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ABSTRACT: Soft adaptive networks like polymer gels are almost ideal candidates as surrogates for the extracellular matrix, more so
when their rheo-mechanical properties can be carefully tuned by temperature. Using both dynamic light scattering and photon
correlation imaging, we have investigated the phase behavior and the microscopic dynamics of a thermoresponsive network, Mebiol
Gel, extensively and eﬀectively used as a three-dimensional scaﬀold for cell growth. In the dilute limit, Mebiol displays a temperaturedriven association process characterized by a signiﬁcant increase of the molecular weight, which is not accompanied, however, by a
concurrent increase of the aggregate size. This peculiar behavior is consistent with numerical simulations of a simpler but structurally
homologous block-copolymer system. By increasing concentration and approaching gelation, the polymer solution progressively
attains the structure of a percolating network, as witnessed by the logarithmic decay of the intensity correlation functions extending
over many time decades, a relaxation behavior that is found well within the gel phase too. No evidence of a discontinuous transition
to a fully arrested gel phase is, however, detectable in the microscopic dynamics.

1. INTRODUCTION
Biotechnologies are in strong demand for surrogates of the
extracellular matrix (ECM) to be exploited as suitable threedimensional cell growth scaﬀolds. To achieve this aim,
candidate media must satisfy some crucial requisites. Indeed
the ECM, a mosaic network made of several ﬁbrous proteins
intertwined with other complex biopolymers, is not only an
eﬃcient scaﬀold that hosts cells and facilitates their adhesion
but also is chieﬂy a complex active system that nurtures and
protects cells allowing them to grow, proliferate, and migrate.1
On the one hand, suitable substitutional media must behave as
solid frames, resilient to tension and compression notwithstanding their tenuous structure. On the other hand, however,
they must be prone to restructuring, either spontaneously or
under a weak external stimulus, to allow cells for relocating and
migrating. Most design strategies have, therefore, addressed
physical gels2 characterized by weak cross-links that easily
break and re-form because their strength is comparable to the
thermal energy. Besides, seeding of the medium with cells and
supplying required additives, such as nutrients or growth
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factors, turns out to be much easier if such a medium shows in
speciﬁc thermodynamic conditions a liquid-like behavior.
Thermoreversible polymer gels then seem to be ideal
candidates that can, in principle, satisfy all the former
requisites.3
Among the simplest polymeric ﬂuids that, via a temperatureinduced transition, transform to mechanically solid phases are
aqueous solutions of amphiphilic block copolymers, in which
the solubility of one or more of the constituting monomers
strongly decreases with T. Among these systems, we may cite
poloxamers, where the thermoresponsive units are poly(propylene oxide) blocks, which become progressively more
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hydrophobic until, for T larger than a “critical micellar
temperature” (cmt), the chains self-organize into globular
micelles.4 For suﬃciently large poloxamer concentration, these
micelles often organize into partially disordered polycrystals
with a body-centered cubic structure that, albeit not being
properly gel-like networks, are manageable soft solids, which
can, for instance, be laden with drugs that are eﬃciently
released by lowering T.5 As cell-culture media, however,
poloxamers have several disadvantages. First, structurally solid
phases form only at a rather high polymer concentration c (for
instance, in the case of the most extensively used poloxamer,
commercially known as Pluronic F127, c ≳ 20% in weight).
Second, the molecular weight of the poloxamer Unimers is
suﬃciently low that uptake by the cell can easily take place.
Last but not least, the rheological properties of the crystal (or
partially glassy) solid phases made by tightly packing
poloxamer micelles can be tuned only within a rather limited
range.
An alternative and very eﬀective strategy was pioneered by
Yoshioka et al.,6,7 who synthesized high molecular weight
random block copolymers composed of polyethy1eneglycol
(PEG) and poly(N-isopropylacry1amide-co-n-butylmethacrylate) [poly(NIPAAm-co-BMA)], which is a thermosensitive
block that retains many of the peculiar thermal properties of
poly(N-isopropylacrylamide) (PNIPAm).8,9 Like PNIPAm,
pure poly(NIPAAm-co-BMA) shows indeed a coil-to-globule
transition, followed by a liquid−liquid phase separation at a
temperature Tps that can be tuned by varying the amount of
the butylmethacrylate comonomer. Such a phase separation
process, however, is fully quenched for the random block
copolymer because of the strongly hydrophilic character of the
PEG blocks. Nevertheless, by increasing temperature above a
value Tg that is strongly correlated with Tps, solutions of these
block copolymers undergo a thermoreversible sol−gel
transition, which is arguably caused by thermoreversible
cross-linkages between intermolecular poly(NIPAAm-coBMA) blocks due to hydrophobic interactions. Notably, by
increasing temperature over Tg, the rheological properties of
these gels can be tuned in a wide range. Careful engineering of
the block copolymer composition later led to a patented
material, commercially known as Mebiol Gel, whose
mechanical strength and permeability at physiological temperature are highly suitable for cell growth and diﬀerentiation.10 In
fact, while popular biopolymer scaﬀolds like collagen or
Matrigel often aﬀect cellular functions, Mebiol Gel has proved
to be an inert matrix that enables clonal expansion of single
stem cells and which is suitable for regeneration of damaged
tissues in vivo.11,12
Unfortunately, very little information is available on the
phase behavior of Mebiol solutions and the microscopic
structure and dynamics of the gels. The main aim of this work
is to provide detailed information on these physical aspects,
which may allow the mechanism of Mebiol gelation to be fully
unraveled.

