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Abstract: Achieving homogenous dispersion of nanoparticles inside a polymeric matrix is a great
challenge for numerous applications. In the present study, we aim at understanding the role of
different factors on the dispersion properties of TiO2 in pluronic F-127 mixtures. The mixtures were
prepared with different pH and guest/host ratios and investigated by UV-Vis spectroscopy, dynamic
light scattering, infrared spectroscopy and electrical conductivity. Depending on the preparation
conditions, different amounts of TiO2 were loaded within the copolymer as quantitatively determined
by UV-Vis spectroscopy. The different content of nanoparticles has direct implications on the gelation
and micellization of pluronic analyzed by dynamic light scattering. The information derived on the
self-assembly behavior was interpreted in relation to the infrared and conductivity measurements
results. Together, these results shed light on the most favorable conditions for improving the nanoparticle dispersion inside the copolymer matrix and suggest a possible strategy to design functional
nanoparticle-polymer systems.
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1. Introduction
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Nanoparticles exhibit unique properties that make them suitable for multifunctional
applications. For most of them, effectively dispersing nanoparticles in solution is often
necessary but not always easily achievable, and it requires a correct processing strategy. In
some cases, the incorporation of nanoparticles within a polymer host became a winning
strategy for homogeneous dispersions whose properties are a unique combination of the
guest and the host. Tailoring these properties is a great challenge in designing materials
with advanced performances.
Among transition metal oxide-based nanoparticles, titanium dioxide nanoparticles are
the most extensively used in many different fields as gas sensors [1–5], solar cells [6], photocatalysts [7–10], and additives in food and cosmetics [11–13]. Moreover, thanks to their
high biocompatibility and low toxicity, they have been extensively used in nanomedicine
and nanobiotechnology for drug delivery, tissue engineering and others [14–19].
Whatever their field of application, the dispersion and stability of TiO2 nanoparticles
in aqueous or in a more complex medium play a key role in improving the efficiency and
performance of the systems. It is widely reported that the dispersion of nanoparticles
in aqueous systems generally modifies the physicochemical properties, e.g., agglomeration state and surface charge variation [20]. Therefore characterizing the state of titania
nanoparticles is of great significance, as they greatly affect many functionalities such as
the photocatalytic activity [21,22], the toxicity [23], the particle electronic structure, surface
defect density and the surface sorption sites [24].
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Thus far, many studies have been performed to investigate the stability of TiO2
nanofluids with different concentrations and under various pH and ionic strength conditions [20,25–30]. The final objective of such research works is to define the best conditions
for optimal performance of TiO2 -based composites, whatever the field of application. In
particular, there is a strong applicative interest in realizing well-ordered porous titania
thin films. They have several advantages, such as a huge surface area and higher stability
that significantly affect the efficiency of the electronic properties. Among various possible
methods, the employment of structure-directing agents, including phosphates, ionic and
nonionic surfactants, amines, and block copolymers [31–42], was very promising.
From these studies, it emerged that the structural and morphological properties of
surfactant-based TiO2 systems greatly depend on the method of synthesis, the type and
concentration of surfactant used, and the thermal treatment temperature other than the
type and pH of copolymer solvent. Regardless of the procedure of synthesis used, as a
final step, a high-temperature thermal treatment was performed, which enabled efficient
removal of the copolymer template. Only after removal, the physical-chemical properties
of the TiO2 films were investigated.
Unlike these studies, in the present work, our object of interest is the copolymer-TiO2
water dispersion as a whole. TiO2 nanoparticles were dispersed in pluronic F127/water
suspensions at different copolymer concentrations and pH.
Pluronic F127 is a nonionic triblock copolymer consisting of hydrophilic poly (ethylene
oxide) and hydrophobic poly (propylene oxide) blocks (PEO–PPO–PEO) with a PEO/PPO
ratio of 2:1. Above a critical micelle concentration, the block copolymers assemble into
spherical micelles thanks to the difference in hydrophobicity between PEO and PPO blocks.
Reversible gelation can occur only above some concentration and temperature [43–51].
The choice of pluronic F127 stems from its thermosensitivity and capability to solubilize and stabilize drugs inside the micelle core. This system is thus particularly interesting
given the possible applications in many fields. In particular, it is one of the most widely
used triblock copolymers in pharmaceutical formulations because of the good water solubility through the high content of EO, the low toxicity in the body and the ability to
encapsulate any hydrophobic agents [52–59]. However, it is well known that the addition
of co-solvents or solutes to pluronic water solutions can influence its properties, inducing
phase changes [60–68].
In the present study, we are interested in analyzing how the dispersion or aggregation
of titania nanoparticles inside pluronic F127 can influence the structural arrangements and,
