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ABSTRACT: While injectable, in situ gelling hydrogels have
attracted increasing attention in the biomedical literature due
to their minimally invasive administration potential, little is
known about the internal morphology of these hydrogels and
thus how to engineer precursor polymer compositions to
achieve desired hydrogel properties. In this paper, the internal
morphology of injectable in situ gelling hydrogels based on
hydrazide and aldehyde-functionalized poly(oligoethylene
glycol methacrylate) precursors with varying lower critical
solution temperatures (LCSTs) is investigated using a
combination of spectrophotometry, small-angle neutron
scattering, and light scattering. If two precursor polymers with similar LCSTs are used to prepare the hydrogel, relatively
homogeneous hydrogels are produced (analogous to conventional step-growth polymerized hydrogels); this result is observed
provided that gelation is suﬃciently slow for diﬀusional mixing to compensate for any incomplete mechanical mixing in the
double-barrel syringe and the volume phase transition temperature (VPTT) of the hydrogel is suﬃciently high that phase
separation does not occur on the time scale of gelation. Hydrogels prepared from precursor polymers with diﬀerent LCSTs (1
polymer/barrel) also retain transparency, although their internal morphology is signiﬁcantly less homogeneous. However, if
functionalized polymers with diﬀerent LCSTs are mixed in each barrel (i.e., 2 polymers/barrel, such that a gelling pair of
precursors with both low and high LCSTs is present), opaque hydrogels are produced that contain signiﬁcant inhomogeneities
that are enhanced as the temperature is increased; this suggests phase separation of the hydrogel into lower and higher LCST
domains. Based on this work, the internal morphology of injectable hydrogels can be tuned by engineering the gelation time and
the physical properties (i.e., miscibility) of the precursor polymers, insight that can be applied to improve the design of such
hydrogels for biomedical applications.

■

INTRODUCTION
The success of hydrogels as soft synthetic materials for
controlled release and cell scaﬀolding applications1−4 can be
attributed to high water content, controllable porosity, and
mechanical and (if desired) compositional similarity of
hydrogels to native tissues.5 While various methods of gelation
(e.g., physical, electrostatic, or chemical) exist for the
fabrication of hydrogels, chemical (or covalent) cross-linking
is generally preferred as it results in hydrogels with controllable
stability under a variety of environmental conditions. The
macroscopic properties of bulk hydrogels are largely governed
by the homogeneity of the polymer network and can be
signiﬁcantly aﬀected by cross-link inhomogeneities introduced
during hydrogel formation. Depending on the target
application, the presence of inhomogeneities in hydrogels
may help (i.e., by providing domains of distinct compositions
for loading and release applications) or hinder (i.e., by making
hydrogels opaque or mechanically weaker) their ultimate use. A
© 2014 American Chemical Society

fundamental understanding of network homogeneity is therefore very important to fully understand the relationship
between the hydrogel nanostructure and the macroscopic
properties.6
Scattering methods, such as light scattering (LS) and smallangle neutron scattering (SANS), have been widely applied to
probe the micro- and nanostructure of polymeric systems,
including hydrogels.7 In a hydrogel system, SANS allows for the
determination of the mesh size (ξ) of the hydrogel network and
characteristic size of inhomogeneities (Ξ) (or “blobs”) formed
as a result of nonideal cross-linking. Covalently cross-linked
hydrogels fabricated via chain growth gelation (e.g., UV
photopolymerization of vinyl monomers) generally give
inhomogeneous hydrogels,8 while chain growth polymerization
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Table 1. Composition of the Various POEGMA Hydrogelsa
hydrazide barrel
PO0H30 [mg/mL]
PO0
PO10 = PO(100/0)
PO(75/25)
PO(50/50)
PO(25/75)
PO100 = PO(0/100)
PO10H30 + PO100A30
PO100H30 + PO10A30
a

PO10H30 [mg/mL]

aldehyde barrel
PO100H30 [mg/mL]

150.0

PO0A30 [mg/mL]

PO10A30 [mg/mL]

PO100A30 [mg/mL]

150.0
150.0
112.5
75.0
37.5

150.0
112.5
75.0
37.5

37.5
75.0
112.5
150.0

150.0
150.0

37.5
75.0
112.5
150.0
150.0

150.0

All precursor solutions are prepared at 150 mg/mL in 10 mM PBS prior to mixing.

polymeric precursors or, more speciﬁcally, thermoresponsive in
situ gelling hydrogels, despite the clinical relevance of such
materials. We speciﬁcally aim to investigate the range of
hydrogel morphologies that can be generated using precursor
polymers with similar LCST values and/or divergent LCST
values; in the latter case, the potential for phase separation on
the time scale of gelation has the potential to yield particularly
useful and novel morphologies of potential relevance for drug
delivery or tissue engineering applications.

(e.g., mixing of complementary reactive polymeric precursors)
has been demonstrated to generally yield more homogeneous
hydrogels with fewer structural defects.9 As a particularly
relevant example of the latter, Matsunaga6 demonstrated that a
step growth hydrogel prepared from amine and succinimidyl
ester functionalized 4-arm poly(ethylene glycol) (PEG)
resulted in an extremely uniform hydrogel network without
any detectable defects due to cross-linking inhomogeneities.
Gelation in the case of injectable, in situ gelling hydrogels, in
which a hydrogel is rapidly formed following in situ mixing of
reactive polymers with complementary functional groups,10
oﬀers additional levels of complexity that may promote the
formation of inhomogeneous domains in hydrogels. The rate
and magnitude of polymer−polymer cross-linking in such
systems are expected to be strongly dependent on not only the
degree of functionalization of the pregel polymers but also the
mixing and subsequent diﬀusion and/or phase separation of the
reactive precursor polymers. The net eﬀect of these competing
processes has not been broadly investigated in the literature but
is essential to understand to rationally engineer such in situ
gelling hydrogels for biomedical applications.
We have recently reported the synthesis as well as
physiochemical and biological properties of injectable poly(oligoethylene glycol methacrylate) (POEGMA) hydrogels.11,12
Our approach is based on the rapid cross-linking of
complementary reactive POEGMA precursors exploiting
hydrazide−aldehyde chemistry.13−20 On a macroscopic scale,
the gelation kinetics, swelling, and mechanical properties of
these POEGMA hydrogels depend strongly on the lower
critical solution temperature (LCST) of the precursors,11 which
can be precisely tuned according to the statistical copolymerization of oligo(ethylene glycol) methacrylate (OEGMA)
monomers with diﬀerent ethylene oxide side chain lengths (n =
2 and n = 8, 9).21,22 Substantial diﬀerences are observed in the
physical properties of the hydrogels prepared with precursors
with diﬀerent LCST values despite the similarity in the
theoretical cross-link density in each hydrogel, suggesting
substantial diﬀerences in the structural homogeneity of the
hydrogel network formed during gelation.
Herein, we aim to study in detail the nanostructure of
injectable, thermoresponsive POEGMA hydrogels based on
precursor polymers of diﬀerent LCST values using SANS and
LS. SANS and LS have been applied previously to characterize
the structural changes in temperature responsive hydrogels
based on (co)polymerization of N-isopropylacrylamide (PNIPAM)23,24 (i.e., chain growth), indicating formation of
microphase separated domains prior to the macroscopic
phase transition.23,24 However, to this point, there is no report
investigating the microstructure of in situ gelling hydrogels from

