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Abstract

A shortage of available organ donors has created a need for engineered tissues. In this context,
polymer-based hydrogels that break down inside the body are often used as constructs for growth
factors and cells. Herein, we report imine cross-linked gels where degradation is controllable by
the introduction of mixed imine cross-links. Specifically, hydrazide-functionalized poly(ethylene
glycol) (PEG) reacts with aldehyde-functionalized PEG (PEG-CHO) to form hydrazone linked
hydrogels that degrade quickly in media. The time to degradation can be controlled by changing
the structure of the hydrazide group or by introducing hydroxylamines to form non-reversible
oxime linkages. Hydrogels containing adipohydrazide-functionalized PEG (PEG-ADH) and PEG-
CHO were found to degrade more rapidly than gels formed from carbodihydrazide-functionalized
PEG (PEG-CDH). Incorporating oxime linkages via aminooxy-functionalized PEG (PEG-AQ)
into the hydrazone cross-linked gels further stabilized the hydrogels. This imine crosslinking
approach should be useful for modulating the degradation characteristics of 3D cell culture
supports for controlled cell release.
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INTRODUCTION

Hydrogels are a common scaffold for tissue engineering due to their biocompatibility and
tunable mechanical properties.12 Scaffolds are commonly prepared from synthetic materials
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as they allow for more precise control over gel properties and circumvent the problems
associated with natural materials such as immune response and batch-to-batch variability.3
Many types of hydrogels have been designed to mimic the extracellular matrix (ECM),
which provides a complex environment for cells.*~8 The ECM contains various biofactors
that serve as cellular cues and is comprised of glycans and fibrous proteins that provide
dynamic structural support.2:19 Controlling gel stiffness, elasticity and degradability are
therefore important factors in designing synthetic dynamic scaffolds. Cell spreading and
mobility, as observed in the ECM, can be achieved in synthetic scaffolds by incorporating
integrin-binding peptide sequences, such as RGD, and incorporating hydrolytically
degradable cross-links into the hydrogel.311 Many current hydrogel systems provide cells
with a rigid environment that may not allow for cell migration and proper interaction with
cellular and biophysical cues.12 By introducing reversible cross-links that allow for self-
healing and selective degradation, synthetic hydrogels can become more dynamic in order to
more closely resemble the complex structure of the ECM.

Click chemistry is one of the most widely used methods to easily and rapidly form
hydrogels. While numerous click chemistries have been applied to hydrogel formation such
as Michael addition, focusing on biocompatible reactions that occur readily at physiological
conditions eliminates risks such as cell toxicity and undesirable side products.13-15 Oxime
and hydrazone formation are two examples of reversible, biocompatible click reactions.
Both reactions are ideal for tissue engineering applications since they occur readily at
physiological pH and produce water as the only byproduct.

It has been shown by our group and others that oxime bonds form stable, biocompatible
hydrogels in vitro.16:17 We have previously demonstrated that oxime chemistry can be
successfully employed to create stable, bioactive hydrogels using 8-arm aminooxy
poly(ethylene glycol) (PEG) and glutaraldehyde. Oxime bond formation was pH dependent,
which therefore allowed for control of the time to hydrogel formation by adjusting pH.
While oximes are reported to degrade via hydrolysis at decreased pH values, this
degradation does not occur readily at pH values compatible with cell culture. Degradability
could be incorporated through the use of enzyme-sensitive peptide cross-linkers or
polymers, although this can add synthetic complexities, or through the introduction of less
stable imine cross-links, such as hydrazone bonds.18:19 Imine cross-linked hydrogels are
known to exhibit stimuli-responsive and self-healing properties due to bond
reversibility,20-21 which make them ideal systems for a number of potential clinical
applications, such as drug delivery and tissue engineering.22-2

Anseth and coworkers recently reported rapid formation of PEG-based hydrogels via
hydrazone bonds for cell culture.12:26.27 Hydrazone chemistry has also been applied to other
hydrogel systems, such as poly(N-isopropylacrylamide) hydrogels. Patenaude and
coworkers determined that hydrazone cross-links were the weakest points in these gels,
indicating that this is where degradation would occur most readily.28-30 The reversibility of
hydrazone bonds in hydrogels has also been probed by Deng and coworkers, who
functionalized poly(ethylene oxide) with a hydrazide group to form hydrazone hydrogels.
They observed that gelation can be reversed below pH 4.31 In different systems, it has been
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reported that cells are able to degrade, and even prevent formation of hydrazone-linked
hyaluronic acid and alginate-based hydrogels.32