consequently, the systems’ dynamics. As it is well known, when nanoparticles are dispersed
in solution, they undergo phenomena of agglomeration or aggregation, the difference being
in the strength of interaction. Agglomerates are weakly bound collections of nanoparticles,
whereas aggregates are tightly bound collections difficult to break up by mechanical forces.
The classical Derjaguin–Landau–Verwey–Overbeek (DLVO) theory predicts the overall
force between particles by combining Van der Waals attractive forces and repulsive forces
arising from the electrical double layer (EDL) around the particles [69,70]. Other nonDLVO forces can influence nanoparticle dispersion, such as hydration, hydrophobic, steric,
electronic, and electrostatic forces [69,70]. Among these, steric effects should be included in
the case of nonionic polymer coatings; these are generally repulsive interactions, but if the
polymer chains can form bridges between particles, that can cause aggregation. For all these
reasons, it is clear that the dispersion properties are strongly dependent on parameters
such as pH and ionic strength as they directly affect the zeta potential of the solution and
the double layer thickness.
Starting from these considerations, we have chosen to prepare the dispersions at pH
values far from the isoelectric point (IEP) of the TiO2 suspension, approximately 6.2 [29].
In such a way, the presence of particle surface charge should enhance the electrostatic
repulsion between metallic nanoparticles disfavoring, or suppressing, agglomeration. For
the same reason, we decided to prepare the samples at a low ionic strength since, according
to previous studies, the high ionic strength of the solution compresses the electrical double
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layer [20,29]. In preparing the pluronic-nanoparticles dispersions, another important factor
to be considered is the copolymer concentration since, depending on temperature, it affects
the phase behavior of the copolymer [43–50]. In the present case, the prepared base-pluronic
solutions have weight fractions of 14% and 20 wt%; in the temperature range between
20 ◦ C and 30 ◦ C, the lowest concentration is always in a sol state, whereas the highest one
move from a sol state to a gel-like state [50,51].
All these aspects were taken into consideration while we conducted our research with
the final aim to define the best experimental conditions for optimal dispersion of TiO2 in
pluronic F-127 mixtures. The samples, prepared under different experimental conditions,
were investigated using UV-Vis spectroscopy, attenuated Fourier transform infrared spectroscopy (FTIR-ATR), dynamic light scattering (DLS) and electrical conductivity. The obtained results give valuable information on the dispersion state of nanoparticles; this knowledge is potentially useful for developing and optimizing copolymer-based nanosystems.
2. Materials and Methods
2.1. Materials
TiO2 nanoparticles dry powder anatase phase (average size 4–8 nm) were purchased
from PlasmaChem GmbH (Berlin, Germany). The powder is free of organic stabilizer.
Pluronic (F127, 12.600 Da) was obtained from Sigma-Aldrich (Dorset, UK). Hydrogen
chloride (HCl), sodium hydroxide (NaOH), sodium chloride (NaCl) and deionized water
were purchased from Sigma-Aldrich. All the chemicals are of analytical grade.
2.2. Sample Preparation
TiO2 dry powder was suspended in 10 ml of solution at a 10.0 mg/mL concentration.
The solutions had pre-adjusted pH values of 4 and 10 and an ionic strength equal to 0.001 M.
The dispersions were magnetically stirred for 24 h and then sonicated for 15 min using
a bath sonicator. After that, the suspensions were centrifuged for 30 min and 5 ml of
each supernatant was sampled and analyzed by DLS. The size distribution calculated by
using a CONTIN algorithm evidenced the presence of a bimodal distribution centered
at 36 and 280 nm for the dispersion at pH 10 and 50 and 320 nm for the suspension at
pH 4, respectively (data not shown). To remove the large agglomerates, the supernatants
were then filtered and analyzed by UV-Vis spectroscopy to determine the effective TiO2
concentration. Absorption measurements were repeated in time for 24 h without observing
any significant variation, thereby excluding any change in the dispersion state of TiO2 in
this time range.
Stock solutions of Pluronic F-127 at weight fractions of 14 wt% and 20 wt% were
prepared, and aliquots of the TiO2 dispersions at the two pH values were then added. Attention was paid to adding the same TiO2 nanoparticle concentration in the final suspension
(0.1 wt% corresponding to 1 mg/mL).
Table 1 reports the sample labels as a function of the concentration of pluronic, TiO2
and pH conditions. The dispersions were gently stirred at 4 ◦ C for 24 h and left overnight
in the refrigerator until a clear solution was obtained. No sol-gel transition was observed
for these systems up to 40 ◦ C, as evidenced by the tube inversion method. The dispersions
were stirred again and centrifuged; then, the supernatants were removed and transferred
to fresh cuvettes for further analysis. No pH change from the stock TiO2 solutions was
observed in the final dispersions. For comparison, two plain pluronic solutions with 14 wt%
(PA) and 20 wt% (PB) concentrations were prepared.
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Table 1. Samples labels with the corresponding initial composition and pH values. In the last column, the amount of TiO2 loaded into the samples as determined by UV-Vis measurements is reported.
Table 1. Samples labels with the corresponding initial composition and pH values. In the last column,
TiO2 (Mean Value)
the amount ofPluronic
TiO2 loaded
into the samples
as determined by pH
UV-Vis measurements is reported.
Sample
wt%
TiO2 wt%

