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The interest in hydrogels has grown considerably across a number of disciplines, including but not
limited to the immobilization of (bio)catalysts in matrices and in the medical sector, for example, in drug
delivery systems, contact lenses, biosensors, electrodes, and tissue engineering. Consequently, the
characterization of these materials is frequently the subject of cutting-edge research. However,
hydrogels are often insoluble, which precludes the use of many analytical methods, such as nuclear
magnetic resonance (NMR). Consequently, other established analytical techniques, such as attenuated
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total reflection (ATR), infrared spectroscopy (IR), Raman spectroscopy, or rheological measurements, are
frequently employed. These methods are generally straightforward to use and can be completed rapidly.
DOI: 10.1039/d4ma00543k However, IR spectroscopy, for instance, is inherently limited by the interference of water's vibrational

bands. In this study, we present a method for the characterization of hydrogels that can simultaneously
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Introduction

Hydrogels are three-dimensional (3D) networks, consisting of
hydrophilic polymer structures that do not dissolve in water
but, conversely, absorb large amounts of water or aqueous
media. While swelling, hydrogels retain their 3D shape, while
increasing their volume.'™ These polymers are well established
in various disciplines, such as biotechnology (stent-coating),>”
biomedicine (drug-delivery, tissue engineering),®® agriculture
(water storage),'® and catalysis (immobilization matrix).***>
The versatility of hydrogels in terms of their chemical structure
and properties allows them to be applied in this wide range of
possible applications."® The specific type of hydrogel employed
in this study was a semi-synthetic carbohydrate-based ionic
hydrogel.

These hydrogels were synthesized via free radical polymer-
ization and with different types and amounts of crosslinkers,
including polyethylene glycol diacrylate (PEGDA) (Scheme 1).

“ Department Life, Light & Matter, University of Rostock, Albert-Einstein-Str. 25,
18059 Rostock, Germany

b Anton Paar OptoTec GmbH, Lise-Meitner-Str. 6, 30926 Seelze-Letter, Germany

¢ Department of Biological and Chemical Engineering, Aarhus Universtity, Gustav
Wieds Vej 10, 8000 Aarhus, Denmark

? Institute of Technical Chemistry, Leibniz University Hannover, Callinstrafie 5,
30167 Hannover, Germany. E-mail: johanna.meyer@iftc.uni-hannover.de

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4ma00543k

© 2024 The Author(s). Published by the Royal Society of Chemistry

observe the gelation and polymerization of hydrogels.

Various methods have already been established to analyze
the structure of hydrogels and their precursors, such as mono-
mers or polymer chains that need to be crosslinked in 3D.
These methods include microscopy (such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and
related techniques) to determine the local hydrogel structure,
(solid-state) nuclear magnetic resonance (NMR) as an analytical
technique to analyze the chemical structure, as well as Raman
spectroscopy as a technique to measure the molecular interaction.
In addition, Fourier transform infra-red (FT-IR) spectroscopy and
attenuated transmission reflectance Fourier transform infra-red
(FT-IR) spectroscopy (ATR-FTIR) can be employed to quantify the
chemical composition of a given sample by measuring the vibra-
tions that occur as a result of the sample’s composition. These
techniques are effective, simple, and rapid. The thermal stability
of hydrogels can be investigated through the use of thermal
gravimetric analysis (TGA) and differential scanning calorimetry
(DSC). The characterization of the mechanical properties of
hydrogels is best achieved through the utilization of rheological
measurements. The synthesis and characterization of hydrogels is
a broad research field. As this article covers only provides a brief
overview of a few methods, we would like to direct interested
readers to a comprehensive review article by Raghuwanshi and
Garnier, presenting a good overview of the mentioned methods
for characterizing hydrogels with the respective advantages and
drawbacks, and the expansion of this article by Patel and
Thareja.'*"?
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Scheme 1 Synthesis of polyGVIM-I via radical polymerization with PEGDA as crosslinker.

