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Sucrose and Glycerol Additives: A Way to Tune the Biological
and Physicochemical Properties of Agarose Hydrogels?

Victor C. Igbokwe, Vincent Ball, Nour-Ouda Benzaamia, Simon Gree, Sophie Hell,

Juliette Soubirou-Blot, Corinne Nardin,* and Lydie Ploux*

Sucrose and glycerol have gained attention as additives for hydrogels, owing
to their capacity to exert considerable influence over the physicochemical,
mechanical, and biological characteristics of these materials. Herein, these
effects on agarose hydrogels (AHs) are explored. A series of AHs are
synthesized using sucrose (30% and 300% w/v) and glycerol as additives. The
storage modulus (10.0-13.7 kPa) and hydrophilicity of the hydrogels (contact
angle < 50°) do not vary significantly with sucrose or glycerol addition.
However, sucrose enhances the hydration capacity of the hydrogels by up to
170%, whereas glycerol reduces it. Interestingly, sucrose and glycerol
individually do not have bacteriostatic effects against Staphylococcus
epidermidis, but their combination significantly (p < 0.001) inhibits the
growth of both S. epidermidis and Pseudomonas aeruginosa by 63% and 29%,
respectively, in comparison to native agarose. Cytotoxicity testing on NIH/3T3
murine fibroblasts reveals that sucrose increases cell viability up to 98%,
while glycerol reduces it below 60%. Overall, these hydrogels hold promise for
antibacterial biomedical applications as wound dressing materials and surface
coatings for medical devices and can also be used to formulate bioinks for 3D

applications. These applications include tis-
sue engineering, drug delivery, 3D bioprint-
ing, and biosensing.'* Additionally, hy-
drogels have been employed to coat both bi-
otic and abiotic surfaces, such as wounds
and medical devices respectively.l>®! Hydro-
gels derived from natural polymers have
garnered substantial interest due to their
renewability, biodegradability, compatibility
with living cells and tissues, and the relative
ease of functional modification have ren-
dered them indispensable.”! Among the
diverse spectrum of natural polymers used
to synthesize hydrogels, agarose stands out
prominently. This prominence can be at-
tributed to its thermo-reversible gelation be-
havior, ease of modification, water solubil-
ity, and tunable mechanical properties.['*-12]
Furthermore, agarose is generally regarded
as biocompatible and exhibits a strik-

bioprinting.

1. Introduction

Hydrogels have revolutionized the design and development
of innovative functional biomaterials for various biomedical

ing resemblance to the extracellular ma-
trix, making it a suitable candidate for
various biomedical applications, particu-
larly in tissue engineering and regenera-
tive medicine."”) Notably, agarose is also
biodegradable and hypoallergenic.!3]
Agarose is a neutral hydrophilic biopolymer sourced from
seaweed. It comprises 400 agarobiose repeating units, composed
of 1,3-linked-d-galactopyranose and 1,4-linked 3,6-anhydro-a-
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l-galactopyranose.'#1>] This chemical structure incorporates
several polar functional groups and linkages, including —OH,
—O—, and C=0, conferring it with a strong hydrophilic property
and the ability to form hydrogen bonds with water molecules.
This property is pivotal in the context of hydrogel formation.'!
Agarose hydrogels (AHs) can be easily formulated under simple
conditions without the need for catalysts, unlike hydrogels
synthesized with other biopolymers such as cellulose and guar
gum.['®) While native AHs have their advantages, they are
inherently biologically inert and lack intrinsic antibacterial prop-
erties. This limits their applicability in antibacterial contexts,
and their high water content may make them susceptible to
bacterial proliferation.!'”] Given that bacteriostatic or bactericidal
properties are highly desirable in biomaterials for biomedical
applications,['®! various studies have focused on developing
antibacterial AHs through chemical modification or the incor-
poration of antibacterial agents, such as classical antibiotics,
nanoparticles, and polyphenols.l'*2)] However, the use of these
antibacterial agents often presents significant challenges, includ-
ing issues related to antibiotic resistance,!2*2¢! cytotoxicity,! 2]
environmental concerns,[?°! relatively high cost of production, !
and in some cases, limited spectrum of efficacy.’?’] Considering
these challenges, we explored the feasibility of using a com-
bination of sucrose and glycerol to synthesize antibiotics-free
bacteriostatic AHs.

