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Effect of small amounts of akaganeite (f-FeOOH)
nanorods on the gelation, phase behaviour and
injectability of thermoresponsive Pluronic F1275

2 and Ravi Kumar Pujala (2 *@®

Surya Narayana Sangitra
Pluronic F127 (PF127) is a copolymer with an amphiphilic nature and can self-assemble to form micelles
and, beyond 20% (w/v), form a thermoresponsive physical gel state. However, they are mechanically
weak and easily dissolve in physiological environments, which limits their use in load-bearing in specific
biomedical applications. Therefore, we propose a pluronic-based hydrogel with enhanced stability by
incorporating small amounts of paramagnetic nanorods, akaganeite (B-FeOOH) nanorods (NRs) of
aspect ratio ~7, with PF127. Due to their weak magnetic properties, B-FeOOH NRs have been used as a
precursor for preparing stable iron-oxide states (e.g., hematite and magnetite), and the studies on B-
FeOOH NRs to be used as a primary component in hydrogels are at the nascent stage. Here we report a
method to synthesize B-FeOOH NRs on a gram scale using a simple sol—-gel process and characterize
the NRs with various techniques. A phase diagram and thermoresponsive behaviour based on rheological
experiments and visual observations are proposed for 20% (w/v) PF127 with low concentrations (0.1—
1.0% (w/v)) of B-FeOOH NRs. We observe a unique non-monotonous behaviour in the gel network
represented by various rheological parameters like storage modulus, yield stress, fragility, high-frequency
modulus plateau, and characteristic relaxation time as a function of nanorod concentration. A plausible
physical mechanism is proposed to fundamentally understand the observed phase behaviour in the
composite gels. These gels show thermoresponsiveness and enhanced injectability, and could find
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Introduction

Hydrogels are soft materials with a three-dimensional internal
network-like structure with water as the main component." If
hydrogels have two or more components, they are called hybrid
gels or nanocomposite hydrogels.”>”® Because of their moderate
biocompatibility, high water content and low surface tension
with biological fluids, and soft behaviour, they have proved to
be more stable, economical and efficient than conventional
drug delivery (DD) and tissue engineering (TE) systems.®’
Because of the above advantages, from 1960 onwards, hydro-
gels were widely used in biological fields.® Hydrogels have
undergone different development stages for more than six
decades. Summarising all the stages, currently, they are
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applications in tissue engineering and drug delivery.

collectively known as smart materials.” The word smart corre-
sponds to a direct response to changes in environmental
conditions like pH, light, pressure, temperature, and electric
and magnetic fields.'® If the hydrogels are sensitive to tem-
perature, they are known as thermoresponsive hydrogels.'"
Poly(N-isopropyl acrylamide) (PNIPAM), poly-(organo-pho-
sphazenes) (PPZ), and poloxamers are the most commonly
used thermoresponsive polymers.'> Poloxamers are non-ionic
copolymers consisting of three blocks, out of which one block
composed of poly(propylene oxide) (PPO) having hydrophobic
nature is sandwiched between two blocks of poly(ethylene
oxide) (PEO) which are hydrophilic. The poloxamers 407
(P407) are also known as Pluronic F127 (PF127)."* Pluronics
have broad industrial applications as detergents, stabilisers,
dispersants, foaming agents and emulsifiers."**® In biomedi-
cal fields, PF127 has been used for the last 50 years in tissue
engineering (TE) and drug delivery (DD) systems.® The incor-
poration of drugs into PF127 systems enhances the circulation
time and stability. The outer hydrophilic PEO block of
PF127 micelles protects the drugs from external conditions
leading to reinforced metabolic activity. At higher concentra-
tions (>18%), PF127 micelles can form a gel. Gels based on
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PF127 containing various drugs have been used for different
skin, eye and dental treatments.'® An extensive study has been
done on the microstructures and rheological properties of pure
PF127.2%%!

However, along with the above advantages, PF127 has a few
drawbacks: they are mechanically weak and easily dissolve in
physiological environments, which limits their use in load-
bearing in specific biomedical applications.***

To overcome these drawbacks and improve the hydrogel
properties, synthetic and natural polymers, clay, bioactive
glasses and nanoparticles (NPs) can be introduced into the
hydrogels.”*>” Among different works, we have discussed a few
composite systems that characterise the composite system
using rheology as one of the tools. Mayol et al. developed a
hydrogel consisting of PF127 and hyaluronic acid (HA) with
enhanced mechanical and drug release properties.*® Chia-jung
et al. proposed a nanocomposite hydrogel based on PF127 and
LAPONITE® (inorganic clay), which is mechanically tough
compared to its polymer hydrogel counterparts.”® To prevent
F127 hydrogels from dissolving in aqueous media and to
enhance their mechanical properties, Baskan et al. proposed
a tough interpenetrating hydrogel made of P127 and polyacrylic
acid (PAA).>® Maria Bercea et al. investigated the PVA/PF127
composite system and reported enhanced stability of PF127 due
to a PVA-entangled network.’’ Hom and Bhatia proposed a
mechanically strong composite system made of PF127/alginate
and LAPONITE® clay.?? Yeh et al. proposed a thermoreversible
gel consisting of gelatin and PF127 suitable for biomedical
applications.*® Cidade et al. described the role of alginate
microparticles in the gelation behaviour of PF127 for making
an injectable hydrogel.** Recently, Khusan et al performed
experiments on a composite system based on cellulose nano-
crystals (CNCs) and PF127. They have discussed the role of the
CNC network in the phase behaviour of PF127. The composite
system shows a thermoreversibility and enhanced flexibility
compared to the original PF127 gels.*® Goncalves et al. dis-
persed magnetite (Fe;O,) nanoparticles in PF127 for skin
delivery applications.?® Inspired by these works and looking
at the ubiquity of PF127 in biomedical applications, we have
systematically studied composite systems of nanorods (NRs),
i.e., akaganeite (B-FeOOH) NRs in PF127.

