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A B S T R A C T   

Poloxamer 407 (P407) is widely used for targeted drug-delivery because it exhibits thermoresponsive gelation 
behavior near body temperature, stemming from a disorder-to-order transition. Hydrophobic small molecules 
can be encapsulated within P407; however, these additives often negatively impact the rheological properties 
and lower the gelation temperatures of the hydrogels, limiting their clinical utility. Here we investigate the 
impact of adding two BAB reverse poloxamers (RPs), 25R4 and 31R1, on the thermal transitions, rheological 
properties, and assembled structures of P407 both with and without incorporated small molecules. By employing 
a combination of differential scanning calorimetry (DSC), rheology, and small-angle x-ray scattering (SAXS), we 
determine distinct mechanisms for RP incorporation. While 25R4 addition promotes inter-micelle bridge for
mation, the highly hydrophobic 31R1 co-micellizes with P407. Small molecule addition lowers thermal transi
tion temperatures and increases the micelle size, while RP addition mitigates the decreases in modulus 
traditionally associated with small molecule incorporation. This fundamental understanding yields new strate
gies for tuning the mechanical and structural properties of the hydrogels, enabling design of drug-loaded for
mulations with ideal thermal transitions for a range of clinical applications.   

1. Introduction 

Poloxamers are amphiphilic ABA triblock copolymers composed of 

hydrophilic poly(ethylene oxide) (PEO) endblocks and a hydrophobic 
poly(propylene oxide) (PPO) midblock, which are widely used as cos
metics [1], foaming agents [2–4], and emulsifiers [5–7]. Poloxamers 
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have also received considerable attention as drug delivery vehicles and 
pharmaceutical excipients due to their low toxicity, wide range of 
commercially-available formulations, and temperature-sensitive micel
lization behavior [8–19]. For example, the addition of poloxamers to 
aqueous drug solutions has been shown to improve bioavaliability and 
delivery efficiency, increasing residence time, accumulation, and 
transport across the blood-brain and intestinal barriers in comparison to 
free drug systems [20,21]. Accordingly, poloxamers have been approved 
by the FDA for oral, intravenous, topical, and intramuscular delivery, 
among others [19]. 

In aqueous poloxamer solutions, the temperature-dependent self- 
assembly behavior is driven by worsening interactions between the 
hydrophobic PPO midblock and water with increasing temperature, 
leading to the formation of spherical micelles near ambient conditions 
[21–26]. As aggregation of unimers into spherical micelles is associated 
with a slight decrease in viscosity [27,28], these liquids are ideal for 
handling and injecting for a range of applications. Additionally, micelle 
formation enables encapsulation of hydrophobic small molecules, like 
pharmaceuticals, that otherwise have poor solubility in water [12–18]. 
Further increasing the temperature in concentrated poloxamer formu
lations triggers the low-viscosity micellar liquids to order into physical 
soft hydrogels [14,21–25,29–32], making them of particular interest for 
topical, periodontal and ophthalmic drug-delivery routes [19,33,34]. 
Hydrogel formation occurs as the micelles undergo a disorder-to-order 
transition, forming a range of ordered phases including cubic-packed 
spheres and hexagonally-packed cylinders [21–25]. As the underlying 
structure of these materials dictates the rheological properties and ap
plications, much work has been devoted to understanding and tuning 
these structural transitions. 

Poloxamer 407 (P407) is one of the most widely used poloxamers in 
biomedicine, as gelation occurs near body temperature for modest 
polymer concentrations (15–30% w/w) [11,21,24,35–38]. Additionally, 
P407 is composed of 70% wt PEO, leading to high solubility and stability 
in aqueous solution. A number of studies have shown that P407 can 
encapsulate hydrophobic small molecules within the micelle core, 
enabling formation of drug-loaded formulations that flow at room 
temperature, allowing for ease of administration [12–18]. The resulting 
formulations gel near body temperature and have good adherence to 
biological tissues and membranes due to their soft moduli and high 
water content [14,29–32]. As a result, thermoresponsive 
poloxamer-based hydrogels have been widely studied and employed for 
non-invasive, extended, targeted delivery of drugs across biological 
barriers, such as the eye [33,39,40], skin [34,41], and eardrum [38, 
42–44]. 

Unfortunately, thermoresponsive drug-loaded gels composed purely 
of P407 often suffer in clinical applications due to low gelation tem
peratures and dynamic moduli [14–18,21,42,45]. For example, Yang 
and colleagues developed a drug-loaded P407 hydrogel for the treat
ment of otitis media (middle ear infections) [42]. This hydrogel was 
formulated to flow when injected into the ear canal and subsequently gel 
upon contacting the warmer tympanic membrane (TM, i.e. eardrum), 
enabling non-invasive delivery of the antibiotic Ciprofloxacin (Cipro) 
across the TM and directly into the middle ear [42–44]. In addition to 
Cipro, small molecule chemical permeation enhancers (CPEs) were 
incorporated to enhance diffusion across the tympanic membrane by 
disrupting the crystalline structure of the lipid bilayer [42,44,46]. As 
addition of these small molecules weakened the thermo-responsiveness 
and TM adhesion in P407 gels, Yang et al. chemically modified P407 by 
adding two hydrophobic polybutyl-phosphoester (PBP) end groups to 
form a pentablock copolymer that could reinforce the hydrogel via 
inter-micelle bridging [42]. While this P407-PBP copolymer was suc
cessful in eradicating otitis media in chinchillas [42], its toxicity and 
degradation products are unknown due to lack of clinical trial data, 
creating potential safety issues and regulatory hurdles. 

To avoid the use of new chemistries with potential toxicities, the 
rheological properties of drug-loaded hydrogels can be enhanced by 

addition of reverse poloxamers (RPs). Reverse poloxamers are BAB tri
block polymers that contain the same block chemistries as poloxamers, 
but are arranged in the reverse order, with PPO endblocks and a PEO 
midblock. RPs have low toxicities, comparable to those of poloxamers 
[47,48], and they have the same chemical composition and degradation 
products. Further, RPs have been successfully used in in vivo animal 
trials and in vitro studies on lymph node cells without negative side ef
fects [49]. 

While micelle formation in aqueous solutions is thermodynamically 
favorable for ABA poloxamers, BAB reverse poloxamers often do not 
assemble into micelles in water, as polymer chains must form loops to 
enable insertion of both PPO endblocks into the core [50]. As such, high 
PPO-fraction RPs like 31R1 do not form micelles in aqueous solutions at 
any temperature across a broad array of concentrations [51,52]. How
ever, RPs with smaller PPO fractions like 25R4 can form flower-like 
micelles at high concentrations [53–55]. D’Errico and colleagues [53] 
constructed a morphology diagram for aqueous 25R4 as a function of 
temperature and concentration using small-angle x-ray and neutron 
scattering (SAXS/SANS). At ambient conditions and low concentrations 
(<5% w/w), 25R4 chains form Gaussian coils. With increasing con
centrations and temperatures, the PPO blocks dehydrate and the chains 
organize into bridged micelles, with most PPO endblocks inserting into 
different micelle cores. 

Reverse poloxamer addition can also significantly alter the self- 
assembly of traditional aqueous poloxamers [50,54,56–59]. While the 
formation of flower-like micelles requires an RP chain conformation that 
is entropically unfavorable, RPs have been hypothesized to form phys
ical bridges between neighboring micelles composed of ABA poloxamers 
[50,56]. The impact of network connectivity on the mechanical and 
transport properties was recently examined in similar aqueous systems 
containing blends of AB diblock and ABA triblock polymers. Here, 
Rankin and colleagues found that increasing the fraction of triblock 
polymer promotes bridging, resulting in greater gel moduli [60]. Despite 
these enhanced mechanical properties, strengthened network connec
tivity due to bridging did not negatively affect small-molecule diffusion 
when compared at constant total polymer content [60]. Further, the 
addition of 25R4 has been shown to enhance gel stability and slows gel 
erosion in aqueous environments [61]. As such, thermoresponsive gels 
composed of bridged poloxamer micelle networks are promising can
didates for targeted topical drug delivery. 