■

EXPERIMENTAL SECTION

Materials. Di(ethylene glycol) methyl ether methacrylate (M(EO)2MA, Sigma-Aldrich, 95%) and oligo(ethylene glycol) methyl
ether methacrylate with an average number-average molecular weight
of 475 g mol−1 (OEGMA475, Sigma-Aldrich, 95%) were puriﬁed by
passing the monomers over a column of basic aluminum oxide (SigmaAldrich, type CG-20) to remove inhibitors. N-(2,2-Dimethoxyethyl)methacrylamide (DMAEAm) was synthesized according to a
previously reported procedure.11 Acrylic acid (AA, Sigma-Aldrich,
99%), adipic acid dihydrazyde (ADH, Alfa Aesar, 98%), N′-ethyl-N-(3(dimethylamino)propyl)carbodiimide (EDC, Carbosynth, Compton
CA, commercial grade), thioglycolic acid (TGA, Sigma-Aldrich, 98%),
and 2,2-azobisisobutryic acid dimethyl ester (AIBMe, Wako
Chemicals, 98.5%) were used as received. For all experiments, MilliQ grade distilled deionized water (DIW) was used.
Synthesis of Hydrazide-Functionalized Precursors (POH).
Hydrazide-functionalized POEGMA precursors were synthesized as
described previously.11 Brieﬂy, AIBMe, M(EO)2MA, OEGMA475, AA
(0.36 g, 5.0 mmol), and TGA were dissolved in 1,4-dioxane. After
purging for at least 30 min, the ﬂask was sealed and submerged in a
preheated oil bath at 75 °C for 4 h under magnetic stirring. The
solvent was removed, and the polymer was modiﬁed with a large
excess of adipic acid dihydrazide. The hydrazide functionalized
polymer was puriﬁed by dialysis and lyophilized. The polymers were
stored as 20% w/w solutions in PBS at 4 °C. The hydrazidefunctionalized precursors are labeled as POxHy, where x denotes the
mole fraction of OEGMA475 among the OEGMA monomers used (the
remainder being M(EO)2MA) and y denotes the overall mole fraction
of AA (among all comonomers) in the synthesis recipe.
Synthesis of Aldehyde-Functionalized Precursors (POA).
Aldehyde-functionalized POEGMA precursors were synthesized as
described previously.11 Brieﬂy, AIBMe, M(EO)2MA, OEGMA475,
DMEMAm, and TGA were dissolved in 1,4-dioxane. After purging for
at least 30 min, the ﬂask was sealed and submerged in a preheated oil
bath at 75 °C for 4 h under magnetic stirring. The solvent was then
removed, and the acetal was cleaved in 0.5 M hydrochloric acid to
generate the aldehyde group. The resulting aldehyde functionalized
polymer was puriﬁed by dialysis and lyophilized. The polymers were
stored as 20% w/w solutions in PBS at 4 °C. The aldehydefunctionalized precursors are labeled as POxAy, where x denotes the
mole fraction of OEGMA475 among the OEGMA monomers used (the
remainder being M(EO)2MA) and y denotes the overall mole fraction
of DMEMAm (among all comonomers) in the synthesis recipe.
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Chemical Characterization. Aqueous size exclusion chromatography (SEC) was performed using a Waters 515 HPLC pump, a
Waters 717 Plus autosampler, three Ultrahydrogel columns (30 cm ×
7.8 mm i.d.; exclusion limits: 0−3, 0−50, and 2−300 kDa), and a
Waters 2414 refractive index detector. A mobile phase consisting of 0.3
M sodium nitrate and 0.05 M phosphate buﬀer (pH 7) at a ﬂow rate of
0.8 mL/min was used for all polymers analyzed, and the system was
calibrated with narrow-dispersed poly(ethylene glycol) standards
ranging from 106 to 584 × 103 g/mol (Waters). 1H NMR was
performed using a Bruker AVANCE 600 MHz spectrometer and
deuterated chloroform as the solvent. The acrylic acid content of the
polymers was determined with conductometric titration (ManTech
Associates), using 50 mg of polymer dissolved in 50 mL of 1 mM
NaCl as the analysis sample and 0.1 M NaOH as the titrant. A Variant
Cary Bio 100 UV−vis spectrophotometer was used to measure the
LCST (deﬁned as 95% transmittance) of the polymer precursor
chains. The polymers were dissolved at a concentration of 1 mg/mL in
PBS (pH = 7.4), and the absorbance of the polymer solution was
recorded at 500 nm at every 0.5 °C over a temperature range of 10−80
°C, with the temperature ramped at a rate of 1 °C/min.
Hydrogel Preparation. Hydrogels were prepared by coextruding
one or more hydrazide-functionalized precursor(s) (among PO0H30,
PO10H30, and PO100H30) with one or more aldehyde-functionalized
precursor(s) (among PO0A30, PO10A30, and PO100A30) using a doublebarrel syringe (Medmix). Table 1 provides a complete summary of the
hydrogel recipes evaluated.
Hydrogels were prepared by coextruding (i) precursors of similar
LCST (PO0 = PO0H30 + PO0A30; PO10 = PO10H30 + PO10A30; PO100
= PO100H30 + PO100A30), (ii) precursors with diﬀerent LCSTs in each
barrel (i.e., PO10H30 + PO100A30 and PO100H30 + PO10A30), or (iii)
mixed precursors of diﬀerent LCSTs in diﬀerent weight ratios
(PO(75/25), PO(50/50), and PO(25/75)). This latter group of
hydrogels was prepared in a similar manner as the PO10 and PO100
hydrogels; however, precursor solutions were prepared by mixing both
high LCST and low LCST precursor polymers in both the hydrazide
(PO10H30 and PO100H30) and aldehyde (PO10A30 and PO100A30)
barrels of the double-barrel syringe at a total concentration of 150 mg/
mL in the mass ratios indicated by the hydrogel sample codes. As such,
each mixed precursor hydrogel is prepared with four precursor
polymers (2 hydrazide-functionalized and 2 aldehyde-functionalized)
while all other hydrogels studied are prepared by mixing only two
precursor polymers (1 hydrazide-functionalized and 1 aldehydefunctionalized).
Gelation Kinetics. The transmittance of the hydrogels was tracked
during the gelation process using a Cary 300 UV−vis spectophotometer with the Kinetics Software (version 3.0). The polymer
precursor solutions (500 μL at 150 mg/mL) were coextruded into a
polystyrene cuvette, and the absorbance was tracked at a wavelength of
500 nm with an average sample time of 0.1 s and cycle time of 0.25
min. All experiments were performed with the Peltier unit set at 37 °C
to maintain constant temperature mimicking physiological injection.
Phase Transition of the Hydrogels. The volume phase
transition temperature of the hydrogels (300 μL) was determined
gravimetrically. Hydrogel disks were prepared by extruding the reactive
polymer precursors through the double-barrel syringe into cylindrical
silicone rubber molds (diameter = 7 mm, volume = 300 μL).
Hydrogels were placed inside scintillation vials ﬁlled with 12 mL of 10
mM PBS and submerged into a thermostated water bath. After a 12 h
incubation period to ensure complete gelation, the hydrogels were
gently dried using a Kimwipe to remove nonabsorbed PBS and
weighed. A fresh aliquot of PBS was then added, the temperature of
the water bath increased by 5 °C, and the process was repeated. The
mass loss of the hydrogels was calculated by comparing the mass of the
hydrogel at any given temperature to the initial mass of the same
hydrogel, as measured at 22.5 °C (room temperature). All experiments
were performed in triplicate, with reported error bars representing the
standard error of the repeat measurements.
Small-Angle Neutron Scattering (SANS). SANS experiments
were conducted using the 30 m SANS NG3 at the NIST Center for
Neutron Research (NCNR, Gaithersburg, MD). The sample-to-

