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Multi-length scale evaluation of the
temperature-tunable mechanical properties of
a lyotropic mesophase

Sungwon Lee1, Sönke Seifert2 and Millicent A Firestone1

The thermoreversible mechanical properties of a non-ionic polymer, lipid-based complex fluid were investigated by oscillatory

and steady shear rheology, and analyzed in the context of mesophase architecture and polymer–water interactions. The sol

phase (G004G0) is observed at lower temperatures (5–17 oC) than the gel phase (G04G00; 20–50 oC) and is driven by the

temperature-induced changes in water solubility of polyethylene glycol (PEG). In the sol state, water solvated, extended PEG

chains cannot interact within the confines of a two-dimensional hexagonally ordered array of prolate micelles that possess

sufficient lattice dimensions to accommodate the polymer chains. With increasing temperature, the less water-soluble PEG

adopts a compacted conformation that shields the polymer from bulk water. The densely coiled PEG chains localized within

the interstitial water layers of a multi-lamellar structure promote chain entanglement and formation of a hydrogen-bonded

network with the surrounding water layer, resulting in a soft gel. The strength of the hydrogen bonds within the network and

therefore gel strength can be adjusted over an order of magnitude by temperature modulation between 20 and 50 oC. These

studies identify principles useful in the preparation of stimuli-responsive mechanical materials.
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INTRODUCTION

Hydrogels, water-swollen polymer networks, are becoming increas-
ingly important in a variety of technologies, ranging from biomater-
ials to soft electronics.1–5 Significant opportunities exist for
developing hydrogels as protein-based materials. For example,
protein-doped materials have been employed as high-throughput
screens for drug discovery, heterogeneous biocatalysis or fabrication
of hybrid biotic–abiotic devices.6–10 Another area of emerging need
includes matrices suitable for the long-term storage of purified
membrane proteins. Hydrogels, unlike inorganic matrices, such as
sol–gel-derived silicas, have shown higher protein loading, successful
entrapment of large proteins, and co-integration of both aqueous-
and membrane-soluble proteins.11 Moreover, inorganic matrices
often suffer from difficulty in reconstitution of proteins with
retention of native structure and function.12 Numerous types
of compartmentalized organic particles (for example, micelles,
liposomes, polymersomes and so on) have successfully been used
for the stable integration of multiple proteins.13,14 Although the
insertion of functional proteins into a variety of materials has been
demonstrated, removal without detriment to the protein or matrix
has not been achieved. A hydrogel possessing dynamically tunable
mechanical properties may offer a pathway for achieving facile
biomolecule insertion as well as extraction, allowing it to function

as a re-usable protein container. The development of hydrogels with
externally regulated mechanical properties offers a pathway towards
production of a versatile material, useful as either a protein storage
medium or as a renewable protein-based device.

Factors governing the mechanical behavior of hydrogels include the
type of bonding (covalent versus non-covalent), the extent of
intermolecular junction points between the polymer chains and
polymer–water interactions. Although incorporation of covalent
crosslinks produces durable elastic solids (chemical gels), non-
covalent crosslinks readily allow for the development of dynamic
systems (physical gels). Examples of physical gels with dynamically
tunable mechanical properties are readily found in nature, including
mucus secretions,15 the vitreous humor of the eye16 and synovial fluid
of diarthrodial joints.17 Of the synthetic hydrogels capable of stimuli-
responsive changes in mechanical properties, one system in particular
is of interest, because of its demonstrated ability to stabilize large
integral membrane proteins.9 The system, non-ionic polymer,
lipid-based complex fluids, is composed of three amphiphilic
molecules dispersed in B76 wt% water.18–20 The three amphiphiles
are a saturated phospholipid (dimyristoylphosphatidylcholine,
DMPC, 1), a zwitterionic co-surfactant (for example, N,N-
dimethyldodecylamine-N-oxide, LDAO, 2) and a non-ionic polymer.
The lipid component imparts characteristics (that is, chemical
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composition and structure) of a biomembrane. The non-ionic
polymer controls the structure and physical properties of the
complex fluid and can be introduced as either a polyethylene glycol
(PEG) grafted-lipid conjugate (DMPE-EOn, 3) or as a block
copolymer of PEOn-PPOm-PEOn (4). The co-surfactant softens the
bilayer and guarantees membrane protein compatibility.9 The
amphiphiles self-organize into macroscopically uniform, optically
transparent, non-covalent aggregates when dispersed in water and
undergo an inverted thermo-reversible phase transition, converting
from a free-flowing liquid to a gel at higher temperatures. Despite the
considerable details on the temperature-dependent lyotropic
mesophase structures produced by adjustment of polymer
architecture, the molecular interactions that govern the inverted,
reversible gelation and mechanical properties have yet to be
conclusively established.18–20 The objective of this work is to
examine the viscoelastic properties of a PEGylated lipid-based
complex fluid (DMPE-EO99) in the sol and gel regions by carrying
out dynamic and static rheology measurements. The mechanical
response is analyzed in the context of mesophase structure,
determined by neutron and X-ray diffraction, and temperature-
dependent water–polymer interactions as revealed by cloud-point
determination and molecular-level interactions monitored by Raman
spectroscopy. The composition selected for this study is the complex
fluid that has been previously demonstrated to stabilize a large integral
membrane protein, the photosynthetic reaction center, with retention
of structure and function.9
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EXPERIMENTAL PROCEDURE

