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hemical compounds studied in this article:
yaluronic acid sodium salt (PubChem CID:
3663392)
-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-
ethylmorpholinium chloride (DMTMM)

a  b  s  t  r  a  c  t

Injectable  tyramine  modified  hyaluronic  acid  (HA–Tyr)  hydrogels  which  are  bio-orthogonally  cross-
linked  with  horseradish  peroxidase  (HRP)  and  hydrogen  peroxide  (H2O2)  are  excellent  candidate
biomaterials  for drug  delivery,  regenerative  medicine  and  tissue  engineering.  Ligation  of  tyramine  to
HA  has  been  reported  using  the  very  well  established  N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride  (EDC)  and  N-hydroxysuccinimide  (NHS)  chemistry.  Here  we  demonstrate  the  applicabil-
ity  of  4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium  chloride  (DMTMM)  as  an  alternative
coupling  agent  to  synthesize  HA–Tyr  conjugates.  The optimized  derivatization  process  allows  accurate
control  of the degree  of  substituted  Tyr  on hyaluronan  (DSmol). Hence,  viscoelastic  properties,  in vitro
swelling  and  enzymatic  digestion  profiles  of  the crosslinked  hydrogels  can  be precisely  tuned  via  DSmol.
Our  study  demonstrates  the  advantages  of  DMTMM  conjugation  as  a powerful  tool  to synthesize  HA–Tyr
hydrogels  with  properties  exactly  tailored  for  biomedical  applications.

© 2014  Elsevier  Ltd. All  rights  reserved.
PubChem CID: 2734059)
yramine hydrochloride (PubChem CID:
6449)
-(3-dimethylaminopropyl)-N′ ′-
thylcarbodiimide hydrochloride (EDC)
PubChem CID: 2723939)
-hydroxysuccinimide (NHS) (PubChem

ID: 80170)

. Introduction

Hydrogel-based biomaterials can mimic  certain features of
he extracellular matrix (ECM) of a tissue, provide an instruc-
ive three-dimensional (3D) microenvironment and serve as an

ffective delivery system for cell-based therapies (Slaughter,
hurshid, Fisher, Khademhosseini, & Peppas, 2009). Amongst the
iopolymers serving as hydrogel backbone, hyaluronic acid (HA)
lays a significant role in tissue development, but also in the
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avos-Platz, Switzerland. Tel.: +41 81 414 25 49; fax: +41 81 414 22 88.
ww.aofoundation.org/ari.
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144-8617/© 2014 Elsevier Ltd. All rights reserved.
biomedical field as one of the most commonly used biopolymers. It
is ubiquitous, non-immunogenic, and a natural component of the
extracellular matrix of various connective tissues with a key func-
tion in wound healing and the regeneration of these tissues (Fraser,
Laurent, & Laurent, 1997). A major development in hydrogel-based
technologies is the creation of an in-situ crosslinking mechanism
which enables the system to be injectable, thus allowing an aqueous
mixture of gel precursors and bioactive agents to be administered
through a needle (Prestwich, 2011). In order to achieve the desired
biomedical performance, hydrogels must display precise viscoelas-

tic, swelling and degradation properties.

Recently, an injectable and biodegradable hydrogel system com-
prising hyaluronic acid–tyramine (HA–Tyr) conjugates has been
reported for drug delivery and tissue engineering applications (Darr
& Calabro, 2009; Lee, Chung, & Kurisawa, 2009; Toh, Lim, Kurisawa,
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 Spector, 2012). HA–Tyr is enzymatically cross-linked to give a
ovalent network. The coupling is catalyzed by horseradish per-
xidase (HRP) and uses hydrogen peroxide (H2O2) as oxidant.
nlike other methods of preparing HA-based hydrogels, a relatively

ow tyramine (Tyr) substitution is required to form stable con-
tructs, leaving the majority of HA disaccharides unmodified. The
rosslinking mechanism enables independent tuning of mechan-
cal properties and gelation rate by varying the H2O2 and HRP
oncentration, respectively (Darr and Calabro, 2009; Lee et al.,
009; Toh et al., 2012). Additionally, crosslinking conditions are
io-orthogonal, i.e. mild, non-toxic and do not interfere with vital
ellular processes. The formation of di-tyramine (di-Tyr) and di-
yrosine occurs under the influence of H2O2 and HRP (Gross & Sizer,
959). Thus, Tyr-tyrosine bonds could be formed during in vivo
rosslinking of the Tyr containing hydrogel onto the tyrosine-
ontaining ECM proteins and provide improved tissue-hydrogel
dhesion (Moreira Teixeira et al., 2012).