Oxime and hydrazone bonds form from the reaction between carbonyl groups and an
aminooxy or hydrazide group, respectively,33:34 and we hypothesized that the mutual
reactivity towards carbonyl groups allows these reactions to be used concomitantly to tune
degradability in hydrogels. In this paper, we describe a PEG-based hydrogel system that
combines oxime and hydrazone chemistries to form hydrogels with tunable degradability
and mechanical properties. PEG was strategically used as the polymer scaffold due to its
biocompatibility and ease of functionalization.3> PEG was functionalized to contain two
different hydrazide groups, adipohydrazide and carbodihydrazide, capable of reacting with
aldehyde-functionalized PEG in order to generate hydrazone hydrogels with different
degradation rates. Because of the potential of hydrazone bonds to reverse, we chose to use
an aldehyde functionalized PEG instead of glutaraldehyde, which is known to be cytotoxic
at low millimolar concentrations.3® In addition, PEG was modified with an aminooxy group
to incorporate oxime chemistry into the hydrogel to further control gel degradation rates for
in vitro applications.

EXPERIMENTAL

Materials

Preparation of all of the PEG precursors and characterization is described in the Supporting
Information.

Hydrogel Formation

Equal parts PEG-CHO and PEG-hydrazide/PEG-AO were combined in phosphate buffer for
a total polymer concentration of 3.5 or 5.0 wt.%. The polymer solution was vortexed before
being pipetted onto a hydrophobic glass slide with 1 mm spacers and sandwiched using a
second hydrophobic glass slide. Hydrophobic glass slides were prepared by coating glass
slides with a silanization reagent for glass (Sigmacote®) by dipping clean glass slides into
the reagent solution for 5-10 minutes. Glass slides were then heated in an oven for 24 hours
to allow hydrophobic coating to set before rinsing slides with water.

Rheological Characterization

40 uL gels containing ratios of PEG-CDH/PEG-ADH, PEG-AQ and PEG-CHO were made
by adding pH 5.5 phosphate buffer and 20 wt.% PEG-CDH/PEG-ADH/PEG-AO solutions
and mixing thoroughly. Then 20 wt.% PEG-CHO was added and the solution was mixed for
ten seconds. Gel solutions were sandwiched between two hydrophobic glass slides separated
by 1 mm spacers. The newly formed gels were added to buffer or media 10 minutes after
gelation. Gels were swollen for 18 hours and liquid was refreshed once before taking
measurements. Each gel condition was made and tested in triplicate. The gels were
measured on a plate-to-plate Anton Paar rheometer (Physica MCR 301, Anton Paar,
Ashland, VA) using an 8 mm plate with an angular frequency range of 0.1 to 10 s~1 under a
constant strain of 1% at 37°C.
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Swelling Studies

Gels were swollen in water for three days before measuring the mass of the swollen
hydrogels (ms). The water was refreshed four times before the measurements were taken.
The gels were lyophilized to remove water and weighed again to determine the dry mass
(md). Gels were made in triplicate for each condition. The degree of swelling was calculated
using q=1+ Pv(md X p. pi) where pp is the density of the polymer solution (1.04 g/mL)
and psis the density of tts1e solﬁtion, in this case water (1.00 g/mL).

Degradation Studies

5 wt.% gels were swollen in phosphate buffer (pH 5.6) or Dulbecco’s modified eagle’s
medium (DMEM) with or without fetal bovine serum (FBS) or mMSC conditioned DMEM.
Buffer and medium were replaced daily during the course of the experiments. Gels were
weighed daily over the course of six days. Gels for each condition were prepared in
triplicate. Gels containing PEG-ADH degraded in complete DMEM before the six days were
over and could therefore not be measured for the full extent of the experiment.

mMSC Encapsulation

AO-RGD (0.1, 0.5 or 1 mM final concentration) and PEG-CHO were dissolved in phosphate
buffer. The two solutions were mixed together at the calculated ratios and allowed to react at
37 °C for 3 hours prior to setting up cell experiments. mMMSCs in complete DMEM (3,500 or
5,000 cells/uL final concentration) were added to the AO-RGD/PEG-CHO solution and
vortexed gently. The final components of the gel solution (5 total wt.% PEG-CDH and/or
PEG-AO) were added to the AO-RGD/PEG-CHO/cell solution. 5 UL gels were pipetted onto
a hydrophobic glass slide with 1 mm spacers and sandwiched using a second hydrophobic
slide. The gels were incubated at 37 °C for 15 minutes to allow for gelation. The gels were
then added into the wells of a 96-well plate containing 200 pL complete DMEM.