Sucrose, glycerol, and their derivatives are widely recognized
as safe additives in the fields of food and pharmaceuticals,31-3!
prompting their extensive use. In the context of biomedical appli-
cations, they have garnered substantial interest for their capacity
to modify the physicochemical, mechanical, and biological prop-
erties of hydrogels. Specifically, sucrose can enhance the affin-
ity of agarose polymer helices for solvents, thereby limiting helix
aggregation tendencies and influencing the mechanical proper-
ties of agarose gels.**l Historically, sugars have also been used
in wound healing for centuries probably due to their antibacte-
rial activity.*®] Additionally, both sucrose and its derivatives ex-
hibit antibacterial properties at high concentrations.*-¥] How-
ever, sucrose at low concentration can be metabolized by many
microorganisms and used as a carbon source,??! thus possibly
facilitating microbial growth. On the other hand, glycerol has
been noted for its capacity to enhance the flexibility and soft-
ness of agarose gels by improving the mobility of polymer chains
under deformation.l3] Like sucrose, glycerol and its derivatives
have also shown interesting antibacterial activities.?*°! Though
specific figures on the cost and availability of sucrose and glyc-
erol vary with factors such as location, supplier, and quantity re-
quired, the consistent use of sucrose and glycerol in various in-
dustrial and research applications strongly suggests that they are
relatively inexpensive and readily accessible.

In this study, we investigated the possibility of combining su-
crose and glycerol as additives to impart antibacterial properties
to AHs intended for biomedical applications. To achieve this, we
synthesized two series of AHs using glycerol and varied concen-
trations of sucrose. The concentration of glycerol used was fixed
at the lower threshold of the optimal range (from 30% to 50% of
the material weight) required to have a plasticizing effect, while
limiting the risk of toxicity.l!] The concentration of sucrose used
in this study was well below the levels (30-60% of the material
weight) used in food preservation./*?] The selected concentration

Macromol. Mater. Eng. 2024, 2400150 2400150 (2 of 12)

www.mame-journal.de

Table 1. Hydrogel composition in terms of the weight of compounds used
for hydrogel formulation.

Sample ID Agarose [g] Sucrose [g] Glycerol [g]
A-series Al 0.15 - -
AG 0.15 - 6.31
ASs, 0.15 0.05 -
AGS5, 0.15 0.05 6.31
ASsg 0.15 0.45 -
AGS300 0.15 0.45 6.31
B-series B1 0.30 - -
BG 0.30 - 6.31
BSso 030 0.09 -
BGS;, 030 0.09 6.31
BS300 0.30 0.90 -
BGS300 030 0.90 6.31

is expected to release a minimal quantity of sucrose, thus limiting
possible inflammatory drawbacks. Our experimental approach
involved synthesizing two different series of hydrogels—A-series
and B-series. The concentration of agarose in the B-series hydro-
gels was twice that of the A-series. However, it is important to
note that the ratio of agarose to sucrose and agarose to glycerol
remained constant within each hydrogel within each series. The
primary objectives of this study were to evaluate the effect of the
additives on the i) surface wettability and hydration capacity, ii)
dynamic viscoelasticity, iii) bacteriostatic activity against Staphy-
lococcus epidermidis and Pseudomonas aeruginosa, and iv) biocom-
patibility of AHs. The effect of the additives on the surface chem-
istry and the possible release of compounds from the hydrogels
was evaluated as well.

2. Experimental Section

2.1. Materials

Agarose (CAS No. 9012-36-6) was purchased as a fine white
powder from Sigma—Aldrich (Darmstadt, Germany) with a spe-
cific gelling temperature (T,) between 34.5 and 37.5 °C and
a gel strength of >1200 g cm~ as stated by the producer. An-
alytical grade (99% pure) glycerol (CAS No. 56-81-5) having a
boiling point of 180 °C and molecular weight of 92.09 g mol~!
was purchased from Fisher Scientific GmbH (Kehl, Germany).
Food grade, for human consumption sucre+ (Cestas, France)
E+ organic beet sugar was purchased from Biocoop (Strasbourg,
France). For the bacteriostatic activity assays, trypticasein soy
broth and agar agar from Condalab (Madrid, Spain) and BD Bacto
(New Jersey, USA) respectively were used. All reagents and ma-
terials were used without further purification or modification.

2.2. Synthesis of Hydrogels

Two sets of hydrogels (A-series and B-series) were synthesized
in one-pot by varying the concentration of sucrose at 30% and
300% (w/v), while maintaining the concentration of glycerol as
shown in Table 1. Notably, the respective concentration of agarose
and sucrose in the B-series samples was consistently twice that
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of the A-series. Agarose, sucrose, and glycerol were concurrently
added into a glass vessel and mixed with 15 mL of freshly pre-
pared saline (NaCl solution, 0.9% w/v) to be in physiological-like
conditions. Afterward, the glass vessel was closed with a lid and
heated at 90 + 10 °C for 25 min under stirring at 400 rpm. The
resulting clear solution was cast into a 90 X 15 mm polystyrene
Petri dish, which was left half-open to prevent steam accumula-
tion on the hydrogel surface during gelation. After atleast 20 min
of setting at room temperature, the hydrogel samples were cut
into 14 mm discs using a hollow punch (Boehm SAS, La Fouil-
louse, France). The 14 mm diameter cut of the hydrogel samples
was used for all physicochemical and antibacterial characteriza-
tions unless otherwise stated.

