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Hydrogels have been extensively used in the field of biomedical engineering. In order to achieve non-
invasive and real-time visualization of the in vivo status of hydrogels, we designed a fluorescent
polyurethane-oxidized dextran (PU-OD) hydrogel with good injectability and self-healing properties,
which was cross-linked from a tetraphenyl ethylene (TPE)-containing fluorescent polyurethane emulsion
with oxidized dextran by dynamic acylhydrazone bonds. The hydrogel can be used as a visual platform
for drug delivery as well as monitoring its own degradation. The network structure of the hydrogel gave
it drug-loading capability, and the acylhydrazone bond enabled its pH-responsive drug release. Meanwhile,
the PU-OD hydrogel could undergo fluorescence resonance transfer with doxorubicin hydrochloride,
showing its potential application in monitoring drug release. In addition, fluorometric and weighing methods
were performed to monitor the degradation behavior of the hydrogels in vivo and in vitro, respectively,
showing that the non-invasive fluorometric method can be consistent with the invasive weighing method.
This work highlights that the introduction of aggregation-induced emission molecules into polyurethanes
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provides a visual platform that allows for non-invasive monitoring of the material without affecting its own
function, which is convenient and less damaging to the body or animals. Consequently, it possesses
excellent and promising potential in biomedical materials technologies.
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1. Introduction

Hydrogels are widely used as biomaterials for in vivo implanta-
tion due to their good biocompatibility based on their stereo-
chemical network structure and high-water content." When
used as a biological implant material, the degradation rate of
the hydrogels should match the tissue regeneration rate to
avoid tissue collapse or excessive regeneration due to prema-
ture degradation or cellular inflammation,*® so tracking and
monitoring their degradation behavior in vivo is one of the
important aspects. Anatomical observation is a commonly used
method to track hydrogel degradation.® However, this invasive
approach has several disadvantages as follows. Firstly, it may
require a large number of animals, thus compromising the
welfare of experimental animals.””® Moreover, in vivo, the
degradation behavior is continuous and dynamic, whereas
the anatomical observation method is a discontinuous
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process.’ Additionally, hydrogels may have a certain adhesion
to tissues in vivo, forcible peeling may damage the morphology
of hydrogels,'® and inaccurate weighing data may be obtained,
thus causing misjudgment of experimental results. In sum-
mary, the traditional weighing method has serious limitations
to reflect the degradation of hydrogels in vivo, so there is an
urgent need for developing novel ways to non-invasively moni-
tor the degradation of hydrogels expediently.

Currently, there are many reliable and effective techniques
for non-invasive imaging, for example magnetic resonance
imaging (MRI),"*™** X-ray, ultrasound,'*** and so on, that can
reflect the degradation process of hydrogels in vivo. The appli-
cation of conventional methods might be limited due to the
long acquisition time, radiation risk, complicated and expen-
sive equipment and difficulty of reaching targeted locations
in special cases.'® In contrast the methods of fluorescence
visualization are gradually catching people’s great attention
due to their great benefits such as low cost, sensitivity, and
non-intrusive and convenient operation.”” ' Conventional
organic fluorescent reagents used for imaging typically exhibit
aggregation-induced quenching (AIQ) effects,” while non-
organic fluorescent materials possess high biotoxicity like
quantum dots, and proteins with stable fluorescence are known

This journal is © The Royal Society of Chemistry 2023
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as complex structures and have an unacceptable price, which
significantly limits their biological and clinic applications.
Hence fluorescent materials with excellent biocompatibility
and a high signal-background ratio are crucially needed.

In the last decade, fluorescent reagents with the unique
aggregation-induced emission (AIE)-phenomenon have made
great progress in in vivo tracing and monitoring, and fluorescence
imaging applications.**® They are different from the conven-
tional organic pigments as AIE luminogens (AIEgens) exhibit
enhanced fluorescence intensity with increasing concentration.
The non-radiative decay energy of their excited state is clearly
reduced by the inhibited inter-molecular rotation when AIE
molecules aggregate resulting in higher quantum yields and
intense fluorescence.>® This property makes them well suited
for use in hydrogels. It was fully proven that AIEgens do have
some features such as excellent photostability, a significant Stokes
shift, and great resistance to photobleaching,*® which are crucial
for persistent monitoring and tracing in vitro and in vivo. Recently,
Tang et al.®' showed the entire gelation process of the chitosan
LiIOH urea aqueous solution system by AIE fluorescence
imaging, which inspired us in turn to use AlEgens to monitor
the degradation of hydrogels. During degradation, the fluores-
cence intensity of the hydrogel varies with the degree of hydrogel
degradation.**** Meanwhile, in combination with other charac-
terizations, we can infer the approximate degree of degradation of
the hydrogel and visualize the degradation behavior of the
hydrogel. In addition, hydrogels can be applied as drug carriers
due to their own characteristics,***> and some drugs with fluores-
cence are loaded on AIE hydrogels, and the release of drugs can be
monitored more conveniently by fluorescence changes through
the fluorescence resonance transfer effect.*®>*

