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Understanding structure-property relationships is critical for the development of new drug delivery sys-
tems. This study investigates the properties of Pluronic smart hydrogel formulations for future use as
injectable controlled drug carriers. The smart hydrogels promise to enhance patient compliance, decrease
side effects and reduce dose and frequency. Pharmaceutically, these systems are attractive due to their

unique sol-gel phase transition in the body, biocompatibility, safety and injectability as solutions before
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transforming into gel matrices at body temperature. We quantify the structural changes of F127 systems
under controlled temperature after flow, as experienced during real bodily injection. Empirical formulae
combining the coupled thermal and shear dependency are produced to aid future application of these
systems. Induced structural transitions measured in-situ by small angle x-ray and neutron scattering
reveal mixed oriented structures that can be exploited to tailor the drug release profile.
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1. Introduction

Advances in biomedical and material sciences have led to a
rapid intensification in development and exploration the use of
selective Drug Delivery Systems (DDSs) that offer improved control
of administered drug release, providing protection for the
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delivered therapeutic agent against degradation and safety from
accidental release. These DDSs offer reduced side effects and
enhanced efficacy compared to conventional dosage forms [1,2].
Global revenue for DDSs was estimated to be $181.9 billion in
2013 and is expected to grow at a Compound Annual Growth Rate
of around 3.2% to reach up to $212.8 billion by 2019 [3/4].

These DDSs are manufactured in the form of emulsions, lipo-
somes, microspheres and colloidal gels. They are self-sustaining
systems working as drug reservoirs or carriers optimised depend-
ing on application requirements and releasing the bioactive mole-
cules when triggered by specific endogenous or exogenous stimuli,
offering spatial and temporal control over the release process.
Examples which have entered their clinical phases include; Doxil,
thermoDox and Nanotherm [5,6].

Injectable smart gel systems spontaneously form a network as a
response to specific stimuli, and are classified according to their
particular triggers e.g. pH, UV photopolymerization, stereocom-
plexation, charge interaction, ultrasound, electromagnetic radia-
tion and temperature [7-12]. These smart systems have tunable
porosity allowing controlled loading and release from the gel net-
work, and work as depots injected into the body as impregnated
solutions before undergoing a first order transition producing flex-
ible soft hydrogel matrices in-situ at the physiological tempera-
ture. They exhibit good adhesion and low interfacial tension thus
resembling a living cell’s extracellular matrices, and body tissues,
hence reducing the possibility of immune responses.

Gel design should focus on the salient features desired for the
application determined by material crosslinking, biodegradability
and biochemical stability [7,8]. These factors inevitably influence
the physical, structural and mechanical behaviours of the gel
matrix during and after injection. The mechanical behaviour
reflects the hydrogel’s structure-property relationship and conveys
the structural transitions the DDS undergoes during administration
by passing through different environments (temperature and
shear), which can influence stability, drug deposition and release
[9,10].

Amphiphilic block copolymers are among the most commonly
used substrates for injectable drug delivery. The PEO-based non-
ionic surfactants, Pluronics® (known alternatively as Poloxamers®),
are composed of polyethylene oxide-polypropylene oxide-
polyethylene oxide (PEO-PPO-PEO) triblock coploymers. Pluronics’
attractiveness can be attributed to their safety, bioadhesiveness,
stability and ability to form gels at low concentrations at body
temperature. Gelation properties may be readily tuned using phys-
ical blends of Pluronics or other excipients [11-15].

Dilute solutions of block copolymers self-assemble to form
micelles in ‘good’ solvents upon reaching a critical micellar tem-
perature (CMT) as a result of PPO-block dehydration. These
micelles have a relatively compact core and a heavily solvated
corona. At sufficient concentrations, the triblock micelles associate
above a critical gelation temperature (CGT) and order onto a lyo-
tropic liquid crystalline (LLC) phase, a complex liquid phase with
characteristics of both anisotropic crystalline solids and isotropic
liquids. These micellar liquids can be described as colloidal disper-
sions of hard spheres which undergo a hard sphere crystallisation
to form the gel structure above CGT [16-19]. The variety of meso-
phases reported for the same triblocks by different groups are lar-
gely attributed to polymerisation by-products, which affect the
self-assembly leading to formation of different phases before and
after polymer purification [20,21].