On the one hand, NMR spectroscopy is usually performed in
solution and is therefore generally not applicable to insoluble
hydrogels. It can be used for the characterization of the mono-
mers and crosslinkers prior to hydrogel formation. On the other
hand, solid state NMR can be used to determine the chemical
structure of hydrogels, as recently shown by our group.'®

SEM and associated variance techniques provide information
about the surface morphology, additives in the gel, and inter-
connecting pores. It is, however, essential that the sample must
be prepared by drying, as the presence of water significantly
disturbs the vacuum and impedes the imaging process during
the measurement. Two further options are available for sample
preparation: air drying and freeze drying. However, these can
lead to the formation of artifacts and impair the morphology of
the sample."” ™ An alternative is supercritical drying with liquid
CO,. This protects a gel from pore collapse and the structure
remains the same in the dried state as in the wet state.>°

IR spectroscopy is a simple, non-destructive, and sensitive
characterization technique that requires minimal sample pre-
paration. Das et al. employed the FTIR technique to analyze the
functional groups of their cellulose materials, thereby confirm-
ing the reaction between the hydroxyl and carboxyl groups
during the crosslinking process due to the diminution of the
hydroxyl group’s stretching vibration.”" Mao et al. and Azam
et al. have recently used FTIR to identify the chemical composi-
tion and structural characteristics of their alginate hydrogels, to
cite a few examples.”>** Nevertheless, this technique is not
without significant limitations. The strong bands of water
present in the hydrogel may overlap with the bands from the
polymer phase, thereby dominating them due to their intense
nature.'>?472°

Raman spectroscopy, which is complementary in nature to
IR spectroscopy, can be used in addition to it, but also be
employed as its own characterization method.?”>° The water
bands are much less dominant than in IR spectroscopy and do
hardly interfere with the Raman bands. Nie et al. employed IR
and Raman spectroscopy to investigate the effect of calcium
ions on the structure of their cellulose-based hydrogel beads.>°
Affatato et al. demonstrated, using Raman spectroscopy, that
C=C double bonds were not fully converted and determined
the degree of crosslinking. Additionally, it was observed that
the washing of the hydrogels in an aqueous medium resulted in
the leaching of the unreacted crosslinker.*'
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Rheological measurements are crucial for characterizing
hydrogels. One important parameter derived from rheological
investigations is the viscoelastic response.*” The measurement
of the shear strain provides insight into the stiffness and
stability of the hydrogel against shear stress, enabling the
monitoring of its formation. An understanding of the rheolo-
gical behavior of hydrogels is essential. The rheological para-
meters, such as viscosity, thixotropy, and viscoelastic behavior
have a significant impact on the success of 3D-printing, as
demonstrated by recent studies.>**® These parameters are also
relevant in other fields such as the food industry,***° cell
culture, or tissue engineering.*'**>

One of the mentioned methods alone cannot fully charac-
terize the chemical structure and the properties of a sample.
It is always necessary to combine several methods.'**° One
option for using two methods simultaneously is the rheology-
Raman combination, which enables the recording of Raman
spectra and simultaneously investigate the rheological proper-
ties of a sample. Volker-Pop’s group has used the rheology-
Raman combination to characterize polymer melts and the
curing behavior of epoxy resins. The transition to the solid
phase, as observed by rheological measurements, was found to
occur at a higher temperature than the crystallization indicated
by the Raman data.*® Kida et al. investigated the flow-induced
crystallization (FIC) of high-density polyethylene. The effect of
shear rate, shear-flow time, and molecular weight on the time
dependencies of the different conformer mass fractions of the
molecular chains during crystallization was analyzed, and it was
found that the trans chains formed during isothermal crystal-
lization were strongly dependent on the FIC conditions.** In this
work, the rheology-Raman combination is introduced as a
powerful tool for characterizing hydrogels, and a comparison
is made between this method and established methods.

Experimental
Materials

The chemicals methyl-a-p-glucopyranoside (99%), triphenyl-
phosphine (99%), imidazole (99%), N-vinylimidazole (99%),
ethyleneglycole diacrylate (EGDA; >90%) and ammonium
persulfate (APS; 98%) have been supplied by Thermo Fisher
Scientific and were used as received. Polyethylene glycol dia-
crylate (PEGDA; M,, = 250, 575 and 700 g mol '), N,N'-methylene

© 2024 The Author(s). Published by the Royal Society of Chemistry
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bisacrylamide (MBAA; 99%) and N,N,N',N'-tetramethyl-
ethylenediamine (TEMED; >99%) were supplied by Sigma-
Aldrich (Germany) and were used as received. Iodine (>99.5%)
was supplied by Carbolution. Lithium phenyl(2,4,6-trimethyl-
benzoyl) phosphinate (LAP; >98%) was supplied by TCI and
was used as received. The solvents THF (99.9%) and ethyl acetate
(99.7%) were supplied by Honeywell Riedel-de-Haén and the
solvents chloroform (>99.8%), methanol (99.8%) and DMF
(99.5%) were supplied by Thermo Fisher Scientific and were used
as received. Column chromatography was performed with silica
gel (230-400 mesh particle size) supplied by Supelco (Germany).
Additionally, phosphate-buffered saline (PBS, Thermo Fisher
Scientific Inc., Waltham, USA) was used as received.

