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This study investigated the effects of additives on the properties of poloxamer (P) 407 thermogels, employing a Design-of-
Experiments (DoE) approach. P407 is a thermoresponsive triblock copolymer that exhibits a solution to gel transition at a
critical temperature, typically between 15-25 °C, dependant on polymer concentration. This thermoresponsive gelation has
made P407 attractive for many applications including drug delivery, cell culture and tissue engineering. However, the gels
formed do not have sufficient strength for some applications where the materials will be exposed to shear, such as topical
drug delivery. There have been attempts to improve P407 thermogel properties by the addition of other hydrophilic
polymers. However, these studies were limited to a small number of polymers, typically in binary mixtures, exploring one
variable at a time. In this study, a DoE approach was carried out using a two-level model exploring P407, P188, poly(vinyl
alcohol), poly(ethylene glycol), and poly(acrylic acid) as variables, including an exploration of molecular weight of the latter
three additives. The thermoresponsive gelation of the 16 generated formulations was studied by rheometry and predictive
models built for gel strength (G’) and gelation temperature (Tg) responses. The model was able to predict the
thermoresponsive gelation of complex octonary test blends, significantly streamlining formulation development processes
relative to current methods. The model was then able to identify novel thermoresponsive gel formulations with 20 %
improved gel strength compared to a standard 20 % P407 solution, which may be used as temperature-responsive materials

for advanced healthcare applications.

Introduction

“Thermogels”, “thermoresponsive gelators” or
“thermoreversible gelators” are aqueous polymer solutions
that exhibit a sol-gel transition above a critical temperature. A
number of synthetic polymers,»2  peptides,® and
polysaccharides* have been investigated as thermoreversible
gelators for applications such as drug delivery, cell culture,
wound dressing, biofabrication and tissue engineering.>-10
Poloxamers (Ps) are a group of thermoresponsive poly(ethylene
oxide)—b-poly(propylene glycol)—b-poly(ethylene oxide) (PEO—
PPO—-PEQO) amphiphilic triblock copolymers which can be
synthesised with various molecular masses and different
PEO/PPO ratios. For example, P184 consists of P(EQ)i3—b—
P(PO)30—b—P(EO)13 and an average molecular mass of 2900 Da,
P408’s formula is P(EQ)132 —b— P(PO)so—b—P(EOQ)132 with an
average molecular mass of 14600 Da, and P407 (also known as
Kolliphor P407 or Pluronic F127) has the structure P(EO)100—b—
P(PO)gs—b—P(EQ)100 With an average molecular mass of 12600
Da.11-15 Aqueous solutions of P407 at concentrations of ca 15 %
w/w and above have the ability to transform reversibly from
liquid to gel when the temperature is increased above ca 15-25
°C. This gelation occurs due to a hierarchical process of de-
solvation of the PPO core, which in turn leads to micellization
and subsequent packing of these aggregates to form a face
centred cubic gel mesophase.>

P407 is considered to be safe and is contained in medicines
approved by the FDA.® It has gained particular interest in
topical drug delivery to mucosal membranes such as the vagina,
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eye, or rectum,®> where the materials may pass through an
applicator before transforming into a retentive gel state upon
contact with the body.> However, there are some drawbacks
with P407 in topical drug delivery, such as the weak gel
strength, rapid dissolution in physiological fluids, and low forces
of mucoadhesion.17-19 Alternative materials are reported in the
literature, such as block copolymers consisting of poly(ethylene
glycol) and poly(N-isopropylacrylamide) which exhibit
thermoreversible gelation.12 However, any novel materials
would require a lengthy and costly toxicity testing programme
before use in pharmaceuticals. Soluplus, a poly(N-vinyl
caprolactam) — poly(vinyl acetate) — poly(ethylene glycol)
copolymer, is another alternative temperature-responsive
polymer which is known to be safe and is approved for use in
medicines.?? Soluplus solutions increase in viscosity when
warmed, however, Soluplus requires high concentrations (30 %
w/v) to thicken and has weak mechanical properties, forming
thickened fluids rather than elastic gels.?® Thus, an ideal
thermoresponsive polymer system would be have a P407 base
that can be tuned using simple polymer additives for the
required characteristics.

