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Hybrid Crosslinked Methylcellulose Hydrogel: A Predictable
and Tunable Platform for Local Drug Delivery

Malgosia M. Pakulska, Katarina Vulic, Roger Y. Tam, and Molly S. Shoichet*

Hydrogels are a ubiquitous tool in the field of regenerative
medicine for both drug and cell delivery.!! Researchers have
created hydrogels that are biocompatible, injectable, in situ gel-
ling, minimally swelling, biodegradable, or long-lasting; how-
ever, engineering a hydrogel to have many of these properties
often comes at the expense of others.

Both chemically and physically crosslinked hydrogels have
been used in regenerative medicine applications. Chemically
crosslinked gels have the advantage of being longer lasting, yet
require fine-tuning of the chemistry in order to be injectable,
as covalent bonds must form in situ fast enough to avoid dilu-
tion and/or dispersion, yet slow enough to allow injection and
minimal heat generation. The chemistry must also be aqueous-
based and avoid cytotoxic crosslinkers and byproducts.? Physi-
cally crosslinked gels have the advantage of being responsive
to environmental stimuli such as temperature or pH, but the
noncovalent crosslinks are in dynamic equilibrium, resulting in
faster resorption/erosion after injection. Higher polymer con-
centrations are often used to improve stability, but this can lead
to increased osmotic pressure gradients and swelling which
may cause tissue damage in a confined space.

Combining both chemical and physical crosslinks in a
single hydrogel has emerged as a promising way to obtain
hydrogels with improved biostability while maintaining inject-
ability. Hydrogels combining the thermogelling properties
of methacrylated poly(N-isopropylacrylamide) (p-NIPAAM)
and chemical crosslinking with thiolated hyaluronan (HA)
or poly(ethylene glycol) (PEG) have been studied.’3* Simi-
larly, p-NIPAAM has been modified with epoxy rings for
chemical crosslinking with a diamine crosslinker.’! Thiol-
acrylate chemical crosslinking has also been combined with
the physical gelation of thiol modified chitosan (Ch-SH)
and fB-glycerophosphate.l®! However, all these gels are mixed
just prior to use to retain injectability and have the chemical
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crosslinking occurring in situ, requiring fine-tuned, aqueous-
based reactions that proceed at an optimal rate and use no cyto-
toxic reagents. Other examples of hydrogels with both physical
and chemical crosslinking use UV-activated photocrosslinkers
for in situ gelation.”] This restricts the site of injection to
regions in close proximity to the surface of the body and neces-
sitates the use of UV irradiation, which may have deleterious
effects.®l Additionally, while these hydrogels are interesting and
promising, previous reports are limited to the study of only one
formulation, thereby restricting the depth of understanding of
the formulation and its effect on gel properties.

Using design of experiment (DOE), we engineered a physi-
cally and chemically crosslinked hybrid hydrogel based on
methylcellulose (MC) (Figure 1a). To gain insight into utility
and usability, we tested the gel formulation in vitro for protein
release and in vivo for biocompatibility. Notably, in this for-
mulation, the chemical crosslinking is complete prior to use,
yet the gel remains injectable allowing for easy storage, facile
timing of injection, and no further manipulation after injection
in vivo.

As an inverse thermogelling polymer, MC naturally forms
physical crosslinks, yet typically requires high temperatures or
long times for these crosslinks to form.”! When modified with
thiol groups, MC-thiol can be crosslinked with poly(ethylene
glycol)-bismaleimide, PEG-MI,, resulting in a Michael-type
addition and a chemically crosslinked hydrogel. This reaction
occurs within minutes at physiological pH and room temper-
ature and requires no toxic catalysts (Figure S2, Supporting
Information).['¥!

Using a design of experiment (DOE) approach, we develop
empirical equations that allow prediction and tuning of the
hydrogel mechanical and swelling properties based on three
variables: MC content, thiol content, and maleimide to thiol
ratio. DOE is a powerful method as it allows us to study stra-
tegically chosen points while still obtaining an accurate repre-
sentation of the entire response surface within this range of
points. Although DOE has been used in engineering process
design for decades, its utility for the study of hydrogel synthesis
is more recent.l'"12l