Polyurethane (PU) is known as a promising biodegra-
dable biomaterial with good biocompatibility.>*™*" Therefore,
polyurethane-based hydrogels have been widely used in the
biomedical field.**™” In this work, in order to achieve non-
invasive monitoring of biodegradable hydrogels, we prepared an
injectable fluorescent PU-OD hydrogel by dynamic cross-linking
fluorescent PU emulsion with oxidized dextran (ODex), where the
fluorescent PU emulsion was synthesized by using TPE-NH, as a
chain extender and adipic dihydrazide (ADH) as an end-capping
agent. The hydrogel can effectively be loaded with doxorubicin
hydrochloride, and the drug release can be monitored by fluores-
cence changes. In addition, the fluorescence intensity of PU-OD
hydrogels was investigated in vitro and in vivo with the degree of
degradation, and the results showed that the trend of fluorescence
intensity was similar to that of weight change during degradation,
indicating the potential of this fluorescent hydrogel as a visual
platform for non-invasive monitoring.

2. Experimental sections
2.1. Materials

Polycaprolactone (PCL, M,, = 2000 g mol ™~ ") was purchased from
Dow Chemical and r-lysine ester diisocyanate was obtained from the
same company. The chain extender 2,2-bis(hydroxymethyl)propionic
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acid (DMPA) was sourced from GEO (USA). Adipic dihydrazide
(ADH) and ethylene glycol were obtained from Aladin. Dextran
(Dex) and sodium periodate were bought from Shanghai Macklin
Co., Ltd. Doxorubicin hydrochloride (Dox-HCI) was purchased from
Dalian Meilun Biotech Co., Ltd. Mouse fibroblast cells (L929) were
provided by the Internal Medicine Laboratory of HuaXi Medicinal
Center, Sichuan University (China). BALB/c mice (6-8 weeks) were
offered by the Laboratory Animal Center of Sichuan University.

2.2. The method of TPE-NH, synthesis

TPE-NH, was synthesized as in our previous report.*® Briefly,
0.3 mol zinc powder and 100 mL tetrahydrofuran were added to
a three-necked flask in an ice-salt bath. After cooling down to
—20 °C, TiCl, (0.15 mol) was added slowly and stirred.
The temperature of the liquid phase was gradually increased
to 65 °C and subsequently maintained for 2 h. 0.1 mol
4-aminobenzophenone was added and refluxed for another
20 h. 10 wt% solution of aqueous potassium carbonate was
added rapidly to obtain precipitation. The mixture was filtrated
to obtain the filtrate and extracted 3 times with ethyl acetate,
evaporated to remove ethyl acetate subsequently, and a yellow
oil-like product was yielded at last. The final product was
further refined through a silica gel column to obtain a yellow
solid of TPE-NH,.

2.3. Synthesis of fluorescent polyurethane emulsion

PU emulsions were synthesized as shown in Fig. S1 (ESIt) and
described below. PCL-2000 (20 g) was dehydrated at 100 °C for
90 min, then cooled down to 80 °C and pre-polymerized with
LDI (6.1 g) under nitrogen for 2 h. Before the addition of TPE-
NH, (0.18 g), 1.34 g DMPA was added rapidly and reacted for
1 h. Chain extender TPE-NH, underwent reaction at 60 °C for
3 h. After that, acetone and TEA were added for neutralization
reaction at 37 °C. Finally, ADH (1.74 g) was fully dissolved in
water (100 mL) and emulsified with PU prepolymer under high-
speed stirring for 50 min to obtain PU emulsion with an ADH
capped end.

2.4. Synthesis of the oxidized dextran (ODex)

The synthesis of ODex was through oxidation of dextran by
sodium periodate (Fig. S2, ESIT). Firstly, dextran (5 g) and water
(100 mL) were added into a flask and completely dissolved.
Next, aqueous sodium periodate (6.6 g) was dropped into the
flask and reacted at room temperature for 12 h, avoiding light
throughout. The oxidation reaction was terminated by ethylene
glycol (2 mL). The oxidized dextran solution purified by dialysis
(cut-off My, =3000) and then freeze-dried to obtain dry oxidized
dextran (ODex) at last.

2.5. Oxidation titration of the ODex

The aldehyde group content of ODex was titrated by hydro-
xylamine hydrochloride. The ODex (0.5 g) was dissolved com-
pletely in 25 mL hydroxylamine hydrochloride aqueous
solution (0.25 mol L™ "). Next, an appropriate amount of methyl
orange was added as an indicator and left for 3 h. Then the
titration was carried out with standard NaOH solution until the
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color of the liquid changed from red to yellow. The volume of
NaOH solution used during the titration was recorded. The
oxidation degree of ODex was calculated using the following
equation:

Va— V)M
wxl()OxlOO%

Oxidation (%) =
V,: volume of sodium hydroxide consumed by ODex (L); Vi
volume of sodium hydroxide consumed by the control sample
(L); M: molar concentration of sodium hydroxide (0.1 mol L™%);
W: weight of oxidized dextran (g).

