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Introduction

Influence of ions to modulate hydrazone and
oxime reaction kinetics to obtain dynamically
cross-linked hyaluronic acid hydrogels}

Shujiang Wang,1*® Ganesh N. Nawale, @ 1> Oommen P. Oommen, (& ¢
Jons Hilborn® and Oommen P. Varghese (2 *©

Dynamic covalent chemistry forming hydrazone and oxime linkages is attractive due to its simplicity,
selectivity and compatibility under aqueous conditions. However, the low reaction rate at physiological
pH hampers its use in biomedical applications. Herein, we present different monovalent and bivalent
aqueous salt solutions as bio-friendly, non-toxic catalysts which can drive the hydrazone and oxime reac-
tions with excellent efficacy at physiological pH. Direct comparison of hydrazone and oxime reactions
using a small molecule model, without any salt catalysis, indicated that oxime formation is 6-times faster
than hydrazone formation. Addition of different salts (NaCl, NaBr, KCl, LiCl, LiClO4, Na,SO,4, MgCl, and
CaCl,) accelerated the pseudo-first-order reaction kinetics by ~1.2-4.9-fold for acylhydrazone formation
and by ~1.5-6.9-fold for oxime formation, in a concentration-dependent manner. We further explored
the potential of such catalysts to develop acylhydrazone and oxime cross-linked hyaluronic acid (HA)
hydrogels with different physicochemical properties without changing the degree of chemical modifi-
cation. Analogous to the small molecule model system, the addition of monovalent and divalent salts as
catalysts significantly reduced the gelling time. The gelling time for the acylhydrazone cross-linked HA-
hydrogel (1.6 wt%) could be reduced from 300 min to 1.2 min by adding 100 mM CaCl,, while that for the
oxime cross-linked HA-hydrogel (1.2 wt%) could be reduced from 68 min to 1.1 min by adding 50 mM
CaCl,. This difference in the gelling time also resulted in hydrogels with differential swelling properties as
measured after 24 h. Our results are the first to demonstrate the use of salts, for catalyzing hydrogel for-
mation under physiologically relevant conditions.

deliver living cells and sensitive biomolecules in vivo for bio-
medical applications.” There are different methods to develop

Hydrogels are commonly composed of highly hydrated
polymer structures with tunable biophysical and biochemical
properties allowing many biomedical applications.'
Hydrogels developed from biopolymers are generally less toxic
and could be used to prepare biomaterials that mimic the
native extracellular matrix (ECM) produced by cells.* When
such materials can be obtained by employing mild reaction
conditions without any toxic excipients, they can be used to
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hydrogels including chemically modified polymers having
reactive functional groups to obtain covalent cross-links, physi-
cal entanglement or electrostatic interactions between oppo-
sitely charged polymers or materials.®”> Among these, dynamic
covalent chemistry, such as hydrazone and oxime formation
reactions, has gained much attention due to its simplicity,
selectivity and efficiency and the requirement of mild reaction
conditions.”™™ However, these conjugation strategies are
associated with a low reaction rate at physiological pH."* To
overcome this problem, several synthetic catalysts have been
developed to enhance the rates of hydrazone and oxime for-
mation reactions.””® The most commonly used catalysts
include aniline'® and aniline analogues'®*° which demon-
strate good catalytic efficiency at acidic pH with aldehyde sub-
strates, while the catalytic efficiency declines dramatically at
physiological pH, especially with the less reactive keto sub-
strates.'® Other nucleophilic catalysts were also developed to
improve coupling reactions at physiological pH.'>*7?%?! The
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Scheme 1 Reaction scheme of the salt stabilized transition state for
hydrazone and oxime formation.

reaction mechanism for hydrazone and oxime formation at
neutral pH involves the formation of a charged intermediate 1,
followed by a dehydration step of the intermediate 1 which is
the rate-limiting step (Scheme 1).

We have recently demonstrated that carboxylates can
promote the protonation of the hydroxyl oxygen atom in 1 at
neutral pH by forming a cyclic intermediate.>” We also discov-
ered that simple salts such as sodium chloride (NaCl) could
accelerate oxime formation at neutral pH with both the alde-
hyde and less reactive keto substrates by stabilizing the rate
limiting transition state, thereby promoting the dehydration
step.>® It is important to note that so far the salt based cata-
lytic system has only been applied to oxime-based conjugation
reactions; however, the effect of salts on the formation of
hydrazone at neutral pH remains unclear. We hereby report
the effects of different salts on the reaction kinetics of acylhy-
drazone and oxime formation reactions. We also demonstrate
the influence of salts on the cross-linking efficiency of bio-
macromolecules to form hydrogels. We explored the gelling
kinetics in the presence of different salts, without changing
the degree of chemical modification on the polymers.

