1000 700 260 40
JO2 1000 700 240 60
CAl 1000 700 260 40
CA2 1000 700 240 60

Approach 2: Pollen extract introduced to the media 1-min after mixing
HEPES and HAuCl4-3H,0

PN3 1000 700 260 40
JO3 1000 700 260 40
CA3 1000 700 260 40
PN4 1000 700 240 60
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2.5 Characterization of Au NSs

UV-Vis spectrometry (T60 PG Instrument), powder X-
Ray diffraction (Philips X Pert Pro), Scanning Electron
Microscopy (SEM) (FEI QUANTA 250 FEG) were used
to characterize surface plasmon resonance, crystal
structure and morphology, respectively. 400-mesh
(01896N) Ted-Pella grids were used for SEM analysis.

3. RESULTS AND DISCUSSIONS

3.1 Antioxidant Potential and Functionality of the
Pollen Extracts

Due to the fact that the goal of the study was to
synthesize gold nanostructure with a fast kinetic in
aqueous system under ambient conditions, DPPH
reduction by the pollen extracts was confined to 5-min.
A common approach (Equation 1) to reveal extracts
radical scavenging capability is to calculate relative
DPPH reduction was followed in the study.
% Reduction = [2=4591X100 Equation 1:
where Ab; refers to the absorbance of DPPH
concentration while Abs refers to the absorbance for the
sample after 5-min incubation [23]. % DPPH reduction
for the pollen extracts were found as 80.7, 38.6 and 80.5
for CA, JO and PN respectively.

g1 1203 1272

985—V'~1036

400 1000 1600 2200 2800 3400 4000
PN

400 1000 1600 2200 2800 3400 1000

Transmittance, %

400 1000 1600 2200 2800 3400 4000

Wavelength, cm!

Figure 1: IR spectra of aqueous extracts of CA, PN and JO pollen
grains.

It is clear that CA and PN possessed the same DPPH
reduction capacity while JO gave less than half of DPPH
in comparison to CA and PN. Differences in antioxidant
capacity of the pollen extracts can be related to the
presence of different antioxidant compounds that pollen
grains have. It is possible that high antioxidant activity
of CA and PN can be resulted from high load of
conjugated [15] and polyphenols [24]. For instance, CA
pollen grains contain high load of carotenoids [15].
Besides, water mediated extraction can trigger release of
proteins, sugars, amino acids, carotenoids, glycosylated

flavonoids and free amino acids [15]. As detained below,
CA extract has carotenoids, conjugated constituents that
give CA extract high radical scavenging activity.
Similarly, PN and JO extracts gave conjugated structures
(e.g. flavonoids). The differences between the
antioxidant activities are possibly related to type of
flavonoids and their amounts along with such other
structures including carotenoids and the side groups in
proteins.

FTIR studies revealed (Figure 1) that CA, PN and JO
pollen grain aqueous extracts have proteins (~1600 cm-1
for C=0 stretching of amide group, and C-O, C-N and
C-C stretching vibrations for ~1030 cm-1) [25,26] and
saccharides (920-700 cm-1 for vibration of C-OH
groups and ~1030 cm-1 stretching vibration for C-C
group) [25]. It is important to mention that the peak at
~1600 cm-1 can also represent the presence of
carotenoids [15]. Among the extracts, only CA gave
bright yellow color, so the peak for CA is more from
carotenoid, but the same thing cannot be said for JO and
PN extracts. Interestingly, all the spectra revealed the
presence of RNA with the band at ~860 cm-1 of C-O-P-
O-C [15]. Flavonoid peaks locate between 669-411 cm-1
[27]; 514 cm-1 of CA extract, 518 cm-1 of PN and 496
and 414 cm-1 of JO were obtained. Even though, clear
peaks were not observed for phenolic acids, shoulders
between 1800-1500 cm-1 reveals presence of phenolic
acids [25] for all the extracts.