PAT-pH4
Sample
PAT-pH10
PAT-pH4
PBT-pH4
PAT-pH10
PBT-pH10
PBT-pH4
PBT-pH10

14
Pluronic wt%
14
14
20
14
20

2.3. UV-Vis Spectroscopy

20
20

0.1
TiO2 wt%
0.1
0.1
0.1
0.1
0.1
0.1
0.1

4
10
4
10

pH
4
10
4
10

mg/mL
0.83 (0.083
wt%)
TiO2 (Mean
Value) wt%)
mg/mL
0.69 (0.069
(0.083
wt%)
0.600.83
(0.060
wt%)
(0.069
wt%)
0.400.69
(0.040
wt%)
0.60 (0.060 wt%)
0.40 (0.040 wt%)

The UV-Vis measurements were made using a small-volume (100 μL) absorbance
2.3. UV-Vis Spectroscopy
cuvette (Hellma 105.201-QS) and a UV-1700 Shimadzu spectrophotometer in the 280–700
The All
UV-Vis
measurements
made
a small-volume
absorbance
nm range.
measurements
werewere
carried
outusing
at room
temperature(100
andµL)
replicated
threecuvette
(Hellma
105.201-QS)
and
a
UV-1700
Shimadzu
spectrophotometer
in
the
280–700
nm
times.
range.
All
measurements
were
carried
out
at
room
temperature
and
replicated
three
times.
To quantitatively determine the concentration of TiO2 loaded in our samples, a caliTo quantitatively determine the concentration of TiO2 loaded in our samples, a calibrabration plot was first made by recording the UV-Vis spectra
for five TiO2 water solutions
tion plot was first made by recording the UV-Vis spectra for five TiO2 water solutions of
of known concentration under the same pH and IS conditions. The intensity of the absorpknown concentration under the same pH and IS conditions. The intensity of the absorption
tion peak at 330 nm was used to quantify TiO2. The linearity of the calibration curve was
peak at 330 nm was used to quantify TiO2 . The linearity of the calibration curve was
evaluated by linear regression analysis evidencing
a high value of fitting degree (R 2>
evaluated by linear regression analysis evidencing a high value of fitting degree (R2 > 0.999)
0.999) (see the inset of Figure 1).
(see the inset of Figure 1).
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2.4.
DLS
Measurements
2.4.
DLS
Measurements
A laboratory-built goniometer equipped with single-mode fiber optics, two APD
A laboratory-built goniometer equipped with single-mode fiber optics, two APD dedetectors, and a multi-τ digital time correlator (LS Instrument AG) ALV single-photon
tectors, and a multi-τ digital time correlator (LS Instrument AG) ALV single-photon dedetector was used to perform DLS measurements. A He–Ne laser operating at 632.8 nm in
tector was used to perform DLS measurements. A He–Ne laser operating at 632.8 nm in
linearly polarized single-frequency mode was used as an excitation source. The instrument
is equipped with a thermostated recirculating bath which allows us to maintain the temperature with an accuracy of 0.1 ◦ C. All measurements were performed at an angle of 90◦ to
the incident beam at a temperature of 20 ◦ C and 30 ◦ C. Each sample was loaded in a square
low-volume cuvette and thermalized at each temperature for 30 min before measuring.
The repeatability of all measurements was verified with more than five measurements.
From the DLS experiment, we obtained the normalized intensity auto-correlation func-
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tion (ICF), g2 (q,t); details on the theoretical background of this technique are reported
elsewhere [68,71–73]. Decay times are estimated from the ICFs according to a fit model
reported in the results and discussion section. The CONTIN algorithm was also applied to
obtain the size distribution for the TiO2 solutions.
2.5. FTIR-ATR Spectroscopy