Materials and methods
Lyophilized dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2 dimyr-

istoyl-sn-glycerol-3-phosphoethanolamine-N-poly(ethylene glycol), (DMPE-

EO99 or DMPE-PEG5000) were purchased from Avanti Polar Lipids (Alabaster,

AL, USA) and used as received. Lauryldimethylamine-N-oxide (LDAO) was

purchased from Calbiochem-Novabiochem Corp. (LaJolla, CA, USA). Milli-Q

(18 MO) water was used for sample preparation.

Sample preparation
Samples were prepared as quaternary compositions as previously described.20

Samples consisted of 0.759±0.01 weight fraction (Fw) of water,

Fs¼ 0.0313±0.0005 LDAO co-surfactant and FL¼ 0.148± 0.006 lipid (for

example, 0.0716 g of DMPC; 0.0313 DMPE-PEG5000 in a total mass of 0.5 g),

yielding a total lipid to PEG content of 7 mol%. Hydration of the solid

components in de-ionized water was accomplished by repeated cycles of

heating (50 oC), vortex mixing and cooling on an ice bath until sample

uniformity was achieved.

Physical methods
Differential scanning calorimetry was performed on a Q100 instrument (TA

Instruments, New Castle, DE, USA) interfaced with a refrigerated cooling

system. Weighed amounts (1–5 mg) of the sample were hermetically sealed in

aluminum pans and data were collected between �65 and 70 1C at a heating

rate of 2 1C min�1. Instrument calibration was performed using an indium

standard. Raman spectra were obtained using a Renishaw inVia spectrometer

(Renishaw plc, Wotton-under-Edge, UK) equipped with Leica microscope

(DM2500M; Leica Microsystems GmbH, Wetzlar, Germany). A standard

Si sample was used for the calibration at 520.7 cm�1. A 633-nm He-Ne laser

was employed as an excitation source with a maximum power of 17 mW. A

microscope equipped with a � 20 objective (numerical aperture 0.4) was used

to focus the laser light on the sample. Spectra were recorded by averaging 20

accumulations collected at a resolution of 3 cm�1. Samples were held in sealed

thin-wall quartz capillaries (0.1 mm optical density, Charles-Supper Co.,

Natick, MA, USA). Temperature control was achieved using a Peltier plate

equipped with temperature controller (CL-100, Warner Instruments, Hamden,

CT, USA). Cloud-point (lower critical solution temperature (LCST)) measure-

ments were performed using a custom-built fiber optic spectrometer equipped

with a DT-1000-CE UV-Vis light source, and a SD2000 CCD (Ocean Optics,

Dunedin, FL, USA). The change in optical density was monitored as a function

of temperature from 3 to 40 1C at a heating rate of 0.5 1C min�1. The sample

was sealed in a 5 mm nuclear magnetic resonance tube and temperature was

regulated using a custom-built Peltier.

Rheology experiments were performed using a TA Instruments (Newark,

DE, USA) AR-2000 stress controlled rheometer equipped with a 20 mm

parallel plate geometry and a Peltier plate for temperature control (±0.1 1C).

A solvent trap was used to prevent solvent evaporation. A 450–500mm gap was

sufficient to achieve sample distribution over the entire geometric surface. All

standard calibrations were made before data collection. Samples were

examined using a series of oscillatory tests. The linear viscoelastic region was

first determined by carrying out stress sweeps under an applied torque between

0.1–103mN �m at constant frequency (1 Hz). The temperature sweeps were

carried out from 5 to 50 1C with a rate of 3 1C min�1 at a controlled oscillatory

stress within the linear viscoelastic region. Frequency sweeps were also

performed from 0.1 to 100 Hz at a constant oscillatory stress within the linear

viscoelastic region at select temperatures identified by the temperature ramps.