Iron oxyhydroxides (FeOOH) can exist in different crysta-
lline polymorph phases, commonly known as o, f, y and
0 as goethite, akaganeite, lepidocrocite and ferroxyhyte,
respectively.”” The B-phase polymorphs of iron oxyhydroxide,
commonly known as akaganeite (8-FeOOH), recently received
much attention in different applications, including water treat-
ment, photocatalysis and batteries.>® Recently, Fateheh et al.
studied the applications of B-FeOOH NRs with antimicrobial
benefits, and it also showed decent biocompatibility when
synthesised with different concentrations of surfactants, poly-
ethene amine (PEI) and polyethene glycol (PEG).*® The B-
FeOOH NRs are used as an intermediate state to convert
to the most stable iron oxides like magnetite (Fe;0,) and
hematite (a-Fe,03),"® but significantly less attention has been
given to the B-FeOOH form alone.”’ The B-FeOOH NRs are

5870 | Soft Matter, 2023,19, 5869-5879

View Article Online

Soft Matter

paramagnetic at room temperature and show weak magnetic
response compared to other MNPs, and therefore, convention-
ally, they have not been used in many biomedical fields."**

But there have been some cases where paramagnetic nano-
particles were used in cancer diagnosis and therapy.*

Since B-FeOOH NRs have magnetic properties,***> these
composite gels can find applications in future targeted drug
delivery.*® As discussed earlier, PF127 forms micelles, which
can encapsulate drugs and other active molecules and release
them in a controlled manner.'® The addition of p-FeOOH NRs
could potentially enhance the drug release property.*” B-FeOOH
nanoparticles can improve the mechanical properties of the
composite system since it show enhanced stiffness and tough-
ness in some polymer composites.*® Therefore, we investigate a
composite system of B-FeOOH NRs, which are paramagnetic,
and its composite system with PF127 can be a good candidate
for thermoresponsive magnetic hydrogels used for biomedical
applications.*®

In this work, we aim to explore the potential of B-FeOOH as a
component of thermoresponsive magnetic hydrogels for bio-
medical applications, leveraging its unique rheological proper-
ties. Therefore, in perspective of biomedical applications, we
proposed a pluronic-based hydrogel with enhanced stability
and gel strength by incorporating a small amount (<1% (w/v))
of akaganeite (B-FeOOH) nanorods (NRs) in 20% PF127, to
ensure biocompatibility.

This study explores the effect of small amounts of akaga-
neite nanorods of aspect ratio ~7 on the gelation, stability and
phase behaviour of thermoresponsive PF127 suspensions.
Based on visual appearance and rheological experiments, we
establish a phase diagram by identifying the thermoresponsive
behaviour with rotational and oscillatory modes. We propose a
possible physical mechanism based on different interactions
between the colloidal particles to understand the observed
phase behaviour. These gels show thermoresponsiveness and
injectability, which could be used for biomedical fields, speci-
fically in tissue engineering and drug delivery applications.

Materials and methods
Materials

Pluronic F127 (PF127) (flakes) powder with average molecular
weight (~12600 g mol™"), ferric chloride hexahydrate (FeCly-
6H,0) and sodium hydroxide (NaOH) pellets were purchased
from Sigma-Aldrich, India and were used without further
modifications. Milli-Q (MQ) water (pH ~ 6 to 7) was used as
a solvent for all the experiments. The pH of the suspensions
was changed by dropwise addition of millimolar amounts
of NaOH.

Synthesis procedures for akaganeite f-FeOOH NRs

The B-FEOOH NRs were synthesised following a sol-gel
technique.*®®® 1.8 M FeCl;-6H,0 was prepared in a beaker
with water as the solvent. The precursor FeCl;-6H,0 was mixed
via sonication and then stirred using a Teflon-coated magnetic

This journal is © The Royal Society of Chemistry 2023
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bead to get complete dilution on a magnetic stirrer. The same
procedure is repeated for mixing 5 molar NaOH solution in
water. After that, the stock suspensions of NaOH were
added slowly to the iron chloride solution with continuous
stirring using a Teflon-coated magnetic bead at 1500 rpm for
15-20 minutes on a magnetic stirrer.

