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ABSTRACT: Shear-thinning injectable hydrogels exploit dynamic
noncovalent cross-links to flow upon applied stress and rapidly self-
heal once the stress is relaxed. These materials continue to gather
interest as they afford minimally invasive deployment in the body for
a variety of biomedical applications. Here, we present rationally
engineered polymer—nanoparticle (PNP) interactions based on
electrostatic forces for the fabrication of self-assembled hydrogels
with shear-thinning and self-healing properties. The selective
adsorption of negatively charged biopolymers, including hyaluronic
acid (HA) and carboxymethylcellulose (CBMC), to biodegradable
nanoparticles comprising poly(ethylene glycol)-b-poly(lactic acid)
(PEG-b-PLA) is enhanced with a positively charged surfactant,
cetyltrimethylammonium bromide (CTAB). We demonstrate that, in
this manner, electrostatic interactions can be leveraged to fabricate
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PNP hydrogels and characterize the viscoelastic properties of the gels imparted by CBMC and HA. This work introduces PNP
hydrogels that use common biopolymers without the need for chemical modification, yielding extremely facile preparation and
processing, which when coupled with the tunability of their properties are distinguishing features for many important biomedical

and industrial applications.

hear-thinning injectable hydrogels are an important class of

soft matter, finding broad applicability in biomedicine,
including tissue engineering and controlled drug delivery.'
Recently in polymer science, rationally designed noncovalent
interactions operating in aqueous media, and providing
reversible control over the self-assembly process, have yielded
new types of shear-thinning hydrogels.” These materials exhibit
many unique and useful properties, including externally tunable
strength, moldability, low-energy synthesis/processing, and self-
healing.” Several classes of these materials have been developed
and evaluated in various applications and exploit many different
types of interactions for noncovalent cross-linking including
host—guest interactions,S_ll ionic interactions,lz_14 metal—
ligand coordination,” rationally designed biopolymer self-
assembly,'*™* as well as natural biopolymer cross-linking.”***
Moreover, shear-responsive colloidal hydrogels comprising
mixtures of positively and negatively polymeric nanoparticles
self-assembling with favorable electrostatic interactions have
been developed in various ways.”*~>*

We have reported a new class of shear-thinning and
injectable polymer—nanoparticle (PNP) hydrogels™ that
exploit dynamic and multivalent interactions between polymers
and nanoparticles.”” PNP gels form rapidly upon mixing of
aqueous solutions of appropriately paired polymers and
nanoparticles, such that the polymers selectively adsorb to
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the nanoparticles and exhibit dramatic shear-thinning and rapid
self-healing. For example, PNP gels have been fabricated from
hydrophobically modified hydroxypropylmethylcellulose
(HPMC-C,)*" and nanoparticles composed of poly(ethylene
glycol)-block-poly(lactic acid) (PEG-b-PLA) as a platform for
injectable drug delivery.”” Moreover, a robust physical model
for efficient cross-linking in PNP hydrogels highlights three
important parameters: (i) affinity between nanoparticles and
polymers where the free energy gain is greater than thermal
energy (¢ > kgT), (ii) the number of cross-linking interactions
(n), and (jii) nanoparticle size relative to the persistence length
of the polymers (Dy < ). The strength of the materials (G),
therefore, can be related to the number of polymer—
nanoparticle interactions per unit volume (n) and the energy
associated with each interaction (aksT) using theoretical tools
analogous to those developed for covalent hydrogels: G =
n-akyT.”> Furthermore, owing to the hierarchical structure of
the PNP hydrogels, molecular cargo can be entrapped and
delivered in a controlled manner, independently by either
Fickian diffusion (hydrophilic) or erosion (hydrophobic), thus
affording differential release of multiple compounds from a
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single material, which has been validated both in vitro and in
. 229
vivo.
Herein we prepare PNP-based materials utilizing two
biopolymers that have found broad utility as biomaterials
(Figure 1): carboxymethylcellulose (CBMC; M,, ~ 700 kDa)
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Figure 1. Schematic representation of the preparation of polymer—
nanoparticle (PNP) hydrogels using electrostatic interactions. (a)
Polymers negatively charged at physiological pH, i.e., hyaluronic acid
(HA) or carboxymethylcellulose (CBMC; R = —CH,—COOH), can
be noncovalently modified via addition of cetyltrimethylammonium
bromide (CTAB). (b) Amphiphilic poly(ethylene glycol)-b-poly(lactic
acid) (PEG-b-PLA) polymers can be nanoprecipitated from water to
form biodegradable nanoparticles (NPs). (c) PNP hydrogels are
prepared by simply mixing PEG-b-PLA NPs with HA/CTAB or
CBMC/CTAB.

