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Abstract

Poly(ethylene oxide) (PEO)/gold nanocomposite hydrogels and suspensions were synthesized
by y-irradiation of PEO and Au®* aqueous solutions to a dose of 50 kGy under inert
atmosphere and without addition of 2-propanol, depending on the initial concentration of Au®*
and pH of solutions. The pH of the initial solutions had the major influence on the formation
of PEO/Au nanocomposite hydrogels vs. suspensions. The pH and Au®* initial concentration
determined the AuNPs size and suspension stability, as determined by UV-Vis spectroscopy.
The neutral pH favored the formation of stable suspensions with the smallest gold
nanoparticles (AuNPSs), whereas unstable suspensions and bigger nanoparticles (NPs) were
obtained at acidic pH and by increasing Au®* initial concentration. On irradiation at alkaline
conditions PEO/AuNPs hydrogels were produced in one-pot synthesis method - by
simultaneous crosslinking of PEO chains and reduction/synthesis of Au nanoparticles.
Scanning electron microscopy of nanocomposite gels revealed the gold nanoparticles
embedded in PEO matrix with homogenous distribution. The thermal and viscoelastic
properties of PEO/AuUNPs gels depended on the initial Au®* concentration, that is on amount
of AuNPs synthesized inside gels. Lower particle content resulted in gels with generally
higher melting and crystallization temperatures as well as higher storage moduli, yield points

and flow points than pure PEO gel. The optimal amount were up to 1 wt% Au for obtaining



stronger gels, whereas higher amount of NPs, because of NPs agglomeration, lead to

deterioration of gel properties and significant weakening of gel.
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1. Introduction

Gold nanoparticles (AuNPs) possess unique electrical and optical properties,
depending on their size and shape. AuNPs have found applications in analytical chemistry
(Kwon et al., 2012), catalysis (Ide et al., 2014; Zope et al., 2010) and in biomedicine
(Dykman and Khlebtsov, 2012; Jiao et al., 2011; Tiwari et al., 2011). They are used as
contrast agents (Hainfeld et al., 2006; Reuveni et al., 2011), biosensors (Rojanathanes et al.,
2008; Zhu et al., 2019), for photothermal therapy, drug and gene delivery (Jahangirian et al.
2019; Llevot and Astruc, 2012) immunoassays, tissue engineering (Hasan et al., 2018; Navaei
et al., 2016; Nirwan et al., 2019; Shevach et al., 2014) and as radiosensitisation agents
(Butterworth et al., 2012; Hainfeld et al., 2004; Hanzi¢ et al, 2018; Jain et al., 2011; Rosa et
al., 2017).

y-irradiation is proven to be a powerful tool for synthesis of various nanoparticles
(Goti¢ et al. 2009; Jurkin et al. 2016a; Mikac et al. 2019; Mari¢ et al., 2019) of controlled size
and shape, including gold NPs. The main principle of AuNPs synthesis by y-irradiation of

auric (Au®") salt aqueous solutions is reduction of gold cations by hydrated electrons, €an)
(E°(H20/e,,) = -2.87 Vnne) and proton radicals, H*, (E°(H'/H") = -2.30 Vnwne) Which are

strong reducing agents formed on water radiolysis (Abidi and Remita, 2010; Gachard et al.,
1998; Dey et al., 2011). Because of high energy and penetration of y-radiation strong reducing
species are formed homogenous through the solution, resulting in homogenous reduction and

AuNPs nuclei formation, hence smaller NPs size, what is very difficult to achieve by
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admixing external conventional chemical reducing agents. Because the oxidizing species,
such as hydroxyl radical (HO®*) (E°(COH/H20) = +2.34 Vnhe) are also formed on water
radiolysis, to ensure the strong reducing conditions irradiation is performed in deoxygenated
solutions and with addition of scavengers of hydroxyl radicals, like 2-propanol. The formed 2-
propanol radicals can also reduce gold cations (E°((CH3).CO/(CH3).C'OH = -1.8 VnHe at
pH=7). In addition, the presence of small organic molecules, surfactants or polymers (Al
Gharib et al., 2019; Belloni et al., 1998; Hoppe et al., 2006) stabilizes and restricts NPs
growth and prevents aggregation through steric or electrostatic repulsion. They can also act as
additional reducing agents. The size and shape of formed AuNPs can be controlled by the
irradiation dose, dose rate, as well as polymer/surfactant concentration (Hanzi¢ et al., 2015;

Jurkin et al., 2016b; Li et al., 2007; Misra et al., 2012).

y-irradiation is also suitable for synthesis of NPs within the three-dimensional polymer
network, thus restricting the growth of NPs inside network cavities, and producing
nanocomposite hydrogels of specific properties. As a rule, the composite gels are synthesized
using two steps methods. y-irradiation can induce crosslinking of polymer in the presence of
previously prepared NPs or y-irradiation is used to synthesize NPs within previously prepared
polymer gel (Jurkin et al. 2013; Jovanovi¢ et al., 2011; Krkljes et al., 2007; Spasojevi¢ et al.
2015). On the other hand, there is a particular interest for the one-step y-irradiation synthesis
of nanocomposite gels. One-step synthesis takes an advantage of simultaneous crosslinking of
polymer chains with the formation of network and reduction of metal salts and formation of
NPs. This is quicker, simpler, and results in small NPs size and narrow size distribution, as
well as homogenous distribution of NPs through the polymer matrix. The advantages of y-
irradiation synthesis of gels is clean and homogenous reaction initiation as well as sterility of
the final product. AuNPs can enhance the optical, mechanical, electrical, thermal and
biological properties of gel. AUNPs nanocomposite hydrogels have found application in drug
delivery and tissue engineering. They have been used for bone and cardiac tissue
regeneration, because they promote osteogenic differentiation, increase cell proliferation rates
and due to special electrical properties help in synapse formation (Hasan et al., 2018; Navaei
et al., 2016; Ravichandran et al., 2014; Shevach et al., 2014; Thoniyot et al., 2015).