FTIR-ATR spectra covering the range 400–4000 cm−1 were recorded on a Bruker Vertex
80V FTIR spectrometer equipped with a Bruker Platinum ATR accessory with a single
reflection diamond crystal. A background scan was recorded prior to the measurement
and subtracted from the sample spectra. All spectra are the average of three independent
measurements with 128 scans each, at a resolution of 2 cm−1 . The ATR correction to
each spectrum was applied using the OPUS software (Bruker optics). The spectra were
normalized to the same area and compared to each other.
2.6. Electrical Conductivity
The electrical conductivity values were obtained from electrical resistance measurements performed with an HP 4284a LCR meter. The instrument has been calibrated using
measurements on liquids of known conductivity, and it has been ascertained that consistent
measurements could be obtained in the 5 kHz–200 kHz frequency range. Measurements
were performed by transferring, using a pipette, a small volume of the samples in ABS
containers with a holding volume of 4.5 × 4.5 × 3 mm3 to limit the waste of material. The
electrodes immersed in the samples were two small gold connectors 3.18 mm long and
with a diameter of 0.5 mm, at a distance of 2.54 mm from each other. The conductivity
values were obtained by comparing the resistance curves obtained for the samples with the
calibration ones.
3. Results and Discussion
3.1. UV-Vis Spectroscopy
The UV-Vis spectra were first analyzed for the quantitative assessment of TiO2 loaded
into the pluronic-based dispersions. Figure 1 shows the results of the absorbance measurements for all the pluronic/TiO2 dispersions investigated and, as a reference, for a
pluronic water solution (PA sample). For this latter sample, the absorbance spectrum does
not reveal any significant absorption in the entire wavelength region investigated: the peak
at λ = 330 nm, observed for all the pluronic/TiO2 samples, can be attributed exclusively to
titanium dioxide. The observed changes in the intensity of this absorption peak suggest
the presence of a higher loading of TiO2 nanoparticles in the suspensions under acidic
conditions rather than in basic and, for the same pH, for the dispersions with the lowest
pluronic concentration.
Based on the calibration plot, see the inset of Figure 1, the effective concentration of
TiO2 in the pluronic-based dispersions was estimated; the obtained results are reported in
the last column of Table 1.
3.2. FTIR-ATR Measurements
The effect of a different loading of TiO2 inside the investigated samples was also
examined by FTIR-ATR spectroscopy. Measurements were performed on samples purged
under dry nitrogen and left for equilibration for half an hour; nevertheless, as we will
see, a certain amount of water is, in any case, retained within the samples. In Figure 2,
the FTIR-ATR spectra of the TiO2 -pluronic samples are shown and compared with the
spectrum of pluronic F127. At a first glance, all the spectra appear very similar suggesting that the overall conformation of the copolymer does not change much. This is quite
reasonable considering the very low quantity of TiO2 loaded into the samples. However,
a more detailed inspection of the spectra revealed some changes that involve three specific bands (highlighted by numbered circles in the figure): the C–O–C stretching band
(1050–1150 cm−1 ), labeled as 1, the CH3 symmetric deformation band (1370–1385 cm−1 ),

