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A B S T R A C T   

Understanding the structure-property relationships of drug delivery system (DDS) components is critical for their 
development and the prediction of bodily performance. This study investigates the effects of introducing poly-
ethylene oxide (PEO) homopolymers, over a wide range of molecular weights, into Pluronic injectable smart 
hydrogel formulations. These smart DDSs promise to enhance patient compliance, reduce adverse effects and 
dosing frequency. Pharmaceutically, Pluronic systems are attractive due to their unique sol-gel phase transition 
in the body, biocompatibility, safety and ease of injectability as solutions before transforming into gel matrices at 
body temperature. This paper presents a systematic and comprehensive evaluation of gelation and the interplay 
of microscopic and macroscopic properties under both equilibrium and non-equilibrium conditions in controlled 
environments, as measured by rheology in conjunction with time-resolved Small Angle Neutron Scattering 
(SANS). The non-equilibrium conditions investigated in this work offer a better understanding of the two 
polymeric systems’ complex interactions affecting the matrix thermo-rheological behaviour and structure and 
therefore the future release of an active pharmaceutical ingredient from the injectable DDS.   
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1. Introduction 

Smart hydrogels are widely studied systems within the biomedical 
and material fields due to their adaptability, responsiveness and 
biocompatibility. Although the gelator types may differ, their mecha-
nism of action remains broadly similar; they form a 3D network in 
response to a specific trigger, which could be a thermal, radiation or 
chemical stimulus [2–6]. 

This characteristic stimulus response allows them to be exploited in 
many fields and environments, both in-vivo and in-situ [7], particularly 
for pharmaceutical active ingredient (API) delivery as part of 
multi-component drug delivery systems (DDSs). 

These systems can be injected as impregnated solutions directly to 
the area of interest, allowing access to locations unreachable with con-
ventional delivery systems. The injected formulation instantly gels at the 
physiological temperature forming a soft depot that takes up the tissue’s 
shape before releasing the cargo over a designed period of time, offering 
accurate spatial and temporal control over the API release profile and 
making the formulations ideal for localised controlled drug delivery. 

Although a myriad of polymeric gelling agents have been synthesised 
and studied, the Pluronic family of thermosensitive systems remain a 
popular choice since their manufacture by Schmolka in the 1970s [8]. 
Pluronic’s stability, biocompatibility and safety make these materials 
attractive drug carrier matrices. The amphiphilic nature of Pluronics is 
attributed to their non-ionic triblock copolymer structure composed of 
polyethylene oxide-polypropylene oxide-polyethylene oxide (PEOa-P-
POb-PEOa) that allows the formation of thermo-reversible gels when a 
critical concentration or temperature is reached [9]. The solubilised 
triblock copolymer chains form micelles as a result of the middle block’s 
(PPO) dehydration upon reaching a critical micelle temperature (CMT) 
or concentration (CMC). When the temperature reaches the critical 
gelation temperature (CGT) the hydrophobic interactions in the media 
dominate, causing the disordered micelles in the solution to associate 
into an ordered crystalline state making up the physical gel structure. 
These micellar liquids may be described as colloidal dispersions of hard 
spheres which undergo a hard sphere crystallisation to form the gel 
structure above CGT [10,11]. 

The extrinsic additives in DDS formulations can be co-solvents or co- 
solutes including: salts [12,13], homopolymers and even the encapsu-
lated APIs [14–18]. The addition of these excipients introduces new 
forces to the gel system, disturbing the hydrophilic-hydrophobic balance 
which strongly depends on the additives’ concentrations and structural 
properties such as chain architecture, electrical charge and molecular 
weight [15,19–21]. This means that the introduction of excipients may 
be expected to alter the thermo-rheological and structural properties of 
the final gels [13,14,16,18,22,23]. 