In our previous paper we successfully synthesized AuNPs using y-irradiation in the
presence of citrates (Hanzi¢ et al., 2015) and within the microemulsion droplets to control
AuUNPs size and dispersion (Jurkin et al., 2016b). We have shown that in both cases the
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AuNPs could be formed at highly oxidizing conditions, i.e. in the presence of oxygen and
without using scavengers such as 2-propanol. In the current work we studied the impact of
poly(ethylene oxide) (PEO) on the y-irradiation synthesis PEO/AuUNPs nanocomposite
hydrogels and AuNPs suspensions. PEO is a semicrystalline, hydrophilic and biocompatible
polymer with numerous applications in pharmaceuticals and biomedicine, for instance, as
wound dressing and hydrogel for active substance release. Because of its hydrophilicity and
biocompatibility it is used for surface modification of NPs to prolong blood circulation time,
reduce non-specific interactions and for NPs functionalization (Tiwari et al., 2011). Like other
polymers it is also used for stabilization and controlling NPs size during synthesis. Upon y-
irradiation of its aqueous solutions, PEO easily crosslinks and forms macroscopic “wall-to-
wall” hydrogels (Jurkin and Puci¢, 2012, 2013; Savas and Giiven, 2002; Ulanski et al., 1995a,
1995b).

Thus, in this work we explored the ability of y-irradiation technique for one-step
synthesis of PEO/AuNPs nanocomposite hydrogels. We optimized experimental conditions,
regarding the pH and initial Au®* salt concentration, and at alkali conditions the y-irradiation
of PEO/Au®" aqg. solutions resulted in one-step formation of PEO/AuNPs nanocomposite gels.
The influence of Au* concentration on thermal and rheological properties of such synthesized
PEO/AuUNPs nanocomposite gels was studied. The effect of pH and initial Au®" salt
concentration on the AuNPs size and stability of suspensions obtained on irradiation at neutral

and acidic conditions were also investigated.

2. Materials and methods
2.1 Chemicals

All chemicals were of analytical purity and used as received. Gold(l1l) chloride trihydrate
(HAUCI4-3H20), > 99.9% trace metals basis was supplied by Sigma Aldrich. Sodium
hydroxide (p.a.) by LachNer, 2-propanol (CROMASOLV, for HPLC, >99.9%) by Sigma-
Aldrich/Honeywell, PEO of viscosity average molecular weight (My) 400,000 by Sigma-
Aldrich and Milli-Q deionized water with a resistivity 18 MQ cm at 25°C was used. HAuCl, 4
wt% stock solution was prepared by dissolving 1 g of HAuCls-3H20 in 25 mL Mili-Q water.

2.2 Synthesis of samples



Gold(I) chloride trihydrate salt was used as a precursor for the synthesis of gold
nanoparticles. Firstly, 1.85 wt% PEO aqueous stock solution was prepared. Then 4 wt%
HAuUCI4 aqueous solution was added to 1.85 wt% PEO solution in an amount to obtain
solutions with 0.5, 1, 2, 5 and 10 wt% of Au®" ions in relation total PEO and Au mass. This
corresponds to initial Au** with concentrations of 4.69-10#,9.32-10*, 1.85-103, 4.50-10° and
8.61-10° mol dm=, respectively (Figure 1, Table 1). The pH of solutions was adjusted to
different values ranging from 3 to 11 with slowly adding 2 M NaOH aqueous solution during
vigorous stirring. pH was measured with Mettler Toledo SevenCompact S220 pH meter
previously calibrated with buffers having pH of 4.01, 7.00, 9.21 and 11.00. No scavenger, like
2-propanol, was added to the solutions. Such prepared solutions were bubbled with nitrogen
through rubber septa for 30 min in order to remove dissolved oxygen before y-irradiation. y-
irradiation of deoxygenated suspensions in a septum-closed glass flasks was performed at
room temperature in a %°Co vy-irradiation facility located in the Radiation Chemistry and
Dosimetry Laboratory at the Ruder Boskovi¢ Institute. Suspensions were irradiated to the
absorbed dose of 50 kGy at a dose rate of ~27 KGy h™. The detailed experimental conditions

and products obtained on irradiation are given in Table 1.

2.3 Characterization of samples

Synthesized samples were characterized as synthesized gels (rheological
measurements), as dried gels (DSC, SEM) and suspensions (SEM, UV-Vis). Obtained gels

were dried under vacuum at room temperature.

Size and morphology of the samples were investigated using a field emission scanning
electron microscope (FE SEM), model JSM-7000F, manufactured by JEOL Ltd. and
connected to the EDS/INCA 350 (energy dispersive X-ray analyzer) manufactured by Oxford

Instruments.

The UV-Vis spectra of gold suspensions were recorded using a UV/VIS/NIR
spectrometer Shimadzu model UV-3600. The quartz cells having 1cm optical path length were
used. The gold particle size was calculated from UV-Vis spectra using the procedure
presented by Haiss et al. (2007) and by Khlebtsov (2008).

Differential scanning calorimetry (DSC) thermograms were recorded using

PerkinElmer Diamond calorimeter, calibrated with In and Zn standards and operating in a
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dynamic mode. Samples of dried gel (5-10 mg) were sealed into Al pans. Two heating and
cooling cycles at temperatures ranging from -40 °C to 100 °C in an extra pure nitrogen
environment were performed for each sample at a rate of 10 °C min™. The first heating cycle
was performed in a range 22 °C to 100 °C. For each synthesized gel three specimens were
recorded. The temperatures and enthalpies of melting and crystallization were determined
from both first and the second heating and first cooling cycles, and their averages are
presented. The degree of crystallinity (wcn) of PEO gels and PEO/Au nanocomposite gels

was calculated using Eq. 1.
We,H = AHm / AHm,o (1)

where AHnm is the enthalpy of melting per gram of sample recalculated on pure PEO
mass and AHm is the enthalpy of melting per gram of the 100% crystalline PEO (theoretical
value). For AHmo the value of 197.0 J g was used (Wunderlich 1973, Menczel and Prime,
2009).

