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Abstract

In this work, PEG-based single-chain hydrogels with extremely high strength were
successfully prepared via a precise design and control over the molecular topology of
the polymeric network. Initially, well-defined PEG macromolecules with uniformly
dispersed pendant alkynyl groups (PEG,(C=CH)), on their main chains were
synthesized via amine-epoxy chain extension reaction of a, w-diepoxy PEG and
propargylamine. The subsequent copper (I)-catalyzed azide-alkyne 1, 3-dipolar
cycloaddition (CuAAC) of (PEG,(C=CH)),, and a, w-diazido PEG, (PEG,(N3),) gave
rise to tough PEG-based hydrogels (Gel-PEG,(N3),-(PEG,(C=CH)).,). The lattice size
of the Gel-PEG,(N3),-(PEG,(C=CH)),, networks can be tailored by varying chain
lengths of PEG repeating segments in (PEG,(C=CH)),, and PEG,(N3),. Different from
traditional PEG hydrogels prepared by CuAAC, such as hydrogels from tetrakis
(2-propynyloxymethyl) methane and PEG,(N3),, the current novel hydrogels possess
not only a high mechanical strength up to 62.5 Mpa, but is also biodegradable favored
by the presence of triethylamine groups in the (PEG,(C=CH)),, macromolecules.
Furthermore, excellent biocompatibility of the Gel-PEG,(N3),-(PEG,(C=CH)),, was
demonstrated according to the in vitro cytotoxicity assay. Hence, it can be ascertained
that Gel-PEG,(N3),-(PEG,(C=CH)),, has the promising potential as artificial medical

devices or scaffolding materials for regenerative medicine.
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1. Introduction

Hydrogels with soft tissue-mimicking consistency and high permeability to
metabolites and nutrients have drawn more and more attention for their potential
applications in various biomedical devices.'® Unfortunately, the poor mechanical
strength, uncontrollable molecular structure, and non-biodegradability of conventional
hydrogels seriously dampen their popularity in biomedical fields, especially for
purposes related to regenerative medicine.” * In the physiological condition, many
tissues (such as cartilage, blood vessel, and ligament) function under a dynamic
environment with severe mechanical requirements. For example, articular cartilage

has to sustain a daily compression of several MPa.” "

Hence, to bridge the
performance gap between artificial gels and biological tissue is one of the challenges
in modern gel science.'” Many efforts have been made on increasing the mechanical

strength  of prepared hydrogels, including hydrogen-bonded hydrogels,' ™"

14-18

nanocomposite-sized gels, and tetra-PEG hydrogels."” 20 Recently, Gong J.P et al.

demonstrated the critical importance of double network (DN) structure of hydrogels

prepared from various combinations of hydrophilic polymers.zl'25

The resulting
hydrogels displayed extremely high mechanical strength with low coefficients of
friction.”> 2’ However, tough hydrogels with single network (SN) are still preferred
for their usage as biomaterials due to the feasible tailoring of their chemical
compositions and functionalities.”*>!

Poly (ethylene glycol) (PEG) is one of the most widely explored polymers, for its
excellent amphiphilicity, nontoxic nature, and resistance to cell adhesion and protein
adsorption.”” Hence, PEG hydrogels were well prepared and widely used for
applications in drug delivery and biomedical devices. ***® PEG hydrogels with
extremely high strength but biodegradability are of special interests to biomedical
scientists, for their potential as artificial and temporary devices to promote those
targeted tissue regeneration with high mechanical requirements, such as tendon or
articular cartilage as mentioned above.’”**

It is well known that random crosslinking points and high defects occurrence in the

molecular structure are two of main reasons hindered the preparation of tough SN
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hydrogels. Therefore, in order to obtain tough SN hydrogels, the focus is to find a
technology that could overcome the above deficiencies but with a precise control over
the molecular topology of polymeric networks within hydrogels. *° Click chemistry,
especially copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC), has been
proposed as a highly effective approach for preparing three-dimensional well-defined
polymeric networks due to its reaction specificity, quantitative yields and good
functional group tolerance.* PEG hydrogels with a relatively high strength were
prepared via CuAAC using tetrakis(2-propynyloxymethyl)methane (TPOM) and o,
w-diazido PEGss (PEGus(N3),) as starting materials. 4 1t is also agreed that the
strength of polymer networks can be improved by increasing the crosslinking density
in a controllable manner.** **

In this study, PEG-based hydrogel (Gel-PEG,(N;3)-(PEG,(C=CH)), with
extremely high strength was successfully prepared by controlling the molecular
topology of PEG macromolecules via a combined amine-epoxy chain extension
reaction and copper (I)-catalyzed azide-alkyne 1, 3-dipolar cycloaddition (CuAAC).
For such purpose, alkynyl-pendant linear PEG, derivatives (PEG,(C=CH)),, with a
controllable number of alkyne groups were first synthesized as reported previously.**
The subsequent CuAAC of (PEG,(C=CH)),, and a, w-diazido PEG, (PEG,(N3),) then
yielded tough PEG-based hydrogels Gel-PEG,(N3),-(PEG,(C=CH)),,. The molecular
topology of (PEG,(C=CH)),, can largely suppress the macroscopic defects in the
polymer network, which extremely affect the strength of hydrogels. The lattice size of
Gel-PEG,(N3),-(PEG,(C=CH)),, networks was regulated by synthesis of
(PEG,(C=CH)),, and PEG,(N3), using PEG of different starting sizes. Of note, the
tough hydrogel prepared in this work not only possessed excellent biocompatibility
but was also biodegradable. @ The above promising features of
Gel-PEG,(N3),-(PEG,(C=CH)),, thus substantiate its potential for regenerative
medicine.