Small-angle X-ray scattering (SAXS) measurements were made using the

pin-hole set-up at the undulator beamline 12ID-C (12 keV) at the Advanced

Photon Source at Argonne National Laboratory (Lemont, IL, USA). The two-

dimensional (2D) scattering profiles were recorded using a home built charge-

coupled device detector. The detector is composed of four charge-coupled

device chips and features a 175-mm square active area with 1000� 1000 pixel

resolution. The sample-to-detector distance was such as to provide a detecting

range for momentum transfer of 0.01 Å�1oqo0.6 Å�1. The scattering vector,

q, was calibrated using a silver behenate standard at q¼ 1.076 Å�1. The 2D

scattering images were azimuthally averaged to produce plots of scattered

intensity, I(q), versus scattering vector, q, where is q¼ 4p/l(siny). The value of

q is proportional to the inverse of the length scale, Å�1. Temperature control

of samples was achieved using a custom-built Peltier cooler.

Small angle neutron scattering measurements were performed at the Intense

Pulsed Neutron Source at the Argonne National Laboratory, using time-of-

flight small-angle X-ray scattering instruments and the small-angle neutron

diffractometer. The instrument used pulsed neutrons derived from spallation

with a wavelength of radiation in the range of 0.5–14 Å and a fixed sample to

detector distance of 2 m. The scattered neutrons were measured using a

64� 64 array of position sensitive, gas-filled, 40� 40 cm2, proportional

counters with the wavelengths measured by time-of-flight through binning

the pulse to 68 constant Dt/t¼ 0.005–0.35 Å�1. Samples were sealed in 1-mm

path length suprasil cells. Samples were equilibrated at the experimental run

temperature for at least 30 min before data collection. The sample temperature
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was regulated by a water recirculating bath and measured using a calibrated

thermocouple. Low-temperature measurements were carried out with the

sample chamber under an N2, thereby preventing condensation of water onto

the sample cell. Data were collected for 5–8 h and reduced using standard

methods. The results were placed on the absolute scale using the known

scattering cross section of a silica gel sample.

RESULTS AND DISCUSSION

Thermoreversible gelation
The simplest means by which to evaluate the mechanical characteristics
of a complex fluid is by the so-called ‘tube inversion’ test, which involves
simple visual assessment of a sample’s ability to resist flow to gravity. As
shown in Figure 1a (inset, right side panel), the DMPE-PEG5000
complex fluid is able to hold its own weight in an inverted vial at room
temperature (22 oC), demonstrating its gel-like behavior. The gel is not,
however, a self-supporting material upon removal from the vial,
suggesting a ‘soft’ or ‘weak’ gel. Upon cooling on ice, the sample flows
within the vial (Figure 1a, left side panel). Further details on the
viscoelastic response of the complex fluid can be made through dynamic
and steady-shear rheological experiments analyzed in the context of the
structural data determined by small-angle diffraction and local molecular
environment (that is, solute–solvent interactions) as assessed by thermal
analysis, cloud-point determination and vibrational spectroscopy.

Rheological studies using oscillatory shear are commonly used to
characterize the mechanical properties of soft solids (gels). The
temperature-dependent rheological characteristics of a complex fluid
prepared by introducing the polymer component as a lipid conjugate,
DMPE-PEG5000, was evaluated by monitoring the evolution of the
moduli by heating the sample at a rate of 3 oC min�1 under a low
applied oscillatory stress of 1.1 Pa (Figure 1a). Two rheologically distinct
regions are observed. At reduced temperatures, between 5 and 17 oC, the
viscous modulus (G00) exceeds the elastic modulus (G0), indicating
liquid-like behavior of the complex fluid, which is consistent with the
visual observation of the cooled sample flowing within the sample vial

(Figure 1a). As the temperature is further increased, a large discontinuity
is observed between 17 and 19 oC. The sol-to-gel transition, Tgel, defined
as the point where the loss tangent, tan d, is unity (for example, the
point where G0BG00) occurs at 17.5 oC.21 The location of the sol-to-gel
transition determined by dynamic rheology compares well with the
visual observations made during the simple tube-inversion test. At
higher temperatures (19–50 oC) the elastic modulus, G0 is greater than
G00, defining an elastic, gel region. Within the second region, the elastic
modulus remains higher in magnitude than the loss modulus, but a slow
decline in the magnitude of both moduli is observed. A G0 maximum of
730 Pa is reached, making this a ‘soft’ gel.22 The temperature variation of
the moduli for the PEGylated lipid-based complex fluid resembles
profiles reported for many other aqueous dispersions containing
poly(oxyalkylene)s.23–25 Many of these systems, however, form hard
gels, having a maximum G0 value in the kPa range.23 The thermo-
inverted gelation mechanism for concentrated aqueous solutions of
PEOn-PPOm-PEOn has been determined to arise from the temperature-
driven hydrophobic effect of the polypropylene oxide (PPO) block,
which causes the micelles to associate (hard-sphere crystallization).23