The mechanical properties of gels are described using oscillatory rheology. The
storage (G') and loss (G”) moduli of the nanocomposite gels were determined with a
mechanical spectrometer (Anton Paar MCR 302, Stuttgart, Germany), using a steel
plate—plate geometry (PP25, Anton Paar, Graz-Austria) equipped with a true-gap system and
the data were collected using RheoCompass software. The sample temperature was controlled
through a Peltier temperature control located on the base of the geometry and with a Peltier-
controlled hood (H-PTD 200). A piece of a gel sample (1 mm thick slice) was placed on the
base plate of the rheometer, and the plate was set using the true-gap function of the software.
Thus, after 5 min at 25 °C, the G’ and G" moduli were measured always within the linear
viscoelastic region (LVR). After 5 min at 25 °C, the yield stress of the gels was determined by
applying a strain (y) sweep between 0.01 % and 100 %. Rheological properties of a gel
material are independent of strain up to yield strain, and beyond yield strain the rheological
behavior is nonlinear. Three interval thixotropy test is a standard test which allows tracking of
material response resulting from stepwise changes in shear strain making it the most
appropriate method for structure recovery tests. In the thixotropic experiments, rheological
measurements were conducted on gels at 25 °C under initial conditions at which they were in
their linear viscoelastic regimes (a strain of 0.5 % and angular frequency of 5 rad/s) for 680 s
to establish baseline values for G’ and G”. In studies with gels viscoelastic recovery was
observed after the cessation of destructive strain. Frequency sweeps (0.05-100 rad/s) were
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subsequently performed at 25 °C at a strain value within LVR to investigate the time-

dependent deformation behavior of gels.

3. Results and discussion

By y-irradiation of PEO and Au®* aqueous solutions under inert atmosphere to a dose
of 50 kGy, Au*" ions were successfully reduced without addition of 2-propanol. Depending on
the pH y—irradiation of yellow PEO/Au®" precursor solutions resulted in formation of red to
purple PEO/Au suspensions or red to purple nanocomposite hydrogels (Figure 1, Table 1). pH
below 8 favoured formation of AuNPs suspensions, while permanent shaped nanocomposite
hydrogels were obtained at more alkaline conditions (pH = 10-11). At pH range 8-10.5 the
formation of suspensions vs. gels also depended on the initial concentration of gold(ll) salt.
At pH = 8-9 only solutions containing 1 % Au®* resulted in formation of hydrogels.

Au NPs PEO network

y-irradiation
PEO crosslinking

Au NPS synthesié
(Au®*reduction)

Figure 1. Photographs of synthesis procedure for preparation of PEO/AuNPs suspensions or
PEO/AuUNPs nanocomposite hydrogels by -irradiation, with schematic representation of one
step synthesis method for preparation of PEO/Au nanocomposite hydrogels.



Table 1. The detailed experimental conditions, products obtained (suspensions or gels) and the size of synthesized AuNPs as determined from

UV-Vis spectra and SEM images.

Initial wt%

T AUNPs size AUNPs size AUNPs size from SEM
réal\;tiogl rt]o pH before pH after ~ from UV-Vis from Vis images*** Colour and stability of
irradiation irradiation ~ SPectra*/nm  spectra**/nm  p_../nm and standard suspension/gel
total PEO and (according to Haiss (according to e /
Au mass) etal. 2007) Khlebtsov, 2008) eviation (s /nm)
0 3.83 - - - - gel
0 8-9 - - - - gel
0 10.5-11.0 - - - - gel
0.5 10.8-11.1 - - - - purple gel
1 3.76 2.83 51.8 47.9 28.7 (8.7) red suspension, unstable
1 4.6 2.8 49.4 45.7 34.8 (8.4) red SUSpe”S"t’i%:”Stab'e with
1 5.15 3.22 9.1 24.2 18.3 (3.9) red (slightly purple)
suspension, unstable with time
1 6.78 3.39 8.0 20.6 13.7 (1.9) red suspension, stable
1 8.6-8.9 - - - - red gel
1 10.8-11.0 - - - 24.3 (4.3) purple gel
24.0 (8.1) pink-light brownish
2 3.24 2.50 106.4 +140.2 1124+ 1734 +124.1(9.9) suspension, unstable
2 6.84 341 8.8 27.4 19.1 (4.4) red-purple suspension,
unstable with time
2 8.54 3.18 44.3 41.1 22.7 (4.8) purple suspension, unstable
2 10.6-11.0 - - - - dark purple gel
5 6.77 2.93 60.3 56.0 37.7 (9.8) purple suspension, unstable
5 8.69 2.82 - - - dark grey suspension, unstable
5 10.5-11.0 - - - - dark purple gel
10 10.67-10.9 - - i 35.4 (16.2) dark purple gel

+ aggregated 100-300




*UV-Vis determination of gold nanoparticle size using the procedure presented by Haiss et al. (2007). The method is based on the relative Aspr/Asso ratio.
**UV-Vis determination of AuNPs size using the procedure presented by Khlebtsov (2008).
***Particle diameters were measured using ImageJ software from SEM images and particle size distributions were calculated. s is a standard deviation.



3.1 Size and morphology characterization of PEO/AUNPs gels and suspensions

Suspensions obtained by irradiation at pH < 8 were of different color and stability
depending on the pH of the precursor solution. They were brownish-pink to red and purple in
color by irradiation at acidic, neutral and slightly alkali range, respectively. The UV-Vis
spectra of obtained suspensions and photographs showing the color of the suspensions are
given in Figure 2. The pH and Au®" concentration, and hence PEO/Au®* ratio, markedly
influenced AuNPs size and suspension stability. The position of surface plasmon resonance
(SPR) band for sample synthesized at neutral solutions and with 1 wt% Au®* was around 522
nm. By moving the pH to more alkali or acidic range, and by adding more gold ions the
position of SPR band shifted to higher values. Generally, the position, width and intensity of
SPR band depend on the AuNPs particle size, shape, concentration, surface charge, refractive
index of the surrounding medium and interparticle interactions. The position of SPR bands
has been regularly used for the determination of particle size. For spherical particles the
position of SPR band decrease with the particles size (Heiss et al., 2007). In this work we
calculated particle size using the procedure presented by Heiss et al. (2007) which is based on
the relative Aspr/Asso ratio, and method presented by Khlebtsov (2008). The results are given
in Table 1. Neutral pH favored the formation of stable red AuNPs suspensions of very small
NPs. The AuNPs synthesized at pH ~7 and with initial 1 wt% of Au®* (initial concentration
9.32:10"* mol dm3) showed the smallest particle size (8.0 nm), as the red color of the colloid
solution suggested. This was the most stable suspension, stable even after few months. The
AuNPs synthesized at highly acidic conditions were around five times larger and very
unstable. In addition, AuNPs size increased several times with increase of Au®* concentration
from 9.3:10* mol dm (1 wt% Au®") to 4.5-:10° mol dm= (5 wt% Au®"). Suspension obtained
by irradiation of initial 2 wt% Au®" at pH = 3.24 obviously contains AuNPs of wide range of

distributions, as evidenced by complex UV-Vis spectrum (convolution of several spectra).
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Figure 2. UV-Vis spectra od suspensions obtained by y-irradiation of PEO ag. solution
containing: a) different amount of Au®"at ~ pH = 7, b) 2 wt% of initial Au®" at various pH,
and c) 1 wt% of initial Au* at various pH. The pH of solutions was adjusted with 2 M NaOH
aqueous solution. All spectra are of 3x diluted suspensions, except of one with 5% Au®*
which is 6x diluted. Inset photos show the color and stability of AUNPS suspensions (3x
diluted).