J. Funct. Biomater. 2022, 13, 39

a certain amount of water is, in any case, retained within the samples. In Figure 2, the
FTIR-ATR spectra of the TiO2-pluronic samples are shown and compared with the spectrum of pluronic F127. At a first glance, all the spectra appear very similar suggesting that
the overall conformation of the copolymer does not change much. This is quite reasonable
considering the very low quantity of TiO2 loaded into the samples. However, a more de6 of 14
tailed inspection of the spectra revealed some changes that involve three specific bands
(highlighted by numbered circles in the figure): the C-O-C stretching band (1050–1150
cm−1), labeled as 1, the CH3 symmetric deformation band (1370–1385 cm−1), labeled as 2
−1 (labeled as
labeled
as 2 (both characteristic
pluronic)
and
the band
1600 cmas
(both characteristic
for pluronic)for
and
the band
around
1600around
cm −1 (labeled
3) character3)
characteristic
for the
bending
modeTi-OH.
of water
Ti-OH. A magnified
view for
bands
1 and
istic
for the bending
mode
of water
A magnified
view for bands
1 and
3 are
also
3shown
are also
Figure
2. For
all thethe
samples,
C–O–C stretching
modefor
observed
in shown
Figure in
2. For
all the
samples,
C–O–Cthe
stretching
mode observed
the an1
for
the anhydrous
pluronic
at−11106
cm−
and
shifts frequency,
to a lower frequency,
thereby
hydrous
pluronic at
1106 cm
widens
andwidens
shifts to
a lower
thereby suggesting
suggesting
the
formation
of
more
hydrogen
bonds
involving
TiO
and
the
oxygen
atoms
2
the formation of more hydrogen bonds involving TiO2 and the oxygen
atoms of the
PEO
of
the
PEO
chains.
No
significant
change
in
peak
frequency
or
bandwidth
can
be
noticed
chains. No significant change in peak frequency or bandwidth can be noticed among the
among
the pluronic-TiO
samples
for peak.
the same
On the contrary,
clear changes
can for
be
pluronic-TiO
2 samples 2
for
the same
On peak.
the contrary,
clear changes
can be seen
seen
for the bending
1600
cm−1 ,intensity
whose intensity
variation
indicates
the presence
of
−1, whose
the bending
mode atmode
1600 at
cm
variation
indicates
the presence
of differdifferent
content
of
molecular
water
adsorbed
on
the
TiO
surface.
This
amount
decreases
2
ent content of molecular water adsorbed on the TiO2 surface. This amount decreases folfollowing
theTiO
TiO
determinedby
byUV-Vis
UV-Vis absorption.
absorption. It
It is
2 concentrationasasdetermined
lowing the
2 concentration
is also
also interesting
interesting
to
observe
that,
as
noted
in
previous
works
[74,75],
the
intensity
of
the
bending
to observe that, as noted in previous works [74,75], the intensity of the bendingmode
mode isis
significantly
much
higher
than
that
of
the
OH
stretching.
This
observation
was
attributed
significantly much higher than that of the OH stretching. This observation was attributed
to
toan
anincreased
increaseddipole
dipolemoment
momentdue
dueto
tointeractions
interactionswith
withthe
thesurface
surface[74,75].
[74,75].

(c)

(b)

(a)
Figure 2. FTIR-ATR spectra for pluronic-F127 and pluronic-TiO2 dispersions in the dry state in
Figure 2. FTIR-ATR spectra for pluronic-F127 and pluronic-TiO2 dispersions in the dry state in the
the whole range 700–4000−1 cm−1 (a). In (b,c), two magnified views in the range 980–1200 and
whole range −
700–4000 cm (a). In (b) and (c), two magnified views in the range 980–1200 and 1430–
1430–1700
cm 1 are reported, respectively.
1700 cm−1 are reported, respectively.