HA–Tyr synthesis has been reported using N-(3-
imethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC)
nd N-hydroxysuccinimide (NHS). Although very well established
s method for HA conjugation, this carbodiimide chemistry has
imitations. EDC acts as condensing agent, but if used alone it brings
o the formation of an active intermediate which spontaneously
earranges to a non-reactive O-acyl isourea. This self-quenching
an be avoided with the use of NHS, which forms a reactive NHS
ster of HA reactive toward amines. NHS-activated HA displays
aximum reactivity at pH 7–8 (URL, 2014). Unfortunately, Tyr is

ighly unstable at this pH. Moreover, formation of by-products
as been observed (Darr and Calabro, 2009). Therefore it is not
lear whether EDC/NHS can achieve the specific control of deriva-
ization which is needed for the preparation of HA–Tyr derivatives
uitable for biomedical applications. Similar to carbodiimides,
-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
hloride (DMTMM) was initially developed for peptide synthesis.
t has been shown that DMTMM  is a very efficient agent for
ondensing a variety of carboxylic acids and amines (D’Este, Eglin,

 Alini, 2014; Farkas & Bystricky, 2007; Farkas, Cizova, Bekesova,
 Bystricky, 2013; Nimmo, Owen, & Shoichet, 2011). With these
oints in mind, we have investigated the use of DMTMM  for the
reparation of HA–Tyr hydrogels with precise rheological, swelling
nd degradation properties.

Since DMTMM is a relatively new method for HA conjugation
nd little is known about the stability of DMTMM  in water we
rst investigated this aspect. Second, we optimized the reaction
onditions through the variation of the stoichiometric ratios in
rder to obtain the most favorable conversion yield and desired
ubstitution. The effect of temperature on the reaction kinetics
as also investigated. Finally, we characterized the viscoelasticity,

welling behavior and degradation profile of hydrogels obtained
rom derivatives with different substitution.

. Experimental

.1. Materials

Hyaluronic acid sodium salt from Streptococcus equi (HANa)
ith weight-average molecular weight Mw = 290 kDa and poly-
ispersion index Mw/Mn  = 1.86, where Mn  indicates the number-
verage molecular weight was purchased from Contipro Biotech
.r.o. (Czech Republic). 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-

ethylmorpholinium chloride (DMTMM)  from TDI (Zwijndrecht,

elgium). Hydrogen peroxide was purchased from LifeCore
iomedical (Chaska, MN,  U.S.A.). Other chemicals were of analyti-
al grade, purchased from Sigma Aldrich (Buchs, Switzerland) and
sed as received.
ymers 115 (2015) 325–333

2.2. DMTMM stability in water

DMTMM  stability was  characterized using hydrogen-1 nuclear
magnetic resonance (1H NMR). Degradation of DMTMM  was  fol-
lowed at 37 ◦C in deuterium oxide for up to 48 h. A series of 1H-NMR
spectra were acquired on a Bruker Avance AV-500 NMR  spec-
trometer without residual HOD peak suppression. Percentage of
degradation product was calculated by peak integration.

2.3. Synthesis and characterization of HA–Tyr conjugates

HA–Tyr was  prepared by amidation of the carboxylic groups of
HA with the amine groups of Tyr. Briefly, HANa (500 mg, 1.25 mmol
carboxyl groups) was  hydrated in 2-morpholinoethane sulfonic
acid (MES) buffer (100 mM,  pH 5.5, adjusted with NaOH 5 M)  for
24 h at a final concentration of 1% (w/v). Subsequent to DMTMM,
tyramine was added drop wise to the solution. The concentration
of DMTMM  and Tyr was  varied to examine differences in Tyr sub-
stitution and hydrogel properties as a function of the molar ratio of
Tyr, DMTMM  and HA, respectively. This set of reactions was carried
out at room temperature for 24 h, repeating each reaction twice.
Coupling of HA–Tyr over time was  studied at 24 ◦C (RT) or 37 ◦C
under continuous stirring. Aliquots for precipitation were with-
drawn after 2, 6, 10, 24, 48, 72, 96 and 120 h. Following enrichment
of the solution with 8 vol% saturated sodium chloride; the product
was precipitated using 96% ethanol. Several wash steps were sub-
sequently performed and then the product was filtered and kept
under vacuum for 48 h. The absence of chlorides in the final pre-
cipitate was  assessed via Ag+ assay. Finally, HA–Tyr was obtained
as fine-grained white powder and stored at RT.

For comparison, HA–Tyr was synthesized via conventional
carbodiimide chemistry (Darr and Calabro, 2009). Briefly, HANa
(500 mg,  1.25 mmol  carboxyl groups) was hydrated in MES  Buffer
(100 mM,  pH 5.5, adjusted with NaOH 5 M)  for 24 h at a final concen-
tration of 1% (w/v). EDC and NHS (1/1 to HA) were added and kept
stirring for 1 h at RT. Tyr (1/1 to HA) was  dissolved in MES-buffer
(100 mM,  pH 5.5; 0.1% w/v) and added drop wise to the HA-solution.
The reaction was maintained at RT for 24 h under continuous stir-
ring. Products were either dialyzed (100 mM sodium chloride for
12 h and distilled water for additional 60 h) and lyophilized or pre-
cipitated as described above.

Synthesized HA–Tyr conjugates were characterized using
UV–vis and 1H NMR. UV spectra were recorded using a MultiskanTM

GO Spectrophotometer in cuvette mode with 2 nm resolution.
Molar degree of substitution (DSmol, %) was calculated by measur-
ing the Tyr absorbance at 275 nm of a 1 mg/ml  HA–Tyr solution in
ultrapure water. A calibration curve of Tyr in ultrapure water was
used as a standard (Darr and Calabro, 2009). DSmol is expressed
as molar ratio of covalently bound Tyr residues to total carboxyl
groups on HA. DSmol, was further determined from 1H NMR using
deuterium oxide as solvent without residual HOD peak suppres-
sion. Spectra were calibrated using N-acetyl proton on glucosamine
residue of HA as the chemical shift internal standard, and processed
with Mestrenova software. DSmol was  determined by compar-
ing the ratio of the areas under the aromatic peaks at 6.85 ppm
7.19/7.17 ppm and 7.38/7.36 ppm to the peak at 2.0 ppm (N-acetyl
proton of HA).

