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ABSTRACT: Aqueous solutions of poloxamer 407 (P407), a
commercially available and nontoxic ABA triblock polymer (PEO-
PPO-PEO), undergo a solution-to-gel transition with increasing
temperature and are promising candidates for injectable
therapeutics. The gel transition temperature, modulus, and
structure are all dictated by polymer concentration, preventing
independent tuning of these properties. Here, we show that
addition of BAB reverse poloxamers (RPs) to P407-based solutions
dramatically alters the gelation temperature, modulus, and
morphology. Gelation temperature and RP localization within the
hydrogel are dictated by RP solubility. Highly soluble RPs increase
gelation temperature and incorporate primarily into the micelle
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corona regions. Alternatively, RPs with low aqueous solubility decrease gelation temperature and associate within the micelle core

and core—corona interface. These differences in RP localization

have significant implications for the hydrogel modulus and

microstructure. The ability to tune gelation temperature, modulus, and structure through RP addition allows for the design of
thermoresponsive materials with specific properties that are unobtainable with neat P407-based hydrogels.

B INTRODUCTION

Thermoresponsive polymeric materials that behave as liquids
at low temperatures and form physical gels upon heating have
broad applications in drug delivery and biological engineer-
ing." ™ For example, thermoresponsive aqueous formulations
composed of polymers loaded with cells and growth factors
have been examined as potential scaffolds for wound and tissue
repair.”” For such healing applications, the formulation ideally
behaves as a low-viscosity fluid at room temperature to allow
for noninvasive injection, but gels with increasing temperature,
giving the formulation the mechanical strength to support
damaged tissue and a high water content to promote diffusion
of nutrients during repair.”* Similarly, therapeutics have been
incorporated into thermoresponsive polymer solutions to yield
syringeable medications that can adhere to biolozgical barriers,
allowing for transocular,”™® transtympanic,””'* and trans-
dermal '* delivery. In certain delivery systems, such as
those used for stem cell therapy, the formulations must remain
a low-viscosity liquid during injection, as higher injection
forces required by gels would damage the cells.'” Further,
precise tuning of the gel's mechanical properties is also
necessary, as small variations in the modulus can drastically
affect cell differentiation.'>'® Unfortunately, engineering such
thermoresponsive materials is difficult because each application
requires unique gel properties, e.g, gelation temperature,
modulus, and gelation time following administration.

In addition to favorable temperature-dependent rheological
transitions, certain applications, such as drug delivery and
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protein immobilization, require direct design of macro-
molecular structure.'” "’ For example, molecular crowding
and confinement of proteins in micelle-forming polymer gels
can reduce aggregation and denaturation, enhancing the
thermal stability of protein-based therapeutics.'"*™** A high
chain density within the coronal region of the micelle is desired
to maximize this crowding effect. By contrast, in drug delivery,
minimizing the coronal chain density aids in diffusion of drugs
out of micelles."” Overall, the ability to tune corona chain
density, gelation temperature, and gel modulus independently
of one another is crucial for engineering formulations for
targeted applications.

A widely studied class of thermoresponsive hydrogels are
aqueous solutions of poloxamers, ABA triblock polymers
consisting of poly(ethylene oxide) (PEO) end blocks (A), and
a poly(propylene oxide) (PPO) midblock (B). These polymers
have low toxicity and are commercially available in a range of
molecular compositions, resulting in FDA approval of
poloxamer-containing products for a wide variety of
applications.”>~>* One such poloxamer, P407, has attracted
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Table 1. Molecular Characterization Data for P407 and Relevant Reverse Poloxamers

H Polymer M, [kDa]® xpgo’ My ppo [kDa)* Structure? H
P407 11.7 0.72 3.4 N\ N\N\\NN\
10R5 2.1 0.52 1.0 N
17R2 2.3 0.26 1.7 N
17R4 3.0 0.42 1.7 N
25R2 3.5 0.25 2.6 W\v

“Number-average molecular weight, characterized via SEC-MALS. YPEO block mass fraction, characterized via '"H NMR. “Number-average
molecular weight of the PPO block, characterized by SEC-MALS and 'H NMR. “PEO: blue structure; PPO: red structure.

particular attention for clinical applications due to its lower
critical solution temperature (LCST) behavior which drives
micellization and gelation behavior with increasing temper-
ature in aqueous solutions of the 15—30% (w/v) poly-
mer.'** 737 At refrigeration temperatures (4 °C), P407 chains
exist as unimers in solution, as the solubility of both blocks in
water is sufficiently high. With increasing temperature, the
interactions between water and PPO become less favorable
and the PPO midblock dehydrates, causing chains to assemble
into spherical micelles with PPO cores and PEO coro-
nas.*****™* Near body temperature (37 °C), interactions
between neighboring micelle corona blocks drive the assembly
of P407 micelles into cubic packings, causing the formation of
a physical hydrogel.**~*’