The strength of P407 gelators has been modulated using two
main approaches: chemical modification of P407 to promote
inter-micelle interactions, or by the addition of hydrophilic
polymers,® such as P188,21-23  poly(vinyl alcohol) (PVA),2*
poly(ethylene glycol) (PEG),2° and cross-linked polyacrylic acids
(PAAs),26-29 to the formulation to improve cohesion. Chemical
modification has greatly improved gel strengths, with modified
P407 thermoreversible gelators reported with elastic moduli
(G’) up to 200 kPa (where 20 % (w/w) P407 gels reach ca 10
kPa).3® However this approach requires time consuming,
potentially costly, synthesis, purification and toxicity tests. The
addition of hydrophilic polymers, on the other hand could cut
the time and cost significantly, as well as allowing for the



preparation of materials with modulated properties from
existing pharmaceutical excipients. However, these studies
have shown smaller improvements in P407 properties
compared with chemical modification, often reducing gel
strengths through a rheological antagonism® and are typically
limited to binary polymer mixtures using a trial and error
approach, one variable at a time.31-37

Design-of-Experiments (DoE) approaches incorporate statistical
analysis of experimental data to illustrate a comprehensive
picture describing an established model and gives predictions
depending on the results of relatively small number of
experiments.3® Within the context of poloxamer-polymer
mixtures, DoE could be used to achieve an optimum
formulation, predict interactions, and identify problems using a
significantly lower number of experiments compared to the
one-variable-at-a-time approach.3®4® The DoE requires
determination of the most significant factors that which
influence the model’s function, then performing experiments
methodically as indicated by the design.384142 Employing the
DoE approach to rationally understand the effect of additives
on the rheological properties of P407-based formulations can
further pave the way for the identification of complex systems
with improved properties. Individual effects may be extracted,
giving information about the interaction between P407 and
additives. Consequently, the aim of this work is to examine the
optimisation of thermoreversible gelators using polymer blends
containing P407 and a complex range of polymer additives. The
complex formulations used in the DoE will be conducted at two
levels (concentrations) for each component: P407 at 15 and 20
% w/w, as 15 % w/w is fractionally above the critical gelling
concentration and 20 % w/w is the most common concentration
used in the literature,*3-47 with P188, PVA, PEG, and PAA, all at
0.0 - 0.1 % w/w guided by regular two-level (L16) DoE, where
these relatively low concentrations are typical in related
studies.® These additives are selected as they are all hydrophilic
polymers, have a history of use in pharmaceuticals, and
represent a group of macromolecules possessing H-bond
acceptors (e.g. P188 and PEG ether groups), donors (PVA
alcohol moieties), and ionic species (carboxylic groups of PAA),
to probe inter-molecular interactions. Furthermore molecular
weight is explored at two levels where this factor may affect the
ability of the additive to bridge micelles, the intrinsic viscosity
of the polymer chains, and size of hydrated chains, for
instance.*® The DoE approach will be used to understand the
individual effects in complex polymer mixtures and to optimise
gel strength of the thermoreversible gelators.
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Material and Methods

Materials

P407, P188, L-PVA (Mw: 13,000-23,000 g/mol) 98% hydrolysed,
H-PVA (85,000-124,000 g/mol) 99% hydrolysed, L-PEG (10,000
g/mol), H-PEG (100,000 g/mol), and L-PAA sodium salt solution
35% w/v in water (15,000 g/mol) were purchased from Sigma-
Aldrich (U.K.). H-PAA 25% w/v solution (240,000 g/mol) was
purchased from Acros Organic (U.K.). All reagents were used as
supplied without further purification.

Design of Experiment (DoE) approach to designing
thermoreversible gelators from complex polymer mixtures

A regular two-level DoE was implemented to statistically
evaluate and develop a model for the evaluation and
subsequent optimisation of octonary P407 formulations using
the Design Expert® (DE) software from Stat-Ease (USA). The
independent variables (factors) that have been investigated
were P407, P188, PVA, PEG and PVA, with the latter three
additives at two molecular weights where the acronym “L”
designates the lower molecular weight and “H” the higher
molecular weight (vide supra).