2. Experimental Section
2.1 Materials
Poly (ethylene glycol) diglycidyl ether (M, = 500) and epichlorohydrin (99%) were

1
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purchased from Aldrich Chemical Co. and used as received. Sodium azide (NaNj,
99%), pentaerythritol, CuSO4-5H,0, sodium ascorbate, sodium hydride (NaH, 60%)
and ammonium chloride (NH4Cl) were all purchased from Shanghai Chemical
Reagent Plant. L929 cells were obtained from the Chinese Academy of Sciences.
RPMI-1640 medium, and phosphate buffered saline (PBS) were purchased from
Gibco. Tetrahydrofuran (THF) was dried by refluxing over sodium benzophenone
ketyl and distilled directly into reaction flasks. Propargyl bromide (J&K Scientific,
80%), propargylamine (J&K Scientific, 80%) and pentamethyldiethylenetriamine
(PMDETA, J&K Scientific, 99%) were distilled before use. PEG (M, = 1000 and
2000, Aldrich) were dried at 120 °C under reduced pressure for 4 h before usage.
2.2 Chemical Synthesis
2.2.1 Synthesis of alkynyl-pendant linear PEG, derivatives (PEG,(C=CH))m)
Linear PEG, derivatives having pendant alkynyl groups were synthesized by

chain extension reaction of DEP, and propargylamine. DEPss (5.0 g) and
propargylamine (0.12 g) of equal moles were added into a round-bottom flask
containing 5 mL of methanol, and the reaction mixture was stirred with the help of a
mechanical stirrer at room temperature for 4 days. The reaction mixture was then
dialyzed against deionized water for 72 h and the solvent was removed by rotary
evaporation. A large excess of diethyl ether was added into the flask to precipitate out
the crude PEG, derivatives. The desired polymer, (PEG4s(C=CH));, was collected by
filtration and dried under reduced pressure overnight. (PEG;;(C=CH)),,
(PEG1(C=CH));5, (PEG;1(C=CH))s and (PEG,(C=CH)),o were synthesized in a
similar manner to that of (PEG4s(C=CH));, except that their reaction times were 3
days, 7 days, 14 days and 9 days, respectively.
2.2.2 Synthesis of PEG-based hydrogels Gel-PEG,(N3)-(PEG,(C=CH)),, via
CuAAC

(PEG45(C=CH))7 (0.30 g, 0.02 mmol), PEG45(N3), (0.32g, 0.08mmol) and H,O of
0.5 mL were added into a small vial. The vial was sonicated to make sure that the
reactants were completely dissolved in H,O. After the solution turned clear, sodium
ascorbate (2.49 mg, 0.01 mmol) and CuSO4-5H,0 (2.87 mg, 0.02 mmol) were added

2
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into the above vial. The reaction mixture was degassed with N, for 10 min. After that,
3.46 mg (0.02 mmol) of PMDETA was added into the vial using a syringe. The vial
was then put under ultrasonic agitation at room temperature. The gelation of the
PEG-based hydrogel was occurred within 5 min. The reaction was then still allowed
to react at room temperature without sonication for 12 h to obtain a uniform solid
structure. After complete gelation, the gel was firstly immerged into an EDTA (5%)
solution and then ethanol to remove the copper ions and PMDETA.
Gel-PEG1(N3)2-(PEG11(C=CH))o, Gel-PEG;1(N3)2-(PEG1(C=CH));s,
Gel-PEG1(N3)2-(PEG;1(C=CH))2s, Gel-PEG22(N3)2-(PEG22(C=CH));0, and
Gel-PEGys(N3)2-(PEG4s(C=CH)); were referred to PEG hydrogels prepared from the
reaction mixtures of (PEG;(C=CH))y and PEG;;(N3),, (PEG;;(C=CH));s and
PEG1(N3)2, (PEG;1(C=CH))23 and PEG1(N3),, (PEG22(C=CH));p and PEG2,(N3), and
(PEG45(C=CH))7 and PEG4s(N3),, respectively, with a same polymer volume fraction.
2.2.3 Synthesis of Gel-TPOM-PEG4s5(N3); via CuAAC

0.3 g (0.15 mmol) of a, w-diazido PEGy4s (PEG4s5(N3),), 2.1 mg (0.025 mmol) of
tetrakis (2-propynyloxymethyl) methane, 8.7 mg (0.05 mmol) of PMDETA, and 1 mL
of DMF were added into a small vial. After the mixture turned clear, the vial was
degassed with argon for 20 min. CuBr of 3.6 mg (0.025 mmol) was quickly added
into the above vial under ultrasonic agitation. The gelation point of the resulting
hydrogel, Gel-TPOM-PEGys(N3),, was reached within 1 min. The reaction was still
allowed to continue for 24 h to obtain a uniform solid structure. A uniform hydrogel
was yielded upon removal from the vial. The gel was transferred to an EDTA (5%)
solution to remove the copper ions and DMF. Finally, the gel was immersed into a

large volume of deionized water to allow its swelling.
2.3 Characterization

The chemical structures of PEG derivatives were characterized by '"H NMR, FT-IR
and Gel Permeation Chromatography (GPC). '"H NMR spectra were recorded on a
Bruker ARX300 MHz spectrometer in CDCIl; with tetramethylsilane as an internal
standard. FT-IR spectra were recorded on a Bruker Vector 22 IR spectrometer. The

