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Abstract

The polyol process is one of the simple, efficient and productive methods
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polyol process

for the synthesis of metal loaded polymer composites. Functional proper- polyethylene glycol
ties of metal-polymer nanocomposites are determined by chemical com- cobalt
position, size and morphology of their particles. Finding effective ways to nanocomposites
1 th icle' i i h lyol i ial
control the nanoparticle's properties during the polyol process is a crucia biocompatibility

task. The effect of molar ratio M™*/OHpgg on the formation of cobalt loaded
metal-polymer nanocomposites during a one-pot two-component polyol
process by polyethylene glycol with M, = 4000 g-mol™ (PEG) was studied.
The PEG-based polyol process and the formation of cobalt nanophase were
studied at molar ratios Vcez+/Voneg) = 1:1, 1:10, 1:100 and 1:500 using UV-
Vis, diffuse reflectance IR and ATR FT-IR spectroscopy, nanoparticle track-
ing analysis (NTA), dynamic light scattering (DLS). It was found that PEG
can act as a reducing agent and stabilizing matrix for the cobalt nanophase
at a ratio higher than M™*/OHpgg = 1:10. The composition and morphology
of Co/PEG nanocomposites were determined by XRD and TEM methods.
Two types of spheroid particles with average diameters of 88+55 nm /
8+4 nm and 12+3 nm / 3+1 nm, respectively, represent Co/PEG nanocom-
posites 1:500 and 1:100. Scaly structures with a diameter of 15+5 nm are
formed at a molar ratio of Vcoz+/Vouers) = 1:10. An increase in the Co?*
content in the PEG-based polyol process leads to the immobilized cobalt
nanophase Co;0, (1:500), Co°/Co0O (1:100), CoO (1:10) in PEG. Co/PEG
nanocomposites are hemocompatible. The HC;, value depends on the com-
position and morphology of the nanoparticles.
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Key findings

o The effect of M™*/OHrrc molar ratio on the formation of cobalt loaded metal-polymer nanocomposites during a one-
pot two-component polyol process by polyethylene glycol with Mr = 4000 g-mol™* (PEG) was studied.

e Controlling the size and structure of Co/PEG composite particles allows maintaining their biocompatibility.

e Composites Co/PEG containing only cobalt oxides (CoO or Cos0,) and having dimensions above 5 nm are hemocom-

patible. The hemolytic activity of HCso can reach 6.12 g-ml™.
Supplementary
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1. Introduction

Nanometallic polymer composite and hybrid materials have
unique properties and wide application possibilities in var-
ious fields of science and technology, including catalysis,
electronics and biomedicine [1-5]. The size, composition,
structure and morphology (shape and spatial organization)

of metal nanophase all play key roles in tuning the func-
tional activity and target properties of the metal-polymer
nanocomposite. In turn, the characteristics of material par-
ticles in general and metal nanophase particles in particu-
lar are determined by the components of the medium and
the synthesis conditions. In this case, the simplest version
of the reaction system for the production of metal-polymer
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nanomaterial is a two-component system consisting only of
a metal precursor compound and polymer nanoparticles.

Among the existing synthesis methods that make it pos-
sible to obtain metal nanoparticles in a medium with a lim-
ited composition the polyol process is the most promising.
Polyol synthesis is a widely used method for preparing
metal-loaded composite nanomaterials due to its numerous
advantages such as simplicity, versatility, and control of the
size and morphology of metal nanoparticles [6-8]. The
metal precursor and the polyol, which is both a reducing
agent and a stabilizer of metal nanoparticles, are the main
reagents in this method.

The choice of polyol and synthesis conditions plays a de-
cisive role in determining the composition, structure, size
and morphological characteristics of the resulting nano-
composite particles. Traditionally, this synthesis method
uses linear low-molecular-weight alcohols: ethylene glycol
[9, 10], propylene glycol [11], etc. In addition, in the polyol
process, linear polymeric polyols can be used, e.g., polyvi-
nyl alcohol [12], hyperbranched polyester polyols [13], etc.