Figure 3. shows the SEM images and the corresponding particle size distribution of
suspensions obtained by 50 kGy irradiation of PEO solution with various amount of Au®* at
different pH. The smallest spherical particles (13.7 nm) were obtained at 1 wt% Au®* at
neutral pH (Fig. 3d). The particles obtained at acidic conditions (1%, pH=3.76) and from
more concentrated Au®* solutions (5%, pH~7) were bigger, with sizes 28.7 nm, and 37.7 nm,
respectively. The trend in increase of AuUNPs size with decreasing pH and increase of
precursor concentration is similar to those already observed from the UV-Vis spectra.
Suspension obtained by irradiation of initial 2 wt% Au®" at pH = 3.24 contains small spherical
~24 nm (Fig. 3e), but also big spherical particles around 124 nm in size (Fig. 3f), as well as

some big plate like particles (hexagon tiles 342 nm and triangular tiles ~267 nm), as
11



evidenced also by complex UV-Vis spectra. Few bigger spherical or plate like/hexagonal
particles, with diameters of 100 nm and more, are visible in all suspensions with 2 wt% and 5
Wt% Au®,
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Figure 3. SEM images and corresponding particle size distributions of Au suspensions obtained by irradiation of PEO solutions with: 1 wt%

Au® at pH=3.76 (a), 1 wt% Au®* at pH=4.6 (b), 1 wt% Au®*at pH=5.15 (c), 1 wt% Au* at pH=6.78 (d), 2 wt% Au** at pH=3.24 (e and f), 2 wt%
Auttat pH=6.84 (g), 2 wt% Au®" at pH=8.54 (h), 5 wt% Au** at pH=6.77 (i).

13



As already said the basic mechanism of AuNPs formation by irradiation of ag. solution
proceeds via reduction of Au** (Au"'Cls) with hydrated electrons, ez, (also in a smaller
amount with proton radical, H*) formed on water radiolysis (Abidi and Remita, 2010;
Gachard et al., 1998; Dey et al., 2011.)

H20 M= e, H' "OH, H202, HOZ', Hz, O2* -, H30* (2)

This process of reduction of Au"'Cls to Au"Cl, AU'Cly, and finally to Au® is pretty

complex, it occures in several steps, but it can be presented via this simplified process:

AUt + Baa — Au?* — Au* — Aulatoms — oligomers — Aun<*clusters — Aun NPs (3)

To ensure the reducing conditions in these experiments irradiation was performed in

deoxygenated solutions, to prevent the conversion of highly reactive reducing radicals, i.e.

hydrated electrons, e,

and H°* with dissolved oxygen to corresponding O2* and HO>*

radicals, which possess oxidizing abilities;

®aa + 02 — 05" 4)
H* + O2 — HO?* (5)

2-propanol, as a scavenger of oxidizing radicals, hydroxyl radicals (HO®), was not used.
However, as seen from above results gold NPs were successfully synthesized. The present
PEO macromolecules in dilute solutions react with *OH (and H") radicals by hydrogen

abstraction,
-CH2-CH2-O-CH,-CH,-O- + "OH (H") — -CH2-CH2-O-CH2-CH™-O- + H20 (H>) (6)

In this way PEO can to some amount act as scavenger. Obviously the PEO acting as

scavenger of *OH was enough to obtain good reducing conditions for AuNPs formation.

By increasing the Au* concentration, but with the same amount of PEO as a
stabilizer, the important factor, the ratio PEO/Au decreases thus influencing size and stability
of suspensions; there is not sufficient polymer to stabilize NPs. The reason for lowering of
NPs size at acidic conditions can lay in the fact that at acidic conditions, the yield of e_;,
decreases, because e, are converted to H" by reaction with H3O" (Ferradini and Jay-Gerin,
2000; Spinks and Woods, 1900; Spotheim-Maurizot et al., 2008). At such reduction
conditions, nuclei are formed less concentrated. Formed atoms act as nucleation centers and

as ,,catalyst for the reduction of the remaining metal cations (making the redox potential
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more positive) (Abidi and Remita, 2010; Gachard et al., 1988). Remaining gold cations being
absorbed on clusters and reduced, thus resulting in bigger particles. In addition, the increase
of NPs size at high Au®* concentration can also be explained by the insufficient reduction and

similar mechanism of particle formation.

Krkljes et al. (2008) observed similar effects of pH on AuNPs size obtained on y-
irradiation of PVA/AU®* aqueous solutions; the biggest one synthesized at acidic conditions.
In our previous work (Jurkin et al., 2016b) we reported on the influence of pH on the stability
of gold nanoparticles synthesized by y-irradiation of microemulsion; more stable AuNPs
suspensions were obtained at pH < 7 than when synthesized at alkali conditions. The increase
of AuNPs size, obtained on y-irradiation of PVP/Au®* solution, by increasing the Au'"
concentration was also noted by Li et al. (2007) and Misra et al. (2012). Bigger AuNPs, as
well as trigonal and hexagonal NPs were obtained by Morrow et al. (2009) for synthesis at
acidic conditions (pH = 4) due to slower nucleation and hence preferential nucleation
directional growth.