detector distances were 1, 4, and 13 m (with and without lenses),
using neutron wavelengths of 6 Å for the ﬁrst three conﬁgurations and
8.4 Å for the 13 m lensed distance. The wavelength spread was 13%.
All precursor polymers for SANS experiments were dissolved at a total
concentration of 150 mg/mL in 10 mM phosphate buﬀered D2O to
facilitate neutron scattering contrast. Hydrogels were subsequently
extruded from a double-barrel syringe into a demountable 4.32 × 3.49
× 2.16 cm3 sample cell (titanium body and quartz windows) provided
by NCNR and set to an internal gap thickness of 1 mm, requiring
∼300 μL of hydrogel. Polymers extruded into sample cells were left to
completely gel for 12 h before measurements were performed. The
low q range data were acquired by counting for 15 min using the 13 m
detection distance followed by 20 min using the 13 m distance with
lens. The medium q range was collected using a 4 m detection distance
counting for 5 min. The high q range was collected using a 1 m
detection distance counting for 2 min. The four ranges of data
collected were then merged using the DAVE on-site data reduction
tool.
Light Scattering (LS). The light scattering experiment was
conducted using a 5 mW laser diode operating at a wavelength of
532 ± 10 nm. Scattered light was detected using a ThorLabs DET10A
Si biased detector sensitive to wavelengths from 200 to 1100 nm.
Hydrogel precursors dissolved at 150 mg/mL in 10 mM PBS were
extruded directly into standard 1 cm × 1 cm quartz cuvettes to a total
volume of 1.2 mL, yielding a typical beam size of 1.5 mm, sample
thickness of 10 mm, and sample height of 2 mm. The detector was
mounted on a motor-controlled Huber diﬀractometer with a laser-tosample distance of 40 cm and sample-to-detector distance of 35 cm.
Motor positions were controlled to precision of at least 0.01°. A
detector angle (2θ) range of −60° to 60° was scanned, with the
scattered light intensity recorded. This angular range was determined
in test experiments to cover the experimental features, as will be shown
below. A typical experimental run required approximately 160 min to
collect data over the full angular range.

■

THEORY
The scattering intensity (I(q)) homogeneity of hydrogel
networks has been described by eq 1, a summation of dynamic
(or ﬂuid-like) ﬂuctuations represented by an Ornstein−Zernike
function (IOZ(q), eq 2)25 and static (or solid-like) ﬂuctuations
represented by a squared Lorenzian function (ISL(q), eq 3).7,24
I(q) =

ISL(0) ⎤
Δρ2 RTϕ2 ⎡ IOZ(0)
⎥
⎢
+
2 2
NAMOS ⎣ 1 + ξ q
(1 + Ξ2q2)2 ⎦

G(q) ∼ IOZ(q) =

C(q) ∼ ISL(q) =

IOZ(0)
1 + ξ 2q2
ISL(0)
(1 + Ξ2q2)2

(1)

(Ornstein−Zernicke)
(2)

(squared Lorentzian)
(3)

In eqs 1−3, q is the scattering vector, Δρ the scattering length
density diﬀerence squared, φ the volume fraction of the solute,
NA Avogadro’s number, R the universal gas constant, T the
temperature, MOS the osmotic modulus, ξ the correlation
length, and Ξ the characteristic size of inhomogeneities. The
key parameters yielding insight into the hydrogel morphology
are the ξ, the correlation length (or mesh size) of the network,
and Ξ, the characteristic size of the inhomogeneities (or
“blobs”) formed as a result of cross-linking. The latter can also
be expressed in terms of a radius of gyration of the polymer
rich/poor domains (Rg = 30.5Ξ). In the case of an ideal hydrogel
network, I(q) can be described by the dynamic ﬂuctuations
only, as was demonstrated experimentally for the 4-arm tetrapoly(ethylene glycol) hydrogel network discussed in the
2
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Table 2. Chemical Characterization of Synthesized POEGMA Polymer Precursors

PO0H30
PO10H30
PO100H30
PO0A30
PO10A30
PO100A30

M(EO)2MAa
[mol %]

OEGMA475a
[mol %]

functional monomer
[mol %]

Mnc
[103 g mol−1]

Đc

functional groups
[no./chain]

LCSTd
[°C]

77.1
72.5
0.00
80.6
70.4
0.00

0.0
5.9
72.8
0.0
5.7
71.9

22.9b
21.6b
27.2b
19.4a
23.9a
28.1a

16.2
17.0
19.4
16.9
13.0
18.3

2.41
2.08
2.35
2.49
2.03
2.43

24
22
16
17
19
16

51.0
63.0
>80
40.1
53.5
>80

a

Determined by 1H NMR. bDetermined from conductometric titration. cMeasured using aqueous SEC using an acetate buﬀer. dDetermined at 95%
transmittance at a concentration of 1 mg/mL in PBS. Synthesis data reproduced from ref 11.

Introduction.6 However, in most cases (and particularly in the
case of the in situ gelling hydrogels prepared from precursors
with diﬀerent phase transitions described herein), chemical
cross-linking is nonideal, and resulting inhomogeneities are
observed as static ﬂuctuations.