Procedure for the syntheses of the 1-(methyl-o-p-
glucopyranosid-6-yl)-3-vinylimidazolium iodide hydrogels
(polyGVIM-I)

The method for synthesizing the monomer 1-(methyl-o-p-
glucopyranosid-6-yl)-3-vinylimidazolium iodide (GVIM-I) has been
previously described by our group.'® Furthermore, the method
and analytics are outlined in the ESL{ The hydrogels in this study
were produced using two different methods: (i) with APS and
TEMED as the initiator system and (ii) with LAP as the photo-
initiator. In the initial approach, GVIM-I (1.25 mol L") was
dissolved in PBS and the appropriate weight-percent of the cross-
linker was added. Radical polymerization (Scheme 1) was initiated
by adding the APS solution and TEMED. Once the solution had
been thoroughly mixed for 10 s, the gelation took place within
seconds or a few minutes. In the second method, GVIM-I
(1.25 mol L"), crosslinker (10, 15 or 20 mol%) and the appro-
priate weight-percent of LAP were dissolved in PBS (pH = 7.4). The
monomer solution was photopolymerized with an UV intensity
(A = 365 nm, Biolinker, VILBER, Collégien, France) of 1.2 J cm®
and 2.4 ] cm?, respectively.

Characterization of the monomers and hydrogels

NMR spectra. The NMR spectra were recorded on a Bruker
AVANCE 250 1II, 300 III or 500. DMSO-d¢ was calibrated as 2.49
(*H) and 39.50 (**C). D,O was calibrated as 4.80 (*H).

ATR-FTIR spectra. ATR-FTIR spectra were obtained using
a Specac Single reflection diamond ATR-Quest at room tem-
perature. The hydrogel sample was prepared according to (ii)
with 10.4 mol% of the crosslinker PEGDA 575 and then freeze-
dried overnight.

Raman spectra. Raman spectra of the samples were
recorded on a Cora 5001 (Anton Paar GmbH, Graz, Austria) at
a wavelength of 785 nm and 1064 nm.

In situ IR spectra. In situ IR spectra were obtained using a
Mettler Toledo React-IR 15 with a diamond probe at room
temperature. The sample was prepared in accordance with
the first method (i), but without the addition TEMED. The
probe was introduced into the vial containing the sample
solution. After recording a spectrum, the vial was removed,
TEMED was added, mixed thoroughly for 5 s and the probe was
immersed again.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Rheological characterization. The gelation of hydrogels pre-
pared after step (ii) was monitored via in situ crosslinking using
UV irradiation (Delolux 80, Delo, Germany), with a light inten-
sity of 20 mW ¢cm ™2 at 365 nm and a UV irradiation duration of
5 min. The storage and loss moduli were determined via a time
sweep oscillatory test, with a constant strain amplitude of 0.1%
and at a constant frequency of 1 Hz. The mechanical stiffness of
the photopolymerized hydrogels was determined at 37 °C by
using oscillatory rheology (amplitude sweep). The MCR 302
modular compact rheometer (Anton Paar GmbH, Graz, Austria)
equipped with a plate-plate geometry (20 mm diameter plate),
was utilized, with the oscillation was varying from 0.1 to 1000%.

In situ rheology-Raman spectroscopy. The gelation tracking
of hydrogels produced after (i) were determined at 37 °C by
using MCR 302e modular compact rheometer (Anton Paar
GmbH, Graz, Austria) equipped with plate-plate geometry
(25 mm diameter plate). Storage and loss moduli were mea-
sured in a time sweep oscillatory test with a constant strain
amplitude of 0.1% and at a constant frequency of 1 Hz. The
mechanical stiffness of the hydrogels was determined at 37 °C
by means of oscillatory rheology, in which the oscillation was
varied from 0.1 to 1000%. A Cora 5001 (Anton Paar GmbH,
Graz, Austria) was used for the simultaneous recording of the
Raman spectra at a wavelength of 785 nm.