2.3. Characterization of the Hydrogels
2.3.1. Surface Wettability

The surface wettability of the hydrogels was determined by
contact angle (CA) measurement in the sessile drop mode at
room temperature using an Attension Theta goniometer (Biolin
Scientific, Vistra Frolunda, Sweden). Using an automated mi-
cropipette, a drop (5 pL) of Milli-Q water was carefully deposited
via a 0.7 mm inner diameter tip at different randomly selected
locations on the surface of the hydrogel. An image per 0.07 s was
recorded by a CCD camera connected to the device from the mo-
ment the drop of water hit the surface of the hydrogel until it
reached a stable shape. The images were acquired, and the CA
was determined after numerical fitting of the droplet shape based
on the Young-Laplace model.[*3] At least five measurements were
taken per two independent replicates of each sample, and the
data obtained were presented as mean + SD. Based on the CA
values, the surfaces of the hydrogels were classified as hydropho-
bic (when CA > 90°) or hydrophilic (when CA < 90°).[4]

2.3.2. Hydration Capacity

The hydration capacity (HC) of the hydrogels in physiological
serum was determined by mass measurement. Briefly, 14 mm
samples of the hydrogels, with an average thickness between 2
and 3 mm were dried to a constant weight in an incubator at
37 °C. The weight of the samples after achieving equilibrium
weight was recorded as the initial weight (W,). Subsequently,
the samples were placed in a 12-well plate and submerged in
0.9% NaCl solution at room temperature. The microplate was
covered to minimize evaporation. The weight of the samples was
monitored until they attained equilibrium, and the weight was
recorded as W,. The HC of the hydrogels was calculated using
Equation 1 and expressed as mean + SD of at least six indepen-
dent replicates of each sample.

W, - W
HC (%) = %xloo (1)

1
where W, is the weight of the hydrogel after dehydration at 37 °C
while W, is the weight of the hydrogel at equilibrium of swelling
in 0.9% NaCl solution at room temperature.
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2.3.3. Dynamic Viscoelasticity

The dynamic storage (G’) and loss (G”) modulus of the pre-
formed hydrogels were determined at a frequency range of 30.00
to 0.01 Hz using a Malvern Kinexus Ultra+ rheometer in a plate-
plate configuration. The diameter of the upper geometry was
20 mm. A gap of between 1.8 to 2.5 mm between the upper and
lower plates was set, representing ~90% of the sample thickness.
Rheology measurement was done with a compression deforma-
tion of between 0.2 and 0.3% (10% based on the sample thick-
ness) and constant temperature of 25 °C. G’ and G” values were
reported as mean + SD of three independent replicates per sam-
ple.

2.3.4. Surface Chemistry

Raman spectra of the hydrogels were acquired at two distinct loca-
tions: at the surface and at a depth of 500 pm. Hydrogel samples
of 14 mm diameter were placed on a silicon wafer substrate and
the Raman spectra were acquired using a PerkinElmer spectrom-
eter equipped with a 532 nm laser for excitation. Spectra were ac-
quired in the confocal mode and afterwards processed with Spec-
tragryph v1.2.16.1. The characteristic peaks were identified and
assigned according to the literature.

2.3.5. Sucrose and Glycerol Release

The quantity of sucrose and glycerol released from the hydro-
gels in water respectively was estimated by Fourier transformed
infrared spectroscopy (FTIR). A 14 mm diameter cut of the hy-
drogel samples was placed in Eppendorf tubes and submerged
with 2 mL of milli-Q water for 24 h at room temperature. After-
ward, the hydrogels were recovered from the Eppendorf tubes,
and the supernatant was deposited over the attenuated total re-
flection (ATR) accessory after mixing properly. For an enhanced
sensitivity, all spectra were obtained with an MCT detector be-
tween 650 and 4000 cm~! with a resolution of 4 cm™!. The spec-
trum of milli-Q water on the ATR accessory measured at room
temperature was used as the background. The ATR-infrared spec-
tra were recorded as absorbance. The peak heights at 1044 cm™
for glycerol and 1056 cm™ for sucrose which corresponds to the
stretching vibration of C-O in glycerol!**®] and sucrose,[*’~* re-
spectively were utilized as the characteristic peaks of sucrose
and glycerol for the estimation of their respective concentrations
in the supernatants comparison. The heights were compared to
absorbance-concentration calibration curves for glycerol and su-
crose (Figure Sla,b, Supporting Information), which were es-
tablished using their pure solutions with known concentrations,
thus enabling the estimation of released amounts.

