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Surface plasmon resonance

-Carrageenan is a biodegradable and biocompatible biomaterial which potentially
stabilizes colloidal silver nanoparticles (AgNPs). The present study explored
gamma radiosynthesis of AgNPs at varied concentration of 1-carrageenan solutions.
The reaction system contained 1.0 mM silver precursor from silver nitrate salt.
Gamma irradiation was conducted at doses up to 20 kGy under simple condition,
i.e., atmospheric gases and without addition of hydroxyl radical scavenger.
The behavior of AgNPs in suspension was characterized based on their surface
plasmon resonance (SPR) absorption spectra which were measured using UV-vis
spectrophotometer. The results show that colloidal AgNPs were successfully
radiosynthesized due to dual stabilizing/reducing activity of t1-carrageenan.
The degradation product of i-carrageenan shows antioxidant activities, which
increase the reducing condition of the reaction system. TEM micrograph reveals
that the nanoparticles are spheroid in shape and monodisperse with an average
particle size of below 10 nm. The SPR spectra indicate that the highest AgNPs
concentration is found for irradiation at a dose of 10 kGy and i-carrageenan
concentration of 1.0 % (w/v). However, instability of AgNPs occurred a day after
radiosynthesis due to oxidative dissolution and agglomeration. Further works on pH
adjustment and optimization on irradiation dose and 1-carrageenan concentration are
critical to improve the stability of colloidal AgNPs.

© 2021 Atom Indonesia. All rights reserved

INTRODUCTION

Silver  exhibits  unique

size-dependent

synthesis process [1,2]. Therefore, consideration has
been given to synthesis of AgNPs to control their
morphology and size.

biological, physical and chemical properties at
nanoscale which differ greatly from those of bulk
materials [1,2]. For therapeutic applications in
biomedical field, silver nanoparticles (AgNPs) have
showed potential antimicrobial [3-5], antioxidant
[6], and anticancer [7]. The AgNPs also exhibit
strong absorption band in UV-visible (UV-vis) light
region due to the surface plasmon resonance (SPR)
of conductive electron [8,9] for application in
bioimaging and biosensor. The characteristics and
behavior of AgNPs are dependent on their particle
size and morphology, which are affected by the
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The synthesis of AgNPs in solution usually
contains three main components, i.e.,, metal
precursor, reducing agent, and stabilizing agent.
Various routes have been developend for the
synthesis of AgNPs, which can be categorized as
chemical, physical, and biological methods [10].
However, despite the progress that have been made
in synthesis techniques, they still have some
drawbacks such as the use of toxic reducing agent,
high temperature requirement, long processing time,
and high energy used while the morphology and
particle size are still difficult to control [1,2].

In this context, gamma radiosynthesis offers
unique advantages for the synthesis of AgNPs.
Firstly, Ag* ions reduced to uncharged state of Ag°
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by reducing radicals produced by radiolysis of
water. Thus, there is no issue about potential toxicity
of the residual reducing agent [3,11] which supports
the ensuring of its biocompatibility for application in
biomedical field. Also, gamma radiosynthesis
operates under simple physicochemical conditions
that allow the homogenous reduction and
nucleation of AgNPs, have the capability of
producing AgNPs with narrow particle size
distributions, offer effective control of morphology,
and can be used to fabricate core-shell and alloyed
metal nanoparticles [1,2].

Previous studies about radiosynthesis AgNPs
have been reported using different stabilizer such as
chitin derivative [11], chitosan [4], honey [3],
polyvinyl alcohol [5], and silk fibroin [12]. The use
of carrageenan as a stabilizer and reducing
agent have been reported by using green
processing [13], but not in gamma radiosynthesis
yet. The 1-carrageenan is sulphated linear
polysaccharides extracted from certain species
of red algae class (Rhodophyceae) which
shows biodegradability and biocompatibility for
potential application in biomedical field. Indeed, the
1-carrageenan have high metal binding activity [14]
which potentially provides steric passivation of
radiosynthesized AgNPs. Gamma radiosynthesis of
AgNPs is usually conducted in the absence of
oxygen and in the presence of OH radical scavenger
(predominantly isopropanol) to prevent unwanted
oxidation during the radiosynthesis process [1,11].