and hyaluronic acid (HA; bacterial glycosaminoglycan poly-
saccharide from Streptococcus equi). CBMC has been used
extensively in the past as a viscosity modifier in food,
pharmaceuticals, and cosmetics, as well as a biomaterial
building block in various biomedical applications, including
drug delivery and tissue engineering, demonstrating a high level
of biocompatibility and low toxicity.”> HA was selected for its
many past uses in biological materials," its capability to be
easily chemically modified as needed,*® as well as the high level
of biocompatibility it demonstrates, being that it is found in
certain 3places in the body, such as the eye and the extra cellular
matrix.”> Moreover, Burdick and co-workers have recently
prepared shear-thinning injectable hydrogels utilizing cyclo-
dextrin-based supramolecular cross-linking of HA.>*° As stated
above, one of the important factors in determining the
mechanical properties of PNP hydrogels is the energetic
favorability of the interactions between the NP and the
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polymer. As both of these biopolymers are anionicly charged at
physiological pH, we hypothesized it would be possible to
exploit electrostatic interactions to facilitate polymer—nano-
particle interactions leading to hydrogel formation. We
therefore decided to investigate if the addition of a cationic
surfactant molecule, cetyltrimethylammonium bromide
(CTAB), would impart sufficient interaction strength between
the anionic biopolymers (via electrostatic interactions) and the
core—shell nanoparticles (via hydrophobic interactions).

First, we synthesized PEGg-b-PLA,j utilizing organo-
catalytic ring—openin% 7polymerization techniques according to
literature procedures.”” This polymer was chosen as it has been
utilized previously in the preparation of PEG-b-PLA NPs in a
size regime amenable to PNP hydrogel formation (Dy ~ 100
nm).” Following preparation of PEG-b-PLA NPs by nano-
precipitation according to literature procedures,’ the NPs were
concentrated for use in PNP hydrogel preparation ([NPs] =
15%). We then prepared an aqueous solution of CBMC (3%)
and CTAB (1.5%). The solutions of CBMC/CTAB and PEG-
b-PLA NPs were then mixed vigorously to a final concentration
by weight percent of CBMC:NP:CTAB (1:10:0.5), based on
previous formulations.”” Figure 2 demonstrates that the

Figure 2. Inverted vial test of PNP hydrogels exploiting electrostatic
interactions between nonfunctionalized, anionic polymers and NPs in
the presence of cetyltrimethylammonium bromide (CTAB): (a)
CBMC (1%), (b) NPs (10%), (c) CBMC (1%) + NPs (10%), and (d)
CBMC (1%) + NPs (10%) + CTAB (0.25%).

interaction between the CBMC polymer and the NPs alone
is not sufficiently strong to induce hydrogel formation, and
hydrogels are formed exclusively when all three components are
present. In order to study the effects of the CTAB on hydrogel
formation, we repeated the process across a series of CTAB
concentrations, where we observed that above a maximum
CTAB concentration of 0.5% the anionic polymers precipitated
from solution.

With convincing qualitative data in hand demonstrating the
ability of the enhancement of native PNP interactions with
electrostatic interactions via addition of a charged surfactant, we
then sought to quantitatively study the mechanical properties of
these materials. We prepared a series of hydrogel materials with
CBMC and HA polymers for rheological characterization.
Frequency-dependent rheological characterization of these
materials, performed in the linear viscoelastic region, is
shown in Figure 3. The frequency dependence of the storage
and loss oscillatory shear moduli (G’ and G”, respectively),
clearly identifies hydrogel-like behavior in the CBMC-based
materials (Figure 3a) exclusively in the presence of CTAB, as
the two are linear and parallel and G" is dominant across the
whole range of frequencies observed. In general, these
hydrogels are soft (G’ =~ 0.5 kPa at 0.5% loading of CTAB)
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Figure 3. Frequency-dependent oscillatory rheological characterization (y =

2%) of PNP hydrogels comprising (a) CBMC and (b) HA.

yet are highly elastic (tan § = G”/G’ & 0.2). Moreover, the
mechanical properties of the material can be tuned over several
orders of magnitude simply through alteration of the
formulation. Again, the formation of robust hydrogels is
specific to the combination of all three components: CBMC,
NPs, and CTAB (Figure S1, Supporting Information).