■

RESULTS
Synthesis of the Reactive Poly(oligoethylene glycol
methacrylate) Precursors. Three sets of POxHy and POxAy
precursors were synthesized with varying ratios of M(EO)2MA
and OEGMA475 (x = 0, 10, and 100 mol %, resulting in
precursor polymers with various lower critical solution
temperatures), similar degrees of hydrazide and aldehyde
functionalization (y = 30 mol %), and similar number-average
molecular weights (Mn). Given that the functional group
density and the molecular weight of all polymers generated in
this work are similar, each precursor has a similar average
number of functional groups per chain (19 ± 3, Table 2) but
diﬀers in terms of lower critical solution temperature (LCST).
Preparation of Poly(oligoethylene glycol methacrylate) Hydrogels. Single precursor POEGMA hydrogels were
prepared such that (1) one POxH30 and POxA30 precursor are
used and both precursors are similar in terms of their
M(EO)2MA:OEGMA475 composition (x = 0, 10, or 100 mol
%) and (2) the POxH30 and POxA30 precursors are dissolved at
equal concentrations (150 mg/mL in each barrel); by
extension, based on the similar functional group densities
among all precursors as shown in Table 2, a nearly 1:1 ratio of
aldehyde:hydrazide functional groups is present within each
hydrogel composition tested. The resulting hydrogels are
labeled according to the corresponding mole fraction of
OEGMA475 used to prepare the precursors (x): PO0 =
PO0H30 + PO0A30, PO10 = PO10H30 + PO10A30, and PO100 =
PO100H30 + PO100A30 (Table 1). As a result of the diﬀerence in
OEGMA monomer composition (x), the thermoresponsive
properties of the PO0, PO10, and PO100 hydrogels diﬀer
substantially; the PO10 hydrogel displayed a volume phase
transition temperature (VPTT) at ∼32 °C, compared to ∼22
°C for PO0 and >90 °C for PO100.11 The optical appearance of
the PO0, PO10, and PO100 hydrogels below and above their
VPTT is shown in Figure 1A−F (note that given the high
VPTT of the PO100 hydrogels, both temperatures tested in
Figure 1C,F were below the VPTT of those hydrogels).
The PO100 hydrogel remains transparent and swollen upon
heating from 22 to 37 °C, as anticipated for high transition
temperature hydrogel. The PO10 hydrogel undergoes a volume
phase transition at ∼32 °C, transitioning from transparent
below the VPTT (Figure 1B) to translucent above the VPTT
(Figure 1E). In contrast, the PO0 hydrogel appears opaque
both below (Figure 1A) and above (Figure 1D) the VPTT,

Figure 1. Optical appearance of the various POEGMA hydrogels
prepared for the SANS study. Images of the single precursor PO0 (A),
PO10 (B), and PO100 (C) hydrogels below their VPTT (5 °C for PO0
and 22 °C for PO10 and PO100). All other images were recorded at 37
°C: PO0 (D), PO10 (E), PO100 (F), PO100H30 + PO10A30 (G), PO10H30
+ PO100A30 (H), PO(25/75) (I), PO(50/50) (J), and PO(75/25) (K).
All precursor solutions were ﬁltered with a 0.45 μm PFTE ﬁlter to
remove dust and other impurities that might otherwise impart the
optical transparency of the resulting hydrogel.

suggesting that the opaque appearance of the PO0 hydrogels is
not solely a result of the phase transition behavior of the
hydrogel (i.e., formation of internal inhomogeneities on the
length scale of visible light is likely). Despite the similarity in
the theoretical cross-link density (y = 30 mol %) between the
diﬀerent gels, signiﬁcant diﬀerences in the macroscopic gelation
time as well as the mechanical properties exist between the
PO0, PO10, and PO100 hydrogels.11 The macroscopic gelation
time ranges from <5 s for PO0 to <10 s for PO10 to 1200 s for
PO100, while the elastic storage modulus (G′) and calculated
cross-link density (ν) of PO0 are roughly 1 order of magnitude
higher than those of PO100.11 We postulated that these property
diﬀerences may originate from the diﬀering availabilities of the
aldehyde and hydrazide functional groups for cross-linking
reactions due to steric hindrance by the bulky ethylene oxide (n
= 8−9) side chains of OEGMA475.11
Mixed precursor hydrogels were also produced, exploiting
the facile modularity of our approach to injectable hydrogel
formation13,14 in that multiple precursors with the same
functionalization (hydrazide or aldehyde) can be mixed at
varying ratios to form a hydrogel that exhibits the combined
properties of the precursor mixture following simple coextrusion.26,27 Mixed precursor POEGMA hydrogels were
prepared by mixing PO10H30, PO100H30, PO10A30, and
PO100A30 precursors such that (1) an equal weight ratio of x
= 10 and x = 100 precursors is added to both the hydrazide and
6020
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Figure 2. Equilibrium water content of the mixed precursor POEGMA hydrogels as a function of the temperature: PO0 (black), PO10 = PO(100/0)
(blue), PO(75/25) (green), PO(50/50) (orange), PO(25/75) (purple), PO100 (red), PO10H30 + PO100A30 (yellow), and PO100H30 + PO10A30
(gray). Data in (A) reproduced from ref 11.

Figure 3. Evolution of the normalized transmittance during gelation of the single precursor (same LCST) (A), single precursor (diﬀerent LCST)
(B), and mixed precursor and (C) POEGMA hydrogels as measured by UV−vis spectrophotometry at 37 °C. PO0 (black), PO10 = PO(100/0)
(blue), PO(75/25) (green), PO(50/50) (orange), PO(25/75) (purple), PO100 (red), PO10H30 + PO100A30 (yellow), and PO100H30 + PO10A30
(gray).

translucent/opaque (Figure 1I−K). The VPTT of these mixed
hydrogels was measured gravimetrically (Figure 2) and
resembles that of the PO100 hydrogels, as all hydrogels show
a gradual decrease in the water content and no discrete volume
phase transition as the temperature increases from 20 to 60 °C
(although the absolute water content of the hydrogels scales
directly with the fraction of the low LCST precursor included
in the hydrogel, Figure 2). Even the PO(75/25) hydrogel,
which consists of 75% w/w low LCST precursor, exhibits a
broad and nondiscrete phase transition temperature, suggesting
that introducing even small fractions of high LCST precursors
eﬀectively eliminates the discrete VPTT observed for the PO10
hydrogel. The absence of a discrete VPTT up to 60 °C coupled
with the observed opacity of the mixed precursor POEGMA
hydrogels suggests that these hydrogels are less homogeneous
than the corresponding single precursor POEGMA hydrogels.
For comparison, two additional single precursor hydrogels
were prepared by coextruding one hydrazide-functionalized and
one aldehyde-functionalized POEGMA precursor of diﬀerent
LCST. These hydrogels are prepared such that (1) one POxH30
and POxA30 precursor respectively are used of diﬀerent
M(EO)2MA:OEGMA475 composition (x = 10 or 100 mol %)
and (2) the POxH30 and POxA30 precursors are dissolved at
equal concentrations (150 mg/mL in each barrel); as before,