2.4. Characterization of the hydrogels

2.4.1. Preparation of hydrogels

The synthesized conjugates with a concentration of 2.5% (w/w)

were dissolved in 1 Unit/ml HRP (in PBS) overnight at 4 ◦C. Gela-
tion was initiated by adding 0.34 mM H2O2 (in PBS) followed by
gently mixing with a pipette tip. The above gelation protocol was
optimized (optimization not shown here) while 0.34 mM H2O2 was
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ound to be the minimum concentration required to achieve proper
elation and was therefore used in all experiments. The H2O2 con-
entration of 0.34 mM is lower than other reported concentration
or cells encapsulation (Lee, Chung, & Kurisawa, 2008).

.4.2. Viscoelastic characterization
Rheological measurements were performed with an Anton-Paar

heometer equipped with a Peltier controller and plate-cone geom-
try, diameter 50 mm.  The synthesized conjugates were hydrated
n 1 Unit/ml HRP at 2.5% (w/w) overnight at 4 ◦C. Dissolved sam-
les were mixed with 0.34 mM H2O2 directly on the bottom plate
nd the upper cone was lowered to a gap of 0.1 mm before gela-
ion has been started. In order to allow a homogenous gelation
rocess, hydrogels were allowed to cure for 30 min at 20 ◦C in the
ample holder. A humid chamber was achieved by placing wet tis-
ue paper around the platform and placing a chamber cover on top.
he angular frequency sweep was conducted from 0.1 to 100 rad/s
t 1% strain to determine the shear elastic modulus (G′) and loss
odulus (G′′) of the hydrogels. The viscoelastic linear regime was

etermined and then mechanical spectra were carried out at 1%
train and 20 ◦C.

.4.3. Equilibrium swelling
To examine the swelling properties, cross-linked hydrogel sam-

les (200 �l) were prepared in cylindrical sample holders (diameter
 mm)  (n = 3). After incubation for 30 min  at RT, samples were

mmersed in PBS (10 mM,  pH 7.4) at 37 ◦C for 48 h until the
welling equilibrium had been reached. The swollen hydrogels
ere removed, carefully blotted to remove excess surface liquid,

nd the total swelled weight (WS) was measured. The samples were
yophilized overnight and total dry weight (WL) was  measured. The
welling ratio was calculated using the following equation:

welling ratio = WS − WL

WL

.4.4. Degradation assay
To determine the stability, we initiated cross-linking of the

ydrogel samples (200 �l) in the sample holders as described above
n = 3) and allowed them to swell in PBS (10 mM,  pH 7.4) for 24 h
t 37 ◦C, after which the mass of the samples was  measured (WS).
egradation assay was performed using 10 Units/ml hyaluronidase

n PBS (10 mM,  pH 7.4) at 37 ◦C. At the chosen time points, hydrogels
ere removed, carefully blotted to remove excess surface liquid

nd the total weight (WD) was measured. The percentage of hydro-
el mass remaining in relation to the original swollen mass was
alculated ((WD/WS) × 100). Fresh buffer containing hyaluronidase
as replaced at each time point. Hydrogels incubated in PBS with-

ut enzyme at 37 ◦C served as a control for the degradation profile.

. Results and discussion

.1. DMTMM  stability in water

Use of DMTMM chloride in water solution as a coupling agent
ould potentially be limited by its instability. EDC, the most well-
nown water-soluble coupling agent has a half-life of 3.9 h in water
t a pH of 5.0 (Gilles, Hudson, & Borders, 1990). DMTMM  is stable in
ater at RT with no decomposition by demethylation or hydrolysis

fter 3 h (Kunishima et al., 1999; Raw, 2009). Little is known about
ater time points, and higher temperature. Therefore we investi-

ated the stability of DMTMM  in experimental conditions identical
o those of the conjugation reactions. A series of 1H-NMR spectra of
MTMM  in deuterium oxide at 37 ◦C was recorded for up to 48 h.

The degradation of DMTMM  in water can follow three main
aths (Fig. 1A). In the first path, decomposition into 2-chloro-4,
Fig. 1. DMTMM degradation: (A) main paths of DMTMM degradation: path (1)
decomposition, path (2) demethylation and path (3) hydrolysis. (B) Representative
series of 1H-NMR spectra of DMTMM in deuterium oxide at 37 ◦C.

6-dimethoxy-1,3,5-triazine (CDMT) and N-methylmorpholine
(NMM)  takes place. This is the inverse of the preparation reaction
commonly used for DMTMM  (Kunishima et al., 1999). The CDMT
generated is susceptible to further hydrolysis along a third path
(Fig. 1A). In the second path, demethylation of the methyl group
on the nitrogen of the morpholine ring occurs. In this case the tri-
azine and morpholine rings are not split and a methanol molecule is
released. In the third path, the triazine ring is hydrolyzed, resulting
in 2,4-dimethoxy-6-hydroxy-1,3,5-triazine. This di-methyl ester of
cyanuric acid gives keto-enol tautomerism. The compound can be
originated directly from DMTMM,  from CDMT generated as per
path one or, presumably to a much lesser extent, from the demeth-
ylated species generated as per the second path.