Eight factors were identified for exploration. Thus, the L16
regular two-level factorial design has been chosen since it was
deemed to provide an appropriate model resolution. The
regular two-level model’s resolution depends on the number of
factors and experiments needed to build the model, with a full
resolution requiring 2(number of factors) experiments (256 for
eight factors). The more experiments conducted, the higher the
resolution.#95% A resolution of 4 was selected, which is a
compromise between resolution and the number of training
formulations needed, which is 16.51 The factors and levels were
set at: P407 at two different levels (15 and 20 % w/w), P188 at
two different levels (0 and 0.1% w/w), PVA at two molecular
weights (L) and (H) each at two levels(0 and 0.1% w/w), PEG at
two molecular weights (L) and (H) each at two levels (0 and 0.1%
w/w), and PAA at two molecular weights (L) and (H) each at two
levels (0 and 0.1% w/w).

Sixteen training formulations were generated in DE to build a
model (Table 1), each with four replicate experimental
measurements. The responses for this design were the elastic
modulus (G’), representing the gel strength,** and gelation
temperature (Tgel) aiming to investigate the effect of the
polymer additives on P407 formulations. The 16 formulations
were evaluated by rheometric temperature ramps to obtain G’
at 37 °C (G’s»c) and Tgel as Response 1 and Response 2,
respectively. Pareto charts, which show the absolute values of
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Figure 1: The DoE test formulation rheograms used to build the model (n = 4, £ SD), where (G’) the storage and (G”) loss modulus
are illustrated in red and blue, respectively. Please refer to table 1 for the composition of these formulations.

the effects in a rank-order manner, were obtained for G’ and
Tgel.

The developed model was then challenged by means of a
subset of so-called “test” and “extended test” series, each
containing five formulations, where the latter contains
formulations with parameters outside of those used to
generate the model. These were judiciously chosen as to
maximise G’37.c with Tgel greater than 15.8 °C, which is the
Tgel of P407 20 % w/w solution, to allow for a sol-gel
transition to occur. Priority for the DoE solutions was given
to G’ maximisation, as samples could feasibly be kept in a
cool environment to allow in situ gelation to occur when Tgel
=15°C.

Preparation of the polymer “training” formulations

The training formulations (composition in Table 1) were
prepared using the following steps: PEG (L/H) and PAA (L/H)
were added to 10 g of phosphate buffer (0.02 M) and stirred
until complete dissolution. PVA (L,H) stock solutions of 4 (L)
and 2 (H) % w/w, was prepared by heating the solution under
the reflux for 10 minutes with stirring. The stock solutions

were then diluted into the phosphate buffer/polymer
mixtures to the required concentrations. P407 and P188
were then added and the formulation’s weight was made to
a total of 20 g with distilled water and placed in an ice-cold
water with stirring for approximately 1 h until the polymers
were completely dissolved.

Temperature ramp rheometry of training and test
formulations predicted by the DoE

All rheology experiments were performed using a TA
instruments AR 1500 ex rheometer fitted with a solvent trap
using a parallel plate geometry (40 mm in diameter), a 600
um gap, and an air pressure of 30 bar. All polymer solutions
used for rheology were prepared as described previously
and kept in the fridge at 4 °C overnight before analysis. The
samples were left to equilibrate for 5 min at 10 °C on the
rheometer peltier plate. Then temperature ramp
measurements were carried out, with temperatures
increased from 10 °C to 40 °C at a rate of 1 °C/min. This
heating rate is relatively low to minimise lag in the sol-gel
transition due to uneven sample warming.355253 The
measurements for all the formulations were carried out at a
frequency of 1 Hz and oscillatory stress
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Table 1. Formulation composition and the G’37.c and Tgel responses for the test formulations generated (mean + SD)