Results and discussion

To evaluate the effects of various salts on the reaction kinetics
of acylhydrazone and oxime formation reactions, we first per-
formed model reactions with a small molecule model, namely,
4-nitrobenzaldehyde as an electrophile and adipic dihydrazide
or (aminooxy)methane as a nucleophile (Scheme S1, ESIT).
The pseudo-first-order reaction rates were analyzed in 10 mM
phosphate buffer (PB, pH 7.4) containing 10% DMF by
employing different salt concentrations (Fig. 1). Interestingly,
an aqueous solution containing NaCl indeed accelerated both
the acylhydrazone and oxime formation reactions in a salt con-
centration-dependent manner, which corroborates with our
recent observation of oxime reaction catalysis with saline.?

In the case of acylhydrazone, when 50 mM NaCl was used
as a catalyst, the reaction rates were increased by ~1.2-fold as
compared to that of the uncatalyzed reaction (Fig. 2a).
Gratifyingly, when the NaCl concentration was further
increased to 100 mM and 1 M, we observed an ~1.4-fold and
~3.9-fold increase in the reaction rate, compared to that of the
uncatalyzed reaction (Fig. 2a). When similar salt concen-
trations (50 mM, 100 mM and 1 M NaCl) were used in the
oxime formation reaction, we observed ~1.5-fold, ~1.6-fold
and ~5.8-fold increments in the rate as compared to those of
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Fig. 1 Representative examples of reaction kinetics with 64 pM nitro-
benzaldehyde and (a) 1 mM adipic dihydrazide and (b) 2 mM (aminooxy)
methane in 10 mM phosphate buffer (PB, 7.5 mM Na,HPO,4 and 2.5 mM
of NaH,PO,) containing 10% DMF. Reactions were performed at 23 °C.

the uncatalyzed reactions (Fig. 2b). Though the reaction kine-
tics indicated a similar enhancement of reaction rates for both
acylhydrazone and oxime reactions, it should be noted that the
oxime formation reaction was ~6.2-times faster than the acyl-
hydrazone formation reaction without any salt (kops = 0.054 for
oxime and kops = 0.0087 for acylhydrazone).

Since both the cation and anion participate in the stabiliz-
ation of the rate-limiting step, overcoming the a-effect induced
by nucleophilic reagents*>** such as hydrazide and aminooxy
groups, we investigated the effect of other ions on the reaction
rate. All the monovalent salts tested (NaCl, NaBr, KCl, LiCl,
and LiClO,) indicated similar levels of increase in the reaction
rate (~1.4-1.8-fold) with both hydrazide and aminooxy sub-
strates when the salt concentration was kept at 100 mM.
Interestingly, when 100 mM Na,SO, and MgCl, were used in
the reaction, a ~2.1-fold and ~4.9-fold increase in the reaction
rate was observed, respectively, for acylhydrazone formation
(Fig. 2a). A similar pattern of rate increase (2.3-fold and ~7-
fold) was observed for oxime formation using the same cata-
lysts (Fig. 2b). We also attempted to perform experiments with
CaCl, as a catalyst; however, at a 100 mM concentration of
CaCl,, we observed precipitation of the salt. Taken together,
these results indicate that different ions in the reaction
mixture catalyse the oxime and acylhydrazone formation reac-
tions at physiological pH. We believe that this effect is due to
the increased ionic strength in the reaction medium which
increases the local concentration of the organic molecules
(‘salting-out effect’) and a decrease in the energy of the tran-
sition state, similar to our previous observation.”* In order to
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Fig. 2 Comparative pseudo-first-order reaction kinetics of salt-cata-
lyzed acylhydrazone and oxime formation as determined by UV-Vis
spectrophotometry. Reactions were performed using 64 pM 4-nitroben-
zaldehyde and (@) 1 mM adipic dihydrazide or (b) 2 mM (aminooxy)
methane in 10 mM phosphate buffer (PB, 7.5 mM Na;HPO,4 and 2.5 mM
NaH,PO,) containing 10% DMF. The salt out effect on the reaction rates
of (c) acylhydrazone and (d) oxime formation evaluated with salts.
Reactions were performed at 23 °C.

evaluate the salt effect, we performed reactions with a salt
known to have a salt-out (LiCl) or salt-in (KCl) effect based on
the Hofmeister series with a higher salt concentration
(400 mM).>® These experiments indicated that for both the
hydrazone and oxime-formation reactions, LiCl accelerated the
reaction rate, suggesting a salt-out effect, whereas KCI reduced
the rate as compared to the NaCl catalyzed reaction (Fig. 2c
and d). In order to determine whether our results are not due
to an ‘indirect’ field effect, we compared the reaction rates
using LiCl and LiClO, having different anions. These experi-
ments indicated a similar increase in the reaction rate,
suggesting that the observed reaction rate is not due to the
field effect but due to the salt-out effect (Fig. Sla and S1b in
the ESIf). It is noteworthy that the rate of the salt catalyzed
reaction could be further enhanced by performing such reac-
tions at a higher temperature (Fig. Sic in the ESIf).