2.6. Preparation of the PU-OD hydrogel

The solid content of the ODex aqueous solution and PU
emulsion was separately adjusted to 5 wt% at 20 wt%. ODex
and PU were mixed in different volume ratios and then a series
of hydrogels were formed at room temperature, named PU-OD.

2.7. Structural characterization

2.7.1. Nuclear magnetic resonance (*"H NMR). Dextran and
oxidized dextran (2-5 mg) were completely dissolved in 1 mL
deuterium oxide (D,0) and then subjected to " H NMR testing
(AVIII HD 400 MHz NMR, Bruker, Germany). Data of chemical
shifts from 3 to 6 were analyzed in particular.

2.7.2. Fourier transform infrared (FT-IR) spectroscopy. PU
emulsion and PU-OD hydrogels were tested using attenuated
total reflectance accessory of FT-IR equipment (Nicolet iS50,
Thermo Fisher Scientific, USA). Data between wave number
4000 and 500 cm™" were collected with featured 32 scans and
resolution of 4 cm™'. Analysis of the FT-IR spectrum was
carried out after automatic baseline correction and automatic
smoothing.

2.7.3. Gel chromatography analysis (GPC). 20 mL synthe-
sized polyurethane emulsion was dried to form a film under the
temperature of 50 °C. The PU film was then fully dissolved in
anhydrous N,N-dimethylformamide with a final concentration
of 5 mg mL™". The M, and M,, molecular weight were obtained
by gel chromatography testing (GPC, Waters-1515, Waters,
USA). The fluid phase was DMF containing LiBr (2 g L") at a
flow rate of 1 mL min~".

2.7.4. Dynamic light scattering measurements (DLS). The
particle size of PU emulsion was performed via dynamic light
scattering (DLS, Zetasizer Nano ZS90, Malvern, U.K.) at 25 °C.
The angle of scattering was set as 90°. The PU emulsion was
appropriately diluted with ultra-pure water for accurate size.
The size was measured 3 times.

2.7.5. Transmission electron microscopy (TEM). The PU
emulsion were diluted to 3000 ppm by using ultra-pure water
for particle morphology observation. The emulsion was stained
using phosphotungstic acid after being loaded onto the copper.
Transmission electron microscopy (Tecnai G2 F20, FEI, USA)
was used in this assay after staining immediately.

2.7.6. PU emulsion fluorescence analysis test. The emul-
sion was diluted to a lower concentration (200 pug mL™")
with ultra-pure water at different pH values. The respective
maximum fluorescence intensity at different pH values was
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measured using a Fluoromax-4C-L spectrophotometer (HOR-
IBA, Ltd, Japan). The excitation wavelength was set as 390 nm
(Zex = 390 nm).

2.8. Sol-gel phase change

The tube inversion method was used to observe and record the
time of sol-gel transition for different PU-OD hydrogels. Dif-
ferent proportions of ODex solution and PU emulsion were
separately added into the centrifuge tube, and the two compo-
nents were mixed well with a vortexer. When the mixture did
not flow after turning the tube upside down, the mixture was
considered to have undergone a sol-gel transition.

2.9. Hydrogel porosity test

The porosity of the hydrogel was determined using the specific
gravity method. Firstly, the prepared hydrogel was freeze-dried,
and the volume after lyophilizing was recorded as V, and the
weight as W,. Then the dry hydrogel was put into water. The
weight of the hydrogel was recorded as W, after the pores were
filled with water completely. The porosity was calculated using
the following equation:

Wy — W,

L % 100%

Porosity (%) = NS
a

water

2.10. Rheological test

Rheological properties are one of the most important proper-
ties of hydrogels. The rheological properties of PU-OD hydro-
gels were investigated by means of a rotational rheometer
(DHR-2, TA). PU-OD hydrogels of 25 mm diameter and 3 mm
thickness were prepared and placed between the corresponding
PP plates. Firstly, the temporal stability was studied. The energy
storage modulus (G’) and loss modulus (G") of the hydrogel
were measured at a certain frequency and strain for 5 min.
Next, an angular frequency scan (1-100 rad s~ ', constant 1%
strain) was performed to determine the frequency stability of
the sample. Then a strain scan was performed from 0.1% to
150% at 1 Hz frequency. Next, the self-healing behavior was
tested using a three-times alternating strains scan. The fracture
and healing strains were 200% and 0.1%, respectively. Finally,
the viscosity behavior of the hydrogel at different shear rates
(0.1-1000 s~ ') was evaluated to further evaluate its injectability.