Formulation Factors / % w/w Responses
P407 P188 L-PVA  H-PVA  L-PEG  H-PEG L-PAA H-PAA G’ / kPa Teet / °C
F1 15.0 - - - - - - - 1.5+0.3 222+04
F2 20.0 - - - 0.1 - 0.1 0.1 15.0+1.4 16.0+0.2
F3 15.0 0.1 - - 0.1 0.1 - 0.1 19+04 220+14
F4 20.0 0.1 - - - 0.1 0.1 - 16.8+1.1 16.2+0.3
F5 15.0 - 0.1 - 0.1 0.1 0.1 - 0.7+0.1 26.5+0.6
F6 20.0 - 0.1 - - 0.1 - 0.1 16.1+1.3 17.3+0.2
F7 15.0 0.1 0.1 - - - 0.1 0.1 1.5+0.8 21.7+23
F8 20.0 0.1 0.1 - 0.1 - - - 18.4+0.2 149+0.2
F9 15.0 - - 0.1 - 0.1 0.1 0.1 2.2+05 193+13
F10 20.0 - - 0.1 0.1 0.1 - - 16.0+2.0 15.7+0.1
F11 15.0 0.1 - 0.1 0.1 - 0.1 - 1.8+0.7 21.2+14
F12 20.0 0.1 - 0.1 - - - 0.1 19.3+0.5 15.6+0.8
F13 15.0 - 0.1 0.1 0.1 - - 0.1 24+1.8 223+1.1
F14 20.0 - 0.1 0.1 - - 0.1 - 16.5+1.0 154104
F15 15.0 0.1 0.1 0.1 - 0.1 - - 13+04 22.9+0.6
F16 20.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 16.8+1.7 15.6+0.7

* formulations with G’ significantly higher than G’ for P407 at 37 °C. Statistical analysis conducted by one-way ANOVA with

Tukey post-hoc analysis.

of 1 Pa, which were found to be within the linear viscoelastic
region of the P407 20 % w/w solution.

Results and discussion

The Design of Experiment (DoE) model for complex
polymer mixtures

Rheometric temperature ramps were conducted four times
for each training set formulation to determine gel strength
and Tgel, with data shown in Figure 1 for each training
formulation. An exemplar formulation, F1, is shown in Figure
1A. In this sample, G”” was greater than G’ at 20 °C, which
indicates that the solution was behaving as a liquid-like
material. When the sample reaches approximately 22 °C, G’
becomes greater than G”, indicating the dominance of
elastic behaviour at this frequency.>* Across this transition,
the absolute value of G’ increases from approximately 0.5 Pa
at 20 °C up to 1.5 £ 0.3 kPa at 37 °C, which was taken as the
gel strength of this sample (G’37°c). To exemplify the diversity
of the rheograms in the dataset, Figure 1 shows a
temperature ramp for all formulations. For example, F10
which has a G’37.c of 16.0 + 2.0 kPa, approximately ten-fold
greater than F1. On the other hand, Tgel was lower than F1,
at 15.7 + 0.1 °C. G’37.¢c and Tgel were determined in this
manner for the 16 experimental conditions.

G’37°c and Tgel extracted from the rheological temperature
ramps for all 16 formulations is collected in Table 1. From the
resultant rheograms, it was clear that the formulations with
P407 at 15 % w/w (odd numbered formulations) had a
significantly lower G’37:c and higher Tgel comparing with the
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even-numbered formulations which had P407 at 20 % w/w.
P407 at 20 % w/w without additives is show in Figure S1.
G’37°c was 15.2 + 0.5 kPa, whilst Tgel was 15.9 + 0.1 °C. From
the rheology data in Table 1, a significant improvement (p <
0.05 by one-way ANOVA with Tukey’s test) in G’37.c was
observed for F8 and F12 compared with the P407 solution
without additives.

Investigation into individual effects within the DoE

Pareto charts were generated which illustrate how individual
factors affect G’37.c and Tgel as predicted by the model.
Positive and negative effects are assigned based on a
positive or negative increase of the output variable, i.e. a
positive effect indicates an increase in the absolute value G’
or Tgel, whilst a negative effect indicates a reduction.
Equation 1 and 2 denote the coded factorial fitted models
for Tgel and G’37+c, respectively.

Tgel = +19.07 —3.20- A — 0.2844 - B + 0.5375 - C —
0.5469 - D + 0.2313 - E + 0.4000 - F — 0.3344 - H — 0.5688 -
AC + 0.2844 - AD — 0.5125 - AE + 0.6094 - AH (1)
G'370c = +9305.18 + 7637.07 - A + 435.72- B — 318.45 - F —
326.74- G + 462.03 - AB 2)

In equation 1 and 2, each letter represents a factor (see
Table 1 for details) and the coefficients indicate the relative
impact of each factor on the evaluated rheological property.