At alkaline conditions nanocomposite gels are formed, not suspensions. Figure 4.
shows the SEM images, and the corresponding particle size distribution, of PEO/AuNPs
hydrogels obtained by 50 kGy irradiation of PEO solution with 1 wt% Au** and 10 wt% Au®*
at pH~10.95. Particles very homogenously dispersed through polymer matrix are visible, with
rare agglomerates. For gel obtained from solution with 1 wt% Au®* particles of ~24 nm are
embedded in PEO matrix. In gel with higher amount of AuNPs (10%) somewhat bigger (~35
nm) and slightly agglomerated particles were observed, but also particles of 100-350 nm in

size, that can be NaCl particles or aggregated gold particles.
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Figure 4. SEM images and corresponding particle size distributions of PEO/AuNPs hydrogels
obtained by irradiation of PEO solutions with 1 wt% (a) and 10 wt% Au** (b) at pH~11. For
gel obtained with 10 wt% Au®* distribution of smaller particles is given; it also contained

bigger aggregated/agglomerated particles.

As shown, PEO/Au nanocomposite hydrogels were successfully prepared using one-
pot y-irradiation synthesis procedure on irradiation of PEO and Au®" aqueous solutions under
inert atmosphere at highly alkaline conditions. The permanent shape of gels obtained is a
strong evidence of a three-dimensional network and intermolecular crosslinking. At high pH
crosslinking of PEO chains into macromolecular network occurred simultaneously with the
reduction of Au* ions and formation of AuNPs. As mentioned before, upon irradiation of
dilute PEO solution the PEO radical is not generated by direct absorption of radiation energy
by PEO chains, but by reaction with hydroxyl radicals formed on water radiolysis (eg. 6)
(Matheson et al., 1973; Savas and Giiven, 2002; Ulanski et al., 1995a). If conditions are
preferable, owing to good mobility in dilute solutions, such formed PEO macroradicals can
preferably intermolecularly crosslink forming 3-D macromolecular gels.

. -CH,-CH-O-
2 -CHyCH-O- —» |

-CH,-CH-O- 7)

The extent of crosslinking and the ratio of inter- and intra-molecular crosslinking depend on
the irradiation conditions like dose, dose rate, atmosphere, and on concentration of PEO

solution and its molecular mass (Jurkin and Pucié¢, 2012; Savas and Giiven, 2002; Ulanski et
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al., 1995a; 1995b). If additives or particles are present during the synthesis they can also

influence the process of polymer crosslinking (Jurkin and Puci¢, 2013).

The formation of gels at alkali conditions could be due to the increased yield of -OH
radicals at high pH (Ferradini and Jay-Gerin, 2000; Hayon, 1965; Spotheim-Maurizot et al.,
2008). It has to be mentioned that there are authors observing decreasing values of -OH vyields
at very high pH (Spinks and Woods, 1990; Swiatla-Wojcik, 2008). Especially for high
alkaline media the question of the values of yields of some primary free radicals, like -OH, is
yet unsolved, the experimental data appearing to be contradictory. In addition, it is known that
the rate constant of -OH radicals with polymers depends on the concentration and molecular
weight of polymer (PEO) (Janik et al., 1997), but also on the pH of solution. This effect of pH
on the formation of gels vs. suspensions could also be due to the fact that by irradiation of
solutions at pH < 9, depending on the AuCls content in solution, the pH of suspension after
irradiation drops below <3.5, which was shown by Charlesby and Kopp (1966) to be the
critical pH, below which there was no observation of dose to gel in PEO solution. They
ascribed this to a change in the shape of the PEO macromolecule, which can enhance
intramolecular crosslinking at the expense of intermolecular crosslinking. The fact that PEO
gels cannot be formed at pH < 3 was confirmed by additional experiment of irradiation of
pure 1.85 wt% PEO ag. solution at pH = 2.97 with 50 kGy (results not shown). In addition, in
acidic deoxygenated solution if chloride ions are present they can convert -OH to HOCI -,
while in alkali -OH can react with OH- giving O~ which can also abstract hydrogen form the

polymer chain (Spotheim-Maurizot et al., 2008; Ferradini and Jay-Gerin, 2000).

There are several possible reasons for observed pH decrease after irradiation of
PEO/HAUCI; aqueous solutions. One of the reasons is water radiolysis that results in
formation of hydronium ions, H3O*. This would result in slight decrease of pH, not such
drastic as observed in PEO/Au samples. Another reason may arise from formation of
degradation products of PEO. Such significant decrease of pH (for example from pH= 8.4 to
pH=4.5 depending on the irradiation time) is observed in a case of photodegradation of PEO
on irradiation of its not deoxygenated aqueous solutions, and was ascribed mainly to the
formation of formic acid ions, which was formed by partial hydrolysis of formates (Hassouna
et al., 2007; Morlat and Gardette, 2003; Utrata-Wesotek et al., 2011). Higher rate of PEO
photodegradation was observed in acidic medium (Hassouna et al., 2007) and in the presence
of metal salts like FeCls etc. (Hassouna et al., 2008). Herein, the synthesized PEO/Au samples
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were obtained on y-irradiation of deoxygenated PEO/HAUCI4 aqueous solutions (bubbling
with nitrogen prior to irradiation), so degradation is not expected in large amount as in
oxygen, but it can still occur in some extent. Additional reason for pH decrease in PEO/Au®"
systems obviously lay in the presence of HAuClI4 since at pH range 8-10.5 on increasing the
HAuUCI4 concentration the formation of suspensions prevails over the formation of gels. This
may be due to the chloride ions present and their reaction with the primary products of water
radiolysis and/or changes of the pH during Au®" reduction (like on reduction with proton
radical or with some organic radicals resulting in formation of H*). For the purpose of
establishing the reasons for significant pH decrease, additional experiments were performed:
i) the irradiation of pure MQ-water in inert atmosphere at different pH at 50 kGy slightly
decreased pH, ii) upon irradiation of pure PEO aqueous solutions at different pH in air and
nitrogen the slight decrease of pH occurred, more pronounced on irradiation in air, iii) upon
irradiation of deoxygenated PEO/NaCl aqueous solution (with the same amount of Cl as in
PEO/HAUCIs solution with 2wt% Au®*) PEO wall-to-wall gel was formed with almost
unchanged pH, and iv) upon irradiation of pure HAuCls aqueous solution (without PEO) at
different pH a significant decrease of pH was observed (for example from 9.38 to 3.95)
(results not shown). Additional experiments confirmed above mentioned possible reasons
responsible for pH decrease, as well as that the major influence is obviously due to the

presence of HAuCls, however a detailed mechanism has yet to be found.