Article

the original paper by Yoshioka et al.,6 where details of the chemical
synthesis are given. This sample has an overall PEG6000 content of
about 34 wt % and arguably contains a random and widely
polydisperse distribution of thermosensitive poly(NIPAAm-co-BMA)
blocks with a molar fraction of BMA (which controls the gelation
temperature) of about 5%. A lower limit for the molecular weight of
Mebiol is implicitly provided by stating that products having a
molecular weight M ≤ 105 are removed by ultraﬁltration.
The polymer was supplied in a lyophilized form in a sterilized ﬂask.
Preparation of a mother batch was made according to the direction
provided by the company by adding 50 mL of sterile saline (0.9%
NaCl in H2O) to 5 g of the lyophilized polymer and placing the ﬂask
in a refrigerator where it was shaken from time to time. The
homogeneous solution is further kept at a low temperature for a few
days in order to allow for full creaming of the bubbles that often form
in the polymer dissolution process. This mother batch, at a nominal
concentration of 90 g/L, was further diluted in volume with saline to
obtain the samples discussed in the text.
2.2. Dynamic Light Scattering and Photon Correlation
Imaging. Dynamic light scattering (DLS) is an essential tool for
investigating the microscopic dynamics of disperse systems and soft
matter in general; hence, we shall recall here just some basic notions
of the technique, referring the reader to one of the several books and
reviews on this important correlation spectroscopy method.13,14 DLS
investigations have also provided some pivotal clues as to the physics
of the glassy state. For the purpose of what follows, it may however be
useful to stress some of the delicate issues associated with the
application of DLS to dynamically arrested (or quasi-arrested)
systems like physical gels.15
Let us ﬁrst recall that a DLS experiment probes the microscopic
Brownian dynamics on length scales comparable with the inverse of
the scattering wave-vector q = (4πn/λ)sin(ϑ/2), where ϑ is the
scattering angle, n is the refractive index of the sample, and λ is the
source wavelength in vacuum, by measuring the (normalized) timecorrelation function of the scattered intensity I
g2(t ) =

⟨I(t0)I(t0 + t )⟩T
⟨I(t0)⟩T 2

(1)

where ⟨···⟩ is experimentally a time average for a total duration T over
the initial time t0. It is useful to stress that when the investigated
dynamics is not stationary in time (for instance, because the system is
undergoing some restructuring kinetics so that the value of scattered
intensity depends on t0), the duration T has to be much shorter than
the characteristic timescale of the sample kinetic evolution. If the
scattered ﬁeld has Gaussian statistics (which is generally, but not
necessarily always the case), then g2(t) is related to the ﬁeld
correlation function g1(t) by the Siegert relation g2(t) = 1 + |g1(t)|2.
Conversely, we regard it as useful to provide a brief introduction to
photon correlation imaging (PCI), a recently introduced optical
method, suitable to investigate slow dynamics in colloidal or polymer
glasses and gels. Like DLS, PCI measures the time-correlation
function of the scattered intensity but has the major advantage of
being a “multispeckle” technique allowing for spatial resolution by
simultaneously probing the local dynamics at distinct points within
the scattering volume.14,16,17
Basically, the experiment consists of forming on a multipixel camera
an image of the scattering volume, observed at a given scattering angle
ϑ through a suitably “stopped-down” optics, by which we mean that
the imaging optics is provided with a partially closed iris diaphragm
placed in the focal plane of the lens. This diaphragm, besides
accurately selecting the scattering wave vector, causes the image to
become “speckled” because the intensity at each given point on the
image plane originates from the interference of the ﬁeld scattered by a
ﬁnite-size region in the sample plane. The simultaneous measurement
of the time dynamics over many speckles by the multipixel detector,
besides providing a fast ensemble averaging of the intensity
correlation function, allows one to detect the occurrence of spatial
heterogeneity in the microscopic dynamics of the sample by
subdividing the speckle pattern into “regions of interest” (ROIs).