Results and discussion

Hydrogel characterization with ATR-FTIR spectroscopy

The ATR-FTIR spectra of GVIM-I (red), the reaction solution
with GVIM-I solved in PBS containing crosslinker and APS
(blue) and a freeze-dried polyGVIM-I with PEGDA 575 as cross-
linker and APS/TEMED as initiator system (black) are shown
in Fig. 1A. The broad band observed in the range of 3150 to
3600 cm ! is attributed to ~-OH stretching vibrations. The various
C-H vibrations are observed within the range of 3088 cm™* to
2833 ¢cm™'. The typical vibrations of the imidazole ring are
present in the range of 1550-1570 cm™ " (C=N vibration) and
at 1450 em ' (deformation vibration of the -CH backbone).
In the fingerprint region, the C-O-C stretching vibration can be
observed at 1133 cm ™' and 896 cm ™', while the stretching and
deformation vibration of CH from the imidazole ring are found at
1092 cm ™', The C=CH, vibrations are observed in the range from
920 to 956 cm ™ .***® The spectra of the GVIM-I and the hydrogel
polyGVIM-I differ significantly in the visible vibrations of the
C—C double bond in the monomer spectrum (highlighted in
grey). The band at 1605 cm ™" can be attributed to the stretching
vibrations, while the band at 927 cm™* can be associated with the
bending vibrations of the vinyl group.

Hydrogel characterization with in situ IR spectroscopy

In order to gain a deeper insight into the polymerization
process of the hydrogel and to monitor the bands of interest,
an in situ IR measurement was conducted. The polymerization
was tracked for a total of 90 min. The initial 8 min of the
measurement are presented in this manuscript, as no change

Mater. Adv., 2024, 5, 6957-6966 | 6959
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Fig. 1 IR spectra of the carbohydrate-based hydrogels via ATR-FTIR spectroscopy and in situ IR spectra: (A) ATR-FTIR spectra of GVIM-I, the reaction

solution (containing GVIM-I, PEGDA 575 and APS solved in PBS) and polyGVIM-1 with PEGDA 575 as crosslinker (freeze-dried). Grey highlighted are the
significant vibration bands of C=C double bonds (1605 cm~* and 927 cm™2), showing only in the IR spectrum of GVIM-| and the reaction solution, but
not in polyGVIM-I. (B) In situ IR spectra for polymerization tracking of polyGVIM-I with PEGDA 575 as crosslinker and APS/TEMED as an initiator system.
Grey highlighted is one of the significant vibration bands of the C=C double bond (955 cm™Y), spectrum was normalized on the band at 1637 cm™. (C)
Time trace of the 955 cm™* band during polymerization tracking of the hydrogel (from B highlighted in grey from 969 to 917 cm™?). The dashed line
represents the progression of the intensity from initial intensity without TEMED until the addition of the radical starter TEMED and consequently the start
of the radical polymerization (Caym-i = 1.25 mol L™, cpecpaszs = 10.4 mol%).

occurred afterwards (Fig. 1B). In this experiment, APS and
TEMED were used as the initiator system. Additionally, all
bands above 2000 cm ' are indicative of noise due to the
resolution of the Mettler Toledo React-IR 15 used in this
experiment, and the fact that the baseline is not flat, the spectra
are difficult to interpret. Besides, several bands do not corre-
spond to those depicted in Fig. 1A. This discrepancy may be
due to the fact that the samples measured in situ are in an
aqueous solution and consist of a mixture of the crosslinking
components (GVIM-I, PEGDA, APS, and TEMED). Despite this,
the bending vibration bands of the C=C double bond at
955 cm™ ! could be detected and are highlighted in grey in
Fig. 1B, whereas the tracing of the intensity decrease is shown
in Fig. 1C. The initial intensity of the reaction solution and the
intensity of the first measurement in the gelation process are
connected by a dashed line. During this interval, the reaction
solution was supplemented with TEMED, thereby initiating the
polymerization of the monomer to form the hydrogel. The
graph shows that the intensity of the band of C—=C double
bonds is high before the addition of TEMED and decreases
rapidly as soon as it is added to the reaction solution. During
polymerization, the C—C double bonds of GVIM-I and the
crosslinker react, causing the intensity to decrease. After about
7 minutes, the intensity of the band reaches a steady state,
indicating that the polymerization is complete.

