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Abstract Hyaluronan is particularly attractive for tissue
engineering and repair because it: (1) is a normal component
of the extracellular matrices of most mammalian tissues; (2)
contributes to the biological and physical functions of these
tissues; and (3) possesses excellent biocompatibility and
physiochemical properties. In the present study, we charac-
terize a two-step enzymatic cross-linking chemistry for
production of tyramine-based hyaluronan hydrogels using
fluorophore-assisted carbohydrate electrophoresis, enzy-
matic digestion, and spectroscopy including absorbance,
fluorescence and "H NMR. Substitution on hyaluronan of
tyramine and other adducts from unproductive side reactions
depends on the molar ratio of tyramine to carbodiimide used
during the substitution (step 1) reaction. Results indicate that
relatively low tyramine substitution is required to form stable
hydrogels, leaving the majority of hyaluronan disaccharides
unmodified. Sufficient native HA structure is maintained to
allow recognition and binding by b-HABP, a HA binding
complex typically found in normal cartilage biology.
Hydrogels were formed from tyramine-substituted hyaluro-
nan through a peroxidase-dependent cross-linking (step 2)
reaction at hyaluronan concentrations of 2.5 mg/ml and
above. Uncross-linked tyramine-substituted hyaluronan was
characterized after hyaluronidase SD digestion. Cross-
linked hydrogels showed increased resistance to digestion by
testicular hyaluronidase and hyaluronidase SD with
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increasing hyaluronan concentration. Cells directly encap-
sulated within the hydrogels during hydrogel cross-linking
remained metabolically active during 7 days of culture
similar to cells cultured in monolayer.

1 Introduction

The ability to repair or regenerate tissue has been
attempted by many laboratories through the utilization of
three dimensional cell-scaffold constructs [1-3]. A variety
of molecules have been utilized as scaffold materials, both
natural and synthetic, in an attempt to provide a biologi-
cally compatible mechanical support for three dimensional
tissue growth and differentiation. An ideal scaffold pro-
motes growth of tissue, eventually resulting in replacement
of the scaffold with healthy, functional tissue. Ideally, the
scaffold facilitates this process by providing appropriate
cell adhesion and differentiation signals that allow for
maintenance of cell phenotype and promotion of native
extracellular matrix (ECM) synthesis [3]. The facilitation
process is dependent on the chemical and physical prop-
erties of the material chosen as the scaffold.

Hyaluronan, also known as hyaluronic acid (HA), is a
glycosaminoglycan that has historically been considered a
readily available and desirable scaffold material for tissue
engineering applications. In tissues, HA plays a central role
in many normal biologic processes through its interaction
with cell receptors and other ECM molecules [4], and as a
structural molecule, HA provides tissues with many of their
physiomechanical properties [S]. As such, HA is readily
synthesized and metabolized by a wide variety of cell and
tissue types via normal physiological pathways [4]. Struc-
turally, HA is composed of a repeat disaccharide of
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glucuronic acid (glcA) and N-acetylglucosamine (glcNAc)
linked by a f31,3-glycosidic bond (see structure, Fig. 1a)
[4]. For each HA chain, this simple disaccharide is repeated
up to 10,000 times (N = 10,000 in Fig. la) with each
repeat disaccharide linked by a f§1,4-glycosidic bond [4].
Due to its conservation from bacteria to mammals, and its
ubiquitous distribution as a naturally occurring ECM
molecule in almost all mammalian tissues, HA has been
shown to be non-immunogenic, non-toxic and non-
inflammatory [6, 7].

The chemical modification of HA has focused on its two
principal functional groups, hydroxyl groups and carboxyl
groups [8]. These groups have been utilized in a number of
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Fig. 1 The '"H NMR spectra for (a) HA and (b) tyramine are shown
along with schematics of their chemical structures. (¢) The aromatic
region for the "H NMR spectrum of the reaction products of tyramine
and EDC in water at a molar ratio of 1 (1x) along with a schematic of
the chemical structure for the tyramine-O-EDC reaction product.
Proton assignments are indicated between schematics and spectra.
The peak assignments between protons a and b in (b) and protons ¢
and d in (c) are for purposes of simplicity only, and may be reversed
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chemistries including: divinylsulfone [9], esterification
[10], and carbodiimide mediated reactions [11]. These
techniques are used to cross-link HA to form hydrogels
with dynamic physical properties, depending on the extent
and type of modification, but commonly involve the use of
biologically incompatible chemistries leading to toxicities
that result in a loss of cell and tissue viability if cross-
linked in vivo.

Overcoming these complications has been a major focus
in the development of advanced chemistries for HA
hydrogel formation that are more biocompatible, such as
photo-cross-linkable HA hydrogels [12], or those devel-
oped by Prestwich et al., which utilize disulfide [13] and
thiol-reactive [14] groups to form synthetic ECM hydrogels
for tissue engineering applications. Enzymatic cross-link-
ing methodologies have emerged as an alternative pathway
to overcome the difficulties associated with chemical cross-
linking methods. Transglutaminase has been used to
develop hydrogels from materials such as poly ethylene
glycol [15], collagen [16], gelatin [17] and polypeptides
[18]. Factor XIII has also recently been used to develop a
peptide-PEG hydrogel [19]. In recent years, biomaterials
have been formed through the cross-linking of tyramine
conjugated polymers using horseradish peroxidase (HRP)
in an attempt to maintain biocompatibility and provide the
ability to cross-link in vivo. Examples of this chemistry
include HRP cross-linked alginate [20], dextran [21], car-
boxymethylcellulose [22], and polyaspartic acid [23, 24].