Particularly, the bands at 1519 cm-1 of JO and at 1653
cm-1 of PN (more of a shoulder peak) represent presence
of proteins [28], which means that JO and PN extracts
have more protein content than CA extract. Besides, the
band at 1653 cm-1 of PN represents presence of a-
helical proteins [28], which is not present in the other
extracts. In contrast to this, any band at ~ 720 for cm-1
(characteristic peak for CH2 rocking of lipids) was not
observed for any of the extracts. So, it is possible to
speculate that the peak at ~2928 cm-1 is the sign for
presence of cellulose instead of lipids. It is noteworthy to
mention that band intensities for the same group is
proportional to the concentration of the functional group
[26]. Particularly at ~1030 cm-1 PN gave stronger band,
which could refer to that PN extracts exhibiting, or
possessing, a higher amount of saccharides in
comparison to CA and JO extracts.

Comparison of the fingerprint region (1800-500 cm-1)
for all the extracts gave different signatures: for instance,
PN spectrum gave clear band at 774 cm-1, which is seen
as a shoulder in the JO spectrum. Similarly, PN spectrum
gave characteristic a-glycosidic bond at 816 cm-1 while
the band at 1257 cm-1 refers to in-plane bending
vibration of -OH group [29]. CA spectrum gave
characteristic absorption at 1203 cm-1 ascribed to
phosphate groups (nucleic acids and phospholipids) [30]
while CA and JO gave strong absorption at 985 cm-1
due to the presence of carbohydrates (from C-O or C-C
bonds) [31]. In contrast to this, all the extracts gave
absorption band at ~ 860 cm-1 , typical of anomeric
region of carbohydrates [31], while PN extract gave the
sharpest peak. The bands at ~1100 cm-1 are due to C-O
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of alcohol group in CA and JO. The band at 852 cm-1 of
CA extract refers to the presence of aromatic groups [32]
of sporopollenin.
3.2 Synthesis and Characterization of Au
Nanostructures

HEPES buffer, inherently a week reducing agent, is
among the buffers widely utilized in synthesis of
metallic nanostructures. Even though it can reduce Au3+
ions to metallic Au, during formation of stabilized Au
NSs, its molar ratio to Au3+ ions poses critical
importance as much as its pH [33]. In our study, we
tested HEPES buffer at pH 6.0 and 7.4 (25 mM in both
cases) to initiate Au NSs nucleation. As given in Table
1, we selected 25 mM pH 7.4, which improved
nanostructure synthesis kinetics as well as that the pH
was kept near to neutral. During the study, HEPES
triggered Au NSs synthesis within 5-minutes.

[®]
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Figure 2: UV-Vis spectra (a) and digital micrographs (b) of HEPES
synthesized Au NSs. (i) H1-2h, (ii) H1-24h, (iii) H2-2h, (iv) H2-24h
and (v) H2-24-s, where s refers to the supernatant after centrifugation
at 5000 rpm for 15 min.

750 0
Wavelength (nm)

As illustrated in Figure 2, at higher HEPES/Au3+ ratio a
clear two SPR peaks at around 570 nm and 890 nm were
obtained (H1-2h) with a green color, which started
precipitating within 2 h (Figure 2b-i). As shown in
Figure 2b-ii, all NSs precipitated within 24 h, where the
supernatant did not give any SPR peak (H1-24h) around
characteristic Au nanostructure range wavelengths (>
500 nm). In contrast to this, at lower HEPES/Au3+ ratio
a wide SPR peak from 560-900 nm was obtained that
refers to NSs over 200 nm [34]. Even though at lower
ratio, precipitation was maximum within 2 h (Figure 2b-
ii), its supernatant (Figure 2b-iv) gave 2 SPR peaks at ~
503 nm (more of spherical with < 10 nm size) and at 980
nm (highly anisotropic Au NSs) (H2-24h).
Centrifugation resulted in loss of the peak at 980 nm
(H2-24h-s) along with decreased intensity of the
supernatant’s color (Figure 2b-v). Therefore, it can be
said that at proper HEPES/Au3+ ratio (at pH 7.4 with 25
mM/4.41 mM) stable colloidal Au NSs can be obtained
under the tested conditions. Anisotropic Au NSs in
precipitates are shown in Figure 3.

Tr. J. Nature Sci. Volume 9, Issue 2, Page 1-8, 2020

Figure 3: SEM micrographs of precipitated Au NSs for (a) HP2-24h-s,
(b) PN2-24h-s, (c) JO2-24h-s and (d) PN4-24h-s.