PEO, –[–CH2–CH2–O–]n–, or polyethylene glycol (PEG) 
–[CH2–CH2–O–]n–CH2–CH2–OH homopolymers are widely used as ex-
cipients in pharmaceutical formulations due to their biodegradability 
and biocompatibility [24]. Israelachvili predicted a shift in the nature of 
PEO interactions with other polymeric materials in solutions according 
to its molecular weight (Mw). While low Mw PEOs induce attraction 
forces, repulsion is expected in systems containing higher Mw PEOs, 
with critical changes occurring over a Mw range between 10 and 20 K 
g/mol [25]. These effects are attributed to the dissolved homopolymer 
effectiveness and its ability to either increase hydrogen bond accepting 
ability compared to pure water or increase micellar size by bridging/ 
depletion flocculation [26,27]. In studies conducted on PEOs below 10 
K g/mol the authors noted these effects were more dependent on con-
centration than Mw. As a result, the co-existence of PEO with Pluronic is 
expected to decrease the water’s hydrogen bonding capability with the 
copolymer leading to increased hydrophobicity and therefore decreased 
CMT. According to the membrane hypothesis, the homopolymer is 
distributed inhomogeneously in the solution, where longer homopoly-
mer chains have reduced access to micelles causing an osmotic pressure 
gradient in the medium leading to an increased CMC and overall 

micellar size [19]. The final properties of mixed colloidal Pluronic–PEO 
systems were found to be a function of both concentration and Mw [19, 
28]. The variety of mesophases reported for the same triblocks by 
different groups are largely attributed to diblock polymerisation 
by-products, which affect the self-assembly leading to the formation of 
different phases before and after micellar self-assembly and gelation 
[10]. Since the diblock’s contribution to micellisation in unpurified 
systems has been recorded, it is to be expected that the addition of 
closely related polymeric species to the system will have similar effects. 

During a DDS administration, the mixed polymeric matrices making 
up the colloidal crystals are subjected to spatial rearrangement that 
leads to the macroscopic viscoelastic response, all of which is predicted 
to affect the deposited structure of the loaded matrix and the drug’s 
subsequent elution. 

This study elucidates the effects of the introduction of a broad range 
of PEO homopolymers to a model injectable polymeric delivery system. 
It is the first of its kind to provide a systematic and comprehensive study 
through evaluation of gelation and the interplay of microscopic and 
macroscopic properties under both equilibrium and non-equilibrium 
conditions in controlled environments, as measured by rheology in 
conjunction with time-resolved Small Angle Neutron Scattering (SANS). 
The understanding of the two polymeric system’s interactions are crit-
ical to predict matrix thermo-rheological behaviour, structure and 
therefore the injectable DDS performance. 

2. Experimental methods 

2.1. Sample preparation 

Pluronic® F127 with molecular weight of 12,600 kDa and PEOs with 
molecular weights ranging from 1000 to 2,000,000 kDa were obtained 
from Sigma-Aldrich (St. Louis, MO) and used as received. Formulations 
were prepared according to the cold method by Schmolka [8]. The gel 
blends were prepared by dissolving 1% PEO and F127 20% (w/w%) in 
deionized water (18 MΩ cm) or deuterium oxide (99.8%) at a temper-
ature below 4 ◦C before being left to rest for at least 24 h prior to 
experimentation. PEO 2 M was dissolved at 50 ◦C before the addition of 
F127 at 4 ◦C. 

2.2. Differential scanning calorimetry (DSC) 

A TA Discovery DSC (New Castle, USA) connected to an RCS-90 
cooling system was used to study the thermal transition associated 
with micellisation. An average sample size of 15 mg was loaded into ‘T- 
zero’ hermetic pans and scans were performed from − 20–45 ◦C at a 
standard heating rate of 10 ◦C/min. Neat PEO thermograms are pre-
sented in Fig. (SI 1). 

2.3. Rheometry 

Rheological measurements were conducted on Anton-Paar (Graz, 
Austria) Physica MCR 301 and 501 rheometers using a CC27 
(gap=1.23 mm) Couette cylinder geometry with a solvent trap and a 
Peltier temperature controlled stage, allowing the application of 
isothermal and controlled temperature ramps ranging from 0◦ to 100◦C 
at 2 ◦C/min. Tests were performed in both rotational and oscillatory 
shear modes, where shear rates applied in the rotational mode were 
from 10 to 1500 s-1. Oscillatory parameters of angular frequency 
ω = 10 rad/sec with a strain of γ = 0.2% were applied, this γ value 
falling within the linear viscoelastic region (LVR) for all materials as 
determined by rheological amplitude sweeps. 