Cell viability and spreading

mMSC viability was studied with a LIVE/DEAD® viability/cytotoxicity kit (Molecular
Probes, Eugene, OR). Briefly, 1 pl of ethidium homodimer-1 and 0.25 pl of calcein AM
from the kit were diluted with 500 ul DMEM to make the staining solution. Each gel was
stained with 150 pl of staining solution for 30 min at 37 °C in the dark before imaging. To
better analyze cell spreading, gels were fixed for 5 min at RT using 4% PFA, rinsed with
PBS, treated with 0.1% triton-X for 10 min and stained for 90 min in the dark with DAPI for
cell nuclei (1:500 dilution from 5 mg/mL stock, Invitrogen, Grand Island, NY) and Alexa
Fluor 488-phalloidin (1:200 dilution, Invitrogen, Grand Island, NY)) in 1% sterile filtered
bovine serum albumin solution. The samples were then washed with 0.05% tween-20. For
cell viability, an inverted Observer Z1 Zeiss fluorescent microscope was used to visualize
samples. To better visualize the distribution throughout the hydrogel, multiple z-stacks 1.9-
2.3 um thick were taken for each image, deconvolved to minimize background, and
presented as orthogonal projections. For cell spreading, a Nikon C2 confocal microscope
was utilized to visualize samples. For 20X images, z-stacks 160 um thick were imaged at 1.8
um intervals. For 40X images, z-stacks 110 pm thick were imaged at 1 um intervals with a
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water immersion lens. All confocal images were presented as maximum intensity
projections.

RESULTS AND DISCUSSION

Both the aldehyde and amine containing components necessary for imine hydrogel
formation were prepared from 8-arm PEG (MW 20,000 Da). Two different hydrazide
polymers were synthesized via EDC-coupling of 8-arm PEG-COOH with either
adipohydrazide and carbodihydrazide.2® These reactions yielded PEG-adipohydrazide
(PEG-ADH) and PEG-carbodihydrazide (PEG-CDH) with 99% and 80% end group
conversion, respectively (Figures S1-S2). The 8-arm PEG-aldehyde (PEG-CHOQ), was made
via a Williamson ether synthesis using 8-arm PEG-OH and 2-bromo-1,1-diethoxyethane to
yield a protected aldehyde with average end group conversion of 90% in 50% vyield (Figure
S3). The acetal was cleaved by stirring the polymer solution in pH 2 phosphate buffer at
60°C for 18 hours in 60% yield with 85% end group conversion (Figure S4).37 The stability
of PEG-acetal allowed for prolonged storage of the polymer prior deprotection to PEG-
aldehyde. Several direct oxidations were attempted as alternative synthesis routes, including
PCC and Moffatt oxidation. These approaches resulted in low conversion rates and resulting
aldehydes were more difficult to store. Aminooxy-functionalized PEG (PEG-AQ) was
prepared via a Mitsunobu reaction with N-hydroxyphthalimide, followed by reaction with
hydrazine to yield PEG-AO with 94% end-group conversion in 58% overall isolated yield
(Figures S5-S6).16