Water-soluble polymeric polyols are the most promising
in the synthesis of metal loaded polymer nanocomposites
which have great potential in biomedicine and ecology. In
addition, the ability of polymeric polyols with high molecu-
lar weight to control the size and morphology of the metal
nanophase is superior to that of low-molecular-weight sta-
bilizers. However, most water-soluble polyols, such as pol-
yvinyl alcohol [14], poly(N-vinylpyrrolidone) [10, 15], pol-
ylactic acid [16], PEG [17] are used only as stabilizers in the
polyol process. The function of a reducing agent in this case
is performed by a low-molecular-weight polyhydric alcohol.

Among the designated polymeric polyols polyethylene
glycol (PEG) has the greatest potential for implementing
the polyol process in a two-component reaction system [18-
23]. PEG has a number of desirable characteristics includ-
ing high thermal stability, nontoxicity, excellent solvation
ability, and the ability to reduce metal precursors under
suitable reaction conditions [24,25]. In addition, the ad-
vantage of PEG is its commercial availability in different
molecular weights, which allows controlling the morphol-
ogy and functional activity of materials.

Using the two-component polyol process with PEG, na-
noparticles of some metals were obtained, and areas of
their promising application were identified. For example,
nanoparticles of gold [18] and silver [19, 20] synthesized by
the PEG-based polyol process with PEG 200-20000 demon-
strate antimicrobial activity and potential in electronics
and surface-enhanced Raman spectroscopy. It was demon-
strated that the size of the silver nanoparticles decreases
with decreasing molecular weight of PEG [20]. It was
shown that varying the molecular weight and concentration
of PEG in the synthesis makes it possible to synthesize iron
nanoparticles of cubic and polyhedral shape for PEG-200
[21], spherical shape for PEG-300 [22] as well as spherical
bimetallic nanoparticles of cobalt and iron [23] with speci-
fied sizes and morphology. Prospects for the applications of
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synthesized iron nanoparticles are in areas such as mag-
netic resonance imaging (MRI), drug delivery, and mag-
netic separation methods.

Thus, polyethylene glycol of various grades can act as a
bifunctional agent (a reducing agent and a stabilizer at the
same time) in the synthesis of nanoparticles of various met-
als. According to most authors, the molecular weight of PEG
determines the size, composition and morphology of metal
nanoparticles obtained by PEG-based polyol process [18].
However, one of the leading factors influencing the mor-
phology of the metal nanophase in the polyol process is the
M"*/OHpolyor ratio. It was found that for low-molecular-
weight ethylene glycol [26] and polyvinyl alcohol [14] the
load of the metal phase and particle sizes decrease linearly
with a decrease in the mole fraction of alcohol in situ. Es-
tablishing the patterns of the influence of the M™*/OH molar
ratio in the PEG-based polyol process will allow determin-
ing new approaches to controlling the composition, size and
morphology of the metal loaded nanocomposites.

The goal of this work was to propose an approach to
controlling the size, composition and morphology of cobalt
loaded nanocomposite particles during the PEG-based pol-
yol process, as well as to evaluate the properties and func-
tional activity of the cobalt-containing nanocomposites.

2. Materials and Methods

2.1. Materials

For the synthesis of cobalt-containing nanocomposites
(Co/PEG), polyethylene glycol 4000 - PEG 4000 (Sigma-Al-
drich, CAS: 25322-68-3, average Mr = 4000 g-mol™, hy-
droxyl number 28 mg KOH:g™*) and CoCl.-:6H-0 (99%, Alfa
Aesar) as a cobalt precursor were used. To study the hemo-
lytic activity of Co/PEG, blood from healthy donors was ob-
tained from the blood donor center in Kazan. The blood was
anticoagulated with 3% sodium citrate. Co/PEG samples for
TEM were prepared in methanol. To study the properties of
Co/PEG we used deionized water (Q = 18.2 MQ-cm at 25 °C,
X = 0.055 uS/cm, particle number of 0.22 pm/ml < 1) and
phosphate buffered saline (PBS) with pH = 3.58.

2.2. Equipment

The FT-IR spectra were recorded on a Spectrum 400 (Perki-
nElmer, Connecticut, USA) ATR spectrometer. The FT-IR
spectra from 4000 to 400 cm™* were considered in this
analysis. The spectra were measured with 1 cm™ resolution
and 64 scan averaging.

To establish the mechanism of oxidation of PEG, FT-IR
spectra were recorded on a Spectrum 400 Fourier spec-
trometer (PerkinElmer, Connecticut, USA) with a diffuse
reflectance accessory with a compact temperature control-
ler "PIKE technologies" in the temperature range 35-
210 °C, 4000-400 cm™ (1 cm™ resolution, 16-scan accumu-
lation, shooting range 4000-400 cm™).