aldehyde barrels of the double-barrel syringe and (2) the
aldehyde (PO x A 30 ) and the complementary hydrazide
(POxH30) precursor solutions are both prepared at a total
concentration of 150 mg/mL, such that (based on the similar
functional group densities among all precursors as shown in
Table 2) a ∼1:1 ratio of aldehyde:hydrazide functional groups
is present within each hydrogel composition tested (Table 1).
Note that in this case gelation can occur without signiﬁcant
cross-reaction of PO10 and PO100 precursors, as both hydrazide
and aldehyde-functionalized prepolymers of each LCST are
always present. Five hydrogels were prepared by mixing the
precursors with x = 10 and x = 100 mol % in 100/0, 75/25, 50/
50, 25/75, and 0/100 weight ratios (for example, the 25/75 wt
% hydrogel was prepared by mixing 25% w/w PO10H30 with
75% w/w PO100H30 in the hydrazide barrel and 25% w/w
PO10A30 and 75% w/w PO100A30 in the aldehyde barrel and
coextruding the mixture through the mixing channel). The
macroscopic gelation time of these hydrogels increases
exponentially with increasing PO100H30 and PO100A30 content
of the precursors from <10 s for PO(75/25) to 20 s for PO(50/
50) and 230 s for PO(25/75).
Whereas the single-component PO10 and PO100 hydrogels
are both transparent below the VPTT (Figure 1B,C), the mixed
PO(75/25), PO(50/50), and PO(25/75) hydrogels all appear
6021
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Figure 4. Scattering intensity of the PO0 (A), PO10 (B), and PO100 (C) hydrogels as a function of temperature: (open circle) 22 °C, (light gray
circle) 32 °C, (dark gray circle) 37 °C, and (black circle) 45 °C. The Ornstein−Zernike (OZ)−squared Lorentzian (SL) ﬁts of the scattering
intensities are shown as the red solid lines.

decrease in the normalized transmittance over the initial 10 min
of the experiment (Figure 3B). However, the evolution of
transmittance changes faster for the mixed precursor hydrogels
than for either constituent single precursor hydrogel; in
particular, the PO(75/25) and PO(50/50) hydrogels turn
completely opaque within 1 min, on a time scale similar to
macroscopic gelation of these samples, while single component
gels fabricated from PO10 or PO100 precursors took much
longer to turn opaque (∼15 min for PO10) or did not turn
opaque whatsoever (PO100). This result seems to suggest that
opaque appearance of the mixed precursor hydrogels is not
caused by a phase change (Figure 3) but rather is a
consequence of phase separation during the time scale of
gelation. In comparison, single precursor hydrogels prepared by
coextruding one PO10 precursor and one PO100 precursor (i.e.,
PO10H30 + PO100A30 and PO100H30 + PO10A30) were both
highly transparent (Figure 1G,H) and demonstrated no
signiﬁcant measured decrease in the normalized transmittance
over time (Figure 3C), consistent with the physical appearance
of the hydrogels in Figure 1.
SANS of Single Precursor POEGMA Hydrogels. The
neutron scattering intensity, I(q), as a function of the scattering
vector (q) was measured for PO0, PO10, and PO100 at four
diﬀerent temperatures navigated around the VPTT of the PO10
hydrogel (Figure 4A−C). The neutron scattering intensity
curve for PO0 shows a single-exponential decay, whereas the
neutron scattering intensity curves of PO10 and PO100 show two
decays. Furthermore, the I(q) of the PO0 hydrogel at low q (i.e.,
q < 10−2 Å−1) is roughly 2 orders of magnitude higher than the
I(q)s of the PO10 and PO100 hydrogels. These observations
suggest that the PO10 and the PO100 hydrogels are more
homogeneous than the PO0 hydrogel on the length scale
investigated here (roughly 1−200 nm). It should also be noted
that the cross-link density of PO0 was observed to be
approximately 1 order of magnitude higher than that of
PO100,11 which would also contribute to the higher scattering
intensity observed for PO 0 even in the absence of
heterogeneities. The scattering intensity curves were successfully ﬁtted using eq 1, with generally good ﬁts obtained (R2 >
0.99). The ﬁt parameters describing the network characteristics
(ξ and Ξ) are plotted as a function of the temperature in Figure
5A,B.
The neutron scattering intensity curves obtained for PO0
show a single-exponential decay (Figure 4A) and could be
successfully described only accounting for the contribution of