2.11. Drug release in vitro

Dox-HCl was chosen as the encapsulated drug for the hydrogel.
PBS at pH 7.4 and pH 5 were used as the release medium,
respectively. The standard curves of Dox-HCI in the two PBS
were firstly established. The method was as follows: First, Dox-
HCI (20 pg) was put into a 10 mL volumetric flask. Then, PBS
was added to the scale line and dissolved uniformly to obtain a
standard solution of 2 pug mL~'. The standard solution was
diluted to concentrations of 2, 1, 0.5, 0.25 and 0.125 pg mL ™},
and its absorbance at 488 nm was measured. A linear fit
of concentration-absorbance was performed to obtain the
standard curve.

This journal is © The Royal Society of Chemistry 2023
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Subsequently, 600 pL ODex, 400 uL PU emulsion, and 50 pL
Dox-HCI solution were added into a 10 mL centrifuge tube and
mixed well to form a gel. After that, the hydrogel was placed in a
centrifuge tube with 2 mL of release solution and placed in a
water bath (100 rpm) at a constant temperature of 37 °C for
release experiments. 1 mL of the release solution was removed
at the set time and then replenished with an equal amount of
fresh release solution. The samples were immediately centri-
fuged at 3000 rpm for 5 min, and the supernatant was then
used to measure the fluorescence intensity at 488 nm excita-
tion. After the drug concentration was obtained by standardiza-
tion, the drug release rate was calculated according to the
formula:

Drug release (%) = Accumulative mass of released Dox

Total mass of loaded Dox

2.12. Degradation in vitro

The prepared PU-OD hydrogel samples were lyophilized and
then weighed to determine their original weight (W;). Then the
samples were immersed in 5 mL of PBS (pH = 7.4 and 5) and
placed in a shaker (37 °C, 90 rpm), respectively. After degrada-
tion for 1, 3, 7, and 14 days, the soaked PU-OD samples were
taken out, freeze-dried for 48 h, and subsequently weighed to
obtain the final weight (W,). The residual mass ratio was
calculated by the following equation:

Remaininig mass ratio (%) = Wz x 100%
1

Additionally, fluorescence changes in the degraded hydrogel
samples were observed and quantified using a fluorescence
imaging system (IVIS Lumina III, PerkinElmer, USA).

2.13. Cytotoxicity

Sterilized PU-OD hydrogel (0.1 g) was immersed in 1 mL of
DMEM medium and placed in a 37 °C incubator for 24 h. After
the immersion, the extract was diluted with serum-containing
DMEM at 10, 100, and 1000 times, and DMEM was set as the
control. 200 pL of different concentrations of the extracts were
added to L929 cells and cultured in 96 well plates for 1 and 3
days, respectively. After incubation, the medium was removed
and MTT (20 pL, 5 mg mL ") was added and incubated at 37 °C
for 4 h. Then the supernatant was fully discarded and 150 pL
DMSO was added to fully dissolve the formed formazan. The
optical density (OD) at 490 nm was evaluated by the microplate
reader (BioTek SYNERGY LX, US). The cell survival rate was
calculated according to the following formula:

D,
ODsumple . 1000,

control

Cell viability (%) =

Well-incubated cells of 1L929 were placed in Petri dishes with
30000 cells each. The hydrogel extracts were added carefully
and co-cultured at 37 °C for 3 days. The cells were stained
separately by using calcein-AM and PI. Stained cells were

This journal is © The Royal Society of Chemistry 2023
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monitored subsequently using a laser scanning confocal micro-
scope (Nikon N-SIM, Japan).

2.14. Hydrogel degradation experiments in vivo

6-8 week old BALB/c mice were used for in vivo gel degradation
experiments. The animal experiments were carried out with the
permission of the Experimental Animal Welfare and Ethics
Committee of Sichuan University (no. 2019070A). 200 pL of
PU-OD hydrogel was injected subcutaneously on the backs of
mice using a 26 G (0.45 mm) needle. The mice were then
euthanized at 0, 6, 12, 24, 48, and 96 h post-injection for in vivo
imaging. The changes in fluorescence signal range and fluores-
cence intensity at the injection site were observed using an
imaging system (Maestro EX). The mice were also observed by
direct visual photography using a UV flashlight at the setting
time after injection. The inflammation in the skin areas with
hydrogel injected was observed by H & E staining 3 days later.

3. Result and discussion
3.1. Characterization of ODex, PU, and PU-OD hydrogels

To confirm the successful oxidation of dextran, the structures
of dextran before and after oxidation were investigated using
'H NMR. The signals from Hy, to Hy of Dex were attributed to
broad peaks between ¢ 3.3-4.0 ppm. The peak of H, was around
0 4.9 ppm. Compared to the unoxidized dextran, between ¢ 5.8
4.2 ppm, some new peaks appeared in the ODex spectrum,
which were attributed to the hemiacetal moieties.”® This is
probably due to the reaction of the aldehyde group on the
oxidized dextran ring with the neighboring unoxidized hydroxyl
group after oxidation, resulting in a more stable hemiacetal
structure than the free aldehyde group (Fig. 1a). The aldehyde
group content of ODex was calculated to be about 58% after
titration.