The electronic absorption (UV-Vis) spectra were rec-
orded on a Lambda 750 (PerkinElmer, Connecticut, USA)
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spectrometer in the wavelength range of 200-1000 nm at
T = 25+0.01 °C, using a temperature-maintaining system
including a cell holder, circulating thermostat Julabo MB-
5A, and a Peltier PTP-1 thermostat. Quartz cells with a
thickness of 1 cm were used for the measurements. The
measurement accuracy for absorbance (A) was +1%.

The colloidal properties were studied by the Nanoparti-
cle Tracking Analysis (NTA) method on a NanoSight LM -
10 instrument (Malvern Panalytical, Malvern, England).
CMOS cameras C11440-50B with an FL-280 Hamamatsu
Photonics (Shizuoka, Japan) image capture sensor used as a
detector. The measurements were taken in a special cuvette
for aqueous solutions, equipped with a 405 nm laser (ver-
sion CD, S/N 2990491) and a sealing ring made of Kalrez
material. The temperature was taken with an OMEGA
HH804 contact thermometer (Engineering, Inc., Stamford,
CT, USA) for all measurements. The samples for analysis
were injected into the measuring cell with a 1 mL glass 2-
piece syringe (tuberculin) through the luer-lock fitting
(Hamilton Company, Reno, NV, USA). To increase the sta-
tistical dose, the sample was pumped through the measur-
ing chamber using a piezoelectric dispenser. Each sample
was detected sequentially 6 times; the total recording time
was 60 s. For processing the footage from the Nanosight
instrument, NTA 2.3 (build 0033) and OriginPro software
were used; the Gauss function was employed as described
previously [27, 28]. The detailed procedures are described
elsewhere [29, 30]. The hydrodynamic size (Dn) was calcu-
lated with the two-dimensional Einstein-Stokes equation
[31].

Thermogravimetric analysis (TG) were performed using
a thermal analyzer STA 449 F1 Jupiter (Netzsch GmbH, Selb,
Germany) with the temperature rate of 10 K-min~ in an ar-
gon atmosphere with the total flow rate of 75 mL-min~*. The
analysis was performed in a temperature range of 40-
600 °C in an Al crucible with a volume of 40 uL with lids
having 3 holes, each 0.5 mm in diameter.

Experiments on the thermal stability of the composites
were performed on a precision thermobalance TG209 F1 Li-
bra (Netzsch GmbH, Selb, Germany) in synthetic air atmos-
phere.

Powder diffraction patterns (XRD) of composites were
taken on a MiniFlex 600 diffractometer (Rigaku, Japan)
equipped with a D/tex Ultra detector. Cu Ko radiation
(40 kV, 15 mA) was used in the 26 angle range from 3° to
60° in 0.02° steps with a dwell at each point of 0.24 s with-
out rotation.

The transmission electron microscope (TEM) imaging
was carried out in the Hitachi HT7700 (Tokyo, Japan) Ex-
cellence microscope at an accelerating voltage of 100 kV in
the TEM mode. The size and shape of the synthesized nano-
particles were estimated using Image] software.

Ultrasonic treatment of dispersions for sorption studies
was carried out in a Sapphire ultrasonic bath (T = 25 °C,
operating frequency 35 kHz).
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2.3. Synthesis of polymer-stabilized cobalt nano-
particles Co/PEG by polyol process

Polyethylene glycol PEG (3 g) and CoCl.-6H20 (0.0007 g,
0.0036 g, 0.0356 g and 0.3562 g) was heated under con-
stant stirring at 70 °C until a homogeneous mixture were
formed. Molar ratios M™*/OHpolyol
Veo(n/Vouepes) = 1:500 for Co/PEG-1, 1:100 for Co/PEG-2,
1:10 for Co/PEG-3 and 1:1 for Co/PEG-4. The resulting mix-
ture was left for 24 h at room temperature and then heated
to 160 °Cin 10 °C increments under constant stirring. Solid
NaOH was added to all
VNaoH/Vcoarn = 1:10) before the heating stage. The formation

were

samples (molar ratio of
of cobalt loaded nanocomposites Co/PEG was accompanied by
a color change from blue to brown for Co/PEG-1 and Co/PEG-

2 and from blue to green for Co/PEG-3 and Co/PEG-4.