Pollen grain extracts were applied to stabilize HEPES
synthesized Au NSs in two ways as the extracts were
mixed with HEPES buffer, followed by HAuCI4-H20
solution addition. In the second approach, pollen extracts
were added to HEPES-HAuCl4-H20 mixture 1 min
later. Both approaches allowed synthesis of stable
spherical and anisotropic Au NSs (Figure-3 and -4). The
extracts at 1.95 mg/mL and 1.8 mg/mL concentrations
were used for 294 mM and 441 mM Au3+ ion
concentration, respectively.

(0
, 4

Figure 4: SEM micrographs of JO1-24h-s (a and b) and PN4-24h-s (c

and d).
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Figure 5: UV-Vis spectra (a and b) and digital micrographs (c and d)
of PN extract stabilized Au NSs. In ¢, (i) PN1-2h, (ii) shaken and
diluted PN1-2h, (iii) diluted PN1-24h, (iv) PN2-2h, (v) diluted PN2-
24h and (vi) PN2-24h-s. In (d), (i) diluted PN3-2h, (ii) diluted PN3-
24h, (iii) PN3-24h-s (iv) diluted PN4-2h, (v) diluted PN4-24h, and (vi)
PN4-24h-s (s refers to the supernatant after centrifugation at 5000 rpm
for 15 min). ) XRD pattern of PN4 indexed to fcc Au crystal structure
(ICDD PDF no: 000-004-0784).
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Introduction of pollen grain extracts posed dramatic
effect on Au NSs formation and stability. Figure 5a
reveals that PN1-2h have a wide SPR spectrum between
500-950 nm (Au NSs > 200 nm) that gave greenish color
when the precipitate was shaken (Figure 5c-ii), which
got lost upon 24 h incubation (PN1-24h). PN1
precipitated within 2h (Figure 5c-i) and gave a clear
solution within 24 h (Figure 5c-iii). At higher PN
extract/Au3+ ratio (PN2-2h and PN2-24h), stable Au
NSs were obtained (Figure 5c-iv and -v). Even though
PN2 protected its stability, centrifugation changed its
color from purple (Figure 5c-v) to light pink (Figure 5c-
iii). SPR peaks at 555 nm and 967 nm (PN2-24h)
disappeared and only SPR peak at 540 nm (PN2-24h-s)
remained through centrifugation (notched arrow in
Figure 5b). This is attributed to enhanced gravity related
precipitation of larger NSs (see Figure 4).

Figure 5b shows that PN3-2h gave a broad SPR
spectrum from 520-950 nm, which then turned into a
sharp single peak at 570 nm. Based on the literature, this
observation can be related to that single NS gathered to
form larger assemblies (greenish color, Figure 5d-i),
followed by detachment to single Au NSs through
adsorption/reaction of PN extracts on the formed Au NSs
(purple color, Figure 5d-ii). Centrifugation, as expected,
resulted in blue shifts (from 570 nm to 540 nm), whose
color turned into pale pink (Figure 5d-iii). Interestingly,
lower PN extract/Au3+ ion ratio gave faster maturation
for Au NSs synthesis as seen in Figure 5 (PN4-2h and
PN4-24h) and in Figure 5d (Figure 5d-iv and -v).
Similar to PN3, centrifugation altered the color of the
supernatant (Figure 5d-vi). However, it should be noted
that PN4-24 gave extra peak at 977 nm, representing
nanorod formation (Figure 3-d). SPR peaks at NIR
region can allow nanostructure to be considered for
biomedical analyses [35], which type of NSs can be
obtained using the pollen extracts, followed by benchtop
centrifuge. Formation of nanorod bundle is probably
related to presence of both a-helices and B-sheet protein
content of PN extracts since proteins can serve as temple
in gold nanorod synthesis [36].

It is known that HEPES mediated Au NSs give fcc
crystal structure [22], so as an illustration crystal
structure of pollen directed Au NSs synthesized in
HEPES, PN4 was selected to exemplify the crystal
structure of the synthesized Au NSs as shown in Figure
5e. Miller indices of (111), (200), (220) and (311) is the
representation of fcc crystal structure (ICDD PDF: 000-
004-0784; International Centre for Diffraction Data)
[23].