After complete addition, the mixture becomes thick and
brown. After the mixture becomes more viscous and gains a
dark brown colour, it is tightly sealed in glass bottles with a lid
covered with aluminium foil. These bottles are immediately
transferred to a preheated oven at 100 °C and kept for 8 h
without disturbance to produce f-FeOOH NRs. Later, the pre-
cipitate is separated by centrifugation at 12000 rpm for
10 minutes, 5-6 times to remove the other impurities. The
residual sample was collected in the centrifuge tube and was
frozen by dipping the tubes in liquid nitrogen. The caps of the
tubes were replaced by Kim wipe tissues making some tiny
pinholes. The frozen samples were kept in a VirTis SP Scientific
(benchtop lyophiliser with a temperature of —104 °C and a pressure
of 23 mT for creating a vacuum) for 24-48 h (depending on the
sample volume) to get the B-FeOOH NRs in powder form.

Sample preparation

The B-FeOOH NR suspensions of concentrations 0.1 to 1.0% are
made by dispersing the dry powder in desired amounts by
stirring and sonication. Pluronic F127 is a thermoresponsive
block copolymer, dissolving only at lower temperatures
(<10 °C). Therefore, Pluronic F127 aqueous suspensions of
20% concentration are prepared at low temperatures using
an ice bath on a magnetic stirrer. All combinations of
mixed suspensions are prepared by adding 20% Pluronic to
the aqueous suspensions of B-FeOOH (0.1-1.0% (w/v)). All the
sample preparation was done at low temperatures using an ice
bath on the magnetic stirrer.

High-resolution transmission electron microscopy (HR-TEM)
and energy dispersive spectroscopy (EDS)

The high-resolution transmission electron microscopy (HR-
TEM) micrograph and energy dispersive spectroscopy (EDS)
spectra of the synthesised f-FeEOOH NRs were taken from a
JEOL JEM 2100 PLUS. The image analysis was performed by
Image J software.

X-ray diffraction (XRD)

The crystal structures of the NRs were determined using a
Rigaku SmartLab X-ray diffractometer and SmartLab Studio II
X64 v4.4.295.0 software to analyse the XRD data. The experi-
ments were performed by keeping the X-ray generator with
kp-filter 1D for Cu at 45 kV, 200 mA with 1D scan mode and
scan speed 2.0° min~" with 26 ranging from 10° to 80°, keeping
the step width at 0.01°.

Fourier transform infrared (FTIR) spectroscopy

The functional group analysis of the NRs in solid form by
making pellets with the KBr disk method with pure PF127 and
the nanocomposites was performed by an FT-IR-Bruker ALPHA.

This journal is © The Royal Society of Chemistry 2023
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Vibrating sample magnetometry (VSM)

The magnetic properties of the NRs were investigated and
analysed by a Lakeshore VSM 74108, vibrating sample magnet-
ometer (VSM) at 300 K.

X-ray photoelectron spectroscopy (XPS)

The elemental composition of the NR surface was characterised
by XPS spectra and analysed by a Thermo Fisher ESCALAB Xi+
instrument.

Dynamic light scattering (DLS and ELS)

The stability of the colloidal dispersions at different pH was
studied by measuring hydrodynamic diameter (D), and zeta
potential ({) by a Litesizer 500 (Anton Paar) using the dynamic
light scattering (DLS) and electrophoretic light scattering (ELS)
principles, respectively. All the measurements were done at a
temperature of 25 °C with 0.2% (w/v) concentration of nanorods
and MQ-water as solvent.

Rheology

All the rheological measurements of the nanocomposite gels
were performed on an MCR 302 rheometer (Anton Paar, Aus-
tria) with stainless steel cone-plate geometry (diameter 25 mm
having cone angle 2° and truncation gap 0.105 mm) in rota-
tional and oscillatory modes. For rotational tests, viscosity was
recorded as a function of temperature (temperature ramp) by
keeping the shear rate constant at 7 = 50 s~ ' and oscillatory
tests in a small oscillatory shear strain amplitude sweep at a
constant angular frequency w = 10 rad s~ ' and frequency sweep
are performed in the linear viscoelastic region (LVR), keeping
the strain amplitude (y = 0.5%) constant.

Results and discussion

Characterization of akaganeite NRs

Fig. 1(a and b) represent the HR-TEM images of the NRs, with
an average length and width of the f-FeOOH NRs calculated as
(41.47 £+ 12.63) nm and (5.61 £+ 1.18) nm, respectively, using
Image] software. The length and width are the mean values,
and the errors are calculated as standard deviations of the
distributions shown in Fig. 1(c and d), respectively. We also
analysed the selected area electron diffraction (SAED) patterns
to determine the interplanar spacing (d-spacing) (Fig. 1(e) and
Fig. S1-S3, ESIt) and crystallographic plane information.
Along with HR-TEM, energy dispersive spectroscopy (EDS) data
(Table ST1, ESIt) were also analysed to reveal the elements
present in the system in percentages (Fig. 1(f)) as iron (Fe),
oxygen (O) and chlorine (Cl) with (52.5 £ 1.0)%, (39.3 &+ 1.0)%
and (8.2 + 0.5)%, respectively.