2. MATERIALS AND METHODS
2.1. Sample Composition and Preparation. Mebiol, produced
and distributed by Cosmo Bio Co., Ltd. (Tokyo, Japan), is obtained
by reacting suitably activated NIPAAm-co-BMA monomers with
diamino-PEG6000 (corresponding to about 230 ethylene glycol
monomers). Regretfully, the producer is unwilling to disclose the
exact composition of the commercial product, but the rheological
properties of the lattera closely match those of Sample 2 in Table 1 of
3898
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cell is inserted into a thermostatting holder, connected to a
recirculating bath. During the whole duration of the experiment, the
temperature ﬂuctuates less than 0.2 °C. The hot water of the
circulating bath enters the cell holder from the top and exits from the
bottom. This creates a vertical temperature gradient of less than 0.02
°C/cm. We carefully checked for any slow sample evaporation by
monitoring the position of the air-supernatant meniscus, which was
found to be less than 1% in volume over the total duration of the
experiment.
2.3. Static Light Scattering and Subsidiary Measurements.
In order to obtain the sample molecular weight and to unravel chain
association eﬀects, we also performed static light scattering (SLS)
measurements at very low concentration using the same custom-made
setup used for DLS. When dealing with macromolecular solutions,
absolute calibration of the scattered intensity can conveniently be
performed by comparison with the scattering from a solution at
concentration cr in the same solvent of a “reference” solute of known
molecular weight Mr, which is conveniently chosen low enough to
ensure that the solute behaves as an isotropic Rayleigh scatterer. In
the limit of very low concentration c of the investigated macromolecular sample where interchain interactions can be neglected
(namely, assuming that the structure factor S(q) = 1), we have indeed
ÑÉ
ÅÄÅ
(qR g)2 ÑÑÑ
c(∂n/∂c)2 M ÅÅÅ
I
ÑÑÑ
Å
=
Å1 −
Ir
3 ÑÑÑÑ
cr(∂n/∂c)r 2 M r ÅÅÅÅ
(4)
Ö
Ç

This unique feature allows a detailed characterization of restructuring
processes in physical gels18−20
In this work, however, we shall mainly deal with the average
microscopic dynamics of Mebiol gels, while the spatial heterogeneity
eﬀects will be fully investigated in a forthcoming study. Hence,
indicating ⟨···⟩ as a spatial average over the whole gel region imaged
by the camera, we deﬁne an average “correlation index” cI(t;t0)
between two images taken at times t0 and t0 + t as

c I(t ; t0) =

⟨I(t0)I(t0 + t )⟩
−1
⟨I(t0)⟩⟨I(t0 + t )⟩

(2)

which in general depends on t0 if the sample undergoes a kinetic
evolution (for instance, during gelation). In order to reduce the
statistical noise, the correlation index can further be averaged over a
time window δt0 much shorter than the characteristic timescale of this
evolution kinetics, to obtain the intensity correlation function asb
g2(t ) = 1 + ⟨c I(t ; t0 , r )⟩δt0

Article

(3)

The crucial advantage of PCI is that because of the pre-averaging
over a large number of speckles, δt0 can be much shorter than what is
required to obtain the same statistical accuracy in standard DLS
experiments. A further interesting feature is that because PCI is in fact
an imaging technique, the measurements of the position of the crosscorrelation peak between two speckle patterns obtained at diﬀerent
times is directly related to local physical displacements in the sample
like in particle image velocimetry.17,21
In our setup, the sample, illuminated by a vertical laser sheet (λ =
532 nm) with a thickness of 200 μm, is imaged by an achromatic
doublet on a complementary metal oxide semiconductor (CMOS)
sensor (Hamamatsu Orca-Flash 4.0, 2048 × 2048 square px. of side
6.5 μm) set at ϑ = 90° with respect to the illumination plane.
Selection of a speciﬁc scattering wave vector q = (4π/λ)n sin(ϑ/2) ≅
1.15/R ≈ 23 μm−1 is obtained by suitably stopping down the
numerical aperture of the collection optics with a diaphragm placed in
the focal plane of the imaging lens. The sample cell consists of a
quartz cuvette with a width of 10 mm and a depth of 2 mm (Hellma,
model 115F-QS). This cell geometry and the imaging optics allow us
to laterally image a rectangular area S within the sample with a vertical
extent L ≃ 8.4 mm and a horizontal width W ≃ 7 mm, which allows
mapping the sample region extending from the 1 mm from the right
wall of the cell to about 2 mm from the left wall (see the yellow blowup in Figure 1). Such a “two-dimensional” geometry of the PCI setup
has already proven to be extremely useful for the investigation of
gelation and restructuring and ageing processes in physical gels.18,20
The cell is partially ﬁlled with the sample in order to see the air−
liquid meniscus and to measure the initial height h0 of the gel. The

where I is the sample excess scattered intensity over the solvent, (∂n/
∂c) is its refractive index increment (the subscript r indicating the
corresponding quantities for the reference solution), and the term in
square brackets is the small-q (Debye) expansion of the macromolecular chain form factor P(q). As the reference solution, we used a
dilute solution (cs = 10 g/L) of Triton X-100, an extensively studied
nonionic surfactant that forms globular micelles with a molecular
weight Mr ≃ 90 kDa. To minimize the intermicellar interaction eﬀects,
SLS measurements were performed at T = 20 °C, roughly
corresponding to the θ-temperature for Triton micellar solutions.
Measurement of ∂n/∂c was made using an Abbemat RXA Digital
Refractometer (Anton Paar) with a sensitivity Δn = 10−5. Within the
investigated temperature range, the refractive index increment of
Mebiol solutions was found to be accurately ﬁtted by
∂n
= [0.1711 − 6.54 × 10−4T (°C)]cm 3 g −1
∂c