Unfortunately, the ability to tune the lattice packing (face-
centered cubic vs body-centered cubic), gelation temperature,
and gel modulus of neat aqueous P407 solutions independently
is not possible. Increasing the P407 concentration increases the
maximum storage modulus of the gel, G’ ., when measured at
a constant frequency with increasing temperature, but
simultaneously decreases the temperature at the onset of
gelation, Tonset-~ This relationship limits the clinical
applicability of neat P407 solutions, as formulations with a
clinically useful modulus often have a T, . below room
temperature.”**** Additionally, therapeutic small-molecule
additives typically decrease T, and G',,,, further hampering
formulation design. 9283247

Previously, certain reverse poloxamers (RPs), BAB triblock
polymers composed of the same chemistries as poloxamers but
arranged in the reverse order, have been added to P407
solutions to alter the gelation behavior.*”*~>' While ABA
poloxamers form micelles over a wide range of block fractions,
micellization of RPs results in a significant decrease in chain
conformational entropy, as the chains must form loops in order
for both PPO blocks to insert into the same core.””>*~>* As a
result, a high PEO molecular weight is required for RPs to
form micelles in water.””>> While this formulation space is
underexplored, the limited work on solutions of P407 with RPs
shows that varying RP concentration, identity, and composi-
tion alters the gelation temperature and modulus of P407. Xie
et al.>® measured the rheology of 20% (w/w) solutions of P407
with 17R4, a low-molecular-weight RP with 40% PEO. The
authors showed that 17R4 addition broadens the gel transition
compared to neat P407 solutions, resulting in the development
of a soft gel (G’ = 10"—10 Pa) prior to a hard gel (G’ = 10°—
10* Pa) formation at elevated temperatures. The authors
hypothesized that the low-molecular-weight 17R4 chains
remain in solution above the P407 micellization temperature,
sterically screening the interactions among P407 micelles and
hindering assembly and hard gel formation.”® Unfortunately,
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characterization of the underlying microstructure within the
soft and hard gel regimes is lacking.

A similar increase in the gelation temperature has been
observed upon addition of 25R4,**** a higher-molecular-
weight RP with the same PEO fraction (40%) as 17R4. Our
recent work utilizing rheology, small-angle X-ray scattering
(SAXS), and differential scanning calorimetry (DSC) suggests
that this increase in gelation temperature stems from a two-
step dehydration mechanism that occurs upon 25R4 addition.
Consistent with prior reports,*”® in the first step, P407
micelles are formed while 25R4 chains remain in solution. As
proposed by Xie et al,”” these low-molecular-weight 25R4
chains hinder interactions among neighboring P407 micelles
and thus prevent gelation. In the second step, as temperature is
increased further, the PPO blocks in 25R4 dehydrate to form
multichain bridges across P407 micelles.*”* These bridges
serve as additional physical cross-links, leading to an increase
in the maximum storage modulus (G'y.) upon 25R4
addition.””*”*” This rheological enhancement remains in
drug-loaded formulations, providing a mechanism for improv-
ing the stability of gels that suffer from low gelation moduli
with drug addition.”””" While neat RPs with lower PEO
fractions do not form micelles in water, the addition of 31R1,
an RP with 10% PEO, to P407 solutions also enhances G',,,,
but reduces T,...  Unlike in the P407/25R4 system,
rheology, DSC, and SAXS showed that incorporation of
31R1 drives the formation of 31R1/P407 mixed micelles.*’”

Our previous work on 25R4 and 31RI1 showed that RP
addition can be a route for independently tuning T, and
G’ maw With the RP identity influencing whether T, increased
or decreased with RP addition. Thus, a strong understanding
of RP incorporation into P407 solutions can enable the
intentional design of macromolecular structure and external
properties of P407 hydrogels via RP addition. While there are
limited isolated reports of altering P407 gelation via addition of
other commercially available RPs, a comprehensive study of
the structure—property relationships as a function of RP
concentration and identity is lacking.*”*° The absence of such
detailed structural information about the incorporation
mechanisms makes predicting rheological and structural
properties a priori difficult, limiting systematic design of
materials for desired applications.

Here rheology, SAXS, and DSC are used to elucidate the
mechanism of incorporation of four different RPs into P407-
based hydrogels. By evaluating several concentrations of RPs
that have a variety of PPO block molecular weights (M, ppo)
and block mass fractions of PPO (xppo), we identify
amphiphile parameters that govern the mechanisms of RP
incorporation and gelation in mixed RP/P407 systems. Using
this comprehensive fundamental understanding, we develop
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general design guidelines for engineering thermoresponsive
materials with specific gelation temperatures, gel moduli, and
morphology for desired applications in medicine and beyond.