HRP mediated cross-linking of tyramine adducts has
also been used by our group [25, 26] and others [27] to
form HA hydrogels. We have previously shown the ability
to cross-link the tyramine-based HA (TB-HA) hydrogels in
vivo using a canine model to treat functional mitral
regurgitation [26], and have shown the TB-HA hydrogels
to resist in vivo degradation for 8 weeks with minimal
immune response using a subcutaneous rat model [25]. In
this manuscript, we describe in detail the method for syn-
thesis and characterization of the TB-HA hydrogels
including possible side reactions. Furthermore, we provide
in vitro data that supports our previous observations of in
vivo biocompatibility of the HRP cross-linking reaction
[26], and resistance to in vivo degradation [25]. Together
these properties provide the potential for the use of the TB-
HA hydrogels in a number of tissue engineering and repair
strategies.

2 Materials and methods
2.1 Materials

Hyaluronan, sodium salt (molecular weight average >1
million Daltons), sodium hydroxide (NaOH), and
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2-(N-morpholino)ethanesulfonic acid (MES) were purchased
from Fisher Chemicals. 1-Ethyl-3-(3-dimethylaminopro-
pyDcarbodiimide (EDC), N-hydroxysuccinimide (NHS),
tyramine hydrochloride, sodium chloride, type II horse-
radish peroxidase (HRP), hydrogen peroxide, bovine
testicular hyaluronidase, 10x insulin—transferrin—selenium
(ITS) supplement and a hexokinase-based glucose assay
(HK kit) were purchased from Sigma (St. Louis, MO).
Hyaluronidase SD (Streptococcus dysgalactiae) and bio-
tinylated hyaluronan binding protein (b-HABP) were
purchased from Seikagaku Corporation (Tokyo, Japan).
2-Aminoacridone was purchased from Molecular Probes,
Inc. (Eugene, Oregon). Eagle minimum essential medium
(EMEM), fetal calf serum (FCS) and 10x phosphate buf-
fered saline (PBS) were purchased from Invitrogen
Corporation (Carlsbad, CA). Tissue Tek O.C.T. frozen
tissue sectioning medium was purchased from Sakura USA
(Torrance, CA). Fluorescein isothiocyanate-streptavidin
and Vectashield were purchased from Vector Laboratories
(Burlingame, CA).

2.2 Synthesis of tyramine-substituted hyaluronan
(TS-HA)

Hyaluronan was dissolved at 1 mg/ml based on hexuronic
acid assay [28] in 250 mM MES containing 150 mM NaCl
and 75 mM NaOH (pHgu 5.75, pHeng 6.25). A 10 fold
molar excess of tyramine to the moles of carboxyl groups
(glcA residues) in HA was added. Tyramine coupling was
initiated by the addition of either a 0 (0x), 0.1 (0.1x) or 1
(1x) fold molar amount of EDC relative to the moles of
tyramine, and the reaction mix was stirred continuously at
room temperature for 24 h. A 1/10th molar amount of NHS
relative to the amount of EDC was added to the reaction
mixture with the EDC. Macromolecular TS-HA was
recovered by exhaustive dialysis versus 150 mM NaCl and
then ultrapure water. Finally, the dialyzed TS-HA was
lyophilized, and then dissolved to the desired working
concentration in PBS or ultrapure water as appropriate.

2.3 Formation of tyramine-based hyaluronan (TB-HA)
hydrogels

Lyophilized TS-HA was resuspended at concentrations of
up to 25 mg/ml in 1x PBS or ultrapure water, and allowed
to fully hydrate for 24 h at 4°C with repeated vortex
mixing. Just prior to cross-linking, HRP was added to a
final concentration of 10 U/ml and thoroughly mixed by
vortex. For all analyses except the enzymatic digestion
studies described in Fig. 8, the formation of TB-HA
hydrogels from various TS-HA solutions containing HRP
was initiated by introduction by vortex mixing of 40 pl of
0.03% hydrogen peroxide per 1.0 ml of TS-HA solution.

For the enzymatic digestion studies, cylindrical plugs
(~7.1 mm in diameter, ~3 mm in thickness) at HA
concentrations of 6.25, 12.5, and 25 mg/ml were formed
using a custom built polycarbonate mold, and the cross-
linking technique described below. The mold was filled
with replicate aliquots of the desired TS-HA formulation
containing 10 U/ml of HRP and frozen on dry ice. The
mold was then immersed in an excess (200 ml) of room
temperature hydrogen peroxide solution (0.03%). This
immersion allowed for thawing of the frozen hydrogel
plugs and dityramine cross-linking throughout the plugs as
a result of the outside-in diffusion of peroxide from the
immersion solution. Cross-linking was determined to be
complete once the last visual evidence of ice had melted at
the center of the forming hydrogel plugs (~5 min). The
mold was then removed blotted dry, and the hydrogel plugs
were removed for enzymatic digestion.

2.4 Spectrophotometric analysis of TS-HA
preparations

The amount of tyramine adduct covalently bound within
TS-HA prepared with EDC to tyramine ratios of 0 (0x),
0.1 (0.1x) and 1 (1x) was calculated by measuring the
tyramine absorbance at 275 nm of a 1 mg/ml TS-HA
solution in ultrapure water based on hexuronic acid assay
[28] using a SpectraMax Plus Spectrophotometer (Molec-
ular Devices, Inc.). The absorbance measured was
compared to a tyramine standard curve composed of 20,
40, 60, 80, and 100 pg/ml of tyramine in ultrapure water.
The percent substitution of tyramine within a TS-HA
preparation was then calculated from the molar ratio of
covalently bound tyramine residues to total carboxyl
groups on HA, based on hexuronic acid assay [28].

