Non-invasive in vitro and in vivo monitoring of degradation
of fluorescently labeled hyaluronan hydrogels for tissue
engineering applications
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Tracking of degradation of hydrogels-based biomaterials in vivo is very important for rational design of tissue engineering scaffolds that act
as delivery carriers for bioactive factors. During the process of tissue development, an ideal scaffold should remodel at a rate matching with
scaffold degradation. To reduce amount of animals sacrificed, non-invasive in vivo imaging of biomaterials is required which relies on using
of biocompatible and in situ gel forming compounds carrying suitable imaging agents. In this study we developed a method of in situ
fabrication of fluorescently labeled and injectable hyaluronan (HA) hydrogel based on one pot sequential use of Michael addition and thiol-
disulfide exchange reactions for the macromolecules labeling and cross-linking respectively. Hydrogels with different content of HA were
prepared and their enzymatic degradation was followed in vitro and in vivo using fluorescence mul-tispectral imaging. First, we confirmed
that the absorbance of the matrix-linked near-IR fluorescent IRDye® 800CW agent released due to the matrix enzymatic degradation in vitro
matched the amount of the degraded hydrogel measured by classical gravimetric method. Secondly, the rate of degradation was inversely
proportional to the hydrogel concentration and this structure-degradation relationship was similar for both in vitro and in vivo studies. It
implies that the degradation of this disulfide cross-linked hyaluronan hydrogel in vivo can be predicted basing on the results of its in vitro
degradation studies. The compliance of in vitro and in vivo methods is also promising for the future development of predictive in vitro tissue
engineering models.

Statement of significance

The need for engineered hydrogel scaffolds that deliver bioactive factors to endogenous progenitor cells in vivo via gradual matrix
resorption and thus facilitate tissue regeneration is increasing with the aging population. Importantly, scaffold should degrade at a modest
rate that will not be too fast to support tis-sue growth nor too slow to provide space for tissue development. The present work is devoted to
longi-tudinal tracking of a hydrogel material in vivo from the time of its implantation to the time of complete resorption without sacrificing
animals. The method demonstrates correlation of resorption rates in vivo and in vitro for hydrogels with varied structural parameters. It
opens the possibility to develop predictive in vitro models for tissue engineered scaffolds and reduce animal studies.
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During the past decades, extracellular matrix (ECM) mimicking
hydrogels have attracted increasing attention in drug delivery and
tissue engineering (TE) due to their tissue-resembling properties
and the ability to engineer smart responsiveness to external signals
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and specific in vivo environment [1,2]. Many encouraging results
were obtained with different hydrogel-based scaffolds for engi-
neering of de novo tissues. However, very few studies were
devoted to unraveling the influence of structural and functional
parameters of biomaterials on final tissue engineering effects [3].
Quantitative correlation between tissues formed and the ability
of scaffolds to resorb with synchronized rates with respect to
new tissue formation is one of the important longitudinal studies
that may facilitate rational design of TE scaffolds [4]. Such rational
design should first of all rely on suitable in vitro degradation mod-
els that have fewer and more easily controlled parameters as com-
pared to more complex in vivo microenvironment [5]. Additionally,
in vitro models can study cell-material interactions underlying tis-
sue regeneration processes through the techniques of patterning of
various matrix cues on surface [6] or in the bulk [7] of biomaterial.
Such studies enable to decouple effects of numerous factors and
unambiguously elucidate the role of each factor. Compliance of
in vivo studies results with the corresponding in vitro ones per-
formed on hydrogels with wide ranges of structural parameters
should lead to the emergence of in vitro TE models with reliable
in vivo predictability. These models are particularly useful in
reduction of animal experiments that are usually required for the
assessment of TE capacity of biomaterials. On the other hand, to
establish predictive relationships between structural/functional
parameters of a hydrogel matrix and its potential to regenerate
some particular tissue, initial in vivo studies are unavoidable.
Longitudinal in vivo studies should be therefore based on new
non-invasive imaging techniques in order to quantitatively analyze
biomaterials in vivo without sacrificing large number of animals.

Among different properties of hydrogel-based TE scaffolds that
are needed to be quantitatively imaged in vivo is biodegradability
[8]. During the process of tissue development, an ideal scaffold
should remodel at a rate matching with scaffold degradation. In
this situation, scaffold degrades enzymatically or hydrolytically
at a modest rate that will not be too fast to support tissue growth
nor too slow to provide space for tissue development [9]. To date,
majority of studies have been limited to monitoring of biomaterials
degradation in vivo via sampling of explants and analyzing them
gravimetrically [10,11] or by another instrumental tools such as
gel permeation chromatography (CPG) [12] or fluorescent micro-
scopy [13]. It should be noted that these studies were not truly lon-
gitudinal because animals were sacrificed at predetermined time
points and could not be followed afterward. Moreover, they were
characterized by excessive variability [11,13]. Monitoring of
changes in scaffold composition non-invasively over time is a rel-
atively young and unexplored area of research that can overcome
the above limitations. Non-destructive techniques employed so
far included micro-computed tomography (i-CT) [14], ultrasound
elasticity imaging (UEI) [15], magnetic resonance imaging (MRI)
[3,16], and fluorescence multispectral imaging [3-5,17-21]. Partic-
ularly, tagging of biomaterials with near-IR fluorescent agents has
a potential to eliminate auto-fluorescence from the body and thus
increase accuracy of imaging data. However only in few pioneering
works utilizing non-invasive fluorescence imaging [4,5], compara-
tive correlation of in vitro and in vivo degradation data were under-
taken for hydrogel materials of similar chemical composition but
differing by other parameters influencing the degradation behav-
ior. The importance of such data for the development of predictive
in vitro TE models is evident.