In contrast, the material properties of the HA-based materials
(Figure 3b) are independent of the concentration of CTAB,
where hydrogels are formed with only HA and NPs. These
materials exhibit viscoelastic behavior, where the crossover of
G' and G” is observed at frequencies around 2 rad/s.
Presumably, the native PNP interaction strength between HA
and the NPs is sufficiently strong to yield hydrogel formation.
Moreover, zeta-potential measurements of HA (—7.8 + 1.2
mV) identify that there is significantly lower negative charge
density on HA when compared with CBMC (—29.7 + 2.0
mV), corroborating our previous observations where the
mechanical properties of CBMC-based materials are highly
dependent on CTAB concentration. These observations
support our physical model, whereby hydrogel strength is
proportional to the free energy gain from the PNP interactions
(G o €), which in the case of CBMC are enhanced by
electrostatic interactions with the CTAB-modified NPs.
Furthermore, the viscoelastic rheological behavior of the HA-
based materials formed from native PNP interactions likely
arises from the smaller persistence length of HA relative to
CBMC, which is perhaps also related to the lower anionic
charge density along the polymer chain.

To investigate further the role of electrostatic interactions in
PNP hydrogels, we prepared materials with CBMC at increased
ionic strength utilizing addition of low (1 mM) and high (100
mM) concentrations of sodium chloride (NaCl; Figure S2,
Supporting Information). Increased ionic strength can act to
shield electrostatic interactions, which led to a 5-fold decrease
in the storage modulus of CBMC-based PNP hydrogels. These
data further highlight the key role of electrostatic interactions in
the preparation of robust PNP hydrogels from anionic
biopolymers via addition of a cationic surfactant.

We then sought to explore the ability to prepare mixed-
polymer systems with both HA and CBMC to demonstrate the
general nature of the noncovalent interactions and their
amenability to combinatorial mixing, which may allow for
synergism between the mechanical stability of CBMC with the
enhanced biodegradability of HA. Figure 4 demonstrates that
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Figure 4. Freqency-dependent oscillatory rheological characterization
(y = 2%) of PNP hydrogels prepared from HA, CBMC, NPs (10%),
and CTAB (0.5%). The modular electrostatic interactions responsible
for cross-linking allow for facile alteration of mechanical properties via
modulation of the formulation.

materials prepared from HA (0.8%), CBMC (0.2%), CTAB
(0.5%), and NPs (10%) exhibit intermediate properties
between those of materials prepared with CBMC or HA
alone. Thus, materials composed primarily of HA can be
prepared with significantly enhanced mechanical properties
(i.e, >1 order of magnitude increase in G’) by simple addition
of a small proportion of CBMC into the formulation.

Additionally, strain-dependent oscillatory rheology (Figure
S3, Supporting Information) of the materials formed from
PEG—PLA NPs (10%), HA or CBMC (1%), and CTAB (0.25
or 0.5%) demonstrates an extremely broad linear viscoelastic
region, indicating that these materials have an extensive
processing regime. The relative loadings of CTAB and the
various biopolymers used can produce materials with a large
range of mechanical properties. It is only when CBMC is used
that a deviation from linear viscoelasticity is observed as a
breakdown of the hydrogel structure at strain amplitudes above
10% vyields a large decrease in oscillatory shear modulus
resulting from network rupture. This property is typically
indicative of highly dynamic cross-linking,”> which allows for
rapid (relative to the experimental frequency) rearrangement of
the network in response to applied strain.