2.5 '"H NMR analysis of TS-HA

Lyophilized TS-HA prepared with EDC to tyramine ratios of
0(0x),0.1(0.1x)and 1 (1x) were rehydrated in deuterated
water, lyophilized and rehydrated again in deuterated water.
"HNMR (600 MHz) was performed using a Bruker solution
state spectrometer (Bruker, Billerica, MA). Assignments
were made using standards for each of the reagents used in
the tyramine substitution (step 1) reaction with the signals for
aromatic protons assigned at 6 = 6.5-7.5 ppm, anomeric
protons at 0 = 4.0-4.5 ppm, sugar ring protons at 6 = 3.0—
4.0 ppm, and aliphatic protons at 6 = 1.0-2.0 ppm.

2.6 Detection of fluorescent dityramine bridges
Two hundred microliters of TS-HA (5 mg/ml) prepared

with an EDC to tyramine ratio of 1 (1x) in ultrapure water
was cross-linked in a 96 well fluorescence plate as
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described above. After 24 h to ensure complete cross-
linking, the emission and excitation wavelengths for the
resulting cross-linked TB-HA hydrogel was determined
using a Gemini Spectrophotometer (Molecular Devices,
Inc.).

2.7 Fluorophore-assisted carbohydrate electrophoresis
(FACE)

For FACE analysis, 50 nanomoles of uncross-linked TS-
HA and cross-linked TB-HA hydrogel prepared with EDC
to tyramine ratios of 0 (0x), 0.1 (0.1x) and 1 (1x) were
processed for FACE analysis as described previously [29—
31]. Briefly, aliquots were extensively digested with hyal-
uronidase SD to digest the unsubstituted portions of HA to
its limit, repeat disaccharide (ADiHA) and the portions of
HA modified with adducts from the tyramine substitution
(step 1) reaction to limit HA oligosaccharides. These sac-
charides were then tagged through their reducing aldehydes
with the fluorophore, 2-aminoacridone (AMAC), which
provides a molar reporter for each saccharide. The AMAC-
tagged saccharides were then separated on polyacrylamide
gels using a borate buffer, the gels imaged, and the
amounts of unsubstituted HA disaccharides (ADiHA)
quantified as previously described [29-31]. The relative
mobility of the unsubstituted HA disaccharide was con-
firmed using AMAC-tagged ADiHA standard.

2.8 Enzymatic digestion of TB-HA hydrogels

TB-HA hydrogels plugs (~7.1 mm in diameter, ~3 mm
in thickness) were prepared in 1x PBS at concentrations of
6.25, 12.5 and 25 mg/ml as described above, and then
digested with either testicular hyaluronidase, or hyaluron-
idase SD as follows. Two replicate hydrogel plugs at each
HA concentration were placed in a 1.5 ml microcentrifuge
tube, and 900 pl of 1x PBS containing either 20 units of
testicular hyaluronidase or 0.5 unit of hyaluronidase SD
was added. Samples were placed in a 37°C water bath for
24 h and agitated for 30 seconds every 4 h. Following the
24 h digestion, the amount of HA released into solution
was determined using hexuronic acid content [28].

2.9 Cell culture

Immortalized rat chondrocytes were isolated as previously
described [32]. Cells (3 x 10°% were suspended in dupli-
cate 1 ml aliquots of 1x PBS containing HRP and TS-HA
(5 mg/ml) prepared with EDC to tyramine ratios of either
0.1 (0.1x) or 1 (1x), and then cross-linked in a 1.5 ml
sterile microcentrifuge tube as described above. After
10 min of cross-linking, the hydrogels with embedded cells
were washed in PBS for 5 min. Following the wash, the
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cell-hydrogel construct was cut into 2 mm thick slices. The
entire sliced construct, containing 3 x 10° cells, was cul-
tured in a 35 mm dish containing 3 ml of medium (EMEM
containing 1x ITS) under standard conditions for 7 days
with daily medium changes. Control 35 mm dishes con-
taining 3 x 10° cells in monolayer were cultured
concurrently under standard conditions for 7 days with
medium changes every day. Glucose utilization with time
in culture as measured by standard hexokinase assay
(Sigma) was used as an indicator of cell viability.

2.10 Biotinylated-hyaluronan binding protein
(b-HABP) staining of TB-HA hydrogel

A 100 pl aliquot of 5 mg/ml TS-HA (1x) was spread
between two standard microscope slides, and cross-linked
by submersion in a 0.03% hydrogen peroxide solution. The
resulting TB-HA hydrogel sheet was stained with b-HABP
as follows [33, 34]. The hydrogel sheet was first incubated
with a 50% FCS/50% PBS solution for 1 h at 4°C, and then
washed with 1x PBS. The hydrogel sheet was next incu-
bated at 4°C overnight with b-HABP (5 pg/ml), and then
washed with 1x PBS. Finally the hydrogel sheet was
incubated with fluorescein labeled streptavidin at room
temperature for 1 h, and then washed with 1x PBS. The
stained hydrogel sheet was affixed to a microscope slide in
Vectashield mounting medium and analyzed by a Leica
TCS-NT laser-scanning confocal microscope.