The CH3 symmetric band deserves a more detailed description. According to previous
The CH3 symmetric band deserves a more detailed description. According to previstudies [67,76,77], this mode was analyzed using a Gaussian deconvolution method to
ous studies [67,76,77], this mode was analyzed using a Gaussian deconvolution method
separate the two components associated with anhydrous and hydrated methyl groups. For
to separate the two components associated with anhydrous and hydrated methyl groups.
example, in Figure 2, the FTIR-ATR spectra for the dried PBT-pH10 and Pluronic F127 in
For example, in Figure 2, the FTIR-ATR spectra for the dried PBT-pH10 and Pluronic F127
the range from 1350 to 1420 cm−1 are shown with the corresponding best curving-fitting
−1 are shown with the corresponding best curving-fitting
in the range
from 1350
toother
1420 cm
results.
For clarity,
all the
Gaussian
components used to fit the spectral profiles in this
results.were
For subtracted.
clarity, all the
other
Gaussian
components
fitsymmetric
the spectral
profiles in
region
As one
can
see, in the
presence ofused
TiO2,tothe
deformation
this
region
were
subtracted.
As
one
can
see,
in
the
presence
of
TiO
2, the symmetric deforband broadens, indicating a higher structural disorder as just deduced from the C–O–C
mation band
broadens,
a higher
structural
disorder
as just
deducedare
from
the
stretching
mode.
Besidesindicating
this difference
in the
bandwidth,
strong
similarities
found
C–O–Call
stretching
mode.
Besides
this difference
intwo
the components
bandwidth, strong
similarities
among
the samples
in the
peak frequency
for the
that result
centeredare
at
−
1
−
1
found
among
all
the
samples
in
the
peak
frequency
for
the
two
components
that
result
1371 cm (anhydrated component) and 1383 cm (hydrated component). The integrated
peak areas of these two vibrational modes were calculated from the fit parameters by
normalizing the total area to 1. The percentage areas are reported in the table at the bottom
of Figure 3. As reported in literature, the proportion of the anhydrous component increases
with the dehydration of the micellar core. Thus it is strictly related to pluronic aggregation
and micelle formation. As one can see, this hydrophobic effect weakens as the TiO2 content
in the sample increases; in particular, for the PBT-pH10 sample, the micellization process is
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Two main findings are immediately evident from this figure; the first is the presence
of a drastic drop in the g2 (0) for the PB pluronic solution at T = 30 °C. This decrease is a
clear signature of a reduced mobility due to a transition from a sol to a gel state [50,51,68].
The absence of a similar drop for the other TiO2-pluronic suspensions suggests that the
presence of the nanoparticles disturbs the gel formation, in agreement with what was observed by the inversion tube method.
The other characteristic that emerges is the quite complex profile of the normalized
ICFs that can be accounted for by including multiple exponential-like terms. More precisely, as observed in previous studies [68], the ICFs for the pluronic aqueous solutions

Figure 4. Normalized intensity autocorrelation functions (ICF) measured at a scattering angle of 90◦
for pluronic and pluronic-TiO2 solutions at T = 20 ◦ C and T = 30 ◦ C. The lines are the fits obtained
with Equation (1).
Figure 4. Normalized intensity autocorrelation functions (ICF) measured at a scattering angle of 90
° for pluronic and pluronic-TiO2 solutions at T = 20 °C and T = 30 °C. The lines are the fits obtained
with Equation (1).