As shown in Fig. 1b, in the FT-IR spectrum of PU, there
was no obvious characteristic peak of the NCO group around
2200 cm™ ', indicating that NCO has been completely con-
sumed. Meanwhile, the C-H peak near 3000 cm *, the C=0
characteristic peak at 1710 cm ' and the C-O-C absorption
peak between 1150-1200 cm ™' proved the successful synthesis
of PU. Compared to PU, a new characteristic peak located at
1645 cm™ ! appeared in the spectrum of PU-OD, indicating the
formation of an acylhydrazone bond (-C=N-) in the hydrogel
and the successful preparation of the designed hydrogel.

In addition, the particle size, molecular weight, polydisper-
sity and fluorescence intensity of PU emulsions at different
pH were all investigated. The particle size of PU emulsions was
about 69.04 nm with uniform particle size distribution (Fig. 1c
and Table 1). The maximum emission intensity of fluorescent
PU emulsion was measured at different pH and under 390 nm
excitation light. The fluorescence of PU emulsions hardly
changed in the range of pH 7.4 to pH 5.0, indicating excellent
pH stability under different pH values (Fig. 1d and Fig. S3,
ESIt).

J. Mater. Chem. B, 2023, 11, 8506-8518 | 8509
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Fig. 1 (a) *H NMR spectra of dextran and oxidized dextran. (b) FTIR spectra of PU and PU-OD hydrogel. (c) Diagram of particle size distrioution of PU
emulsion and the TEM image of PU. (d) Maximum value of the fluorescence emission intensity of PU emulsion (200 pg mL™Y at different pH (n, repeated

value, n = 3).

Table 1 The particle size, molecular mass, and polydispersity

Sample Size (nm) M, (x10%) M, (x10%) M /M,
PU 69.04 £ 0.82 2.67 4.40 1.65
3.2. Preparation and properties of PU-OD hydrogels

As shown in Fig. 2a and b, we prepared a series of PU-OD
hydrogels by mixing different volumes of ODex (5 wt%) solution
and PU emulsion (20 wt%), which can emit bright green
fluorescence under UV light. In order to obtain hydrogels with
optimal performance, several different volume ratios of the
contents were prepared and their gelation was observed in
Table 2. The gel time was also recorded using the inversion
method. It can be observed from the table that gelling was
easier when the volume ratio of ODex solution was slightly
higher than that of PU emulsion, but too much difference
between the two ratios will also result in non-gelation. When
a smaller amount of ODex solution was added, the cross-linked
network density of the formed gel decreased, resulting in a
softer gel. On the other hand, with a higher content of ODex
solution, the cross-linked network in the gel became denser,
leading to a more brittle gel. Additionally, within a certain
range, adding more ODex solution resulted in a decrease in

8510 | J Mater. Chem. B, 2023, 11, 8506-8518

gelation time. We believe that more aldehyde groups can
promote the formation of acylhydrazone bonds which are more
stable than Schiff-base bonds resulting in a reduction of
gelation time.

SEM was used to observe the porous structure inside the
hydrogel. From Fig. 2c, the PU-OD hydrogel composed of group
number 1 (indicated in Table 2) has a uniform porous structure
and the pores were closely connected with each other to form a
three-dimensional network structure. The pore size was about
50 um and the porosity was about 50%. The regular micro-
porous structure of hydrogel provided an ideal space for it to be
utilized as a drug carrier, which was conducive to drug delivery,
cell migration and proliferation. Therefore, it has a broad
application prospect in the biomedical field. As shown in
Fig. S4 (ESIY), the hydrogel composed of group 2 did not form
a distinct three-dimensional network structure, and the pores
formed were irregular. It was believed that the insufficient PU
resulted in fewer acylhydrazone bonds, which led to an incom-
plete cross-linking network and the inability to form a complete
three-dimensional network structure. On the contrary, PU-OD
hydrogel with composition 3 can form a three-dimensional
network structure with relatively obvious pores but still
exhibited significant differences in pore size ranging from
100-300 um. Excessive acylhydrazine groups from PU resulted

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Schematic diagram of the preparation of PU-OD hydrogels and (b) digital photographs of the mixture with different volume ratios of ODex
solution and PU emulsion. (c) SEM images of PU-OD hydrogel (Gel 1 indicated in Table 2) with different magnifications. (d) Time scanning of various PU-
OD hydrogels, the serial number of gels is consistent with Table 2. (e) Frequency sweep of Gell at 0.1-100 rad/s.

in inadequate cross-linking density, leading to an uneven pore
structure and soft mechanical nature.