It has been well-documented that dynamic frequency sweeps can
provide a more comprehensive picture of the viscoelasticity of a
mesophase, providing insights into the physical network structure.
For the DMPE-PEG5000 complex fluid, the elastic modulus, G0, and
the viscous modulus, G00, are plotted as a function of frequency
recorded at selected temperatures within each of the distinct regions
identified in the temperature ramp studies (Figure 1a). In the liquid-
like region (10 oC), both moduli display strong frequency dependence
with G004G0 over the entire frequency range examined (Figure 1b, left
panel). The behavior is consistent with non-elastic behavior. A similar
mechanical response has been associated with low-viscosity liquids
composed of isolated micelles.26 As reported previously for the low
molecular weight composition (DMPE-PEG2000), the sol phase
structure was determined to be composed of unassociated prolate
micelles.18 (The sol structure of this composition is detailed below.)
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Figure 1 (a) Temperature dependence of dynamic storage, G0 (solid circles) and loss moduli, G00 (open squares) and tan d (crosses). Inset: photographs of

complex fluid collected after incubation on ice (left) and at room temperature (right). (b) Frequency dependence of storage, G0 (solid circles) and loss,

G00 (open squares) moduli recorded at selected temperatures determined by the temperature-ramp studies. (c) Shear rate dependence of steady-shear

viscosity at selected temperatures determined by the temperature-ramp studies. Lines are provided as a guide to the eye. A full color version of this figure is

available at Polymer Journal online.
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The mechanical response further suggests that the grafted polymer
must also be non-interacting. Thus, the local mesoscale environment
in which the polymer chains reside is one where the solvated chains
stretched along the direction normal to the micelle surface, like a
brush in a good solvent environment, can be accommodated without
overlap or entanglement.

The dynamic frequency sweep collected at a temperature above the
Tgel (at 22 oC) shows the elastic modulus, G0 greater than the viscous
modulus, G00 with the two moduli intersecting at fB10 Hz.
(Figure 1b, center panel). The observed absence of a low-frequency
crossover is consistent with an elastic lamellar phase and compares
well with similar measurements made on hydrogels prepared from
a quaternary mixture of DMPC/DMPE-PEG2000/pentanol in
water.27,28 The frequency independent value of G0 is the gel
modulus, Go, and isB130 Pa.29 The magnitude and near invariance
of the elastic modulus at low frequencies suggests the presence of
physical crosslinks.30 Evaluation of the mechanical response at a
higher temperature within the gel phase (35 oC) is presented in
Figure 1b, right panel. The profile qualitatively looks similar to the
response recorded at 22 oC with G04G00 at low frequencies and
convergence at higher frequencies (fB10 Hz). The gel modulus, Go,
isB53.6 Pa, a value less than that recorded at 22 oC, suggesting a
weakening in the gel strength with increasing temperature. The
frequency data confirm the results of the temperature ramp study,
indicating that the DMPE-PEG5000 complex fluid transitions from
well separated and predominately non-interacting polymer chains
(sol) to a state where physical crosslinks and entangled (interacting)
polymer chains are significantly increased (elastic gel).

The mechanical characteristics of the complex fluid are further
probed through steady-shear rheology (Figure 1c). Steady-shear
viscosity studies were performed on the complex fluid at temperatures
below and above the sol-to-gel phase transition. Below Tgel (at T¼
10 oC), the flow curve recorded for the DMPE-PEG5000 composition
is essentially linear over the entire range of applied shear stress
(Figure 1c, solid circles), consistent with isolated (non-interacting)
polymer chains. At temperatures above the Tgel, (at T¼ 28 and
40 oC), the flow curves exhibit complex flow behavior with viscosity
dependent on shear stress (Figure 1c). The flow curves contain an
intermediate Newtonian region separated by two shear-thinning
regions (reduction in viscosity) at low and high shear stress. The
observation of shear thinning suggests that under these conditions,
disentanglement of polymer chains occurs. Similar profiles have been
reported for telechelic or associative polymers and has been taken as
an indicator of a soft-to-rigid-to-soft shifting transition.31 The yield
stress is found to shift towards lower applied shear with increasing
temperature, an observation consistent with the both the temperature
ramp studies and frequency-dependent behavior of the moduli,
indicating that the gel becomes ‘softer’ with increasing temperature.