3.2 Thermal characterization of PEO/AUNPs gels

Synthetized polymer gels containing different content of AuNPs (initial 0.5, 1, 2, 5
and 10 wt% of Au®* in relation to total PEO and Au mass) were characterized by differential
scanning calorimetry and rheological measurements to correlate the observed rheological
properties with crosslinking and hence changes in PEO crystallinity. The processes of
polymer melting during heating process, as well as crystallization observed in cooling process
during DSC measurements, are important because they indicate the changes of other
properties like morphology or mechanical properties of polymeric materials. By investigating
the thermal and rheological (mechanical) properties of nanocomposite gels the optimal
concentration of nanofiller can be determined to obtain gel with the desired properties for

potential application.
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DSC thermographs of the second heating and the first cooling cycles of PEO/AuNPs

nanocomposite gels are given in Figure 5.

Figure 6 presents the values of melting and crystallization enthalpies and temperatures
of the first and the second heating and cooling cycles, as well as degree of crystallinity
calculated from melting enthalpies recalculated on the pure PEO mass. The temperatures and
enthalpies differ slightly for the first and second heating cycles, especially the enthalpies of
melting and hence degree of crystallinity. This is due to the fact that first melting cycles are
under influence of thermal and mechanical history of samples, while during the second cycles
melting and crystallization occurs after controlled temperature treatment same for all the
samples, so the effect of degree of crosslinking and amount of AuNPs synthesized under -

irradiation on the melting and crystallization processes is more evident.
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Figure 5. DSC thermographs of 2" heating (a) and 1% cooling (b) cycles of PEO/AuNPs

nanocomposite gels. Heating and cooling rates 10 °C min™,
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Figure 6. Melting (AHm) and crystallization (AHc) enthalpies and temperatures of 1% and 2"
heating and cooling cycles of PEO/AuNPs nanocomposite gels with different amount of Au
(different amount of initial Au®"), as well as the degree of crystallinity (wc ) of
nanocomposite gels calculated from melting enthalpies of 1% and 2™ heating cycles

recalculated on the pure PEO mass.

The enthalpies and calculated degree of crystallinity of gels revealed that at 50 kGy
the density of crosslinks formed inside PEO network is still not high enough to totally prevent
crystallization. Segments of PEO chains between crosslinking points inside gel can still
partially crystalize on drying of gel in vacuum and during thermal treatment. The PEO/Au
nanocomposite gels had generally slightly higher melting and crystallization temperatures
than pure PEO gel. The AuNPs did not significantly influence phase transformation
enthalpies, except for slightly lowering of enthalpies and degree of crystallinity at the highest
Au loading (10 %). All gels, both pure PEO gel and nanocomposite ones, melt around 40 °C,

and crystalize around room temperatures.
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Both the temperatures and the enthalpies of melting and crystallization showed the
stepwise behavior on increase of AuNPs content. Firstly, an increase of enthalpies and
temperatures occurred at small amount of AuNPs (increased enthalpies up to 1 wt% Au for
first cycles and 0.5% Au for second cycles). At 2% AuNPs the values decreased, followed by
the second increase of enthalpies and temperatures at 5 % Au. The lowest values were
observed for 10 % AuNPs loading.

DSC measurements revealed that simultaneous synthesis of PEO/Au nanocomposite
gels resulted in nanocomposite gels with no significantly changed thermal properties
compared to pure PEO gel. That is, simultaneous synthesis of AuNPs on irradiation did not
drastically influence concurrent crosslinking process of PEO chains. Besides, afterwards on
drying in vacuum and during the thermal treatment in DSC formed AuNPs did not
considerably affect crystallization and melting process of nanocomposite gels. Though, some
effect of amount of AuNPs is observable. The nucleation effect of filler at lower amount of
AUNPs, what resulted in increased temperatures of crystallization, is most pronounced up to
1%. Fillers increase the density of nucleation centers and promote the heterogeneous
nucleation in polymer gels. This results in easier crystallization of partially crosslinked PEO
chains and in formation of smaller and less ,,perfect™ spherulites. Hence, the T¢ increases. At
0.5% of AuNPs nucleation effect obviously resulted in smaller but better structurated
crystallites and hence higher enthalpies then pure PEO gel. At 1% there is a very strong
nucleation effect of filler, as shown by highest T and decrease in enthalpies and Tm. This is
because, generally, smaller spherulites and crystallites are less "perfect” (less structurated)
than bigger ones, so they melt at lower temperatures. Obviously, at lower AuUNPs
concentrations because of the small amount of formed AuNPs and their homogenous
distribution through polymer matrix (as observed on SEM image Figure 4a) crystallization
process of PEO chains is not hindered, it is even triggered. The lowest values of enthalpies,
crystallinity degree and temperatures were observed for the gel containing highest Au loading
of 10 %, even slightly lower that for pure PEO gel. This could be due to the interactions
between NPs present in high amount and partially crosslinked PEO chains, thus reducing
mobility of PEO chains. Also, the highest amount of NPs, due to somewhat worsened
dispersion and partial NPs agglomeration, can restrain mobility of partially crosslinked PEO
chains and its crystalizability, resulting in lowering of crystallization temperatures and degree
of crystallinity. Filler agglomerates can also be an obstacle for PEO crosslinking, as noted in

our older work in the case of silica NPs (Jurkin and Puci¢, 2013). Although some
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agglomeration at highest AuNPs content is expected and is confirmed by SEM microscopy
(Figure 4b) it did not have significant influence on enthalpies and phase transformations

temperatures compared to pure PEO gel.

Krkljes et al. (2007) observed the similar behavior of PVA/Ag gels which showed Tm
decreased with the increase of Ag content compared to pure PVA gel, with a very small Tr,
increase up to 1 wt% of Ag, and the highest degree of crystallinity for 1 wt% of Ag, with the

further increase of Ag concentration degree of crystallinity lowered.