2.4. Sorption studies

The sorption of Co?* ions by polyol PEG matrix was carried
out in static conditions in HzO. A series of solutions were
prepared with a constant concentration of PEG (0.125 g-ml™)
and a variable concentration of salt CoCl.x6H-O (0.05-
0.8 mol:1™?) in H>0. The mixtures were treated with ultra-
sound for 1 h and incubated at room temperature for 24 h.
The resulting associate [Co**- PEG] was separated by cen-
trifugation (v = 10,000 rpm, t = 5 min) and the free con-
centration of the Co?* ion in the solution was determined by
the UV-Vis spectrophotometry according to the calibration
function at A = 511 nm:

Aszo = (6.3136+0.022):Ccony — (0.0775+0.001)

1
R = 0.9989 @

Intrinsic absorption of PEG in solution was taken into
account in the baseline. The absorption of CoCl.-6H-0 solu-
tions at the same concentrations without the PEG polymer
was taken into account in the control experiment. The sorp-
tion isotherm was plotted in the coordinates cScoz+ VS °coz+
where cScoz+ is the sorbed concentration of Co?* and c°coz+
is the initial concentration of Co?* in the solution.

2.5. Study of biocompatibility

Biocompatibility was assessed based on the hemolysis coef-
ficient (HC, %) [32]. Blood erythrocytes from healthy donor
were separated by centrifugation (5000 x g, 5 min) at 4 °C,
washed three times with phosphate-buffered saline (PBS)
and used immediately after isolation. The red blood cells
(RBC) were suspended in Co/PEG nanocomposite disper-
sions in PBS to study hemolysis at a hematocrit of 1% and
incubated for 0.5 h at a temperature of 20 °C. The incubated
suspensions were centrifuged at 1000 x g for 5 min. For
reference the RBC were treated with double-distilled water
which caused 100% hemolysis. The HC (%) was determined
from the released hemoglobin in the supernatants and meas-
ured spectrophotometrically by absorbance at 540 nm:

A—A_
HC [%] = a

-100%, (2)

+ 4.
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where A is the optical density of the RBC incubated with
nanocomposites, A- is the optical density of the sample in
PBS, and A- is the optical density of the RBC in water (100%
hemolysis). The nanocomposites themselves contributed no
more than 0.1% of the absorbance at 540 nm. The results
are expressed as mean + standard deviation, n = 5. The min-
imum effective concentration of the Co/PEG nanocomposite
that caused hemolysis in 50% of red blood cells (HCs0) was
determined.

3. Results and Discussion

The effect of M™"/OHpolyo molar ratio on the formation of
cobalt loaded metal-polymer nanocomposites during a one-
pot two-component polyol process with polyethylene glycol
(PEG) was studied. Polyethylene glycol with a molecular
weight of 4000 Da (PEG 4000) was used as a reducing/sta-
bilizing agent and a medium in the synthesis. The choice of
PEG 4000 (hereinafter referred to as PEG) is due to its wa-
ter solubility, reducing activity, stabilizing properties and
high biocompatibility, which makes it possible to further
use the nanocomposites in biomedicine [33].

3.1. Study of the interaction of Co?** ions with PEG

The formation of [Co2?*-PEG] associates is the starting
stage of the PEG based polyol process. The interaction of
Co?* ions with PEG polyol was studied using UV-Vis and
NTA methods. According to NTA data PEG in aqueous so-
lution is polydisperse and forms aggregates with an average
hydrodynamic diameter Dn™¢*" = 149+9.6 nm and a concen-
tration of particles C = (0.42+0.02)-108 particles-ml™ (Fig-
ure S1A). According to fractional analysis data using
Gaussian approximation, four types of PEG aggregates
with hydrodynamic diameters of 67, 107, 158, 309 nm
were formed in the solution.