Mesophase structure
The rheological data can be interpreted in the context of the complex
fluid’s mesophase structure in the sol and gel states as determined by
neutron and X-ray scattering. As previously reported, the structure of
the DMPE-PEG2000 complex fluid at reduced temperature was
determined to be a 2D hexagonally ordered array of prolate micelles.18

The cold-phase structure of the DMPE-PEG5000 complex fluid has
not been reported. Small-angle neutron scattering was employed for
the determination of the sol structure at 9 oC. The advantage of
neutrons over X-rays for characterization of the mesophase structure
lies in the ability to contrast specific regions of a multi-component
system by using isotopic substitution of a given element, which allows

for varying the scattering power (scattering length density). Here,
D2O was exchanged for H2O, giving an approximate six-fold
enhancement in the scattering power. Thus, observed scattering
arises almost exclusively from excess scattering contrast between the
organic amphiphiles and D2O. The neutron scattering curve recorded
on the DMPE-PEG5000 composition at 9 oC is shown in Figure 2a
(black open circles). The scattering curve is dominated by a broad
peak centered at Q¼ 0.038 Å�1 and a less pronounced peak
(shoulder) at higher Q. The breadth of the diffraction peak indicates
poor structural coherence, consistent with that of a liquid. Structural
information was derived from the experimental profile by fitting the
peak at 0.038 Å�1 to a Gaussian function (Supplementary Figure S1)
parameterized by position, width and amplitude using a Levenberg–
Marquardt algorithm (IGOR Pro 6.0, Wavemetrics, Lake Oswego, OR,
USA; Table 1).18 Subtraction of the fitted Gaussian and the incoherent
background scattering, (I(Q)¼ 0.176 Å�1), arising from the
hydrogenated amphiphiles, reveals additional Bragg peaks, which
can be similarly modeled with a Gaussian function. This procedure
permitted deconvolution of the scattering profile into five orders of
diffraction (Figure 2b, Table 1) positioned at Q¼ 0.021, 0.038, 0.041,
0.067 and 0.092 Å�1, which can be indexed as the h,k¼ [1,0], [1,1],
[2,0], [3,0] and [3,2] reflections of a 2D hexagonal lattice ((space
group p6m), Figure 3 left). The d-spacing or hexagonal repeat
distance is 299 Å. The lattice spacing (the repeat distance between
cylindrical aggregates) is related to the d-spacing by s¼ (2/O3)d, and
is 345 Å. The structure is identical to that previously determined for
the DMPE-PEG2000 complex fluid.18 Unexpectedly, a doubling of the
ethylene oxide (EO) repeat units did not increase the lattice
dimensions. The absence of lattice expansion is contrary to prior
studies examining changes in the lamellar gel-phase structure with
polymers of increasing EO block length.20 Specifically, in the lamellar
gel phase, increasing the EO repeat units causes a systematic increase
in d-spacing. The expansion of the d-spacing was attributed to
increased steric pressure between opposing lamellae, causing swelling
of the interstitial water layers.20 This suggests that the micellar sol
phase adopts a 2D hexagonal meosphase geometry, providing
sufficient space for the PEG chains to stretch and extend without
chain interaction between adjacent micelle coronas. It is further noted
that the [2,1], [2,2], [3,1] and [4,0] reflections could not be fitted to
the same level of accuracy as the other peaks due to their expected low
relative intensity under the assigned space group and the reduction in
their scattering intensity with increasing Q.18 Thus, the form factor
component of the scattering profile was not evaluated.

The gel phase structure at 22 oC was determined by SAXS
(Figure 2c) and revealed five orders of diffraction with integral order
spacing with respect to the first peak (q¼ 0.0393, 0.0797, 0.120, 0.161
and 0.202 Å�1) consistent with an ordered lamellar structure featur-
ing an expanded d-spacing of 160 Å (Figure 3, right panel). Precise
information, derived from the one-dimensional electron-density
maps, on the lipid bilayer and intervening water channel structure,
and the conformational state and projection of the PEG chains, was
detailed elsewhere for a similar composition.20 Briefly, it was
determined that the lamellar structure consists of amphiphilic
bilayers ca. 45 Å thick (dB).20 The thickness of the interstitial water
region, dW, given by dW¼d–dB, would beB115 Å. In addition, low-
resolution ‘images’ of electron density changes within the interstitial
water regions showed a broad region of increased electron density
spanning nearly 54 Å from the bilayer surface, reflecting the region of
average localization/projection of the PEG chains.20 Such mesophase
architecture would promote the formation of lateral (intra-lamellar)
and possible (to a lesser extent) cross-channel (inter-lamellar) physical
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crosslinks between grafted PEG chains (Rg¼ 22 Å), producing a
network favorable for physical gelation.