Hyaluronan (HA) is a natural polysaccharide component of
native extracellular matrix, particularly found in high quantities in
connective tissues and vitreous of eye. HA is the only non-sulfated
glycosaminoglycan of ECM and it plays an important role in regula-
tion of cell-cell interactions, cell-matrix adhesion and cell activa-
tion in morphogenesis in human body [22]. Basing on its
biocompatibility, native HA was used in treatment of cartilage

disease, while cross-linked HA in the form of hydrogels was widely
studied for regeneration of bone and artificial aortic heart valves. In
TE applications, HA-based hydrogels were acting either as carriers
for growth factors or scaffolds for cells [23,24]. Among cancer tar-
geting strategies, HA was utilized in preparation of nanomedicines
that can specifically interact with cell surface bound receptor
CD44 [25-27]. Nanocomplexes of siRNA with cationic ligand-
functionalized HA were also prepared to enter specifically tumor
cells overexpressing CD44 receptor and treat them via RNA interfer-
ence mechanism [28]. A promising field of application for HA hydro-
gels as scaffold and/or pharmacological delivery tool is spinal cord
injury (SCI) [29,30]. SCI is the result of a mechanical damage to the
spinal cord that is followed by the “secondary injury, a multifacto-
rial deleterious process that causes most of the post traumatic tissue
degeneration. Recent research has focused its attention on multi-
functional therapies to counteract the spreading of secondary
injury, combining both neuroprotective and neuroregenerative
agents. In this field the use of smart hydrogel-based drug delivery
systems could provide local multiple drug administration, reducing
systemic side effects of drugs and synergizing treatment efficacy
[31,32]. As for many other diseases, the fate of these biomaterials
within the tissue is uncertain and should be deeply investigated [33].

In this study we report on a strategy that allows tracking of
degradation of HA hydrogel-based scaffold in vivo employing a
non-invasive fluorescence imaging system. This system is based
on preparation of two HA derivatives functionalized with mutually
reactive chemoselective groups thus permitting formation of a
potentially injectable hydrogel in situ by simple mixing of aqueous
solutions of these derivatives. Due to “click” character of the cross-
linking reaction, it can be easily combined in situ with labeling of
the forming hydrogel with a fluorescent tag bearing suitable
chemoselective group. Fluorescently labeled hydrogels with differ-
ent biopolymer concentration were prepared and the relationship
between HA hydrogel mechanical properties and their degradation
behavior was investigated. Fluorescence spectroscopy was applied
to monitor labeled hydrogel degradation products in real time
in vitro. Correlations between mechanical properties and hydrogel
degradation rate in vivo and in vitro were established. The hydrogel
degradation in vivo could be predicted by its degradability in vitro
thus providing an in vitro model system with the potential to avoid
extensive animal studies. This strategy can also be expanded to
other synthetic and natural polymers as well as to HA derivatives
that are dually modified with both cross-linkable groups (such as
thiol in this study) and other ligands (cell adhesive peptides, affin-
ity ligands for growth factors, etc.) [34], in order to study the effect
of these ligands on hydrogel degradation and tissue regeneration
processes. Additionally, the presented HA hydrogel scaffold may
be combined with orthogonally labeled drug or growth factor to
monitor its release along with the hydrogel degradation and regen-
eration processes, which makes this approach general.

2. Materials and methods
2.1. Materials

Hyaluronic acid (HA) sodium salt (MW 150 kDa) was purchased
from Lifecore Biomedical; N-hydroxybenzotriazole (HOBt),
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and DL-
dithiothreitol (DTT) were purchased from Sigma-Aldrich Chemical
Co. IRDye® 800CW maleimide was purchased from LI-COR Bio-
sciences, Ltd. All solvents were of analytical quality.

2.2. Syntheses of thiol-modified hyaluronic acid (HA-SH)

HA-SH was obtained via carbodiimide mediated coupling
between free hydrazide groups of dimeric linker