This journal is © The Royal Society of Chemistry 20xx



In turn, the coefficient denotes the average of all actual
responses. Careful evaluation indicates that P407 exerts the
largest impact of all factors, particularly in the case of the
strength of the formulation. It is of note that Tgel is
determined by a significantly larger number of factors, and
combinations of them, when compared to the coded
expression for G’s7-c. For ease of calculation, Equation 3 and
4 represent the predictive models whereby the factors are
expressed in their original units.

Tgel / °C = +40.17187 — 1.20625 - [P407] — 5.68750 -
[P188] + 90.37500 - [L — PVA] — 50.75000 - [H — PVA] +
76.37500 - [L — PEG] + 8.00000 - [H — PEG] — 92.00000 -
[H — PAA] — 4.55000 - [P407] - [L — PVA] + 2.27500 -
[P407] - [H — PVA] — 4.10000 - [P407] - [L — PEG] +
4.87500 - [P407] - [H — PAA] (3)

G'37o¢c = —40710.61875 + 2870.01500 - [P407] —
55970.25000 - [P188] — 6368.90625 - [H — PEG] —
6534.71875 - [L — PAA] + 3696.26250 - [P407] - [P188] (4)

From the Pareto charts shown in Figure 2, P407 has the most
significant effect on the model whether relating to G’37:c or
Tgel. This is at least in part due to the greater concentration
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Figure 2. Pareto charts generated from the DoE model. (l) Pareto
chart showing the positive and negative effects on G’37°C (ll)
Pareto chart showing the positive and negative effects on Tgel.
Where A, B, C, D, E, F, G and H represent P407, P188, L-PVA, H-
PVA, L-PE, respectively. Positive effects were presented in grey
colour and the negative effect presented in orange where the
unfilled represent the selected effects and the filed ones are
below t-value limit and not been selected.
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difference between the two levels in P407. The pareto charts
indicate that P407 has a positive effect on G’37.c and negative
effect on Tgel, consistent with the literature.>> From the
pareto chart for G’37°c, P188 has a significant positive effect
on the model, which indicates that G’37-c would increase with
the increase of P188, and the two thus exhibit a rheological
synergism. This is compatible with prior literature, where the
formulation’s viscosity increased with P188 in the
formulation. For example Xuan et al. showed that the
viscosity of a P407/P188 15/15 % w/w mixture was 151
mPa.s which increased to 235 mPa.s for a P407/P188 15/20
% formulation.>® This rheological synergism may be
attributed to a mechanism proposed by Zhang et al®?
whereby the two poloxamers do not form a mixed micellar
system, but the low concentrations of P188 in the extra-
micellar space of the P407 liquid crystalline mesophase
slows diffusion of the micelles during exposure to shear.
P188 is expected to be in the unimer state in this study,
where a critical micellization temperature is not exhibited
within the temperature range studied.>® L-PAA and H-PEG
had a significant negative effect, at 95% confidence, on
G’37°c. PEG has been reported in the literature to reduce G’
with the increase of PEG concentration,?> and that higher
molecular weights of PEG disrupt gel formation at lower
concentrations.>® This has been attributed to entropic
effects and increases in osmotic pressure disfavouring
micelle formation, particularly for larger molecular weight
polymers which are sterically excluded from the micelle.t0
For L-PAA G’ has reduced in another study from 16 to 14 kPa
when increasing concentration from 0.1 to 0.15 % w/w,
respectively.?’ Disruption of micelle formation is typically
attributed as the causative factor for this observation.