At 43 oC (Figure 2d), the structure remains lamellar with increased
order as evidenced by the appearance of two additional orders of
diffraction (q¼ 0.0297, 0.0607, 0.0916, 0.124, 0.155, 0.184 and
0.213 Å�1). An increase in the lattice spacing (to d¼ 212 Å) is also
observed, suggesting that the grafted PEG chains have altered their
conformational state to increase steric pressure between the opposing
bilayers. The improved structural ordering and additional swelling of
the interstitial water layers is attributed to the reduced water solubility
of the PEG chains. The EO chains are believed to adopt a more
compact mushroom conformation in this state, shielding the polymer

from bulk water. Further compaction of the PEG chains would be
expected to reduce the physical crosslinks and entanglement between
adjacent polymer chains, thereby lowering sample viscosity and
weakening the gel. This trend is clearly observed in the tempera-
ture-dependent rheological data, where the magnitude of G0 and
viscosity decrease with increasing temperature in the gel state.
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Figure 2 (a) Experimental small-angle neutron scattering profile of the complex fluid at 9 oC (open circles) with the sum of the fitted five orders of

diffraction and incoherent scattering (red line) and the residual scattering after removal of the five orders of diffraction (black squares). (b) The sum of the

five Bragg peaks extracted from the experimental scattering profile. The dashed lines represent the nonlinear least-squares fit for each of the individual

Gaussian functions extracted from the experimental small-angle neutron scattering profile. Representative SAXS azimuthally averaged data collected on the

gel (c) at 22 oC, and (d) at 43 oC.

Table 1 Summary of Gaussian fit parameters, peak position, line

width, amplitude, obtained by analysis of small-angle neutron

scattering curve collect on sol phase

Reflection order (h,k) Peak center, Q/Å�1 FWHM Dln(Q/Å�1) Amplitude

(1,0) 0.021 0.47 0.80

(1,1) 0.038 0.62 4.20

(2,0) 0.041 0.18 0.67

(3,0) 0.067 0.70 2.68

(3,2) 0.092 0.90 0.46

dhex = 34.5nm

s = 29.9 nm

dlam = 16.0 nm

freeze-drying

dlam = 5.1 nm

Figure 3 Schematic illustration of mesophase architectures as determined

by neutron and X-ray scattering (left) 2D hexagonal sol, (top, right) swollen

lamellar gel, (bottom, center) freeze-dried, collapsed lamellar solid.
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The effect of water removal on the hydrogel structure was also
evaluated. The hydrogel was quenched from room temperature by
rapid immersion in liquid nitrogen. Once completely frozen, the
sample was placed under vacuum (35 mTorr) for 18 h. A white,
optically birefringent (Figure 4, inset) solid was recovered and the
structure determined by SAXS (Figure 4). The freeze-drying process
successfully captured a well-ordered lamellar structure as evidenced by
four orders of diffraction (q¼ 0.124, 0.248, 0.370 and 0.499Å�1) in
the SAXS pattern. The removal of water (from ca. 76 to 3 wt%, as
determined by thermogravimetric analysis (TGA)) collapsed the
d-spacing to 51 Å (Figure 3). On the basis of a bilayer thickness of
45 Å, an intervening layer of B6 Å exists, which may be composed
of residual tightly bound water and the collapsed PEG network. The
preservation of a well-ordered multilamellar structure could be
facilitated by the collapsed PEG network acting to stabilize the
bilayer.32 Although qualitative examination of the SAXS pattern can
be used to infer the role of PEG, more precise information regarding

the lipid bilayer structure, and conformational state and region of
localization of the polymer is awaiting further X-ray studies and
determination of the electron-density profiles.20 These studies are
beyond the scope of the current work and will be reported elsewhere.