Wavelength (nm) Wavelength (nm)
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Figure 6: UV-Vis absorptlon spectra (a and b) and dlgltal mlcrographs
(c and d) of JO extract stabilized HEPES synthesized Au NSs. In c, (i)
JO1-2h, (ii) diluted JO1-2h, (iii) diluted JO1-24h, (iv) JO1-24h-s (v)
JO2-2h, and (vi) JO2-24h-s. In (d), (i) diluted JO3-2h, (ii) diluted JO3-
24h, (iii) JO3-24h-s, where s refers to the supernatant after
centrifugation at 5000 rpm for 15 min.

JO pollen grain extracts triggered maturation within two
hours incubation (JO1-2h and JO1-24h) with a sharp
SPR peak at 580 nm, whose centrifugation triggered blue
shift (SPR peak shifted to 532 nm). No precipitation
occurred within 24 h (Figure 6c¢c-i and -iii) while
centrifugation altered the color from blueish to pale pink
(Figure 6c¢-iv). In contrast to this, at lower ratio (JO2)
fully precipitated (Figure 6c-v), whose shaken version
gave greenish color (Figure 6c-vi) with an SPR
spectrum resembling formation of dimer/trimer from
single Au NSs [34]. Maturation of JO2 (JO2-24h) gave
two SPR peaks at 502 nm and 975 nm, which refer to
anisotropic Au NSs formation, whose centrifugation
resulted in colorless supernatant with no SPR peak (data
not shown). As shown in Figure 6b, addition of the
extract after mixing HEPES and HAuCl4-H2O solutions
gave stable purple colored solution (Figure 6d-i and -ii)
with SPR peaks at ~ 562 nm, whose centrifugation
caused blue shift to 532 nm (JO3-24h-s) with very pale
pink color (Figure 6d-iii).

Figure 7: UV-Vis absorption spectra (a and b) and digital micrographs
(c and d) of CA extract stabilized HEPES synthesized nanostructured.
In c, (i) CA1-2h, (ii) shaken and diluted CA1-2h, (iii) CA1-24h, (iv)
CA2-2h, (v) CA2-24h and (vi) CA2-24h-s. In (d), (i) diluted CA3-2h,
(i) diluted CA3-24h, (iii) CA3-24h-s, where s refers to the supernatant
after centrifugation at 5000 rpm for 15 min.

CA pollen grain extracts for both tested concentrations
according to Approach 1 did not give stable Au NSs.
Both CAl and CA2 precipitated (Figure 7c-i and -iv)
within 2 h, whose shaken mixture (Figure 7c-ii) gave
two SPR peaks (CA1-2h and CA2-2h). Incubation up to
24 h resulted in clear supernatant (Figure 7c-iii and -v)
and further centrifugation gave similar color (Figure 7c-
vi). The supernatants at 24 h incubation (CA1-24h, CA2-
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24h and CA2-24h-s) did not give any SPR peaks
belonging to AuNSs. In contrast to these, CA pollen
grain extracts triggered stable Au NSs formation in
Approach 2. Two hours incubation (CA3-2h) gave SPR
peak at 574 nm with strong bluish color while ripening
gave red shift to 584 nm (CA3-24h), whose
centrifugation reversed the SPR peak back to 547 nm
(CA3-24h-s). Even though the intensity of the color
changed during centrifugation to pale blue (Figure 7d-
iii), the difference between Figure 7c-i and -ii is only
related to the amount of aliquot placed into the cuvette
for UV-Vis analysis. However, stability of CA mediated
AUNSs were not high (completely clumped within 48 h
and require  extensive vortexing) so  further
morphological analysis were not performed. This could
be related to that CA extract gave lesser amount of
proteins and carbohydrates than PN and JO extract,
where proteins and carbohydrates can serve as
stabilizing agent [36,37].

In all cases 24 h was enough to complete Au NSs
synthesis at room temperature. 48 h and 72 h incubation
did not alter SPR peaks of any of the Au NSs in
supernatants (data not shown). Au NSs in the
precipitates are not expected to alter their morphology
since they are isolated from the ligands found in the
extracts. The pollen grain extracts were tested alone in
the synthesis of Au NSs, but none of them initiated
particle nucleation within 2 hours, that is why they were
not tested alone. There was no correlation between
antioxidant capacity and Au NSs formation/stability for
the tested pollen grain extracts. In contrast to this, even
though CA showed similar antioxidant capacity to PN
extract, stable Au NSs were not obtained. However,
chemical character of the pollen grain extracts posed
dramatic effect on the Au NSs morphology and stability.