We planned to form hydrogels by mixing equal parts hydrazide and/or aminooxy-
functionalized PEG in phosphate buffer to form a hydrogel with hydrazone and/or oxime
cross-links (Figure 1). Because we had previously explored hydrogels formed by oxime
chemistry,16 initial experiments focused on the hydrazide only gels. Hydrogels consisting of
PEG-ADH and PEG-CHO components (1:1 ratio) were studied to determine the optimal pH
and wt.%. We carried out hydrazone gel formation experiments at increasing pH levels to
determine effects on gelation time. Gel components (5.0 wt.% PEG-ADH and PEG-CHO)
were mixed together in phosphate buffer ranging from pH 5-7, and it was observed that all
gels formed within five minutes. Since oxime formation slows down significantly around pH
7.0,16 we chose to continue our experiments with phosphate buffer pH 5.5 to allow for
efficient oxime and hydrazone bond formation.38 We tested several different polymer
concentrations and chose 3.5 wt.% and 5 wt.% PEG, which had optimal gelation rates and
physical properties. At these concentrations, gels formed within 60 seconds at pH 5.5, which
allowed for easy pipetting of gel solutions. Rheological characterization of PEG-ADH gels
revealed that decreasing the total polymer concentration or changing the ratio of hydrazide
to aldehyde groups lowers the storage modulus (Figure S7).

To confirm that the hydrogels formed through hydrazone bonds and not as a result of
electrostatic interactions, we performed a model study to analyze bond formation by NMR.
Adipohydrazide and propionaldehyde were mixed in water, and the resulting product was
analyzed by *H and 13C NMR to monitor hydrazone bond formation (Figure S8).
Propionaldehyde, which has the same structure as the end group of PEG-CHO, can react
with adipohydrazide without cross-linking, allowing for straightforward monitoring of bond
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formation. The appearance of the hydrazone peaks between 7.43-7.28 ppm (*H NMR) and
151.4-148.1 ppm (3C NMR) indicated hydrazone bond formation. The mechanism is
expected to be the same for the PEG-based hydrogel system.

An advantage of utilizing hydrazone chemistry is that the bonds are reversible and can
break, then re-form again.3° To test this in our system, two different hydrogels containing
different colored dyes were first physically cut in half, and the halves of the two gels were
swapped and placed together. Within ten minutes the dangling hydrazide and aldehyde
groups reacted to re-form a single, uniform gel (Figure 2). After the gel re-formed, the blue
dye took on a green color, indicating the two dyes were able to come into contact and mix
throughout the gel, further indicating the two gel halves re-formed into one gel. A higher
concentration of yellow dye than blue dye was added to the initial gel solutions in order to
create a vivid color, which most likely accounts for the observed color change from blue to a
teal in the re-healed gels. Since hydrazone bonds are the weakest link in the gel, it is
expected that these bonds are broken most easily upon physical cutting and this provides
evidence that the bonds can re-form.39 It should be noted that gels containing oxime bonds
did not show the same re-healing, likely because these bonds are not readily reversible.

Next, hydrogel swelling in various conditions (e.g. buffer, culture medium) was investigated
to analyze the differences between PEG-ADH and PEG-CDH gels (Figure 3). Both PEG-
ADH and PEG-CDH containing gels were stable up to at least six days in pH 5.5 phosphate
buffer, indicating that both hydrogels had reached equilibrium and did not swell further in
aqueous conditions. In DMEM lacking fetal bovine serum (DMEM (-) FBS), PEG-ADH
gels exhibited a significant increase in swelling and fully degraded after five days. However,
in DMEM with 10% FBS, PEG-ADH based gels swelled rapidly over two days before
dissolving completely (Figure 3A). Enzymes present in fetal bovine serum or amines from
proteins or peptides could be responsible for the degradation observed for PEG-ADH gels.
PEG-CDH based gels, on the other hand, remained intact and exhibited minimal swelling
whether in buffer, DMEM (=) FBS, or (+) FBS, indicative of greater bond stability (Figure
3B). This is expected since it has been shown that changing the structure of the dihydrazide
group used as a cross-linker can affect hydrazone bond stability by increasing resonance
stabilization by shortening the carbon chain between hydrazide groups.4°