based on the similar functional group densities among all
precursors as shown in Table 2, a reactive functional group
ratio of ∼1:1 is achieved. Contrary to the mixed precursor
hydrogels that also consist of precursors of diﬀerent LCSTs, the
PO100H30 + PO10A30 (Figure 1G) and PO10H30 + PO100A30
(Figure 1H) hydrogels are transparent. Gelation of these
hydrogels occurs after 20 s for PO10H30 + PO100A30 and 230 s
for PO100H30 + PO10A30, a similar time scale range to the mixed
precursor hydrogels that were opaque. Based on these
observations, if gelation is forced between precursors with
diﬀerent LCSTs (single precursor/diﬀerent LCST hydrogels),
the resulting gels are transparent; if gelation can still occur
without cross-reaction of precursors with diﬀerent LCSTs
(mixed precursor hydrogels), the hydrogels are translucent or
opaque.
Kinetics of Structure Development. The optical transmittance during gelation of the single and mixed precursor
POEGMA hydrogels was measured by coextruding the reactive
precursors (at 22 °C) directly into a UV−vis cuvette incubated
at 37 °C (Figure 3A−C and Supporting Information Figure
S1).
Although the LCSTs of both PO0 precursors are >37 °C
(PO0H30 = 51.0 °C and PO0A30 = 40.1 °C, Table 2), PO0 gels
within seconds and, upon cross-linking, the VPTT quickly
drops below 37 °C and the PO0 hydrogel adopts a milky white
appearance with 0% transmittance (Figure 3A). In comparison,
the normalized transmittance of the PO10 hydrogel decreases
more slowly after coextrusion into the UV cuvette, reaching
nearly 0% only after ∼15 min (Figure 3A). Interestingly, while
opacity changes are observed over several minutes, macroscopic
gelation occurs much more quickly (<10 s); this result suggests
that the observed decrease in transmittance has to be primarily
accounted to a volume phase transition that occurs as the cold
hydrogel formed quickly after extrusion (22 °C) is heated to 37
°C in the cuvette; this is analogous to the opacity change
observed for the PO10 hydrogel in Figure 1B,E upon heating.
However, the evolution of inhomogeneities at higher cross-link
densities cannot be dismissed as a possible mechanism for this
higher opacity. The PO100 hydrogel shows virtually no change
in normalized transmittance up to 1 h postextrusion (i.e., past
the point that bulk gelation has occurred), since the VPTT of
the hydrogel at any degree of cross-linking achieved remains
well above 37 °C.
Comparable to the PO10 hydrogel, the mixed precursor
PO(75/25), PO(50/50), and PO(25/75) hydrogels show a
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hydrogel network consists of a densely cross-linked chaotic
network of static inhomogeneities. The scattering intensity
curves show no dependence on the measurement temperature
(Figure 4A), and consequently, no temperature dependence of
Ξ was observed (Figure 5B). This is consistent with the nearly
constant water content measured as a function of the
temperature in the gravimetric swelling experiments shown in
Figure 2A. As the VPTT of the PO0 hydrogel is approximately
22 °C, it can be expected that the hydrogel is in a dehydrated
and collapsed state even at the lowest measurement temperature of 22 °C.
The PO10 and PO100 hydrogels (Figure 4B,C) are more
homogeneous, and the I(q) curves were successfully described
only by considering a summation of dynamic and static
ﬂuctuations (Supporting Information Figures S3 and S4). The
diﬀerence in network homogeneity between the PO10 and the
PO0 hydrogel is striking considering that macroscopic gelation
of the PO10H30 and PO10A30 precursors (<5 s) occurs only
marginally slower than for the PO0H30 and PO0A30 precursors.
The somewhat slower gelation kinetics and lower ultimate
cross-link density achieved for PO10 relative to PO0 (∼3-fold
lower cross-link density based on mechanics calculations)11
better facilitates spatial reorientation of the polymer chains
during cross-linking and consequently locks the precursors in a
more homogeneous hydrogel network. Homogeneity is also
promoted by the lack of an ongoing phase transition as a
function of cross-linking (i.e., the hydrogel phase transition
temperature still lies above room temperature even after crosslink formation).
Slowing the gelation kinetics even more (macrogelation for
the PO100H30 and PO100A30 precursors occurs in approximately
1200 s) reduces I(q) to a lesser extent but does result in a
signiﬁcantly more homogeneous hydrogel network. Furthermore, parallel to the gelation kinetics, the cross-link density also
decreases11 which also attributes to lower scattering and the
production of a more homogeneous hydrogel.28,29 In addition,
for both PO10 and PO100, unlike for PO0, temperature has a
clear impact on the hydrogel mesh size (ξ) (positive
correlation) and the size of inhomogeneities (Ξ) (negative
correlation) observed (Figure 5A,B).
SANS of Mixed Precursor POEGMA Hydrogels. The
neutron scattering intensity of the mixed precursor PO(75/25),

Figure 5. Correlation length of the hydrogel network ξ (A) and the
characteristic size of inhomogeneities Ξ (B) for the single precursor
PO0 (black circle), PO10 (gray circle), and PO100 (open circle)
hydrogels as a function of the measurement temperature from
mathematical ﬁts of the neutron scattering intensity curves using eq 1.
Note: the correlation length for PO0 hydrogel could not be
determined due to the heterogeneity of the hydrogel (i.e., no ﬂuid
contribution was relevant).

the static ﬂuctuations (Supporting Information Figure S2).
Upon coextrusion the PO0H30 and PO0A30 precursors,
macrogelation occurs virtually instantaneously and a heterogeneous hydrogel network is formed. We hypothesize this
heterogeneity is derived from the incomplete mechanical
mixing provided by the static mixer of the double barrel
syringe, as gelation happens too fast and at too great an extent
(owing to the highest cross-link density measured for this gel)
for diﬀusional mixing to signiﬁcantly change the mass
distribution of the reactive polymers within the hydrogel
phase. Existing concentration ﬂuctuations (e.g., due to chain
entanglement in solution) are frozen into the hydrogel network
structure, as chain mobility is restricted by the fast cross-link
formation. Consequently, no ordered hydrogel network is
constructed, and no deﬁned mesh size can be determined for
this hydrogel. Rather, the SANS experiments suggest that this

Figure 6. Scattering intensity of the mixed POEGMA hydrogels as 22 (A), 32 (B), 37 (C), and 45 °C (D) as a function of hydrogel composition:
(open circle) PO(0/100) (= PO100), (light gray circle) PO(25/75), (gray circle) PO(50/50), (dark gray circle) PO(75/25), and (black circle)
PO(100/0) (= PO10). The Ornstein−Zernike (OZ)−squared Lorentzian (SL) ﬁts of the scattering intensities are shown as the red solid lines.
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heterogeneity than the single precursor hydrogels. In addition,
given that the hydrogel indicators for heterogeneity deviate
more signiﬁcantly from the linear arithmetic average of the
parameters for the two single precursor hydrogels as the
temperature is increased, phase separation between the PO10
precursors and the PO100 precursors is likely to have occurred
within the mixed precursor hydrogels, with the relative
scattering intensities of these two domains changing diﬀerently
as a function of temperature due to the diﬀerent LCSTs of the
polymer precursors.
SANS of Single Precursor POEGMA Hydrogels with
Diﬀerent LCSTs. The neutron scattering intensity, I(q), as a
function of the scattering vector (q) was also measured for the
PO10H30 + PO100A30 and PO100H30 + PO10A30 hydrogels at 22
°C to compare the internal morphologies of these single
precursor, diﬀerent LCST gels relative to the single precursor,
same LCST hydrogels which were also transparent (Figure 8
and Supporting Information Figure S9).

PO(50/50), and PO(25/75) hydrogels was measured for each
hydrogel at four diﬀerent temperatures navigated around the
VPTT of the PO(100/0) (= PO10) hydrogel and compared to
the single component PO(100/0) (= PO10) and PO(0/100) (=
PO100) hydrogels (Figure 6A−D). Independent of the
measurement temperature, the scattering intensity at low q
(<10−1 Å) increases with increasing weight fraction of the PO10
precursors. There is only a marginal increase in the scattering
intensity as the measurement temperature is increased from 22
to 45 °C for all the mixed precursor hydrogels tested (Figure
6). This suggest that none of these heterogeneous precursor
hydrogels undergo a bulk phase transition up to 45 °C, in line
with the SANS measurements shown in Figure 4B,C for the
PO10 and PO100 hydrogels and the volumetric deswelling data
shown in Figure 2. The scattering intensity curves of all the
mixed precursor hydrogels were successfully ﬁtted with eq 1
(Supporting Information Figures S5−S9), with the best-ﬁt
parameters describing the network characteristics (ξ and Ξ)
plotted as a function of temperature in Figure 7A,B.

Figure 8. Scattering intensity at 22 °C of the single precursor
hydrogels based on precursors with similar LCSTs (open circle)
PO100H30 + PO100A30 and (light gray circle) PO10H30 + PO10A30 and
precursors with diﬀerent LCSTs (black circle) PO10H30 + PO100A30
and (gray circle) PO100H30 + PO10A30. The Ornstein−Zernike (OZ)−
squared Lorentzian (SL) ﬁts of the scattering intensities are shown as
the red solid lines.