3. RESULTS AND DISCUSSION
3.1. Phase Diagram and the Gel Region. We ﬁrst
provided a semiquantitative (c, T) phase diagram of the system
speciﬁcally focusing on the boundary of the gel phase that, for
the purpose of this work, will simply be deﬁned as the region
where the polymer solution mechanically behaves as a solid.
To identify this region, we proceeded as follows: A tiny
magnetic bar was placed at the bottom of a vial ﬁlled with the
Mebiol solution and placed within a thermostat whose
temperature was progressively raised until the yield strength
σ of the system became suﬃciently large to prevent the bar
from settling when the vial was turned upside downc. By
repeating the measurement at diﬀerent polymer concentrations, we obtained the gel boundary as shown in Figure 2. The
same ﬁgure also shows the diverse experimental paths along
which SLS (Path 0), DLS (Paths 1−3), and PCI (Path 4)
measurements discussed in this paper have been taken.
3.2. Dilute Limit (Paths 0 and 1). To obtain a reasonable
estimate of the polymer average molecular weight and of the
chain size, we have performed SLS measurements on Mebiol
solutions at c = 1 g/L, checking in advance whether this
concentration value may reasonably be taken as the dilute
limit.

Figure 1. Sketch of the experimental PCI setup.
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Surprisingly, however, such a signiﬁcant increase of Mw,
which strongly suggests that Mebiol chains associate into
oligomers, does not entail a correspondent increase of the
gyration radius Rg. Vice versa, the form factors plotted in inset
B of Figure 3 and ﬁtted using eq 4 suggest that Rg is essentially
constant (or in fact, slightly decreases) in a comparable
temperature range, with a value of about 38−40 nm.
Because the q-range probed by SLS is, however, rather
limited and the intensity date rather noisy, we tried to get a
better estimate of the size of the scatterers by resorting to DLS
measurements that, to obtain better statistics, were performed
at a polymer concentration of 10 g/L where interchain
interaction eﬀects are not fully negligible, but should not
inﬂuence the chain size too much. The body of Figure 4 where
some of the correlation function obtained along Path 1 in
Figure 2 is displayed shows that the decay of the correlation
function g1(t) becomes faster (signiﬁcantly faster than what
could be expected by taking into account a decrease by a factor
of two of the solvent viscosity) by increasing T from 15 to 50
°C, suggesting that the average polymer size may actually
decrease by increasing T.
At low temperature, the shape of g1(t) as shown in Figure 4
consistently deviates from a simple exponential, so that the
width of the particle size distribution can hardly be described
using the polydispersity index derived from a cumulant ﬁt. As
shown in the ﬁgure inset, however, we found that all
correlation functions are reasonably well ﬁtted by a stretched
exponential (SE) function g1(t) = exp[−(t/τ)α] over almost 3
decades in time, except for t ≲ 5 μs. Although we do not wish
to attach any deeper meaning to this purely empirical ﬁt, we
observed that an SE function is the rather generic long-time
behavior of a relaxation function obtained by applying the
steepest descent approximation to the superposition integral of
exponential decay modes with a peaked distribution.22,23

Figure 2. Experimental phase diagram of Mebiol solutions with
indication of the ﬁve measurement paths, discussed in the text.

That this is the case is testiﬁed by inset A in Figure 3, where
we plot the concentration dependence at 15 and 45 °C of the
speciﬁc intensity [I] = I/c for c ≤ 10 g/L. Indeed, while some
eﬀects of interchain interactions are clearly visible (repulsive at
T = 15 °C, attractive at T = 45 °C)d, at c = 1 g/L, the speciﬁc
intensity almost coincides with its c = 0 limit.
Inset A also shows that [I] is much larger at 45 °C than at 15
°C. In fact, by increasing T from 12 to 50 °C, the scattered
intensity I strikingly increases by a factor of about 7, which,
taking into account that ∂n/∂c decreases by about 15%, implies
that Mebiol apparent molecular weight grows by more than an
order of magnitude in the same temperature range. The full
temperature dependence of Mw, calibrated as discussed by
means of a Triton solution and displayed in the body of Figure
3, shows a sigmoidal shape centered around T ≃ 33 − 34 °C,
saturating at about 6 × 102 kDa at low T and 7.5 × 103 kDa at
high T.

Figure 3. Molecular weight versus temperature obtained for Mebiol solutions at a polymer concentration c = 1 g/L, using as the reference system a
solution of Triton X100 at cr = 10 g/L and temperature T = 20 °C. The concentration dependence of the speciﬁc intensity [I] = I/c for T = 15 °C
(squares) and T = 45 °C (bullets), normalized to the zero-concentration limit at the lower temperature, is shown in inset A with an arrow
indicating the concentration at which SLS data were obtained. Inset B shows the form factors obtained at the same temperatures, ﬁtted as P(q) = 1
− (qRg)2/3.
3900
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Figure 6. Initial decay of the correlation functions shown in Figure 4,
plotted with the time axis rescaled to their short-time exponential
decay time τs. Inset: Dependence on the scattering wave-vector q of
the short-time decay rate Γs = τs−1 of the correlation functions
obtained from a solution at c = 10 g/L for T = 20 °C, ﬁtted as
discussed in the text as Γs = Dsq2 (broken line) or Γs = Dsq2 + bq3 (full
line).