The present research studied the synthesis of
AgNPs stabilized in 1-carrageenan solution using
gamma ray radiation. The gamma irradiation was
conducted without isopropanol addition and under
air atmosphere. The isopropanol was not included in
reaction system due to its toxicity to central nerves
system [15-17]. Meanwhile, the N, purging step to
remove dissolved oxygen was eliminated because it
contributes to longer processing time and additional
cost. Beside of the simplicity, the N, purging
facilities is not always available in lab of developing
countries.

EXPERIMENTAL METHODS

Materials

The AgNO; (Merck, Darmstad, Germany) and
KBr (Merck, Darmstad, Germany) were of
analytical grade and wused without further
purification. The 1-carrageenan was kindly provided
by Research and Development Centre for Marine
and Fisheries Product Processing and
Biotechnology, Ministry of Marine and Fisheries
Affair, Indonesia. Water used in this study was
deionized water.
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A fresh 0.2 M AgNO; solution was prepared
by dissolving the silver salt crystal in water at room
temperature under dark condition. The 1-carrageenan
solutions were prepared by dissolving 1-carrageenan
powder in water at 80 °C for 15 min under
contionous stirring. The solutions were prepared
at four level concentration i.e. 0.05, 0.1, 0.5,
and 1.0 % (w/v). The reaction system for gamma
radiosynthesis of AgNPs was 200 pl of the 0.2 M
AgNO; solution blended with 40 ml of 1-carrageenan
solution in a screw-capped bottle. The reaction
system was homogenized by vortexing for 20 s.
There was no nitrogen bubbling treatment nor
isopropanol addition subjected to the reaction
system.

The reaction system was irradiated using a
Co-60 gamma ray irradiator irradiator (series
Gammacell 220, MDS Nordion, Ottawa, Canada) at
a dose rate of about 5 kGy/h Center for Application
of Isotopes and Radiation-BATAN, Jakarta.
The absorbed dose of gamma ray was varied at
5, 10, 15 and 20 kGy. The i-carrageenan solution
without the addition of AgNO; was also prepared in
the same manner and used as a control.

Characterization of colloidal AgNPs

Previous studies [8,9,18] reported that UV-vis
spectroscopy is one of the most developed
non-destructive analytical technique for AgNPs in
solution because the change in spectral absorbance
on both physical change and behavior of AgNPs in
suspension. Thus, the occurrence of AgNPs in
solution was investigated spectroscopically using
an ultraviolet-visible (UV-vis) spectrophotometer
(series Cary 100 UV-Vis spectrophotometer,
Agilent, Santa Clara, US) based on their surface
plasmon resonance (SPR). Soon after irradiation
process, the absorbance UV-vis spectra were
measured using a 1 c¢cm pathlength quartz cuvette
at wavelength of 200-800 nm at 1 nm resolution.

The measure spectra was subjected to
fitting/deconvultion  analysis  using  Gaussian
function.

The colloidal AgNPs was dropped above
copper grid and dried, then the morphology of
AgNPs were observed under a JEM-1400
transmission electron microscopy (JEOL, Tokyo,
Japan) operating at 120 kV. Further, the TEM
micrograph was processed and analyzed for
average particle size and polydispersity index (PDI)
using software ImageJ (ver. ImageJ 1.51i,
developed by Wayne Rasband, National Institutes
of Health, USA).



D. P. Perkasa et al. / Atom Indonesia Vol. 47 No. 2 (2021) 111 - 119

Prior to Fourrier transform infrared (FTIR)
spectroscopy, the colloids were subjected to
lyophilization using freeze-drying  instrument
(series Beta I, Christ, Osterode am Harz, Germany).
Then, the lyophilized samples were dispersed in
KBr powder. The FTIR spectra of samples was
measured over spectral range of 4000-400 cm™
using FTIR spectrophotometer (series IRPrestige21,
Shimadzu, Kyoto, Japan).