3 Results and discussion

3.1 HA modification (step 1: tyramine substitution
reaction)

The formation of amide bonds between the free carboxyl
groups on HA molecules and the free amine groups on
tyramine molecules (see structures, Fig. 1) are made
through conventional carbodiimide chemistry [35, 36]. The
reaction involves activation of the carboxyl group with
EDC to create a reactive O-acylisourea intermediate [35].
Nucleophilic attack by the electron rich amine group of
tyramine on the now electron deficient carbonyl carbon of
glcA creates the desired amide bond covalently linking
tyramine to the HA molecule (Fig.2). The EDC is
converted to the unreactive acylurea form of EDC.
N-Hydroxysuccinimide is included as a catalyst to facilitate
the EDC reaction by formation of an active ester, mini-
mizing side reactions that generate adducts other than
tyramine on the TS-HA [35]. These additional adducts do
not participate in the subsequent cross-linking reaction
described below, and are thus considered unproductive and
undesirable [35].
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Fig. 2 (a) "H NMR spectrum for tyramine-substituted HA (TS-HA)
synthesized using a molar ratio of EDC to tyramine of 1 (1x) as
described in methods along with a schematic of its chemical structure.
(b) Aromatic region of the '"H NMR spectrum for TS-HA prepared
using a molar ratio of EDC to tyramine of 0.1 (0.1x). Protons are as
assigned in Fig. 1

Unproductive adducts occur as a result of two different
side reactions. The first is typical of conventional carbodi-
imide chemistry. The reactive O-acylisourea intermediate
described above undergoes intramolecular rearrangement to
form N-acylurea adducts on HA (Fig. 3a). Two distinct
adducts are possible due to the asymmetric nature of the EDC
molecule. The N-acylurea adduct has been shown in vivo to
be lost with time from HA by a non-enzymatic hydrolysis
reaction, which regenerates the native HA carboxyl groups
and releases EDC in its acylurea form [11, 37]. This may be
beneficial for applications to wound repair in that the
acylurea form of EDC has been shown to be anti-inflam-
matory, and able to inhibit abdominal sepsis [38, 39].

The second side reaction is unique to carbodiimide
chemistry involving molecules containing a hydroxyphenyl
group such as tyramine. Reaction of EDC directly with the
hydroxyphenyl group on tyramine (whether free in solution
or already covalently bound to HA through its amine
group) forms tyramine-O-EDC adducts on HA (Fig. 3b).
Again two distinct adducts are possible due to the asym-
metric nature of the EDC molecule. When formed from
tyramine free in solution, both of these chemical species
retain their free amine group, which can participate in the
same nucleophilic attack of the reactive O-acylisourea
intermediate as described above for tyramine with sub-
sequent covalent attachment to carboxyl groups on HA.
However, unlike tyramine, the tyramine-O-EDC adduct is
unable to participate in the enzymatic cross-linking reac-
tion described below as it has no extractable phenolic
hydroxyl hydrogen atoms (now occupied by EDC). The
evidence for the existence of these unproductive adducts on
TS-HA is provided below.

O\C/NH—R3 I

\/\A/\/\/\ O\C/NH_R?’

B. Tyramine-O-EDC Adducts
(Reduced UV Absorbance)

Fig. 3 Schematics of potential unproductive reaction adducts on
TS-HA: (a) N-acylurea adducts; and (b) tyramine-O-EDC adducts.
R| = CHchg, R2 = CHzCHzCHzNH+(CH3)2C1_ and R3 = CHzCHZ

3.1.1 Measurement of percent tyramine substitution
on HA

Recovery after dialysis was greater than 95% for TS-HA
prepared with all EDC to tyramine ratios used in this study
based on hexuronic acid assay [28] (data not shown). This
assay, which is used routinely for quantification of gly-
cosaminoglycans such as HA, detected both unsubstituted
and substituted HA equally presumably due to cleavage of
the HA adduct bond during heating to 100°C in the con-
centrated sulfuric acid used in this assay. The percent
tyramine substitution on HA prepared with EDC to tyra-
mine ratios of 0 (0x), 0.1 (0.1x) and 1 (1x) following the
carbodiimide-mediated reaction were calculated from the
molar ratio of covalently bound tyramine residues to total
carboxyl groups on HA. Tyramine, by virtue of its
hydroxyphenyl group, absorbs UV light with an absorbance
maximum of 275 nm. Therefore the molar concentration of
tyramine associated with a 1 mg/ml TS-HA preparation
can be determined by measuring its absorption at 275 nm
(Fig. 4b) relative to a tyramine standard curve (Fig. 4c, d).
Values for the percent substitution of tyramine in the 0x,
0.1x, and 1x TS-HA preparations were 0, 1.7 and 4.7%,
respectively. The relatively low percent tyramine substi-
tution presumably accounts for the high percent recoveries
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Fig. 4 Spectrophotometric absorbance spectra (220-320 nm) for (a)
final (24 h) tyramine substitution reaction mixtures prior to dialysis,
(b) dialyzed 1 mg/ml TS-HA preparations prepared with EDC to
tyramine ratios of 0 (0x), 0.1 (0.1x) and 1 (1x), and (c¢) tyramine
standards. Absorbance vs. concentration curve (d) for tyramine
standards derived from the spectra in (c¢) using absorption values at
the tyramine absorbance maximum of 275 nm. Absorbance values at
275 nm from the spectra in (b) were used along with standard curve
(d) to calculate the percent tyramine substitution in 1 mg/ml TS-HA
preparations

observed as much of the hydrophilic nature of HA is
preserved.

Tyramine absorbance at 275 nm was used to detect the
formation of the tyramine-O-EDC adducts described above
(Fig. 3b). In Fig. 4a, the absorbance at 275 nm of the final
reaction mixture decreases proportional to increasing EDC
concentration as more tyramine reacts with the EDC to
form the structures in Fig. 3b. Therefore, while all three
final reaction mixtures, in which small molecular weight
reactants have not yet been removed by dialysis, contain
the same tyramine concentration, the absorbance at 275 nm
decreases with increasing EDC concentration. This has
been confirmed by reacting EDC and tyramine alone in
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solution and observing the same loss of absorbance at
275 nm (data not shown).