sample was dispersed in a KBr pellet. Number-average molecular weights (M,) were
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measured by GPC using a Waters 1515 system equipped with two PL Mixed-C
columns using THF as an eluent at a flow rate of 1.0 mL/min at 40 °C against
commercial polystyrene (PSt) standards (Waters ShodexVR). The morphology of the
PEG-based hydrogels was observed on a scanning electron microscope (XL30 SEM)
at an accelerating voltage of 25 kV. The mechanical properties of PEG-based
hydrogels were measured on a MCR102 Modular Compact Rheometer Anton Paar.
The compression testing of the hydrogel was measured on a CMT 4503 Electron
Universal Testing machine. The swollen hydrogels were dried in a LGJ-10C
freeze-dryer. The DSC measurements were performed under a nitrogen atmosphere on
a Perkin Elmer DSC7 calorimeter. All samples were pre-heated to 120 °C to erase the
thermal history, then cooled to -70 °C at a rate of 10 °C /min, and further heated to 120
°C again at a rate of 10 °C /min. The thermal stability of the PEG-based hydrogel was
determined on a thermogravimetric analyzer (TA SDT Q-600) with a temperature
range of 50-550 °C at a heating rate of 10 °C/min under nitrogen atmosphere. For
cytotoxicity evaluation, the optical density (OD 570) was measured at 570 nm with a
Rayto RT-6000 ELISA analyzer.

2.4 Swelling degree

The swelling degree of PEG-based hydrogels was measured according to Equation
1. Briefly, a gel sample was dried until a constant weight was reached. The weight
(Weight gy 1) was then recorded. The dry hydrogel sample was immersed in
deionized water and weighted at prescribed time points until the swelling
equilibration was reached. Each value was the average of three separate
measurements. The equilibrated value was recorded (Weight gwolien ge1). The degree of
swelling (DS) of hydrogels was calculated from Equation 1.

2.5 Mechanical testing
Viscoelastic properties of PEG-based hydrogels were characterized by dynamic
shear oscillation measurements. The rheology study of PEG-based hydrogels was
performed on a rheometer with a 25 mm diameter parallel plate accessory. A series of
PEG-based hydrogels were pre-formed into hydrogel disks of a same size (25 mm
diameter, 10 mm thickness) and then dried for 24 h at room temperature before
measurement. In particular, the dynamic storage modulus were determined over the

frequency range of 0.1 < ® < 200 Hz. All of the measurements were carried out at

4
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25 °C.

Compression tests were conducted with an electron universal testing machine
(TMS CMT 4503) at around 25°C and 50% relative humidity. PEG-based hydrogels
(8 mm in thickness and 20 mm in diameter) were subjected to compression tests with
a 5000N load cell and a compressive strain rate of | mm/min.

2.6 In vitro degradation

The in vitro degradation of PEG-based hydrogels was carried out at 37 °C in
phosphate-buffered solution (PBS, pH = 7.4, 0.01M) containing sodium azide (1.0
mM) as a bacteriostatic agent. The PEG-based hydrogel of 100 mg (m,) was
immersed in a small bottle containing 20ml of the above buffered solution with gentle
shaking. The buffered solution was renewed every week. The hydrogel samples were
periodically removed from the buffer and washed with distilled water. Their final
mass (m;) was obtained after complete drying in a freeze-dryer. The percentage of the
mass loss was calculated from Equation 2.

Mass loss (%) = (my-m¢)/my*100% 2)

Where m, is the initial dry gel mass and my is the gel mass after immersion into PBS
solution for predetermined time periods.
2.7 MTT viability assay

The relative cytotoxicity of the prepared PEG-based hydrogels was estimated by
MTT viability assay. Prior to cell culture, all gels samples were sterilized with 70%
(v/v) ethanol for 72 h, and then washed thoroughly with sterile PBS to remove any
residual alcohol. Five samples were placed in RPMI-1640 medium (0.1g/mL) for 72 h,
respectively. The corresponding extracts were collected as respective conditioned
media for subsequent cell viability tests known as the MTT-dye reduction assay using
L929 cells. L929 cells were cultured in a 24-well culture plates in RPMI-1640
medium  supplemented with 10% FBS, 1% L-glutamine, and 1%
penicillin/streptomycin (defined as the growth medium) and then incubated at 37 °C
in 5% CO3, 95% humidified atmosphere for 48 h. After cells reached 90% confluence,
they were detached by treating with trypsin-EDTA (0.025% and 0.02%, respectively).
The cell suspension was centrifuged at 1300 rpm for 10 min followed by resuspension
of cell pellets with the growth medium. The prepared cell suspension was seeded into
96-well plates at 1x10° viable cells per well and incubated with the conditioned media
for 24 h, 48 h and 72 h, respectively, at 37 °C in 5% CO, before MTT assays. Cell

viability was measured using MTT assay. Experimental groups, negative control and

5
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positive control groups were cells cultured with the RPMI-1640, phenol solution, and
RPMI-1640 medium, respectively. After 24 h, 48 h and 72 h treatment, 10 uL MTT (5
mg/ml) was added into each well of microplates. The plates were shaken briefly and
incubated further for 4 h at 37 °C. Then 100 uL of DMSO was added into each well to
dissolve intracellular MTT formazan crystals. The absorbance (OD) was determined
at 570 nm using a multifunctional microplate reader (Biotek synergy 2). Nonseeded
wells treated with corresponding media were assayed as blank controls which were
then subtracted from the corresponding samples. The cell relative viability of each
sample was expressed as a percentage of the OD value measured from the respective
sample over that of the positive control. Experiments were performed in triplicate and
were repeated thrice. Data were presented as mean + standard deviation from three
separate runs, and each of them was the mean of triplicate experiments. Comparison
of the cell relative viability between different groups was also carried out. Student
t-tests were used to determine statistical significance between groups, and p<0.05 was

considered significant.