During drug administration, the polymeric matrices are sub-
jected to shear that alters the spatial arrangement of the particles
making up the colloidal crystal, leading to the macroscopic vis-
coelastic response recorded for this class of materials.

This study builds upon previous works on similar systems
and provides a comprehensive dynamic study of an injectable

polymeric delivery system of Pluronic F127® (Poloxamer 407°),
by evaluating gelation, microscopic and macroscopic structural
changes at equilibrium and non-equilibrium conditions in con-
trolled environments as measured by rheology in conjunction with
time-resolved SAXS and SANS.

2. Experimental methods
2.1. Sample preparation

Pluronic® F127 with molecular weight of 12600 g/mol was
obtained from Sigma-Aldrich (St. Louis, MO) and used as received.
Formulations were prepared according to the cold method by Sch-
molka [22]. F127 concentrations of 0.1-35% (w/w%) were prepared
by dissolving the copolymer in deionized water (18 MQ cm) or
deuterium oxide (99.8%) at a temperature below 4 °C, and left to
rest for at least 24 h before performing characterisation.

2.2. Differential scanning calorimetry (DSC)

A TA Discovery DSC connected to an RCS-90 cooling system
(New Castle, USA) was used to study the thermal transition associ-
ated with micellisation. An average sample size of 15 mg was
loaded into ‘T-zero’ hermetic pans and scans were performed from
—20 to 45 °C at a standard heating rate of 10 °C/min.

2.3. Rheometry

Rheological measurements were conducted on Anton-Paar
Physica MCR 301 and 501 (Graz, Austria) rheometers using a
CC27 (gap = 1.23 mm) Couette cylinder geometry with a solvent
trap and a Peltier temperature controlled stage, allowing the appli-
cation of fixed temperature and ramps ranging from 0 to 100 °C.
Tests were performed in both rotational and oscillatory shear
modes, where shear rates applied in rotational mode were from
10 to 1500 s~!. Oscillation parameters of ® = 10 rad/sec with a
strain of y = 0.2% were applied, this falling within the linear vis-
coelastic region.

2.4. Small angle scattering

2.4.1. X-ray small angle scattering (SAXS)

Dynamic SAXS was performed using the 122 beamline at Dia-
mond Light Source (Didcot, UK), with an x-ray wavelength of
0.88 A and sample-to-detector distance (SDD) fixed at 1.9 m per-
mitting measurements in the range 0.014 < q A~! < 0.524, where
q = 4msin(0/2)/4, 26 is the scattering angle and A is the wave-
length. Data were collected from two experimental setups: (1)
Constant shear with temperature ramps using a Linkam optical
Shearing System CSS450 (Tadworth, UK) with modified x-ray
transparent Polyimide (Kapton) windows and a gap of 500um,
(2) Injection of formulations from a 20 ml chilled syringe into an
in-house designed Polyimide reservoir with a channel diameter
of 3 mm mounted on an Aladdin remotely controlled syringe pump
(World Precision Instruments, USA). During the experiments tem-
perature control was maintained by a Lauda Eco-Re415 chiller
(Konigshofen, Germany). Schematics of the experimental setups
are provided in Figure SI 1.

2.4.2. Neutron small angle scattering (SANS)

Static SANS experiments were carried out at the ISIS Neutron
and Muon source (Didcot, UK), where data were collected using
the LOQ SANS beamline with an SDD of 4 m covering a range of
0.007 < q A~!' < 1.5. Quartz cuvettes with path lengths of 2 mm
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were used for all measurements at two different temperatures of 5
and 37° C.

Dynamic SANS under steady shear conditions was performed on
the SANS2D instrument using an Anton-Paar Physica MCR 501
rheometer with a customized quartz Couette cell and a tempera-
ture controller (TC-30) [23]. Rheo-SANS measurements were
recorded with a quartz Couette geometry with a gap of 1 mm with
the beam in the radial direction [24]. The formulation’s properties
were investigated under two shear rates (10 and 100 s~') and three
characteristic temperatures.