To further analyze the difference in time of degradation of our PEG-ADH and PEG-CDH
hydrogels, an NMR study was designed to determine the extent to which the two different
hydrazone bonds can be reversed in the presence of a nucleophile (Figure 4). CDH and
ADH hydrazones were formed by reacting each hydrazide group with one equivalent of
propionaldehyde (Figures S9-11). Hydroxylamine was chosen as the nucleophile in this
case to match our mixed hydrazone/oxime gel system. After the addition of hydroxylamine
to CDH hydrazone, approximately 60% of hydrazone bonds were replaced by oxime bonds
after 30 minutes (Figure 4A), which can be seen by the appearance of two new imine peaks
at 7.37 and 6.70 ppm corresponding to propionaldehyde oxime (E and Z),*! and a decrease
in peak height corresponding to the hydrazone proton. In comparison, 90% of hydrazone
bonds were replaced upon the addition of hydroxylamine to ADH hydrazone (Figure 4B)
after 30 minutes. In this case, the hydrazone protons at 7.42 and 7.28 ppm are replaced
almost entirely by oxime protons at 7.35 and 6.69 ppm. The same ratios of hydrazone to
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oxime remained constant up to at least 12 hours for both CDH and ADH compounds,
suggesting equilibrium is reached. CDH hydrazone was displaced to a lesser extent by
hydroxylamine than ADH hydrazone, further indicating that CDH hydrazone bonds are
more stable than ADH hydrazones and can help explain why PEG-ADH gels may have
degraded in the presence of DMEM, due to amines or other nucleophilic compounds,
whereas PEG-CDH gels remained stable.

Next, the stability of the gels was tested in the presence of mouse mesenchymal stem cells
(mMSCs). To anchor cells inside the gel, a commonly used integrin-binding peptide
sequence, arginine-glycine-aspartic acid (RGD), was synthesized using standard fmoc solid
phase synthesis (Figure $12).42-44 We chose to incorporate a synthetic peptide instead of a
natural material, such as collagen, to retain a simple and fully synthetic system. A
hydroxylamine, (Boc-aminooxy) acetic acid, was incorporated into the peptide sequence
(AO-RGD) at the N-terminus to allow for coupling to PEG-CHO via stable oxime bonds.
Covalent attachment of the peptide to PEG-CHO was assessed using rheology to analyze the
difference in storage modulus of PEG-CDH gels containing 0, 0.1, or 1 mM AO-RGD
(Figure S13), which are well within the RGD concentration range (25 pM — 3.5 mM)
reported to support cell spreading in PEG-based hydrogels.>~48 For gels containing 1.0 mM
RGD, the ratio of aldehyde functional groups to AO-RGD is 9.96:1. Indeed, it was observed
that gels prepared with AO-RGD exhibited lower storage moduli than gels containing no
RGD, indicating cross-linking sites of PEG-CHO were taken up by the peptide. We chose to
continue with gels containing no more than 1 mM RGD to ensure PEG-CHO would retain
enough free aldehyde groups to cross-link after reacting with the peptide and that the
resulting hydrogels would be stiff enough to handle. To ensure oxime bond formation
between AO-RGD (0.5 mM) and PEG-CHO, the peptide and polymer were incubated at 37
°C for 3 hours prior to use in cell encapsulation studies. Gels (5 L total volume) were
prepared by mixing PEG components and cells together in sterile pH 5.5 phosphate buffer.
The resulting gels were then placed in 100 pL media in a 96-well plate and incubated at 37
°C. The wells were inspected via light microscope daily. Upon degradation, gels were no
longer observed in the wells and previously encapsulated cells were found spread on the
bottom of the well. PEG-ADH gels were observed to degrade more rapidly than without
cells, within 24 hours, whether 3,500 or 5,000 cells/uL initial cells were added. Interestingly,
PEG-CDH gels, which were stable in DMEM in the absence of cells, degraded between 4-5
days at 5,000 cells/uL density, which led us to hypothesize that cells may play a role in the
degradation process (Figure 4 A, B).

To further understand the degradation mechanism, PEG-CDH gels were incubated in cell
(mMSC) conditioned DMEM without cells; in this case, the gels were completely stable up
to at least 6 days (Figure 3B). We believe there are several possible explanations for the
observed increased degradation rate in the presence of cells, including that the cells
mechanically break the hydrazone bonds or that the mesh size of the gels is altered in the
presence of the cells, allowing for more rapid hydrolysis. Because cell-secreted enzyme
concentrations are much lower in solution than at the cell-substrate interface,*® we cannot
entirely rule out that secreted proteins or other molecules do not cause degradation from this
experiment, especially since it has been reported that enzymes released from the cells can
affect hydrazone bond stability.50

Biomacromolecules. Author manuscript; available in PMC 2016 July 13.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Boehnke et al.