The powder XRD of the NRs is presented in Fig. 2(a) with the
peaks resembling akaganeite (f-FeOOH) with PDF (Pair Dis-
tribution Function) card Number: 01-079-5284 (miller indices
symbolised in blue colour text). Fig. 2(b) shows the transmis-
sion spectra of -FeOOH NRs with different peaks at 685.23,
857.19, 1626.81 and 3374.83 cm™'. The peaks at 685.23 and
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Fig. 1 (a and b) HR-TEM micrographs of the B-FeOOH NRs; (c) and (d) are
the length and width distribution from the HRTEM images, respectively.
(e) Selected area electron diffraction (SAED) patterns to determine the
interplanar spacing for NRs, and (f) the EDS spectra of the NRs with
element information in percentage.
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Fig. 2 (a) Powder XRD of NRs; the peaks resemble f —FeO (OH) with PDF
card No: 01-079-5284. (b) FTIR transmission spectra in the KBr disk
method for the NRs.

857.19 represent Fe-O stretching vibration®® and Fe-O-Fe
bending vibration in the sample,” respectively. The peaks at
1626.81 and 3374.83 cm ™' correspond to stretching vibrations
of the hydroxyl group (OH) in the akaganeite structure.’*>*

The FTIR profiles of PF127 and its composites with NRs are
captured to investigate the functional properties in Fig. 3(a).
The FTIR spectra of the nanocomposite are almost identical to
the PF127 alone spectra. The peak at 690 cm ™ for the B-FeOOH
NRs, which corresponds to Fe-O stretching vibration, is absent
in the composite FTIR spectrum. The adsorption of PF127 onto
the surface of B-FEOOH NRs could be one of the plausible
causes.

5872 | Soft Matter, 2023, 19, 5869-5879
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Fig. 3 (a) FTIR transmission spectra for the NRs and the composite
systems with 0.1% and only PF127 in solid form (the vertical dotted line
represents the prominent peaks). (b) The VSM data with magnetisation (M)
vary linearly for the applied magnetic field (H).
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Typically, PF127 is known to adsorb onto the surface of
nanoparticles and form a protective coating;>* this could
potentially affect the vibrational modes of the NRs and lead
to a change in the FTIR spectrum. If the adsorption is strong
enough, it could even result in the complete absence of the
peak at 690 cm™'. This behaviour is also seen in iron oxide
nanocrystals in the PF127 system.>”

The magnetic behaviour of the NRs is shown in Fig. 3(b).
The sample shows a paramagnetic behaviour at room tempera-
ture with magnetisation (M) of 0.41 emu g~ '. Under a magnetic
field from (—25000) Oe to (+25000) Oe. The positive intrinsic
coercivity (H.) at magnetisation (Ms) = 0 is 20.875 Oe,
and the residual magnetisation or retentivity (Mg) is 0.117 X
10~ emu g ' with sensitivity (—0.67) emu. The VSM data
confirms that NRs respond to the applied field by applying a
sufficient magnetic field.

Fig. 4(a) and (b) show the XPS spectra of f-FeOOH NRs in
iron and oxygen as significant elements for Fe-2p and O-1s with
line designation, respectively. Deconvoluting the Fe-2p and
O-1s spectra gave the peaks for binding energies at 711.49 eV
and 725.13 eV for iron (Fe-2p) and 531.82 eV for oxygen (O-1s).
The above data confirm from the NIST database that those
peaks belong to the FeOOH bond on the surface.>®>>’

The stability of each suspension depends on its pH value.
Therefore, the effect of pH on the solution was studied. For our
experiment, 0.1% suspensions of NRs in water were used and
are acidic with pH = 2.43. The pH of these suspensions varied
from 2.43 to 12.42 using a different molar concentration of
NaOH suspensions, as shown in Fig. 5. Hydrodynamic radius
(D) from DLS as a function of pH is shown in Fig. 5(a), where

2p,,- FeOOH (a) Fe-2p

2p;,- FeOOH

Intensity (a.u.)
Intensity (a.u.)

Sat

528 532 536 540 544
Binding Energy (eV)

708 714 720 726 732 738
Binding Energy (eV)

Fig. 4 XPS spectra of B-FeOOH NRs in (a) iron and (b) oxygen are
presented, and the peaks are deconvoluted to get the spectral information.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Plot of the hydrodynamic diameter (D) from DLS and (b) zeta
potential ({) from ELS of the NRs as a function of pH. All the measurements
were done at 25 °C with 0.1% (w/v) concentration of NRs in water. Solid
lines are a guide to the eye.

continuous growth in the particle size is observed. However, at
pH= 10.67, a rapid increase in particle size is seen, indicating
an unstable solution.

The complementary results were also obtained from the ELS
method with the same instruments. The stability can be under-
stood by observing pH dependent on the zeta potential ({)
values. Fig. 5(b) shows a shift in zeta potential ({) from
+32.9 mV to —31.4 mvV, reaching an iso-electric point at
pPH ~ 9.65, which refers to a stability fluctuation of the
suspensions with increasing pH. After pH = 7.4, a rapid
decrease in zeta potential was observed, stabilising after pH =
11.77. At pH ~ 9.65, the corresponding zeta potential becomes
zero, and the particle aggregation is strong because the particle/
cluster size is in micrometres (~5 pm). Hence the particles
sedimented after a few minutes.

As a subsequent study, we incorporated the NRs in a
thermoresponsive triblock copolymer to prepare a nanocompo-
site and studied their dispersion stability properties. The DLS
and ELS measurements for the composite systems are reported
in Table 1.