3. Results and discussion
3.1. Static measurements

3.1.1. Thermal properties

The endothermic thermal transition limits of the formulations
were investigated by calorimetry, allowing for the quantification
of the self-assembly onset (Tonser), micellisation peak (Tpeak) and
endset (Tengset) temperatures. The effect of increased concentration
on transitions is evident in the endothermic peaks’ shift to lower
temperatures as seen in Fig. 1-a, the recorded values being in close
proximity to those reported in the literature [25,26]. The thermo-
grams revealed a monotonic increase in peak enthalpy (AH) as a
function of concentration. The trend shown in Fig. 1-b can be used
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Fig. 1. Thermal analysis results for F127 concentrations ranging from 1 to 30 %
performed at a heating rate of 10 °C/min. The range for calculating enthalpy varied
according to the transition limits Tonser aNd Tengser» Which were determined by the
inflection method in Trios® software. (a) Thermograms as a function of tempera-
ture. Thermograms have been offset by fixed factor of 2 for clarity. (b) Peak
temperatures and their respective enthaplies. The curves show results for triplicate
runs.

to predict the process enthalpy per gram of F127 in the formulation
using the linear function:

AHIQ(CF127)+m (1)

where a = 0.193 J/g, m = 0.43 ]/g

The cooling ramps confirmed the transition reversibility and
showed the same concentration dependency seen in the heating
ramps - see Figure SI 2.

3.1.2. Morphological properties

Fig. 2-a shows the scattering profiles from the deuterated for-
mulations at 5 °C. All concentrations exhibit a broad micellar
shoulder around q = 0.1 A~' which becomes better defined and
shifts to higher g-values with increasing concentration, which,
according to Prud’homme et al., represents interparticle interac-
tions in the system [27]. For 30% F127 a peak appeared at q = 0.0
36 A~ indicating that a structural transition was commencing.

At 37 °C the systems exhibit more defined scattering profiles
with better defined peaks that correspond to a paracrystal struc-
ture. The signal’s strength was proportional to the polymer concen-
tration as seen in Fig. 2-b. As concentration increases, the first peak
(gq*) shifts to higher g-values correlating to a decrease in the lattice
spacing and therefore increased packing density. The structure was
identified as face centered cubic (FCC) based on this peak’s ratio to
the first peak (q,/q*), in agreement to literature for unpurified F127
systems [28-30]. The arrows in Fig. 2-b represent the peaks
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Fig. 2. Static SANS measurements at (a) 5 °C and (b) 37 °C for concentrations of 10
to 30% F127.
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detected for 30% at 1, \/4/3 and /8/3 for peak positions of 0.0462,
0.06532 and 0.0766 A~!. Table SI1 shows the measured hard
sphere values for the tested concentrations at 37 °C.

3.2. Dynamic measurements

3.2.1. Sol-gel transition

Samples were subjected to four tests with constant shear rate
values of 10, 20, 50 and 100 s~! while ramping the temperature
from below the transition range (as measured by DSC) to 40 °C.
Formulations with low F127 concentrations (1-5%) exhibited
reduced viscosity values as the temperature increased with no
accompanying shear response (data not shown), and can be con-
sidered as Newtonian fluids. As F127 concentration is increased
to 10%, a temperature response indicated by a monotonic viscosity
reduction up to a temperature of approx. 22 °C, is followed by a vis-
cosity increase up to 31 °C, suggesting a weak structural response
that is shear rate independent (results from all four shear rates are
overlaid on this plot) [31].

Over the spanned temperature range the rheological properties
change dramatically. At low temperatures, F127 15% exhibits sim-
ilar behaviour to the 10% sample followed by an abrupt tenfold
increase in viscosity indicating the gel formation at 28 °C followed
by multiple divergence at 29 °C strongly dependent on the shear
rate applied. With further temperature increase, the viscosity val-
ues remain constant for each applied shear rate value, indicating
the formation of a stable temperature independent structures over
the temperature range applied. This behaviour is qualitatively sim-
ilar across the higher concentrations from 15 to 35% as seen in
Fig. 4 with viscosity varied as a function of increasing temperature.