3’-dithiobispropionic hydrazide (DTP) and carboxylate groups of
hyaluronic acid and subsequent in situ treatment of the reaction
mixture with DTT. Specifically, HA (200 mg, 0.5 mmol of disaccha-
ride repeating units) was dissolved in 25 mL of distilled water and
17.9 mg of DTP (0.075 M equivalents per HA disaccharide unit) was
added to HA solution. HOBt (molar ratio to HA disaccharide
repeating units as one to one) was separately dissolved in a 1:1
(v/v) mixture of acetonitrile-water at concentration 0.2 M and
added to the HA solution. The pH of the resultant solution was
adjusted to 4.7 with 1M NaOH solution. Reaction was initiated
by addition of EDC (23.3 mg, 0.15 mmol) to the mixture. After
overnight reaction at room temperature, pH of the reaction solu-
tion was increased to 8.5 with 1 M NaOH, and 5 M equivalents of
DTT (17.9 mg) per HA disaccharide unit was added to the mixture.
Reaction continued overnight at room temperature, after which
the pH of the mixture was decreased to 3.5 with 1 M HCI solution.
The mixture was purified by dialysis in membrane tubes with MW
cut off 3,500 Da (Spectra/®Por6, VWR International) against 0.1 M
Nacl acidified with hydrochloric acid to pH 3.5 for 18 h once, fol-
lowed by dialysis against acidified water (pH 3.5) for 18 h two
times.

After dialysis, solution was lyophilized to give thiolated HA-SH.
The amount of HA-SH product was 156.6 mg (78.3% yield). It was
stored at —20 °C. 5 mg of the product was dissolved in 0.6 mL of
D,0 to obtain 'H NMR spectrum on a JEOL JNM-ECP series FT
NMR spectrometer (400 MHz). Degree of HA functionalization with
thiol groups was determined by comparative integration of 'H
NMR peaks at 2.54 and 2.70 ppm corresponding to the methylene
protons of the —C(O)CH,CH,SH side chains and a singlet peak at
1.84 ppm corresponding to the acetamide moiety of the N-acetyl-

p-glucosamine monosaccharide. The degree of HA functionaliza-
tion with thiol groups was 7.5%.

2.3. Synthesis of 2-dithiopyridyl modified hyaluronic acid (HA-SSPy)

2-Dithiopyridyl functionalized HA (HA-SSPy) was obtained via
carbodiimide reaction between 2-(2-pyridinyldithio) ethyl
hydrazinecarboxylate (PEH) and hyaluronic acid (HA) sodium salt.
In details, HA (300 mg, 0.75 mmol of disaccharide repeating units)
was dissolved in 37.5 mL of distilled water, followed by addition of
22 mg (0.12 mmol) of PEH dissolved in 1.8 mL of methanol. HOBt
(molar ratio to HA disaccharide repeating units as one to one)
was separately dissolved in a 1:1 (v/v) mixture of acetonitrile-
water at concentration 0.2 M and added to the HA solution. The
pH of the resultant solution was adjusted to 4.7 with 1 M NaOH
solution. Reaction was initiated by addition of EDC (21.6 mg,
0.15 mmol) to the mixture. After overnight reaction at room tem-
perature, the mixture was purified by dialysis in membrane tubes
with MW cut off 3,500 Da (Spectra/®Por6, VWR International)
against 0.1 M NaCl acidified with hydrochloric acid to pH 3.5 for
18 h once, followed by dialysis against acidified water (pH 3.5)
for 18 h two times.

After dialysis, the solution was lyophilized to give 279.4 mg
(93.1% yield) of 2-dithiopyridyl functionalized HA (HA-SSPy). The
obtained product was stored at -20 °C. 5 mg of the product was dis-
solved in 0.6 mL of D,0 to obtain 'H NMR spectrum and determine
degree of HA functionalization with 2-dithiopyridyl groups. 'H
NMR peaks at 2.70 and 2.89 ppm corresponding to the methylene
protons of the —C(O)OCH,CH>-SS- side chains and peaks at 7.39,
7.63, 7,18 and 8.25 ppm corresponding to four aromatic protons
of 2-pyridyl substituent were compared with a singlet peak at
1.84 ppm corresponding to the acetamide moiety of the N-acetyl-
p-glucosamine residue. Comparison of integrals of the peaks indi-
cated that 5.5% of HA disaccharide monomer units were modified
with 2-dithiopyridyl groups.

2.4. In situ preparation of fluorescently labeled HA hydrogels with
different polymer concentration

In order to visualize the degradation of HA hydrogel, HA-SH was
labeled with a fluorescent dye, IRDye® 800CW maleimide, which is
characterized by maximum absorbance wavelength of 774 nm in
water. Maleimide group of the dye allows its conjugation to mole-
cules containing free sulfhydryl (-SH) groups through Michael
addition reaction. The preparation of labeled hydrogel was realized
in situ in two steps. The first step comprised of fluorescent labeling
of HA-SH using a small fraction of thiol groups for the Michael
addition reaction. The second step was the disulfide cross-linking
of the labeled HA-SH derivative in situ by addition of HA-SSPy
derivative. In details, 1.5 mg of HA-SH was dissolved in 150 pL of
10 mM PBS and the obtained solution was neutralized with 7 pL
of 0.5 M NaOH solution. The neutralized HA-SH solution was then
transferred into an Eppendorf tube containing 20 pg of IRDye®
800CW maleimide (16.7 x 103 umol, i.e. 0.06 M equivalents per
thiol group) which initiated Michael addition reaction. After
30 min of the reaction, 150 pL of solution of HA-SSPy in PBS (1%,
w/v) was added to the labeled HA-SH solution and the combined
solution was vortexed for 3 s. It was then quickly transferred into
a head-cut-off syringe mold where disulfide cross-linking pro-
ceeded to completion overnight. The hydrogels with 1% concentra-
tion was thus formed and were removed from the syringe molds.