The DLS and ELS measurements were performed on the
composite systems consisting of 0.1% NRs with different con-
centrations of PF127 at 25 °C. The hydrodynamic diameter
PF127 is 22.46 nm. The size of the particles in the composite
system increases from 58.78 nm to 3343 nm as the PF127
concentration increases from 0.1% to 10%, respectively, and
at higher concentrations (15% and 20%) the samples are more
turbid and not suitable for DLS measurements. The zeta
potential from ELS measurements decreases, and the data
support the aggregation of the particles due to the adsorption
of PF127 molecules (Table 1). Since nanorods are hydrophilic

Table 1 Hydrodynamic diameter (D) from dynamic light scattering (DLS)
and (-potential from electrophoretic light scattering (ELS) for different
concentrations of composite system at 25 °C

Sample name
(concentration
in %(w/v))

Hydrodynamic

diameter (D) (nm) (-Potential (mV)

1.0% PF127 only 22.46 —16.8 £ 0.8
0.1% NRs only 58.78 29.2 £ 0.5
0.1% NRs + 0.1%PF127 84.37 19.1 £ 1.0
0.1% NRs + 1%PF127 114.49 15.8 £ 0.9
0.1% NRs + 10%PF127 3433 —4.0 £ 0.2

This journal is © The Royal Society of Chemistry 2023
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~ PPO

PF127 B-FeOOH NRs Adsorption of PF127 on NRs surface

Fig. 6 Schematic illustration of the adsorption of the PEO-PPO-PEO
block of PF127 on the B-FeOOH NR surface.

(Fig. S4, ESIt), the hydrophilic part PEO can attach to the
surface of the NRs. The schematic diagram of the adsorption
mechanism is proposed for the PEO-PPO-PEO block of PF127
on the NR surface (Fig. 6). We also tried to redisperse the
composite system in MQ water after freeze drying but found
that the coated NRs are not fully dispersed in water (Fig. S5,
ESIt), which also supports polymer adsorption on the nanor-
ods. This mechanism is consistent with the results from DLS,
zeta potential and FTIR. At higher concentrations of PF127, the
micelle concentrations are enough to make a stable suspension
(Fig. S6, ESIt). In the subsequent study, the thermoresponsive
behaviour of the composite systems is characterised by
rheology.

Rheological profiling

Temperature-dependent viscosity. Temperature-dependent
behaviour is investigated by studying the viscosity as a function
of temperature, with a temperature ramp of 0.5 °C min ',
keeping the shear rate constant at (7 = 50 s~ ). Fig. 7(a) suggests
that adding low concentrations of NRs does not affect the
overall trend of the temperature-dependent viscosity curves.
Viscosity decreases with increasing temperature at low tem-

peratures (10-15 °C). The conversion of unimers into micelles

5
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Fig. 7 (a) Temperature sweeps at a constant shear rate ( = 50 s7%) of the
composite system at various NR concentrations. (b) The sol-gel transition
temperature is plotted as a function of B-FeOOH NR concentrations in
20% PF127 (c) oscillatory temperature sweep, with temperature-
dependent storage (G) and loss (G”) moduli at a fixed angular frequency
(w = 10 rad s7Y) and shear strain () = 0.1% for only 20% PF127 and (d)
temperature sweep for the composite of 20% PF127 with 0.4% B-FeOOH
NRs. Here we define 3 regions: first, the liquid-like region, where G” is
dominated over G, second, the soft-gel region, where G’ is dominated
over G”, and third, the strong-gel. Solid lines are a guide to the eye.
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can reduce the hydrodynamic volume per unimer and may
cause a lowering in viscosity.”®>® At temperatures nearly 25-
30 °C, there is a sudden rise in the viscosity by 10-100 times,
which may correspond to the sol-gel transition temperature
(Tsg), as shown in Fig. 7(a).>® The Tsg increases from 24 °C to
24.50 °C as we incorporate NRs in PF127 and then fluctuates
between 24.50-26 °C as shown in Fig. 7(b). The presence of -
FeOOH NRs can hinder the connectivity between the PF127
micelles from forming a more closely packed structure and can
lead to a higher transition temperature.?

To understand this behaviour further, we performed more
experiments by keeping the temperature constant and varying
the shear rate (Fig. S7 and S8, ESIt) for 20% PF127 and an
oscillatory test with varying strain amplitude, frequency and
temperature. The oscillatory temperature sweeps, shown in
Fig. 7(c and d), confirm the thermoresponsive behaviour. From
the oscillatory test, we defined three-regions, in the first region
G" is dominated over G’, so it is named as a liquid-like sample.
In the second region where G’ is dominated over G” but varies
with temperature. We refer to this region as the sol-gel transi-
tion or soft-gel region. In the third region, G’ is dominated over
G’ but shows a plateau region, and we refer to it as a strong-gel.
These regions are also found in other experiments (Fig. S9 and
S10, ESIt).