3.3 Rheological properties of PEO/AuNPs gels

The viscoelastic properties of gels are described using oscillatory rheology. During the
amplitude test, the frequency is held constant and the shear strain is varied. Storage modulus
G' represents the stored deformation energy and loss modulus G" characterizes the
deformation energy dissipated through internal friction when flowing. For gels, the elastic
component dominates (G') over viscous component (G") at small applied shear and attains a
plateau in the linear response region (LVR or linear viscoelastic region). The amplitude sweep
tests of pure PEO gel and nanocomposite gels are shown in Figure 7 and results given in
Table 2. All investigated gels behave like viscoelastic solids with G’ values much higher than
G” values indicating solid-like behavior and confirming well-ordered gel network. The values
of storage modulus had the maximum at concentration of 1 wt % Au in PEO matrix, while the
values of yield point and flow point had maximum at 0.5 wt% Au. After that, constant

decrease of viscoelastic properties till concentration of 10 wt% of AuNPs was observed.
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Figure 7. Amplitude sweep test (G’ (m) and G” ( A) values) of pure PEO gel and
nanocomposite gels containing 0.5 wt%, 1 wt%, 2 wt%, 5 wt% and 10 wt% of Au (initial
wit% Au* in relation to total PEO and Au mass) at constant frequency of 5 rad/s at 25 °C.

Table 2. Results of amplitude sweep test of pure PEO gels and PEO/Au nanocomposite gels.

Percentage by

massof AU*/ G (max)/Pa  Yieldpoint/Pa  Flowpoint/Pa oW transition

% index
0 1157 42.2 105.8 2.5
0.5 1091 74.8 239.5 3.2
1313 43.7 218.5 5.0
1187 33.8 103.4 3.1
597 39.6 162 4.1
10 47.7 9.2 83.6 9.1

*Wt% of Au®* in relation to total PEO and Au mass

G' values of gels were in decreasing order: 1% > 0% = 2% > 0.5% >> 5% > 10% Au.
For NPs loading up to 2 % G’ were above 1 kPa. The strength of nanocomposite gels with
loading of AuNPs up to 1 % compared to pure PEO gel was improved. The yield point value
(74.8 Pa) of gel with 0.5 % Au was almost two times higher, and the flow point value more
than two times higher (239 Pa) compared to pure PEO gel. At other Au content flow points
showed this decreasing order: 0.5% > 1% > 5% > 0% ~ 2% >> 10 % Au. Also, yielding zone,
a valley between yield point and flow point values, shows influence of AUNPs on gel network

formation. For pure PEO gel a flow transition index had the smallest value of 2.5, compared
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with much higher values for nanocomposite gels, especially one with 10 % Au (wide yielding
zone, 9.1), indicating different microstructure of network. Nanocomposite gels showed
continuous decrease of microstructure strength compared to faster change of pure PEO gel
structure. All the results indicate strong influence of amount of AuNPs, and consequently of
NPs distribution inside the gel, on the viscoelastic properties. Specifically, at initial 0.5 %
Au®* nanocomposite gel was formed with similar G' value compared to pure PEO gel, but
with exceptionally strong influence on microstructure elasticity of gel with two times higher
yield and flow point values. This confirms well-ordered gel network formation of PEO and
indicates good filler (NPs) dispersion at this low amount of AuNPs. Small amounts of AuNPs
up to 1% were beneficial for increasing the elasticity of gel, increasing the overall strength of
the gel and yield and flow points, since, in addition to reinforcing effect of filler, the
crosslinking of PEO chains is not yet hindered by NPs and strong polymer network is still
formed. At 2 % filler the gel starts to soften by all parameters. Still, strong gel was formed at
2 % Au, but with significantly lower values of yielding zone and flow point compared to
0.5% and 1% gels. The properties of the gel with 2% AuNPs is more likely to compare with
pure PEO gel. Almost the same quantities of G' values and flow point values were noticed for
2% loading of AuNPs and pure PEO gel. The gel strength is still preserved but the indicative
parameter that internal structure is disrupted at the micro-level is seen through the
significantly lower value of yield point for the 2% loading of AuNPs. At this point it is
reasonable to conclude that initial agglomeration of AuNPs starting to influence the
crosslinking of PEO chains, but the microstructure of gel is still rather stable. On contrary, at
5 % Au, due to relatively high loading of NPs, yield point and flow point increases but the
overall influence on gel strength was lower (G' value). A gel strength at 10% of Au loading
was exceptionally low, also the low values of all other viscoelastic parameters indicate not
properly formed polymer network probably due to presence of high amount of NPs and

agglomerates, as also noticed on SEM image (Figure 4b).

The quantity loss factor, tan(o) = G"/G’, determines the relative elasticity of
viscoelastic materials. The gels with a value of tan(d) = 0.1 and lower belong to stiff gels. All
investigated nanocomposite gels showed low loss factor values, determined in LVR, in range
from 0.01 up to 0.05, which is indicative of a high relative elastic modulus and well-ordered
gel systems. Loss factor for pure PEO gel and gels with loaded Au concentration from 0.5 %

up to 2 % was similar ~ 0.02. Samples loaded with 5 % Au showed somewhat lower values of
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loss factor (0.01), hence more ordered structure, while the sample doped with 10% Au had the
highest value (0.05).

Overall, the observed improvement in properties of gels (stronger gels with higher
flow points and G’ values), with 0.5% and 1% Au, and more ordered structure as indicated by
higher values of loss factor and flow point at 5% of the filler, can also be observed on DSC
thermograms as an increase in crystallization temperatures due to the good nucleation effect
of filler at this concentrations, as well as in maxima of enthalpies and degree of crystallinity.
This can be explained by very good dispersion of filler at these concentrations, resulting in
better structuring of partially crosslinked PEO chains, better ordering of the system, and good
transfer of stress from polymer chains to the filler (due to interactions of NPs and polymer
and homogeneous NPs dispersion). The worst rheological properties of gel with 10 % Au
(lowest storage modulus, yield point and flow point), which are in line with the lowest values
of phase transformation temperatures, enthalpies and degree of crystallinity, are probably due
to the worsened dispersion of AuNPs through the gel and NPs agglomeration sterically

preventing the polymer chains to crosslink.

Jovanovi¢ et al. (2011) and Spasojevi¢ et al. (2015) also observed formation of
stronger gels, and in a case of PP less elastic gels, on incorporation of smaller amount of Ag
NPs by in situ radiolytical reduction in PVP and PNIPAM gels, respectively.