B MATERIALS AND METHODS

Poloxamers and Reverse Poloxamers. All polymers used in
this study are commercially available and were used as received
without further purification. Kolliphor P407 and 10RS were obtained
from Sigma-Aldrich, 17R2 and 17R4 from Stepan, and 25R2 from
BASF. Commercially, each RP is named XXRZ, where XX refers to
the approximate number-average molecular weight of the PPO block
(M, ppo) divided by 100 and Z is the approximate mass fraction of the
PEO block (xppo) divided by 10 (Table 1). The total molecular
weight and mass fraction of each block were confirmed using size-
exclusion chromatography (SEC) with differential refractive index and
light scattering detection and '"H NMR, respectively, which vary
slightly from the target values associated with the naming convention
(Figures S1 and S2). All solutions were prepared containing 15% (w/
v) P407 with the addition of a set molar ratio of P407:RP. Polymers
were dissolved in HPLC-grade water and stirred at refrigerator
temperature (4 °C) for at least 24 h prior to measurement.

Temperature-Dependent Oscillatory Rheology. To probe the
rheological properties over the course of gelation, temperature ramps
were performed under small-amplitude oscillatory shear on an Anton
Paar MCR 302 rheometer using a 26.7 mm diameter double-gap
geometry. The samples were heated at a rate of 1 °C/min with @ = 1
rad/s and y = 1%, and the storage (G’) and loss (G”) moduli were
measured as a function of temperature. While neat P407 solutions
display a single, sharp increase in both G’ and G” with increasing
temperature, addition of RPs can alter the shape of this transition.
Certain formulations displayed a transition from a liquid to “soft gel”
(G’ = 10—1000 Pa) prior to transitioning to a “hard gel” (G’ > 1000
Pa) with further increases in temperature. For all formulations, T,
was characterized as the temperature at which the slope of G’ versus
temperature exceeded S Pa/°C. These values aligned with soft gel
formation within RP-containing samples. A complete rheological data
set of G’ and G” as a function of temperature for molar ratios of 1:0,
1:0.5, 1:1, and 1:2 P407:RP is included in Figure S3. These curves
were used to extract values for the gelation temperatures, maximum
gel moduli, and gel moduli at body temperature for each formulation
(Table S3). Strain amplitude sweeps of representative samples across
the thermal transition confirmed that measurements were conducted
near or within the linear viscoelastic regime (Figure S7).

Differential Scanning Calorimetry (DSC). The micellization of
P407 and dehydration of RP chains were probed using a TA
Instruments Q1000 DSC. Approximately 20 uL of each formulation
was loaded into hermetically sealed Tzero aluminum pans at room
temperature. Following loading, samples were held at 7 °C for 10 min
to ensure thermal equilibrium before being heated at 1 °C/min to 50
°C. For all samples, traces of heat flow as a function of temperature
were normalized per gram sample and linearly baselined. For all
formulations with a single peak in the endothermic trace, the total
dehydration enthalpy (AH,,) was equal to the dehydration enthalpy
associated with the primary peak, AH,;,. Addition of certain RPs
resulted in the appearance of a secondary shoulder in the trace at
higher temperatures. In these cases, the primary peak was fit to an
asymmetric double sigmoid and the area under this fit was used to
extract AH,;,, while the remaining area under the curve
corresponded to the enthalpy of the shoulder region, AH,.*" The
traces and enthalpies of micellization for each formulation are
included in Figure S13.

Small-Angle X-ray Scattering (SAXS). The micelle size and
ordered packings were characterized as a function of temperature
using small-angle X-ray scattering (SAXS). Synchrotron SAXS
measurements were conducted at sector 12-ID-B at the Advanced
Photon Source at Argonne National Laboratory. Samples were loaded
into hermetically sealed DSC pans. Measurements with a 0.1 s
exposure time were taken every 5 °C from 15 to 45 °C following a 10
min equilibration time at each temperature. Using a wavelength of 1 =
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0.886 A and a sample-to-detector distance of 2.0 m, a g-range of
0.0035—0.9 A™! was probed, where q = 47” sing in which 6 is the
scattering angle. Two-dimensional scattering patterns were recorded
using an Eiger2 S 9 M detector and azimuthally integrated following
calibration with silver behenate to yield one-dimensional traces. The
1D data for each formulation as a function of temperature is included
in Figures S15—S18, and representative 2D patterns are shown in
Figure S19. Ordered cubic phases were identified by the location of
Bragg peaks at characteristic positions of q/q* = 1, \/4/3, +/8/3,
y/11/3, and 2 for face-centered cubic (FCC) and q/q* = 1, \/2, \/3,
2, and \/ S for body-centered cubic (BCC). The position of q* was
used to determine the lattice size, a. The micelle radius, R, was
approximated as half of the nearest neighbor distance within the
respective lattices.