Amplitude sweeps

The rotational rheological tests give information about the
viscosity of the materials, whereas the oscillatory test gives
general information about the viscoelastic properties. There-
fore, we investigated the amplitude sweep tests with strain
amplitude (y) in the interval from 0.0001 to 1, keeping
angular frequency constant at (w = 10 rad s~ ). Fig. 8(a) shows
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Fig. 8 (a) Shear strain dependency of storage (G’) and loss (G”) moduli for
different concentrations of NRs in 20% PF127 at 30 °C. (b) Yield strain (yy),
flow strain (y¢), storage modulus value at low strain (G}) and maximum

(&)}
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N

/
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loss modulus (Gn’mx
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concentration at 25 °C and 30 °C. (d) G-
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function of NR concentration at 30 °C.
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the amplitude sweep data for 20% PF127 for different concen-
trations (0.1-1.0%) of p-FeOOH NRs at 30 °C. The storage (G’)
and loss (G”) moduli exhibit plateau regions, i.e., nearly inde-
pendent of shear strain for low strain values, which is labelled
in Fig. 8(b) as the linear viscoelastic region (LVR). The red
vertical lines in Fig. 8(b) represent the limit of the LVR regions,
and we define the corresponding shear strain values as yield
strain (y,). A horizontal line fitting to the storage modulus (G')
curve determines the storage modulus value at low strain and is
shown in Fig. 8(b). The linear region of the curve represents the
regime where the material response is predominantly elastic
and reversible and where the storage modulus is a good
measure of the material’s resistance to deformation.®®°*

The storage modulus value at low strain is an essential
parameter in characterizing the mechanical properties of a
material. Higher storage modulus value at low strain indicates
that the material is stiffer and more resistant to deformation,
while a lower value indicates that the material is more com-
pliant and less resistant to deformation.®> After the yield point,
both moduli start to deviate from linearity (i.e. G’ decreases and
G" increases). Similarly, the G” values increase and reach a

maximum (GN and then start decreasing again. There is a

max)
crossover between G’ and G” where (G’ = G”) and the corres-
ponding strain value are defined as flow strain (y¢), where the
gel behaviour changes to a liquid. The non-linear region of
amplitude sweeps can also provide information regarding the
network’s strength. The strain at which the G” peak appears is
referred to as the critical strain (y¢). Critical strain can be used
to quantify the rate of deformation or fragility. The smaller
critical strain signifies a stronger physical bond and a more
fragile mechanical system.*®

For the storage modulus value at low strain (G;,), when plotted
as a function of NRs in PF127 gels, we observe a non-monotonous
trend both at 25 °C and 30 °C. To investigate this further, we

exacted other parameters, such as maximum loss modulus (G'r'nax)
and critical strain (y¢) from the non-linear regions.
We plotted the storage modulus plateau (G;,) representing

the gel strength before deformation in Fig. 8(c) and dissipation

energy (G,
strength and fragility of the sample as a function of NR
concentration at 30 °C in Fig. 8(d). A non-monotonous beha-
viour is observed for all the parameters probed in this study.
Addition of small concentration NRs (0.1% and 0.2%) in PF127
gels initially forms a more complex and ordered network and
fragile network, and a further increase in NR concentrations
(0.3-0.6%) makes the system less ordered and flexible, and at
even higher concentrations (0.8-1.0%) the system forms a more
structured network at 25 °C. But when the temperature is

) and critical strain (y¢) representing network

increased to 30 °C the trend in G]; is the same but with higher
values. This can be due to the formation of larger and more
interconnected micelle structures at higher temperatures. The
particle loading is very small compared to the previous studies
performed on CNC/PF127 systems.>’

The internal structure of a material does not change under
small stress, showing a reversible viscoelastic behaviour as long

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 (a) and (b) The yield stress calculated from the amplitude sweep

(AS) and Herschel-Berkley (HB) fit from the flow curve plotted as a
function of concentration of nanorods in 20% PF127 at 25 °C and 30 °C,
respectively.

as the applied stress value is less than the critical stress. The
minimum critical stress applied to the sample to see an
irreversible viscoelastic behaviour is known as yield stress
(ty). We calculated the yield stress by using a similar analogy
to a yield strain (Fig. S11, ESIY), but instead of strain, we take
moduli as a function of shear stress and extract the yield point,
defined as yield stress (t,).°>!

This yield stress is also termed elastic yield stress.®>** We
calculated the dynamic stress by extrapolating the flow curves
(Fig. S7(a) and S8(a), ESIT) using Herschel-Berkley (HB) model
fitting®® and compared the yield stress obtained from both
approaches, plotted as a function of different concentrations of
NRs in PF127 gels (Fig. 9). The observed trend of the curve is
similar in both cases. The yield stress calculated from the flow
curve is 2-3 times higher in magnitude than the yield stress
from amplitude sweeps.

The difference in yield stress values obtained from the flow
curve and amplitude sweep methods could be attributed to the
different deformation modes. The dynamic yield stress calcu-
lated from the flow curves represents the stress to maintain
flow, and the elastic yield stress is calculated from amplitude
sweeps where the plastic deformation begins and the sample
no longer fully recovers its original state. In steady shear, the
sample must be deforming plastically, and therefore the
dynamic yield stress is greater than the elastic yield stress.®®
To understand the behaviour in more detail, we also discuss
the frequency-dependent behaviour of the viscoelastic moduli
keeping the strain amplitude constant.