3. Results and discussion
3.1 Synthesis

The schematic illustration for preparing PEG-based building blocks and PEG-based
hydrogels (Gel-PEG,(N3):-(PEG,(C=CH))n,) is shown in Scheme 1. The synthetic
strategy involves three main steps: 1) the synthesis of a,w-diazido PEG, (PEG,(N3)2, n
=11, 22 and 45) via the ring-opening of a,w-diepoxy PEG, (DEP,, n =11, 22 and 45,
Supporting information); ii) well-defined PEG macromolecules with uniformly
dispersed pendant alkynyl groups ((PEG,(C=CH)),, n = 11, 22 and 45) via chain
extension of DEP, (n = 11, 22 and 45) with propargylamine; iii) the construction of
PEG-based hydrogel networks with different PEG-based building blocks via CuAAC.

The hydroxyl groups of PEG were converted to epoxy groups according to the
literature.*> A series of well-defined alkynyl-pendant linear (PEG,(C=CH)), (n = 11,
22 and 45) were synthesized via chain extension of DEP, (n = 11, 22 and 45) with
propargylamine. Their molecular weight and polydispersity index (PDI) of
(PEG,(C=CH))y, are summerized in Table 1. The size of (PEG,(C=CH)),, and the

number of the alkynyl groups can be tailored by varying the relative feed ratio of

6
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DEP, and propargylamine. Figure 1 shows the GPC traces of (PEG,(C=CH))y
macromolecules using DEP;; as starting materials. The (PEG;;(C=CH)),s with M,, of
4.9x10°g/mol, 9.3x10’°g/mol and14.6x10’°g/mol were obtained. In comparison to
DEP;; which has a PDI of about 1.03, the PDI of (PEG,(C=CH)),, was increased to
about 1.4. The number of the alkynyl groups in (PEG,(C=CH)),, can be calculate from
Equation 3:
N = (Mu((PEGn(c=CH)m)/ MnpEG) 1 3)

As shown in Table 1, (PEG,;(C=CH)),, with alkynyl groups of 10, 19 and 29 were
synthesized. (PEG,,(C=CH)),, and (PEG45(C=CH)),, with alkynyl group of 11 and 8
were also prepared. The chemical structure of (PEG4s(C=CH)); was ascertained by 'H
NMR analysis (Figure S1C, supporting information). The presence of chemical shift
signals at 2.24 ppm (a) was assigned to the methylidyne protons of alkynyl group,
while the signals at 2.59 and 2.70 ppm (e) were assigned to the methylene protons
groups adjacent to the nitrogen atom, indicating the successful preparation of
(PEG4s(C=CH));. The distinctive absorbance peak at about 2098 cm™ in FT-IR
spectrum belonging to the alkynyl moieties also conforms the successful preparation
of the (PEG4s(C=CH)); (Figure 2B).

The PEG-based hydrogels (Gel-PEG,(N3),-(PEG,(C=CH)),,) were synthesized
by CuAAC of (PEG,(C=CH)),, and PEG,(N3),. The gelation was very fast and
occurred within 5 min. For comparison, hydrogel of tetrakis (2-propynyloxymethyl)
methane (TPOM) and PEGys(N3)2 (Gel-TPOM-PEGy4s(N3),) were also synthesized via
CuAAC. Figure 2 D displays FT-IR spectrum of Gel-PEG4s(N3),-(PEG4s(C=CH));.
The almost disappearance of azido groups at about 2100 cm™ and alkynyl moieties at
about 2098 cm’, confirms the progress of CuAAC between PEG,(N3), and
(PEG,(C=CH))n. A series of tough PEG-based hydrogels were prepared from
(PEG1(C=CH))y, (PEG1(C=CH))1s5, (PEG;1(C=CH))s, and  (PEG2(C=CH))o

macromolecule as the starting materials.
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Figure 2. FT-IR spectra of (A) DEP4s, (B) (PEG4s(C=CH));, (C) PEG4s5(N3); and (D) Gel-
PEGus5(N3)7-(PEGys(C=CH));.

Table 1. Characterization of (PEG,(C=CH)),,

Numfber GPC results
Polymer sample Feed ratio © M
Entry (PEG,(C=CH)),, ( DEP:propargylamine) aglfo}igaysl (g~rrfol' | Y PDI
1 (gmol™)
N) )
1 (PEG;1(C=CH))y 1:1.1 10 4900 8100 1.45
2 (PEG;1(C=CH));s 1:1.05 19 9300 15100 1.42
3 (PEG;1(C=CH))2s 1:1.02 29 14600 21000 1.38
4 (PEG2(C=CH))io 1:1.1 11 10600 15500 1.41
5 (PEG4s5(C=CH)), 1:1.1 8 14800 22000 1.32