The pH change after and before irradiation
were measured using a pH meter (series PB-10
Basic Meter, Sartorius AG, Goettingen, Germany).

Stability of Colloidal AgNPs

The stability of colloidal AgNPs as a function
of time was characterized using particle instability
parameter (PIP) based on UV-Vis absorbance
spectroscopy [19,20]. The UV-vis spectra of samples
were recorded and processed as previously described
at several time points (3, 6, 13, and 15 day). Based on
the peak intensity and wavelength shift, the PIP value
is defined as in Eq. (1).

PIP = /(I")? + (1*)? 1)
where | is a weighted intensity value and A" is
weightened wavelength shift. The I” is defined as
in Eq. (2):

* ﬂ — lo—In
I = 0 (2

where Al is a change in peak intensity from the
reference peak intensity (lp) to peak intensity at n
point in time. The weightened wavelength shift is
defined as in Eq. (3).

A =CAL=C(Ay — Ap) 3)

where X is the reference peak wavelength position,
An IS the peak position at n point in time and C is a
weighting function defined as in Eq. (4).

C — I:hresh — E (4)
T 10
thresh

such that an unstable system is defined by a 10 %
change in intensity or a wavelength shift of 10 nm
[20,19].

RESULTS AND DISCUSSION

The 1-carragenan solution is colorless and
transparent as shown in Fig. 1(a). Interestingly,
the irradiated solution remains colorless and
transparent after irradiated at doses up to 20 kGy.

Previous research reported that the gamma
irradiation caused the browning of carrageenan
solution [21]. The brown color is related to
formation of double bond after main chain
degradation and/or hydrogen abstraction [22].
Browning due to gamma irradiation has also been
reported for irradiated other polysaccharides, such as
alginate [22,23] and chitosan [24,25].
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Fig. 1. Appearance of irradiated 1-carrageenan solution at
various doses and concentration (a) without and
(b) with addition of 1 mM AgNOs.
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Fig. 2. (a) UV-vis spectra of 1-carrageenan irradiated at various
doses and (b) their absorbance intensity at 240-250 nm.
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The formation of double bond can be
evidenced by the occurance of absorbance peak at
about 265 nm in UV-vis spectra [21,22,25].
Based on Fig. 2(a)-(b) (data shown in suppl. data
Table S1), the UV-vis spectra of irradiated samples
show a new peak as compared to unirradiated
sample, but it is not centered at about 260 nm.
The absorption peak is centered at about 247 nm
which is slightly red shifted from 243.94 to
249.29 nm with increasing irradiation dose. Intensity
of the peaks are linearly correlated with increasing
dose (adj. R? = 0.996). This peak is assigned to the
formation of carbonyl group which is confirmed by
occurrence of new peak at 1721 cm™ in FTIR
spectra of the irradiated samples, as shown in Fig. 3.
These results comfirm that double bond linkage is
not formed during irradiation under condition in this
research, thus the irradiated t-carragenan solution
remains colourless and transparent.

The color change is known to be influenced
by type of gases in reaction system. Nagasawa et al.
[22] reported that dark brown color under gamma
irradiation occurs when polysaccharides solution is
irradiated under nitrogen gas and air atmosphere, but
little color change is observed on irradiation in the
presence of oxygen. Even more, no color change
observed when pH of solution is set below 3.0 at
sufficient amount of oxygen [25]. It seems that the
absent of brown color in this study is due to the
occurance of significant amount of dissolved oxygen
within 1-carragenan solution. The dissolved oxygen
is possibly transferred from atmosphere during
homogenization of solution with vigorous vortex at
room temperature.
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Fig. 3. FTIR spectra of raw 1-carrageenan, irradiated
-carrageenan, and 1-carrageenan supported AgNPs.