1H NMR  spectrum of the freshly prepared DMTMM  shows a
sharp singlet at 4.17 ppm from the 6 methoxy protons (a); a sharp
singlet at 3.56 ppm (c) from the methyl group bound to the nitro-
gen atom; a broad multiplet between 3.8 and 4.0 ppm from the
protons in the NMM  ring (b) (Fig. S1). At later time points spec-
trum evolves as follows (Fig. 1B). The sharp singlet at 4.17 ppm (a)
decreases its relative intensity while other 3 sharp singlets at 4.06,
4.01 and 4.00 ppm appear over time. These peaks arise from the
degradation products as per the 3 paths previously illustrated. The
sharp singlet at 3.56 ppm (c) decreases its relative intensity while
another singlet at 2.93 ppm develops, giving evidence of NMM  for-
mation as per path 1 and 3. The broad multiplet between 3.8 and
4.0 ppm (b) from the NMM  methylene protons decreases its area
and increases its complexity; at the same time a triplet of doublets
at 3.2 ppm rises up. A sharp singlet at 3.34 ppm increases with the

time, testifying methanol formation as per the second path. Another
interesting feature is the broadening of the HOD peak at 4.64 ppm,
attributed to the formation of more species with exchangeable pro-
tons. Such species include methanol, the di-methyl ester of cyanuric
acid generated as per the third path and its tautomer.
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Table 1
List of DSmol for different samples showing the effect of DMTMM–Tyr ratio used
for HA–Tyr synthesis after 24 h at RT (2 batches). Calculation is based on UV–vis
analysis (n = 3) (see Section 2.2.1) and the conjugation was  confirmed by 1H NMR
(see below).

HA–DMTMM–Tyr DSmol (%)

1–1–0.1 1.3 ± 0.2%
1–1–0.5 1.7 ± 0.2%
1–0.5–1 1.6 ± 0.2%
1–1–1 3.0 ± 0.5%
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1–2–1 3.3 ± 0.3%
1–4–1 n.A.
EDC/NHS (1–1/1–1) 2.8 ± 0.3%

Interestingly, after 48 h 23% of DMTMM  is demethylated as esti-
ated from methanol protons signal integration. Likewise, from

eak integration after 48 h 27% of the NMM  methylene protons lie
n the multiplet at 3.2 ppm rather than 3.9 ppm, attesting both first
nd second degradation path.

Degradation of DMTMM  was also followed by UV–vis analysis.
ince various species are involved in this process exact attribu-
ion of peak evolutions is not trivial (data not shown). The impact
f DMTMM  degradation on HA–Tyr coupling is discussed in the
ollowing paragraph.

.2. Synthesis and optimization of HA–Tyr coupling

Table 1 lists the degree of substitution (DSmol, %) obtained using
ifferent stoichiometric ratios of the reagents. To accomplish an
xact comparison to conventional carbodiimide conjugation, final
ields of conventional carbodiimide coupled HA–Tyr conjugates
sing a molar ratio of HA–EDC/NHS–Tyr (1–1/1–1) were analyzed.
V–vis absorbance measurements showed lower yields (DSmol
.79 ± 0.3%) obtained with EDC/NHS compared to DMTMM  cou-
ling (DSmol 3.0 ± 0.5%) after 24 h at RT (Table 1).

The conjugation and DSmol of HA–Tyr were confirmed by 1H
MR analysis, which corresponds to the sum of components of the
onjugate. The ligation does not give rise to any new resonance sit-
ated in a spectral region free of other signals, so conventional 1H
MR spectroscopy cannot be used as direct proof of the chemical

igation. The observed gelation of the compounds is the proof that
he ligation occurred. A comparison of the spectra for unsubstituted
A and HA–Tyr conjugates shows signals for the anomeric protons

ca. 4.5 ppm), sugar ring protons (four per monosaccharide between
.2 and 4.0 ppm) and methyl protons of the N-acetyl group (3 per
isaccharide, at 2 ppm) expected from both molecules (Fig. 2). The
resence of Tyr in the product was verified by the resonances
t 7.19–7.17 ppm (a) and 6.85 ppm (b) (Darr and Calabro, 2009).
emi-quantitative analysis of the DSmol was performed by com-
aring the ratio of the areas under the aromatic peaks at 6.85 ppm,
.19/7.17 ppm and 7.38/7.36 ppm to the peak at 2.0 ppm (N-acetyl
lucosamine proton of HA).