Group of hydrogels with 2% concentration was prepared analo-
gously (3 mg of HA-SH in 150 pL of PBS and 3 mg of HA-SSPy in
150 puL of PBS were mixed in this case for preparation of each 2%
hydrogel of 300 uL volume). The amount of fluorescent dye was
the same for each gel preparation to ensure that hydrogels have
the same imaging capacity.

2.5. Study of mechanical properties of hydrogels

After preparation, masses of hydrogels were measured and the
hydrogels were transferred into capped glass vials. Mechanical
properties of the as prepared hydrogels were studied by rheology
using an AR2000 rheometer (TA instruments, Inc., U. K.) with alu-
minum geometry of 8 mm diameter.

The measurements were taken in the dynamic oscillatory mode
at 25 °C with a constant strain of 1% and frequency sweep ranging
from 0.1 Hz to 10 Hz.

The hydrogels were washed with 3 mL of PBS for 1 h. This pro-
cedure was repeated three times with fresh PBS to ensure that no
free (non-covalently linked) fluorescent dye is present in the gels.
All hydrogels were finally soaked in 3 mL of PBS overnight to
achieve equilibrated swelling state. All medium after washing
and swelling was collected to measure the concentration of non-
covalently linked fluorescent dye by UV-vis spectrometry and esti-
mate the efficiency of the labeling reaction.

Mechanical properties of the swollen and purified hydrogels
were analogously measured by rheology. Swelling ratio of the
hydrogels was calculated basing on hydrogel mass in the swollen
state.

2.6. In vitro degradation study of hydrogels with different HA
concentration

Hydrogels were incubated in 3 mL of PBS containing hyaluroni-
dase (Hase, Sigma-Aldrich Inc., St Louis, MO, 15 units/gel) at 37 °C
for 24 h. The medium was removed and substituted with the fresh
one containing Hase. The medium after Hase treatment was col-
lected for UV-vis spectrometry analysis (Lambda 35, PerkinElmer
Instruments). This procedure was repeated at predetermined time
points until the hydrogel was completely degraded.



2.7. Animals care

Procedures involving animals and their care were conducted in
conformity with the institutional guidelines at the IRCCS—Institute
for Pharmacological Research “Mario Negri” in compliance with
national (Decreto Legge nr.116/92, Gazzetta Ufficiale, supplement
40, February 18, 1992; Circolare nr. 8, Gazzetta Ufficiale, July 14,
1994) and international laws and policies (EEC Council Directive
86/609, OJL 358, 1, Dec. 12, 1987; Guide for the Care and Use of
Laboratory Animals, US National Research Council (8th edition)
2011).

2.8. Surgery

C57Bl1/6 ] mice (Charles River Laboratories International, Inc.)
were used for in vivo studies. Before surgery, animals received an
antibiotic and analgesic treatment, respectively with a subcuta-
neous injection of Ampicillin (50 mg/kg) and Buprenorphine
(0.15 mg/kg). The surgical procedure was carried out in deep anes-
thesia by intraperitoneal injections of Ketamine Hydrochloride
(Imalgene, 100 mg/kg) and Medetomidine Hydrochloride (Domi-
tor, 1 mg/kg).

To induce spinal cord exposure, an incision was made in the
skin, T11 and T12 vertebrae were identified and exposed by sepa-
ration of dorsal and intervertebral muscles. Animals were placed
on a Cunningham Spinal Cord Adaptor (Stoelting, Dublin, Ireland)
mounted on a stereotaxic frame and laminectomy of T12 vertebra
was done to uncover the lumbar spinal cord. After spinal cord com-
pression, hydrogels with different concentration (1% and 2%) were
placed on the spinal cord.

After spinal cord compression and gel positioning, dorsal mus-
cles were juxtaposed using absorbable sutures and the skin
sutured. After the surgery, the animals were kept on a warm pad
for 30 min and then placed in separated cages for recovery.

2.9. Non-invasive in vivo degradation study

In vivo whole body fluorescence imaging was performed on 12
mice distributed in two groups treated with hydrogels with differ-
ent HA concentration (1% and 2%). These mice were analyzed
before gel positioning and immediately after, and then at 1, 3, 5
and 7 days after gel positioning. The analysis was carried out using
the Explore Optix System (ART Advanced Research Technologies,
Montreal, Canada) equipped with a fixed pulsed laser diode as illu-
mination source. Before imaging, animals were anesthetized with a
continuous flow of 5% isoflurane, 30% O, and 65% NO, mixture and
placed on their back on a heated (37 °C) pad inside the camera box.
Anesthesia (2% isoflurane, 30% O, and 68% NO,) was maintained
for the duration of image acquisition using a nose cone delivery
system. For each animal, the region of interest (ROI) of the spinal
column was chosen with a step size of 2 mm and a spot size of
1 mm. Excitation was performed with a 780 nm pulsing laser and
emission was detected with an 820 nm long pass filter. Subse-
quently, a photomultiplier tube coupled to a time correlated single
photon counting system collects the emitted light, allowing detec-
tion of the fluorescent signal.