3.2 Physical properties of the PEG-based hydrogels

The effect of cross-linking density and chain lengths of PEG on the swelling ratio
(SR) and kinetics of swelling of the PEG-based hydrogels was investigated. Figure 3
shows SR of Gel-PEG/;(N3),-(PEG;(C=CH))y, Gel-PEG;(N3),-(PEG;;(C=CH));3,
Gel-PEG;1(N3)2-(PEG;(C=CH)).s, Gel-PEG2(N3)2-(PEG22(C=CH)) 0,
Gel-PEG4s5(N3),-(PEG4s(C=CH)); and Gel-TPOM-PEG45(N3), as a function of time.
The networks of Gel-PEG1(N3)2-(PEG;1(C=CH))s,
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Gel-PEG;1(N3),-(PEG1(C=CH))135 and Gel-PEG;(N3),-(PEG;1(C=CH)),s have a
same length lattice. However, Gel-PEG11(N3),-(PEG1(C=CH))s exhibits a SR of
about 413% which is higher than those of Gel-PEG;(N3)2-(PEG;1(C=CH));3 (346%)
and Gel-PEG;(N3),-(PEG;1(C=CH))2s (300%). The increase in the number of alkynyl
groups in  (PEG;;(C=CH))n ((PEG;i(C=CH))s > (PEGi(C=CH));s >
(PEG;(C=CH))9) could result in more cross-linkings and less molecular defects, or in
other words a smaller space volume in the polymer network. Therefore, a higher
density of crosslinking points and less defects results in a smaller SR of a hydrogel.
Gel-PEGys(N3)2-(PEG4s(C=CH))7 and Gel-TPOM- PEGys(N3), have a same length of
lattice as PEGus was starting materials for both of them. However, the SR of
Gel-PEG4s5(N3)2-(PEG4s(C=CH)); (890%) 1is smaller than that of Gel-TPOM-
PEG4s(N3)2 (1100%), which suggested that there is less molecular defects in the
polymer networks of the former. The SR can be regulated by changing the size of
network lattice or the chain length of PEG segments. The SR of
Gel-PEGys(N3)2-(PEGy4s(C=CH)), 1S higher than that of
Gel-PEG22(N3)2-(PEG22(C=CH)) ;9 and Gel-PEG ;(N3),-(PEG;1(C=CH))y.
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Figure 3. Swelhng ratio of (A) GCI—PEGI1(N3)2—(PEG11(CECH))9, (B)
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Gel-PEG11(N3)-(PEG11(C=CH))1s, © Gel-PEG11(N3)2-(PEG1(C=CH))zs, (D)
Gel-PEGn(N3)2-(PEG(C=CH))1o,  (E)  Gel-PEGus(N;)-(PEGss(C=CH));  and  (F)
Gel-TPOM-PEGy5(N3)s.

Scheme 2 shows a plausible reason for more molecular defects and a larger SR in
Gel-TPOM-PEGys(N3), than in Gel- PEG4s(N3),-(PEG4s(C=CH)); as a consequence
of difference in the molecular topology structure of PEG polymers. Gel-
PEG45(N3),-(PEG4s(C=CH)); and Gel-TPOM-PEG4s5(N3), can both have a
well-defined molecular structure if the yield of CuAAC reaches 100%. However, the
reaction yield never reaches 100%. Hence, broken points or molecular defects exist in
the polymer network. With a same reaction yield and a same size of polymer networks
for both systems, the number of broken points or the estimated defect ratio (DR) in the
gel networks of Gel-TPOM-PEG,(N3), hydrogel is much higher than that in Gel-
PEG,(N3),-(PEG,(C=CH)),, system. The DR of Gel-TPOM-PEGy4s5(N3), and Gel-
PEGu4s5(N3),-(PEG4s(C=CH)); can be calculated according to Equation 4 and 5,

respectively.

T
DRGel-TPOM-PEGH(N3)» = Z (1-Conv,,,); 4)

T
DRGel-PEGH(N3)2-(PEGn(C=CH))n = — (1-Conv,,,) (m=8) (5)

T: the total amount of cross-linking points; N: the number of alkyl groups.

It can be seen that the number of alkynyl groups in the (PEG,(C=CH)),, is always
bigger than that in TPOM. Hence, under a same reaction yield of CuAAC, DRgel-
PEGH(N3)2-(PEGss(C=cH))y 1S smaller than DRgel-trom-pEG.(N:).. The more broken points and
smaller crosslinking functionality in the Gel-TPOM-PEG,(N3),lead to the formation
of more polymer clusters dissociated from the polymer networks. The dissociation of
the polymer clusters from the polymer networks is the core factor that causes the
macroscopic molecular defects in the hydrogels. Consequently, the free volume space
is created and the mechanical strength of the polymer networks was reduced
dramatically. On the contrary, the well-defined molecular structure and higher content
of alkynyl groups of (PEG,(C=CH))y, polymers can largely suppress the formation of
macroscopic molecular defects as illustrated in Scheme 2. Therefore, the precise
control over molecular topology of polymers is an effective approach to prepare tough

hydrogels.
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Scheme 2. The topology structure of (A) Gel-PEGys5(N3),-(PEG,(C=CH)),, and (B)
Gel-TPOM-PEGy5(N3)s.

The morphology of the PEG-based hydrogels was investigated by SEM. Figure 4
shows the SEM cross-section views of the freeze-dried samples of
Gel-PEG1(N3)2-(PEG11(C=CH))o, Gel-PEG22(N3)2-(PEG22(C=CH)) 0,
Gel-PEGys(N3)2-(PEG4s(C=CH)); and Gel-TPOM-PEGy4s(N3),. Almost no pores could
be observed in Gel-PEG;3(N3),-(PEG2(C=CH));¢, Gel- PEG4s(N3),-(PEG4s(C=CH));
and Gel-PEG1(N3),-(PEG;1(C=CH))y (Figure 4 A-C). However, this is not the case
for Gel-TPOM-PEGys(N3), which has obvious pores in its structure (Figure 4 D). It is
possible that the porous structure of a hydrogel is originated from the macroscopic
molecular defects of the polymer networks. The denser morphology in
Gel-PEG2(N3)2-(PEG22(C=CH)) 0, Gel-PEGy45(N3)2-(PEG4s(C=CH)); and
Gel-PEG;1(N3),-(PEG1(C=CH))y further suggests that there are less molecular
defects in these hydrogels when compared with Gel-TPOM-PEGy4s5(N3),. SEM results
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are in well correlation with those of SR results. It can thus be confirmed that the
macroscopic defects of the polymer networks can be significantly suppressed by

precise control of molecular topology of the PEG derivatives.