Data in Table 1 show how different stoichiometric ratios of Tyr
nd DMTMM  to HA can influence the DSmol. Even using Tyr in
mount as low as 10% in moles to HA a substitution of 1.3% was
etected. Derivatization of this compound was confirmed by the
elation displayed (not shown). Usually, bioconjugations involv-
ng EDC/NHS use a large excess of ligand (Darr and Calabro, 2009;
urisawa, Chung, Yang, Gao, & Uyama, 2005). Our result is a conse-
uence of the increased efficiency of coupling of DMTMM  compared
o EDC/NHS. As a direct comparison, we performed the coupling

eaction with both methods using stoichiometric amount of every
eagent. Also in this case, DMTMM  displayed higher coupling yield.
he ratio Tyr–HA has a marked influence on the conjugation yield,
nd can be used to prepare conjugates with desired substitution.
onjugation yield increases also with increasing DMTMM–HA ratio.
ymers 115 (2015) 325–333

However when a ratio of 4–1 was  used the obtained product was
insoluble. Non-solubility was attributed to the higher amount of
non-hydrophilic moieties bound to HA. Another possible reason
is the modification of the pendant phenolic hydroxyl group on
Tyr by the excess of DMTMM.  The hypothesized adduct is illus-
trated in Fig. 2 (signal c) and is unique in DMTMM-mediated
condensation of HA–Tyr. It should be noted that the same a/b and
additional signal c can be seen whether Tyr is functionally bound
or in a physical mixture with DMTMM.  DMTMM  is formed by the
reaction of 2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT) with N-
methylmorpholine (NMM). Therefore, reaction of CDMT directly
with the hydroxyphenyl group on Tyr, whether free in solution or
already covalently bound to HA through its amine group, forms Tyr-
O-4,6-dimethoxy-1,3,5-triazine (Tyr-O-DMT) adducts on HA (Fig. 2,
signal c). This assumption could be confirmed by decreasing the
molar ratio of Tyr to DMTMM  from 1 to 0.1 for the conjugation that
results in a very low signal at 6.85 ppm (Table 1), but also increases
the signal at 7.38/7.36 ppm.

Results were supported by UV–vis analysis of DMTMM–Tyr mix-
tures showing reduced absorbance at 275 nm when the molar ratio
of Tyr to DMTMM  was  decreased (Fig. S2). It can therefore be
assumed that Tyr-O-DMT adducts reduce the absorbance maxi-
mum  of Tyr at 275 nm and are not functional in the crosslinking
process. Noteworthy, it is essential to perform coupling reaction by
premixing HA and DMTMM  and add Tyr subsequently in order to
minimize Tyr-O-DMT formation on HA.

On the basis of these results an equal molar ratio of DMTMM  and
Tyr to HA (1–1–1) results in low amounts of non-functional Tyr-O-
DMT adducts while obtaining a high final yield (Table 1, Fig. S2).

DSmol values obtained in the present study are slightly lower
compared to previous studies (Darr and Calabro, 2009; Kurisawa
et al., 2005). On the other hand the rheological profile of the
obtained compounds is within the range of recently published
HA–Tyr hydrogels (see below) (Lee et al., 2008). The presence
of non-covalently bound Tyr might bias the values previously
reported (Darr and Calabro, 2009; Kurisawa et al., 2005). It is fur-
ther hypothesized that precipitation of the conjugates may  be more
efficient to avoid contamination of the final product with non-
covalently bound Tyr. Indeed, after conjugation of HA–Tyr under
same conditions (molar ratios of HA–DMTMM–Tyr of 1–1–1, RT,
24 h) dialyzed products (100 mM NaCl for 12 h followed by 60 h
against distilled water), showed higher DSmol of 5.0% for dialy-
sis (Fig. S3) compared to a DSmol value of 3.0% for precipitation
(Table 1).

NaCl has been described as an important additive during early
purification (dialysis) to avoid contamination with non-covalently
bound Tyr molecules in the final product (Darr and Calabro, 2009).
However, calculated DSmol were still higher compared to pre-
cipitated samples. Noteworthy, mechanical properties of dialyzed
conjugates were inferior compared to precipitated samples (data
not shown). One explanation could be the formation of di-Tyr bonds
between free Tyr molecules during cross-linking which inhibit the
formation of stable di-Tyr bridges between covalently bound Tyr’s
on HA. In addition, precipitation as purification step for HA–Tyr
conjugates is a clear advantage for scaling up, less expensive and
much quicker compared to dialysis.

At neutral or alkaline pH Tyr is unstable, and therefore the conju-
gation has to be carried out at pH below 6. This condition hampers
the use of EDC/NHS, which requires an acidic pH for the activa-
tion, but a slightly alkaline pH for the ligation step (Schante, Zuber,
Herlin, & Vandamme, 2011). Moreover the fine pH tuning usually

required for optimal EDC/NHS conjugation is not possible, making
the accurate control of substitution degree difficult. DMTMM  is a
coupling agent less sensitive to pH, and therefore more appropriate
for Tyr conjugation. The robustness of the process makes it more
suitable for the chemical modification of carbohydrates with the
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Fig. 2. 1H NMR  spectru

egree of control needed for preparation of biomaterials and drug
elivery systems.

.3. HA–Tyr coupling kinetics and characterization

Coupling of HA–Tyr over time was studied at RT and 37 ◦C using
qual molar ratios of DMTMM  and Tyr over HA. In Fig. 3A the DSmol
s reported as a function of the reaction time. When the reaction is

onducted at 37 ◦C the reaction kinetics is faster (Fig. 3A). The high-
st yield was obtained within 10 h (DSmol 4.0 ± 0.1%) and HA–Tyr
onjugates collected after 2 h at 37 ◦C (DSmol 3.1 ± 0.11%) presented
ufficient DSmol for efficient cross-linking. Conjugation of HA–Tyr at
T required at least 48 h, reaching final yields of DSmol 3.4 ± 0.15%.

ig. 3. (A) Kinetics of HA–Tyr conjugation for DMTMM  conjugation performed at RT or 37
yr  absorption maximum at 275 nm (n = 6). (B) Comparison of calculated DSmol based on
the conjugate HA–Tyr.