Hydrogel characterization with rheology

A comprehensive understanding of the relationship between
the chemical structure and physical behavior of hydrogels is
crucial for possible applications."**”*® For example, the migra-
tion, proliferation and differentiation of cells are closely linked
to the mechanical properties of hydrogels. Various levels of
stiffness lead to stem cells differentiating into different cell
types.’”® The stiffness and other relevant properties of a
hydrogel can be determined using rheological measurements.
Furthermore, in the production of ceramic inks for direct ink
writing, an understanding of rheological properties is crucial

6960 | Mater. Adv, 2024, 5, 6957-6966

for the efficient design of ceramic inks with enhanced
performance.>’ In 3D printing, there are many different areas
where understanding these properties is of great economic
importance. For example, in the development of inks for
extrusion-based 3D bioprinting to obtain bioinks with high
structural fidelity or in 3D printing in the food industry for the
production and improvement of bigels and edible gels.*>°

In this work, the rheological behaviour of the hydrogels was
determined via gelation tracking and amplitude sweep mea-
surements. The gelation tracking method is of particular inter-
est for the hydrogel characterization, to estimate an optimal
gelation time.

Fig. 2A shows the formation of a hydrogel following the
shear storage modulus G’ and the loss modulus G’ as a
function of time. G’ represents the elastic part of the viscoelas-
tic behaviour and stands for the stored deformation energy. In
contrast G” characterises the viscous part of the viscoelastic
behaviour, representing the deformation energy that is lost due
to internal friction during flow.>”>®

At the start of the measurement, the value of G” is greater
than G, because the monomer solution is a liquid. As soon as
the UV lamp is switched on, gelation begins. This is clearly
shown by the increase in G’. The point where G’ = G” is referred
to as the crossing point or gel point and is labelled ¢. in the
diagram. It indicates the transition from a liquid-like behaviour
to a solid-like behavior.>” The value of G’ increases furthermore
until it reaches a steady state plateau. This is marked as G/ in
the diagram. The gelation time, the crossing point of G’ and G”,
and G/ value depend on the polymerization rate, crosslinking
density, crosslinker structure, and type of crosslinking.>**°

Fig. 2C shows the results of testing three samples with the
same monomer concentration (1.25 mol L™') but different
crosslinker concentrations (10, 15 and 20 mol%). The values
of G’ for all three samples increased rapidly as soon as the UV
lamp was switched on, with G/ values being reached after
approximately 100 s. The stiffness of the sample is directly
proportional to its G’ value. As expected, the hydrogel became

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00543k

Open Access Article. Published on 06 August 2024. Downloaded on 11/30/2025 12:04:24 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

A 10°

1
1
1
1
1
1

4
1
1

— G

T T T T T
0 50 100 150 200 250 300

Time [s]

107" +
—=—P575 10% —=—P575 15% —=—P575 20%

10_2 T T T T T T
0 50 100 150 200 250 300

Time [s]

View Article Online

Paper

10° 4

10% 4

10° 4

10°

G, G"[Pa]

10" 4
10° 4

107" 4 )

ic G ——G"
1072 . £
1 10

1(I)O 1000
Shear strain [%]

G'[Pa]

- —=—EGDA —=—P250 —=—P575 —=—P700 —=— MBAA
T

T T T T T
0 50 100 150 200 250 300

Time [s]

Fig. 2 Rheological characterization of polyGVIM-I hydrogels with LAP as photoinitiator: (A) gelation tracking of polyGVIM-I with PEGDA 575 (10 mol%)
as crosslinker and (B) the following amplitude sweep measurement of the same hydrogel, with G’ and G” plotted against the shear strain. Gelation
tracking of polyGVIM-I hydrogels with (C) PEGDA 575 in three different concentrations (10, 15, and 20 mol%) and (D) five different crosslinker structures
(Cerosstinker = 10 mol%). The values of the storage modulus G’, the loss modulus G” and the crossing point t. were read of each diagram, according to A
and listed in Table 1. At the beginning of the measurement, the UV lamp of the rheometer remains switched off (highlighted in grey). (The oscillating
frequency was 0.1 Hz at 37 °C. PEGDA was abbreviated to P due to space constraints in the figures. caym-i = 1.25 mol L™%)

stiffer with increasing crosslinker concentration, which was
confirmed by this measurement (Table 1).