B RESULTS AND DISCUSSION

Incorporation of 10R5. Adding 10RS, a low molecular
weight, high PEO-fraction RP, to 15% P407 solutions hinders
the formation of a hard gel. For formulations containing 1:0.5,
1:1, and 1:2 P407:10RS, both G’ and G” monotonically
increase above 28 °C, achieving values on the order of only 10*
Pa or less by 50 °C (Figures 1b and S3); in contrast, all other
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Figure 1. (a) DSC traces and (b) rheology with increasing
temperature for neat P407 and P407 containing 1:2 10RS. Addition
of 10RS to P407 formulations hinders gelation, as RP chains do not
incorporate into P407 micelles.

RP-containing systems achieve maximum moduli in the range
of 10°-~10* Pa. Frequency sweeps conducted at discrete
temperatures on formulations containing 1:2 P407:10RS show
the transformation from liquid to soft solid with increasing
temperature (Figure S10). At 25 and 30 °C, the formulation
displays liquidlike properties with G” being greater than G" and
scaling with '. With increasing temperature, G’ exceeds G”
across all measured frequencies. While both G’ and G” are
relatively frequency-independent across a range of high
frequencies (>1 rad/s), at lower frequencies G’ displays a
downturn and G” upturns. This behavior is similar to that
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Figure 2. Temperature-dependent (a) DSC and (b) rheology show that the addition of increasing amounts of 17R2 to P407 micelles affects the
micellization and gelation processes. (c) Corresponding 1D SAXS traces at 35 °C show a transition from FCC-to-BCC packed micelles upon

addition of 17R2.

observed in jammed colloidal glasses and is likely due to
micellar rearrangement at longer time scales.”™”

These rheological results suggest that 15% P407 formula-
tions with 10RS have limited applicability due to the low
modulus upon heating. In contrast, Liu et al. found that adding
10RS to higher-concentration P407 solutions (20%) increases
Tonset but does not otherwise hinder hard gel formation,
resulting in moduli in the kPa range, of comparable magnitude
to those of neat P407 solutions.”” These differences are
attributed to the change in P407 concentration, as additional
studies on 18% P407 with 10RS show a similar increase in
Toneet With added 10RS and moduli comparable to those of
neat P407 (Figure S14).

Despite its limited applicability within 15% P407 solutions,
the incorporation of 10RS can still be used to elucidate the
underlying assembly mechanisms in other RP-containing
formulations. The DSC traces of neat P407 solutions exhibit
a single endothermic peak associated with the dehydration of
the PPO block during micelle formation (Figures 1a and S13).
Consistent with findings from more concentrated P407/10RS
formulations,* addition of 10RS slightly decreases T,  but
does not alter the DSC peak shape or width (Figure 1la). In
addition to T, the effect of RP addition on the enthalpy of
micellization, AH,,, found from integrating under the DSC
curve helps illuminate the process of RP incorporation. To
properly compare AH, across formulations with different RP
contents, values must be normalized to the concentration of
PPO in each solution (AH,yppo), as PPO dehydration drives
these endothermic transitions. If all the PPO blocks in both
P407 and the RP dehydrate to the same extent, then AH,,ppo
should be independent of RP content.”” For 10RS, this
independence is not observed; instead, AH,ppo decreases
substantially upon increasing addition of 10RS (Table SS).
Interestingly, normalization to the number of PPO groups in

P407 only results in AH,,ppo,,, Values that are uncorrelated
with 10RS content, with AH, ;. = 88 versus 89 J/g PPOp,, for
1:2 P407:10RS and neat P407, respectively (Table SS). This
analysis suggests that few, if any, PPO groups in 10RS are
dehydrated up to SO0 °C and are thus unlikely to be
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incorporated in the micelles. This result is unsurprising given
the high aqueous solubility of 10RS, resulting from its low
molecular weight (2.1 kDa) and high PEO weight fraction
(52%) relative to the other RPs. Accordingly, the 10RS
unimers likely hinder gelation by preventing adjacent P407
micelles from significantly overlapping, as would be required
for formation of a strong gel network (Figure 1b).*’

Effect of PEO Molecular Weight on Assembly: 17R2
vs 17R4. In contrast to 10RS, adding increasing amounts of
17R2, an RP of similar molecular weight but higher PPO
content (74 wt %), significantly alters the shape of the DSC
traces (Figure 2a). Specifically, 17R2 addition results in the
development of a high-temperature shoulder and broadening
of the primary micellization peak. The higher PPO content of
17R2 relative to 10RS decreases the RP solubility and drives
PPO dehydration to lower temperatures. This widening of the
primary peak paired with the appearance of a secondary
shoulder indicates that 17R2 dehydration overlaps with the
upper-temperature region of P407 micellization. Further, the
total enthalpy of dehydration, including both the primary peak
and shoulder, AH,,;ppo, is similar across 17R2 concentrations
(89 J/8ppo 1ot for neat P407 vs 92 J/gppo o for 1:2 P407:17R2),
suggesting a similar degree of dehydration for both the RP and
P407 chains (see Table SS for all AH values).