Once maximum yield was reached, DSmol started to drop indepen-
dent of final yield and reaction conditions (Fig. 3A).

Products isolated at different time points of reaction were ana-
lyzed by 1H NMR  in order to validate the use of absorbance at
275 nm for DSmol quantification (Fig. 3B and Fig. S4). A correlation
of DSmol calculated from 1H NMR  and absorbance at 275 nm can
be drawn (Fig. 3B). Noteworthy, HA–Tyr coupling at 37 ◦C did not
show more impurities in 1H NMR  spectra than conjugates at RT.

The findings indicate that an increase of reaction temperature

would be advisable for faster kinetics and higher yield. Usually, clas-
sical HA–Tyr conjugation is assumed to be completed after 24 h.
To best of our knowledge, none of these studies reported com-
paring the DSmol after earlier time points. It would be possible
to further shorten time for HA–Tyr conjugation by increasing the

◦C (2 batches) and EDC/NHS at RT for 24 h. DSmol was  analyzed with UV–vis using
1H NMR  spectra and absorbance at a peak maximum of 275 nm (Fig. S4).
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ig. 4. (A) Rheological measurement (frequency sweep): Typical frequency depend
f  the corresponding samples fabricated using 1 Unit/ml HRP and 0.34 mM of H2O2. 

ange) at RT.

eaction temperature (e.g. 60 ◦C). However, it has to be considered
hat HA is cleaved into low-molecular fragments at higher temper-
tures with undesired effects in vitro and/or in vivo (Stern, Asari, &
ugahara, 2006). Interestingly, lag time seems to be detrimental for
nal yields (Fig. 3A). After reaching the maximum levels of DSmol
ither at RT or 37 ◦C, obtained yields dropped. Since the amount of
yr-O-DMT adducts did not increase with time (Fig. 3B), chemical
odifications of Tyr may  cause a decrease in absorption at 275 nm

Fig. S2).
DSmol calculated both by 1H NMR  and absorbance at 275 nm

howed a good correlation (Fig. 3B). It is known that 1H NMR  is less
ccurate in determining low DSmol. Since the signals of the Tyr-O-
MT adducts are included in the calculation of the final substituted
yr, DSmol values measured by 1H NMR  were overestimated com-
ared to UV–vis calculations. However, a linear correlation of the
Smol values, measured by 1H NMR  and UV–vis supports that the
mount of non-functional adducts did not change with increasing
ields of Tyr on HA (Fig. 3B). The results of 1H NMR  and UV–vis,
ogether with the corresponding hydrogel properties confirm the
unctional Tyr substitution on HA and further validate the use of
V–vis absorbance measurement at 275 nm being a very sensitive
robe to detect functional Tyr bound to HA.

Our findings further indicate that the HA–Tyr coupling kinet-
cs and efficacy depend on the temperature and on the percentage
f DMTMM  remaining in solution upon degradation (Fig. 1). While
MTMM is more efficient and more reactive at 37 ◦C, it also decom-
oses quicker compared to RT.

.4. Characterization of HA–Tyr hydrogels

.4.1. Rheological properties
Cross-linking density is one of the key parameters in manipu-

ating the mechanical properties of hydrogel systems. Variations in
he gel precursor concentration, the molecular weight of the poly-

er, and the degree of conjugation of the cross-linking moiety are
ome of the common methods to control the cross-linking density
Baier, Bivens, Patrick, & Schmidt, 2003).
In the following experiments, concentrations of HA–Tyr (2.5%
/w), HRP (1 Unit/ml) and H2O2 (0.34 mM)  were held constant

nd samples were incubated for 30 min  prior to measurement.
n order to assess the viscoelastic properties of cross-linked
A–Tyr, conjugates with different DSmol were characterized by
f the storage modulus G′ and loss modulus G′′ of HA–Tyr hydrogels and (B) images
ogical measurement was taken with constant deformation of 1% (linear viscoelastic

rheological studies using cone plate geometry at 20 ◦C. A typical
frequency dependence of the storage modulus G′ and loss modu-
lus G′′ of HA–Tyr hydrogels featured by different DSmol are shown
in Fig. 4A. For all specimens G′ is markedly over G′′ and almost
independent of the frequency within the range analyzed, indicat-
ing a crosslinked network prior to analysis (Picout & Ross-Murphy,
2003). The graph also shows that at every frequency G′′ follows an
inverse order compared to G′.

Increasing the DSmol clearly results in a denser network dis-
played by elevated G′ values and the appearance of the fabricated
hydrogels (Fig. 4B). Gelation times were unaffected by DSmol with
300 ± 30 s (1 Unit/ml HRP/0.34 mM H2O2) and could be modified by
the concentration of HRP (Lee et al., 2008). The fabricated HA–Tyr
hydrogels are transparent and different DSmol do not affect the
transparency of the matrices (Fig. 4B). This feature is advantageous
for analysis of encapsulated cells by microscopy.