The parameters of immobilization of Co?* ions into pol-
yol aggregates were estimated from sorption data. The
study of the electronic absorption spectra of CoCl.-PEG dis-
persions at a constant polyol concentration and various
concentrations of inorganic salt showed that the immobili-
zation of cobalt ions is accompanied by the formation of lo-
calized coordination units CoOn with tetrahedral geometry
(Figure S2). This is confirmed by the presence of a d-d tran-
sition band at 511 nm, followed by a shoulder at 476 nm. It
can be assumed that the oxygen atom of hydroxyl groups of
PEG participates in coordination with Co* ions [34]. The
sorption isotherm of Co?* ions on PEG in H-0 and NTA anal-
ysis data are presented in Figure 1.

The Langmuir isotherm model was used to find the A« and
Kz, values from the 1/CS - 1/C° dependence plot (Figure S3).

According to the calculations, the sorption constant was
K = 1.979 ml-mM™, and the value of the limiting sorption of
Co?* was A« = 4.572 mM-g™*. According to the sorption data
the preorganization of Co?* ions in the PEG matrix occurs
with the formation of ion-polymer associates. The molar ra-
tio Vcoz+/VoH polyol during preorganization was 1:9.
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Figure 1 Sorption isotherm of Co®* ions by PEG in H,O solution and
data of NTA measurements in CoCl,-PEG aqueous solution
(Cprg = 0.125 g-ml™, Cco+ = 0.05-1 M).

NTA control of the [Co**-PEG] system showed that the
process of immobilization of cobalt ions is accompanied by
a pronounced decrease in the polydispersity of the system
and an increase in both the average hydrodynamic diameter
to Dn=176+6.2 nm and the particle concentration to
C = (1.840.14)-108 particles-ml. Fractional analysis of the
evolution of the concentration profile with a Gaussian fit
(Figure S1b, c, d) shows that the system consists of ion-pol-
ymer aggregates with hydrodynamic diameters of 71, 110
and 163 nm.

3.2. Study of PEG based polyol process for
synthesis of Co/PEG nanocomposites

Polyethylene glycol must act as a bifunctional agent (a re-
ducer of cobalt ions and a stabilizer of the resulting clusters
and cobalt nanoparticles) when polyol process is carried out
in a two-component medium. Therefore, the polyol must be
used in excess. To establish the concentration conditions of
the PEG-based polyol process in two-component system, co-
balt-containing nanocomposites were synthesized at various
Vcoz+/VoH(pEG) Molar ratios. The synthesis was carried out in a
PEG melt at a constant PEG concentration and with a varying
the CoCl. concentration. The reduction of Co** ions immobi-
lized in PEG aggregates was carried out by stepwise heating
of the CoCl. - PEG reaction mixture to 160 °C. The total heat-
ing time was 5 h. The formation of a nanocomposite in
Co/PEG in the melt was accompanied by the following color
transitions: blue - blue - brown for Co/PEG-1 and Co/PEG-2,
blue - blue - green for Co/PEG-3 and Co/PEG-4 (Figure S4-
S6). All nanocomposites have exceptional colloidal stability.

UV-Vis spectroscopy was used to obtain the data on for-
mation of cobalt nanophases in the polyol process. To iden-
tify the absorption bands the electronic spectra of aqueous
dispersions of the synthesized Co/PEG nanocomposites
were deconvoluted using the Gaussian functions. All
Co/PEG samples are represented by cobalt cluster particles
with Aspr = 242-244 nm [35]. A shoulder in the region of
332-371 nm was observed in the spectra of all samples of
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Co/PEG nanocomposites. This indicates the presence of co-
balt oxide CoxOy [36, 37] in the nanocomposites. Addition-
ally, a weak absorption band at 507 nm is observed in the
spectra of Co/PEG-4 due to the presence of complexed Co>*
ions in the nanocomposite as a result of their incomplete
reduction. Thus, the bifunctional (reducing and stabilizing)
activity of PEG for the polyol process is limited by the ratio
VCoz2+/VOH(PEG) = 1:10.

This corresponds to the molar ratio of the functional
components of the polyol process during the formation of
ion-polymer associates at the preorganization stage. There-
fore, the Co/PEG-4 nanocomposite was not studied in fur-
ther work. Stabilization of the metal nanophase in the
Co/PEG-1-3 composites occurred after 5 days due to the Ost-
wald ripening process (Figure 2).