To date, no studies have comprehensively investigated the impact of 
RP addition on the microstructure of P407 hydrogels using small-angle 
x-ray and neutron scattering techniques. Further, no works studied the 
effect of RP addition on the self-assembly and mechanical properties of 
poloxamer systems with incorporated small molecules. In this article, we 
use a combination of differential scanning calorimetry (DSC), linear 
viscoelastic shear rheology, and small-angle x-ray scattering (SAXS) to 
show that addition of 25R4 and 31R1 to P407 solutions in various molar 
ratios changes the micellization temperature, gel temperature, and 
mechanical properties of the gel, as well as micelle size and packing. 
Further, we demonstrate that these hydrogels can remain stable at 
physiological conditions upon addition of ciprofloxacin and chemical 
permeation enhancers. These P407-RP hydrogels thus represent an 
improvement over previous systems [42], as they are made entirely from 
chemistries with known biocompatibility and harmless degradation 
products, making them promising candidates for non-invasive drug 
delivery. 

2. Materials and methods 

2.1. Materials 

Kolliphor P407 was purchased from Sigma-Aldrich Corp. and reverse 
pluronics, 31R1 and 25R4, were obtained from BASF. The approximate 
molecular weights and block fractions of the triblock polymers are 
included in Table 1. The weight fractions of each block were confirmed 
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using 1H NMR as detailed in SI.1. Sodium dodecyl sulfate (≥ 99.0%), 
(R)-(+)-Limonene (97%), and ciprofloxacin (≥ 98%) were purchased 
from Sigma-Aldrich Corp and bupivacaine hydrochloride (> 98.0%) was 
purchased from Tokyo Chemical Industry. All chemicals were used as 
received with no additional purification. Samples were formulated using 
distilled water. 

2.2. Sample preparation 

P407 stock solutions (15% wt/v) were prepared using the well- 
established “cold method" [42,62–65], where the polymer was added 
to water and stirred at 4 ∘C for at least 24 hrs to yield a homogeneous and 
transparent solution. The aqueous solubility of ciprofloxacin is 
improved between pH 3-4 [66,67], so the pH of solutions with incor
porated small molecules was adjusted to this range using ~ 50-100 μL of 
1M HCl. Ciprofloxacin (1% wt/v), bupivacaine (0.5% wt/v), sodium 
dodecyl sulfate (1% wt/v), and limonene (2% wt/v) were added to the 
stock solution and stirred at 4 ∘C for at least 24 hrs. These concentrations 
were selected as they were shown by Yang and colleagues [42] to suc
cessfully eradicate the bacteria associated with middle ear infections 
when contained within a P407-based gel. Following dissolution, reverse 
poloxamers (25R4 or 31R1) were added in molar ratios (P407:RP) of 
1:0.5, 1:1, or 1:2. The solution was again stirred at 4 ∘C for ≥24 h before 
use. 

2.3. Oscillatory rheology temperature ramps 

The sol-gel transition was measured using oscillatory shear rheology 
on an Anton Paar MCR 302 stress-controlled rheometer with a 26.7 mm 
concentric cylinder double-gap geometry. Measurements were con
ducted near the linear viscoelastic (LVE) region (γ = 1%, ω = 1 rad/s) 
with a gap of 1 mm and a temperature ramp rate of 1 ∘C/min. Repre
sentative amplitude sweeps to show the proximity to the LVE region at 
low and high temperatures are included in SI.3. The samples were held 
at 7.5 ∘C for 20 minutes prior to the temperature ramp to allow for 
temperature equilibrium to be reached and to erase any loading effects. 
The profile of G′ versus temperature was fit to a sigmoidal function to 
extract values for the gelation temperature, Tgel; representative fits are in 
SI.4. The transition range, bounded by Tlow and Thigh, was defined as 
when the slope of the G′ versus temperature plot was greater than 5 
Pa/∘C [68]. To assess reproducibility and statistical significance, all 
measurements were run in triplicate (see SI.19). 

2.4. Differential scanning calorimetry (DSC) 

Micellization temperatures were determined using Differential 
Scanning Calorimetry (DSC) on a TA Instruments Q1000 DSC. Samples 
were loaded in Tzero aluminum pans at 25 ∘C and quickly cooled to 7 ∘C. 
The pans were held at 7 ∘C to allow for the formulations to reach equi
librium before being heated at 1 ∘C/min to 50 ∘C. This ramp rate matches 

that used for the rheology temperature ramps, allowing for the data 
obtained from the two ramps to be directly compared. The formation of 
micelles occurs over a broad range of temperatures [24,56,69,70]. The 
temperature at which the peak occurs in the heat flow curve is 
commonly reported as the micellization temperature, Tmic, as micelle 
formation reaches its maximum at this temperature [70,56]. The ΔHmic 
was determined by integrating the heat flow curve around the micelli
zation peak using a linear baseline. The shape of the heat flow curve for 
formulations containing pure P407 or P407 with 31R1 can be 
well-described using an asymmetric double sigmoidal function where 
there is a small high-temperature tail commonly reported for P407 
micellization (see SI.12) [24,56,69,70]. Addition of 25R4 results in the 
development of a high-temperature shoulder and, for high molar ratios, 
a secondary peak. In these cases, the ΔHmic, defined as only the area 
under the primary peak (without high-temperature secondary shoulder), 
was separated from the total area under the curve. To do so, the linear 
baseline was subtracted from the heat flow curves and the primary peak 
was again fit to a asymmetric double sigmoidal function. The area under 
this fitted curve was taken to be ΔHmic. This value was subtracted from 
the total area under the heat flow curve and the remainder was taken to 
be the area of the secondary peak, ΔHb. Further details on the fitting as 
well as representative fits are included in SI.12. This fitting procedure is 
similar to that performed by Ren and colleagues [71] for DSC curves 
with a similar shape. 

2.5. Small-angle x-ray scattering (SAXS) 

2.5.1. Experimental 
Micelle size and packing was determined using small-angle x-ray 

scattering (SAXS). SAXS measurements on the formulations without 
small molecules were conducted at the University of Minnesota Char
acterization Facility on the Xenocs Ganesha instrument. The instrument 
uses an x-ray microsource with Cu target and integrated monochromator 
to generate x-rays with a wavelength of λ = 1.54 Å. Data were collected 
within a scattering vector range of 0.009 < q < 0.3 Å−1 using an 
exposure time of 45 minutes. Calibration was performed using silver 
behenate, and 2D scattering patterns were azimuthally integrated using 
DataSqueeze [72] to generate 1D traces of scattering intensity, I(q) 
versus q. Samples were loaded into sandwich cells with Kapton covers, 
and temperature was controlled using a four-position INSTEC heating 
stage. 

SAXS on small-molecule-containing samples was conducted on 
beamline 5-ID-D at the Advanced Photon Source of Argonne National 
Laboratory. A wavelength of λ = 0.7293 Å and sample-to-detector dis
tance of 8.504 m were used to give a scattering vector range of 0.002 <
q < 0.192 Å−1. Samples were loaded into aluminum DSC pans, and 
temperature was controlled using a Linkam stage to obtain scans every 5 
∘C between 5 ∘C and 50 ∘C. Five 1 s scans were performed at different 
positions around the pan, and each sample was loaded and measured in 
duplicate. 