2.4. Small angle neutron scattering (SANS) 

Static SANS experiments were carried out at the ISIS Neutron and 
Muon source (Didcot, UK), where data were collected using the LOQ 
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SANS beamline with a sample to detector distance (SDD) of 4 m covering 

a range 0.007 ≤ qÅ
− 1

≤ 1.5, where q = 4πsin(θ
2)/λ , ϴ is the scat-

tering angle and λ is the wavelength. Quartz cuvettes with path lengths 
of 2 mm 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 and ZOOM instruments using an Anton-Paar Physica MCR 501 
rheometer equipped with a customised Couette cell and a temperature 
controller (TC-30). The Couette geometry had a gap of 0.5 mm and 
allowed the beam to be applied in the radial direction [29]. Both SANS 
beamlines were run with an SDD of 4 m, using wavelengths ranging 
from 1.75 to 16.5 Å and covering a q-range of 0.005–1 Å-1. The for-
mulations’ properties were investigated under three shear rates (10, 100 
and 200 s-1) and three characteristic temperatures correlating to pre-gel, 
transition and 37 ◦C. According to previous results deuterated F127 
systems did not show significant differences to protiated systems [30]. 

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 (Tonset), micellisation peak (Tpeak) and endset (Tendset) 
temperatures. The dependency on heating rates was investigated and is 
presented in Fig. (SI 2). Similarly to previous reports under static and 
dynamic conditions, the thermal transition temperatures shift to lower 
values with increasing heating rate [30–32]. Regardless of the heating 
rate applied, the thermograms main features remain broadly similar. 

Data recorded at 10 ◦C/min in Fig. (1) exhibit a single, broad 
endothermic peak indicating the thermally triggered micellisation/ 
gelation transition, which is reciprocated by an exothermic peak during 
the cooling cycle representing gel melting at slightly lower temperatures 
than the endothermic peak (cooling step not shown). The formulations 
demonstrated a reduction in both Tpeak and enthalpy values correlated to 
the added PEO molecular weight. These results are in-line with re-
ductions observed on a different range of Mw (200–35 K g/mol) by 
Pragatheeswaran and Chen [27]. 

Tonset and Tpeak temperatures for the blends tested in this study 

averaged at 10.9 and 14.8 ◦C, with an averaged enthalpy of 4.5 J/g. 
These values were slightly lower than these recorded for the corre-
sponding neat system values of 12.3 ◦C, 16.1 ◦C and 4.6 J/g. 

3.1.2. SANS 
Fig. (2) shows the 1D profiles for two tested PEO-blends: PEO 1 K and 

2 M, along with the neat gel containing 20% of F127. The blends 
demonstrated similar trends to previously reported neat gels below and 
above gelation temperatures [30]. 

The scattering results correspond to the endothermal transition 
taking place. The two blends show a broad amorphous micellar peak 
indistinguishable from the neat 20% F127 at 5 ◦C. As the temperature 
increases to 37 ◦C, the micelles’ volume fraction grows and they order 
into cubic gels. The scattering similarity between the samples was 
maintained at 37 ◦C and based on qn ⁄q∗ ratio (where q* is the first peak 
and n = 1, 2, 3…) a face cubic crystal (FCC) structure was identified. 
The FCC fit resulted in a nearest neighbouring distance (Dnn) of 32, 
30 nm and radii values of 5.1 and 4.9 nm for PEO 1 K and 2 M, 
respectively, in comparison to values of 30.7 and 5.27 nm recorded for 
the neat 20%. The increase in the hard sphere radii was not anticipated 
for the 2 M blend due to its considerably larger chain compared to the 
neat F127 causing steric hindrance. Similarly, Ricardo et al. have shown 
that at 1% loading the changes caused by PEO (PEO 6 K and 35 K 
blends) addition were minimal [33]. 

3.2. Dynamic measurements 

3.2.1. Sol-gel transition  

1. Homopolymer molecular weight effect:  

a. With 20% (w/w%): 

Samples were subjected to temperature ramps from below the tran-
sition range (as measured by DSC) to 40 ◦C while undergoing constant 
shear rate flow at 10, 20, 50 and 100 s-1. The ramps in Fig. (3) shows that 
the system’s rheological behaviour can be divided into three distinctive 
regions; pre-gel (region I), transition (region II) and gel (region III). 