Frequency sweeps

Frequency-dependent storage and loss moduli for different
concentrations of NRs in 20% of PF127 at 30 °C are shown in
Fig. 10(a). These experiments were performed at a constant
strain amplitude of 0.1% in LVR while varying the angular
frequency (w) at 25 °C and 30 °C. Typically, the structural
relaxations are characterised by the crossover points between
the liquid-like (G”) and solid-like (G") behaviour of the sample.

The inverse of the angular frequency value corresponding to
crossover can give information about the characteristics of
relaxation time (tg) for sol-gel transitions of the system.®® Inset
of Fig. 10(b), the relaxation time () is plotted as a function of
NRs in PF127 gels. In rheology, a high-frequency modulus

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 (a) Frequency dependency of storage modulus (G) and loss
modulus (G”) at y = 0.1%, in the linear viscoelastic region (LVR) at 30 °C.
(b) High-frequency modulus plateau (Gp) at 25 °C and 30 °C, plotted for
different concentrations of NRs in 20% PF127. Inset: Relaxation time (tg)
calculated from crossover frequency is plotted as a function of NRs in 20%
PF127 at 25 °C and 30 °C.

plateau refers to a region in the frequency sweep where the
storage modulus (G’) remains relatively constant over a range of
frequencies. The high-frequency modulus plateau is typically
observed at frequencies well above the relaxation time of the
material. The high-frequency modulus plateau is crucial
because it provides information about the material’s structural
or network properties. Specifically, it implies that the material
has reached equilibrium in terms of the stress or deformation
response and that the network can maintain its structure and
resist deformation across a wide frequency range.”” In
Fig. 10(b), the high-frequency modulus plateau (Gp) at 25 °C
and 30 °C, plotted for different concentrations of NRs and in
both measurements, we observe a non-monotonous behavior.

The relaxation time is increased with the loading of nanor-
ods in the PF127 gels. For 0.1% of NRs, ¢z decreases up to 0.5%,
and then from 0.6% to 1.0% onwards, the relaxation time
increases. The relaxation time describes the time required for
a material to reach equilibrium after a deformation. At a NR
concentration of 0.1%, the increase in relaxation time could be
due to the formation of a more structured network within the
composite material.®® As the concentration of NRs increases
from 0.2-0.5%, the relaxation time decreases. This could be due
to reduced interparticle distance between nanorods, leading to a
less structured network within the composite material.*® The
relaxation time increases again at higher NR concentrations of
0.6% to 1.0%. This could be due to the formation of more
structured network as the nanorods become more closely packed
which we refer to as a secondary network. Here, the strength of
the network is defined by the number of grain boundaries (GB) or
macroscopic domains that are formed under the application of
shearing deformation. The greater the number of domains, the
weaker the network strength and the system takes longer time to
reach equilibrium. With a small number of domains, the strength
of the network is high and the system relaxes faster.”® This
explanation is also compatible with the high-frequency modulus
plateau (Gp) trend shown in Fig. 10(b).

All the experimental data are well supported by the inverted
vial test for all composite gels at 25 °C and 30 °C, as shown in
Fig. 11. At low loadings of NRs (0.1% and 0.2%) the composite
gels are stable in gel form, and for intermediate concentrations
(0.3-0.6%), all samples start to flow and for higher
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At 30°C

Fig. 11 Inverted vial test for different B-FeOOH NR concentrations in 20%
PF127. (a) Typical images of all the samples at 25 °C (b) inverting all the vials
at 25 °C and (c) at 30 °C.

concentration (0.8 and 1.0%) again become a gel at 25 °C. As
the temperature increases up to 30 °C, all the samples form a
strong gel, and therefore, we did not observe any flow beha-
viour of any sample in the intermediate concentration. We also
observed a phase separation in the intermediate particle load-
ing (0.3-0.6%) whose internal microstructure is yet to be
probed in detail. Based on all the rheological studies and visual
appearance, we propose a phase diagram for the composite
systems using different interactions in the system (Fig. 12).

Physical mechanism of composite gels

PF127 forms a strong gel containing spherical micelles at
concentrations of 17.5% (w/v) or higher.”" From various rheo-
logical measurements on 20% PF127 and its composite system,
we found non-monotonous rheological behaviour by varying
the concentration and temperature. NRs can alter the gel net-
work formed by PF127 micelles and lead to different behaviour

39
— 36 strong gel
S
~ 33
g
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T304 *x x x x x x x * *
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Fig. 12 Phase diagram of 20% PF127 in the presence of f-FeOOH NRs
based on rheological experiments and visual observations.
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Fig. 13 Schematic picture of a physical mechanism for different phases of
the composite system.

(Fig. 13). The network formed in pure PF127 is mainly due to
the short-range hydrophilic attraction between the micelles.>*
When NRs are incorporated in the PF gel containing micelles,
various colloidal interactions and mechanisms come into the
picture, leading to different networks.

The initial rise in the storage modulus (G;j) , defined as gel
strength, with the addition of 0.1% and 0.2% of B-FeOOH NRs,
could be due to the reinforcing effect of PF127-coated NRs on
the polymer network, which leads to an increase in the stiffness
of the nanocomposite.”" At lower concentrations, the NRs can
act as cross-linkers that strengthen the network by creating
additional physical cross-links between the polymer chains.