Figure 4. SEM images (cross-section view) of freeze-dried (A) Gel-PEG;;(N3),-(PEG;1(C=CH))o,
(B)  Gel-PEG23(N3)2-(PEG2:(C=CH))10,  (C)  Gel-PEGu4s(N3)25-(PEG4s(C=CH)); and (D)
Gel-TPOM-PEGy5(N3),.

The storage modulus was measured under oscillatory shear conditions to explore
the viscoelastic properties of PEG-based hydrogels. Figure 5 demonstrates the storage
modulus of Gel-PEG(N3):-(PEG1(C=CH))9, Gel-PEG;1(N3),-(PEG/1(C=Ch)):s,
Gel-PEG;1(N3)2-(PEG,1(C=CH)),s, Gel-PEG2(N3)2-(PEG22(C=CH))10,
Gel-PEG45(N3),-(PEG4s(C=CH)); and Gel-TPOM-PEG4s(N;3), as a function of
frequency. The storage modulus is almost independent of frequency in all cases,
indicating that hydrogels were formed prior to recording measurements. The highest
storage modulus is achieved by Gel-PEG;;(N3),-(PEG;(C=CH)),s which is then
followed by Gel-PEG;i(N3):-(PEG;1(C=CH))is3, Gel-PEG;i(N3):-(PEG;1(C=CH))s,
Gel-PEG2(N3)2-(PEG22(C=CH)) 0, Gel-PEG4s(N3),-(PEG4s(C=CH)); and
Gel-TPOM-PEGy4s(N3), in sequence. It is established that the modulus is in proportion
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to the cross-linking density. Based on these rheological studies, together with the
SEM and SR results, it is appeared that the presence of the highest cross-linking
density is in Gel-PEG;(N3),-(PEG;;(C=CH)),s. The cross-linking density decreases

with the increase in the chain length of PEG repeating segments (cross-linking density:

(PEG;(C=CH));, > (PEG(C=CH)),, > (PEGys(C=CH))y,; chain length of PEG
repeating segments: (PEG;;(C=CH)),, < (PEG(C=CH));, < (PEGy4s5(C=CH)),,), and
slightly decreases with the increase in the molecular weight of (PEG,(C=CH)),
(cross-linking density: (PEG;;(C=CH)),s > (PEG;;(C=CH));s > (PEG;;(C=CH))y;
molecular weight of (PEG,(C=CH)).: (PEG;(C=CH)),s > (PEG;;(C=CH));3 >
(PEG1(C=CH))y).

120+
' ¢ o . ¢ ¢ C
~ 100P**°
o,
-
— 80+
wnn 4
% 60pvvvy v Y v M Ve
o
g A A
A
(D) 40 o:: . : : : P
> P
5 20 < < < <« F
) 444
N
Ol T T T T T T T T
0 50 100 150 200

Frequency ( Hz)

Figure 5. Storage modulus as a function of frequency (Hz) for (A)
Gel-PEG1(N3),-(PEG1(C=CH))s, (B) Gel-PEG1(N3)-(PEG1(C=CH)) 1, ©
Gel-PEG1(N3),-(PEG,1(C=CH))zs, D) Gel-PEG2;(N3)2-(PEG2:(C=CH))10, E)
Gel-PEGy5(N3),-(PEGys(C=CH)); and (F) Gel-TPOM-PEG,s5(N3),. The water contents of
hydrogels are about 70%.

Tensile testing of the hydrogels was also characterized. Of note, the mechanical

properties of the hydrogels are strongly dependent on the type and the amount of the
absorbed solvent as well as the temperature. Thus, all samples with a water content of

about 70% were characterized at room temperature. Figure 6 shows the photographic

14
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illustration of the tensile testing of Gel-PEG,(N3)-(PEG22(C=CH));. It can be
stretched up to 6 times of its original length, and can snap back quickly into the
original shape. Gel-PEG;(N3),-(PEG;;(C=CH)),s has a tensile ratio of about 300%,
smaller  than 450%  of  Gel-PEGi(N3),-(PEG;;(C=CH))y, 380%  of
Gel-PEG;1(N3):-(PEG1(C=CH));5, and 810% of Gel-PEGy4s5(N3)2-(PEG4s(C=CH));.
These results suggested that the higher the crosslinking density, the smaller the tensile

ratio of the polymer networks.

A (original) B (stretching) C (restoration)
Figure 6. Stretched changes of Gel-PEG2,(N3),-(PEG,,(C=CH));,.

Gel-PEGy(N3),-(PEG,(C=CH))y, also exhibit a very high compressive strength. The
illustration  of compressive  testing of a  representative  of
Gel-PEGy(N3),-(PEG,(C=CH)), Gel-PEGus5(N3)2-(PEG4s(C=CH)); and
Gel-TPOM-PEGys(N3), are shown and compared in Figure 7. Water content of both
samples is about 70 wt.%. As shown in Figure 7, Gel-PEGu4s5(N3),-(PEG4s(C=CH));
can sustain a higher compressive strength than Gel-TPOM-PEGys(N3),. All
Gel-PEG;(N3),-(PEG,(C=CH)),, remained intact at the maximal load and had similar
curves. The typical stress-strain curves of Gel-PEGys(N3),-(PEG4s(C=CH)); and
Gel-TPOM-PEGys(N3), under compression are shown in Figure 8. The maximal
compressive strength of Gel-TPOM-PEGys(N3); is of about 1.28 MPa and it broke at
a strain of 40%. As to Gel-PEGys(N3),-(PEG4s(C=CH))7, no damage can be observed
even at a stress of 62.5 MPa and it can sustain a strain up to 91%. Again, the higher
compressive strength of Gel-PEG4s5(N3),-(PEG4s(C=CH)); can be attributed to the
less macroscopic defects in its networks due to the well-defined molecular structure

of the (PEG45(C=CH));.
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Figure 7. Photographs demonstrating the process of (A) Gel-PEG45(N3),-(PEG4s(C=CH)); and (B)
Gel-TPOM-PEGy5(N3), under compression.