As with 10RS, the dehydration mechanism dictates the
rheological and structural transitions associated with the
solution-to-gel transition. The tail of the primary peak and
onset of the secondary shoulder correspond to the formation
of a soft solid, similar to that observed in P407/10RS solutions
(Figure 2a,b). With increasing temperature, as more 17R2
chains dehydrate, this soft solid transitions to a higher-modulus
gel (Figure 2b). Changes in 17R2 concentration affect G’y in
an irregular manner due to both micelle structure and polymer
concentration effects. Similarly with 10RS, though to a lesser
extent, addition of low fractions of 17R2 (1:0.5 P407:17R2)
dramatically reduces G',,,, relative to that of neat P407 (0.6
kPa vs 3.9 kPa). However, higher RP incorporations (1:1 and
1:2 P407:17R2) counteract this effect by increasing the overall
polymer concentration in the solution, achieving maximum
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Figure 3. Rheology (a,c), DSC (a), and SAXS (d) for formulations containing 1:2 P407:17R2. (a) Temperature-dependent thermodynamic and
rheological transitions measured via DSC and rheology on heating show a two-step incorporation mechanism upon 17R2 addition. (b) Schematics
showing hypothesized RP incorporation mechanism. (c) Frequency sweeps at discrete temperatures (corresponding to symbols in a) across the
liquid to soft gel to hard gel transitions. (d) SAXS measurements taken at the temperatures indicated by symbols on heating suggest the formation
of BCC-packed micelles with increasing temperature.
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Figure 4. (a) Rheology of formulations containing 1:2 P407:RP shows that addition of 17R4 shifts gelation to a higher temperature, but the
gelation pathway is similar to that of formulations containing 17R2. (b) DSC trace of 1:2 P407:17R4 shows that the primary peak and secondary
shoulder are well-separated from each other, indicating distinct dehydration processes. To illustrate this separation, the primary peak is fit to an
asymmetric double sigmoid. (c) SAXS analyses of 1:2 17R4 solutions further show the shift of gelation to a higher temperature and the formation
of an FCC packing, similar to that exhibited by neat P407 solutions. (d) Increasing the PEO molecular weight while keeping the PPO molecular
weight constant results in an increase in the RP solubility, T, and crowding in the coronal region.

moduli of a similar order to those of neat P407. As with neat cubic packings. Consistent with previous work on 31R1,"” the
P407, these gels result from the arrangement of micelles into addition of high concentrations of 17R2 (1:2 P407:17R2)
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drive the formation of a body-centered cubic (BCC) over face-
centered cubic (FCC) packing (Figure 2c). The 2D scattering
patterns from these samples display a low overall intensity and
are spotty, lacking isotropic rings (Figure S19). As a result of
this spottiness, likely stemming from slow nucleation kinetics
and large grain sizes, the intensity of each peak in the 1D traces
are susceptible to variations in individual spot intensities.

SAXS with increasing temperature for 1:2 P407:17R2
formulations supports the mechanism of gradual 17R2
dehydration with increasing temperature and the formation
of mixed micelles. At 30 °C (Figure 3b, diamond), SAXS
suggests that the soft solid likely does not have strong long-
range order, as the peaks corresponding to BCC packing are
barely visible. At this temperature, nucleated ordered regions
may coexist with disordered regions composed of 17R2
unimers similar to that reported by Castelletto et al.*” Within
this region, G’ is greater than G” across all measured
frequencies but decreases slightly at low frequencies (Figure
3c). As position increases further, across the endothermic
shoulder in the DSC curve (Figure 3a), more 17R2 chains are
expected to dehydrate and incorporate into mixed micelles
with P407. This incorporation coincides with a dramatic
increase in the moduli and ordering of micelles into a better-
defined BCC packing. Frequency sweeps of 1:2 P407:17R2
within this higher-temperature regime indicate subtle differ-
ences in the relaxation behavior relative to neat P407 (Figures
3c and S9). While the dynamic moduli of neat P407 are
relatively frequency-independent, with just a slight downturn
in G’ and upturn in G” at low frequencies, addition of 17R2
results in a more dramatic frequency dependence, with G" and
G” converging at low frequencies.