Light emission was recorded as pseudo-color images. Overlay of
gray-scale (body reference photograph) and pseudo-color images
allowed localization of fluorescent signal. In addition, during the
acquisition, a profilometric scan was performed to obtain animal
topography. After 14 days, three animals for each group were sac-
rificed, and their abdominal organs (liver, spleen and kidneys)
were removed and scanned for the ex vivo fluorescence imaging.
Both in vivo and ex vivo signals related to the selected ROI were
quantified as total photon counts using Optiview software (version
2.02.00; ART Advanced Research Technologies).

2.10. Invasive in vivo degradation study

After 3 and 7 days animals with 1% and 2% hydrogels were
anesthetized with Equithesin (1% phenobarbital, 4% chloral
hydrate, 30 mL/10 g, i.p.) and transcardially perfused with 20 mL
saline and subsequently with 50 mL of sodium phosphate
buffered 4% formaldehyde solution. Spinal cords were rapidly
removed and the recovered hydrogels were washed with PBS,
lyophilized and then weighted to estimate the percentage of
degradation.

2.11. Statistical analysis

Where applicable, experimental data were analyzed using
Analysis of Variance (ANOVA). Statistical significance was set to p
value < 0.05. Results are presented as mean value t standard
deviation.

3. Results and discussions

3.1. Synthesis of thiol and 2-dithiopyridy! functionalized HA
derivatives

Previously, hyaluronic acid hydrogels have been prepared by
variety of cross-linking methods including chemoselective reac-
tions such as azide-alkyne cycloaddition click reaction [35], aque-
ous Diels-Alder chemistry [36], peroxidase-catalyzed oxidation of
tyramine [37], oxime coupling [38], Michael addition of thiols to
vinylsulfone [39] or acrylates [40], and thiol-disulfide exchange
reaction [41]. These chemoselective reactions allow in situ encap-
sulation of cells and relevant complex biomacromolecules such
as growth factors in hydrogel carriers without affecting their
bioactivity as well as they form no toxic side products. We have
chosen a thiol-disulfide exchange reaction to cross-link HA chains
because it proved to be the most cytocompatible for several
different cell types in vitro [41]. As compared to previously
reported disulfide cross-linking of HA by autoxidation of thiols
[42], we sought to accelerate the reaction by applying an activated
disulfide component such as 2-dithiopyridyl. We anticipated
that this could be achieved by using two HA derivatives function-
alized with thiol (HA-SH) and 2-dithiopyridyl groups (HA-SSPy)
respectively.

Two known reagents, 3,3’-dithiobispropionic hydrazide (DTP)
[43] and 2-(2-pyridinyldithio) ethyl hydrazinecarboxylate (PEH)
[44], were utilized for preparation of HA-SH and HA-SSPy deriva-
tives respectively. Carboxylate groups of native HA (Scheme 1)
were activated  with  carbodiimide (EDC) and N-
hydroxybenzotriazole (HOBt) and then coupled to hydrazide
groups of the linkers through amide bonds. Due to the presence
of two hydrazide groups in DTP reagent, it could potentially form
cross-links between two different HA macromolecules or within
the same HA macromolecule (first step in Scheme 1a). However,
after one pot treatment of the reaction mixture with a reducing
agent dithiothreitol (DTT), the formed cross-links were broken
along the disulfide bond leaving the two free thiol groups (second
step in Scheme 1a). '"H NMR analysis of the product showed that
7.5% of the disaccharide repeating units of HA were modified with
thiol groups (Fig. 1). Synthesis of 2-dithiopyridyl modified HA was
completed in one step by carbodiimide-mediated amide coupling
of PEH to HA (Scheme 1b). The modification of HA by 2-
dithiopyridyl groups was 5.5% according to 'H NMR spectrum
(Fig. 2). The functionalization of HA-SH was 7.5%, i.e. higher than
5.5% functionalization of HA-SSPy, leaving the possibility for use
of the excess of the thiol groups for attachment of a fluorescent
label.
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Fig. 1. '"H NMR spectrum of thiol-derivatized HA (HA-SH).

3.2. Preparation of IRDye® S800CW labeled HA hydrogel

First, we confirmed that mixing of aqueous solutions of HA-SH
and HA-SSPy derivatives permitted quick sol-to-gel transformation
as compared with the previously reported cross-linking of HA by
homo-bifunctional PEG cross-linker [41]. As expected, the rate of
thiol-disulfide exchange reaction was dependent on pH affording
hydrogels in less than 30 s at pH 7.4. By lowering pH, the time
for reaching of sol-gel transition could be extended to several
minutes.