Time scans were performed for three different PU-OD hydro-
gels to initially evaluate their respective energy storage modulus
(G"), loss modulus (G"), and time stability and are shown in

Fig. 2d (Gel1, Gel2, and Gel3 numbers correspond to Table 2).
The test results showed that the modulus of Gell (ODex 300 pL/
PU 200 pL) was moderate with excellent toughness and Gell
chosen for the subsequent tests. In the scanning frequency
range of 0.1-100 rad s~ ', G’ was consistently higher than G”,

Table 2 Different volume ratios of ODex and PU emulsions mixed to form a gel

Number Mixing volume Solid content (wt%) Status Mechanical property Gel time (min)
1 ODex 300 pL/PU 200 pL 11.0 Gel Excellent 30
2 ODex 400 pL/PU 100 pL 8.0 Gel Brittle 20
3 ODex 200 UL/PU 200 uL 12.5 Gel Soft 60
4 ODex 600 pL/PU 100 L 7.1 Sol — —
5 ODex 200 pL/PU 400 pL 15.0 Sol — —

This journal is © The Royal Society of Chemistry 2023
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indicating that the hydrogel possessed an elastic and stable
structure (Fig. 2e).

The cross-linked structure of PU-OD hydrogels was derived
from the acylhydrazone bonds. Since this reversible dynamic
bond could be broken at large strains and re-linked at small
strains, the hydrogel exhibited excellent self-healing ability. It
was found that the strain at the intersection of G’ and G” was
about 30% through a strain scan at a fixed frequency of 1 Hz
(Fig. 3a), indicating the hydrogel transformed to the sol state
when the strain was greater than 30%. Normally, a lower
transition point at this point indicates better injectability of
the gel.

Based on the results of the strain scans, the sample was
tested with alternating strain scans between 0.1% and 200%
(Fig. 3b). When the strain was increased to 200%, the PU-OD
hydrogel energy storage modulus decreased from approxi-
mately 500 Pa to approximately 20 Pa due to the disruption of
the gel structure. When the strain was reduced to 0.1%, the
energy storage modulus quickly recovered to near the initial
value, indicating that the network structure of the hydrogel was
restored. After three cycles of alternating strains, the hydrogel
showed no visible change in energy storage and loss modulus,
showing excellent self-healing ability.

The shear viscosity of the hydrogel decreased as the shear
rate increased from 0.1 s~ to 1000 s * (Fig. 3c), indicating that
the hydrogel could be injected by shear thinning. Meanwhile,
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after mixing ODex solution and PU emulsion in the syringe to
form the hydrogel, it could be easily injected into various
shapes, such as “42”, through a 26 G (0.45 mm) needle
(Fig. 3d), which again proved its good maneuverability in
clinical applications. In general, the Gel 1 has the most uniform
three-dimensional pore structure, optimal mechanical proper-
ties, and a moderate gelation time.

3.3. Drug delivery performance of PU-OD hydrogels

Dox-HCl is an anthracycline antibiotic that is used as a che-
motherapeutic agent for many types of tumors effectively.
However, when the drug is administered via injection into
the bloodstream, high doses may occasionally lead to severe
side effects. Using hydrogel-encapsulated drugs for local
administration not only reduces the damage to other tissues
but may also enhance the therapeutic effect. The maximum
excitation wavelength of Dox-HCl is 488 nm, and the emission
spectrum of the PU-OD hydrogel is in the range of 400-700 nm.
Thus, fluorescence resonance transfer could occur between PU-
OD and Dox-HCl when the former was loaded with the latter. As
shown in Fig. 4a, from 12.5 to 100 ug mL™', the maximum
fluorescence emission intensity of the drug-loaded hydrogel
decreased significantly in a dose-dependent manner with the
increase of Dox-HCI content, while the fluorescence emission
peak of Dox-HCI at about 556 nm became more obvious. And
there was a gradual increase in the ratio between the

l) 10° 10°

—_—G
——ty —— "
sl ¥l el Alic]| %
Sleg LBl 51 51 %
= Sl ok 8] 2F 8 = =
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Fig. 3 (a) Strain scanning (0.1-150%) of PU-OD hydrogel. (b) Alternating strain scanning (0.1-200%) of PU-OD hydrogel. (c) The shear viscosity change
of PU-OD hydrogel with shear rate. (d) PU-OD hydrogel can be injected through a syringe. Scale bar = 1 cm.
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Fig. 4 (a) Fluorescence emission spectra of different concentrations of Dox-HCl added to the hydrogel, 1ex = 390 nm. (b) Fitted exponential equation of
the fluorescence intensity of the hydrogel at 495 nm, y = 10’e %% and R? = 0.9549. (c) Drug release profiles of PU-OD hydrogels at different pH (n = 3).

fluorescence intensity of Dox-HCI and that of the hydrogel. This emission of Dox-HCI was quenched due to the AIQ effect,*®
indicated that there was a fluorescence energy transfer from resulting in a decrease in its fluorescence intensity. The
PU-OD to Dox-HCl, which leads to a decrease in the fluores- fluorescence intensity of the drug-loaded gel at the emission
cence intensity of the hydrogel. Meanwhile, as the concen- wavelength of 495 nm was fitted and the exponential equation
tration of Dox-HCI in the hydrogel increased, the fluorescence y=10"e”*°" was obtained, where y is the fluorescence intensity,

Live Dead

150 b

Black

Q

100

N
o
|

PU-OD

Cell Viability (%)
8
|

0- 1 1 1
QO O O Q O O
S I SN
NS TN F

Control PU-OD

*

Fig. 5 (a) Cell viability after 1 and 3 days of co-culture with PU-OD hydrogel extract (n = 3). (b) Live/dead staining of L929 cells after co-culture with
hydrogel extract for 3 days, scar bar = 200 pm. (C) H & E staining of mouse skin tissue after 3 days, * represents the area where the PU-OD hydrogel
located. Scale bar = 200 pm.
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x is the concentration of Dox-HCI, and R = 0.9549 (Fig. 4b). This
exponential relationship in the drug-loaded gel indicated a
potential application in monitoring drug release.