As shown in Fig. (3), at low temperatures ‘pre-gel’, all formulations 
exhibit a monotonic reduction in viscosity values with increasing tem-
perature with no accompanying shear response, as would be expected 

Fig. 1. Thermal analysis results for the 1% PEO blends performed at a heating rate of 10 ◦C/min. The range for calculating enthalpy varied according to the 
transition limits Tonset and Tendset, which were determined by the inflection method in Trios® software. (a) Thermograms as a function of temperature. Thermograms 
have been shifted for clarity. (b) Peak temperatures and their respective enthalpies. The curves show results for triplicate runs. 
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for Newtonian fluids (see pure water response on same plot). The onset 
of the 20% F127’s thermal response is marked by the steady increase in 
viscosity with increasing temperature (region II), until a critical tem-
perature ‘Tgel’ is reached. The formulations exhibit a dramatic increase 
in viscosity indicating gel formation which is followed by a shear-rate 
dependent branching in the ‘final’ viscosity value (region III). The 
‘final’ gel viscosity is inversely proportional to the applied shear rate. 

The distinctive rheological responses seen in regions I and II reflect 
the micellar association taking place in the system during the transition, 
which is due to the increased attraction forces between the aggregating 
micelles that grow promptly to form the final new gel structure. This is 
demonstrated by the features exhibited by the final gel: (a) a clear shear 
thinning behaviour corresponding to the imposed shear rates and (b) the 
formation of stable, temperature independent, structures manifested by 
constant viscosity values over the span of the temperature range studied. 

Fig. (4-a) shows that the blends exhibited a similar rheological 
response to the neat F127 with the three distinctive regions. The Tgel and 
final viscosity values are correlated to the added homopolymer molec-
ular weight as seen in Fig. (4b, c), in alignment with earlier studies 
covering similar chain lengths [27,34]. The blend with 1% of the 20 K 
PEO exhibited an opposite trend in Tgel to the rest of the formulations 

indicative of a critical behaviour persistent throughout the results pre-
sented in this paper and matches earlier predictions of PEO’s structural 
changes at this grade [25]. 

The formulations containing > 106g/mol grade PEO deviated from 
the observed trend seen in neat formulations and blends containing 
shorter homopolymer chains [30]. The distinctive shear thinning seen 
during the pre-gel and transition stages has been similarly experienced 
by PEO solutions exceeding Mw of 4 × 105g/mol [35]. As temperatures 
rise towards the start of gelation, the blends with the highest Mw frac-
tions (1 M and 2 M) exhibited a viscosity minimum with a well-defined 
trough profile, rather than the usual monotonic increase observed for 
the low Mw PEO fraction formulations (and the ‘neat’ 20% F127 
formulation). To the authors’ knowledge, this pre-gelation viscosity 
reduction has not been previously documented in the literature. 

The most plausible explanation for this behaviour relates to its chain 
length and concentration used in the blend (1%), which unlike the rest 
of dilute PEO solutions in the study lays within the semi-dilute regime 
which is indicated by the higher initial viscosity [35]. The long chains 
may have disturbed the F127 triblock homogenous distribution in the 
media, this steric hindrance would result in an osmotic pressure gradient 
leading to increased depletion interactions driving synergistic micellar 
aggregation and earlier transition onset [19]. 

Similarly to showing dependency on the PEO’s Mw, the rheological 
behaviour of the blends shows a correlation with concentration as 
demonstrated in 2 K blends shown in Fig. (SI 2). 

To investigate sheared gel full reversibility and thermal stability, 
DSC cooling ramps from 40 ◦C were performed on samples collected 
following constant shear (Fig. 4-a). Although previous static DSC mea-
surements indicated the absence of a separate distinctive peak repre-
senting the entropy driven gelation, the new thermograms in Fig. (5-a) 
show that the formulation’s melting peak contained a new endotherm 
demonstrating the disorder of the shear oriented soft crystals, the cor-
relation between the Mw, shear rate and enthalpy of the peak was weak, 
as seen in Fig. (5-b), but this could relate to sampling difficulties from 
the same area and possible existence of flow heterogeneities discussed in 
later sections of this paper. 

b. With 15%(w/w%): 

The addition of 1% of PEO1K and 2 K Mw to the structurally weaker 
15% F127 system had more critical effects than at 20% F127, as can be 
seen in Fig. (6). The introduction of these low Mw homopolymers dis-
turbs the formulation’s structure to the extent that neither of the blends 

Fig. 2. Static SANS measurements at (a) 5 ◦C and (b) 37 ◦C for the Neat 20%, 1% of PEO 1 K and 2 M blends.  