While the molecular weight of the RP PPO block correlates
with the temperature for chain dehydration, the corresponding
PEO molecular weight also strongly influences this dehy-
dration process and the resulting gelation temperature and gel
structure, as is seen for 17R2 vs 17R4 (Figure 4). These two
RPs have the same molecular weight of PPO, but the block
fraction of PEO is much higher for 17R4 (xppq = 0.42 vs 0.26).
As with 17R2, the addition of 17R4 leads to a reduction in the
micellization temperature and the development of a high-
temperature shoulder, particularly evident for 1:2 P407:17R4
(Figure 4b). In contrast to 17R2, the shoulder is shifted to
higher temperatures and is well separated from the primary
peak. This shift is likely due to the higher molecular weight of
PEO in 17R4 that increases the overall hydrophilicity, even
though 17R4 has the same PPO molecular weight as 17R2.
Integrating the primary DSC peak suggests that only PPO
blocks in P407, and not in 17R4, are dehydrating at this lower
temperature. Here, the AH,,,;, is comparable to that of neat
P407 and independent of 17R4 content when the value is
normalized to the mass of PPO in P407 only (see Table S5).
Further, AH,,ppo obtained from integrating the entire curve
(primary peak plus secondary shoulder) and normalizing to the
total PPO content decreases with increasing 17R4 content.
Such behavior is in direct contrast to that observed with 17R2
and suggests that some of the 17R4 chains are not dehydrating
to the same extent as the P407 chains over the measured
temperature range.

The shift in 17R4 incorporation to higher temperatures and
change in overall dehydration extent directly impacts the
gelation temperature and gel morphology. While the rheology
curve of the 1:2 P407:17R4 solution has a similar shape to that
of 17R2-containing solutions, the transition is shifted ~5 °C to
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higher temperatures and the “soft-gel” region at lower
temperatures widens. The transition from a liquid to soft gel
corresponds to an amplifying of the disordered micelle peaks in
the 1D SAXS traces; however, ordering does not occur until
the secondary rheological transition to the harder gel (Figure
4a,c). This secondary transition, which occurs slightly above
physiological conditions, results in the formation of FCC-
packed micelles, as is seen in neat P407 formulations. In
comparison to the more-hydrophobic 17R2, which localizes
closer to the micelle core, the higher PEO fraction in 17R4
likely allows for more localization of the reverse poloxamers in
the coronal region (Figure 4d). This crowding limits the
flexibility of coronal chains, which drives FCC packing over
BCC. Interestingly, the FCC lattice parameter and resulting
micelle radius, R,, are also very similar to those of neat P407
(109 A for 1:2 P407:17R4 vs 107 A for neat P407). As the
formulation is in the soft-gel regime at body temperature,
adding 17R4 is unlikely to be useful for enhancing gel moduli
for drug delivery at this P407 concentration, in contrast to
adding the longer RP 25R4, which enhances the moduli vs that
for neat P407 via bridging.47’49’56’61 However, addition of
hydrophobic drugs often shifts the gelation to undesirably low
temperatures,”*”>”*”%* and incorporation of an RP such as
17R4 has the potential to increase the gelation temperature
without substantially altering the final gel structure.

Despite similarities in the micelle size and packing between
neat P407 and 1:2 P407:17R4 (both FCC), addition of 17R4
alters the relaxation processes within the higher-temperature
formulations, resulting in G’ and G” converging at low
frequencies (Figure S11). Previously Li and Hyun used strain
amplitude sweeps to investigate gels composed of 25% P407
with various concentrations and molecular weights of PEO
homopolymer.®® While neat P407 gels display a clear
maximum in G” during microstructural breakup, they found
that addition of PEO homopolymer dampened this peak
amplitude, likely due to a reduction in the strength of the
close-packed structures within the gels due to the PEO
homopolymer presence within the corona region. Interestingly,
addition of 17R4 has a similar effect, reducing the amplitude of
the G” peak and decreasing the strain at which G’ and G” cross
each other relative to neat P407 and formulations containing
other RPs. These differences, coupled with the similar SAXS
traces, support that 17R4 incorporates primarily into the
coronal region.