3.1.2 'H NMR spectroscopy of TS-HA

'"H NMR spectroscopy was used to characterize adducts on
HA as a result of the carbodiimide-mediated (step 1)
reaction with the results shown in Figs. 1 and 2. A com-
parison of the spectra for unsubstituted HA (Fig. 1a) and
TS-HA (Fig. 2a) shows signals for the anomeric protons
(one per monosaccharide at ~4.6 ppm), sugar ring protons
(four per monosaccharide between 3.2 and 4.0 ppm), and
methyl protons of the N-acetyl group (3 per disaccharide, at
~2 ppm) expected from both molecules [40]. In addition,
the TS-HA spectra show additional peaks, not seen in the
unsubstituted HA, which represent signals from protons on
adducts added during the carbodiimide reaction and iden-
tified as follows.

In the spectrum for the tyramine reagent (Fig. 1b), the
distinctive signals for both pairs of aromatic ring protons (a
pair and b pair between 6.9 and 7.3 ppm) and aliphatic side
chain protons between 2.9 and 3.3 ppm are easily identi-
fied. These same a/b signals are seen in the spectra for
purified TS-HA confirming the presence of the tyramine
adduct on TS-HA (Fig. 2). It should be noted that the same
a/b signal is seen whether tyramine is covalently bound or
not. It is important that during purification (dialysis) of the
TS-HA, sufficient salt such as NaCl be added to the reac-
tion and initial dialysis buffers, otherwise non-covalently
bound tyramine molecules, in the form of counterions with
HA carboxyl groups, contaminate the final product (data
not shown). These non-covalently bound tyramine mole-
cules, while able to form dityramine cross-links as a result
of the HRP reaction described below, inhibit formation of
stable dityramine bridges between covalently bound tyra-
mine adducts on TS-HA chains, weakening the resulting
hydrogels. The presence of contaminating non-covalently
bound tyramine may account for the higher percent tyra-
mine substitution values (9%) reported by Kurisawa et al.
[27] as well as the less stabile nature of their hydrogels in
vitro and in vivo (see below) compared to those reported in
this study.

In the spectra for the TS-HA (Fig. 2), there are two
additional aromatic signals (peaks ¢ and d) at higher J
values (above 7.3 ppm) than observed for tyramine alone.
These same c/d signals are seen in the spectrum in Fig. lc
for the products of the reaction of tyramine and EDC in the
absence of any other reagents (water only). These addi-
tional signals result from the formation of the tyramine-O-
EDC adducts depicted in Fig. 3b with the c/d signals
arising from the two pairs of aromatic ring protons (c pair
and d pair) shown in Fig. 1c. The substitution of the EDC
for the exchangeable phenolic proton on tyramine shifts the



J Mater Sci: Mater Med (2009) 20:33-44

39

signal for the aromatic ring protons of the tyramine-O-EDC
adduct to higher  values, and drastically reduces the
absorbance of the tyramine-O-EDC at 275 nm producing
results similar to the data in Fig. 4a (data not shown). As
stated above Kurisawa et al. [27] reported a percent tyra-
mine substitution on HA of 9% based on NMR, but did not
show any spectra, so it is not known whether they included
all of the aromatic signal as tyramine in their calculations.

A molar ratio of EDC to tyramine of 1 was used to
generate the spectra in both Figs. 1c and 2a. In both, the
relative amounts of the tyramine-O-EDC to tyramine are
similar with more tyramine-O-EDC adduct than tyramine
adduct. Decreasing the molar ratio of EDC to tyramine
from 1 to 0.1 results in less tyramine substitution on HA,
but also increases the relative amount of tyramine adduct
above that of the tyramine-O-EDC adduct (Fig. 2b).
Together, the results in Figs. 1, 2 and 4 confirm the pres-
ence of both tyramine and tyramine-O-EDC on TS-HA and
validate the use of absorbance at 275 nm for determination
of the percent tyramine substitution only on TS-HA. Sig-
nals below 4.0 ppm in the spectrum for TS-HA (Fig. 2a)
not present in the spectra for unsubstituted HA (Fig. 1a)
represent the aliphatic protons on adducts containing
tyramine and EDC on TS-HA.

3.2 Hydrogel formation (step 2: enzymatic
cross-linking)

The peroxidase catalyzed oxidation of tyramine on TS-HA
to dityramine (cross-linking reaction) forming TB-HA
hydrogels is shown in Fig. 5 [41]. Peroxidase in the pres-
ence of hydrogen peroxide preferentially extracts the
phenolic hydroxyl hydrogen atom from tyramine leaving
the phenolic hydroxyl oxygen with a single unshared
electron, a reactive free radical. The free radical isomerizes

Fig. 5 Schematic
representation of the proposed
mechanism for peroxidase
catalyzed oxidation of tyramine
on TS-HA to form dityramine

. Tyramine-Substituted
cross-links (adapted from [41])

Hyaluronan (TS-HA)
Chain 1

Peroxidase l H,O,

O 0
V\/MQ(H% Radiwls@\w\/

Isomerizes

to one of the two equivalent ortho-position carbons, and
then two such structures dimerize to form a covalent bond
cross-linking the structures, which after enolizing, gener-
ates dityramine. The formation of multiple such dityramine
cross-links between adjacent HA molecules results in for-
mation of a three dimensional network, i.e. a hydrogel.