Tgel was investigated by the model, and the pareto chart is
shown in Figure 21l. A significant negative effect was seen for
P407, where an inverse proportionality is expected between
P407 concentration and Tgel as the critical phase volume of
micelles for gelation to occur is reached at a lower
temperature.! H-PVA, H-PAA and P188 showed a significant
negative effect on Tgel while L-PVA, H-PEG and L-PEG
showed a significant positive effect. For P188 and PAA, the
model was able to predict the formulation’s Tgel behaviour
in agreement with the literature. Carbopol and
Polycarbophil, cross-linked PAAs, have been reported to
supress Tgel293562 35 has P188.31 The model also concurred
with findings in the literature for the positive effect of PEG
on Tgel.%9 A study by Edsman et al. found that increased
concentration of PEG in a P407 formulation caused an
increase in Tgel from 17.5 to 25.5 °C when increasing PEG
concentration from 2 to 5 %, respectively, in a 25 % P407
formulation.?> For L-PVA and H-PVA, we observe two
different behaviours, when using a higher molecular weight
H-PVA, the polymer has a negative effect on the Tgel which
means the increase in H-PVA concentration would decrease
Tgel, while L-PVA showed a positive effect on Tgel. The
behaviour of H-PVA in our model is in accordance with a
study by Bercea et al. which used PVA at a Mw of 76 kDa and
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found a negative effect on P407 polymer blend Tgel.?* To our
knowledge, L-PVA has not been reported in the literature as
an additive to P407 formulations. Thus, this study illustrates
the importance of additive molecular weight on thermogel
properties, in addition to additive chemical functionality.
Changes in Tgel are often attributed to the disruption of
micelle formation caused by the additives, which lead to the
increase of Tgel, or the increase of polymer concentration
which leads to a reduction in Tgel through competition for
solvent. An increase in G’ would be attributed either to a
promotion of inter-micelle interaction, or feasibly through
the increased viscosity of extramicellar aqueous domains.
On the other hand, the decrease in G’37-.c would be attributed
to disruption of micelle structure or packing behaviour.663
Whilst a reduction in Tgel could intuitively lead to an
increase in G’37oc, this effect was not observed. These
findings also highlight the complexity of optimising P407
formulations, where chemically similar additives may have
vastly different effects, for example PVA elevating or
reducing Tgel depending on molecular weight.

To rationalise molecular weight effects several different
paradigms may be adopted. One hypothesis may be
developed by considering inter-micelle interactions. It is
hypothesised that the higher molecular weight PVA and PAA
systems are capable of increasing cohesion between P407
micelles due to H-bond donation and ion-dipole interaction
between the hydroxyl and carboxylate groups, respectively,
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and the ether moieties of PEG chains in the P407 corona. This
improved cohesion results in sufficient elasticity to induce
gelation at a lower volume fraction of micelles, and thus
temperature. This may be weighed against a consideration
that the mesophase is a result of liquid crystallinity of the
P407 micelles which may be negatively impacted by the
presence of additive, and thus a positive effect on G’37.c may
not be seen. The lower molecular weight polymers may not
be sufficiently large to bridge micelles. The effect of PEG is
never positive where these cohesive intermolecular
interactions would be relatively weak.

Testing of the DoE model

We challenged the model by generating predictions of new
formulations, i.e. test formulations (TFs) external to those
used to build the model. The chosen parameters of the TFs
are consistent with those used to generate the model. To
pave the way for the realisation of superior P407-based
formulations, the optimal formulation parameters were set
as to maximize both G’37.c and Tgel. As such, lowest levels
for both rheological parameters were set to 15.2 kPa and
15.8 °C , for G’s7c and Tgel, respectively, which are the
characteristic parameters for 20 % (w/v) P407 thermogels in
the absence of any additives. To evaluate the model, five TFs
representing the highest predicted G’sz-c values (Table S1)
were prepared and rheometry conducted to determine the

G’37.c and Tgel values and whether these fall within the
prediction interval region.

G’37.c and Tgel for the five TFs that been predicted by the
model are shown in Figure 3. The resulted G’ falls within the
predicted interval (PI) in all cases. While all the Tgels fall
within the Pl range except formulation TF4 which fell slightly
below. This would indicate that, within the studied
parameters, the model was able to predict G’37+c for the test
formulations. For Tgel, the model was predictive for four of
the five formulations.

Judicious analysis of our results, show a statistically
significant improvement in the test formulations for G’s37¢
over native P407 solutions in some cases. For example,
formulation F5, has a G’37:c of 18 kPa which is 3 kPa higher
than P407 20 % w/w, equivalent to a 20 % increase in gel
strength as well as a 1 kPa increase in G’37°c compared with
the highest G’ obtained in the literature to our knowledge.2?
Thus, we have demonstrated that the use of DoE has helped
to provide a powerful insight into the polymer blends
properties, which in turn led to the improvement of the
rheology of polymer mixtures containing P407 as well as a
model capable of predicting the rheological behaviour of
thermoresponsive polymer mixtures.