To exemplify the utility of these catalysts for bioconjuga-
tion, we explored the effects of salts to catalyze hydrazone and
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oxime cross-linking reactions to prepare hydrogels. For this
purpose, we chemically modified hyaluronic acid (HA), a
natural extracellular matrix component, with aldehyde and
hydrazide/aminooxy modifications. HA is known to play a sig-
nificant role in cell proliferation and migration®® and in main-
taining the stem cell niche within our body.>” Therefore hydro-
gels using HA components have been extensively used for
several biomedical applications, such as cell delivery,”® and
drug delivery®® and in the field of regenerative medicine.*® We
have previously developed a hydrazone-cross-linked HA hydro-
gel®® and used it to deliver recombinant human bone morpho-
genetic protein-2 (rhBMP-2) to regenerate bone in vivo.®?' We
have also utilized such materials to deliver small molecule
drugs®® and large nucleic acid drugs*®**** and for tuning the
differential release of proteins.>® One of the key aspects of
hydrogel preparation is the reaction kinetics of gel formation.
We have recently shown that by modulating the thiol pK,, in a
thiol-functionalized HA, it is possible to control the cross-
linking density and hydrogel swelling properties of the di-
sulfide cross-linked HA hydrogel.*® This prompted us to inves-
tigate the effect of gelling kinetics on the properties of hydra-
zone and oxime cross-linked hydrogels.

To develop hydrazone cross-linked HA hydrogels, we first
prepared aldehyde and hydrazide derivatives of HA using our
previously optimised method.*>?®” It is noteworthy that the
hydrazide unit contained a urea-type of linkage which allowed
the delocalisation of charges, resulting in improved stability of
the hydrazone linkages. The degree of modification was
observed to be 6% for hydrazide modification and 12% for
aldehyde modification. To develop oxime cross-linked HA-
hydrogels, we synthesized a novel aminooxy HA employing a
carbodiimide coupling reaction with HA at pH 4.7 with a
10-fold excess of the diaminooxy linker (with respect to the
carbodiimide, Scheme S3, ESIf) with a dual modification.?”
The diaminooxy linker was prepared following a reported
method (Scheme S2, ESIf).*® The aminooxy modified HA
derivative was purified by dialysis and characterized by 'H NMR
analysis (Fig. S1, ESIt). The degree of aminooxy substitution
was determined by UV-vis spectrophotometry by following a
modified trinitrobenzene sulfonic acid (TNBS) assay.>® These
experiments indicated a 7% modification of HA-aminooxy resi-
dues with respect to the disaccharide repeat unit. The chemi-
cally modified polymers were used to prepare HA hydrogels in
PB (10 mM, pH 7.4) with different concentrations of salts by
mixing an equal volume ratio (1:1) of HA-hydrazide/aminooxy
and HA-aldehyde derivatives at 16 mg mL ™" concentrations
(Scheme S4, ESIt) to obtain gels with 1.6 wt%. The influence of
the aqueous salt solution on the cross-linking reaction kinetics
was determined by rheological measurements employing oscil-
latory time sweeps on the reaction mixture at a 1 Hz frequency
and a controlled gap distance of 1 mm. The storage modulus
(G") and loss modulus (G") were monitored against time to
determine the gel point (the time when G’ = G").

The acylhydrazone cross-linked HA hydrogels exhibited a
slower reaction rate with a gelation time of ~5 h under uncata-
lyzed reaction conditions (Fig. 3a and 4a). Interestingly, the

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Rheological analysis of (a) acylhydrazone cross-linked HA-
hydrogel with an HA concentration of 1.6 wt% and (b) oxime cross-
linked HA-hydrogel with a high (H) HA concentration of 1.6 wt% or a low
(L) HA concentration of 1.2 wt%.

gelation time decreased to ~2 h in the presence of 50 mM
NaCl, which further decreased to ~71.6 min and ~26.2 min
with 100 mM and 200 mM Nacl, respectively. When the NaCl
concentration was further increased to 300 mM and 1 M, the
gelation time was dramatically decreased to ~8.3 min and
~2.3 min, respectively (Fig. 3a and 4a).