Polymer–water interactions
The fundamental characteristics of a hydrogel can be determined by
evaluation of polymer–water interactions.33 Water within a hydrogel
can be broadly classified as three types: i) freezing water that is very
weakly associated with the polymer and behaves as pure (bulk) water;
ii) freezing-bound water, which has altered thermal properties
compared with bulk water due to interactions with the polymer;
iii) non-freezing bound water that does not exhibit a detectable phase
transition within normal temperatures because of strong association
to the polymer. One well-documented way of studying the various
types of water within a hydrogel is by differential scanning
calorimetry.34 The heating curve recorded on a DMPE-PEG5000
complex fluid is presented in Figure 5a. Two melting transitions from
water are observed. The smaller melting point, located at �17.0 oC, is
assigned to freezing-bound water. This transition has been previously
assigned to arise from a PEG hydrate, which can bind to ice/water
molecules via hydrogen bonds.35 It has been further determined in
PEG-grafted liposomes that the freezing-bound water primarily
resides with the PEG chains.34 The larger melting point, located at
�1.4 oC, is assigned to bulk water and represents the majority
component within the complex fluid. The existence of freezing-
bound water, which is polymer associated, yet remains mobile and
exhibits intermediate bonding character between polymer and bulk
water, has been implicated as critical for gelation.36 Further studies
conducted on a wider variety of hydogels are needed to fully
understand the importance of freezing-bound water in the
formation of gel states.

At higher temperatures, a complex endothermic phase transition
between 17 and 24 oC is observed. The transition features two
components; first, a weaker pre-transitional event at 17.7 oC, followed
by a second event at 21.5 oC. Because of the small enthalpy associated
with these events, that is considerably smaller than expected for the Lb to
La transition for a DMPC water dispersion, it is assigned to the non-
bilayer to bilayer structural rearrangement occurring at the sol-to-gel
phase transition.18 Last, an endothermic transition is observed at 54.5 oC
and is assigned to melting of the polyethylene oxide (PEO).37
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The temperature-dependent water solubility of the grafted PEG
chains can be evaluated by determination of the cloud point. The
water solubility of many polymers change as a function of tempera-
ture, often exhibiting phase separation as the temperature is raised
above the cloud point or LCST. The observed behavior is common for
polymers that form hydrogen bonds with water. Below the LCST, the
polymer chains expand or swell. Above the LCST, the polymer chains
collapse or shrink. The archetypical thermo-responsive polymer is
poly(N-isopropylacrylamide), which exhibits an LCST near body
temperature (32 oC).38 Aqueous solutions of PEO typically have a
cloud point between 100 and 150 oC, but introduction of
hydrophobicity can significantly lower the LCST.39 The cloud point
of the complex fluid was determined by monitoring transmitted
visible light as a function of increasing temperature, using a fiber
optic spectrometer (Figure 5b). A sharp reduction in transmitted light
was observed at 12 oC signaling the onset of the LCST. Maximum
opacity is attained at 19 oC (ca. 50% T). Gradual clearing of the
sample occurs as the temperature is raised to 45 oC, exceeding 73%T
by 25 oC. The location of the transition region overlaps the sol-to-gel
transition determined by rheology. Below the LCST, the stretched
PEG chains are isolated by solvent molecules (non-interacting), a
condition that serves to increase the core-corona interfacial curvature
causing the structural transition into the micellar state.40 At the LCST,
associated water is released, promoting polymer chain interaction
(entanglement and hence gelation), leading to clouding of the
complex fluid. A reduction in the size of the hydrophilic
dimensions of the amphiphilic headgroup causes the structural
transition to the lamellar phase.

Raman spectroscopy is the preferred technique for examining
molecular structure in aqueous environments. Specifically, the O–H
stretching modes can provide direct information about the local
molecular-level structure of the gels and water. Five distinct Raman
active modes originating from water molecules can be used to provide
information on the orientation and interactions of water.33 These
interactions can be evaluated by monitoring the vibrational bands in
the Raman spectrum between 3000 and 3600 cm�1 (Figure 6a).41,42

Among the five modes, two main components are observed within
the spectral region at ca. 3200 and 3400 cm�1, and their relative
intensity and position vary with temperature. The peak at ca.
3200 cm�1 is assigned to the collective in-phase vibration of
strongly hydrogen-bonded water molecules (nip).33 The mode at ca.
3400 cm�1 is assigned to the out-of-phase vibrations between water
molecules, and the first and higher shell of neighboring molecules
(noop). The mode positions, determined by fitting to Gaussian
functions (Supplementary Figures S2-3, Table S1) are found to
systematically shift to higher wave numbers as sample temperature
is increased. The noop mode shifts from a minimum value of
3427±1 cm�1 (at 10 oC) to a maximum of 3433±1 cm�1 (at
35 oC) from the sol-to-gel state. The bulk water noop mode is also
observed to shift to higher wave numbers with increasing temperature
(from 3417±1 cm�1 at 10 oC to 3421±1 at 35 oC). The rate of
change determined for the complex fluid noop mode, however, is
greater than that determined for bulk water (D0.0842 cm�1 K�1;
Figure 7). Prior work has demonstrated that the vibrational energy of
the O–H stretching mode increases with decreasing O–H bond
length.33 On the basis of prior findings, the data suggests that the
hydrogen bonds between water molecules within the gel phase are
weaker than those found in bulk water. A similar analysis can be
carried out for the nip mode, which reflects bonding interactions
between PEG and water. Here, however, an opposite trend is
observed. Specifically, the rate of change for the complex fluid nip