Figure 7. Correlation length (ξ) and the characteristic size of
inhomogeneities (Ξ) as a function of the hydrogel composition at 22
°C (open circle), 32 °C (light gray circle), 37 °C (gray circle), and 45
°C (black circle).

Compared to the neutron scattering intensity of the PO10
and PO100 hydrogels at low q (q ≤ 10−2 Å) the hydrogel
prepared from PO10H30 + PO100A30 scatters more (i.e., more
inhomogeneous), whereas the hydrogel prepared from
PO100H30 + PO10A30 scatters less (i.e., more homogeneous)
(Figure 8). The diﬀerence in gelation kinetics (PO10H30 and
PO100A30 cross-link in 20 s, whereas PO100H30 and PO10A30
cross-link in 230 s), coupled with the SANS results in Figure 8,
could suggest that the presence of the PO10H30 precursor
results in fast gelation and consequently more heterogeneous
hydrogels. Given that these hydrogels remain transparent, the
SANS result implies that while the diﬀerent LCSTs of the
precursors drives a phase separation upon gelation, the
magnitude of that phase separation is limited by the covalent
cross-link formation occurring between the two precursors on
the time scale of phase separation; as such, the size of domains
formed is likely limited due to network stiﬀness and the
hydrogels remain transparent. Interestingly, recent work by
Saﬀer and co-workers30,31 have shown similar results for
thionorbornene cross-linked PEG hydrogels prepared with
short PEG chain lengths (4K and 8K g mol−1), in which the
short PEG chain length could not suﬃciently counteract the
hydrophobic eﬀect of the norbornene end groups and

From the results in Figure 6, it can be concluded that there is
a clear eﬀect of the measurement temperature on the
nanostructure of the hydrogel. Similar to the PO10 and PO100
hydrogels, the increased measurement temperature increases
the ﬂuidity of the network (i.e., the ability of the network to
self-diﬀuse), which results in an increase in ξ and a decrease in
Ξ (Figure 7A,B). Despite the slower gelation kinetics and more
homogeneous hydrogel network (concluded from the I(q)
results in Figure 4C) of PO100, the mesh size of the PO100
hydrogel is smaller than that of the PO 10 hydrogel.
Furthermore, the results in Figure 7 show that the composition
of the mixed precursor polymers used to prepare the hydrogel
has a signiﬁcant eﬀect on the nanostructure of the hydrogel; as
the temperature increases from 22 to 45 °C, the ξ of the mixed
PO(75/25), PO(50/50), and PO(25/75) hydrogel networks
show larger values for ξ and smaller values for Ξ relative to
what would be predicted based on a simple linear combination
of PO10 and PO100 single precursor gel results. This result
suggests that these mixed precursor hydrogels have higher
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hydrogel, a similar length scale of structural peak at d = 2.2 μm
(Q = ±2.84 × 10−4 Å−1) was observed but at signiﬁcantly lower
intensity than those observed for PO100. As such, scattering in
PO(50/50) was mainly due to the central peak (i.e., due to
larger features that cannot be resolved by LS). From the halfwidth at half-maximum of the central peak of 7.02 × 10−5 Å−1, a
lower bound for the size of the observed structures in the
opaque PO(50/50) hydrogel can be estimated to be
approximately 8 μm, although structures signiﬁcantly larger
are also likely to also be present. No additional peaks were
observed at higher scattering angles, which excludes the
possibility of the presence of structures of smaller length scales
(i.e., >1 μm). The data thus suggest that the scattering length
scales in the opaque hydrogel samples are signiﬁcantly longer
than the transparent hydrogel sample.

heterogeneous hydrogels were produced. While we cannot
deﬁnitively rule this phenomenon out as a possible explanation
for the hydrogel opacities observed, the fact that hydrogels
prepared with the exact same total OEGMA monomer balance
(i.e., same overall end-group composition and same overall
hydrophilic/hydrophobic balance) can be made transparent (if
only 2 precursors of diﬀerent LCSTs are used) or highly
opaque (if 4 precursors, 2 of each LCST value, are used)
suggests to us that microphase separation is the more likely
explanation. The absence of any sort of highly hydrophobic
entity such as the norbornene group in our hydrogels further
supports our hypothesis.
Light Scattering of Single and Mixed Precursor
POEGMA Hydrogels. One homogeneous precursor (PO100,
transparent, Figure 1D) and one heterogeneous precursor
(PO(50/50), opaque, Figure 1H) POEGMA hydrogel were
characterized by light scattering (LS). The intensity proﬁle was
plotted with respect to the scattering vector q following Bragg’s
law (eq 4)

■

DISCUSSION
The scattering intensity functions of the PO10 and PO100 single
precursor hydrogels shown in Figure 4A,B can be represented
by a summation of dynamic (OZ) and static (SL) ﬂuctuations,
typically used for the characterization of hydrogel systems;7,24
in contrast, the scattering intensity function of the PO0
hydrogel could be fully ﬁt by considering static (SL)
ﬂuctuations only. Consequently, it can be concluded that the
PO10 and the PO100 hydrogels are more homogeneous and
contain less “frozen” domains than the PO0 hydrogel. This
result is consistent with the observed opacity, the faster rate of
gelation (limiting the potential degree of diﬀusional mixing of
the two reactive precursor polymers), and the signiﬁcantly
lower phase transition temperature (facilitating temperatureinduced phase separation into domains) of PO0 relative to the
other hydrogels assessed. In contrast, slower gelation kinetics
and lower cross-link densities result in more homogeneous
hydrogels that show a mesh size of 2−7 nm (depending on
temperature) with inhomogeneities on a size range of 40−60
nm (i.e., inhomogeneities are present, but on a length scale that
the optical transparency of the hydrogels is not aﬀected) for the
transparent PO10 and the PO100 hydrogels.
For the PO10 and PO100 hydrogels, temperature has a clear
impact on the hydrogel mesh size (ξ) and the size of
inhomogeneities (Ξ) observed within those hydrogel networks
(Figure 5A,B). For both hydrogels, the mesh size increases with
increasing temperature. Although this result is counterintuitive
when compared to the macroscopic behavior of thermoresponsive hydrogels when heated to a temperature (T) close to
the critical phase transition temperature (Tc) (i.e., hydrogel
deswelling would be expected to reduce the mesh size), an
increase in ξ has been similarly observed for thermoresponsive
poly(N-isopropylacrylamide) (PNIPAAm) and dimethylacrylamide (DMAAm) hydrogels.23,24 The increase in ξ seems to
diverge asymptotically as T − Tc approaches 0, which has also
been shown by Shibayama for conventional free radicalpolymerized PNIPAAm hydrogels (and in fact holds true for
any phase transition in materials).23,24 As the temperature
increases, the ﬂuidity (i.e., self-diﬀusion) of the polymer chains
in the network increases, leading to increased dynamic
ﬂuctuations and consequently a larger ξ. As the network
collapses at Tc, this ﬂuidity is lost, and the hydrogel network
can be described by static ﬂuctuations only (as was observed
experimentally for the PO0 hydrogel, Figure 4A). It was
expected based on the measured macroscopic phase transition
of PO10 that ξ would diverge (i.e., approach inﬁnity) around the
VPTT of 32−33 °C; however, this was not observed