Thiol group in HA-SH derivative can also be tagged with a label-
ing agent bearing suitable reactive groups such as acrylate, vinyl-
sufone, maleimide or 2-dithiopyridyl. Importantly, this labeling
reaction can be performed in situ, i.e. without isolation of the

intermediated product but instead by directly proceeding with the
cross-linking of the labeled HA-SH derivative. Particularly, in this
work we employed Michael addition of thiol groups of HA-SH to
double bond of maleimide group of IRDye® 800CW fluorescent
dye via a thioether linkage. Scheme 2 shows in situ preparation
of fluorescently labeled HA hydrogel through sequential Michael
addition conjugation reaction and disulfide cross-linking reaction.
To ensure that thiol groups are deprotonated and generate nucle-
ophilic species, Michael addiction reaction to maleimide group
was performed at pH 7.5 for 30 min after which, solution of HA-
SSPy was added to the mixture. The remaining thiol groups of
HA-SH in the form of thiolate anions (RS™) displaced 2-
thiopyridine in the course of Sy2 nucleophilic substitution reaction
and formed disulfide cross-linkages. It should be noted that only
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tiny fraction of thiol groups was anticipated to react with fluores-
cent labeling agent in order to minimize the effect of the agent on
the decrease of hydrogel cross-linking density. On the other hand,
preparation of the hydrogel at physiological pH provided an oppor-
tunity of direct administration of the hydrogel in vivo through the
injection.

It was important to ensure that fluorescent tag was covalently
linked to the resulting matrix in order to accurately confront the
fluorescence of the liquid degradation medium with the hydrogel
degradation. Only by eliminating any physically trapped fluores-
cent species from a hydrogel material, one can quantitatively
assess the degradation process of the hydrogel in vitro by measur-
ing the fluorescence of the hydrogel degradation products released
from the hydrogel into the liquid phase. Therefore, the hydrogels
after setting were repeatedly swollen in fresh PBS for several times
and the liquid phases were collected for UV-vis spectroscopic anal-
ysis. It appeared that in situ labeling reaction occurred with nearly
75% yield and the rest of the labeling agent was released from the
hydrogel during the first three rounds of the hydrogel swelling
(Fig. S1 in Supporting information). No detectable by UV-vis spec-
trometry species from the fluorescent label were observed in fur-
ther liquid media indicating that the hydrogel contained only
covalently linked label after this purification procedure.

3.3. Study of mechanical properties of hydrogels

Stiffness and elasticity of hydrogels have an important impact
in biomedical application. Ideally, mechanical properties of a
hydrogel should match the stiffness of a tissue to be regenerated.
These properties can be controlled through varying cross-linking
density of hydrogels, which depend in turn either on degree of
functionalization of macromolecular precursors with the func-
tional groups undergoing cross-linking or concentration of the pre-
cursors. In order to investigate the influence of HA concentration
on hydrogel stiffness and subsequently on its degradation, we have
prepared two types of hydrogels with 1% and 2% of HA content. It
proved that stiffness of a hydrogel was correlated with its cross-
linking density. We observed that hydrogel with 2% concentration
had a 2.2-fold higher storage modulus than a hydrogel with 1%
concentration before swelling (Table 1). After hydrogel swelling,
this difference further increased and reached a value of 2.5-fold.

3.4. In vitro study of hydrogel degradation
Taking into account that only 75% of the fluorescent label was

covalently linked after in situ labeling reaction, all hydrogels were
washed four times in PBS before they were subjected to in vitro or



Table 1
Storage modulus (G’) of hydrogels with different cross-linking density before and
after swelling in PBS.

Hydrogel G’ before swelling (Pa) G’ after swelling (Pa) Swelling ratio
1% HA 752.6 £16.1 731.88 £14.0 448 +1.5
2% HA 1649.8 +230.9 1832.3+179.8 51.4+28

" Swelling ratio = weight of a swollen sample/dry weight of the sample.

in vivo degradation studies. The medium after washings was col-
lected and measured by UV-vis spectrometry in order to confirm
that the all washed hydrogels did not contain free fluorescent
agent. Enzymatic degradation of the hydrogels was subsequently
performed by placing the hydrogels into solution of hyaluronidase
in PBS. The enzyme solution was changed daily into a fresh one. It
was assumed that as the hydrogels degraded, fluorescently labeled
HA fragments were released from the hydrogels. By measuring flu-
orescence intensity of the liquid samples we were able to calculate
the amount of HA that was released and compared it with the total
one used for the hydrogel formation.

Hydrogels degradation was followed for 6 days and it was
observed that hydrogel with 1% concentration (marked as
Hydrogel-1) degraded completely in four days (Fig. 3a). On the
other hand, hydrogel with 2% concentration (marked as Hydrogel-
2) degraded in six days. These results were as expected, i.e. more
stiffer hydrogel with higher concentration lasted longer upon
enzymatic degradation in vitro. As it can be seen from Fig. 3a,
Hydrogel-1 released the highest amount of fluorescent HA degrada-
tion products on the second day of the degradation study. After
two days, the amount of degraded products started to decline
due to the fact that most of the hydrogel had been already
degraded. Contrary, Hydrogel-2 showed a more sustained degrada-
tion during the whole period of six days. Degradation of 2% hydro-
gel reached its maximum also on the second day and the rate of
degradation remained the same during the next three days. Only
on the last sixth day, the degradation was diminished because of
the little amount of the hydrogel remained at this time point. These
results can be explained by the necessity for the diffusion of hya-
luronidase from the liquid phase into the hydrogel network. Most
probably, at the start of the degradation experiment, the diffusion
of the enzyme into a denser network is limited and degradation of
Hydrogel-2 occurs mainly by erosion (ie. from the surface).