mode is less than that determined for bulk water, indicating that
the hydrogen bonds between PEG and water within the gels are
stronger than that in bulk water. Collectively, these results indicate
that an extended network structure of weakly hydrogen-bonded
water that is strongly associated to the PEG is present in the gel
state. (Supplementary Table S2).

The hydrogen bond is most likely formed between water and the
ether group on the PEG. Validation of the nature of the hydrogen
bond can be made by examination of the vibrational modes located
within the mid-frequency region of the Raman spectra.43 The
diagnostic mode used to assess the nature of hydrogen bonding
interactions in PEG-based systems is the asymmetric stretching mode
of C–C–O (Figure 6b).43 In the sol state, the mode is positioned at
1131 cm�1 and shifts to lower wave numbers, 1129 cm�1, with
increasing temperature and formation of the gel. Prior work has
reported that such a shift is indicative of the formation of inter- and
intra-chain hydrogen bonds.43 Thus, collectively, the Raman data
indicates that the gel phase is composed of a physically crosslinked
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network produced by hydrogen-bonded water to the ether oxygen of
the polymer chains.

CONCLUSION

The mechanical characteristics of a thermally driven reversible
transient network were examined in the context of mesophase
architecture and polymer–water interactions. Specifically, the tem-
perature-driven water solubility and thus conformational changes of
the amphiphile-tethered PEO regulates the formation and strength of
a hydrogen bonded network. At temperatures below the LCST
(19 oC), the hydrated EO chains stretch normal from the amphiphile
surface, minimizing polymer-chain interactions. The disentangled
(isolated) polymer chains lead to a marked reduction in both the
elastic modulus and viscosity. The highly extended chains also drive a
structural conversion to a micellar state from stacks of bilayers
(lamellar). Neutron scattering on the cold phase revealed that the
micelles organize in a 2D hexagonal lattice. This 2D hexagonal phase

features sufficient distance between adjacent cylinders (34.5 nm) to
accommodate the stretched polymer chains without entanglement at
a grafting density of 7 mol%. As the temperature is increased above
the LSCT, the PEO becomes less water soluble and shields itself from
the bulk water by adopting a compact coiled (mushroom) state. This
conformational change is accompanied by a mesophase structural
transition to multilamellar. Within this geometry, the coiled polymer
becomes localized at the membrane—water interface. The localization
of the polymer against the bilayer—water interface fosters polymer-
chain association through formation of temporary junctions. The
junctions were probed by Raman spectroscopy and revealed signature
modes consistent with a hydrogen-bonded network between water
and the ether oxygen of PEG. Between 20 and 25 oC, the gels
strengthen with increasing temperature (that is, maximum elastic
modulus), driven by the decrease in PEO water solubility and chain
compaction. Above B25 oC, further reduction in PEO water solubi-
lity results in chain collapse, but thermal weakening of the hydrogen
bonds,44 acting to lessen the gel strength as evidenced by a decrease in
the magnitude of the elastic modulus.

In nature, the ability to reversibly form hydrogen bonds is a key
principle leading to the formation of specific tertiary structures that
enable functional biomolecules. Here, the ability to reversibly form a
hydrogen-bonded network, driven by the water solubility, and hence,
conformation changes of PEG generates a thermo-responsive, struc-
tured lyotropic mesophase. Although earlier studies demonstrated
that the existence of an inverted phase transition (sol at a lower
temperature than the gel) was ideal for the facile reconstitution of
membrane proteins, future studies will explore ways to exploit the
temperature-induced changes in mechanical properties to extract
proteins post-storage. In addition, the co-integration of both mem-
brane- and water-soluble proteins, and synthetic modifications to the
current system permitting the selective release of these components
will be evaluated. It is envisioned that hybrid materials containing
both covalent and non-covalent crosslinking will produce materials
capable of functioning as a reusable protein storage container.
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