TB-HA hydrogels were successfully formed through
cross-linking of both 0.1x and 1x TS-HA formulations in
concentrations as low as 2.5 mg/ml HA with the initiation
of cross-linking occurring immediately upon mixing to
introduce the hydrogen peroxide. During all cross-linking
reactions, hydrogel formation occurred in less than 2 s,
which is consistent with previously published values for
gelation times using these concentrations of HRP and
peroxide [21-24, 27]. Low concentration hydrogels were
transparent and became increasingly opaque with increas-
ing TS-HA concentration. All hydrogels formed were of
sufficient mechanical strength to hold their shape, but the
relative rigidity increased with increasing TS-HA
concentration.

Of note is that the preferred substrates for HRP are
phenolic structures such as found in tyramine, and that the
normal in vivo function in the plant of HRP of lignification
(or cross-linking of plant cell walls, a natural hydrogel)
involves structures similar to those of tyramine [42]. As an
enzyme, peroxidase must be first activated by peroxide
before the peroxidase can use tyramine adducts on TS-HA
as substrate. The activated peroxidase then must sequen-
tially catalyze the formation of two free radicals (such as
the two tyramine free radicals needed to form one dityr-
amine bridge, Fig. 5) before regenerating the porphyrin
ring of the peroxidase enzyme [42]. The peroxidase
enzyme is then ready to be activated again by the peroxide
and begin another cycle of catalysis. Thus TS-HA in the
presence of either the peroxide or peroxidase alone does

Tyramine-Substituted
Hyaluronan (TS-HA)

Dityramine Cross-linked
Hyaluronan Network

Chain 2 (Fluorescent)
TEnoIizes
0} 0}

)

0]
H mﬂizes
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not undergo the cross-linking reaction to a hydrogel.
Interestingly, as the hydrogel forms thereby preventing
diffusion of the macromolecular HRP, formation of tyra-
mine free radicals (and thus further cross-linking) may
continue to occur over relatively short molecular distances
independent of tyramine binding at the HRP active site.
This is possible through free radical intermediates gener-
ated as water molecules bind to the active site of HRP and
then diffuse away allowing a more complete cross-linking
than otherwise expected [42].

3.3 Measurement of the fluorescent dityramine bridges
in TB-HA hydrogels

Unlike tyramine, the dityramine cross-link fluoresces blue-
green upon exposure to UV light. TB-HA hydrogels dis-
played an excitation maximum of 285 nm and an emission
maximum of 415 nm (Fig. 6). Their intrinsic fluorescence
is used to assess both the initiation of the cross-linking
reaction and its propagation throughout the total volume of
the hydrogel.

3.4 FACE analysis of TB-HA hydrogels

The FACE methodology [29-31] was previously developed
by the senior author to quantify and characterize glycos-
aminoglycans, such as HA, through the electrophoretic
separation of fluorescently (AMAC) tagged glycosamino-
glycan products following enzymatic digestion. FACE can
be used in this context to identify after hyaluronidase SD
digestion: 1) the unsubstituted (native) HA repeat disac-
charides (ADiHA); and 2) HA oligosaccharides with
attached adducts. Hyaluronidase SD is an eliminase that

Fluorescence (RFU)

Fig. 6 Fluorescence as a function of excitation and emission
wavelength for cross-linked TB-HA hydrogel

@ Springer

normally irreversibly and completely cleaves unsubstituted
HA to a limit digest of ADiHA disaccharides under the
reaction conditions used in this study. Figure 7 shows an
oversaturated image of a representative FACE gel of
AMAC-tagged hyaluronidase SD digestion products of: a)
uncross-linked TS-HA prepared with EDC to tyramine ratios
0of 0(0x),0.1(0.1x)and 1 (1x);and b) cross-linked TB-HA
hydrogels synthesized from 0.1 x and 1 x TS-HA. Only after
hyaluronidase SD digestion are fluorescently tagged sac-
charides visualized as in Fig. 7. The same amount of total
HA based on hexuronic acid assay [28] was loaded per lane.
The relative mobility of AMAC-tagged ADiHA was con-
firmed using a commercially available standard.

3.4.1 Detection of unsubstituted HA disaccharides
(ADiHA)

The relative amounts of ADiHA for the 0.1x and 1x TS-
HA based on quantification of a properly saturated image
of the gel in Fig. 7 were between 96-100 and 62-69%,
respectively compared to the Ox TS-HA. Thus the amount
of measurable ADiHA decreased with increasing EDC to
tyramine ratio as a result of increased substitution of the
HA with tyramine (see Fig. 2) and other adducts (see
Fig. 3). Based on the expected specificity of the hyal-
uronidase SD enzyme for an unsubstituted HA disaccharide
on both sides of a cleavable glycosidic bond, the estimation
of the amount of unsubstituted HA disaccharide by FACE
is an under estimation as it is expected that at least two

0X 0.1X

0.1X 1X 1X

TS-HA TS-HA TB-HA TS-HA TB-HA
Hydrogel Hydrogel

Fig. 7 Digital images of FACE gels showing the relative mobility of
AMAC-derivatized products after hyaluronidase SD digestion of TS-
HA or cross-linked TB-HA hydrogel prepared with EDC to tyramine
ratios of 0 (0x), 0.1 (0.1x) and 1 (1x). Digital image is over exposed
for the ADiHA bands so as to allow visualization of substituted HA
oligosaccharide bands
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unsubstituted HA molecules (ADiHA) bookend each
substituted HA disaccharide after enzymatic digestion.
Thus, an approximately 70% recovery of ADiHA for the
1x TS-HA would correspond to a substitution rate of 10%
of the total HA disaccharides. An estimate of 10% substi-
tution is consistent with the measured percent tyramine
substitution for the 1x TS-HA of 4.7% based on absor-
bance at 275 nm if then combined with a slightly higher
molar amount of tyramine-O-EDC adduct based on the
NMR results (Fig. 2).