Table 1 
Approximate poloxamer molecular weights (Mn), PPO block fraction (xPPO), and PPO block molecular weight (Mn,PPO) for P407 and relevant reverse poloxamers. PEO 
blocks are represented in blue and the PPO blocks are represented in red.  

Polymer Mn [kDa] xPPO Mn,PPO [kDa] Formula Structure 

P407  12.6  0.3  3.8 EO100PO65EO100 

25R4  3.8  0.6  2.3 PO20EO35PO20 

31R1  3.4  0.9  3.1 PO27EO8PO27 
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2.5.2. Fitting 
For temperatures between Tmic and Tgel, the poloxamers organize into 

disordered micelles and the one-dimensional SAXS intensities were fit to 
a spherical core-shell form factor with hard-sphere structure factor, as is 
typical for concentrated P407 micelles [28,73,74]. Prior to fitting, the 
background scan of the blank sample holder (sandwich cell or DSC pan) 
was subtracted. Five parameters were used to fit the data: average radius 
of the core (Rcore), average radius of the shell (Rshell), electron density of 
the shell (ρshell), polydispersity ratio (PDI), and volume fraction of hard 
spheres (ϕ). As ρshell and ρcore are cross-correlated with Rshell and Rcore, 
one of these parameters must be held constant to gain information about 
the relative size and composition of the core and shell. At this P407 
concentration and temperature, the core is expect to be solvent-free [24, 
75]. As such, for the systems containing pure P407 and P407 with RP, 
the electron density of the core is assumed to be that of pure PPO. For the 
structure factor, the radius of the hard spheres is assumed to be equal to 
that of the sum of the radii of the core and shell. This is a valid 
assumption for systems at high concentrations [76]. The electron den
sity of the solvent was held constant and assumed to be that of pure 
water. Further information and representative fits are included in SI.5. 

Above Tgel the poloxamer micelles often order into crystalline pack
ings that result in the appearance of Bragg diffraction peaks. To deter
mine the packing structure, the primary peak, q*, was identified and 
then the ratios of subsequent peaks to q* were evaluated. Face-centered 
cubic (FCC) packings were identified by peaks at q∕q* ratios of 1, 
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corresponding to the (110), (200), (211), (220), (310) planes [77]. From 
the value of q*, the lattice parameter of the cubic cell can be determined. 
The total micelle radius, Rt, was approximated as half of the nearest 
neighbor distance, Dnn, between lattice sites. 

3. Results and discussion 

3.1. Bare P407 formulations 

To develop a delivery system with clinically-applicable gelation 
temperatures, kinetics, and mechanical stability, the rheological and 
corresponding microstructural transitions of pure P407 in water (no 
small molecules or RPs) must be well understood, as micelle arrange
ment and size directly impact poloxamer mechanical properties, adhe
sion, and diffusion [64,78]. Here, the concentration of P407 was held 
constant at 15% (w/v). At lower concentrations (12% w/v), the number 
of micelles in solution is not large enough for significant inter-micelle 
interactions or overlap, so the micelles do not exhibit a substantial 
thermal response (SI.6). Conversely, at higher concentrations (18% 
w/v), the large number of micelles drives the formation of a 
densely-packed gel (SI.6), hindering small-molecule diffusion [42,60]. 
At 15% (w/v), the well-studied system of P407 in water [9,21,79–81] 
assembles into spherical micelles composed of PPO cores and PEO co
ronas with an average micellization temperature, Tmic, of 19.7 ± 0.4 ∘C, 
defined as the temperature at which the endothermic peak in the DSC 
trace reaches its maximum value (Fig. 1a). Corresponding SAXS at 25 ∘C 
(Fig. 1b) exhibits two broad peaks, signifying the presence of disordered 
micelles in solution of total radius Rt = 98 Å (see SI.7 for fit). As the 
temperature is further increased, the final chains in solution incorporate 
into micelles, and the DSC heat flow curve subsequently returns to the 
baseline value (Fig. 1a). Integrating the heat flow curve gives an 
enthalpy of micellization, ΔHmic, of 24.1 ± 0.3 J/(g P407) in solution. 

As the final chains are removed from solution and inserted into mi
celles, the micelles pack into a face-centered cubic (FCC) structure 
(Fig. 1b), consistent with other studies using unpurified P407 [82–84]. 
Mortensen and others [80,85] showed that presence of diblock impu
rities drives P407 systems to form FCC-packed micelles, and when the 
impurities are removed, the systems instead favor a BCC packing at the 
same polymer concentration. Size exclusion chromatography on the 
Kolliphor P407 used in this study has a low-molecule-weight shoulder, 

Fig. 1. Aqueous 15% w/v P407 micellizes with increasing temperature, shown by the endothermic DSC peak in (a); micelles are disordered at 25 ∘C (black trace, b). 
With further temperature elevation, a sharp increase in G′ and G′′ is observed (a) as the micelles pack into FCC structures, shown in (b) at 37 ∘C (pink). Above 
physiologically-relevant conditions, the moduli decrease (a) as the micelles disorder (b, red). (b, inset) Corresponding 2D SAXS patterns at 25, 37 and 50 ∘C. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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suggesting the presence of these impurities that drive FCC packings (see 
SI.2). The disorder-to-order transition from a low-viscosity liquid to a 
soft solid corresponds to a sharp increase in the storage and loss moduli, 
G′ and G′′. While gelation is often defined as the crossover of G′ and G′′

[56,59,63,86], this criterion is dependent upon the frequency of the 
measurement [87]. Instead, in this work, the onset of gelation Tlow is 
defined as the point where the slope of the G′ vs. T exceeds 5 Pa/∘C. Here, 
Tlow occurs at 31 ± 1 ∘C and the maximum storage modulus, G′

max, is 
achieved at 37 ± 1 ∘C (Fig. 1a). The temperature-dependent storage 
modulus over the course of this transition is well described by a sigmoid, 
the center of which, Tgel, occurs at 34 ± 1 ∘C (see SI.4). Corresponding 
SAXS patterns confirm this disordered micelle-to-FCC transition 
(Fig. 1b, inset), where the lattice parameter, aFCC, of 318 Å at 37 ∘C 
suggests a micelle radius of Rt = 112 Å; here, Rt is approximated as 
one-half of the nearest neighbor distance, Dnn. Unsurprisingly, this 
radius is larger than that for disordered micelles at 25 ∘C, due to both the 
greater number of P407 chains per micelle, Nagg, incorporated at higher 
temperatures and thermal expansion [28]. As temperature is increased 
beyond physiological conditions, the moduli plateau and then begin 
decreasing substantially near 40 ∘C (Fig. 1a). The absence of an 
exothermic peak in the DSC traces suggests that this reduction in moduli 
is not due to de-micellization, but rather to an order-to-disorder tran
sition (ODT). This ODT is confirmed by a disappearance of the FCC peaks 
in the SAXS patterns at 50 ∘C (Fig. 1b) and is consistent with prior work 
on P407 [63,86,88]. Suman and colleagues [86] attribute this ODT to 
dehydration of the PEO blocks in the corona, where the decreasing PEO 
solubility with increasing temperature causes the micelle coronas to 
aggregate, pulling the micelles out of the lattice structure. 