Figure 4. DLS correlation functions g1(t) at ϑ = 90° for Mebiol
solutions at c = 10 g/L for several temperatures ranging between 15
and 50 °C, ﬁtted with stretched exponentials (full lines). The range of
validity of the ﬁt is better judged from the double-log plot of
−ln[g1(t)] in the inset.

The SE ﬁt easily allows us to obtain the mean decay time of
g1(τ)
⟨τ ⟩ =

∫0

∞

g1(t )dt =

Γ(1/α)
τ
α
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the ﬁt is limited to decay times t ≲ (0.2 − 0.3)τs. The
interpretation of τs requires some care because in dilute
polymer solutions, the initial decay of g1(t) can also depend on
the internal modes of the coils. A purely translational decay
rate is indeed rigorously predicted only in the limit qRg ≪ 1,
although the experimental evidence24,25 suggests that this
approximation reasonably holds up to qRg ≃ 1. Using the
gyration radius obtained from SLS data, at θ = 90°, we have,
however, qRg ≃ 0.85, so it is worth checking for deviations
from a purely diﬀusive (proportional to q2) decay rate. The
inset of Figure 6 shows that these deviations are in fact quite
small and that the addition of a cubic term, which may account
for the q-dependence of the internal modes,25 marginally
improves the ﬁt of the q-dependence of the short-time decay
rate Γs = τs−1. We can then safely deﬁne a short-time diﬀusion
constant Ds = (τsq2)−1 that provides us with an estimate of the
chain hydrodynamic radius

(5)

where Γ(x) is the Euler Gamma function, and therefore,
substituting ⟨τ⟩ for τs in eq 6, an average value ⟨RH⟩ for the
hydrodynamic radius of the chains can be obtained. As shown
in the body of Figure 5, by raising T, the latter decreases by

RH =

k Tq2
kBT
= B
τs
6πηDs
6πη

(6)

whose value RH ≃ 32 nm is almost constant in the
temperature range 15 °C ≤ T ≤ 50 °C. Note that the ratio
RH/Rg ≃ 0.8 is close to the value 2/3 expected for ideal chains.
In agreement with the inset of Figure 5, Figure 6 also shows
that the higher the T, the weaker are the deviations from a
simple exponential, so that RH should arguably be regarded as
the approximate size of a fully collapsed chain.
3.3. Approaching Gelation (Paths 2 and 3). Figure 7
shows the DLS correlation functions obtained by increasing
Mebiol concentration from 5 to 60 g/L along Path 2. We ﬁrst
noticed that the correlation function obtained at 5 and 10 g/L
are almost identical, which suggest that, up to this
concentration, collective eﬀects are weake. By increasing the
polymer concentration further, however, the shape of the
correlation functions markedly changes and begins to display a
slower relaxation mode that progressively evolves into a
logarithmic tail that dominates the long-time decay of g1(t).
The ﬁgure inset shows that the average decay time ⟨τ⟩, in this

Figure 5. Average hydrodynamic radius ⟨RH⟩ obtained from an SE ﬁt
to the correlation functions displayed in Figure 4. The corresponding
values of the stretch exponent α are shown in the inset.

about a factor of two, reaching for T ≳ 35 °C, an
approximately constant value ⟨RH⟩ ≃ 37 nm that is close to
the value of RH obtained from the initial decay of g1(t).
Consistently, for T ≳ 35 °C, the ﬁtted value for the stretch
exponent α, shown in the ﬁgure inset, attains a maximum value
α ≃ 0.9 that witnesses a rather small polydispersity of the chain
size at suﬃciently high T.
Figure 6 shows that the initial decay of the correlation
functions, which an SE function fails to represent, can instead
be described by single exponential g1(t) = exp(−t/τs), at least if
3901
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PCI. In this preliminary study, we shall not describe in detail
the features of the PCI correlation maps, if not to state that,
even well within the gel phase, the samples show very little
signatures of spatial heterogeneity, unless they are quenched
very rapidly inside the gel region. Rather, we shall fully exploit
one of the big advantages of PCI we pointed out, namely, the
possibility of obtaining, by spatial averaging well-resolved
correlation functions on timescales that are far shorter than
those required by standard DLS. The correlation functions
discussed in this section are therefore obtained as averages
over the entire ROI matrix. In order to increase the range of
time delays, each measurement at a given temperature was
repeated using three diﬀerent values of the CMOS camera
acquisition time, which are then joined by matching their value
at t = 0. With this strategy, we managed to cover a 7 decades
delay range (from 0.1 ms to 103 s).
By increasing T, starting from the macroscopically ﬂuid
phase at 12 °C, the correlation functions along Path 4, shown
in Figure 9, show a progressive transition from a quasi-