Gamma irradiation of i1-carragenan solution
containing AgNO; leads to color change from
colorless transparent to yellow-to-brown, as
shown in Fig. 1(b). The UV-vis spectra of samples
show a new absorption peak which is not observed
in unirradiated sample and irradiated samples
without addition of AgNQOs, as shown in Fig. 4.
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Fig. 4. UV-vis spectra of 1-carrageenan supported AgNPs
synthesized at dose of (a) 5, (b) 10, (c) 15 and (d) 20 kGy.
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The light absorption gives rise to a well-defined
band of scattered wavelengths in the visible
spectrum specifically at wavelength of about
395 — 418 nm, in contrast to small nonresonant
scatterers that have monotonously increasing
scattering cross-section toward shorter wavelength.
This peak corresponds to the surface plasmon
resonance (SPR) band of silver particles that arise
from the coherent oscillation of conduction electron
near AgNPs surfaces [8,18].

The occurrence of AgNPs in solution is
confirmed by TEM measurement, as shown in
Fig. 5 (data shown in suppl. data Fig. S1).
The primary morphology of the AgNPs is
spherical, while a small portion of AgNPs are rod
and triangular. The average particle size is at
about 7.6-9.17 nm which vary slightly in related
to i-carrageenan concentration. Most of the
particles have a size of below 20 nm; however,
several particles at a range of 20-53 nm are
observed. The PDI values of colloidal AgNPs are
below 0.5 which indicates that particle size
distribution is at monodisperse system. This result
confirms that gamma irradiaton can be a convenient
means to the synthesis of AgNPs which is in
agreement with previous reports [3].
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Fig. 5. TEM micrograph and particle size distribution of AQNPS
stabilized in (a) 0.05, (b) 0.1, (c) 0.5, and (d) 1.0 % (w/v)
-carrageenan

The fundamental of gamma radiosynthesis
relies on the radiolysis of water into radical species,
reduction of Ag" ion by reducing species into
uncharged state Ag® (nucleation stage), and
subsequent coalescent of Ag’ to form AgNPs
(growth stage). Radiolysis of water generates a
number of species with very short half-lifes (~10™°)
through simplified reaction in Eq. (5):

y-ray . . +
H,0 — OH",eq,, H', Hy, H,0, , H*  (5)

where solvated electron and hydrogen radicals are
strong reducing agent with redox potential of
E°(H,Ole,) = -2.87 Vwe at pH 7 and E°(H'/He) =
-2.3 Vnue, respectively. Both species can reduce
silver ion by following in Egs. (6) and (7) [1,2]:

eaq +Ag*T > Ag° (6)

H* + Ag*t - Ag° (7)

Binding energy between two Ag° dimers

or between Ag’ and Ag® is stronger than the

binding energy between Ag’ and the solvent.
Therefore, once silver atoms are synthesized, they
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tend to interact to form dimers, following in
Egs. (8) and (9) [1,2].

Ag°® +Ag° - Ag, (8)
Ag°® +Ag* - Agy (9)

Charged dimer clusters are further reduced and act
as centers for nucleation, as follows in Eq. (10) [1,2].

Ag3 +Ag3 - Agi* (10)
Under continuous gamma irradiation, absorption of
Ag® onto the nuclei leads to the formation of
clusters, as follows in Eq. (11) [1,2].

Agm +AgT - Agmia (11)
Finally, monodisperse AgNPs are generated by
coalescent process, as follows in Eq. (12).

Agihy +Ag))

p+y Agris (12)

where m, n, and p represent nuclearitites, while x, y,
and z are the numbers of associated Ag ions [1,2].
Various morphologies occur when AgNPs in (9)
grow past a critical size [1].

Interestingly, radiosynthesis in this research
was conducted under simple condition, i.e., without
the wuse of neurotoxic isopropanol (hydroxyl
scavenger) and under atmospheric gases. However,
previous researches [1,2] reported that hydroxyl
radicals are capable of oxidizing Ag* and/or Ag’ into
higher oxidation state. Also, dissolved oxygen can
cause oxidation and corrosion to metal nanoparticles
[1,2]. The reducing condition in this research
is related to dual stabilizing/reducing activity of
1-carrageenan which would be explained based on
SPR spectra of the colloidal AgNPs in Fig. 4.