2.3.6. Bacterial Growth Inhibition

The inhibitory effect of the hydrogels on the growth of the test
organisms, Pseudomonas aeruginosa ATCC 27853 and Staphylo-
coccus epidermidis ATCC 35984, in planktonic state was evaluated
by optical density measurement at 600 nm (ODgy,). A 14 mm
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sample of the respective hydrogels was carefully placed into a
12-well microplate. Subsequently, the samples were inoculated
with a 2 mL suspension of P. aeruginosa and S. epidermidis, re-
spectively, preculture grown overnight in tryptic soy broth (TSB)
at 37 °C in an incubator shaker. An inoculum of each test or-
ganism without any supplementary material or substance was
used as a control. The samples inoculated with the test organ-
isms were then incubated at 37 °C for 24 h in a static incubator,
following which the ODy, of the suspension was measured by
a Bio-Rad SmartSpec Plus spectrophotometer, with TSB as the
blank. The ODy, values of the test organisms were converted
to Log colony forming units per mL (Log CFU mL!) using an
OD-CFU mL"! standard curve for the respective test organisms.
The experiments were replicated a minimum of three times on
atleast three independent samples, thereby resulting in a total of
at least nine replicates per hydrogel sample.

2.3.7. In Vitro Cytotoxicity

The cytotoxicity of the hydrogels was assessed by quantifying the
viability of a NIH/3T3 mouse fibroblast cells on hydrogel extracts
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) in accordance with the ISO-10993-5 protocol,[*% with
some modifications. Hydrogel samples, cut into 12 mm diame-
ter circles using a sterile biopsy punch, were carefully placed in a
24-well microplate, and sterilized with UV light for 15 min before
extraction. To prepare hydrogel extracts, 1 mL of high-glucose
Dulbecco’s modified Eagle medium (DMEM, Dutscher France)
was dispensed into the wells containing the hydrogel samples
and subsequently incubated for 24 h at 37 °C. Besides, fibrob-
lasts previously cultured in DMEM supplemented with 10% fe-
tal bovine serum (FBS) and 1% antibiotics (penicillin and strep-
tomycin), for 24 h at 37 °C in a 5% CO, atmosphere, were di-
luted with complete DMEM to achieve a final concentration of
5 x 10* cells mL~1. 200 pL of this cell suspension was seeded
into wells of a 24-well microplate and incubated for 24 h. The
medium was then replaced by the hydrogel extracts and incu-
bated for 24 h. Complete DMEM and dimethyl sulfoxide (DMSO)
were used as positive and negative controls, respectively. Follow-
ing incubation, the supernatants were discarded while the cells
attached to the wall of the microplate were washed with phos-
phate buffer saline (PBS). 100 uL of 0.5 mg mL~! MTT solution in
DMEM was added into each well and incubated for a minimum
of 2 h. After discarding the solution, 100 uL of DMSO was added
to the wells to dissolve the purple formazan crystals formed. The
resulting solution’s absorbance was measured at 570 nm using a
spectrophotometer. Cell viability was calculated using Equation 2
and reported as mean + SD of three replicates per at least three
independent samples per hydrogel.

o Mean absorbance of hydrogel samples
Cell viability (%) = —
Mean absorbance of positive control (DMEM)

x 100 2)

2.4, Statistical Analysis

All data are presented as mean + SD. To test for statistical sig-
nificance of the difference between the means of the treatments
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Table 2. Concentration in every compound related to the weight of the final
hydrogel.

Sample ID Agarose Sucrose Glycerol
[96 w/w)] [96 w/wh)] [96 w/wh)]
A-series Al 1.3+0.1 - -
AG 0.8 +0.1 - 347+ 1.6
ASyo 14+02 0.5+0.1 -
AGS,, 08+0.1 0.3+0.1 347+16
ASs0 1.2+0.1 36+0.1 -
AGS;, 0.8+0.1 23+0.1 325+2.1
B-series B1 2.7+0.1 - -
BG 1.6 +0.1 - 347 +028
BSso 28403 0.8+0.1 -
BGS,, 1.7 £0.1 0.5+ 0.1 355+ 17
BS00 26+0.1 78403 -
BGSs0 1.6+0.1 48403 33.9+23

§: referred to the weight of the material as obtained after synthesis and following
stabilization of the hydration state at the room condition.

and control (A1), the normality of the data was first determined
using the Shapiro-Wilk test. If the means followed a normal dis-
tribution, the Tukey post-hoc test was used to analyze the differ-
ence. However, if the means were not normally distributed, the
Kruskal-Wallis’s test and the Dunn’s multiple comparison to an-
alyze the difference. *, **, and *** were used to label means that
were significantly different from the control at p < 0.05, 0.01 and
0.001 respectively.