3.4.2 Detection of substituted HA oligosaccharides

Based on the NMR data for the 0.1x TS-HA (Fig. 2b),
tyramine is predicted as the major adduct present on HA,
and only one new minor band (Tyr >) not present in the 0x
TS-HA lane is seen in the 0.1 x TS-HA lane in Fig. 7. This
band is tentatively identified as arising from the desired
tyramine adduct containing digestion product (see sche-
matic, Fig. 2a). This is supported by the absence of this
band in the corresponding 0.1x TB-HA hydrogel lane
prepared from cross-linked 0.1x TS-HA, and the appear-
ance of a new fluorescent blue band in the gel stacker in
this lane. The fluorescent band is presumed to be composed
of two HA oligosaccharides cross-linked by a fluorescent
dityramine bridge. The fluorescent band was not imaged
due to normal filtering of similar wavelengths of light
generated by the UV light source during normal image
capture. In contrast, four distinct minor bands (<) are seen
in the 1x TS-HA lane consistent with the greater degree of
non-tyramine adducts identified by NMR (Fig. 2a). The
three slower moving bands are unchanged in intensity after
cross-linking to 1x TB-HA hydrogel as expected of
unproductive adducts (Fig. 3) unable to participate in the
cross-linking reaction. The fastest moving band appears to

co-migrate with the Tyr band, and it decreases in intensity
upon cross-linking to hydrogel, but does not disappear
completely as for the 0.1x sample. This implies either
incomplete cross-linking of tyramine adducts, presumably
for reasons of steric hindrance, or the presence of an
unproductive adduct co-migrating with the tyramine adduct
digestion product.

3.5 Enzymatic digestion of TB-HA hydrogels

The stabile nature of both the amide bond as a result of the
tyramine substitution (step 1) reaction and the dityramine
bridge carbon-carbon bond as a result of the peroxidase
cross-linking (step 2) reaction are expected to provide a
chemically stabile material presumably reliant on exoge-
nous tissue hyaluronidases for in vivo scaffold degradation,
and not simple hydrolysis. In Fig. 8, 6.25, 12.5, and 25 mg/
ml TB-HA hydrogel plugs (inset) were digested at 37°C
with excessive amounts of either mammalian testicular
hyaluronidase (hydrolase) or bacterial hyaluronidase SD
(eliminase). The amount of HA as measured by hexuronic
acid assay [28] released into solution after 24 h and
expressed as a percentage of the total plug concentration
were similar independent of the enzyme used (Fig. 8). The
resistance to digestion increased with increasing concen-
tration. The 6.25 mg/ml gels showed the highest level of
digestion, with 99.8 and 82.3% being released into solution
for testicular hyaluronidase and hyaluronidase SD, respec-
tively, while the 25 mg/ml gels showed the lowest level of
digestion, with 30.3 and 30.2% being released for testicular
hyaluronidase and hyaluronidase SD, respectively.

These results were in contrast to those reported by
Kurisawa et al. [27], who showed complete digestion
within 7 h for 16.6 mg/ml tyramine cross-linked HA
hydrogels, under similar digestion conditions, although the

Fig. 8 Enzymatic digestion of §68 T
cross-linked TB-HA hydrogels [ Testicular Hyaluronidase
25 mejml HA and digeved with - p e gm mgiml mg)
mg/ml mg/ml  mg/mi
either testicular hyaluronidase 80 - -
or hyaluronidase SD. Inset Sy -
shows TB-HA hydrogel plugs < 70
(~7.1 mm in diameter, E
~3 mm in thickness) made 2 60 1
from TS-HA and cross-linked at S’ 50 4
concentrations of 6.25, 12.5 and F
25 mg/ml based on hexuronic 5 40 -
. ]
acid assay [28] £
T
< 30 A
20
10 A
0
6.25 mg/ml 12.5 mg/ml 25 mg/ml
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type of hyaluronidase used was not stated. Additionally,
Kurisawa et al. reported in vivo degradation of 50-100%
of tyramine cross-linked HA hydrogels within 30 days in a
subcutaneous rat model. In contrast, our previously work
showed in vivo stability of our TB-HA hydrogels at
8 weeks, with little or no degradation [25]. As previously
stated, the difference in results may be due to contami-
nation of the hydrogels of Kurisawa et al. with non-
covalently bound tyramine, and resulting hydrogels that
are more susceptible to in vitro digestion and in vivo
degradation. Another explanation for the difference in
material properties is the exclusion of HRP from the
tyramine substituted HA by Kurisawa et al. prior to cross-
linking relying instead on diffusion of both HRP and
peroxide for cross-linking. This may have limited cross-
linking to the surface of the hydrogel volume as the
macromolecular HRP, unlike the small molecular weight
peroxide, would be inhibited from diffusing through the
gel as it cross-linked. This would minimize, rather than
maximize cross-linking, potentially resulting in a more
lightly cross-linked hydrogel as compared to the method
described in this study, which has the peroxidase thor-
oughly mixed with the TS-HA prior to cross-linking, and
requires only diffusion of the low molecular weight per-
oxide to initiate cross-linking.