With this knowledge, we are able to create a hybrid hydrogel,
XMC, that is injectable, in situ gelling, minimally swelling, and
long-lasting. With G” > G” as the accepted rheological defini-
tion of a gel, XMC is a gel before injection whereas a physi-
cally crosslinked MC gel with the same weight percent polymer
takes 10 min to form a gel at 37 °C (Figure 1b). XMC also
swells less than the physically crosslinked MC gel or physi-
cally crosslinked MC gel with added PEG-MI,, stabilizing
after only 6 h. Additionally, the physically crosslinked MC gel
with or without added PEG-MI, shows substantial mass loss
over 35 d while XMC does not (Figure 1c). Importantly, the
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Figure 1. a) Schematic diagram of a (i) physically and (ii) chemically crosslinked hydrogel. (iii) Our crosslinked methylcellulose (XMC) is a hybrid
hydrogel that is both physically and chemically crosslinked. (iv) The physical crosslinks consist of hydrophobic interactions between the methylcellulose
chains while (v) the chemical crosslinks are formed by reaction of a thiol-modified MC with a PEG-bismaleimide crosslinker. b) Shear storage and loss
moduli (G, G”) for XMC and MC hydrogels. Top panel: XMC hydrogel (5 wt% MC, 0.1 pmol thiol/100 pL, 0.75:1 ratio maleimide—thiol, n = 5) over time
at 37 °C after 10 min of equilibration at 4 °C. Bottom panel: MC hydrogel (5 wt% MC) over time at 37 °C after 10 min of equilibration at 4 °C. Dotted
line marks the gelation point (G” > G”). c) Swelling ratio of the XMC hydrogel, MC hydrogel, and MC hydrogel with added PEG-MI, over time at 37 °C
(n = 3). This also indirectly depicts stability of the hydrogel over a 35 d period (mean + standard deviation plotted).

chemical crosslinking reaction is complete prior to injection of
XMC (Figure S2, Supporting Information), providing improved
control over gelation and avoiding side reactions within the
tissue. The chemical and physical crosslinks are balanced in
such a way that the hydrogel is still injectable after chemical
crosslinking is complete, with the physical crosslinks strength-
ening upon exposure to 37 °C due to the inverse thermogelling
properties of MC. After injection, the hydrogel requires no fur-
ther manipulation and remains localized at the injection site.
We further demonstrate the practical application of this
hybrid XMC hydrogel for drug delivery to the injured rat spinal
cord. An injectable, localized drug delivery system is especially

Adv. Mater. 2015, 27, 5002-5008
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compelling for treatment of central nervous system (CNS)
diseases and injuries because the presence of the blood spinal
cord barrier (BSCB) or the blood brain barrier (BBB) prevents
the delivery of most systemically administered therapeutics.
In particular, spinal cord injury (SCI) can benefit from such
an injectable, long-lasting drug delivery system, as the current
catheter minipump systems for sustained drug treatment are
prone to complications and infection!'3! and cerebrospinal fluid
flow creates a challenging environment for in situ gelation and
local delivery.

We use a face-centered central composite design with center
points (Figure 2a) to avoid a trial-and-error approach and
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Figure 2. a) Design space showing the points used in the face-centered central composite design with center points. b) Table showing the ranges
of each of the three independent variables. Variables were normalized for analysis such that the values fell between —1 and 1. The value at 0 is the
center point. c—e) Contour plots showing the effect of MC weight percent (x;), moles of thiol (x;), and ratio of maleimide to thiol (x;) on: c) initial shear
storage modulus (G’) at 37 °C, d) G’ after 1 h at 37 °C, and e) maximum swelling at 37 °C of XMC hydrogels. In each plot, one of x;, x, or x; is held
constant at a low (1), medium (0), or high (1) value and the effect of varying the other two variables between —1 and 1 on each outcome measure

is plotted.

thoroughly investigate the effect of each of three independent
variables on the properties of the hydrogel. We control the total
MC weight percent (x;), the total moles of thiol (x,) within the
hydrogel, and the ratio of crosslinker (PEG-MI,) to thiol (x3).
Variables are normalized for analysis such that the lowest value
is —1 and the highest value is +1. Figure 2b shows the ranges
used for each variable. Each gel was evaluated in terms of initial
shear storage modulus (G’) upon injection to 37 °C (Y;), shear
storage modulus after 1 h at 37 °C (Y;), and maximum swelling
after incubation at 37 °C (Y3). Individual gel data are summarized
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in Table S1 and Figures S3 and S4 (Supporting Information).
Although G’ of the gels has not reached a plateau after 1 h,
longer rheology studies show that the majority of the differ-
ences between gels are seen within the first hour and trends
do not change even after 5 h (Figure S5, Supporting Informa-
tion). The data are fit to a ten-parameter second-order model
in three factors and ANOVA with an F test is used to eliminate
effects that are not significant at a 95% level of confidence. This
allowed us to generate models that relate the three independent
variables with the three outcome measures.