Page 8

In order to tune the degradation rate of our hydrazone gels further, we incorporated oxime
chemistry since these bonds do not reverse even when cell are present.16 Because PEG-
ADH gels degraded so quickly, the rest of the experiments were conducted with the more
stable PEG-CDH partner only. Gel solutions containing 3:1:4, 2:2:4, and 1:3:4 parts PEG-
CDH: PEG-AOQ: PEG-CHO were mixed and rapidly formed 3.5 wt.% overall PEG
hydrogels. When the same solutions were mixed without PEG-CDH (so the gel solutions
contained 1:4, 2:4 and 3:4 parts PEG-AQO: PEG-CHO) only the 3:4 gel solution resulted in a
gel. This indicates that PEG-CDH is participating in cross-linking in the mixed gels.
Rheology was used to assess the stiffness of the mixed gels at 3.5 wt.% and 5 wt.% PEG
gels (Figure 5A). For each condition, the combined amount of PEG-AO and PEG-CDH was
equal to the total amount of PEG-CHO, and gels containing only hydrazone bonds, only
oxime bonds, or a 1:1 mixture of hydrazone and oxime bonds were formed. All 5 wt.% PEG
gels exhibited higher storage moduli than the 3.5 wt.% gels, corresponding to the increase in
number of cross-links with increasing polymer concentration.

To explore the stabilizing effects of increasing amounts of oxime cross-links in the presence
of cells, gels containing 100:0, 75:25, 50:50 and 0:100 hydrazone: oxime bonds were
prepared, placed in wells containing media, and examined under a light microscope daily
(Figure S14). While we had observed that 100:0 hydrazone: oxime gels degrade fully within
5 days, leaving cells at the bottom of the well, 75:25 hydrazone: oxime gels remained intact
at day 6 although a change in gel structure is apparent (Figure S14D). The gel edges were no
longer as defined as they were on day 1, and cells are starting to be released from the gel,
allowing them to spread on the well surface (Figure S14C-D). Gels containing 50:50 and
0:100 hydrazone: oxime bonds did not show any degradation and cells remained
encapsulated (Figure S14E-H).

To study the viability and spreading of cells in the presence of cells, mMMSCs were
encapsulated in gels containing PEG-CDH and PEG-AO at various ratios. Hydrogels for cell
encapsulation studies were formed by adding mMSCs (in DMEM (+) FBS) to the PEG-
CHO/AO-RGD (0.1 mM RGD) solution before the addition of PEG-CDH and/or PEG-AO
to result in 3.5 and 5 wt.% PEG gels. Live/dead staining of encapsulated cells at days 1 and
7 showed high viability (> 90%) of cells in all gel conditions, indicating that the imine
hydrogels at all ratios are biocompatible with cells (Figure 6). Cytotoxicity studies of
individual PEG components were also carried out to ensure the polymers are not damaging
to the cells upon gel degradation (Figure S15). All polymers (PEG-AO, PEG-CHO, PEG-
CDH, and PEG-ADH) were noncytotoxic to mMSCs up to at least 10 mg/mL, which
corresponds to twice the amount of each PEG used per gel in the cell studies.

Further, the morphology of encapsulated cells in the presence of AO-RGD was investigated.
Gels containing 0.1 mM AO-RGD were stained using DAPI/Phalloidin for f-actin after
fixing with paraformaldehyde at day 5 (Figure S16). mMSCs exhibited rounded
morphologies at all hydrazone: oxime ratios, although 100:0 hydrazone: oxime gels were not
imaged due to degradation (Figure 7A-C). The experiment was repeated using human
dermal fibroblasts (HDFs), and again, cells were round with little spreading (Figure S16 D-
F). In order to image 100:0 hydrazone: oxime gels before degradation, the experiment was
repeated and gels were fixed and stained at day 2 (Figure 7). This time, AO-RGD
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concentration was increased to 0.5 mM to determine if increasing RGD affects cell
spreading in our gel system. Gels containing 1 mM RGD were also examined (Figure S17).
Cells maintained similar, rounded morphologies for all tested RGD concentrations. This
finding is in contrast to a similar hydrazone cross-linked PEG hydrogel system, but the use
of 4-arm PEG instead of 8-arm PEG and hydrazine instead of hydrazide end groups
introduce several differences that make cell morphologies in the two systems difficult to
compare.2’