Figure 7. Concentration dependence of DLS correlation function
along Path 2 in Figure 2. For c ≳ 40 g/L, g1(t) shows a clear
indication of a logarithmic long-time tail. The average relaxation time
⟨τ⟩ is ﬁtted in the inset as a power law (c − c)̅ −b of the concentration
diﬀerence from c̅ ≃ 70 g/L, with b ≃ 3.

case directly obtained by numerically integrating g1(t), roughly
diverges as (c̅ − c)−b, where c̅ ≃ 70 g/L and b ≃ 3.
It is then particularly interesting to consider Path 3, which
skims the gel region without entering it. Figure 8 shows that all

Figure 9. Correlation functions obtained by PCI along Path 4. Full
symbols refer to measurements taken within the region identiﬁed by
the method described in Section 3.1 as the gel phase (see Figure 2).
The inset picture compares the optical appearance of the sample at
low temperature with that at T ≃ 45 °C, where the turbidity
maximum is fully attained.
Figure 8. Some DLS correlation functions along Path 3 in Figure 2,
with the temperature dependence of their average relaxation time ⟨τ⟩
shown in inset A. The reciprocal of scattered intensity Is−1 is shown
in inset B.

exponential relaxation similar (but slower) than those observed
at low concentration, to a more complex functional behavior
where the occurrence of a logarithmic tail at a large time can be
singled out. Notably, however, even in the gel phase (T ≳ 24
°C), g1(t) fully decays to zero, albeit over a very long time;
namely, Mebiol does not form a fully arrested structure, at least
on the length scale q−1 ≃ 50 nm probed by PCI.f However,
once physiological temperatures are reached, the correlation
function evolves into a fully logarithmic shape that extends
over an astonishing wide range of at least 6 decades. The gel
structure is then still ergodic but only over extremely long
timescales. In the absence of a full arrest of the microscopic
dynamics, it is then rather arbitrary to ﬁx a precise “gelation
temperature”, which is probably better marked by the
occurrence of a fully logarithmic decay of g1(t) that, in the
next section, we shall see to be a common feature of a
percolation transition.
The temperature growth of the scattered intensity is
qualitatively similar to that observed along Path 3, albeit
further enhanced. Indeed, also in this case, Is does not grow ad
inﬁnitum, but rather reaches a plateau value where the sample
looks pretty bluish (see the inset picture in Figure 9). It is

correlation functions obtained for T > 20 °C have a very long
logarithmic tail. Besides, the average relaxation time of g1(t),
shown in inset A, does not change by more of a factor of two
over the whole investigated temperature range 15 °C ≤ T ≤ 50
°C, topping around the minimum temperature at which
gelation is observed at a higher concentration (c ≃ 100 g/L).
This rather uniform behavior sharply contrasts with the huge
growth of the scattered intensity, which for 10 °C ≲ 26 °C
seems to diverge for T → 30 °C (see the plot of Is−1 in inset
B) but actually reaches for T ≳ 40 °C, a plateau value that is
almost 2 orders of magnitude larger than its low-temperature
limit.
3.4. Entering the Gel Phase (Path 4). By increasing T
along Path 4, which corresponds to the concentration of the
mother batch that is commonly used in biomedical
applications, the relaxation time of g1(t) rapidly becomes far
too large to be investigated with standard DLS. Hence, all
measurements described in this section were performed by
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ﬁnally worth noticing that the equilibration time of the gel,
estimated by the time it takes for the scattered intensity to
reach a stationary value upon a temperature increase, is very
long, of the order of a few hours for a T-jump of just 1 °C,
witnessing the occurrence of slow restructuring processes that
are typical of physical gels.26

The simulations have been carried out with a standard
molecular dynamics home-written code running on a graphic
processor unit. The Newton equations have been integrated
109 times with a time step Δt = 0.001 (in unit of mσM 2/ε ,
where m is the monomer mass) at kBT/ϵ = 1 and kBT/ϵ = 10,
where kB indicates the Boltzmann constant. The panels in
Figure 9 show two snapshots of a system of 125 chains in a box
of side 800σM (packing fraction ϕ = 3 × 10−5). This small
packing makes it possible to neglect a polymer−polymer or
cluster−cluster interaction, and the system can be considered
as an ideal gas of polymers or clusters. The two panels refer to
the limiting conditions in which (left) no association is present
and (right) full association of the central block has taken place.
We have also evaluated the scattered intensity I(q) (which
due to the small concentration coincides with the form factor)
according to the expression