Two prominent thermal events can be elucidated from the
flow diagrams. Region Il in Fig. 3 corresponds to the micellar asso-
ciation taking place in the system, which is due to the increased
attraction forces aggregating micelles that grow promptly to form
a new structure. For region IIl, in the same figure, the phase
change is confirmed by the significantly different rheological
behaviour of the final matrix which exhibit significantly higher
viscosity values (three decade increase) when compared to the
micellar fluid existent at lower temperatures. Here the formula-
tions exhibit a clear shear dependency demonstrated by the shear
thinning behaviour at identical thermal conditions, where
MNioS ' > M2 S ' > Nso S ! > Nigo 5. Both the transition onset

100
Region | Region Il Region IlI
10
’ —+—0% No shear
1 * 0% 10s-1
0 —+—0% 20s-1
,& —+—0% 50s-1
3 0.1 ——0% 100s-1
3 10% 20s-1
2 +-10% 50s-1
= 0.01 ~+—10% 100s-1
e —— 15% 10s-1
~+-15% 20s-1
0.001 W ~+-15% 505-1
—+—15% 100s-1
0.0001 +—+———rTr+rrrTTTTTrT T T T
0 10 20 30 40

Temperature [°C]

Fig. 3. Temperature ramps at constant shear rates on samples of concentrations 0,
10 and 15% F127. Pure water’s no shear viscosity is taken from [31].
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Fig. 4. Temperature ramps at constant shear rates. Each sample concentration was
measured at four different shear rates: 10, 20, 50 and 100 s~'. In Region IIl the
viscosity values decrease with shear rate.

temperature and the final viscosity values are proportional to
F127 concentration. Data collected during dynamic rheological
measurements were found well aligned with the static DSC mea-
surements under the same heating rate as seen for the sample
containing 20% F127 in Figure SI 3.

The overall formulations’ rheological behaviour across the dif-
ferent temperatures up to gelation can be predicted using a three
step series of power law fittings for the different regions of system
behaviour. For the first region, ‘pre-gel’, the formulations are New-
tonian and their viscosity is proportional to F127 concentra-
tionC(wt%). 1, values can be calculated from:

’/’O = bcn + ”wa[er (2)

where b = 7.22x107'? Pa.s, n = 7 and #],,4,,; = 0.001 Pa.s

In region II or ‘gel transition’, from the gelation ‘kick off’ to the
shear dependent divergence point, each formulation’s rheology is
solely temperature dependent allowing the determination of the
gelation transition temperature from:

Ty = dC — | 3)

where d = 0.02 °C and | = 33.2 °C

This expression can be combined with Eq. (4) to calculate the
corresponding viscosity values for any temperature #; in this
region up to the gelation point:

T P
1<+S<Tgel> } @

where k =0.15,s =6.12 and p = 5.6

Performing shear ramps above gelation at 37 °C confirmed the
yield stress property of the systems and revealed a non-
monotonic stress response that extends over the broad shear rates
range investigated (0.001-1500 s~!) as shown in Fig. 5. Gels exhib-
ited a stress drop after a start-up overshoot observed at low shear
rates (0.01 s!'). Although the Herschel-Bulkley (HB) model
(T = Ky™ + 10) provides a good description for the overall material
behaviour, it fails to predict the irregular shear stress response
across the different regions of the tested range. These irregularities
could manifest from inhomogeneous flow in the Couette shear gap
which resembles similar shear banding trends reported in other
Pluronics [32,33].

Nr ="M
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15%
20%
22.5%
25%
30%
35%

Shear Stress (Pa)

10° 10? 10" 10° 10’ 10° 10°
Shear Rate (1/s)

Fig. 5. F127 shear ramps at 37 °C. Black lines represent the Herschel-Bulkley fits for
each respective concentration. The highlighted region (10-100 s~') represent the
limits of the modelling.

The resultant flow curves for the shear rates of interest
(10-100 s~ ! highlighted in Fig. 5) show a more uniform behaviour
compared to very low/high shear rates. When fitted using the HB
model concentrations from 20 to 30% exhibited the same trends
with a yield stress correlating to the formulation’s concentration,
whereby:

T="To+j™ 5

where j = 110 Pa.s , To = uC> —w with u = 0.88 Pa.s and w = 264.
56 Pa.s

The fittings for the highest concentration used 35% deviated
from the power law registered values, but still exhibited the same
trend. Graphs showing the fit quality for each region with their
respective R? values are displayed in Figure SI 4.