(@)
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Absorbance

0 1 2 3 4 5 6

Time, days

Contrary, more facile diffusion of Hase into Hydrogel-1 resulted in
the fast bulk degradation.

Cumulative absorbance of the released fluorescent HA degrada-
tion products were plotted and related to the whole amount of flu-
orescent HA material used for hydrogel preparation. It allowed
calculation of the percentage of the hydrogels degraded over the
time (Fig. 3b). Thus, it was clearly demonstrated that Hydrogel-1
had a faster rate of degradation compared to Hydrogel-2. Specifi-
cally, more than 50% of Hydrogel-1 degraded during the first two
days. Contrary, Hydrogel-2 showed a degradation profile with
lower slope over six days. In order to validate that monitoring of
hydrogel degradation by measuring UV-vis absorbance of the
degraded products is acceptable, we have compared it with the
monitoring of hydrogels mass loss during the degradation. For that,
the collected supernatants for each time point were first desalted
by dialysis and then freeze-dried to get the mass of degradation
products. Fig. 4 shows the cumulative percentage of hydrogel mass
that was degraded over the time of enzymatic degradation study.
As we expected, the rate of degradation of 1% hydrogel was higher
than the degradation rate for 2% hydrogel. Thus, the same degrada-
tion trend was observed when measuring the loss of hydrogel
mass. Essentially, using the gravimetric analysis for degradation,
we could confirm that more than 50% of Hydrogel-1 was degraded
during the first two days, whereas Hydrogel-2 was degraded with
slower rate over 6 days (Fig. 4).

Finally, we correlated the degradation curves for both Hydrogel-
1 and Hydrogel-2 determined by two methods, i.e. by measuring
the hydrogel mass and measuring UV-vis absorbance of the degra-
dation products in the liquid phase (Fig. S2). The curves for hydro-
gel mass loss and UV-vis absorbance of degradation products
coincided for two types of hydrogels. It demonstrated that hydro-
gel degradation can be quantified in vitro through measuring the
fluorescence intensity.

3.5. Non-invasive and invasive in vivo hydrogel degradation

To investigate the effect of hyaluronidase-mediated local
biodegradation in the body, IRDye® 800CW-labeled HA hydrogel
scaffolds were implanted into the spinal cord of mice. Mice
injected with Hydrogel-1 and Hydrogel-2 were analyzed qualita-
tively and quantitatively by measuring relative fluorescence inten-
sity with respect to the time of implantation. It is known that
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Fig. 3. (a) UV-vis absorbance of medium obtained after degradation of hydrogels at different time intervals. Absorbance at 789 nm was measured. (b) Cumulative
degradation profiles of Hydrogel-1 (black curve) and Hydrogel-2 (red curve). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 4. Degradation profiles for Hydrogel-1 (black curve) and Hydrogel-2 (red curve)
determined by measuring the hydrogels mass loss. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

mechanical stress around the implanted scaffold is a key determin-
ing factor for the degree of reaction of organism to the foreign
body, which stimulates collagenase production and release of
growth factors from fibroblasts, macrophages and neutrophils
[45,46].

As shown in Fig. 5a and b, a significant decrease in the fluores-
cence signal was observed from the scaffold over the time after
implantation. Because IRDye® 800CW-labeled HA hydrogels are
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stable in buffer solution, the signal reduction in the body should
arise from enzymatic degradation of HA hydrogel, release and dif-
fusion of biodegraded HA fragments away from the site of implan-
tation. Qualitative comparison of images obtained from animals
implanted with Hydrogel-1 with Hydrogel-2 indicated that
Hydrogel-1 (Fig. 5a) degraded in less than 3 days, while degrada-
tion of Hydrogel-2 took longer time (Fig. 5b). Measurement of rel-
ative intensity over time could give a reliable quantitative
assessment of scaffold degradation and the loss of fluorescence sig-
nal with time in vivo was converted into the weight loss over the
time as shown in Fig. 6. Thus, it was clearly demonstrated that
Hydrogel-1 showed a faster rate of degradation compared to
Hydrogel-2. Specifically, Hydrogel-1 degraded completely at day 3
after implantation. Contrary, 50% of Hydrogel-2 was still left
in vivo at this time and degradation was gradually continued over
last three days. It should be noted, however, that in contrast to
in vitro degradation in PBS buffer, both hydrogels with different
cross-linking densities were characterized by substantial degrada-
tion during the first day in vivo. This observed difference in degra-
dation reflects different environmental factors that affect the
hydrogel resorption in vitro and in vivo. Apart from the day 1, the
in vivo results demonstrated a good correlation with the in vitro
degradation profiles shown in Fig. 4.