Fig. 3. Temperature ramps at constant shear rates on samples of pure water 
(0%) and neat 20% F127. Pure water’s no shear viscosity is taken from [1]. 
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was able to form a gel. 
The 1 K blend shows two distinctive behaviours with an opposite 

temperature response to that exhibited by the neat 15%; the first is seen 
up to 20 ◦C, where the formulation shows reduced viscosity values 
(region I) before the reversal of this effect to exhibit a viscosity increase 
with elevated temperatures (regions II and III). Similarly, the 2 K 
formulation exhibited the same stepwise temperature response as the 
1 K blend, however, unlike the lower Mw blend, the 2 K’s blend viscosity 
values in the third region increase by almost a decade to reach a peak 
with a maximum at 40 ◦C which disappears by 50 ◦C. This increase 
though was not sufficient to reach gelation and showed weak shear 
dependency. This gelation inhibition and the weak shear rate 

dependency continued for the 100 K blend but was overturned by 
introduction of 106 grades. The addition of 1 and 2 M g/mol prompted 
gelation and increased the viscosity to values higher than those recorded 
for the neat formulation. 

3.2.2. Oscillatory tests 
All formulations showed a pronounced decrease in storage modulus 

and an increase in loss modulus values at strains above apparent yield 
strain (γapp) marking the end of the LVR as seen in Fig. (7). The addition 
of the homopolymer has extended the LVR slightly with increasing the 
Mw, except for the formulation containing 20 K for which it was 
shortened. At medium and large strain amplitudes, the moduli continue 

Fig. 4. (a) An example of temperature ramps for F127 20% -PEO blends at constant shear rates. Each sample was measured at four different shear rates according to 
the colour’s intensity: 10, 20, 50 and 100 s-1. (b) Tgel determined from the last point before branching in figure (a). (c) final viscosity values at 37 ◦C for all 
formulation. 
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to follow a power law decay to reach values ~ 10% of the initial values 
recorded at the beginning of the sweeps (low strains). The resultant 
behaviour is reflected on the stiffening and thickening ratios in the 

tested regions which matches the description of a type III complex fluid 
hard gel [36,37]. Blends frequency sweep in Fig. (SI 7) show crossover 
values (ωcrossover) between 0.0016 and 0.002 rad/sec compared to 
0.001 rad/sec recorded for the neat 20% F127. 

3.2.3. Temperature sweeps 
Similar trends appear under oscillatory temperature ramps within 

the LVR. As shown in Fig. (8-a) the micellar solution state dominates (G” 
> G’) at low temperatures when polymer-solvent interactions are 
prevalent before the appearance of two distinctive crossover tempera-
tures: the lower (LTgel) and upper (UTgel) gelation temperatures which 
are separated by an extended plateau between the gel boundaries, where 
LTgel indicates the gel structure formation and UTgel its destruction. 

Fig. (8-b) shows that the addition of low Mw PEOs resulted in small 
changes [27]; in all blends UTgel was reduced which correlates to hard 
sphere radii reduction observed in SANS results [19]. As for LTgel, three 
distinctive behaviours are observed. The first two match trends observed 
in Section 3.2.1 correlating to the relative homopolymer chain length 
compared to F127 PEO unit length reported by Li and Hyun [28], where 
low Mw (Mw <10 K) reduce LTgel due to increasing hydrogen bonding 
ability while 10 and 20 K increase it by bridging/depletion interactions 
[27]. The addition of 106 grade, promoted the gelation similar to low 
Mw addition via the mechanisms previously highlighted. 

3.2.4. Rheo-SANS 
Rheo-SANS experiments were performed at three imposed shear 

rates (10, 100 and 200 s-1) and three temperatures: at 5 ◦C, during the 
gelation transition (varying dependent on formulation) and after gela-
tion at 37 ◦C. The transition temperatures were determined from the 
blends’ CGT as plotted in Fig. (4). 

To the author’s knowledge this paper presents the first in-situ 
rheological scattering measurements of PEO-F127 blends. Scattering 
experiments in the literature have been restricted to equilibrium con-
ditions used solely to determine the size and lattice type. 

Similar to the results for the neat 20% F127 formulation reported in 
our previous publication [30], none of the blend’s 1D scattering profiles 
exhibited any structural order pre-gelation at any of the tested shear 
rates (data not shown). During and after gelation there were only subtle 
peak shifts indicative of micelle size changes as seen for the blends 
scattering profiles in Fig. (SI 5). 