This can lead to an increase in gel strength (G;).n At inter-

mediate concentrations (0.3-0.6%), we see phase separation in
the sample (Fig. 11) and a subsequent decrease in G;. At these
concentrations, depletion attractions become stronger and can
induce flocculation and aggregation of the NRs.”* This can lead
to the formation of clusters that act as defects in the polymer
network, weakening its structure and leading to a decrease in

gel strength (Gl;).74 The clusters formed by the coated NRs

may also be responsible for phase separation and flow in
composite gels.”>””

At higher concentrations (0.8-1.0%), depletion attraction
becomes stronger and may form a percolation network’®’” of
NRs that reinforces the polymer network, increasing the G;.m
This network may be more interconnected, so the NRs may be less
likely to undergo phase separation from the polymer matrix.
Therefore, we see stable gels at beyond 0.8% at 25 °C. But at
30 °C, the magnitude of G}; doesn’t change significantly, and the
values fluctuate within the error bar, and visually we don’t see any
flow. We did not observe any flow behaviour of any sample in the
intermediate concentration, which may be because as the tem-
perature rises to 30 °C, the polymer chains become less hydrated
and more likely to associate and aggregate, leading to larger and
more interconnected micelle structures forming a strong gel.

Injectability of hydrogels

The shear thinning behaviour from the flow curve (Fig. S7 and
S8, ESIt) and low critical strain value from the non-linear

This journal is © The Royal Society of Chemistry 2023
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Fig. 14 Thixotropic test with 3-intervals to check gel-recovery of the
nanocomposite hydrogels at (a) 25 °C and (b) 30 °C, respectively.

region of the amplitude sweeps (Fig. 8(b)) of PF127 and its
composite with f-FeOOH NRs at higher temperatures make
them good candidates for injectable gels.**”* ! When a hydro-
gel is used in a traditional syringe/needle to inject drugs,
different narrow channels with varying diameters are subject
to very high shear/stains rates. Therefore, it is crucial to
determine if the mixture can recover its initial mechanical
properties and the gel state. Hence, to confirm the structural
recovery of the hydrogels, we performed the thixotropic test
(time-dependent shear thinning test) with three intervals. We
followed the same procedure as discussed in Kushan et al.>’
and found out that the composite hydrogel indeed recovered its
mechanical properties having a higher storage modulus (G')
value than pure PF127 (Fig. 14).

The injectability of the gels was demonstrated by capturing
images while loading the sample into a 5 ml syringe with a
needle shown in Fig. 15. The samples are gels at elevated
temperatures (>26 °C), but they are liquid at a lower tempera-
ture (<20 °C). Loading the hydrogels in liquid form is more
accessible than in gel form. Therefore, all the samples were
kept in an ice bath to make them liquid. Then the samples were
loaded inside the syringe and kept at an elevated temperature
of 30 °C. The gels were injected by applying manual shear. Both
the 20% PF127 hydrogel and its composite system with 0.4%
NRs show good injectability. However, the composite hydrogels
show enhanced injectability. One can identify these by obser-
ving the structure made by both of the injected gels. PF127 gels

(a)

Fig. 15 Injectability demonstration of (a) and (c) 20% PF127 and (b) and (d)
composite hydrogels with 0.4% loading of NRs in 20% PF127 at 30 °C.
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are more fragile and formed a discontinuous structure
(Fig. 15(a and c)), but the composite system formed a smoother
structure (Fig. 15(b and d)). This agrees with the experimental
data discussed in Fig. 8(d). In Fig. 8(d), the critical strain value
for PF127 is 2.151%, and for the composite system of 0.4% NRs
with PF127 is 3.158%, and a higher critical strain value of the
composite gels confirms the system as less fragile than
PF127 alone.

Conclusions

We designed novel thermoresponsive hydrogels with the
combination of magnetic nanoparticles (B-FeOOH NRs) and
PF127 in order to develop simple, cost-effective, and biocom-
patible hydrogels with multiple stimuli-responsive characteris-
tics. For the first time, B-FeOOH NRs are used as a primary
component in a hydrogel. Nanorods are synthesized in large
quantities via a simple sol-gel process and characterized using
HR-TEM, EDS, XRD, FTIR, XPS, VSM, DLS, and ELS, and
rheology measurements. A phase diagram is proposed based
on rheological tests and visual observations. The thermore-
sponsive behaviour is analysed based on rheological experi-
ments with flow curves, amplitude, frequency and temperature
sweep for 20 w/v% PF127 with low concentrations (0.1-
1.0 w/v%) of B-FeOOH NRs. As a function of NRs loading, we
observe a novel non-monotonic behaviour for all rheological
parameters (storage modulus/gel strength, yield stress, fragility,
and characteristics time scale) in the 20% PF127 gel. To
comprehend the phase behaviour, we proposed a physical
mechanism based on the interactions of colloidal particles.
Even at small concentrations, the presence of f-FeOOH NRs
can modify the strength and flexibility of PF127 gels. The
composite hydrogels are soft and showed enhanced injectabil-
ity compared to the PF127 gels, which may find applications in
industry, drug delivery, tissue engineering and pharmaceutical
formulations.
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