A precise control over mechanical properties of hydrogels is an
important tool for in vitro microenvironment studies of encapsu-
lated cells. It is further essential to avoid any effects on cell viability
and morphology. G′ and G′′ values at a frequency of 10 rad/s were
chosen to illustrate the rheological properties of the HA–Tyr con-
jugates. As shown in Fig. 5, storage modulus G′ at a frequency of
10 rad/s is correlated to DSmol of HA–Tyr.

Accordingly, hydrogels with DSmol of 1.3% were the weakest (G′

value of 100 ± 35 Pa), whereas hydrogels with a DSmol 3.9% showed
the strongest G′ values (875 ± 30 Pa) (Fig. 5). Control over DSmol
allows for predictive hydrogel properties as G′ of the hydrogel
matrices can reliably be predicted by the DSmol of the HA–Tyr con-
jugates (G′ = 208 × (DSmol, %) − 104). The demonstrated control over
the HA–Tyr hydrogels offers an extended range to tailor mechanical
and physical properties.

As already described by earlier studies, there is a positive
correlation between H2O2 concentration and storage modulus
(Kurisawa, Lee, Wang, & Chung, 2010; Lee et al., 2008). In the
enzymatic coupling reaction, HRP allows the formation of two
Tyr radicals and two  water molecules by reacting with one H2O2
molecule (Kurisawa et al., 2005). Consequently, the concentration

of H2O2 would affect the number of Tyr cross-links and ulti-
mately the mechanical strength of the hydrogel. Therefore it can
be expected that different concentrations of H2O2 enable a further
tuning of the mechanical properties (Fig. 6). To illustrate the effect
of different H2O2 concentrations, three representative hydrogel
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ig. 5. Viscoelastic moduli at 10 rad/s as a function of the DSmol in mol,% (n = 3): G′

filled symbols) with R2 = 0.852 and G′′ (empty symbols). Hydrogels were formed
sing 1 Unit/ml HRP and 0.34 mM H2O2 and incubated for 30 min  prior to measure-
ent.

atrices were chosen. Increasing the concentration of H2O2 results
n higher mechanical strength (G′) while the tendency was indepen-
ent of the DSmol (Fig. 6). However, an increase of storage modulus

s accompanied with a change of loss modulus. While increased
2O2 concentrations induced an increase in G′ at the expense of G′′,

uning the DSmol allow one to tune G′ without affecting G′′ (Fig. S5).
Noteworthy, after a certain threshold of H2O2 (>0.78 mM)  the

ydrogels become so brittle that rheology cannot be used any more.
owever, changing the concentration of H2O2 to vary stiffness and
lasticity will invariably induce simultaneous changes in the cell
esponse due to the effects of H2O2, making it difficult to interpret
he contribution of various cues to an observed cellular response.
o help elucidate the mechanism of cell-hydrogel interactions, it
s highly desirable to develop biomimetic matrices that have inde-
endently tunable properties.

The HA–Tyr hydrogels reported here exhibit precisely tailored
echanical and morphological properties by adjusting the DSmol
ithout changes in H2O2 concentrations and the potential effects

n cell behavior (Fig. 5). Since H2O2 concentrations are reported
o dictate the amount of Tyr being involved in the effective for-
ation of di-Tyr bonds, the matrix environment of encapsulated
ells should not be affected. However, morphology and behavior
f cells in hydrogel matrices with different degree of substituted
yr have to be investigated. On the basis of an additional hydro-
el matrix tuning through various H2O2 concentrations, DMTMM

ig. 7. Swelling and enzymatic digestion of cross-linked HA–Tyr: (A) swelling ratio (SR) fo
sing  1 Unit/ml HRP and 0.34 mM H2O2 and incubated in PBS for 48 h at 37 ◦C to reach e
llowed  to pre-swell in PBS for 48 h at 37 ◦C. Open symbols: samples incubated in PBS on
yaluronidase (average percentage of original weight (n = 3)). Results illustrate remaining
Fig. 6. Effect of H2O2 concentration on G′ (filled shapes) and G′′ (open shapes) for
HA–Tyr hydrogels with DSmol 3.9%, 3.1% and 2.2% respective.

synthesized HA–Tyr conjugates can extend the range of viscoelas-
tic and mechanical properties. It has been shown that the modulus
of elasticity of the extracellular environment has profound effect
on stem cell behavior (Engler, Sen, Sweeney, & Discher, 2006;
Guvendiren & Burdick, 2013). The ability of cells to react to the
mechanical properties of substrates is generally referred to as
mechano-sensing and implies the action of the material on the
cells and the action of the cell on the mechanical properties of the
material (Vogel & Sheetz, 2006). The fabrication of HA–Tyr hydro-
gels with defined modulus of elasticity can be useful to study the
interactions of cells with their biophysical microenvironment.

3.4.2. Swelling ratio
The swelling behavior of these hydrogels was  probed gravimet-

rically by recording their water uptake over time until equilibrium.
For all hydrogel formulations, the concentration of polymer (2.5%
(w/w)), HRP (1 Unit/ml) and H2O2 (0.34 mM)  were kept constant
while the DSmol ranged from 1.34% to 4.20% (Fig. 7A). All samples
reached equilibrium after 48 h.