Loss and storage modulus (Pa})

3.2.2. Frequency sweeps

Oscillatory frequency sweeps were conducted at 37 °C from
0.001 to 100 rad/sec, as plotted in Fig. 6. The gels showed an overall
dominance of G’ weakly dependent on the frequency applied. The
loss moduli for the samples decrease with increasing frequency.
This G’ > G” motif across the whole frequency range confirms the
gel stability and implies that all samples except 15% have under-
gone their micelle to hard sphere transition, similar to that
observed by Li et al [34]. From the higher concentration group
shown in Fig. 6 only the 15% sample exhibited a cross-over point
at ® = 0.0063 rad/sec; the rest of the concentrations showing no
indication of relaxation within the experimental time (ca. 5 h).
Extended measurements were conducted to reduce the instrumen-
tal noise at low frequencies (run time up to 12 h) with no signifi-
cant moduli differences. The elastic response for concentrations
higher than 15% was found to follow the relationship G'~ ®®, with
exponent B of 0.05 and G”/G’~ O (0.1), two features common in soft
glassy materials [35].

3.2.3. Temperature sweeps

The dynamic moduli variation with temperature was studied
under oscillatory mode within the linear viscoelastic region. As
seen in Fig. 7-a, at low temperatures, formulations containing
22.5 to 35% F127 exhibit low moduli values with G” > G’. At a crit-
ical temperature both moduli values increase and G’ and G” cross
over. This is followed by an extended plateau before the moduli
values decrease upon reaching another critical temperature. The
two critical temperatures marking the crossover points are defined
as the gel boundaries, where the lower gelation boundary (LTg) is
assigned to the first crossover point indicating the gel structure
formation and upper gelation boundary (UT,) to the second cross-
over for its destruction. In the case of 15% F127 the formulation
was observed to regain its solution state, reaching almost the same
start-up values of G’ and G”.

The gelation ‘window’ was found to be strongly dependent on
F127 content, with higher concentrations exhibiting a broader
range of (UTge; — LTger). The acquired limits show good agreement
to published values as shown in Fig. 7-b [36].
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Fig. 6. Frequency sweeps at 37 °C from 0.001 to 100 rad/sec at strain amplitude of 0.2%.
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Fig. 7. F127 temperature sweep results showing (a) dynamic moduli variation with temperature and (b) gelation limits determined from Fig. 7-a compared to recent studies’

values.

3.3. Rheo-SANS

For the Rheo-SANS measurements, samples at three different
concentrations were sheared at temperatures below their gelation,
during gelation and at 37 °C. Below gelation, as expected, the poly-
meric solutions do not exhibit any structural ordering and the
results were identical to SANS results from static samples. At their
respective values of Tge, samples showed similar 1D scattering
profiles to those recorded in static measurements in Fig. 2 with
slight shifts to lower g-values - see Figures SI 5-6. The flow beha-
viour of deuterated F127 systems did not show significant differ-
ences to undeuterated systems used throughout the study,
except for the slightly higher viscosities recorded for the former
as seen in Figure SI 12, these being commensurate with the higher
viscosity of D,O compared to H;O.

The effect of shear is clear in the anisotropic 2D scattering pro-
files. The recorded structures under both shear rates (10 and

100 s 1) were found to correspond to positions in both FCC and
HCP crystals. In 20% F127 these correspond to recorded q values
of FCC and HCP structures: /3 (FCC), v/4 (FCC/HCP), ,/20/3 (FCC),
/12 (FCC). Similar fittings were acquired for higher concentrations
of 25 and 30% F127.

For gelation transitions, at low shear rate (10 s '), the gels
demonstrate a six fold symmetry with slightly higher intensity in
the meridional Bragg peaks in comparison to the remaining four
side peaks, as observed in Fig. 8-a.

When the shear rate was increased to 100 s~! at the same tem-
perature, the previously seen anisotropy in the 25% sample was
replaced by another structure with a reduced intensity in the
meridional peaks in comparison to the remaining four peaks, as
seen in Fig. 8-b.

After gelation, at 37 °C, less prominent differences were dis-
played with a ubiquitous six fold symmetry - higher meridional
peak intensity, suggesting that this morphological structure is
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Fig. 8. Rheo-SANS azimuthal scattering profiles for 25% F127 at the gel transition
and 37 °C under (a) 10 s~ ! and (b) 100 s~ .

the final and most stable over the applied temperature range, even
after the application of high shear rates, see Fig. 8.

Annular profiles of F127 30% resembled those obtained for 20
and 25% F127 at the transition temperature and 37 °C under
10 s—'. However, when 100 s was applied the meridional peaks
demonstrated higher intensities at both temperatures as seen in
Figure SI 9 and 10.