The particle size distribution of Co/PEG nanocomposites
was studied using NTA and DLS analysis data after 1 and
14 days (Table 1, Figure S7). The particles of Co/PEG nano-
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composites are characterized by a bimodal distribution ac-
cording to DLS and a monomodal distribution according to
NTA, since for the NTA method the size range Dn < 10 nm
lies below the detection threshold. The hydrodynamic di-
ameters of the corresponding particle fractions according
to the NTA and DLS methods are close.

To discuss the size characteristics of particles with
Dn > 10 nm, the data from the NTA method were used. The
dispersion characteristics of the system in this case are bet-
ter, and the value of Dn is determined more accurately. It was
found that the PEG based polyol process allows obtaining
Co/PEG nanocomposites with two types of particles: smaller
Co/PEG particles with DhDLS = 3.8+0.7 nm, and particles
with DnNTA = 130+2 nm for Co/PEG-1 and DyN™A = 127+2.5 nm
for Co/PEG-2. The decrease in the degree of polydispersity of
particles in both Co/PEG-1 and Co/PEG-2 and stabilization of
Dn values with a change in the ratio between particle frac-
tions were observed after 14 days.

1,54 04 day 1
B day 2
50‘3 day 3
= @ day 4
0 =)
f .1 |0 il = 02
m £ o day 5
© 3
g <01 o0
©
o
‘.O- 0.0
o 0.5 200 300 400 500 600
Q7 Wavelenght (nm)
<
0,0 T —T T 1
200 300 400 500 600
Wavelenght (nm)
13 e day 1
31.0
3 g
a 1.0 2
[5] <L
=
© [COCL—PEG ]
o
"6 00 =
@ 0,51 0 200 400 500 600
2 Wavelenght (nm)
0,0

400 500 600

Wavelenght (nm)

200 300

Figure 2 Evolution of electronic absorption spectra of dispersions of individual polymer-stabilized Co/PEG-1 (a), Co/PEG-2 (b), Co/PEG-
3 (), Co/PEG-4 (d) nanoparticles in water (Cco/prc = 0.01 g-ml™*) and interpolation of absorption band from Gauss distribution function

(R* =99.9, X* = 4.85:107%).

Table 1 Particle sizes of the nanocomposites Co/PEG (Cco/prc = 10 mg-ml™) in H,O, obtained using NTA and DLS.

1 day 14 day
Sample DS, nm PDIPS Dy, CNTACO/PEG'losy Dy"'S, PDIP'S D™, CNTACO/PEG'IOS)
’ nm particles/ml nm nm particles/ml
3.5+0.46 3.76+0.66
Co/PEG-1 162435 0.432+0.045 130+2 8.67 +£ 0.45 142431 0.330+0.103 130+8 6.89+0.80
3.86+0.81 3.34+0.46
Co/PEG-2 137420 0.467+0.077 12742 5.72 + 0.57 135430 0.319+0.061 119+4 11.42+1.32
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For Co/PEG-1 the fraction of the smaller particles in-
creases (Figure S7 a, b) while the concentration of larger
particles decreases. For Co/PEG-2 the opposite effect on
smaller particles was observed (Figure S7 c, d) and the
concentration of larger particles doubles. In general, in-
creasing the loading of cobalt in Co/PEG-2 leads to a de-
crease in the hydrodynamic particle diameter Dn. Co/PEG-
3 nanocomposite particles have high polydispersity, which
does not allow DLS and NTA experiments to be carried out
correctly.

3.3. IR - study of PEG oxidation and nanocompo-
site Co/PEG

Diffuse reflectance IR spectroscopy was used to study the
oxidation process of PEG with forming of Co/PEG-3 sample.
The process of oxidation of the hydroxide groups of the pol-
yol begins at 160 °C (Figure 3). In this case, the oxidation
of the hydroxide groups of polyethylene glycol occurs to
carboxyl groups. This is indicated by the appearance of a
signal at 1745 cm™ corresponding to carbonyl groups in the
COOH fragment. An increase in the intensity of the signal
related to the stretching vibrations of the OH group at
3495 cm™ also confirms the formation of carbonyl groups.
At 160 °C in the region of 1200-1100 cm™, a restructuring
of the deformation vibrations of the C-O polyol is observed.
The appearance of a signal at 1186 cm™ related to C-O indi-
cates the formation of carboxyl groups.