The acylhydrazone bonded cross-linked structures of the PU-OD
hydrogel granted its potential for application in controlled drug
release. As shown in Fig. 4c, the release behavior of this hydrogel
exhibited significant pH sensitivity. The release rate of Dox-HCI in
PBS with pH 7.4 was low, with a cumulative release rate of only about
30% in 96 h. In PBS with pH 5.0, the drug release rate increased and
the cumulative drug release content increased significantly, with a
total cumulative release of approximately 50% in 96 h, showing good
pH responsiveness. It was believed that the acylhydrazone bond has
a faster dynamic exchange frequency under acidic conditions, which
promotes the drug release.

3.4. Biocompatibility of PU-OD hydrogels

Biocompatibility of implant materials is a necessary prerequi-
site for their practical application generally determined by
cytotoxicity in vitro firstly. Materials with toxic damage to cells
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Fig. 6 (a) Remaining weight ratio of PU-OD hydrogels over time (n = 3).
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are prone to local infection after implantation, and in serious
cases, cause tissue necrosis and threaten patients’ life.”® The
hydrogel is immersed in the body fluid environment after
implantation usually. Therefore, the cytotoxicity of hydrogel
extracts in vitro can be used to evaluate the biocompatibility of
implanted materials in vitro. The cell viability of the diluted gel
extracts was all greater than 80% after co-culture with the cells
in 1 and 3 days indicating non-toxicity in vitro (Fig. 5a). We
believed that the 80% cell viability within an acceptable range
may be due to the degradation of hydrogel in DMEM medium
which released some components such as the end-capping
reagent adipic dihydrazide and salts. After 3 days of culturing
with the material extract, the cells were further observed by live-
dead staining using CLSM (Fig. 5b). It could be seen that there
were no dead cells under the view of both the material group
and the blank control group. Both results illustrated the good
biocompatibility of the PU-OD hydrogel without cell toxicity.
Furthermore, the inflammatory reaction of the skin tissues
at the gel injection site in vivo after 3 days post-injection was

- pH74
{ == pH5.0

Remaining Fluorescence (%)

Y S —
0 5 10 15

Time (day)
Day 7

Day 3

b) Remaining fluorescence ratio of PU-OD hydrogels over time, normalized by

the initial fluorescence intensity (n = 3). (c) Fluorescence imaging plctures of PU-OD at different degradation time points. Scale bar = 1 cm.
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assessed by H & E staining. In Fig. 5c¢, as a foreign implantation
of PU-OD hydrogel, a mild inflammatory reaction without
bacteria participation occurred. Only some inflammatory cells
appeared around the hydrogel section, while the areas slightly
away from the material were similar to the normal skin tissue of
the control group. Therefore, we could infer that the PU-OD
hydrogel would not cause severe inflammatory reactions after
implantation and possessed good biocompatibility in vivo,
respectively.

3.5. Invitro degradation of PU-OD hydrogels

Monitoring the degradation of hydrogels is important for their
implanting applications because the degradation rate of the
hydrogels should match the tissue regeneration rate to avoid
tissue collapse or excessive regeneration. The degradation
behavior of the hydrogel was firstly evaluated using a tradi-
tional weighing method. Since the cross-linked structure of the
PU-OD gel was constructed by pH-responsive acylhydrazone
bonds, the degradation of the gel was tested at PBS with pH 7.4
and 5.0, respectively. At pH 5.0, the hydrogel degradation rate
was initially fast, then slowed down, and finally degraded by
nearly 40% after 14 days (Fig. 6a). In pH 7.4, the hydrogel
degradation rate was more moderate, with less than 30%
degradation in 14 days. Particularly, in the initial stage of
degradation, the hydrogel degradation rate was significantly
higher in pH 5.0 than in pH 7.4.