The SPR is sensitive to changes in the local
dielectric environment. Among noble metal
nanoparticles, AgNPs has the highest efficiency of
plasmon excitation in the visible spectrum due to the
different dielectric properties originated from the
small overlap between the SPR and the interband
transition in silver from 4d electrons to the
hybridized 5sp band that starts at 320 nm [9,26].
There have been many studies that have
characterized the good correlation between change
in SPR spectral absorbance on both physical change
and behavior of AgNPs in suspension [8,9,18],
thus UV-vis spectroscopy can be a fast and easy
analytical tool to monitor AgNPs properties in
the suspension.

As shown in Fig. 4, the UV-vis spectra of all
samples have a single SPR peak due to dipolar
resonance mode of electron near the surface of
AgNPs. Dipolar plasmon resonance only occurs
when the dimension of the particles is much smaller
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than wavelength of incident light, specifically for a
diameter of below 67 nm for AgNPs because all
electrons in the entire particle experience a roughly
uniform electric fielding [8]. Also, single SPR peak
is also only occurs for well-dispersed isolated silver
particles suspension [9]. Thus, this phenomena
confirm the results of TEM micrograph that silver
particles in this study was at nanosize and well-
dispersed as isolated particles within the suspension.
This results indicate that 1-carrageenan is a good
stabilizer to generate AgNPs via bottom-up
approach. The stabilization is related to entrapment
of Ag® ions by polar OH groups and electron-rich
oxygen atoms on the t1-carrageenan chain when
AgNO; solution is added to 1-carrageenan solution
[14]. During radiosynthesis, the entrapped Ag” ions
along 1-carrageenan chains were reduced into Ag® as
following (6,7), which sequentially act as passivated
nucleating point for growth of well-dispersed
isolated nanosilver particles as following (8-12).

Peak intensity increases with increasing t-
carrageenan concentration at certain irradiation dose
of up to 15 kGy, as shown in Fig. 4(a)-(c) (data
shown as spectrum 0D in suppl. data Fig. S2-S5).
The SPR absorbance correlates to AgNPs
concentration and obeys the Lambert-Beer law
[18,27]. Thus, the result means that concentration of
AgNPs in suspension increases with increasing
i-carrageenan concentration. Peak intensity also
increases with increasing irradiation dose in which
maximum value is reached at lower irradiation
dose at higher 1-carrageenan (data shown as
spectrum OD in suppl. data Fig. S2-S5). Among all
the treatments, the highest value is achieved
at treatment of irradiation dose of 10 kGy
and 1i-carrageenan of 1.0 % (w/v) which was
measured at 7.58 A.U. with FWHM of 82.14 nm.
For 1-carrageenan of 0.05 and 0.1 % (w/v), the peak
intensity keeps increasing with increasing dose up to
20 kGy. This results indicate that i-carrageenan acts
not merely as a stabilizing agent, but also as a
reducing agent in the preparation of AgNPs.
Higher concentration of (-carrageenan and/or
increasing gamma irradiation yields more
degradation products with reducing activity.
The dual stabilizing/reducing activity of carrageenan
has been previously reported for microwave-assisted
synthesis of AgNPs in which reducing activity is
performed by the sulphate groups of i-carrageenan
[13]. Under gamma irradiation, the mechanism of
reduction activity seems related to antioxidant
activity of degradation product of t1-carrageenan.
Previous reports [28,29] reported that degradation
product of carrageenan shows hydroxyl scavenging,
reducing power, and DPPH radical scavenging
activity. Specifically for degradation by gamma
irradiation, those activities are related to
depolymerization which is accompanied by
increased reducing ends [28].
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However, peak intensity decreases after
irradiation at 15 and 10 kGy for i-carrageenan of
0.5 and 1.0 % (w/v), respectively. The decreasing
intensity is companied with red-shift of Agpr as well as
broadening of SPR spectra. The broadening and red-
shift of resonant bands indicates the increases in
particle size or agglomeration of nanoparticles.
Previous researches [5,8,9] have reported that a
red-shift and broadening of the dipolar resonance is
observed in large particles along with the appearance
of higher-order of SPR modes due to radiative losses.
When dimension of AgNPs increases, light cannot
polarize homogenously and the field is no longer
uniform throughout the NP, which results in phase
retardation effect [8,9]. Shorter 1-carrageenan chains at
higher irradiation doses provides lower steric
stabilizing activity for AgNPs. This result suggests that
an optimum irradiation dose need to be determined for
balancing the optimum trade-off between stabilizing
and reducing activity.