3.2. Effect of reverse poloxamer addition on micellization 

Despite similar overall molecular weights, adding 25R4 versus 31R1 
to the bare P407 systems drastically impacts the self-assembly behavior, 
thermal transitions, and rheological properties; see SI.11 for statistical 
analyses of these parameters. For both 25R4 and 31R1 at molar ratios of 
1:0.5, 1:1, and 1:2 mol P407:mol RP, increasing RP molar ratio is line
arly correlated with a reduction in Tmic, shown by the decreasing peak 
locations in the DSC traces (Fig. 2a,b). As the critical micelle 

temperature (CMT) decreases with increasing poloxamer content [26, 
83,84], this reduction in Tmic with added RP is in part due to the increase 
in total polymer concentration from 13% wt in bare P407 to ~ 19% wt 
for 1:2 P407:RP. Despite the fact that 31R1 contains a higher fraction of 
hydrophobic PPO, adding 25R4 reduces Tmic more substantially than 
adding an equivalent amount of 31R1 (Fig. S.12), with a 
temperature-reducing strength of 3.7 ± 0.4 ∘C/(g 25R4) vs. 2.3 ± 0.6 
∘C/(g 31R1). Consistent with prior work [57,70] this trend can be 
explained by differences in the “effective" P407 concentration. Here, the 
added RP PEO-blocks associate with water molecules, reducing the 
available water content around P407 and effectively increasing its 
concentration. Water association is more significant in solutions con
taining 25R4, which is 40% PEO by weight; conversely, 31R1 is only 
10% wt PEO, so the effective concentration of P407 increases less with 
31R1 addition. 

The distinct block ratios of the two RPs also leads to markedly 
different micellization mechanisms, reflected by the trends in the 
enthalpy of micellization with added RP (Fig. 2a–c); here ΔHmic is 
determined as the area under the primary peak in the DSC trace. Per 
gram of total polymer, ΔHmic increases steeply with increasing 31R1 
content but decreases with 25R4 content; see SI.11 for comparisons of 
ΔHmic on additional bases (J/(g P407), J/(g PPO)). Interestingly, 25R4 
addition results in the development of a high-temperature shoulder or 
broad secondary peak in the heat flow curve denoted as ΔHb (Figs. 2a, 
SI.12), reminiscent of prior work on P407/25R4 solutions [57,70]. 

Thermal ordering transitions in P407/25R4 solutions are hypothe
sized to occur via a process with two distinct steps (Fig. 5), where 
bridging (ΔHb) follows P407 micellization (ΔHmic). In step one, PPO- 
water interactions become less favorable with increasing temperature, 
driving the P407 chains to form micelles. Note that poloxamer micelli
zation is driven almost entirely by the PPO block [26,89], and that 
micellization of P407 is expected at lower temperatures than for 25R4 
because its PPO molecular weight is over three-fold larger than that of a 
25R4 PPO endblock [70]. Additionally, the RP chain conformation 
required to form flower-type micelles with both PPO blocks inserted into 
the core is entropically unfavorable [55–57], thus micelles are often not 
observed at low 25R4 contents [53]. This proposed first step is consis
tent with prior work suggesting that the primary DSC peak in 

Fig. 2. Thermal transitions in 15% w/v P407 with added 25R4 or 31R1, where Tmic decreases with increasing molar ratio of (a) 25R4 or (b) 31R1. (c) Micellization 
enthalpies, ΔHmic [J/g polymer], strongly depend on RP identity. With increasing 25R4 content, ΔHmic decreases and a high-temperature secondary peak appears, 
attributed to bridging ΔHb. Conversely, ΔHmic increases with increasing 31R1 molar ratio. (d,e) Linear viscoelastic rheology indicates that the onset of gelation 
increases with 25R4, but decreases with 31R1, addition. (f) In formulations containing RP, G′

max increases linearly with RP content. 
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P407/25R4 solutions is largely due to P407 micellization [57,70] When 
the temperature is further increased (step two), interactions between 
water and the 25R4 PPO endblocks worsen, making 25R4 bridging 
potentially favorable [53,57,70]. We thus suspect that the secondary 
shoulder in the DSC trace corresponds to the caloric penalty for 
de-solvating the 25R4 PPO blocks via bridging, to be discussed further in 
Section 3.3. 

Evidence from SAXS and DSC also suggests that 25R4-containing 
solutions undergo a similar first step, primarily involving P407. The 
micelle core radii, Rc, for bare P407 and 25R4-containing solutions are 
similar in value at 20 ∘C, indicating a similar P407 aggregation number, 
Nagg (Table S3). Additionally, the rapid decline in ΔHmic with increasing 
25R4 (J/(g polymer), Fig. 2c) is likely somewhat artificial due to the 
inclusion of 25R4 chains in the mass basis that do not participate in the 
micellization process. When ΔHmic is instead considered based on the 
PPO content in P407 (J/(PPOP407)), ΔHmic is similar in magnitude to that 
obtained for bare P407, where micellization is driven by desolvation of 
the P407 PPO groups (SI.11). Further, the enthalpy of micellization (J/ 
(PPOP407)) is uncorrelated with 25R4 content, supporting the hypothesis 
that 25R4 does not participate in the initial micellization phase. The full 
width at half maximum (FWHM) of the ΔHmic peak is also constant 
across formulations (Fig. S13), whereas co-micellization would likely 
broaden this transition. 

Conversely, 31R1 is directly involved in the P407 micellization 
process, as evidenced by the single, broad endothermic peak in the DSC 
trace that increases in area with increasing 31R1 content (Figs. 2b,c). 
Unlike in 25R4-containing solutions, here the FWHM of the ΔHmic peak 
substantially widens (SI.11) and the micelle radius at 20 ∘C mono
tonically increases with 31R1 content (Table 2), suggesting that 31R1 
co-micellizes with P407. The sharp increase in ΔHmic (J/(g polymer)) 
with increasing 31R1 content supports the co-micellization hypothesis 
(Figs. 2c, S15), as there are more PPO groups requiring desolvation per 
gram of polymer, because 31R1 has a larger PPO fraction than P407. 
However, when examined per gram total PPO (Fig. S17), ΔHmic is un
correlated with 31R1-content (Fig. S15), and ΔHmic (J/(g PPOtotal)) is 
comparable to that for bare P407 and for 25R4-containing solutions (J/ 
(g PPOP407)), further suggesting that 31R1 co-micellizes while 25R4 
does not. 

The difference in micellization mechanism can be explained by the 
sizes of each of the RP blocks (Table 1). While 25R4 has a PEO midblock 
of 1.5 kDa, the PEO block in 31R1 is only 0.3 kDa. Although the overall 
chain lengths are similar, the short PEO block in 31R1 is not long enough 
to span the PEO-rich coronas of P407 micelles as is necessary for 
bridging; bridging in 31R1 would thus unfavorably expose a large 
fraction of PPO endblocks to water. We instead propose that during co- 
micellization, 31R1 incorporation into the core both increases the 
micelle size Rt and volume fraction ϕ (Tables 2, S3) and “displaces” a 
number of P407 chains that can form additional micelles (Fig. 3). 
Consistent with recent modeling efforts on 31R1 [90], the 31R1 chains 
likely preferentially locate in the outer regions of the core due to the 
short PEO block (Fig. 3). Calculations based on the 31R1 and P407 chain 

volume, fits to SAXS data, and known component electron densities 
suggest that at the lowest 31R1 content (1:0.5 P407:31R1), the increase 
in Rt vs. bare P407 can be entirely attributed to 31R1 addition; no 
additional micelles are created (see SI.9, SI.10 for detailed calculations). 
However, in solutions of 1:1 and 1:2 P407:31R1, the total number of 
micelles increases by roughly 5% and 13%, respectively, decreasing the 
P407 Nagg by the same proportion. Accordingly, compared to bare P407, 
between two and three P407 chains per micelle are displaced in the 1:1 
formulation, and between five and six P407 chains are displaced per 
micelle in the 1:2 formulation (SI.9, SI.10). Displacement of P407 chains 
by 31R1 is also expected to decrease the micelle corona density as fewer 
PEO chains from P407 decorate the corona (Fig. 3), likely having con
sequences for the subsequent gelation behavior and ordered phase 
formation. 