Since Au NSs synthesized using JO and PN extracts
gave very characteristic SPR spectra and stable Au NSs,
SEM and STEM based morphology analyses were
performed for them. As seen from Figure 4,
centrifugation ~ mediated  precipitation  provided
separation for large and smaller AuNSs. JO1-24h-s
(Figure 3) gave spherical Au NSs with 114+2 nm size
range while the precipitated of JO2-24h-s (Figure 4)
gave 25+5 (~ 50 %) and 35+5 (~ 50 %) sized anisotropic
Au NSs. Similarly, PN2-24h-s (Figure 3) gave ~ 1242
nm sized spherical Au NSs, whose precipitate gave
anisotropic Au NSs with sizes of 45+3 x 55+£7 nm
hexagonal and 25+3 x 3243 nm hexagonal morphology
(Figure 4). Besides, minor amount (<10 %) of spherical
Au NSs with 15+5 nm diameter. Interestingly,
precipitate of PN4-24-s gave rod shaped Au NSs with an
average length of 302 £5 nm and width of 55 £10 nm
(Figure 4), which gave two SPR peaks characteristics
for nanorods (depicted with arrows in Figure 5b). This
shows that introduction of pollen extract into
HEPES/HAuUCI4 mixture before reaction and/or after
reaction can bring dramatic effect on the NS morphology
and size. In the case of HEPES-mediated Au NSs
synthesis (Figure 4), overwhelmingly tetragonal and
hexagonal morphology with 70 x 80 +5 nm, 80 x 80 £5
nm size range and minor amount of rod-shaped with 143
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x 35 nm sized Au NSs were obtained. It is possible that
the supernatant of HP2 might have spherical and small
sized (<20 nm) nanostructure based on Figure 3.

Due to the fact that colloidal Au NSs with high purity
and possible minimum size and shape diversity are
critical for their applications, their synthesis and post-
synthesis procedures have been under thorough
investigations [34]. Centrifugation is a valuable
approach to selectively isolate metallic nanostructures
based on size and shape [38]. Centrifugation applied to
the Au NSs synthesized in the presence of pollen
extracts allowed separation of differently sized Au NSs
with characteristic morphology. It is possible that further
refinement for narrower size and shape separation with
centrifugation [34], which can tune the collected Au NSs
samples. Another important thing is that anisotropic NSs
have critical places in catalysis, sensor support materials,
optics and electronics [39,40]. Therefore, their directed
synthesis and isolation are critical. Particularly, synthesis
of rod shaped nanostructures possessing > 100 nm length
requires extreme conditions and use of toxic chemicals
like CTAB [41]. Hereby, we synthesized ordered very
large Au NSs utilizing green chemistry through the use
of pollen extracts.

4. CONCLUSION

Greener approaches in  synthesis of metallic
nanostructures are among the most widely studied routes
for nanostructure studies. Hereby, we utilized water
extracts of pollen grains from three different pollen
species using HEPES buffer as initiator of gold (iii) ion.
Type of pollen species and introduction method of pollen
extract to direct shape and size growth posed dramatic
effect on the synthesized AuNSs in relation to the
chemical composition of the pollen extracts. Reduction
capability of the pollen extract did not give any
correlation for the speed of Au NSs synthesis and
morphology control because of the fact that these groups
provided radical scavenging activity, did not serve as
stabilizing agent. 24 h was enough to have mature Au
NSs under ambient conditions. Based on the results, it is
possible to have fine control on morphology and size on
the synthesized Au NSs by controlling the ratio of pollen
extract/Au3+ ion, which can be further refined by using
centrifugation at different centrifugal force. Based on our
literature survey, this is the first study that reports on the
synthesis of large gold nanorods using pollen extracts.
Further qualitative and quantitative spectroscopic and
chromatographic characterizations of the extracts are
required to enlighten which functional groups play the
most critical role in the size and shape directing effect on
the Au NSs along with their stabilization..
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