The gelation behaviour can be influenced by varying the
molar mass and the resulting chain length of the crosslinkers
(Fig. 2D). Samples with lower molar mass crosslinkers (PEGDA
250) only show an increase in G’ to 13.1 Pa, while the G’ for
PEGDA 700 is 29256.7 Pa. This indicates that the stiffness of
the hydrogels increases with longer crosslinker chains. Addi-
tionally, an acrylamide crosslinker (MBAA) was also used in this
work. MBAA crosslinked gels gel slower than PEGDA 575 and

only reach a G/ of 2243.3 Pa, which is significantly softer than
the PEGDA 575 at 10116.7 Pa (Table 1). This difference in
stiffness is probably due to the structure of the crosslinker.
MBAA, as an amide, is more electron-rich than the corres-
ponding ester of PEGDA, leading to better stabilization of the
formed radical during gelation. This increased stability of the
radical in case of MBAA results in slower overall gelation due to
its lower reactivity.®'

In addition to gelation tracking, the amplitude sweep
measurement provides useful information about the stiffness

Table 1 Overview of evaluated parameters in the gelation tracking and amplitude sweeps experiments (LAP as the photoinitiator; ND = not

determinable)

Crosslinker G/, [Pa] G”, [Pa] t. [s] v [%] Ve [%]
MBAA 2243.3 £ 53.4 45.3 £+ 24.3 46.2 £ 0 1.0+0 62.2 +0
EGDA ND ND 40.5 £ 1.7 48.7 £ 67.4 660.3 + 51.5
PEGDA 250 13.1 £ 1.9 4.6 £ 1.5 47.2 £ 5.9 21.4 £ 16.7 931.7 &+ 38.7
PEGDA 575 10 mol% 10116.7 £ 88.1 59.8 + 69.9 422 +£0 1.0+0 69.2 £+ 9.7
PEGDA 575 15 mol% 41106.7 £+ 411.0 309.4 + 50.7 412 £ 0 1.0+ 0 624 £0
PEGDA 575 20 mol% 97766.7 + 436.5 1217.7 £ 92.4 40.2 £ 0 1.0+0 69.2 £+ 9.7
PEGDA 700 29256.7 £ 125.0 306.3 + 61.7 37.8 £ 1.8 1.0+ 0 28.3 £9.7

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of a hydrogel and its stability to shear stress. This measurement
shows the linear viscoelastic (LVE) range of a sample, where G’
is independent of the shear strain (y;, in Table 1). This indicates
that the deformation behaviour of the hydrogel is in the non-
destructive range (£5% of the initial value of G’). If the LVE
range limit is exceeded, the sample will begin to form micro-
cracks and exhibit brittle fracturing behaviour. The value of G’
is greater than G”, indicating a gel-like structure and the
behaviour of a viscoelastic solid. The microcracks develop into
macrocracks within the hydrogel. After the crossing point (G’ =
G, y. in Fig. 2B), G” is significantly larger than G’, indicating
the behaviour of a viscoelastic liquid.* The hydrogel is more
stable against shear stress and deformation with a longer LVE
region.*?

All samples with a high G’ value in gelation tracking have a
very short LVE range (Table 1). Hydrogels containing MBAA and
PEGDA, without PEGDA 250, become brittle after only 1% of
shear strain, indicating instability to deformation.*” Hydrogels
containing EGDA and PEGDA 250 as crosslinkers have a longer
LVE of 48.7 + 67.4% and 21.4 £+ 16.7%, respectively. The
crossing point of these two samples (660.3 + 51.5% and
931.7 £ 38.7%) occurs at a much higher shear strain than all
other samples (28-69%).
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A wide range of y;, and y. values is also reported in the
literature. For example, Zhang et al. prepared self-healing
hydrogels based on xanthan gum. These hydrogels had critical
strains ranging from 24.2 to 29.8% and showed G’ recovery
rates ranging from 91.36 to 93.69%.°> In another study, Jastram
et al. synthesized hydrogels that also contained a vinylimida-
zole unit and were crosslinked with MBAA.* These hydrogels
showed y;, values of 91 & 2 to 92 £ 7%, which is significantly
higher than the values achieved in this work.

The hydrogels, with the exception of EGDA and PEGDA 250,
exhibit high stiffness and low stability against shear stress,
indicating their rigidity. Therefore, they need to be adapted for
medical applications, such as stent coating or in tissue engi-
neering. Copolymerisation with a long-chain monomer or
polymer could increase their stability to deformation stress
and generally improve the mechanical properties. The use of
PEGDA with molar masses of 3000 to 20 000 ¢ mol ™' would be a
promising approach here.****