Overall, as seen in Fig. (9) and Table SI 1, the shear effect on the in- 
plane nearest neighbour distance (Dnn) calculated from FCC fits was 
found to be minimal for rates under 200 s-1 and its values for 10 s-1 were 
almost identical to the static samples (Neat and 2 M blend), indicating 
that crystal layers remain close to their registered static measurement 
sites after a small deformation. The blends exhibited a notable Dnn 
reduction in correlation with the added homopolymer chain length, 
except for the 20 K Mw PEO, where Dnn increased exceeding the values 
of the neat formulation. This increase is possibly due to the bridging of 
intermicellar layers or contribution to the micelles/hard spheres which 
caused the observed thermo-rheological effects and delayed gelation 
onset. The homopolymer contribution to micellar structure can only be 
investigated through selective deuteration of the chains which has not 
been feasible in this study. 

a) Low shear rate 10 s-1: 
The structural development is evidenced through the intensity in-

creases with temperature across all the PEO-blends as seen in the 1D 
scattering profiles displayed in Fig. (SI 6). At the transition temperature 
(s) it was observed that q* shifted to slightly higher values with 
increasing PEO chain length with the 2 K PEO blend exhibiting the 
lowest q* value of 0.033 Å-1 while 2 M had the highest value of 0.036 Å- 

1. However post-gelation, at 37 ◦C, most of the samples showed broadly 
similar q* value at 0.036 Å-1 as seen in 1D profiles. 

The formulations’ 2D scattering patterns are dominated by three sets 
of six intense diffraction spots with a hexagonal symmetry. The intensity 
changes of these peaks correlated to the experimental parameters and 

Fig. 5. Thermal changes introduced by shear. (a) DSC thermograms showing 
in-situ gelled 2 M blend vs sheared at different rates. (b) Shear endotherm 
enthalpy (%) represents the percentage of shear peak seen in Fig. 4-a compared 
to the total cooling peak for different shear rates and blends. 

Fig. 6. Temperature ramps for F127 15% -PEO blends at constant shear rates. 
Each sample was measured at four different shear rates according to the col-
our’s intensity: 10, 20, 50 and 100 s-1. The arrow indicates the shear intensity 
from low to high. 
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orientational ordering taking place in the blends, which can be sum-
marised in three behaviours: 

(a) The first was exhibited by the 2 K PEO sample Fig. (10) and 2 M 
Fig. (SI 6) formulations, where the azimuthal profiles showed sixfold 
peaks with slightly higher intensity at the meridional positions (φ =
90and270◦) in the first ring, which were maintained during transition 
and following gelation. 

(b) The second feature was demonstrated only by the 20 K PEO 
sample, where higher average peak intensities at the four side peaks in 
the first ring, aligning with the zig-zag motion mechanism predicted by 
the sliding layers model under low shear rates [38]. This feature appears 
stronger in the second order ring than the first at the transition tem-
perature and then post-gelation as shown in Fig. (11-a). 

(c) The third behaviour experienced by 200 K is a mix of the two 
reported states, where the material behaved like (b) during the transi-
tion and (a) after the gelation, as seen in Fig. (12). 

Behaviours (a) and (c) have previously been reported for neat gels 
[30], where the former was exhibited by ‘final’ gels at 10 and 100 s-1 

while the latter only during transition at higher shear rate 100 s-1. The 
second behaviour (b) however has not been previously reported; the 
most plausible hypothesis being that this behaviour is a transitional step 
before reaching the uniform state seen in (a). 

b) High shear rates: 
The 2D patterns showed less uniformity across their annular profiles 

after the application of 100 s-1 than 10 s-1. At their respective transition 
temperatures, the blends displayed the similar 3 rings of structure, with 
configurations matching the ones observed at 10 s-1. Samples containing 
2 K and 2 M were temperature dependent exhibiting higher intensity at 
the four side peaks at both orders of its transition – Fig. (SI 4). After 
gelation, however, they showed higher intensities in the top/bottom 
positions across the two order rings as seen in Fig. (10-b). In contrast, 
20 K and 200 K samples maintained their transition temperature 

Fig. 7. Amplitude sweep results recorded at 37 ◦C and ω = 10rad/s during LAOS: (a) Dynamic moduli and the insert shows the apparent yield strain values for the 
PEO blends (b) shear thickening ‘T’ and stiffening ‘S’ ratio. 