Next, the degraded hydrogel was analyzed by fluorescence
imaging. In Fig. 6b and c, the fluorescence of the hydrogel
gradually decreased from the center to the surrounding area. As
the degradation time increased, the fluorescence at the central
part of the remaining hydrogel also decreased but was always
higher than the surrounding fluorescence intensity. There was
no significant change in fluorescence signal of hydrogels
degraded in pH 7.4. In contrast, the degraded hydrogels in
PH 5.0 showed a greater decrease in fluorescence intensity with
time and were always significantly lower than pH 7.4, which

pH7.4

pH 5.0

ViSA- 42 S8

Fig. 7 Cross-sectional morphology of PU-OD hydrogels immersed in PBS during degradation over 14 days at various pH levels. Scale bar = 200 pm.
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was mostly consistent with the results obtained from the
weighing method. The quantitative analysis of the fluorescence
of both groups showed that the trend of fluorescence change
had the same consistent trends to that of their weight change.
In the pH 7.4 group, fluorescence loss was about 30%, while
fluorescence loss was about 45% in pH 5.0. The above findings
demonstrate the reliability and potential applications of
fluorescence-based analysis for hydrogel degradation.

From the fluorescence analysis, it was shown that the
fluorescence intensity in the central region of the gel changed
most significantly as the hydrogel underwent degradation, so
the lyophilized hydrogels were quenched from the central
region in liquid nitrogen and then observed by SEM. The
cross-sectional morphologies of the central part of the
degraded hydrogels are shown in Fig. 7. Within 14 days, the
overall three-dimensional network structure inside the hydro-
gel was still maintained, but the pore distribution was not as
uniform as the initial state in Fig. 2c. With the increase in
degradation time, the pore structure of both pH 7.4 and pH 5.0
hydrogels gradually broke down. The pore size of the hydrogels
in pH 5.0 after 14 days of degradation increased to about 250
pm. And the pore change of the hydrogel was faster in pH 5.0
compared to pH 7.4. The destabilization of acylhydrazone
bonds or breakage of polyurethane chains upon immersion
in pH 5.0 resulted in the disruption of cross-linked structures
and enhanced pore connectivity, leading to enlarged pores.
This degradation in hydrogel caused freer and less restricted
TPE-containing chain segments of polyurethane, which ulti-
mately led to a decrease in fluorescence intensity.

3.6. In vivo degradation of PU-OD hydrogels

In vivo degradation monitoring of PU-OD hydrogels was further
assessed. The protocol of the in vivo PU-OD hydrogel degrada-
tion implanted on the back of mice by subcutaneous injection
is illustrated in Fig. 8a. The degradation of hydrogel was then
monitored in real time and non-invasively for different time
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Fig. 8 (a) Schematic diagram of monitoring the degradation of the hydrogel injected into the mice in vivo. (b) Photographs of the initial subcutaneously
injected gel and the fluorescent gelation site at different times under UV light. (c) Photographs of the fluorescent signal of the gel for live imaging of mice.
(d) Quantitative analysis of the fluorescent region during degradation (n = 4). (e) Remaining weight of the hydrogel after degradation in vivo (n = 4). Scale

bar =1 cm.

points. Firstly, the yellow-green fluorescence could be clearly
seen by irradiating the injection site on the back of the mice
through a UV flashlight (Fig. 8b). As the degradation time
increased, the range of gel fluorescence was gradually reduced.
After the gel was injected into the body for 96 h, only a tiny
fluorescent area could be observed under the UV flashlight.
Meanwhile, in vivo fluorescence imaging was performed on
mice to observe the fluorescence signal of the hydrogel at
different times of degradation. The fluorescence imaging can
detect a wider range of fluorescence signal than that of the gel
observed by eye directly under UV (Fig. 8c). The area of
fluorescence signal at the gel injection site gradually became
smaller as the degradation time increased, similar to the trend
observed by direct UV light. Quantitative analysis of the fluores-
cence signal intensity in Fig. 8d showed that the remaining
fluorescence after 96 h of in vivo degradation was about 20% of
the fluorescence signal compared to the initial state. After-
wards, the hydrogels were harvested from the mice and

8516 | J. Mater. Chem. B, 2023, 11, 8506-8518

weighed. Notably, the trend of hydrogel weight reduction was
approximately similar to that of fluorescence intensity
reduction (Fig. 8e), and the remaining weight was approxi-
mately 20% of the initial weight. Since the in vivo environment
was more complex, the hydrogels degraded significantly faster
in vivo than in vitro. The overall findings of this study demon-
strate that the non-invasive fluorometric method for monitor-
ing degradation of the injectable fluorescent PU-OD hydrogel
exhibits a high level of agreement with the invasive weighing
method.

4. Conclusion

An injectable fluorescent PU-OD hydrogel by cross-linking a
fluorescent polyurethane emulsion with oxidized dextran via
acylhydrazone bonds was successfully prepared. This hydrogel
exhibited a uniform pore structure, suitable mechanical
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properties, and low toxicity both in vitro and in vivo. It can serve
as a visual platform for drug loading, such as Dox-HCI, with the
fluorescence intensity of the hydrogel varying according to the
concentration of encapsulated Dox-HCl. Furthermore, the
degradation behavior of the PU-OD hydrogel can be non-
invasively and real-time monitored through changes in its
own fluorescence intensity, which was validated using a weigh-
ing method. Therefore, this proposed fluorescent PU-OD hydro-
gel holds great potential for non-invasive monitoring
applications that are convenient and less detrimental to the
body or animals.
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