Hydrogel characterization with Raman spectroscopy

Raman spectroscopy is another option for characterizing hydro-
gel structure. Fig. 3A shows the Raman-spectra of the monomer
GVIM-I (red spectra), the reaction mixture without TEMED
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Fig. 3 Characterization of polyGVIM-I hydrogels via (A) Raman spectroscopy, as well as (B)—-(F) in situ rheology-Raman spectroscopy: (A) Raman spectra
at a 1064 nm wavelength of the monomer GVIM-I (red), the reaction solution in PBS with PEGDA 575 as crosslinker without TEMED at a wavelength of
785 nm (blue) and the dried corresponding polyGVIM-| hydrogel at a wavelength of 1064 nm (black). Grey highlighted are the significant bands for C—C
stretching vibrations (1656 cm ™) and C=C bending vibrations (900 cm™1). The spectra were height normalized on the 1426 cm™ band. (B) In situ Raman
spectra at 785 nm wavelength for polymerization tracking over 8 min of polyGVIM-| with PEGDA 575 as a crosslinker and APS/TEMED as an initiator
system. Grey highlighted are the significant bands for C—C stretching vibrations (1656 cm~?) and C=C bending vibrations (900 cm™~Y). Blue highlighted is
the significant band for C-C stretching vibrations (980 cm™). The spectra were normalized on the 1428 cm™* band. (C) Time trace of the C—=C
consumption (hight of the band at 1656 cm™) (black) and C—C formation (height of the band at 980 cm™?) (blue) during polymerization, corresponding
to the in situ Raman spectra (B). (D) Gelation tracking of polyGVIM-| with PEGDA 575 as crosslinker and ASP/TEMED as initiator system and (E) the
corresponding amplitude sweep measurement. (F) Overlay of the G’ during gelation and the C—-C formation during polymerization (approximated with an
exponential fit in red) of the in situ rheology-Raman spectroscopy.
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(since polymerization occurs within seconds of adding the
initiator) (blue spectra), and the dried polyGVIM-I hydrogel
(black spectra). The Raman shift at 750 cm™" indicates the
band from C-O-C, which belongs to the GVIM-I monomer and
the crosslinker PEGDA. The Raman shifts in the range from 850
to 1150 cm ' are attributed to C-C stretching vibrations
originating from the GVIM-I sugar backbone, but also from
the backbone of the polymer chain. This explains why the
Raman shifts in the hydrogel have a higher normalized inten-
sity, as the backbone forms during gelation and the number of
C-C bonds increases. The Raman shift at 1426 cm ™" indicates
the deformation vibration of CH, at the C-6 position in the
sugar. This band was used for normalization, as it does not
change during polymerization. The vibrations of the C=C
double bonds can be seen in the spectra at 1656 cm™'. The
normalized intensity of the band is significantly lower after the
hydrogel formation than in the monomer solution. During the
formation of the hydrogel, the C=C groups of the crosslinker
are linked to the vinyl group of the monomer, which explains
the decrease in intensity of the band.

Hydrogel characterization with in situ rheology-Raman
spectroscopy

The stiffness and the LVE region of hydrogels as well as the
gelation time of a reaction mixture to a hydrogel, can be
determined by rheological measurements, as shown in two
previous chapters. The formation of a polyGVIM-I hydrogel
with PEGDA 575 as crosslinker and APS/TEMED as initiator
system was followed with the rheometer-Raman combination,
which means an in situ Raman measurement and simultaneous
gelation tracking on the rheometer. Fig. 3B shows the Raman
spectra of the in situ Raman measurement. The normalized
intensity of the band at 1656 cm " decreases during the
measurement and the band at 980 cm™ " increases. To better
visualize the change in intensity of these two bands, the
intensities were plotted against time (Fig. 3C). It can clearly
be seen that the intensity of the vibration of the C=C double
bond (black) decreases sharply within the first 200 s and then
reaches a steady state at 300 s, while the intensity of the
vibration of the C-C single bond (blue) increases and then also
reaches a steady state at the same time. The graph shows that
the breaking of the C—C double bonds occurs simultaneously
with the formation of the single bonds of the polymer back-
bone. The rheological measurement taken during gel formation
is shown in Fig. 3D. Here, as already shown in the previous
chapter, G’ and G” have been plotted against time. At the start
of the data recording, the value of G’ is less than G”, which
means that the monomer solution behaves like a viscoelastic
fluid, as expected. The initiator TEMED was added just before
the start of the data recording. It can be seen, that the crossing
point of G’ and G” occurred after 30 s, indicating a very fast
gelation. After the crossing point, the value of G’ rises rapidly,
then flattens out until it reaches a plateau at about 200 s. The
plateau indicates that the formation of the three-dimensional
hydrogel structure is complete. Fig. 3E shows the subsequent
amplitude sweep measurement of the same hydrogel. The LVE