Impact of PPO Molecular Weight on Assembly: 17R2
vs 25R2. In addition to block fraction, the molecular weight of
the PPO block also strongly impacts solubility, with higher
molecular weight PPO blocks reducing the solubility of RP
chains. In comparison to 17R2, 25R2 has approximately the
same block fractions but a significantly higher molecular weight
(Table 1). As expected, this decrease in solubility shifts
dehydration of 25R2 PPO blocks to lower temperatures, as
indicated by a broad endothermic peak in the DSC traces that
increases in width with 25R2 addition (Figures S and S13).
While no distinct shoulder can be separated from the primary
peak, as could be done with 17R4, the peak is asymmetric, with
a significant high-temperature tail. This feature is likely due to
the slightly lower molecular weight of PPO in 25R2 than in
P407 (2.5 kDa vs 3.4 kDa). Presumably the micelles at low
temperatures are composed primarily of P407 with a limited
number of 25R2 chains, whereas the fraction of dehydrated
25R2 in each micelle increases with temperature. As with
17R2, AH,, normalized by the total mass of PPO in both P407
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g chains. With increasing temperature, R, increases substantially,
© 1o ) as evidenced by the shift of g* to lower values, with R, equaling
T g 96 A at 30 °C to 104 A at 40 °C. The observed increase in
o % lattice size across the broad endothermic transition is
&10" o consistent with the idea of delayed insertion of 25R2 chains,
o o which expands the total micelle size. Such an expansion is
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Figure S. (a) Rheology and DSC for formulations containing 1:2
P407:25R2 suggest the formation of mixed P407/25R2 micelles.
Increases in temperature decrease the 25R2 solubility, resulting in
eventual macrophase separation at high 25R2 loadings. (b)
Corresponding SAXS shows the formation of BCC-packed micelles
upon gelation.
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and 25R2 is uncorrelated with 25R2 content and approx-
imately equal to that of neat P407, indicating that all PPO
units dehydrate to a similar extent, albeit at different
temperatures (Table SS).

The decreased RP solubility relative to 17R2 also decreases
the temperature range at which the soft gel is present prior to
stronger gel formation. For formulations with 1:2 P407:17R2,
this region persists for 8 °C in comparison to only 2 °C for 1:2
P407:25R2. As with 17R2, low molar ratios of 25R2 slightly
reduce G’,,,, relative to neat P407 (3.9 kPa for neat P407, 2.2
kPa for 1:0.5, and 3.1 kPa for 1:1); however, the effect is much
less pronounced than with 17R2 (Figure S3b,d). Further,
addition of 1:2 P407:25R2 results in a gel with a higher G',.,
than neat P407 (6.7 kPa). These increases are similar to those
observed previously upon addition of 31R1 and can likely be
attributed to the increase in micelle volume fraction in solution
due to RP incorporation.*’

As with the other low-PEO-content RPs, the dehydrated
25R2 chains are expected to reside predominantly within the
core, near the interfacial region, due to the high PPO
fraction.””®* As temperature is increased across the broad
endothermic transition, formulations with a low quantity of
25R2 (1:0.5) order into an FCC packing, while higher 25R2
contents drive a BCC packing (Figures S and S17). Such an
FCC-to-BCC transition, as was observed for 17R2 and
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likely not visible in the 17R2 formulations because RPs were
added on a molar basis and therefore the incorporated volume
fraction of 17R2 is significantly lower than that of 25R2 due to
the lower molecular weight. This idea is consistent with the
fact that a lesser extent of swelling is observed upon
incorporation of lower molar ratios of 25R2 (Figure S17).
Mixed micelles, such as those formed from low-solubility RPs,
can improve the bioavailability of drugs released from
gels.és_ ’ The addition of 25R2 therefore provides a potential
mechanism to improve drug diffusion without changing gel
properties that are necessary for the desired application.
Unfortunately, the low solubility of 25R2 also affects the
stability of the gel at elevated temperatures. At conditions just
above body temperature, a small endothermic peak is seen in
the DSC curve. Visual observations indicate that this transition
is accompanied by clouding, as the solubility limit of 25R2
within this system is reached and macrophase separation
occurs. %

Guidelines for Hydrogel Design. Precise control over
the gelation temperature is essential for effective targeted drug
delivery. For example, certain applications dictate that
formulations be a liquid at room temperature to facilitate
ease of injection but gel rapidly upon contact with warm skin
or the tympanic membrane.” The findings of this study paired
with prior work"” on two larger RPs (31R1 and 25R4) suggest
that the gelation temperature and modulus can be tuned by
adding specific RPs to P407 (Figures 6 and S3). Generally,
higher molecular weight RPs (25R2, 25R4, 31R1) increase
G’ o relative to that of neat P407 when added in sufficient
molar ratios (Figures S3 and S5),*” whereas lower M, RPs
(10RS, 17R2, and 17R4) reduce G',,. Additionally, the
aqueous solubility of each RP, dictated by the molecular weight
and block fraction of PPO, can be used to tune the gelation
temperatures of these formulations. Decreasing the RP
solubility results in a decrease in the temperature of hard gel
formation, Ty, gy defined as when G' > 10° Pa (Figures 6b
and S6). The molar ratio at which the RP is added also has an
effect on gelation with higher RP amounts typically having a
more dramatic effect on Th,qgr than lower amounts.
Importantly, the combination of RP molecular weight and
block fraction differences can be used to target specific gelation
temperatures and moduli. For example, addition of high PEO-
content RPs such as 10RS, 17R4, and 25R4 all delay the onset
of gel formation, while the different molecular weights of these
RPs dictate the gel modulus. These specific RPs remain
hydrated in solution at temperatures above the P407
micellization transition due to their high PEO contents and
relatively low molecular weights, preventing a strong
interconnected micelle network from forming until higher
temperatures. While adding 10RS to 15% P407 prevents a
strong gel from forming, this RP may be useful in applications
where tuning the thermal response is more critical than
obtaining a strong hydrogel; additionally, when added to larger
quantities of P407 or in conjunction with other RPs, 10RS may
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Figure 6. (a) Morphology as a function of temperature for
formulations containing 1:2 P407:RP. Increasing either PPO
molecular weight or block fraction decreases relative RP solubility,
favoring a lower gelation temperature and a BCC micelle packing
within the gel. UNI = unimers; DIS = disordered micelles; FCC =
face-centered cubic; BCC = body-centered cubic. Open = liquid,
crossed = soft gel (10—1000 Pa), filled = hard gel (>1000 Pa).
Morphology was determined via SAXS, measured every 5 °C. The
unimer-to-disordered micelle transition was also determined using
DSC. (b) Hard gel transition temperature as a function of RP identity
and amount.