3.3. Structure and gelation with reverse poloxamers 

The proposed differences in micellization mechanism between so
lutions containing 25R4 versus 31R1 lead to opposite trends in rheo
logical behavior observed during thermal gelation (Fig. 2d,e). While the 
maximum storage modulus, G′

max, increases with addition of either RP 
(Fig. 2f), the gelation temperature Tgel increases with 25R4 addition but 
decreases with 31R1 addition (Fig. 2d,e). The decreasing Tgel is consis
tent with the increasing volume fraction of micelles with 31R1 addition 
at 20 ∘C (Table S3), whereas ϕ is nearly independent of 25R4 content at 
20 ∘C. Interestingly, the onset of gelation, Tlow, also decreases mono
tonically with 31R1 content, whereas Tlow is independent of 25R4 con
tent and is uncorrelated with Tgel (SI.11). Similar to bare P407, the 
moduli for both systems containing RPs decrease above physiological 
conditions; however, the reduction in modulus with temperature is 
substantially more severe in 31R1 solutions (Figs. 2d–e). This decrease 
in G′ in 25R4 solutions is attributed to micelle rearrangement because 
samples remain optically clear and no exothermic peak is observed in 
the DSC traces (Figs. 2d, SI.13). However, in 31R1, a small endothermic 
feature appears in the DSC traces just below 40 ∘C, particularly evident 
in the 1:1 and 1:2 formulations (Fig. 2e). In poloxamers, this feature 
corresponds to macrophase separation at the cloud point [91], where the 
associated enthalpy is substantially lower than in the micellization 
transition because clouding is largely related to PEO, rather than PPO, 
solubility. Visual observations confirm that this drastic reduction in G′ in 
31R1 solutions corresponds to clouding (SI.13). 

Rheology and SAXS measurements during gelation support the pro
posed mechanism of 31R1 adding to the micelle core. Bare P407 exhibits 
the highest Tgel (~ 34 ∘C, Table 2) and lowest G′

max (Fig. 2e,f). Adding 0.5 
mol 31R1 per mol P407 does not impact Tmic but doubles G′

max and 
lowers Tgel by 3.5 ∘C, which is unsurprising based on the larger micelle 
size and volume fraction in the 1:0.5 formulation prior to gelation 
(Table 2). Gelation occurs when inter-micelle interactions and corona 
overlap enable a percolated network to form; forming the same number 

Table 2 
Morphology and micelle radius, Rt, at 20 ∘C and 37 ∘C for various RP molar ratios. 
Average standard deviation for transition temperatures is ~ 0.6 ∘C; see SI.19 for 
all values.  

RP Molar Rt [Å] Tmic 

[∘C] 
Tlow 

[∘C] 
Tgel [∘C] Structure Rt [Å]  

ratio 20 ∘C    37 ∘C 37 ∘C 

– 0  90.6  19.7  31.4  33.9 FCC  112.0 
25R4 0.5  92.5  19.0  34.6  37.5 BCC  97.0 
25R4 1  94.2  18.4  34.7  37.7 BCC  98.0 
25R4 2  94.1  16.9  34.7  39.2 BCC  94.1 
31R1 0.5  96.4  19.2  28.0  30.4 FCC  112.6 
31R1 1  98.8  18.8  27.3  29.5 BCC  108.5 
31R1 2  99.4  18.1  25.8  27.9 BCC  107.0  

Fig. 3. Proposed mechanism of 31R1 co-micellization with P407, where 31R1 
incorporates into the outer regions of the core. At high 31R1 content, 31R1 
displaces several P407 chains, reducing the corona density and increasing 
core size. 
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of micelles but of larger size in the 1:0.5 formulation would thus shift the 
percolation threshold to lower temperatures in comparison to the pure 
P407 system. Consistent with both a larger micelle size and a larger 
number of micelles, Tgel further decreases at higher 31R1 content, where 
Tgel in the 1:2 formulation is ~ 6 ∘C lower than in bare P407. 

Despite the larger micelle size and volume fraction at ambient con
ditions in the 1:0.5 formulation, the micelles organize into an FCC 
packing similar to that formed in bare P407 (Fig. 4); the micelle radius in 
the gel is only slightly larger than that for the bare system at 37 ∘C 
(Table 2). As the 31R1 mass fraction is small compared to that of P407 
(1.7% vs. 12.8% wt) and the P407 Nagg is the same as in bare P407 (SI.9, 
SI.10), this small amount of 31R1 does not significantly change the 
packing. However, higher 31R1 molar ratios do impact packing, instead 
causing micelles to organize into a BCC morphology (Fig. 4). BCC for
mation is favored over FCC in systems with less-dense coronas [64,80, 
92–94], and has been observed in P407 when co-micellized with other 
poloxamers or pure PPO [95,96]. This behavior thus further supports the 
proposed ‘displacement’ mechanism and corresponding calculations, as 
the corona density is reduced because fewer P407 PEO chains decorate 
the core (Fig. 3). Despite the relatively minor decrease in P407 aggre
gation number with 31R1 addition (between 2 and 6 P407 chains/mi
celle), the associated reduction in corona density appears significant 
enough to facilitate BCC formation in the 1:1 and 1:2 formulations. 
Notably, the micelle Rt values in these two formulations are within 5% of 
the bare P407 value at 37 ∘C (Table 2). 

The proposed bridging mechanism in 25R4-containing solutions 
during gelation is also supported by rheology, DSC, and SAXS, where G′

continually increases across temperatures spanning the endothermic 
shoulder in the DSC traces (Fig. 5). Interestingly, while G′

max increases 
monotonically when 31R1 is added, at the lowest 25R4 ratio (1:0.5 
P407:25R4), G′

max is identical to that for the bare system (Fig. 2f). 
Despite the fact that at 20 ∘C, these solutions have similar micellization 
transition widths, volume fractions, core radii and total radii (Tables 2 
and S3, Fig. S13), the gelation temperature increases with increasing 
25R4 molar ratio. Micelles formed in solutions of 1:0.5 and 1:1 P407: 
25R4 have statistically identical Tgel values, which are 2 ∘C higher than in 
bare P407; formulations at 1:2 P407: 25R4 transition 5 ∘C higher than 
the bare system (Table 2). If 25R4 chains co-micellized at this stage, 
either more micelles or much larger micelles would form; in this event, a 
reduction rather than increase in Tgel would be expected with increasing 
25R4 content. The increasing Tgel with 25R4 content instead suggests 
that gelation is disrupted by 25R4. Mortensen et al. showed that the 
P407 disorder-to-order transition occurs at higher temperatures in the 
presence of diblock impurities [80], noting that if the impurities are not 
incorporated into micelles, these chains must occupy “empty” spaces 
between micelles [80]. If 25R4 acts similarly, the micelle overlap 
required for gelation would be impeded with increasing 25R4 content, 

thereby raising Tgel until most 25R4 chains can sufficiently rearrange 
and bridge. Interestingly, the onset of gelation, Tlow, is identical across 
25R4-containing solutions (Table 2), consistent with the similar micelle 
size and volume fraction prior to gelation. However, adding 25R4 
significantly broadens the gel transition from ~ 5 ∘C (bare P407, 1:0.5 
formulation) to over 15 ∘C in 1:2 P407:25R4 (Table S9), supporting the 
hypothesis that 25R4 disrupts corona overlap and long-range 
interactions. 