3.6 Biocompatibility of peroxidase cross-linking
reaction and TB-HA hydrogels

The biocompatibility of the HRP cross-linking reaction
was assessed by suspending freshly isolated immortalized
chondrocytes [32] in 5 mg/ml TS-HA solutions prepared
with EDC to tyramine ratios of 0.1 (0.1x) and 1 (1x), and
then cross-linking the hydrogels in the presence of the
cells. Glucose consumption as measured by hexokinase

Fig. 9 Glucose consumption as 120

assay (Sigma) was used to assess cell viability, as well as
adequate diffusion of oxygen, glucose and insulin through
the hydrogel volume. During culture, chondrocytes
appeared uniformly distributed when observed through a
light microscope with the optical clarity of the hydrogels at
5 mg/ml allowing visualization throughout their volume. In
Fig. 9, the results show that chondrocytes embedded in TB-
HA hydrogels had essentially the same glucose consump-
tion profiles over 24 h as the chondrocytes cultured in
monolayer. This similarity continued for each 24 h period
up to 7 days (only day 1 shown) indicating that the cells
were metabolically active throughout the culture period
and that both the cross-linking process and the TB-HA
hydrogels themselves were not cytotoxic. It is interesting to
note that HRP, a glycoprotein, has been shown to be pro-
tected from substrate radical inactivation by the ~20% N-
linked oligosaccharides decorating its protein backbone.
These oligosaccharides contain significant glcNAc, the
same monosaccharide found in the repeat disaccharide
structure of HA [42]. Thus under the appropriate condi-
tions, glcNAc in HA may play a protective role for cells
during the HRP cross-linking reaction. No statistically
significant difference (#-test) was seen between cultures at
24 h. Differences were seen at 6, 8 and 12 h time points,
presumably due to the lag in nutrient diffusion that exists
for the hydrogel versus monolayer cultures (three dimen-
sional vs. monolayer). The results indicate that oxygen,
glucose, insulin and any other required medium factors
diffuse through the TB-HA hydrogels at a rate that is not
damaging to cell viability.

These results are not unexpected as not only HA, but the
other molecules comprising the TB-HA hydrogels are all
naturally occurring components of normal mammalian
tissues, and as such are expected to contribute to the bio-
compatible nature of these biomaterials. Tyramine is the

a measure of cell viability
versus time for cells embedded
in TB-HA hydrogels (5 mg/ml)
compared to cells cultured in
monolayer on tissue culture
plastic. Hydrogels cross-linked
using TS-HA prepared with
EDC to tyramine ratios of 0.1

100 +

80

TB-HA Hydrogel (1X)
60 - Stained with b-HABP

(0.1x) and 1 (1x). Inset
showing 5 mg/ml TB-HA
hydrogel sheet stained with
b-HABP

40
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major neurotransmitter in insects, but in mammals is pri-
marily an intermediate in the synthetic pathway of
dopamine and norepinephrine, the two major neurotrans-
mitters in mammals, and as such tyramine is present in
brain tissue as a trace amine at only 1/100th the concen-
tration of these neurotransmitters [43]. In mammals,
tyramine is characterized as a neuromodulator with no
post-synaptic excitability in the absence of neurotransmit-
ter [43].

The dihydroxyphenyl bridges that result from the
enzymatic cross-linking of tyramine to dityramine in the
TB-HA hydrogels are also present in plant, insect and
mammalian tissues. Where known, these bridges are
formed as a result of the action of endogenous peroxidase
activity on tyrosine residues in resident tissue proteins
generating dityrosine bridges [44—46]. The structures of
tyramine and tyrosine differ only in the presence of an o-
carboxyl group on tyrosine. Peroxidase is ubiquitous
throughout most mammalian tissues with peroxidase
reactions similar to that in the TB-HA cross-linking reac-
tion, a predictable feature at the site of wound repair where
a tissue engineering approach might be employed [46, 47].

The potential for maintenance of biologic function of
the HA in the TB-HA hydrogels was assessed through
fluorescent staining with b-HABP, which requires
approximately twenty consecutive unmodified HA disac-
charides [48] for binding. As seen in the inset in Fig. 9, the
low level of substitution of HA in the TB-HA hydrogels
allows for staining and visualization of the hydrogels by b-
HABP. The folds seen on the image are a result of manual
wrinkling of the hydrogel to introduce some three dimen-
sional structure so as to allow for better visualization as the
staining is very uniform throughout the hydrogel volume.
The results indicate that physiologically relevant stretches
(~20 consecutive disaccharides) of the TS-HA remain
chemically unaltered, and therefore potentially available to
participate in normal biologic processes.

4 Conclusions

The TB-HA hydrogels described in this manuscript possess
many of the properties required for tissue engineering
applications. Methods have been identified that provide for
definitive characterization and quantification of the prod-
ucts of both the substitution (step 1) and cross-linking (step
2) reactions required for hydrogel formation including
NMR spectroscopy, FACE analyses and those based on the
spectrophotometric and fluorescent properties of the tyra-
mine and dityramine adducts. The relatively stabile nature
of the hydrogels to hyaluronidase digestion was demon-
strated, which when combined with the stabile nature of the
amide and carbon-carbon bonds involved in hydrogel

formation, support previous observations of in vivo TB-HA
hydrogel stability [25]. The non-cytotoxic nature of the
HRP cross-linking process and the TB-HA hydrogel
materials were also reported. The existence of HA, tyra-
mine and peroxidase in normal mammalian tissues as well
as the preservation of the majority of the native HA
structure presumably contribute to the overall biocompat-
ibility demonstrated by the TB-HA hydrogels in this and
previous studies [25, 26]. As a result of the low percent
tyramine substitution of HA carboxyl groups required for
formation of stabile hydrogel constructs, the TB-HA
hydrogel scaffolds described in this study provide the
opportunity for normal biologic interaction in vivo as
illustrated by their staining with b-HABP, a functional HA
binding complex found in cartilage. Preservation of much
of the negative charge contributed by the carboxyl groups
in HA is predicted to preserve the contribution of HA to
tissue physiomechanical properties.
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