In general, an increase of DS of bound Tyr to HA led to a lin-
mol
ear decrease (R2 = 0.9259) in the swelling capacity of the hydrogel
(Fig. 7A). Hydrogels composed of HA–Tyr conjugates with the low-
est DSmol (1.3%) show by far the highest swelling ratio. In contrast,
derivatives with DSmol of 3.5–4.2% gained 10% less weight when

r the samples as a function of the DSmol (n = 3) (R2 = 0.9259). Hydrogels were formed
quilibrium (n = 3). (B) Enzymatic degradation of HA–Tyr hydrogels. Samples were
ly. Solid symbols: representative samples incubated in PBS containing 10 Units/ml

 hydrogel mass (%) of 3 representative samples over 24 h of degradation.
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quilibrium was reached. The hydrogels with the highest swelling
atio, composed of HA–Tyr derivatives with DSmol of 1.3%, are
ssumed to have a less cross-linked network. Likewise, the hydro-
els with DSmol 4.2% displayed the lowest swelling ratio, indicating
hat the swelling capacity was reduced due to more cross-links.

The hydrophilic/hydrophobic balance of the hydrogels and the
egree of cross-linking are important parameters that control the
quilibrium swelling and the dimensional change of the network.
welling is not a continuous process and at the equilibrium, the
lasticity of the network and the osmotic forces are balanced,
here is no additional swelling (Ganji, Vasheghani-Farahani, &
asheghani-Farahani, 2010). The cross-links act as tethering points
etween different HA chains of the hydrogel, preventing their
ovement away from each other. Other physicochemical cues fur-

her influence swelling ratio of hydrogels, in particular the porosity
nd pore size structure, which were not investigated in this study.

The excellent correlation of swelling ratio and DSmol indicates
hat the control of DSmol of DMTMM  conjugated HA–Tyr constructs
llows precise prediction of hydrogel swelling rate.

.4.3. Degradation assay
The degradation of the HA–Tyr hydrogels was investigated

y enzymatic digestion after adding hyaluronidase. HA is enzy-
atically degradable at its backbone which dependents on the

vailability of hyaluronidase and susceptibility of the modified
yaluronan to be cleaved by the enzyme.

To monitor how DSmol affects degradation of the hydrogels
n vitro, pre-swollen samples were incubated in PBS with 10
nits/ml hyaluronidase and PBS only (controls) at 37 ◦C. Their
asses were recorded after 2, 6, 12, and 24 h (Fig. 7B).
After 24 h most of the hydrogels dissolved completely. Compari-

on of degradation kinetics with DSmol showed hydrogels with low
yr substitution (DSmol 2.2%) degraded very fast and high DSmol
DSmol 3.9%) degraded more slowly (Fig. 7B). DSmol 3.1% hydro-
els displayed an intermediate degradation profile (Fig. 7B). Still,
ncreasing the concentration of H2O2 would entail a denser net-

ork and therefore slow down degradation (Lee et al., 2008). These
esults suggest that the density of cross-links has an impact on the
egradation process. No significant mass loss in the PBS control
emonstrates that in these conditions the spontaneous degradation
f hyaluronan is negligible at this pH and temperature.

It has been described earlier that hyaluronidase at low con-
entrations, as used in our study (10 Unit/ml), diffuse into the
ydrogel network and hydrolyze HA not only from the surface but
lso through bulk erosion, causing a decrease in crosslinking den-
ity and loosening of the network (Lee et al., 2008). Accordingly,
2O2 concentrations of 0.32 mM may  have diminished the effect of

urface degradation. The lower crosslinking density of the hydro-
els may  allow faster diffusion of hyaluronidase into the hydrogel
atrix, which is supported by the correlation of the degradation

ates with DSmol. Careful control of the hydrogel degradation rate
s critical in tissue engineering application so that it can be matched
o the growth rate of the new tissue (Nicodemus & Bryant, 2008) For
ydrogel incorporated drugs or small molecules and their release,

 precisely tailored degradation rate is indispensable. The conclu-
ions are consistent with the viscoelastic features of the HA–Tyr
ydrogels (Fig. 5).

. Conclusion
In this paper we presented the use of DMTMM  for the synthesis
f HA–Tyr derivatives capable of in situ gelling within a biologi-
al environment. Major advantages of the hydrogel system are its
njectability and adhesion to the tissue surface (Moreira Teixeira
t al., 2012). The derivatization process was optimized studying
ymers 115 (2015) 325–333

the effect of different reagent feed ratios and operating temper-
atures. The process was further characterized by comparing the
substitution efficiency with the degradation profile of the coupling
agent. The study revealed the capability of this conjugation process
to achieve an optimal control of the substitution degree, and the
physical characteristics of the gel as a consequence. Specifically,
swelling profile, in vitro enzymatic degradation and viscoelasticity
were precisely tailored. The inherent advantages of DMTMM  con-
jugation make this method a powerful tool for HA modification
and for the preparation of semi-synthetic biomaterials in general.
The obtained results encourage further studies exploring the use
of DMTMM  for polysaccharide modification and the preparation of
biomaterials with properties exactly tailored toward drug delivery
and tissue engineering applications.
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