Frequency sweeps describe the time-dependent behavior of a sample in the non-
destructive deformation range, gathering information on the behavior and inner structure of
polymer/network, and system homogeneity. Frequency sweep studies (o = 0.05—100 rad/s at
0.8% strain, LVR) of investigated gels at 25 °C confirmed the “solid-like” behavior for all
gels and showed that the storage modulus (G’) and loss modulus (G") values are mostly
independent of the applied frequency within the linear viscoelastic regions (LVRSs) (Figure 8).
The investigated samples are true chemically crosslinked gels. G' values (the elastic
component of the gel) were constant through entire frequency range for all gels. The G’ value
at lower frequency can be used for comparison of the crosslinking density of different
samples. The higher the G’ value, the higher the degree of crosslinking (Mezger, 2014). This
also confirmed the high crosslinking degree for 0.5% AuNPs loading, while at 10% AuNPs
loading, due to high particle concentration and partial agglomeration, crosslinking degree is
lower. A pure PEO gel and all nanocomposite gels, except of 10 wt% Au gel, showed small

changes in loss factor at frequencies below 0.2 rad/s, due to change of loss modulus G". The
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time dependent behavior of nanocomposite gels were similar to pure PEO gel, except for 10
wt% loaded gel were the same stability was obtained throughout examined frequency range.
The gel with 10 % of AuNPs loading was very soft, but despite to 20 times lower G' value
compared with pure PEO and PEO gels loaded with up to 1% of AuNPs, the exceptional
stability at lower frequencies showed good homogeneity of the system, good distribution of
Au nanoparticles and agglomerates within PEO matrix through prolonged period of time. It is
known that the high concentrated and highly agglomerated systems show minimal variation of

storage modulus with frequency (Shenoy, 1999).
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Figure 8. Frequency sweep tests (G’ (m) and G” (A) values) (frequency range 0.05-100 rad/s,
strain at LVR) of pure PEO gel and nanocomposite gels containing 0.5 wt%, 5 wt% and 10
wit% of Au (initial wt% Au®*) at 25 °C.

Thixotropy is a time-dependent phenomenon, as the viscosity of the substance has to
recover after a certain period of time when the applied stress is removed. In thixotropic
materials the structural strength decreases (structural breakdown) while shearing and recovers
after a certain rest period (structural recovery). In the thixotropic experiments, rheological
measurements were conducted under initial conditions at which they were in their linear
viscoelastic regimes (a strain of 0.5 % and angular frequency of 5 rad/s) for 680 s to establish
baseline values for G’ and G”. After that, destructive strain of 300 % for 60 s at angular

frequency 5 rad/s and additional 680 s of non-destructive strain (0.5 % at 5 rad/s) were
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applied. Viscoelastic recovery of gels was observed after the cessation of destructive strain
(Figure 9). Figure 9a shows the evolution of G’ and G” for pure PEO and PEO/Au
nanocomposite gels after applying a destructive strain, a condition that leads to loss of its
viscoelasticity. The sample behavior switched from gel-like to sol-like, with G” values higher
that G'. After that, the original conditions were reapplied in order to monitor the recovery of
the viscoelastic properties of the gels. All investigated gels revealed excellent recovery
properties (self-healing properties) (Figure 9). In less than 10 seconds all gels exhibited a
recovery ratio of 90 %. After 60 seconds pure PEO gel recovers to 92 %, one with 0.5 % Au
t0 96 %, 1% Au to 91%, 2% Au to 92 %, 5% Au to 91% and 10% of Au to 94 % recovery.
Again, best recovery ratio was observed for gel with 0.5 wt% Au. Excellent recovery
properties of all gels indicates very good microstructure integrity. This also confirms that the
incorporation of nanoparticles did not significantly altered the gel structure, even at the
highest AUNPs amount. Moreover, the NPs concentration of 0.5% resulted in a stronger gel,
with good elasticity, higher flow point and yield point and somewhat better recovery than
pure PEO gel. Excellent recovery ratio could is also indication of good NPs dispersion within
the polymer gel as well as it could be indication of good interactions between NPs and

polymer.
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Figure 9. 3ITT thixotropy test of pure PEO gel and nanocomposite gels containing 0.5 wt%,
1 wt%, 2 wt%, 5 wt% and 10 wt% of Au (initial wt% Au" in relation to total PEO and mass)
presented as: a) storage G’ (m) and loss G” ( A) modulus and b) complex viscosity (7*) as a

function of time and application of different strains at 25 °C.

Both DSC and rheological measurements indicate that an optimal amount (at 50 kGy)
for incorporating AuNPs and still preserving good viscoelastic properties, or even obtaining
better properties (stronger gels, better viscoelastic properties, higher storage modulus, better
recovery) of such composite gel comparing to pure PEO gel is up to 1 wt%. Higher filler
loading exhibited worsening of properties (lowest storage modulus, yield point and flow
point) probably due to possible worsened dispersion and agglomeration of AuNPs, being an
obstacle for crosslinking of PEO chains. Still, all nanocomposite gels, even one with highest

amount of AuNPs, showed excellent recovery properties and stability.
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The obtained PEO/AuUNPs nanocomposite gels showed promising rheological
properties for potential application in tissue engineering and as wound dressings, but further

optimization of irradiation conditions as well as precursor solution conditions is necessary.

4. Conclusions

By optimizing the pH, PEO/Au®* ratio and Au®* concentration of precursor solution
stable Au suspension or PEO/AuUNPs hydrogels can be obtained on irradiation. The pH was a

crucial factor in determining formation of suspension vs. gels.

The final size of gold nanoparticles and stability of suspensions markedly depended on
pH of solution, but also on precursor Au** concentration. Neutral pH favored formation of
stable Au suspensions with small NPs. Bigger AuNPs and unstable suspensions were formed

at more acidic conditions and by increasing initial Au®* concentration.

y-irradiation method showed to be an effective and suitable method for one-step
synthesis of PEO/AUNPs nanocomposite hydrogels, at alkaline conditions. On y-irradiation
crosslinking of PEO with the formation of network occurred simultaneously with formation of

Au nanoparticles. AuNPs of small size were obtained, well dispersed through polymer matrix.

Thermal and viscoelastic properties of the gels depended on the amount of AuNPs

synthesized inside gels.

The optimal amount was up to 1 wt% Au3* for incorporating AuNPs and preserving or
even obtaining better properties (stronger gels, higher storage modulus, higher yield point and
flow point, better recovery) than pure PEO gels. Higher amount of NPs did not result in
enhancing strength of gel, probably because of agglomeration of AuNPs being an obstacle for
crosslinking of PEO chains. All nanocomposite gels showed excellent recovery properties and

stability.

Obtained nanocomposite gels showed promising rheological properties for potential

application, but further optimization is necessary.
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