4. DISCUSSION
We ﬁrst discuss the results obtained in the dilute limit. The
most striking and quite unexpected feature of the SLS data
summarized in Figure 3, further strengthened by the DLS
results shown in Figures 4 and 5, is that a substantial increase
of the molecular weight of the scatterers is not accompanied at
all by a corresponding increase of the gyration or hydrodynamic radius. On the contrary, ⟨RH⟩ approximately halves
with T increasing from 15 to 35 °C, attaining, for higher T, an
almost constant value ⟨RH⟩ ≃ (kBTq2)/(6πη)τs ≃ 37 nm. The
inset in Figure 4 furthermore shows that the progressive
transition to this compacted/associated state takes place
progressively over a rather extended T-range, arguably due to
a polydispersity in the composition of Mebiol that is reﬂected
in the diﬀerent compaction temperature of the individual
polymer chains.
This peculiar eﬀect is surely worth to be scrutinized. Due
both to the lack of information on the detailed composition of
the chains and to huge molecular weight of the copolymer,
attempting a full computer simulation of Mebiol T-driven
association is deﬁnitely unfeasible. Nevertheless, we believe
that a simulation of the behavior of a simple but meaningful
“toy model”, consisting of simpler three-block polymers,
undergoing self-assembly into ﬁnite-size clusters triggered by
the temperature-controlled collapse of the central block, can
already provide useful evidence.
To mimic as much as possible a realistic system, we have
numerically investigated a system of spring-bead chains made
of L = 263 monomers, divided into three groups of 99, 65, and
99 units, which is the basic structure of the extensively
investigated amphiphilic block-copolymer Pluronic F127. The
interactions between nonconsecutive monomers are assumed
to be repulsive, modeled with a Week−Andersen−Chandler
(WAC) potential27
ÄÅ
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∑

(9)

j,k=1

where r̂k is the position of the k-th monomer and ⟨···⟩ indicates
an average over equilibrium conﬁgurations. Figure 10 shows

Figure 10. Snapshots of two typical conﬁgurations, the left one
presenting no polymer association and the one at the right in which
the central blocks of several polymers have associated to give rise to a
cluster. In the ﬁgure, the red spheres model repulsive monomers, and
the green spheres represent attractive monomers.

the results for the two systems (before and after clustering)
and the best ﬁt with the Debye function (valid at inﬁnite
dilution)
2
2
I(q) = I(0)
[(qR g)2 − 1 + e−(qR g) ]
4
(qR g)
(10)

(7)

where ϵ = 1.0 provides the energy scale and σ is chosen to be
equal to the monomer diameter σM = 1.0, which thus provides
the unit of length. The polymer connectivity (i.e. the
interactions between consecutive monomers) is implemented
via a combination of the WAC potential with parameters ϵ =
1.0 and σ = 0.74σM and a FENE potential, with amplitude A =
100 and maximum bond length d = 1.5 × 0.74σM.
VFENE(r ) = −

Article

for the isolated polymer case and with
2

I(q) = I(0)e−(qR g)

/3

(11)

for the cluster case. Both in eqs 10 and 11, I(0) and Rg are ﬁt
parameters (Figure 11).
We found I(0) = 262 for the individual chains and I(0) =
1302 when the chains associate in clusters. In the former case,
I(0) coincides in fact with the polymer length, conﬁrming the
absence of polymer−polymer interactions. The value of I(0) in
the cluster case indicates the average number of monomers
belonging to the same aggregate and conﬁrms that clusters are
composed of approximately ﬁve chains.
For the polymer case, we obtained Rg = 29.6σM, a value
consistent with the expected chain gyration radius using a
Kuhn segment b = 1.08σM, while for the cluster case, we found

(8)

The 65 monomers of the central block interact instead
among themselves (if not adjacent along the chain) and with
the central monomers of distinct chains via an attractive
Lennard−Jones potential with ϵ = 1.0 and σLJ = 1.22σM with a
cut-oﬀ of 2.5σLJ.
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correlation function covering several orders of magnitude in
time. Correspondingly, it becomes impossible to interpret the
measured decay of the density ﬂuctuations as a sum of
independent exponential decay times.
Past evidence shows that in the proximity of a percolation
transition, the correlation function can be satisfactorily
modeled via a small group of functional forms: a power-law,
a logarithmic, or a stretched exponential decay with a small
stretching exponent.34−36 The imprinting of a nearby
percolation transition has thus been found in the wide
(logarithmic) range over which the DLS correlation function
decays. Logarithmic correlation functions have also been
observed in soft-matter systems displaying slow dynamics37
and predicted theoretically by the mode coupling theory38 in
the case of so-called higher-order singularities.39 In these
systems too, the logarithmic decay indicates a wide spectrum
of relaxation processes and multiplicity of arrest mechanisms.
Interestingly enough, the same mode coupling equations
have been selected to model the logarithmic dynamics
displayed by the correlation in atomic displacements observed
in proteins and originating by the heterogeneity of the protein
structure coupled with the heterogeneity in the distribution of
normal modes of the protein itself.40,41 A recent experimental
investigation36 of a model system based on programmable
DNA nanostars with controlled functionality and binding
strength, such that the system composition determines cluster
formation in a controllable way, conﬁrms that moving from an
isolated cluster to percolation and then to a fully bonded
network, the DLS correlation changes progressively from an
exponential decay to a logarithmic to a two-step stretched
exponential.
What is particularly surprising, however, is the huge increase
of the scattered intensity observed along Path 3 (and Path 4
too) that implies a strong growth of concentration ﬂuctuations,
which openly clashes with the weak T-dependence of the
polymer network relaxation time that witnesses a modest
change of the average mesh size. As a matter of fact, Figure 7,
showing that the divergence at low T of the scattered intensity
as Is ≃ (30 °C − T)−1 is fully quenched for T ≳ 40 °C, is
suggestive of an arrested phase separation process, which
however is not accompanied by a corresponding increase of
the correlation length of the network. This very interesting
eﬀect, which may possibly be related to some micro-phase
separation eﬀects observed for instance in protein aggregation,42 will be the subject of a forthcoming investigation.