Strain (%)

Figure 8. Stress-strain curves for (A) Gel-PEGys5(N3),-(PEGss(C=CH)); and (B)
Gel-TPOM-PEG45(N3), under uniaxial compression.

3.3 Thermal properties

The thermal property of a hydrogel can also reflect its unique characters. The TGA
curves of dried Gel-PEG;(N3),-(PEG;(C=CH))o, Gel-PEG|;(N3),-(PEG;;(C=CH));s,
Gel-PEG1(N3)2-(PEG;1(C=CH))zs, Gel-PEG22(N3)2-(PEG22(C=CH))0,
Gel-PEGys5(N3),-(PEG4s(C=CH)); and Gel-TPOM-(PEG4s(C=CH)); are then shown
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and compared in Figure 9. It can be seen that there was no residue in all cases after
thermal decomposition of the PEG-based hydrogels in nitrogen atmosphere. The
thermal stability of Gel-PEG 1(N3)2-(PEG;1(C=CH))q,
Gel-PEG1(N3)2-(PEG1(C=CH))1s  and  Gel-PEG1(N3),-(PEG;(C=CH))s s
comparable, but much lower than that of Gel-PEG:(N3),-(PEG2(C=CH)),o and
Gel-PEG45(N3),-(PEG4s(C=CH));. Gel-PEG;1(N3)2-(PEG11(C=CH))o,
Gel-PEG;1(N3)2-(PEG1(C=CH))13 and Gel-PEG;1(N3),-(PEG;(C=CH)),s begin to
decompose at a close temperature at around 200 °C.
Gel-PEG22(N3)2-(PEG2(C=CH));o undergoes the thermal decomposition at 260 °C
and  Gel-PEG45(N3),-(PEG4s(C=CH)); starts to decompose at 302 °C.
Gel-TPOM-PEG4s5(N3), commences decomposition at around 334 °C. The high
contents of hydroxyl groups and C-N bonds in the Gel-PEG,(N3),-(PEG,(C=CH)),
structure may account for their relative lower thermal stability when compared with
Gel-TPOM-PEGys(N3), as it was proposed that the higher the content of hydroxyl

groups of a hydrogel, the poorer the thermal stability is.*®

Weight percent ( % )

100 200 300 400 500 600
Temperature ( [])
Figure 9. Thermogravimetric analysis (TGA) curves of (A) Gel-PEG;(N3),-(PEG;;(C=CH))o, (B)
Gel-PEG11(N3)-(PEG1(C=CH))1s, © Gel-PEG1(N3)2-(PEG1(C=CH))zs, (D)

Gel-PEG2(N3)2-(PEG2,(C=CH)) 1, (E) Gel-PEG45(N3)2-(PEGys(C=CH));  and (F)
Gel-TPOM-PEGy5(N3)s.
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Figure 10 shows the DSC heating curves of these hydrogels.
Gel-PEG22(N3)2-(PEG2(C=CH));¢ exhibits an endothermic peak at 30.84 °C which is
the Ty, of PEG segments. The Ty, of Gel-PEG4s5(N3),-(PEG4s(C=CH));1s 37.26 °C,
higher than that of Gel-PEG2(N3),-(PEG2(C=CH));o. This result is consistent with
the fact that the higher the molecular weight of polymer chains, the higher the T,, of
the polymer networks. The T,, of Gel-TPOM-PEG4s5(N3), is 40.67 °C. In comparison
to Gel-TPOM-PEGys(N3),, the lower number of macroscopic molecular defects
renders Gel-PEGys5(N3),-(PEG4s(C=CH)); a well-defined molecular structure which
favors the formation of finer crystals, thus accounting for the lower T, of
Gel-PEG45(N3)-(PEG4s(C=CH));.  As  to  Gel-PEG;1(N3)-(PEG;(C=CH))s,
Gel-PEG;1(N3)2-(PEG11(C=CH))1s and Gel-PEG;1(N3)-(PEG1(C=CH))s, it is
possible that their PEG chain length is too short to be crystallized in the polymer
networks. Therefore, no endothermic peaks assigned as T, can be located for them,

but T, at around -25 °C.

1.51

I

1

e

"
[

Heat flow (W/g)
s e
\ j
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-50 25 0 25 50 75 100
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Figure 10. Heating curves of DSC measurements of (A) Gel-PEG,;(N3),-(PEG,;(C=CH)),, (B)
Gel-PEG(N3),-(PEG,(C=CH));s, (©) Gel-PEG (N3),-(PEG1(C=CH))2s, (D)
Gel-PEG2,(N3),-(PEG,,(C=CH))yy, (E) Gel-PEGys5(N3),-(PEGys(C=CH));  and )
Gel—TPOM—PEG45(N3)2.
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3.4 In vitro degradation