According to the most widely used model for sheared close
packed colloidal structures, from Loose and Ackerson [37], the
FCC crystals undergo a transition to form two-dimensional hexag-
onal close packed (2D-HCP) layers to minimise resistance to flow.
The respective final structures depend on the extent of the shear
rate applied, with low shear rates resulting in a zigzag planar tra-
jectory while higher 7 values produce a sliding motion. In 2D scat-
tering azimuthal profiles this corresponds to reduced intensity of
the top and bottom peaks for zigzag motion and their complete
disappearance for the sliding mechanism [30]. Similar azimuthal
profiles to those in Fig. 8-b were obtained by Pozzo and Walker
[30] for gels of F127 25% at 25 °C (above gelation temperature
but before the gel plateau) under 100 s~'.

The appearance of the four fold symmetry in the second ring led
them to suggest that the system might be close to the sliding layer

prediction and they theorised that the peaks were a result of the
coexistence of multiple crystal orientations within the shear gap:
FCC and HCP, while the sliding layers model was based on a single
orientation of the entire sample. We make similar conclusions sup-
ported by the results from a much broader sample range tested and
presented here, where most of the samples displayed different 1st
and 2nd ring structures, indicating the possibility of the formation
of multiple structural orientations within the shear gap by differ-
ent mechanisms.

Jiang et al. [38] studied 20% F127 gel at different shear rates
from 0.01 to 600 s~!, and reported the formation of 2D-HCP stacks
in the shear plane with 2D profiles similar to the recorded Rheo-
SANS data presented here, though no azimuthal analysis was pub-
lished. Lopez-Barron et al. [39] obtained four high intensity spots
with shear rates from 1 to 500 s~! for a solution of F127 24% in
deuterated ionic solvent ethylammonium nitrate (dEAN) at 40 °C,
before the sample reached full isotropy due to shear melting.

The reported differences between the current study and the
aforementioned works highlight the structural variation arising
from solvent change. The diffraction patterns acquired for sheared
gels after cooling indicated a complete reversibility to the solution
state with identical signals to those recorded for static measure-
ments at 5 °C, as shown in Figure SI 11.

The average full width of half maximum (FWHM) values of each
azimuthal Rheo-SANS scan at the meridional positions are used to
quantify the orientation at the two temperatures of interest in
Fig. 9. Regardless of temperature, higher shear was more effective
in producing a higher degree of orientation (lowest FWHM values).
The plotted results highlight that for Tg, the orientation increases
as a function of concentration under 10 s~! while at 100 s, the
opposite trend is observed with lower concentrations experiencing
higher degrees of orientation. Since only the meridional position
averaged FWHM values were used for this analysis, the results can-
not provide a fully accurate representation of the orientation
owing to the gels containing 20 and 25% F127 demonstrating dif-
ferent symmetries to those for the 30% F127 sample at Tge and
under 100 s~ 1.

The fourfold symmetry seen at Ty and higher shear rates
matches with the Loose and Ackerson model prediction, indicating
a zig-zag movement. The reoccurring patterns observed at the
lower shear rate during and after gelation are not however pre-
dicted by the same model, where the top and bottom peaks in
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Fig. 9. Variation in calculated FWHM values with F127 concentration at 37 °C at
gelation and body temperatures for two shear rates.



126 B. Shriky et al./Journal of Colloid and Interface Science 565 (2020) 119-130

the first hexagon show higher intensity than the four sided peaks
rather than their predicted disappearance.

Experiments performed on another shear banding gelling sys-
tem of a lower molecular weight, Pluronic F68 at 46% that forms
BCC structures, have demonstrated the existence of three coexist-
ing orientations as a result of a layer slip mechanism imposed by
an intermediate shear rate of 50 s~! [40], showing similar qualita-
tive results to the present study.

Comparison of unit cell size (arcc) between sheared and static
gels shown in Fig. 10 reveals higher copolymer concentrations
result in the formation of more densely packed hard spheres. At
low shear (10 s7!) the ay. values are very close to those for static
conditions while at 100 s~! shear clearly causes a decrease in unit
cell size.