Fig. 8. Temperature sweep results showing (a) dynamic moduli variation with temperature and (b) average gelation limits of three runs presented in (a). The error of 
20 K blend remained high even after multiple preparations with different polymer formats (powder and flakes). 
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structures of the four side peaks in both orders, although the intensity 
after gelation was nearly doubled. Fig. (13) shows the structural 
development observed in 200 K as the imposed shear increased. 

Similar to previously published results on sheared neat gels [39–41], 
the scattering patterns acquired for the blends do not correlate to pure 
FCC paracrystals. The most widely accepted explanation to this phe-
nomenon is that in order to minimise resistance to flow, sheared FCC 
crystals undergo a transition into two-dimensional hexagonal close 
packed (2D-HCP) layers. The resultant structures will depend on the 
extent of shear applied, where low shear rates result in a zigzag planar 
trajectory as observed in this study while higher values produce a sliding 
motion noted by the complete meridional peaks’ disappearance [38]. 

Fig. (13) shows a gradual reduction of the meridional Bragg peaks as 
a function of shear in 200 K; simultaneously the intensity of the four side 
peaks increases significantly without the disappearance of the meridi-
onal peaks. As demonstrated by the results, none of the blends exhibited 

the ‘ideal’ profiles predicted by the sliding layers model - which is based 
on a single orientation for the whole sample. This indicates that even 
within the same shear gap, multiple crystals – in this case FCC and HCP- 
can coexist, although their formation can be interpreted by different 
mechanisms. 

c) LAOS 
The FWHM values were computed from the 1st ring meridional po-

sition peaks for time resolved Rheo-SANS during large amplitude sweeps 
to investigate oscillatory shear effects on the gelled formulations’ 
orientation (14-b). 

The scattering profiles recorded in the LVR were isotropic and too 
statistically noisy to produce meaningful analysis, the neat formulation 
maintained this scattering behaviour longer than all blends. The results 
demonstrate that the samples were more resistant to small deformations 
which demonstrates the effectiveness of shear in inducing orientation 
(as indicated by reduction in FWHM values). The correlation between 

Fig. 9. (a) Rheo-SANS 1D scattering profiles for 200 K at 37 ◦C and (b) Variation in Dnn values calculated from FCC fits.  

Fig. 10. 2D patterns and their respective azimuthal profiles showing 2 K blend at the gel transition and 37 ◦C under different (a) 10 s-1 and (b) 100 s-1.  
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the FWHM and the application of large strains is found to be weak in the 
majority of the samples once a threshold strain has been exceeded. The 
highest FWHM variation with strain was recorded for the 2 M blend. 

We hypothesise that the crystal orientation phenomenon observed in 
the scattering results at the microscale are a manifestation of the 
macroscopic shear rate inhomogeneities in the shear gap as reported for 
similar colloidal systems and Pluronics undergoing shear [42], whereby 
different structures/ orientations are formed depending on their position 
within the shear field. The radially collected data presented in this study 
are the averaged structures formed across all layers generated as a result 
of the velocity gradient inside the gap and, without complementary 
Rheo-SANS measurements in the tangential direction it is impossible to 
determine their individual orientation through only radial scattering or 
rheological data. 

If shear banding does exist in these yield-stress systems and by 
observing the non-monotonic behaviour in Fig. (SI 4) this seems likely, a 

minimum of two structurally distinct bands will coexist in the gap [43, 
44], one exhibiting highly orientated structures in the near wall region 
(rotor) and a lower shear/orientation band located close to the outer 
wall. 

4. Conclusions 

The study presents a comprehensive analysis of thermal, rheological 
and structural properties of a smart hydrogel system containing Pluronic 
F127 and the widely used excipient PEO homopolymer at the broadest 
range of Mw fractions presented in the literature (103-106 g/mol). The 
quantification of the homopolymer addition’s effects allows the opti-
misation and tuning of the DDS thermo-rheological properties with the 
introduction of simple compatible moieties. This in turn provides a 
method of controlling drug dissolution dependent on the shear rate of 
injection. 

Fig. 11. 2D patterns and their respective azimuthal profiles showing 20 K blend at the gel transition and 37 ◦C under different (a) 10 s-1 and (b) 100 s-1.  