© 2024 The Author(s). Published by the Royal Society of Chemistry
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range of this hydrogel is 24.7%, which is much higher than the
same hydrogels with LAP as initiator instead of APS/TEMED
(see Table 1). The value of y. with 83.7% is at a significantly
higher shear strain, indicating an overall more stable hydrogel.
Fig. 3F compares the progression of G’ of the gelation tracking
with the intensity of the C-C single bond vibration of the in situ
Raman measurement. By overlaying the two data sets, conclu-
sions can be drawn about the gelation and polymerization
processes. Gelation i.e. the transformation of the sample from
liquid-like to solid-like behavior, can be seen in the rheometer
data after 30 s. The value of G’ is greater than G” from this
point onwards. The Raman data shows in direct comparison
that only a small proportion of C-C bonds have formed after
30 s. At the gelation point of the gel (crossing point of G’ and
G") an increase in the intensity of the C-C bond from 0.15 to
0.25, which can be correlated with a conversion of the double
bonds of 33%, if the normalized Raman intensity of 0.45 is
attributed to a conversion of around 100%. The formation of C-
C single bonds, i.e. the structural change of the sample, is the
polymerization. It can be assumed that complete polymeriza-
tion occurred approximately 300 seconds after the start of the
experiment, as evidenced by a normalized intensity of the C-C
vibration of 0.45 in the Raman spectrum (100% conversion of
the C=C bond in the Raman spectrum). However, the value of
G’ continued to increase (from 7413.9 Pa to 9782.0 Pa at the end
of the measurement). This could be caused not only by incom-
plete gelation but also by the drying effects of the hydrogel.

Conclusion

In the present study, we have successfully characterized
carbohydrate-based hydrogels, before, after and during gelation
or polymerization, with different formulations using estab-
lished methods and have demonstrated a new alternative
technique for hydrogel characterization.

We were able to show that ATR-FTIR is initially suitable for
spectroscopic characterization to get a first impression of the
structure of the monomer (GVIM-I) and the hydrogel. The
advantage of ATR-FTIR is that it requires little sample prepara-
tion, and is often accessible and inexpensive. Nevertheless, the
water present in the reaction solution can lead to the formation
of broad bands which may mask signals of interest. This issue
can be avoided by pre-drying the samples. The in situ IR
measurement shows strong noise of signals above 1900 cm™*
which can be attributed to the device setup (quartz glass),
resulting in superposition of the signals of interest. Further-
more, the results of the C=C double bond vibration tracking
should be treated with caution. In addition to the intensity of
the band at 955 cm™ ', numerous other band intensities that
should remain constant, also decrease. This indicates that the
polymerization monitoring by IR was unsuccessful in
this setup.

These limitations do not apply to Raman spectroscopy.
Water signals do not interfere with the measurements and do
not overlay the bands of interest, giving a clearer resolution
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than the IR spectra. The in situ Raman measurement allowed
the monitoring of the intensity decrease of the C—C double
bonds and the intensity increase of the C-C bonds.

In addition to spectroscopic methods for monitoring poly-
merization, rheological techniques can be employed to track
the gelation. For the additional determination of gelation time,
it is also possible to identify other characteristics, such as
stiffness and LVE region of hydrogels with different crosslinker
types and concentrations.

The in situ rheology-Raman spectroscopy, a novel methodol-
ogy for the characterization of hydrogels, was presented for the
first time in this study and compared with conventional meth-
ods. This method has so far been limited to radical polymeriz-
ing hydrogels, although initial experiments have already
investigated the curing of epoxy resins using rheometer-
Raman.”® Furthermore, this technique could be applied in
the future to hydrogels based on click chemistry, for example
Diels-Alder crosslinking. However, it should be noted that this
method is not suitable for hydrogel gelation based on ionic
interaction.

The rheometer-Raman combination offers several advan-
tages for hydrogels with already described polymerization
forms, such as radical polymerization. These advantages
include the ability to track the Raman bands corresponding
to the C—C double bond and the C-C bond, as well as
the direct comparison to the gelation of the rheological
measurement and the aforementioned bands. All in all,
the combination of rheology and Raman spectroscopy,
has led to a significant expansion of knowledge in a relatively
short period by running the methods simultaneously, enabling
the detection of differences between polymerization and
gelation.
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