In order to confirm that non-invasive monitoring of the fluores-
cence signal indeed reflected real mass loss for the implanted
hydrogel due to its enzymatic resorption, we performed a parallel
in vivo scaffold degradation study by classic invasive sampling of
hydrogels explants followed by gravimetric determination. Three
mice implanted with Hydrogel-1 and three mice implanted with
Hydrogel-2 were sacrificed after 3 and 7 days of implantation and
the remaining scaffolds was recovered (see the details in Fig. S3),
washed, lyophilized and finally weighted. The results were plotted
as percentage of the resorbed hydrogel versus time and correlated
with the analogous results obtained from the non-invasive studies

day 1

day 3

day 7

Fig. 5. In vivo non-invasive representative images from longitudinal study of scaffold degradation as a function of hydrogel concentration: (a) Hydrogel-1, (b) Hydrogel-2.
Different time points were evaluated: pre-positioning, post-positioning (t =0), 1 day, 2 days, 3 days and 7 days after gel positioning. At t=0 the fluorescence signal was
localized in a clearly defined space corresponding to the gel. A progressive reduction of fluorescence intensity was observed in both hydrogels but with different rates.
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Fig. 6. The course of weight loss for labeled hydrogels over the time in vivo. Black
curve corresponds to Hydrogel-1 with 1% concentration and red curve corresponds
to Hydrogel-2 with 2% concentration. The weight loss was derived from the loss of
fluorescence signal intensity.

(Fig. 7). It was noteworthy that values for hydrogel mass loss
obtained from non-invasive studies coincided with respective val-
ues obtained from invasive studies for both types of hydrogels and
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both time points taken at the middle and at the end of the studies.
This comparison underlined the suitability of non-invasive fluores-
cence imaging methods to follow scaffold degradation in vivo.

3.6. In vivo biodistribution and clearance

To determine the biodistribution and clearance of products of
the HA hydrogels degradation, animals were sacrificed after
14 days of implantation and ex vivo optical scanning was carried
out for isolated liver, kidney, spleen, and lung, i.e. for the filter
organs. This evaluation demonstrated that degradation products
from the IRDye® 800CW-labeled HA hydrogel scaffolds were not
significantly present in these organs (Fig. 8). The observed fluores-
cence of the organs after 14 days of hydrogels implantation was
very low and typical of auto-fluorescence of tissues. Importantly,
the same marginal values of fluorescence were observed for con-
trol animals not implanted with hydrogels. More accurate analysis
of the explanted organs by mass spectrometry is however still
needed to monitor the fate of the IRDye® 800CW-labeled HA
degradation products. Basing on fluorescence measurements we
assumed that the degradation products could be almost com-
pletely removed from the body after 14 days of the hydrogels
implantation. The same results were obtained for mice implanted
with both Hydrogel-1 and Hydrogel-2. For sake of simplicity we
reported here only the results of analysis for Hydrogel-2 in Fig. 8.
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Fig. 7. Correlation of HA hydrogel degradation quantified by applying non-invasive (empty columns) and invasive methods (full-colored columns) for (a) Hydrogel-1 and (b)
Hydrogel-2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Bio-distribution and clearance of the degradation products derived from the implanted IRDye® 800CW-labeled HA hydrogel scaffolds. The following abbreviations
were used for the studied organs: Li - liver, S - spleen, Lu - lung, K - kidney. Fluorescence scan images were taken at the time of pre-positioning (t = 0) and after 14 days of
implantation. Quantification of the fluorescence intensity revealed comparable values for pre-positioning (PRE POS) and after-degradation (14 days) animals.



4. Conclusion

Tracking of degradation of hydrogels-based biomaterials in vivo
is very important for rational design of tissue engineering scaffolds
that act as delivery carriers for bioactive factors. However, in order
to establish relationships between the amount and quality of tissue
formed and the mode of release determined by degradation of a
bulk hydrogel-based material, extensive animal studies have to
be performed. Reduction of number of sacrificed animals can be
achieved by using methods of non-invasive in vivo imaging of bio-
materials. In this study we developed an in situ method of fabrica-
tion of fluorescently labeled potentially injectable hydrogel that
can be imaged in vivo throughout the whole time period of a lon-
gitudinal study. This method is based on one pot sequential use
of Michael addition reaction and thiol-disulfide exchange reaction
for macromolecules labeling and cross-linking respectively. Using
hyaluronic acid as an example of a biocompatible biopolymer, we
demonstrated that around 75% of near-IR fluorescent agent IRDye®
800CW maleimide could be incorporated into HA macromolecule
functionalized with thiol groups followed by in situ transformation
of the liquid mixture into a self-standing hydrogel within a minute.
Due to “click” character of the employed reactions, this fabrication
method can be easily extended for in situ three-dimensional encap-
sulation of growth factors or/and cells in the hydrogel material.
In vitro enzymatic degradation studies was followed by UV-vis
spectrometry and demonstrated that the rate of HA hydrogels
degradation was inversely dependent on the concentration of the
hydrogels. This trend was also observed in vivo though quantitative
monitoring of the decay of fluorescence signal over 7 days of longi-
tudinal studies. Thus, the compliance of in vitro and in vivo meth-
ods is a promising observation that opens a way to establishing of
predictive in vitro tissue engineering models. This work is a first
step in future development of such models through comparative
tracking of biomaterials degradation, release and distribution of
morphogenetic factors, and new tissues formed. The presented
method can be also extended to other types of hydrogels prepared
from other biocompatible natural and synthetic macromolecules.
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