The degradation study was carried out in 0.01M PBS at 37 °C. The weights of
PEG-based hydrogels prior to and after being degraded for predetermined time
periods were measured and recorded as shown in Figure 11. Interestingly, all
PEG-based hydrogels have less than half of their original weights remained except
Gel-TPOM-PEGy4s(Ns), after 10 weeks, indicating that they are degradable under a
physiological condition. It can be seen that the degradation rate of
Gel-PEG1(N3)2-(PEG;1(C=CH))y is  remarkably  faster than that of
Gel-PEG1(N3)2-(PEG;1(C=CH))5. Gel-PEG1(N3),-(PEG;1(C=CH))ys is degraded at
a slower rate than Gel-PEG|;(N3),-(PEG;;(C=CH));s. The difference in the
degradation rates may be due to the difference in the cross-linking density in PEGy;
hydrogels and the difference in relative ratios of C-N and OH bonds over C-O and
C-C bonds. The lower the cross-linking density and the higher contents of C-N bonds,
the faster the degradation rate. More weight loss was observed in the PEG,; hydrogels
than in Gel-PEG,(N3),-(PEG22(C=CH));9. Moreover, at the end of 10 weeks,
Gel-PEGys(N3)2-(PEG4s(C=CH)); has about 40% of its initial weight remained,
whereas Gel-PEG22(N3),-(PEG2(C=CH));( has about 35% of its initial weight left. It
can be seen that the PEG molecular weights could also affect the degradation property
of hydrogels.
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Figure 11. Mass loss profiles of (A) Gel-PEG;(N3),-(PEG,;(C=CH))s, (B)
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Gel-PEG1(N3)-(PEG1(C=CH))1s, ©) Gel-PEG11(N3)>-(PEG/1(C=CH))zs, (D)
Gel-PEGn(N3)>-(PEG2(C=CH))1o,  (E)  Gel-PEGus(N3)>-(PEG4s(C=CH));  and  (F)
Gel-TPOM-PEG45(N3), in PBS at 37 °C over time.

3.5 Cell viability assay.

To evaluate the biocompatibility of PEG-based hydrogels, a MTT assay was
conducted on L929 cells exposed to the extracts from PEG-based hydrogels. Figure
12 shows the results on MTT assays of Gel-PEG;(N3),-(PEG;;(C=CH)),
Gel-PEG1(N3)2-(PEG;1(C=CH));3, Gel-PEG;1(N3)2-(PEG1(C=CH))as,
Gel-PEG22(N3)2-(PEG22(C=CH));0, Gel-PEGu4s5(N3)2-(PEG4s(C=CH)); and
Gel-TPOM-PEGy4s(Ns),, respectively. Their corresponding results were normalized to
that of the positive control at each time point. It is noteworthy that the cell viability
with Gel-PEG;1(N3)-(PEG;1(C=CH)) reached 96.61%, 95.47%, and 93.16% of that
of the positive control after treatment of 24h, 48h and 72h, respectively. Although
significant difference could be observed between the cell wviability of
Gel-PEG1(N3)2-(PEG;1(C=CH))y and of the positive control at 24h, 48h, and 72h
(P<0.05, at 24h; P<0.05, at 24h; P<0.05, at 72h), respectively, the cell viability with
Gel-PEG1(N3)2-(PEG;1(C=CH))y could still reach more than 90% of that the positive
control even after 72h co-culture. This is also the case for samples of
Gel-PEG1(N3):-(PEG1(C=CH));3, Gel-PEG;1(N3)2-(PEG11(C=CH))3s,
Gel-PEG22(N3)2-(PEG2(C=CH))1¢, Gel-PEG4s5(N3),-(PEG4s(C=CH));. In comparison,
the cells with the Gel-TPOM-PEGus(N3), extract only reached around 84% of that of
the positive control at 72h (p<0.05). Therefore, the current prepared tough
Gel-PEG,(N3):-(PEG,(C=CH)),, hydrogels are noncytotoxic and exhibit excellent
biocompatibility with L929 cells compared with hydrogels prepared via a traditional
method (Gel-TPOM-PEGys(Ns3),). Future biomedical application of the current tough
Gel-PEG,(N3),-(PEG,(C=CH)),, hydrogels could thus be desired based on their
cytocompatibility.

20

Page 24 of 28



Page 25 of 28

RSC Advances

)

(e

(]
SR
mg 0w

F
[Jpositive control

p—

S

O
1

&
S o _.
.? g 7 I negitive control
— 80- =
E =
Z 601 NE

O 40 ' %
z =

= =
=204 =

v/ =
~ =

0 = i
24 72

Figure 12. MTT cyctoxicity assay of (A) Gel-PEG;1(N3),-(PEG{;(C=CH))y, (B)
Gel-PEG1(N3)2-(PEG1(C=CH))1s, © Gel-PEG1(N3)-(PEG11(C=CH))zs, (D)
Gel-PEG2(N3)2-(PEG2,(C=CH)) 0, (E) Gel-PEGys5(N3),-(PEGys(C=CH));  and (F)
Gel-TPOM-PEGys5(N3), using 1929 cell.

4. Conclusion

In this work, PEG-based hydrogels with extremely high strength were successfully
prepared via a precise design and control over the molecular topology of the
polymeric network. Design and control over the molecular topology can render the
polymer network a well-defined molecular structure and a high content of alkynyl
groups of (PEG,(C=CH)),, polymers, further leading to the suppression of forming
macroscopic molecular defects. The resulting PEG-based hydrogel materials not only
exhibit an excellent and tunable mechanical property, but also have a high degree of
swelling, good thermal stability, favorable biodegradability and cytocompatibility. It
can be thus ascertained that Gel-PEG,(N3),-(PEG,(C=CH)),, has the promising
potential as artificial medical devices or scaffolding materials for regenerative

medicine.
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