Local centers of stabilization of metallic cobalt nanopar-
ticles in the PEG matrix were established using ATR FT-IR
spectroscopy (Figure 4). The FT-IR spectra are character-
ized by the presence of an absorption band at 668 cm™ due
to the v(coan-o) stretching vibrations of cobalt oxide on the
surface of the metal nanoparticle for all Co/PEG samples.
[38]. In the spectra of Co/PEG nanocomposites a decrease
in intensity and a shift in the band of stretching vibrations
of PEG hydroxyl groups were recorded. Also bands at
1749 cm™ and 1723 cm™, which can be due to stretching vi-
brations of the free and bound-to-surface-cobalt atoms of
the carbonyl group C=0 in the resulting acid fragment [39].
IR data suggest that the surface of the metal nanoparticle is
stabilized due to electrostatic interactions with the hy-
droxyl groups of nonoxidased PEG and the carboxyl moie-
ties of the oxidized polyol.

According to UV-Vis and FT-IR data the polyol-process
of formation of a cobalt loaded nanocomposite in a PEG me-
dium can be represented in accordance with Figure 5.

3.4. Morphology of Co/PEG nanocomposite

The composition and morphology of the obtained nanome-
tallic polymer composites of Co/PEG was evaluated using
X-ray phase analysis and TEM.

XRD data showed that all samples contained PEG matrix
reflections at 20 angles of 19.14°, 23.35°, 26.25°, 26.97°. X-
ray phase analysis showed the presence of Co304 nanopar-
ticles in the Co/PEG-1 sample at 26 angles of 30.96°, 55.64°.
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Figure 5 Preparation of Co/PEG nanocomposite by PEG-based pol-
yol process.

For the Co/PEG-2 sample, the presence of a-Co, the cor-
responding signals were observed at 20 angles equal to
45.06°, 47.46°, and the oxide phase CoO, the signals of
which were observed at 20 angles equal to 32.68°, 43.03°
and 50.00°. The synthesized Co/PEG-3 contains an oxide
phase, CoO, whose signals are observed at 20 angles of
32.68°, 43.03°, and 50.00°.

Transmission electron microscopy (TEM) and electron
diffraction techniques were used to determine the morphol-
ogy of the synthesized Co/PEG nanometallic polymer com-
posites (Figure 6). For the Co/PEG-1 sample the formation
of two types of polymer-stabilized nanoparticles of spheroi-
dal shape was recorded (Figure 6a). The average diameters
of the particles were 88+55 nm and 8+4 nm. The calculated
parameters of the interplanar distance (d) indicate the
presence of Co304.

DOI: 10.15826/chimtech.2023.10.4.13


https://doi.org/10.15826/chimtech.2023.10.4.13
https://doi.org/10.15826/chimtech.2023.10.4.13

Chimica Techno Acta 2023, vol. 10(4), No. 202310413

&

3

Number of particle

ARTICLE

78+41n0m

1000 nm
—

R | SR —————

27:08nm

149:47nm

Figure 6 TEM images, particle size distribution and electron diffraction of Co/PEG-1 (a), Co/PEG-2 (b) and Co/PEG-3 (c).

The Co/PEG-2 sample is characterized by the formation
of two types of particles as well (Figure 6b). There are sphe-
roidal and cluster composite nanoparticles with average di-
ameters of 12+3 nm and 3+1 nm respectively. The calcu-
lated parameters of the interplanar distance (d) indicate the
presence of the metal phase Co® and CoO.

The formation of scale-like structures of nanoparticles
with a diameter of 15+5 nm was detected for the Co/PEG-3
sample (Figure 6¢). The calculated parameters of the inter-
planar distance (d) indicate the presence of the CoO metal
phase.
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3.5. Thermostability of Co/PEG nanocomposite

According to TG-DTG analysis the PEG polyol and the syn-
thesized Co/PEG samples are stable in the temperature
range of 25-260 °C. Above this temperature, the polymer
matrix undergoes thermal-oxidative destruction. The pres-
ence of cobalt in the composition of a metal-polymer nano-
composite leads to the increase in the thermolysis temper-
ature by 5 °C. From the TG curves, the load of metallic co-
balt in the samples was determined: 0.23, 1.23 and 2.65%
for Co/PEG-1, Co/PEG-2 and Co/PEG-3 respectively.
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3.6. Biocompatibility of Co/PEG nanocomposite

The biocompatibility of the synthesized cobalt-loaded PEG-
based nanocomposites was assessed by the hemolysis coef-
ficient (HC%) in vitro [32]. Substances with hemolytic ac-
tivity of less than 10% are not potentially dangerous to the
body and can be used for further developments in the field
of biomedicine and pharmacology. The hemolytic activity of
CoCl: salt, PEG (Figure 7a) and Co/PEG nanocomposites
(Figure 7b) was assessed in the concentration range of 1-
1000 pg-ml™.