Previous study [21] reported that important
functional groups are still present in the FTIR
spectra of irradiated 1-carrageenan after irradiation at
100 kGy. In this study, functional groups related to
ester sulphate disappear after gamma irradiation as
shown in Fig. 3. The unirradiated t-carrageenan
shows characteristic peaks related to ester sulphate
at 1253 cm®, C-O linkage of 3,6-anhydro-D-
galactose at 1033 and 27 cm™, and galactose 4-
sulphate at 849 cm™. e uniradiated sample also
shows a peak related to 3,6-anhydro-D-galactose-2-
sulphate at 803 cm™ which is the characteristic and
the distinctive properties of i-carrageenan. All the
characteristic peaks are absent in FTIR spectra of
irradiated sample with and without addition of
AgNO,. It seems that irradiation at oxygenic
condition causes massive removal of sulphate
groups. The removal of sulphate groups changes
the pH of the solution from neutral to acidic,
which decreases with increasing irradiation doses
and -carrageenan concentration, as shown in Fig. 6.
The differences on degree of 1-carrageenan
degradation and pH suspension would alter the
stability of AgNPs in suspension.
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Fig. 6. pH of 1-carrageenan irradiated at various doses.
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The potential for application of AgNPs is
strongly dependent on their stability against
aggregation due to a strong correlation between
size and biological activity of AgNPs [30-32].
As shown in Fig. 7, most of colloidal AgNPs are
unstable as their PIP are higher than the cut-off
value of 0.1. Stable AgNPs are only observed for
3 days for all AgNPs synthesized at doses of 10 kGy
and for AgNPs synthesized at 5 kGy and 10 kGy
stabilized in 0.1 % (w/v) 1-carrageenan. For colloidal
AgNPs synthesized at a dose of 5 kGy, increasing
PIP value by time sourced is mainly from decreasing
intensity of SPR peak (data shown in suppl. data
Table S2-S5). This results indicate the decreasing
AgNPs concentration due to oxidative dissolution
of AgNPs at low pH of colloidal AgNPs as
follows in Egs. (13) and (14).

44g + 0, > 24g,0 (13)

where metallic silver oxidized by dissolved oxygen
and subsequently reacts with protons [33].
Meanwhile, the shape of dipolar vibration peaks are
invariable with small change in the A,. It seems that
agglomeration does not occur due to spacious
interparticle distant at low AgNPs concentration.

For colloidal AgNPs synthesized at higher
doses, increasing PIP value by time sourced occurs
from both decreasing intensity and wavelength-shift
of the XA, (data shown in suppl. data Table S2-S5).
Meanwhile, the shape of SPR vibration peaks are
broadening accompanied with the formation of
shoulder peak indicating the agglomeration of
AgNPs [8,9]. Agglomeration seems related to
degradation of 1-carrageenan into shorter chains at
higher irradiation doses which lowering their steric
stabilizing activity. Low pH also contributes to the
increasing agglomeration rate of AgNPs [33,34].
Therefore, pH adjustment is one of among the
critical process parameters to maintain the stability
of colloidal AgNPs.

CONCLUSION

In summary, gamma irradiaton has been
used as a means to synthesize colloidal AgNPs.
The nanoparticles are spheroid in shape which
is monodisperse with average particle size below
10 nm. By using i-carrageenan as a stabilizing agent,
the radiosynthesis in this research was conducted
under atmospheric gases and without isopropanol

addition due to dual stabilizing/reducing
activity of i-carrageenan. Highest AgNPs
concentration is found at irradiation dose of
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10 kGy and t-carrageenan of 1.0 % (w/v). However,
the 1-carrageenan concentration and irradiation dose
need to be optimized to balance the trade-off
between reducing activity and stabilizing activity.
Also, further work is needed to improve stability of
radiosynthesized colloidal AgNPs stabilized in
-carrageenan solution.
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