The results of coupled scattering and rheological measurements
under different shear rates, temperatures and using multiple con-
centrations allows for further analysis. The thermal, structural
and rheological terms can be combined to calculate the Peclet
number (Pe) [41] where:

Pe = 67n,ja’ /ksT (7)

Here, the rheological conditions are represented by #,, the zero
shear viscosity (initial) and 7, the shear rate applied. a is the parti-
cle radius from scattering (using the hard sphere radius values).
The thermal conditions are represented by kT, the Boltzmann con-
stant and the applied temperature, respectively. The calculated
Peclet number values are plotted as a function of shear stress
and are presented in Fig. 11. The datasets can be fitted using the
universal power law:

T = kPe" (8)

where k = 6010.7 J/m> = Pa and n = 0.89

With elevation of temperature, this plot highlights the gelled
system’s sensitivity to shear rate. Higher concentrations display
higher viscosities and have higher packing density but, rheologi-
cally, they respond to the shear in a similar fashion to the lower
concentrations as depicted by the trend line. The gradient of the
curve represents the relationship between temperature and the
hard sphere radius - which is a function of shear and concentration
(T/a®). This indicates the logarithmic scalability of the
thermo-rheological response of the gels. Prior knowledge of shear
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Fig. 10. Variation in F127 unit cell values calculated from SANS experiments: static
and under imposed shear at 37 °C, with concentration. The uncertainty bars for the
unit cell parameter are hidden behind the data symbols. All values are provided in
Table S1.
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Fig. 11. Calculated Peclet numbers for F127 formulations from the Rheo-SANS data
with their respective shear stress values.

conditions would thus be sufficient to determine the hard sphere
particle size making up the crystal lattice and vice versa if the
sphericity is maintained.

3.4. Rheo-SAXS

3.4.1. Steady-shear SAXS

Fig. 12 shows the rheological measurements at 10 s~! on 25%
F127 using the Couette cylinder geometry overlaid with the match-
ing 2D SAXS patterns recorded during the application of rotational
shear with a heating rate of 2 °C/min.

The system exhibits a reduced viscosity with a weak halo at
10 °C indicating the micellar state which, according to DSC thermo-
grams, commences at around 8 °C. Upon reaching the transitional
stage at 13 °C, two faint rings appear, increasing in intensity as the
rheological divergence point is approached at 18 °C. This coincides
with strong structures as depicted by two Bragg rings, with high
intensity in the equatorial and meridional peaks, in the first and
second rings, respectively. Above 27 °C, the viscosity is weakly
temperature dependent, but the structure continues to become
more ordered as implied by the continuing intensity increase in
both rings. However this ceases at 40 °C where the recorded scat-
tering is predominantly from the first ring peaks showing almost
symmetric intensities across the hexagonal spots. Further increase
in temperature to 49 °C - still within the gelation window accord-
ing to Fig. 7-a, resulted in a structural change, where the first ring’s
four sided peaks became stronger, consistent with the zig-zag
motion predictions at low shear rates [30,42]. The results of these
experiments demonstrate the possibility of structural transition
from the high intensity at top and bottom positions to the four
sided anisotropy; a transition observed in the Rheo-SANS high
shear runs through temperature increase (Fig. 8).

3.4.2. Mixed-shear SAXS (syringe pump)

The samples were loaded into a syringe at 5 °C to be injected
under different shear rates (from 1 to 90 s~!) into an x-ray trans-
parent channel at room temperature (23 °C) and measurements
taken every 60 s following injection.

Fig. 13 shows the structural development of 25% F127 injected
at 10 s~1. The sample 1D profile shows three peaks at positions of
0.0536, 0.064 and 0.0726 A~ that merge to form a dominant peak
at 0.07 A~ by the end of the test. This slight shift indicates a loos-
ening of the structure and reversion to a state of reduced order. In
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Fig. 13. SAXS profiles for 25% F127 tested using syringe pump injection at 10 s~' where the legend represents the time in minutes. The horizontal black bands in the 2D SAXS
scattering images are due to inter-module gaps of the detector.

the corresponding 2D scattering patterns, two strong spikes appear The shear and combined extensional flow effects observed in

in the position where a Bragg peak would be expected, accompa- the results section lead to the following conclusions:

nied by further growth in the intensity at positions of the four side

peaks that spread omni-directionally in the first ring. (1) The resultant structure is highly ordered after injection,
At the highest shear rate applied, 90 s~ with the highest con- demonstrated by the sharpness of 1D peaks and strong

centration tested (30% F127), the 1D plots exhibit highly ordered defined scattering in 2D, where the scattering intensity is a

structures from the start of the measurements with peaks at function of concentration.