( 22θ )

4π sin
q=

λ

(4)

where the real space distance is calculated by d = 2π/q. The
intensity proﬁles (corrected for the scattering from the cuvette)
for PO100 and PO(50/50) are shown in Figure 9. The signal
was ﬁtted using Gaussian distributions. Structural peaks at d =
2.9 μm (Q = ±2.19 × 10−4 Å−1) were observed in the optically
transparent PO100 hydrogel together with a central peak
indicative of longer length scales which cannot be resolved by
the light scattering technique. For the opaque PO(50/50)

Figure 9. Light scattering intensity as measured for (A) the cuvette (=
background), (B) the single precursor POEGMA hydrogel PO100, and
(C) the mixed precursor POEGMA hydrogel PO(50/50).
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between the cross-link density (which determines G′ and, in
our case, the degradation rate12) and the optical transparency.
High cross-link densities can be achieved (using PO 0
precursors), but at the expense of optical clarity of the
hydrogel. Conversely, highly transparent PO100 hydrogels can
be prepared, but the mechanical strength and degradation
stability of those hydrogels are inherently limited. On the basis
of the transparency of the hydrogel produced by mixing a one
PO10 precursor with one PO100 precursor (one functionalized
with hydrazides and the other with aldehydes, Figure 1), we
anticipate that improved mechanics/degradation lifetimes while
preserving transparency may be achievable by mixing
precursors with diﬀerent LCSTs. The diﬀerence in the network
structure between the single and mixed precursor hydrogels
also provides an interesting opportunity in terms of understanding and optimizing injectable POEGMA hydrogels for
controlled release applications, given that drug release kinetics
are directly governed by the internal morphology hydrogel
network. A full evaluation of the macroscopic (physiochemical,
biological, and drug release) properties of these mixed
precursor POEGMA hydrogels in the context of biomedical
applications will be discussed in a follow-up study.

experimentally. Furthermore, the relatively small but still
signiﬁcant decrease in Ξ as observed here for the PO10 and
PO100 hydrogels is generally not observed for conventional
thermoresponsive PNIPAAm hydrogels, for which Ξ remained
relatively constant over the whole temperature range probed.
We hypothesize that this diﬀerence is related not to the
diﬀerent gelation mechanisms but rather to the fundamental
chemical diﬀerences between PNIPAAm and POEGMA. The
phase transition in PNIPAAm polymers is characterized by a
transition from hydrogen bonding with water at T < LCST to
intramolecular hydrogen bonding between the amide nitrogen
and the amide carbonyl group at T > LCST.32 As POEGMA
polymers lack a hydrogen bond donor, the phase transition in
POEGMA hydrogels is instead characterized by continuous
dehydration followed by chain aggregation. On this basis, we
expect that the observed decrease in Ξ (related to the size of
the inhomogeneous domains) is related to a collapse of these
domains (40−60 nm in size) due to continuous dehydration at
higher temperatures.
Contrary to the single precursor hydrogels, the mixed
precursor hydrogels all appear translucent (Figure 1). The
gelation experiments (Figure 3B) showed that this translucency
did not originate from a volume phase transition but rather was
induced during macroscopic gelation of the precursors (indeed,
at times well before macroscopic gelation was observed). This
suggests that opacity of the mixed PO(75/25), PO(50/50), and
PO(25/75) hydrogels is due to the presence of larger
inhomogeneities in the hydrogel network. SANS scattering
intensity functions of these mixed precursor hydrogels could be
successfully described by a combination of dynamic (OZ) and
static (SL) ﬂuctuations. As the hydrogel composition shifts
from exclusively PO 100 precursors to exclusively PO 10
precursor, it can be expected that the cross-link density
increases, which increases scattering (as observed). Similar
results were obtained for PNIPAAm hydrogels cross-linked
with N′N-methylenebis(acrylamide) (MBAAm), in which I(q)
increased with increasing mole fraction of MBAAm.33 A
diﬀerence in the network structure was also observed, as the
mixed precursor hydrogels generally show larger mesh sizes and
(surprisingly, given the opacity) smaller inhomogeneities than
the single precursor hydrogels (Figure 7A,B). We anticipate
that the larger domains that led to hydrogel opacity were at a
larger length scale than could be probed by SANS (i.e.,
inhomogeneities occur at multiple length scales in these
hydrogels). Consequently, complementary LS experiments
were performed on one transparent single precursor hydrogel
(PO100) and one mixed precursor hydrogel (PO(50/50), the
hydrogel with the fastest development of opacity upon
gelation). The scattering intensity functions showed a clear
shift from structures predominantly around 2.9 μm for the
PO100 hydrogel to structures that are signiﬁcantly larger (>8
μm) for the PO(50/50) hydrogel (Figure 9). These results
strongly suggest that the mixed precursor hydrogels contain
signiﬁcant concentrations of very large domains that cause
scattering and thus impart an opaque appearance of these
hydrogels.
From an application point of view, the knowledge gained
through this study regarding the internal morphology of
injectable POEGMA hydrogels provides signiﬁcant insight into
the design of such hydrogels for targeted applications. For
example, hydrogels designed for ophthalmic applications (i.e.,
vitreous humor substitutes or prolonged drug delivery vehicles
to the back of the eye) must be designed to strike a balance

■

CONCLUSIONS
Small-angle neutron scattering and light scattering have been
applied to probe the internal morphology of injectable in situ
gelling hydrogels based on hydrazide and aldehyde-functionalized POEGMA precursor polymers with varying lower critical
solution temperatures. Transparent hydrogels are formed if two
precursor polymers with similar or dissimilar LCST values were
mixed, provided the LCST is not too low or the cross-linking
potential of the precursors is not too high, although the internal
homogeneity of the hydrogels prepared with diﬀerent LCST
precursors is signiﬁcantly higher; in contrast, highly opaque
hydrogels with very large inhomogeneous domains are formed
if pairs of precursors with diﬀerent LCST values are coextruded
(i.e., in cases in which gelation can proceed even if phase
separation occurs). Thus, by tuning the number and LCST
values of polymer precursors used to prepare the injectable
hydrogel, gel morphologies can be tuned over a broad range.
This insight oﬀers signiﬁcant potential to rationally design
POEGMA-based in situ gelling hydrogels for targeted
biomedical applications, particularly in the context of controlled
release of therapeutics with speciﬁc aﬃnities to the
inhomogeneous phase.
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