The model’s ability to predict responses with parameters
extended outside of the range used to generate the model
was then evaluated. The response parameter was modified
to be maximised using 15 — 25 % w/w for P407, 0 — 0.3 %
w/w for the rest of the additives while keeping the response

This journal is © The Royal Society of Chemistry 20xx
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Figure 4: 1) the G’ data mean * Cl at 95% confidence for five
formulations at the extended parameters vs G’ Pl range for
each formulation, IlI) the Tgel data mean * Cl at 95%
confidence for five formulations at the extended parameters
vs Tgel Pl range for each formulation. Where represent the
data means and represent the Pl mean.

parameter the same (i.e., maximising G’37.c and Tgel while
keeping priority for G’). Five extended test formulations
(ETFs) with the highest G’37.c and were chosen (Table S2) and
evaluated by rheometry. After preparing the formulations,
G’37:c and Tgel were obtained and compared with the PI
range. Within the extended tests formulations, ETF5’s G’
response and ETF2’s Tgel response were within the Pl range,
as shown in Figure 4. Thus, the predictive ability of the model
is strongest within the parameters used to generate it.
Interestingly, some of the ETF formulations had a substantial
improvement for G’37-c (gel strength) over P407 20 % w/w
without additives. In particular, ETF5’s G’37.c was 25 kPa, a
large increase in G’ compared with P407 20 % w/w which is
at 15 kPa. Although the Tgel responses were significantly
lower than the PI range and lower than P407 20 % w/w (at
~15 °C), we have serendipitously generated a much-
improved polymer blend with properties which show
promise for various applications such as drug delivery, bio-
printing and tissue engineering. This effect may be
attributed to the greater concentration of P407, however
the gel strength of 25 % (w/v) P407 is lower than the
formulation, at ca 17 kPa, albeit in the absence of buffer.5?

In summary, many studies have investigated the potential of

supplementary additives to P407 formulations to improve its
properties for various applications.® For example, a

This journal is © The Royal Society of Chemistry 20xx
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formulation of P407 and methylcellulose showed an increase
in gel viscosity at 37 °C,%* where the addition of chitosan gave
an improvement in the formulation's mucoadhesion
properties as well as higher G’ values.3” To get a
comprehensive understanding of the effects of an additive
using these one-variable-at-a-time approaches a large
number of formulations are required. For instance, a study
by Jones et al.35 required nineteen formulations containing
different concentrations of P407 and carbopol to give an
investigation of the effect of carbopol on P407 formulations.
In our study, only sixteen formulations were used to
investigate the addition of four different polymers with
variation of molecular weight, totalling 8 factors. Using the
DoE method allows an understanding of the critical effect of
additives on the gel strength and Tgel of P407 formulations,
and a predictive ability within the parameters used to
generate the model. Although prior studies have used DoE
approaches to explore P407, they were limited to a smaller
number of additives and focused only on Tgel.394° Qur study
demonstrates efficacy in complex mixtures, allowing for
prediction of novel and bespoke thermoresponsive gelators.
This highlights DoE as a powerful tool to develop
thermoresponsive formulations with complex composition
appropriate for pharmaceutical dosage forms, bio-inks, and
tissue engineering scaffolds, amongst other applications.

Conclusions

In this study, a DoE model has been designed to drive the
development of thermoreversible P407 formulations using
polymer additives in complex mixtures. The advantages of
this method were the ability to predict an improved gel
strength using only 16 training complex formulations to build
up the model. Guided by an L16 regular two-level DoE, P407
formulation’s gel strength was improved up to a maximum
of 18 kPa within the test formulations, and up to 25 kPa using
an extended test, i.e. 20 and 60 % increase in gel strength,
respectively, compared to a 20 % w/w P407 formulation. The
model successfully predicted the responses when setting the
polymer levels within the examined parameters used to
build the model. This opens exciting avenues for
optimisation of the parameters further to truly tailor these
formulations. For example, larger statistical arrays
containing all excipients approved for a specific route of
administration may be conducted to develop the single most
optimal gelators for a given medicine. Thus, the use of DoE
in generating improved “smart” materials by identifying
specific formulations with enhanced gel strength shows
great promise. This approach would greatly help future
researchers to optimise and understand complex
thermoreversible formulations for a wide variety of
healthcare and biomedical applications.
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