With the versatility and tunable design of our imine hydrogels it can be envisioned that the
amine component or aldehyde component could be additionally altered to further change the
time to degradation in these types of gels. For example, glyoxylamide type carbonyl
moieties should degrade more quickly than aldehyde and various hydrazones could be
utilized. These gels could then be used in situations where cells or other agents need to be
selectively released or, because of the self-healing properties, a mixture of both. In addition,
this system could be potentially used not only to encapsulate and deliver cells, but could be
used to deliver growth factors or other therapeutic agents. This could be accomplished
through simple encapsulation inside the gel or by covalent attachment to the cross-linked
PEG network. Due to the possibility of incorporating such biological compounds and the
wide range in stiffness of the hydrogels from 1000-3500 Pa, our current system could
potentially be used for vascular or endothelial engineering applications.>! Since we have
shown that increasing the amount of PEG per gel significantly increases gel stiffness, our gel
system could be tuned to match the conditions of a wide variety of stiffer tissues, such as
muscle, while retaining the ability to tune degradability of the system as needed.

CONCLUSIONS

In this report, a PEG-based imine hydrogel platform that combines the biocompatibility and
stability of oxime bonds with the reversibility of hydrazone bonds to create hydrogels with
tunable degradation is reported. The ease with which PEG can be functionalized allows for
further modification of these gels through madification of hydrazide groups and
incorporation of hydroxylamine groups. It was demonstrated that by combining oxime and
hydrazone chemistries, the stability of hydrogels could be tuned from less than 24 hours to
greater than 7 days. High cell viability in the presence of a covalently bound RGD peptide
was observed. The ability to tune the mechanical properties and degradation of these
hydrogels as well as to encapsulate cells will allow for this system to be used for research
and clinical applications, such as for cell delivery and tissue engineering.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PEG-CHO can react with PEG-ADH and PEG-CDH to form degradable hydrogels via

reversible hydrazone cross-links and can also react with PEG-AQ to form nonreversible
oxime bonds to stabilize the hydrazone gels.
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Figure 2.
5.0 wt.% PEG hydrazone hydrogels (40 uL, approximately 1 cm in diameter and 1 mm in

height) dyed with food coloring shown during self-healing. PEG-ADH hydrogels formed
within one minute (A) and were then cut in half (B). The opposite halves were placed next
to each other (C), and after ten minutes, bonds re-formed (D). After fifteen minutes, the two
pieces formed one complete gel that can readily be handled (E).
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Figure 3.
Swelling of 5 wt.% PEG-ADH (A) and 5 wt.% PEG-CDH (B) based hydrogels. 40 pL gels

were placed in respective solutions, and PEG-ADH gels degraded after five days in DMEM
(=) FBS and after two days in DMEM (+) FBS. PEG-CDH gels retained constant masses
throughout the experiment for all conditions, including in cell conditioned DMEM.
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Figure 4.
1H NMR of CDH hydrazone (A) after adding one equivalent hydroxylamine amine per

hydrazone bond (B), and 1H NMR of ADH hydrazone (C) after adding one equivalent
hydroxylamine per hydrazone bond (D).
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Figure5.
Rheological characterization of hydrazone and oxime hydrogels. Storage modulus can be

controlled by changing total polymer concentration and amounts of hydrazone and oxime
cross-links. Data is displayed as the average and standard deviation of three independent
hydrogels for each condition.
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Figure®6.
Live/dead staining of encapsulated mMSCs. 100:0 hydrazone: oxime gels showed good

viability at day 1 (A) but degraded before imaging at day 7. 75:25 hydrazone: oxime gels at
day 1 (C) and day 7 (D); 50:50 gels at day 1 (E) and day 7 (F); 25:75 gels at day 1 (G) and
day 7 (H); 0:100 gels at day 1 (I) and day 7 (J). Scale bar = 100 um. Cell viability of all gel
conditions at day 1 and day 7 (B) represented as % live cells per gel (y axis).
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Figure?7.
DAPI/Phalloidin staining for cell spreading at day 2. mMSCs were encapsulated in 5 wt.%

100:0 hydrazone: oxime (A), 75:25 hydrazone: oxime (B), 50:50 hydrazone: oxime (C), and
0:100 hydrazone: oxime (D) gels containing 0.5 mM AO-RGD. Scale bars = 50 um for both
10x and 40x magnification.
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