Figure 11. Scattered intensity for the two systems shown in Figure 10.
Symbols are numerically estimated according to eq 9, and lines are
respectively ﬁt according to the Debye model for the isolated polymer
case and according to the function I(q) = I(0) exp(−q2Rg2/3) for the
cluster phase.

Rg = 30.6σM. Hence, similar to what we have experimentally
found for dilute Mebiol solutions, the gyration radius of the
isolated polymer is comparable to that of the cluster due to the
compensating eﬀect of polymer shrinking (which reduces Rg)
and polymer association (which increases Rg). Therefore,
although the results of this simple model should not be taken
as conclusive evidence, they suggest that the association of
copolymer chains due to the coil-to-globule transition of one
kind of their composing blocks does not necessarily lead to
clusters with the size larger than the individual, noncollapsed
chains.
We discuss now the DLS results obtained by increasing c at
ﬁxed T along Path 2. As already mentioned, Figure 6 shows a
dramatic increase by more than 2 orders of magnitude of the
average decay time ⟨τ⟩, accompanied by a shape change of
g1(t) that progressively evolves from a quasi-exponential to a
fully logarithmic decay. This behavior can arguably be imputed
to the formation of a percolating polymer network that
anticipates the formation of a physical gel with ﬁnite yield
stress.
As evidenced by several DLS studies of chemical and
physical gelation,28−33 on approaching a gel transition,
polymers aggregate in larger and larger clusters, leading to
power-law distributions of clusters sizes, extending from
monomers to inﬁnite-size clusters. At percolation, the average
cluster size diverges. In the case of chemical gels, the DLS
correlation functions measured in low concentration samples
(e.g., after dilution to minimize cluster−cluster interactions
without altering the cluster size distribution) can be safely
interpreted as originating from the cluster diﬀusive motion.
Each cluster contributes with an exponential decay, whose
amplitude and characteristic time is size-dependent, in this
case, the self-similar power-law nature of the cluster size
distribution close to percolation maps in a self-similar
distribution of both cluster scattering intensity and cluster
diﬀusion decay time, resulting in a power-law decay of the
density ﬂuctuations.29
When clusters interact, as is the case in concentrated
samples, the DLS correlation function cannot be any longer
identiﬁed with its self-component. The “distinct” part of the
concentration ﬂuctuations arising from the spatial correlation
between clusters induced by cluster−cluster interactions
becomes dominant. Under these conditions, the wide spectrum
of cluster sizes continues to manifest itself in a decaying

■

AUTHOR INFORMATION

Corresponding Author

Roberto Piazza − Department of Chemistry, Materials Science,
and Chemical Engineering, Politecnico di Milano, 20133
Milano, Italy; orcid.org/0000-0001-7398-0335;
Email: roberto.piazza@polimi.it
Authors

Marco Campello − Department of Chemistry, Materials
Science, and Chemical Engineering, Politecnico di Milano,
20133 Milano, Italy
Stefano Buzzaccaro − Department of Chemistry, Materials
Science, and Chemical Engineering, Politecnico di Milano,
20133 Milano, Italy; orcid.org/0000-0002-7394-5262
Francesco Sciortino − Department of Physics, Università di
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■

ADDITIONAL NOTES
See https://www.bio-connect.nl/mebiol-gel-pnipaam-peg-3dthermoreversible-hydrogel/cnt/page/6285.
b
To simplify notation, we leave out the (possible) dependence
of g2(t) on t0.
c
Complete lack of sedimentation was judged by comparing two
pictures of the bar taken 5 min apart. From the weight (≃0.13
g) and cross section (≃0.25 cm2) of the bar, we estimate σ to
be of the order of 50 Pa. Measured gelation temperatures have
a reproducibility of about ±1 °C.
d
Note that the slopes of the ﬁtting straight lines are basically
the reciprocal of the 2nd osmotic virial coeﬃcient.
e
Interestingly, this concentration limit is close to the value one
would obtain for the chain cross-link concentration
c* = 3M w /(4π 5AR g 3) ≃ 9 − 10 g/L, where 5A is the
Avogadro number.
f
Note that this length scale is anyway consistently larger than
the gel mesh size ξ that, using the estimates for Rg and c* we
derived, is approximately ξ ∼ Rg(c/c*)−3/4 ≃ 7 nm.
a
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