Adv. Mater. 2015, 27, 5002-5008
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Y, =121.25%7 +9.75x3 +29.8%3 +189.3x, + 286.1x,
+212.8x; +98.3x,x, + 207.9x,%x; + 255.5 (1)

Y, =237.6x% +88.1x3 + 65.2x% + 437.0x, + 287.2x,
+229.6x; +155.3x,%; + 345.8 )

Y; =0.0790x; —0.151x3 —0.0752x3 +0.135x, +0.216x, +1.79 (3)

The adjusted R? values for Yj, Y,, and Y; are 0.985, 0.992,
and 0.993, respectively. Model adequacy was validated using
residual plots and normal probability plots (Figure S6, Sup-
porting Information). A visual representation of these equa-
tions was made using contour plots (Figure 2c—e). These plots
show the effect of varying two of the three independent vari-
ables on an outcome measure while the third independent vari-
able remains constant at a low (1), medium (0), or high (1)
value.

Initial G” depends on all three of the independent variables
relatively equally (Figure 2c). This represents a balance between
the intrinsic interactions between MC chains in solution and
the interactions promoted by the thiol-maleimide crosslinks.
When either the amount of thiol or the maleimide:thiol ratio is
held at a low value, initial G’ is almost solely dependent on MC
concentration because crosslinking density is very low; how-
ever, when increased to medium or high values, crosslinking
begins to appreciably decrease the average molecular weight of
the polymer between crosslinks (M) and influences G’ signifi-
cantly,"*1] as has also been observed by others.['6:17]

The value of G” after 1 h at 37 °C depends most strongly on
the MC content, which is not surprising since MC is the ther-
mogelling element (Figure 2d). For a constant thiol content and
maleimide:thiol ratio, the magnitude of the final G’ increases
proportionally to the square of MC content. According to Clark
and Ross—Murphy this would be indicative of the limiting case
when the polymer concentration is much greater than the crit-
ical concentration C, required to form a network.'¥! Higher
MC content may also promote chain entanglement, which has
been shown to increase polymer strength more than would be
expected from classic intermolecular interactions.l'>2% Thiol
content and maleimide-thiol ratio have the greatest effect
on final G’ when they are at their highest value or when MC
content is low. As with initial G’, this is likely because only
then is the crosslinking density high enough to appreciably
decrease M..

Interestingly, neither the initial G’ nor the final G’ values are
highest at a 1:1 ratio of malemide:thiol. This has been observed
by others?1?2 and is likely because the reaction is not 100%
efficient, as the diffusion of the crosslinker chains is likely
reduced with increasing gel viscosity.

In contrast to the modulus, the maximal gel swelling does
not reveal any significant interaction effects between the vari-
ables. Hydrogels swell until the increase of elastic energy
of the stretching polymer chains equals the decrease in the
free energy of polymer and solvent mixing.?*?* Increasing
the total percentage of MC while holding the thiol content
and maleimide:thiol ratio constant effectively increases M.
and therefore decreases the rate at which the free energy of
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stretching increases (Figure 2e). This allows for increased sol-
vent uptake (resulting in increased swelling) before the rate of
increase in free energy of stretching becomes equal to the rate
of decrease in free energy of mixing.

Both the crosslinker ratio and thiol content have a more
complex, somewhat surprising relationship with swelling. One
might expect that any increase in thiol content or crosslinker
ratio would decrease swelling due to the increased crosslink
density (and decreased M,). However, for both thiol content
and crosslinker ratio, there is an initial increase in swelling
up to a certain threshold value, followed by a decrease. The
initial increase is likely due to an enhanced osmotic driving
force because of changes in molecular composition. PEG is
extremely hygroscopic and increasing the crosslinker concen-
tration (and thus the PEG concentration) would promote water
uptake.” Tt could also be due to additional driving forces
such as the introduction of ionizable groups in the form of
thiols and hydrazides.?*?”] There is a threshold thiol content
and maleimide:thiol ratio above which the crosslinking den-
sity becomes so high that the unfavorable stretching of the
crosslinked polymer dominates any osmotic driving forces and
the maximum swelling decreases again. It is these nonintui-
tive results that reinforce the necessity of this type of analysis.
By picking only one or two points within the design space, one
may miss key insights into optimal hydrogel design strategies.