The hypothesis of gelation disruption by 25R4 is supported by prior 
work and trends in G′

max and ΔHb with increasing 25R4 content. D’Errico 
et al. found that 25R4 could bridge by insertion into distinct micelle 
cores over length scales of 25–40 Å [53]. As the distance between two 
P407 cores is much larger than this length scale, 25R4 chains could span 
two micelle coronas via ‘partial insertion,’ where PPO is shielded from 
solvent by its proximity to dense corona regions. Alternatively, 25R4 
could incorporate with one PPO block left dangling outside of the mi
celles [56,70]. To reduce the unfavorable PPO-water interactions, 
dangling PPO blocks could associate with one another, causing a phys
ical bridging network across micelles that increases G′ [56,57]. For all 
three formulations, the caloric penalty per gram PPO is less than half of 
that for the primary micellization transition (Fig. S16), which is unsur
prising given that neither bridging mechanism results in complete des
olvation of the 25R4 PPO groups. 

At 37 ∘C, the 25R4-containing gels organize into BCC-packed mi
celles in contrast to the FCC packing found in bare P407 (Fig. 4); how
ever, notably, these solutions appear to transition to an FCC 
configuration at even higher temperatures (SI.15). These BCC packings 
exhibit a dramatically lower lattice parameter and thus larger-than- 
expected micelle number density when compared to bare P407 or 
their own FCC packings at even higher temperatures, suggesting that the 
BCC ordered phase does not span the entire hydrogel (Table 2). As noted 
by Mortensen and others [80,85], diblock impurities present in com
mercial triblocks may not always incorporate into the micelle, but 
instead may increase the lattice spacing and promote FCC formation via 
core densification. While ultimately FCC is achieved in 25R4-containing 
systems at high temperatures, initially, the diblock impurities and 25R4 
might preferentially aggregate in disordered regions [97] that coexist 
with the ordered BCC phase. In this event, P407 micelles may form or
dered domains of BCC-packed micelles, as is expected for low dispersity 
P407 [80,85], prior to the formation of a single ordered domain where 
impurities and bridging force FCC formation. The ability of 25R4 to 
reduce the dispersity of micelle sizes by association with impurities in 
solution is supported by SAXS measurements at 20 ∘C, where the poly
dispersity decreases continuously with increasing 25R4 content. The 
formation of coexisting disordered and ordered phases at 37 ∘C is also 
supported by the smearing (1:1) and disappearance (1:2) of the primary 
BCC peak upon 25R4 addition, suggesting a heterogeneous packing 

Fig. 4. 1D SAXS intensities at 37∘ C for formulations containing 25R4 (a) and 31R1 (b). Micelles pack into BCC ordered phases in all cases except at 1:0.5 31R1 where 
FCC-packing is observed. 
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structure. Further, Tgel is higher than 37 ∘C for all 25R4-containing so
lutions, and at temperatures above 37 ∘C, the impact of the molar ratio of 
25R4 on the micelle packing supports the proposed two-step incorpo
ration process. At the highest molar ratio of 25R4 (1:2), the formulations 
remain in a BCC packing up to 50 ∘C (SI.15). In this formulation, the 
dynamic moduli peak above 50 ∘C (particularly evident on a linear scale 
in Fig. S27), suggesting that a significant number of 25R4 chains have 
not yet formed bridges and remain in solution. In contrast, the systems 
containing lower molar ratios of 25R4 exhibit a BCC-to-FCC transition 
that aligns with the temperature of G′

max (SI.15). As discussed previously, 
25R4 association across micelles contributes to the enhanced mechani
cal properties of 25R4-containing formulations in comparison to those 
with pure P407. As more 25R4 chains incorporate into the micelles, the 
density of the corona is expected to increase, driving FCC formation. 

3.4. Small-molecule incorporation 

The addition of ciprofloxacin and CPEs to bare P407 shifts the 
micellization and gelation transitions to lower temperatures and 
significantly reduces the dynamic moduli of the resulting hydrogel 
(Fig. 6a). Small-molecule addition drastically increases the FCC lattice 
parameter (Fig. 6b), confirming that the hydrophobic small molecules 
incorporate into the micelle core, as expected [21,73,81,88]. The 
approximate micelle radius at 37 ∘C is 144 Å compared to 112 Å in pure 

P407 (Table 3). Bupivacaine hydrochloride [98], limonene [99,100], 
and ciprofloxacin [101,102] are all sparingly soluble in water, making 
encapsulation in the core favorable. As a result, the core expands; 
without a significant increase in Nagg to serve as reinforcement, the 
corona will become less dense and the micelle will be less structurally 
stable due to its expanded size, reducing the mechanical integrity of the 
gel. 

As expected, the presence and type of RP impacts the structure and 
gelation mechanism in formulations containing small molecules. The 
effects of each RP on the small-molecule-loaded systems are explained 
using the high molar ratios of RP (1:2), where the structural transitions 
associated with micellization and gelation are shown via SAXS in Fig. 7b 
for 1:2 25R4:P407 with CPEs/Cipro. At low temperatures, there are no 
defined features in 1D SAXS intensity (Fig. 7b), indicating unimers in 
solution. Above the Tmic (Fig. 7a), the pattern exhibits two broad peaks 
which are well described by a core-shell spherical form factor for 
disordered micelles. As in the 25R4-containing formulations without 
small molecules, the onset of gelation, Tlow, is independent of RP con
tent; a pronounced secondary peak in the DSC trace spans the entire 
gelation transition (Fig. 7a). Following the onset of gelation, sharp Bragg 
peaks appear, signifying micelle ordering into an FCC-packed structure. 
As temperature increases further, the concentration of RP is high enough 
in the 1:2 formulation that the FCC crystalline packing is disrupted, 
further supporting the proposed bridging mechanism upon addition of 

Fig. 5. DSC heat flow curve of 1:2 P407: 25R4 show a primary endothermic peak that corresponds to P407 micellization (fit in dashed lines, see SI.12), and a 
secondary shoulder for 25R4 incorporation. The 25R4 PPO blocks can either associate with one another or partially span two micelles, forming inter-micelle bridges 
that lead to a sharp increase in G′ and G′′. 

Fig. 6. (a) Adding small molecule CPEs and Cipro to aqueous P407 reduces the gelation temperature and resulting mechanical properties, G′ (closed symbols) and G′′

(open symbols). (b) At 37 ∘C, the lattice parameter for FCC phase is substantially larger for formulations containing small molecules, indicating an increase in the 
micelle size. Note that while adding small molecules often extinguishes the primary peak [88,103,104] (see Figs. 7, 8), FCC indexing for P407 with CPEs gives the 
expected Rt value (SI.18). 
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25R4. This bridging behavior manifests as a smearing and eventual 
splitting of the crystalline peaks, such that two distinct FCC phases are 
formed (Fig. 7b,c). Despite reduction in crystalline order, this sample 
forms a more mechanically robust gel than the formulations with lower 
25R4 content (Fig. 9d), attributed to strong inter-micelle bridging by 
RPs that can distort the P407 micelles from a perfect FCC packing [56, 
70,103]. 

In contrast to pure P407 systems that exhibit a slight increase in 
lattice parameter with temperature due to thermal expansion [80], the 
FCC lattice parameter in the 1:2 formulation decreases significantly 
(~20%) with increasing temperature (Fig. 7d). This unexpected effect of 
temperature on the lattice parameter is also in contrast to the behavior 
of the 25R4-containing formulations without small molecules, where an 
increasing lattice parameter and modulus were observed with increasing 
temperature during the gelation process (SI.15). Here, a decrease in 
lattice parameter with increasing temperature implies a higher number 
density of micelles incorporated into the bridged network. As additives 

like small molecules or RPs can impact the preferred P407 aggregation 
number, a number of additional micelles likely incorporate into the 
ordered structure with increasing temperature in the 1:2 P407:25R4 
formulation with CPEs, pushing the micelles closer together and causing 
the formation of a stronger gel network. 