DOI: 10.1021/acsmacrolett.5b00416
ACS Macro Lett. 2015, 4, 848—852


http://dx.doi.org/10.1021/acsmacrolett.5b00416

ACS Macro Letters

[ ]
[ ]
L (1]
100 oo, 100 F
»w EHHB a w
© BEEQ'=EHDDE ©
o OoaBmfon, o
— 10F OQO .EEDD ~
= °°°og'E”Dn = 10F
@ R = @ %15
Q UUE Q z
3 4l By | 2 =10
S B HA (1%) + NPs (10%) + CTAB (0.5%) =~ 5
O HA (1%) + NPs (10%) + CTAB (0.25%)
® CBMC (1%) + NPs (10%) + CTAB (0.5%) 1k o 0 0.5 0.25 0.5 0.25
0.1 L © GBMC (1%) + NPs (10%) + CTAB (0.25%) ! CBMC  HA
. E. 1 1 1 1 1 1 1 1 1
0.1 1 10 100 0 10 20 30 40
Shear Rate (1/s) Time (s)

Figure S. Flow rheological characterization of PNP hydrogels: (a) steady-shear measurements and (b) step-rate time-sweep measurements
displaying recovery of hydrogel structure at low shear rate (7 = 0.1 s™') following high-magnitude deformation ( = 100 s™"). Fitting of viscosity
recovery following to a single-stage association model (R? > 0.98) yields a characteristic time (zy) for recovery of the hydrogel structure (inset; n =

3).

According to steady shear rheological measurements (Figure
Sa and Figure S4, Supporting Information), all of the hydrogels
prepared herein are shear-thinning (17 = 100 — 1 Pa s from j =
0.1 — 100 s™*), which is consistent with previous observations
for supramolecular cross-linked materials.” The steady shear
measurements of the CBMC-based materials follow a power
law relationship, similar to other supramolecular cross-linked
materials prepared from cellulose derivatives,” with high-shear
viscosities sufficiently low to make them amenable to
injection,'??"%293¢ Interestingly, these materials also exhibit
a nontrivial difference in viscosity in the low-shear regime (y =
0.1 s7'), whereby higher CTAB loading corresponds to a
roughly 2.5X increase in viscosity, while the viscosity of these
materials in the high-shear regime (7 = 100 s™") is independent
of the CTAB concentration. These observations support the
hypothesis that the noncovalent interactions responsible for
cross-linking between polymer chains and NPs are disrupted by
the application of physical stress to the materials. Again, HA-
based materials exhibit a slightly different rheological behavior
than the CBMC-based materials and no significant dependence
on CTAB concentration.

Step rate measurements were performed to investigate the
recovery of hydrogel material properties following deformation
at high shear rates (Figure Sb). A high magnitude shear rate (7
=100 s™') was applied to break down the hydrogel structure,
followed by a low magnitude shear rate (7 = 0.1 s!) in order to
monitor the rate and extent of recovery of bulk material
properties. Figure Sb clearly demonstrates the exceptionally fast
and complete recovery of viscosity after destruction of the gel
structure in a matter of a few seconds. Previous materials
exhibiting such rapid self healing have highlighted a strong
correlation with rapid association kinetics of the supramolecular
interactions.””” These data were fit with a single-stage
association model, and a characteristic time for recovery (zy)
for each material is shown in the inset. The rate of material
property recovery is polymer dependent, where the HA-based
materials exhibit significantly faster recovery than the CBMC-
based materials, likely on account of the greater chain flexibility.
Moreover, the HA-based materials, similar to their other
rtheological behavior, do not exhibit significantly different
recovery rates. In contrast, the CBMC-based materials do
exhibit slight differences, where more rapid recovery is observed
in materials with a higher loading of CTAB, and thus a stronger
association between the CBMC polymers and the NPs.
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In summary, self-assembled PNP hydrogels formulated from
commercially available biopolymers and biodegradable core—
shell nanoparticles of PEG-b-PLA have been prepared,
exhibiting highly tunable mechanical properties and broadening
the scope of the PNP hydrogel platform. These materials are
readily processed, and the simplicity of their preparation, their
availability from inexpensive biocompatible and biodegradable
resources, as well as the broad tunability of their mechanical
properties are distinguishing for many important biomedical
applications. The diversity of both synthetic and natural
materials and the additional flexibility of utilizing mixtures of
biopolymers as well as surfactant concentration (as well as the
opportunity for using other surfactants) provide a useful tool
with which to tune properties.
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