The majority of these formulations are defined rheologically
as gels after crosslinking (G” > G”); however, those with the
lowest amount of thiol (0.02 pmol thiol/100 pL gel) were not.
For these, we were able to measure the time to gelation upon
temperature increase from 4 to 37 °C (Table S2, Supporting
Information). In general, the time to gelation decreases with
increasing MC content as expected,?®l except for gel 5 where the
modulus is still very low (Figure S3, Supporting Information).

For minimally invasive surgery, injection through a fine
needle is required and thus we investigated which gels were
injectable through a 30 gauge needle in vitro (Table S2, Sup-
porting Information). Of all the gels tested, only the three gels
with the highest MC content of 6.8 wt% were not injectable. In
order to flow through a fine needle, the stress applied during
injection needs to exceed the yield strength of the material. In
such high weight percent gels, increased interchain interac-
tions, including entanglements, likely prevent this.'”) Given
that the rheological properties of the same gel before and
after injection through a 30-gauge needle are largely the same,
the network structure of the gel is maintained after injection
(Figure S7, Supporting Information).

In order to control drug release from the hydrogel, we inves-
tigated: (1) combining XMC with drug-loaded poly(lactic-co-gly-
colic acid) (PLGA) nanoparticles (np) and (2) modifying some
of the MC chains for affinity-based drug release. PLGA nano- or
microparticles have been used extensively for controlled release
of small molecule and protein drugs.?*3% Release is governed
by diffusion through water-filled channels coupled with bulk
polymer degradation.?!l Combining PLGA particles with a
hydrogel allows particle localization, decreases initial burst,
and further prolongs release.3?3%1 Although some studies
have shown that PLGA np act to strengthen hydrogels,3*3¢]
combining up to 10 wt% PLGA nanoparticles into our XMC
hydrogel did not affect its rheological properties, likely because
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Figure 3. a) In vitro release profile of SDF1¢ encapsulated in PLGA nanoparticles (np) embedded within the XMC hydrogel (5 wt% MC,
0.1 pmol thiol /100 pL, 0.75:1 ratio maleimide:thiol, n = 3 independent gels, mean £ cumulative sd plotted). b) SDF released from PLGA np embedded
in XMC promotes migration of adult rat spinal cord NSPCs from neurospheres plated on fibronectin. The SDF concentration in each sample was
measured by ELISA and each sample was diluted to a final concentration of 1000 ng mL™" SDF (7 d, 14 d) or to the maximum available concentration
(21 d, 28 d). Migration areas were normalized to a 0 ng mL™' SDF control performed on the same day and the measured SDF concentration. n = 3
independent releases (two wells per release, four neurospheres quantified per well), mean + sd plotted. All values are significantly different from 0 at
a 95% level of confidence (p < 0.05). c) In vitro affinity-based release of ChABC-SH3 from an XMC hydrogel where some of the MC was modified with
SH3 binding peptides (XMC-peptide) or from unmodified XMC. Release from unmodified XMC is significantly faster than release from XMC-peptide by
two-way ANOVA (p < 0.001). Stars indicate significant difference between cumulative percent released at 1 (p < 0.01) and 2 d (p < 0.05). d) Activity of
released ChABC-SH3 measured using a DMMB assay for decorin degradation (n = 3 independent gels, mean £ cumulative sd plotted). e) BBB open-
field locomotor scores of all animals. A score of 21 represents no motor deficit.’”] f) Quantitation of western blots from tissue revealed no significant
increase in GFAP (activated astrocytes) or ED-1 (activated macrophages/microglia) expression 28 d after intrathecal injection of XMC or XMC with
PLGA np compared to intrathecal injection of artificial cerebrospinal fluid (aCSF). Band intensity was quantified using Image] software. n = 3 animals
per group, mean * sd plotted. g) Quantitation of spinal cord tissue staining 28 d after injection of XMC with or without PLGA np into the intrathecal
space of healthy rats. Neither gel formulation showed upregulation of GFAP or ED-1 compared to injection of aCSF (n =3 animals per group, mean +
sd plotted). h) Representative parasagittal sections of spinal cord from each of the treatment groups. Green = GFAP, red = ED-1, blue = DAPI.

wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2015, 27, 5002-5008



ADVANCED
MATERIALS

Makeies
Vierd
www.MaterialsViews.com

the effect is masked by the strengthening of the gel due to
chemical crosslinking (Figure S8, Supporting Information).
Here, we encapsulated stromal cell derived factor 1o (SDF10)
in PLGA np. SDFla is a chemokine that is upregulated after
central nervous system injury®”?% and may be involved in
the homing of neural stem progenitor cells (NSPCs) to the
injury site.?**1 We followed the release of SDFla from the
np embedded in our XMC hydrogel. We obtained sustained,
zero-order release of SDF1o from our system for a period of
28 d (Figure 3a). The harsh solvents and conditions involved in
PLGA np formulation can often be detrimental to protein ther-
apeutics;*>~* importantly, some of the SDF1c released from
our system remained bioactive for the entire release period as
measured by its ability to increase adult rat spinal cord NSPC
migration in vitro (Figure 3b).

Affinity-based release relies on either the inherent or engi-
neered affinity between the protein therapeutic and scaffold
from which it is being released. The reversible interaction
between these two binding partners results in sustained release.
Affinity release is a great alternative for protein therapeutics
that are too fragile for conventional encapsulation procedures,
such as chondroitinase ABC (ChABC), a bacterial enzyme that
has been used extensively to degrade inhibitory molecules in
the glial scar after spinal cord injury.*>*l XMC was modified
for affinity-based release by incorporating MC that had been
covalently linked to a Src homology domain 3 (SH3) binding
peptide, as previously described.*®#l This allowed sustained
release of a ChABC-SH3 fusion protein from XMC for a period
of 7 d while maintaining its activity, compared to only 2 d in
an unmodified XMC gel (Figure 3c). The addition of peptide
modified MC and ChABC-SH3 to the XMC hydrogel did not
substantially affect its rheological properties (Figure S9, Sup-
porting Information).

Complete, 100% release is rarely seen in protein release
studies and this was also the case here. This could be due to the
protein denaturing and aggregating over time within the gel,
in the release media, or during freezing of the release samples
before measurement.[*84

We tested the biocompatibility of XMC in the cerebrospinal
fluid filled intrathecal space that surrounds the rat spinal cord.
In vivo tests were performed with the center point gel (5 wt%
MC, 0.1 pmol thiol/100 pL, 0.75:1 maleimide:thiol ratio) as it
was injectable after crosslinking (Table S2, Supporting Infor-
mation) and had rheological properties and a swelling ratio
previously shown to be safe for intrathecal injection/**°%>1]
(Figure 3d,e). Injection of a hydrogel in a confined space can
be deleterious, causing tissue compression. Importantly, this
XMC hydrogel was safe after intrathecal injection. No behav-
ioural deficits were observed in weekly locomotor scoring of the
animals (Figure 3f). We also observed no increase in activated
astrocytes (GFAP staining) or activated microglia/macrophages
(ED-1 staining) at 28 d after injection by western blot (Figure 3g)
or immunohistochemistry (Figure 3h,i) compared to intrathecal
injection of artificial cerebrospinal fluid (aCSF). These data
indicate that the XMC hydrogel is safe and biocompatible.

Despite the lack of biodegradable bonds within the XMC,
we did not observe any remaining material on the spinal cords
after 4 weeks in vivo by visual inspection or after 8 weeks in
vivo by polarized light microscopy®? (data not shown). A
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similar erosion and elimination of noncrosslinked high molec-
ular weight MC has previously been observed in the intrathecal
space of rats.”3 The gel likely erodes as the polymer chains dis-
entanglel and dissolves due to fluid flow within the intrath-
ecal space. Smaller polymer chains may enter the bloodstream
and be eliminated via the kidneys while larger chains may
extravasate into the tissue.>>>® This hybrid hydrogel is there-
fore safe to use in rat models of spinal cord injury and is able
to control the release of two molecules relevant to spinal cord
regeneration either via affinity release or np encapsulation.

Using a face-centered central composite design with center
points, we elucidated key relationships between the gel com-
position and properties, allowing us to design hydrogels with
varying mechanical strength and swelling for a given func-
tion. This methodology is broadly applicable and demonstrated
herein with XMC, a hybrid hydrogel containing both physical
and chemical crosslinks. Independent control over chemical
and physical crosslink density allows the formation of an XMC
gel that is injectable yet long-lasting. Moreover, we have dem-
onstrated the utility of XMC for use in minimally invasive sur-
geries and sustained biomolecule release.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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