It was established that HC < 10% at a concentration of
CoCl: salt no more than Ccoci2 2 50 pg-ml™ and for the stud-
ied polyethylene glycol at a concentration no higher than
CreG = 200 pg-ml™*. The hemocompatibility of Co/PEG-1 and
Co/PEG-3 nanocomposites is much better than that of
Co/PEG-2. The minimum effective concentration of the
nanocomposites that caused hemolysis in 50% of red blood
cells (HCs0) was determined. The hemolytic activity of HCso
decreases in the order CoCl. (HCso = 2.82 mg-ml™?) -
Co/PEG-2 (HCso = 2.91 mg-ml™) - PEG (HCso = 3.23 mg-ml™)
- Co/PEG-3 (HCso = 4.82 mgml?') - Co/PEG-1
(HCso = 6.12 mg-ml™). The presence of Co° cluster particles
in Co/PEG-2 may be the reason for the decreased biocom-
patibility of this composite.

4. Limitations

A not obvious problem with using PEG as a stabilizer is its
low melting point and amorphous nature. The nanoparti-
cles obtained in the work must be stored at temperatures
below zero to avoid their enlargement and transformation
into aquatic complexes. Also, the magnetic properties must
be enhanced. Therefore, in the future it is planned to study
hybrid polyol stabilizers PEG / branched polyol and addi-
tionally dope them with magnetically susceptible metals
such as iron and gadolinium.

5. Conclusions

New cobalt loaded Co/PEG nanocomposites have been syn-
thesized. The effect of molar ration M"*/OHpec on the for-
mation of cobalt loaded metal-polymer nanocomposites
during a one-pot two-component polyol process by a poly-
ethylene glycol with Mr = 4000 g-mol™ (PEG) was studied.
Polyethylene glycol successfully acts as a reducing/stabiliz-
ing agent and a medium in the synthesis at ratios
Vcoz+/VOH(PEG) = 1:10, 1:100 and 1:500. The stage of preor-
ganization of Co?* ions to the PEG matrix at a molar ratio
Vcoz+/Vor(pEG) Of at least 1:9 is necessary.

The [Co>*-PEG]n associates with localized coordination
units CoOn with tetrahedral geometry formed at this stage.
The reduction of Co?* ions immobilized in PEG aggregates
can be achieved by heating the reaction mixture to 160 °C
in the next step to form Co/PEG nanocomposites. Part of the
PEG molecules is oxidized to form carboxyl derivatives dur-
ing the polyol process.
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Oxidized and non-oxidized PEG molecules are involved
in the immobilization of the cobalt nanophase. Stabilization
of the cobalt nanophase occurred after 5 days, and the final
stabilization of the particles of Co/PEG occurred after
14 days.

Varying the molar ration of M™*/OHpec in a PEG-based
polyol process is a promising approach to controlling the
morphology of nanometallic polymer composites of M/PEG.
The polyol process under conditions of vcoz+/VoHpEG) = 1:10
leads to the formation of monomodal CoO-loaded 2D
nanostructures with an average diameter D = 15+5 nm. In-
creasing the concentration of Co?* ions in the synthesis
possible to Co°/Co0O
(Vcoz+/VoupEG) = 1:100) and C0304 (Vcoz+/VoH(PEG) = 1:500)
loaded nanostructures with an increase in the average di-

makes it obtain bimodal

ameter from D = 12+3 nm / 3+1 nm to D = 88+55 nm /
8+4 nm, respectively.

Controlling the size and structure of Co/PEG composite
particles allows maintaining their biocompatibility. The
composites Co/PEG containing only cobalt oxides (CoO or
Co304) and having dimensions above 5 nm are hemocompat-
ible. The hemolytic activity of HCso can reach 6.12 g-ml™. In
addition, spheroid nanocomposites have better biocompat-
ibility compared to spherical ones and are more promising
for the biomedical applications.
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