A correlation length ξ of the network can be estimated through the Stokes-Einstein
relation, 𝜉 = 𝑘𝑇/6𝜋𝜂𝑞 2 𝜏, where k is the Boltzmann constant, η the solvent viscosity and q2
the scattering vector.
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Two main findings are immediately evident from this figure; the first is the presence of
a drastic drop in the g2 (0) for the PB pluronic solution at T = 30 ◦ C. This decrease is a clear
signature of a reduced mobility due to a transition from a sol to a gel state [50,51,68]. The
absence of a similar drop for the other TiO2 -pluronic suspensions suggests that the presence
of the nanoparticles disturbs the gel formation, in agreement with what was observed by
the inversion tube method.
The other characteristic that emerges is the quite complex profile of the normalized
ICFs that can be accounted for by including multiple exponential-like terms. More precisely,
as observed in previous studies [68], the ICFs for the pluronic aqueous solutions are
described as a linear combination of an exponential function with a time scale τ 1 and a
stretched exponential function with a time scale τ 2 . For all the TiO2 -pluronic samples,
an additional long time stretched exponential with a time scale τ 3 was required for a
satisfactory fit. In the most general case, we used the following fitting function
n
o
g(2) (q, t) − 1 = σ12 A1 exp[−(t/τ1 )] + A2 exp[−(t/τ2 )] β2 + A3 exp[−(t/τ3 )] β3
(1)
where σ2 1 is the initial amplitude of the ICFs, A measures the strength of the mode and β is
the stretching exponent. As reported elsewhere [43,68], from the relaxation times.
A correlation length ξ of the network can be estimated through the Stokes-Einstein
relation, ξ = kT/6πηq2 τ, where k is the Boltzmann constant, η the solvent viscosity and q2
the scattering vector.
According to the fit results, it was found that regardless of the pluronic concentration, temperature or pH, a fast relaxation occurs for all the samples on the time scale of
2.5·10−5 –3.0·10−5 s. This fast decay seems to be a common characteristic of other pluronicbased nanoparticle systems. It has been ascribed to freely diffusing pluronic unimers with
a radius of nearly 2 nm [43–51,68]. What profoundly differentiates the pluronic water
systems from the pluronic-TiO2 ones is the population of unimers which is drastically
reduced in the presence of TiO2 .
Following the fast decay is a slower relaxation that we can observe on a time scale
of ~2·10−3 –5·10−3 s at a temperature of 20 ◦ C and ~2·10−4 –4·10−4 s at 30 ◦ C. For pluronic
solutions, this decay originates from the process of micellization, which implies, at low
temperatures, an initial formation of large aggregates that, at higher temperatures, change
into free micelles [43,68]. In the same time domain, a relaxation was also observed for all
the pluronic-TiO2 samples at both temperatures, even if the presence of the TiO2 seems
to determine a general slowing down for this dynamics. To better assess the influence of
the nanoparticles on the assembly geometry, we analyzed the behavior of the correlation
lengths ξ 2 , reported as histograms in Figure 5 (plots a and b) for two different temperatures.
As cited above, the obtained data reproduce our previous findings for the pluronic
solutions. Independently of pluronic concentration, this result confirms the formation of
large aggregates at low T that decrease in size upon increasing temperature up to the typical
size of micelles, 20–30 nm [68]. The same temperature trend in the size evolution can also
be recognized for the pluronic-TiO2 samples but with some differences. It is evident that
the presence of TiO2 hinders the formation of the large aggregates observed at the lowest
temperature. More precisely, it is possible to state that this effect is more pronounced for
those samples with the lowest TiO2 concentration. This is evident from Figure 5, plot c,
where the same ξ 2 data are reported as a function of the “real” TiO2 concentration, as
determined by absorption spectroscopy. This suggests that the lower the TiO2 content, the
better the metallic nanoparticles’ capability of being dispersed inside the network of PEO
chains, hindering the formation of the large polymeric clusters.
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The experimental data for the electrical conductivity of pluronic-TiO2 nanofluids are
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between titania nanoparticles are predominant. Consequently, the agglomeration of the
nanoparticles due to a thickness reduction of the double layer should be unlikely. Anyway,
electrical conductivity measurements helped us shed some light on this point.
3.4. Electrical Conductivity
Thus far, many measurements of the electrical properties for water-based titania
nanofluids or titania-polymer systems have been carried out [78–80], but not for dispersions
of TiO2 inside a micellar matrix. Here, the interest in conductivity measurements arises
from the possibility they offer to draw information on the nature of the micro-aggregates
observed by DLS.
The experimental data for the electrical conductivity of pluronic-TiO2 nanofluids
J. Funct. Biomater. 2022, 13, x FOR PEER REVIEW
11 of 15 are
summarized in Figure 7, where we reported the relative electrical conductivity, σr , defined
as the ratio between the electrical conductivities of pluronic-TiO2 dispersions, σn , and that
of the base fluid, σf , (pluronic solutions under the same conditions) σr = σn /σf .

Figure 7. Relative electrical conductivity of the investigated samples. In the inset, the same data are
Figure
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reported as a function of the TiO2 concentration as determined by absorption spectroscopy.
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mogeneously dispersed depending on its content. The fact that the optimal dispersion is
obtained for the sample with the higher pluronic/TiO2 ratio corroborates the idea of TiO2
nanoparticles entrapped in a dense pluronic network. In future works, we plan to study
the effects of TiO2 on different copolymers to develop the most appropriate strategy to
design functional nanoparticle-copolymer systems.
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loading occurs at the lowest pluronic concentration under acidic conditions. Both FTIR-ATR
and DLS analyses suggested that the different content of TiO2 inside the samples affects
the micellization and aggregation of pluronic differently. In particular, it was observed that
at the lowest TiO2 content, the formation of both nano and micrometric aggregates is less
favored. Finally, general considerations on the nature of the electrostatic interactions at the
pH values investigated together with the observed behavior of the electrical data allowed
us to exclude the presence of single-species agglomerates.
Therefore, we can hypothesize that the presence of the metallic nanoparticles favors
the formation of an expanded network of micelles within which TiO2 is more or less
homogeneously dispersed depending on its content. The fact that the optimal dispersion is
obtained for the sample with the higher pluronic/TiO2 ratio corroborates the idea of TiO2
nanoparticles entrapped in a dense pluronic network. In future works, we plan to study
the effects of TiO2 on different copolymers to develop the most appropriate strategy to
design functional nanoparticle-copolymer systems.
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