provide a straightforward route for finely tuning the hydrogel
thermoresponsiveness.

In addition to tuning gelation temperature and modulus,
RPs can be used to alter gel microstructure (Figure 6a). For
example, high PPO-content RPs are anticipated to localize near
the core and interfacial region, forming mixed micelles with
P407. These mixed micelles have a lower density of coronal
chains than neat P407 micelles have. This reduction in chain
density favors BCC over FCC,”~"* as occurs when pure PPO
or other poloxamers comicellize near P407 micelle
cores.”””*”> Such differences in RP localization can be
harnessed to optimize formulations for specific applications.
For example, certain formulations require improving drug
encapsulation and flux without drastically altering the gel
properties or gelation temperature. Previously, mixed micelles
composed of two different poloxamers or surfactants have been
shown to improve drug loading and bioavailability due to the
nonuniformity or lower density of chains in the corona
region.”~®" Further, Buxton et al. showed computationally
that drug diffusion from micelle cores is improved in systems
with a lower chain density in the coronal region."” Hence,
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addition of high-PPO content RPs to P407 provides a pathway
toward improving drug flux.

Alternatively, certain applications, such as protein immobi-
lization and protection, require a crowded environment."®™**
Higher PEO-content RPs, such as 10RS and 17R4, localize
more in the coronal region than do lower PEO-content RPs.
This localization decreases the mobility of corona chains,
potentially providing a more supportive environment for
proteins.

While these results provide insight and design guidelines for
developing P407 drug-delivery hydrogels with tunable thermal
gelation temperatures and moduli, the mechanical and
structural properties of each hydrogel will depend on the
precise formulation parameters, including the volume fraction
of P407 and RP and the type and quantity of small molecules
employed. While the bare P407 and RP systems described
herein did not contain small molecules, prior work on bare
P407 with added 31R1 or 25R4 suggested a similar mechanism
of RP incorporation in the presence of small molecules;
however, quantitative parameters like the gelation temperature,
micelle size, or maximum modulus differed with small-
molecule incorporation.47

B CONCLUSION

Addition of reverse poloxamers to aqueous P407 solutions at a
constant concentration alters the gelation temperatures, gel
moduli, and resulting microstructures. In particular, the
solubility of various RPs, dictated both by the molecular
weight of the PPO block and the block fraction, determines the
dehydration mechanism and resulting gelation temperature.
Low-solubility RPs, such as 17R2, 25R2, and 31Rl, form
mixed micelles with P407, localizing near the core of the
micelle. These mixed micelles have the potential to increase
drug diffusion and bioavailability. Increasing PPO molecular
weight decreases the RP-incorporation temperature, with 17R2
dehydrating in a distinct second step after P407 dehydration,
25R2 at slightly elevated temperatures compared to P407, and
31R1 dehydrating at the same temperature as P407. Therefore,
high PPO-content RPs can be used as additives to alter the
gelation temperature while also promoting drug diffusion due
to the lower chain density in the corona region.

In contrast, higher PEO-fraction RPs have a much higher
solubility in water. Addition of 10RS prevents the formation of
a strong gel, as the RP remains in solution and sterically blocks
interactions between micelles. Increasing PPO molecular
weight (17R4 and 25R4) decreases RP solubility, such that a
gel is able to form at elevated temperatures. Hence, RPs serve
as primary tools for altering gelation temperature for targeted
applications. Further, the longer PEO chains enable these RPs
to localize more in the corona region, vis-a-vis the higher PPO-
content counterparts. This corona localization decreases chain
mobility within the corona, which may be beneficial for certain
applications, including protein immobilization. By addition of
commercially available reverse poloxamers to P407 formula-
tions, the gelation temperature and gel modulus can be
independently tuned, providing fine control over the structure
and dynamics of these nontoxic thermoresponsive hydrogels
for applications in medicine and beyond.
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