Formulations containing smaller molar ratios of 25R4 (1:0.5 and 1:1) 
also form FCC packings upon heating; the formation of FCC rather than 
BCC structures across 25R4 formulations with small molecules is likely 
due to the largely expanded core size and increased core/corona ratio 
resulting from CPE encapsulation [64,80,92–95]. Unlike in the 
25R4-containing solutions without small molecules, here the micelles 
are comparable in size to (or even slightly larger than) drug-loaded 
systems containing only P407. Further, the FCC crystalline peaks 
remain sharp and defined across the temperature range (Fig. S33). As in 
the 1:2 formulation, the micelle size at these two RP concentrations also 
decreases with increasing temperature during gelation (Fig. 7c–d). 
However, the extent of this reduction is lessened at lower molar ratios of 

Table 3 
Morphology, thermal transitions, and Rt at 37 ∘C for various RP molar ratios. Transition temperatures are for CPE-containing formulations. Average standard deviation 
for transition temperatures is 0.6 ∘C; see SI.19 for all values.  

RP Molar Structure Rt [Å] Structure Rt [Å] Tmic [∘C] Tlow [∘C] Tgel [∘C]  
ratio bare bare +CPEs +CPEs +CPEs +CPEs +CPEs 

N/A 0 FCC 112 FCC 144  27.7  23.3  31.9 
25R4 0.5 BCC 97 FCC 150  35.6  24.9  40.8 
25R4 1 BCC 98 FCC 148  36.0  26.9  42.7 
25R4 2 BCC 94 FCC 118  33.2  26.6  39.8 
31R1 0.5 FCC 113 FCC 144  29.9  22.5  37.0 
31R1 1 BCC 109 FCC 122  27.0  19.7  33.0 
31R1 2 BCC 107 BCC 120  23.8  16.6  28.4  

Fig. 7. (a) G′(T) (filled) and G′′(T) (open) for 1:2 P407:25R4 with drug/CPEs. DSC thermographs (red) show a micellization peak prior to gelation. (b) SAXS in
tensities every 5 ∘C from 5 to 50 ∘C show a transition from unimers to disordered micelles to FCC-packed micelles with increasing T. At higher temperatures, FCC 
peaks smear and split, suggesting inter-micelle bridging. (c) The addition of 25R4 in increasing molar ratios causes a reduction in the FCC lattice parameter. (d) 
Micelle radii Rt were estimated as half of the nearest neighbor distance (ordered phases) and using a core-shell fit (disordered micelles). 
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25R4. This trend suggests that the micelle aggregation number decreases 
with increasing RP content in favor of creating more micelles, which is 
unsurprising given that the micelle total radius prior to gelation (20 ∘C) 
also scales linearly and inversely with RP content (Figs. 7d, SI.17). 
Interestingly, the width of the gelation transition and Tgel are statistically 
identical for the 1:0.5 and 1:1 formulations, but both values decrease for 
the 1:2 formulation (SI.17). Thus, while Tlow is identical across formu
lations, the large increase in number of micelles in the 1:2 formulation 
pushes gelation to lower temperatures and narrows the transition, in 
contrast to the behavior with increasing 25R4 content without CPEs 
present. For all three solutions containing 25R4 with small molecules, 
the decrease in micelle size and lattice spacing with increasing tem
perature plateaus above 40 ∘C. These plateaus correspond with both the 
temperature at which G′

max occurs (SI.17) and the temperature at which 
the final 25R4 chains are incorporated into the network (end of second 
DSC peak, Fig. 7a). The alignment between the DSC traces, G′

max, and the 
plateau in Rt further supports the hypothesis that the network is 
strengthened both by addition of new micelles and incorporation of 
25R4 bridging strands. 

Adding 31R1 has a dramatically different effect than adding 25R4 in 
small-molecule-loaded formulations. At low molar ratios of 31R1 
(1:0.5), the micelles arrange into a defined FCC packing with a similar 
lattice parameter to the pure P407 system with CPEs. As observed in the 
systems without small molecules, here the low amount of RP does not 
significantly affect the packing (Fig. 8c). Once again, 1:2 P407:31R1 
(with small molecules) is used to explain the behavior with added 31R1 
(Fig. 8). Here, the micellization peak seen via DSC is even broader than 
that observed in the 31R1-containing solutions without small molecules, 
with an FWHM nearly twice as large (Figs. 8a, SI.16). Increasing molar 
ratios of 31R1 correlate with peak broadening and thus increasing 
ΔHmic. At temperatures near Tmic, the micelles organize into an FCC- 

packed crystalline structure, as is the case for drug-loaded P407 sys
tems without RP. Interestingly, this phase is not stable and the micelles 
quickly undergo an FCC-to-BCC transition as temperature is further 
increased (Fig. 8b). This transition is reflected in both the tail of the peak 
seen via DSC and the sharp increase in G′ and G′′ (Fig. 8a). Despite the 
fact that small-molecule incorporation increases the core size, this 
favored BCC packing is consistent with the mechanism proposed in the 
systems without small molecules, where 31R1 displaces a small number 
of P407 chains in the micelle core. Notably, the two formulations with 
lower 31R1 content (1:0.5 and 1:1) instead favor FCC formation due to 
the increased core/corona ratio (Fig. 8d). In contrast to drug-loaded 
25R4 solutions, the 1:2 P407:31R1 formulations exhibit an increase in 
lattice parameter with increasing temperature (Fig. 8d), consistent with 
trends exhibited by overlapping poloxamer micelles undergoing thermal 
expansion [80]. At high temperatures and RP contents (> 40 ∘C, 1:2 
P407:31R1), the large amount of hydrophobic material in the micelle 
core (PPO and small molecules) paired with the worsening PEO solu
bility causes the micelles to become destabilized, resulting in a complete 
loss of crystalline order (Fig. 8b). This loss of structure is associated with 
a nearly two-order-of-magnitude reduction in G′ and G′′ (Fig. 8a). A 
similar catastrophic reduction in modulus is observed in the drug-loaded 
formulations at lower 31R1 contents (Fig. S27). As in analogous system 
without small molecules, a small secondary peak in the DSC trace is 
observed at high temperatures. This secondary peak is more pronounced 
than in the formulations without small molecules and also corresponds 
to the temperatures at which the moduli begin decreasing. Based on the 
clouding observed in the analogous systems without small molecules 
(SI.13), macrophase separation likely occurs at these temperatures; the 
secondary peak is likely more pronounced due to the addition of hy
drophobic CPEs that further destabilize the gel at these temperatures. 
This interpretation is in agreement with reports of syneresis, where 

Fig. 8. (a) G′ (■) and G′′ (□) with increasing temperature for 1:2 P407: 31R1 with small molecules. Corresponding DSC thermographs (blue) show a broad peak 
associated with co-micellization prior to gelation. (b) Corresponding 1D SAXS intensities every 5 ∘C from 5 ∘C to 50 ∘C show a transition from disordered micelles to 
FCC- to BCC-packed micelles with increasing T. At high T, BCC peaks disappear due to macrophase separation. (c) 1D SAXS intensities for drug-loaded 31R1-con
taining samples at 35 ∘C. (d) Summary of micelle Rt as a function of T and 31R1 content. 

J.M. White and M.A. Calabrese                                                                                                                                                                                                             



Colloids and Surfaces A: Physicochemical and Engineering Aspects 638 (2022) 128246

11

water or dilute solution is expelled from the concentrated gel, in P407 
solutions in the presence of SDS (one of the CPEs) at elevated temper
atures [69]. 