0.041, 0.046, 0.071 and 0.08 A~'. These peaks fuse into one main (2) The injection process results in the formation of spikes not

peak with a q value of 0.06 A~' and an intensity almost twice present in the steady shear experiments. These spikes

higher than the q* as shown in Fig. 14. correspond to locally more ordered domains which seed
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Fig. 14. SAXS profiles for 30% F127 tested using syringe pump injection at 90 s~! where the legend represents the time in minutes. The horizontal black bands in the 2D SAXS

scattering images are due to inter-module gaps of the detector.

heterogeneous nucleation. Their distribution appears to be
spatially linked to the disordered manner of their initiation
giving the scattering pattern a hazy speckled look. There
have been no accounts in Pluronics literature documenting
this phenomenon after injection, although some groups have
reported the appearance of temporary spikes under static
conditions which disappeared after heating above 50 °C
[27,29]. The origin of the initial spike formation is likely to
be connected to the unhomogenised flow arising in the
channel accompanied by the continuous temperature
change throughout the injection process, however the prop-
agation of the spikes would be expected to be a product of
temperature after shear cessation.

Fig. 15 shows the time-resolved peak positions and their
respective intensity progression recorded after different shear
rates (1, 10 and 90 s~ ') for the sample containing 30% F127. From
the peak positions in Fig. 15-a, it can be seen that q* shifts to the
higher g-values as the small peaks merge together indicating a
reduction in domain sizes, accompanied by a steady increase in
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scattering intensity in Fig. 15-b signifying the continuous forma-
tion of ordered structures. The fitted peak values are similar for
10 and 90 s~! while the recorded scattering intensities are initially
inversely proportional to the shear rate applied. Over the time of
the whole test however, the final values become independent of
this shear rate.

Based on the results indicating an ordered close packed structure
and with final elliptical structures formed after shear cessation, it is
suggested that the micelles may lose their initial isotropy as a result
of flow application, leading to induced orientation in the injection
direction. As shear is ceased two events are expected: (a) the gel
structure will relax in the nearest registry site to the shear aligned
position, (b) since the temperature is lower than required to main-
tain the stable gel structure, the gel will revert back to a weaker
gel state ending in a mixed state of coexisting order-disorder. In this
case hexagonal and cubic structures are formed within the same
matrix with extra spikes indicating a defected lattice. These conclu-
sions are supported by the peak merging and the close proximity of
registered peak positions observed, even after the application of dif-
ferent magnitudes of shear rate.
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15. Progression of (a) scattering vector and (b) intensity values acquired for injected 30% F127 at three different shear rates.
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4. Conclusions

This paper presents a comprehensive study of the thermal, rhe-
ological and structural properties of F127 systems with the aim to
provide experimental guidelines for future development of DDSs
containing Pluronics or their smart colloidal analogues. The prop-
erties of a wide range of concentrations (F127 1-35%) were exam-
ined using novel experiments combining rheological investigation
with small angle x-ray and neutron scattering.

The investigated systems at concentrations above 15% were
proven to undergo a reversible thermal transition from easy to
handle micellar liquids to shear thinning physical gels making
them ideal for injectable drug delivery applications.

We presented a set of empirical rules that predict the gelling
system’s rheological behaviour of any F127 concentration above
20% during the three stages it undergoes as a function of tempera-
ture and shear rate.

The study elucidated that macroscopic shear response after
gelation is a direct result of the structural alignment of the gel hard
sphere layers in the shear direction, which, based on the rheo-
scattering experimental results, will depend on the applied flow
type and its extent as quantified by the results for steady shear
and combined flow. The systems structural reversibility was con-
firmed by all three method in this study, whether shear was
applied or not.

The scattering patterns obtained for the oriented systems high-
lighted the capability of flow to reduce crystal unit cell size and
suggests the existence of more than one orientation as a result of
flow, in agreement literature on the mixed phase orientation phe-
nomenon in similar sheared colloidal crystals [30,40].

These quantified non-equilibrium effects are critical to model
the system'’s syringeability/ injectability during clinical use as well
as the loaded drug deposition within the crystalline matrix. This
allows for the utilisation of the injection speed to manipulate the
drug release profile inside the body.

Further in vitro/vivo investigations are under way to quantify
the implications of flow driven structural changes on the overall
behaviour on a model drug delivery system.
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