When 100 mM MgCl, and 100 mM CacCl, were used as cata-
lysts, the gelation time reduced to ~2.7 min and ~1.2 min,
respectively, for the acylhydrazone-cross-linked hydrogel (Fig. 3
and 4). In the oxime-cross-linked hydrogel formation reaction
(1.2 wt%), 50 mM MgCl, and 50 mM CacCl, reduced the gela-
tion time to ~1.5 min and ~1.1 -min, respectively. We then
proceeded to evaluate the hydrogel rheological properties after
48 h of mixing the gel components. For this purpose, we pre-
pared HA hydrogels with different salts as discussed above.
After 24 h, these hydrogels were suspended in 10 mM PBS for
an additional 24 h to remove excess salts, and then the rigidity

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The gel time of (a) acylhydrazone cross-linked HA-hydrogel with
an HA concentration of 1.6 wt% and (b) oxime cross-linked HA-hydrogel
with an HA concentration of 1.6 wt% or 1.2 wt%.

of the hydrogels was analyzed by performing rheological
measurements using oscillatory frequency sweep. The
observed rheological data (Table 1) therefore represent a rela-
tive measure of the cross-linking densities that were obtained
using different salt concentrations during the cross-linking
reaction.

As shown in Table 1, for acylhydrazone cross-linked hydro-
gels, the rigidity increased with an increase in the salt concen-
tration. For oxime hydrogels, however, the addition of 50 mM
NaCl increased the storage modulus but not when 50 mM
MgCl, was used. We believe this is due to the extremely high
reaction rate when MgCl, was used as a catalyst resulting in
inhomogeneous hydrogel formation due to inefficient mixing

Table 1 Properties of acylhydrazone and oxime cross-linked hydrogels
after 24 h swelling in PBS

Hydrogel Salt G’ (Pa) G" (Pa)

Acylhydrazone No salt 416.5 + 8.2 13.8+1.1
50 mM NaCl 435.8+13.0 13.7+2.1
50 mM MgCl, 1145.0 £ 25.1 17.6 £ 0.2
150 mM NacCl 1240.0 = 18.0 17.7 £ 0.8

Oxime No salt 2101.5 £ 17.5 34.2+64
50 mM NaCl 3171.0 £ 156.0 39.6+5.4
50 mM MgCl, 2067.0 £13.0 22.2+5.6

Polym. Chem., 2019, 10, 4322-4327 | 4325
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of the gel precursors. These results indicate that optimal reac-
tion kinetics for oxime formation is needed for appropriate gel
formation. Too fast reactions will not permit mixing to allow
reactive functional groups to meet each other, while slow reac-
tions would require a longer time until complete conversion.

In order to validate the influence of hydrogel gelling kine-
tics on the swelling behaviour of the biomaterials, we
performed experiments with 1.6 wt% HA-hydrogels having acyl-
hydrazone and oxime cross-linkages. As anticipated, without
any salts, the acylhydrazone cross-linked hydrogels exhibited
excessive swelling (~75%) within three days while the oxime
cross-linked gels demonstrated only ~20% swelling (Fig. 5).

Addition of MgCl,, which is expected to reduce the reaction
time significantly, reduced the swelling behaviour of the acyl-
hydrazone cross-linked materials (~50% in three days). This
result corroborates with the increase in the storage modulus as
a result of an increase in the gelling kinetics. In the case of the
oxime reaction, on the other hand, we observed an increase in
swelling (~40% in three days) upon the addition of MgCl,
(Fig. 5). We believe that this unusual behavior with MgCl, is
due to the limited possibility to achieve homogeneous mixing
of the gel components due to the too high reaction rates and
too short gelation time. It is interesting to note that the initial
swelling ratio after the first five days was maintained even after
15 days of incubation, indicating that the dynamic cross-
linked gels once formed remain stable at physiological pH in
the presence of salts in the buffer (Fig. 5).

Conclusions

In summary, we present a simple and efficient strategy to
modulate hydrazone and oxime formation kinetics at physio-
logical pH by utilizing simple salts as catalysts. Increasing the
NaCl concentration or using divalent salts such as MgCl, or
CaCl, can significantly accelerate the reaction rates for such
reactions. The increase in the reaction rates was demonstrated
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in both small molecules and multifunctional biomacro-
molecules and utilized for designing acylhydrazone and
oxime-based hydrogels under physiologically relevant con-
ditions. This simple strategy to modulate hydrazone and
oxime reaction kinetics will provide a great advantage for
developing biomaterials or for bioconjugation applications.
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