4. Implications of small-molecule addition on hydrogel design 

Small-molecule and RP additives give rise to differences in material 
properties that can impact clinical efficacy. In solutions with small 
molecules, Tmic is not linearly correlated with RP content for either 25R4 
or 31R1 (Figs. 9a, SI.17). In the absence of small molecules, micelliza
tion is driven by worsening PPO-water interactions with increasing 
temperature [21–25]. RP addition increases the effective concentration 
and drives P407 to micellize at lower temperatures. Once small mole
cules are incorporated, unfavorable interactions between these com
pounds and water substantially contribute to micellization [81,105, 
106]. As this process is more dependent upon small-molecule presence, 
Tmic only slightly decreases between the 1:0.5 and 1:1 P407:RP formu
lations before plateauing. Similarly, the distance between the micelli
zation and gelation transitions increases with 25R4 content in the 
absence of small molecules, yet this distance is uncorrelated with 25R4 
content once small molecules are added (SI.16). These findings imply 
that the tunability of the micellization and gelation behavior via RP 
addition may be hindered by small-molecule addition; however, CPE 
content may provide an alternative route to tune these properties. 

In comparison to formulations of pure P407 or P407 with RPs, ΔHmic 
is significantly reduced upon addition of small molecules, consistent 
with prior work [21,42]. Almgren and colleagues [107] reported that 
SDS binds primarily to the PPO midblock of poloxamers. Accordingly, 
DSC on formulations of 15% (w/v) P407 with each individual small 
molecule confirms that SDS is primarily responsible for this reduction in 
ΔHmic (Fig. S26). For systems containing 25R4, two distinct endothermic 

dehydration steps occur [57,70,71]. The reported ΔHmic corresponds to 
the first step where P407 micellizes and 25R4 does not participate. 
While ΔHmic is two- to four-fold higher for 25R4 samples without small 
molecules vs. their drug-loaded counterparts, the difference in ΔHb, 
which corresponds to the dehydration of 25R4, between these formu
lations is much smaller (20 - 60% reduction upon small-molecule 
addition; Fig. 9c). Given that the majority of the small molecules are 
expected to incorporate into the micelle core during step one, the 25R4 
bridging step should be relatively unaffected by small-molecule addi
tion. Interestingly, small molecule addition reduces ΔHmic less drasti
cally for 31R1-containing formulations (Fig. 9c). As 31R1 directly 
participates in the micellization process and the small-molecule content 
is constant, 31R1 addition dramatically increases the content of PPO 
relative to small molecules, such that SDS binding cannot as effectively 
reduce the enthalpic barrier to micellization. 

Gelation occurs when the density of micelles is high enough to allow 
for strong inter-micelle interactions and overlap between coronas that 
drive the system to assemble into structures with long-range order. 
Small-molecule addition increases the micelle size as the CPEs/Cipro 
incorporate into the core. The resulting micelle volume fraction in
creases; thus, Tgel is lower for systems containing CPEs/Cipro relative to 
analogous systems without small molecules. This finding is potentially 
clinically useful, as Tgel in the 25R4-containing solutions without small 
molecules was too high to allow for effective gelation at physiological 
temperatures. Interestingly, while Tgel increased with increasing 25R4 
content in the systems without small molecules, adding small molecules 
leads to a decrease in Tgel with both increasing 25R4 and 31R1 content. 
We attribute this difference to the micelle size; 25R4 “impurities” cannot 
as effectively block inter-micelle overlap when the overall micelle size is 
up to 50% larger because of small molecule addition. 

Finally, consistent with the proposed mechanisms, G′
max is strongly 

Fig. 9. Relationship between (a) Tmic, (b) Tgel, (c) ΔH on a per gram PPO basis for samples containing 31R1, and per gram PPO in P407 and in 25R4 for ΔHmic and 
ΔHb, respectively for the samples containing 25R4, (d) Max G′ and molar ratio of RP for 25R4 and 31R1 with and without small molecules. 

J.M. White and M.A. Calabrese                                                                                                                                                                                                             



Colloids and Surfaces A: Physicochemical and Engineering Aspects 638 (2022) 128246

12

correlated with RP molar ratio in all systems (Fig. 9d). Small molecule- 
containing formulations with RPs (1:0.5 and 1:1) exhibit a reduction in 
modulus similar to that observed when small molecules are added to 
P407; however, high RP-content formulations (1:2) containing small 
molecules appear to reverse this trend. While CPE addition typically 
leads to larger, weaker micelles, the higher moduli achieved in the 2:1 
formulations with CPEs are likely due to the hypothesized changes in 
aggregation number and additional reinforcement provided by RP 
addition. Interestingly, despite very different incorporation mechanisms 
for the two RPs, G′

max is comparable for equivalent amounts of RP and 
small molecules. While bridging versus new micelle formation appears 
to impact G′

max in the absence of small molecules, this similarity in 
modulus suggests that once small molecules are added, the larger 
micelle size and/or total polymer content dictate(s) the maximum 
modulus, rather than the RP incorporation mechanism. Despite this 
similarity in G′

max, the samples containing 31R1 exhibit poor rheological 
stability at temperatures near physiological conditions due to clouding/ 
syneresis. This structural instability makes formulations with 31R1 less 
clinically applicable than those containing 25R4, which remain stable 
well above body temperature. 

5. Conclusions 

This study investigated the thermoresponsive micellization and 
gelation of poloxamer P407 with incorporated small molecules and 
reverse poloxamers. The addition of reverse poloxamer 25R4 or 31R1 to 
P407 systems affects transition temperatures, rheological properties, 
and assembly. Further, the identity of the RP has a significant effect on 
the incorporation mechanism. For formulations containing 25R4, 
micellization and incorporation occur in a two-step process with 
increasing temperature, where P407 first micellizes and then 25R4 in
corporates via bridging in step two. The addition of 25R4 results in the 
formation of a bridged, network-spanning gel with enhanced rheological 
properties (increased G′) over the bare P407 system. While P407 solu
tions arrange into FCC-packed micelles upon heating, 25R4 addition 
causes the systems to arrange first into BCC-packed micelles and then to 
rearrange into FCC packing upon further heating. This difference is 
attributed to a change in the inter-micelle potential that is caused by the 
presence of RP and diblock impurities. As 31R1 has a much higher PPO 
fraction than 25R4, its mechanism for incorporation involves co- 
micellization. In systems containing 31R1, micellization and RP incor
poration occur in a single step, where 31R1 chains displace up to six 
P407 chains from each micelle core. Free P407 chains then form a 
greater number of micelles, driving gelation at lower temperatures. 

As has been shown previously, the addition of hydrophobic small 
molecules to P407 weakens the gel and lowers the gelation temperature 
while expanding the size of the micelles packed in an FCC structure. 
Addition of either 25R4 and 31R1 enhances the rheological properties of 
these drug-loaded formulations, but it reduces the ability to tune the 
resulting thermal transitions via RP addition. However, varying the 
molar ratio of RP still allows for some flexibility in tuning the gelation 
temperature, rheological properties, and ordered structures. Further, 
variation in RP identity changes the underlying assembly mechanism 
and macromolecular structure. Addition of 25R4 leads to the formation 
of bridged structures with enhanced moduli that are stable upon small- 
molecule incorporation. Previous work has shown that physical bridging 
across micelles does not hinder small-molecule diffusion when total 
polymer content is held constant. As such, 25R4 addition provides a 
promising avenue for enhancing the mechanical properties of the gels, 
potentially without sacrificing small-molecule diffusion necessary for 
therapeutic delivery. Understanding and controlling these self- 
assembled structures will facilitate the creation of antibiotic-loaded 
hydrogel systems with targeted gelation temperatures and mechanical 
properties to optimize diffusion and adhesion. 
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