Fig. 12. 2D patterns and their respective azimuthal profiles showing 200 K blend at the gel transition and 37 ◦C under different (a) 10 s-1 and (b) 100 s-1.  
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The results demonstrate that blend formulations maintained the 
thermosensitive reversible first order transition recorded for the neat 
systems, where the self-associated, easy to inject Newtonian solutions 
form shear thinning gels upon reaching critical temperatures. For the 
first time, this study reports an endotherm correlating to the melting of 
the dynamically gelled and shear oriented soft crystals which prompts 
the necessity to further investigate the kinetics of these systems’ 
melting/restructuring and raises the possibility of establishing a ‘ther-
mal signature’ correlating to the deformation’s type and extent. 

Throughout the study, we elucidated the distinctive rheological 
trends for four PEO grades with varied hydrogen bonding capabilities. 
The depletion interactions and synergistic hydrophobic effect were the 
main drivers causing the slight shifts in gel boundaries. The blend of 
20% F127 with 1% 20 K PEO, the closest grade to the Mw of Pluronic 
F127 exhibited opposing trends to the rest of the blends, possibly indi-
cating more complex interactions than the simple increase of the solu-
tion’s hydrogen donating abilities observed for the 103 grades or steric 
hindrance caused by the hydrophobic 105 and 106 Mw PEO grades as 
they display trough shaped flow curves. These effects were more pro-
nounced in the weaker gelling system containing 15%, where the added 
PEO Mw weight was a critical factor determining the gelation ability and 
its temperature boundaries. 

The Rheo-SANS experiments demonstrated that the macroscopic 
shear response and microstructure domain size are directly related to the 
gel’s hard spheres/ layer alignment in the flow direction, this depending 
on the PEO Mw fraction, temperature and extent of shear applied. The 
dynamic scattering results revealed that, what appeared to be universal 
flow behaviour under imposed shear across regions II and III, exhibit 
different kinetics depending on the homopolymer Mw. The phenome-
nology of the blends structure-property relationship can be summarised 
in three distinctive characteristics that depend on the stage of the sys-
tem’s development: 

(a) For 2 K and 2 M blends, where shear was effective in changing the 
initial orientation/ type of motion only during the transition stage (re-
gion II) when the gel is still underdeveloped, once region III is reached 
the gel motion seems independent of shear applied similar to that 
recorded for neat F127 20% [30]. In both cases, the final shear flow 
motion registered for stable gel matches the one observed under low 
shear during its transition. Under the investigated conditions for these 
systems, it was the zigzag motion. The interesting similarity between the 
two grades raises more questions regarding the origin of their gelation 
mechanisms. 

(b) The blend containing 20 K, with the closest Mw to F127 and 

mechanically weakest gel (lowest viscosity, Fig. 4) appeared to be the 
only blend able to flow constantly via zigzag motion, regardless of its 
state of development, whether in region II or III. 

(c) A mixed state between (a) and (b) was exhibited by the 200 K 
blend. At small deformations its gel (region III) behaves similarly to 2 M 
and then like 20 K under the rest of the investigated conditions. 

Although the results showed slight size changes represented by Dnn 
values, they are not conclusive regarding PEO’s contribution to F127 
micelles. Additionally, it was demonstrated that the homopolymer grade 
solely may not be enough to predict the stage of deformation resistance 
or final crystal type, since the structure suggested the coexistence of 
more than one type and flow irregularities which are not fully charac-
terised. (Fig. 14). 

The non-equilibrium conditions investigated in this work offer a 
better understanding of the two polymeric system’s important in-
teractions as they are expected to be the largest contributors to the 
matrix thermo-rheological behaviour, structure and therefore the 
release of an API from the injectable DDS. The quantified structural 
orientation was altered by adding different PEOs and adjusting experi-
mental parameters such as temperature and shear rate. In a clinical sense 
this correlates to manipulating the API release profile by the simple 
adjustment of DDS storage/administration temperature and the applied 
injection speed. Further in vitro/vivo studies on loaded systems are 
underway to elucidate the implications of the coupled flow and tem-
perature on the internal release of these systems. 
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Fig. 13. 2D patterns and their respective azimuthal profiles showing 200 K 
blend at 37 ◦C and different shearing rates. The 2D scattering patterns frame 
colours correspond to their azimuthal profiles. where blue, green and red 
represent 10,100 and 200 s-1, respectively. Although the meridional Bragg 
peaks intensity dropped as a function of shear they did not completely disap-
pear as predicted by sliding layers model. 

Fig. 14. Top 2D profiles during the amplitude sweep at 37 ◦C for the neat and 
200 K blend, bottom the corresponding FWHM values for the top/bottom po-
sitions of 1st ring for all formulations. 
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