3. Results and Discussion

Two series of AHs were synthesized. The weight/weight concen-
tration of agarose, sucrose, and glycerol relative to the final hy-
drogel (considered after formulation and stabilization for about
20 min under ambient conditions) are presented in Table 2. The
concentration of agarose in the B-series of hydrogels is twice that
of the A-series. The concentration of glycerol was ~34% for all
the samples, just higher than the limit allowing glycerol to play
its plasticizer role.*!l The concentration of sucrose varied from
0.3 to 7.8%, thus largely lower than the limits of concentration
for a preservation effect.

3.1. Surface Wettability

The surfaces of the hydrogels exhibited pronounced wettability
(Figure 1), with CA values between 35° and 42°, which is typical
of hydrophilic surfaces.[*] Also, increasing the concentration of
agarose decreased the CA of all the hydrogels (Figure S2, Sup-
porting Information), whatever the concentration in the other
compounds. This suggests that agarose had a predominant in-
fluence on the wettability of the surface of the hydrogels. This
surface hydrophilicity of the hydrogels was not surprising since
sucrose and agarose have abundant polar chemical groups like
OH in their respective chemical structures.>!]

In contrast, sucrose did not affect the CA of the hydrogels. As
seen with AS30 and AS300, there was no significant difference
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Figure 1. Surface wettability of the series A of hydrogels (presented as
mean +SD, n > 4).

in the CA of the hydrogels compared to the native agarose (Al),
irrespective of the concentration of sucrose. There was also no
significant difference in the CA of AGS30 and AGS300 compared
to AG.

Glycerol also did not affect the CA in the B-series irrespec-
tive of the sucrose concentration. However, glycerol slightly in-
creased the CA in the A-series as seen with AG and AGS30This
suggests that the influence of glycerol on the surface wettability
of the hydrogels was significant only for glycerol-to-agarose ratio
much higher than 20. Meanwhile, the increase in CA due to glyc-
erol was surprising given that glycerol is a polar and hydrophilic
molecule.>?] One possible explanation for this unexpected result
is that glycerol diffused from the hydrogel’s matrix to the surface
during gelation. This diffusion may have created a thin, viscous
layer on the hydrogel's surface, increasing its roughness (Figure
S3, Supporting Information) and consequently increasing its CA.

3.2. Hydration Capacity

The maximum swelling of the hydrogels in a physiological saline
solution was used as an index of their hydration capacity (HC).
We observed a systematic pattern in the HC, as illustrated in
Figure 2a and Figure S4a (Supporting Information) for series A
and B, respectively. The HC of Al was 150%, whereas agarose
hydrogels containing glycerol had a reduced HC compared to
A1, with AG, AGS,,, and AGS;,, exhibiting HCs of 21%, 25%,
and 19%, respectively. This behavior was also consistent in the
B-series hydrogels. Glycerol thus strongly affected the hydration
capacity of the hydrogels.

Notably, as depicted in Figure 2b,c, glycerol prominently af-
fected the rate of dehydration and rehydration in comparison to
A1 and the hydrogels containing only sucrose. Specifically, while
the mean hydration rate of AS;, (5.2 x 102 g h') and AS,,
(5.1 x 102 g h'!) did not differ from that of A1 (5.1 x 102 g h),
those of AG (1.8 X 102 gh'!), AGS;, (1.9 X 102 gh'!), and AGS;,
(1.9 x 102 g h'!) were 2.79, 2.66, and 2.66 times lower. Glycerol
did also retard the mean rate of dehydration by approximately 1.5,
with a dehydration rate of 4.0 102 g h'!, for A1, AS;,, and AS,,,
but2.7 x102%,2.8x 102, and 2.6 X 102 g h™! for AG, AGS,;,, and
AGS,,,, respectively. This may be due to a substantial quantity of
fluids trapped within the hydrogel matrix which were probably
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not expelled during dehydration, prior to immersion in saline.
Balik-Was et al.°3] and Xu et al.>*] reported similar observations,
attributing this phenomenon to the strong hydrogen bonding in-
teractions between glycerol and water,*>>°%] as well as the low
volatility and high boiling point of glycerol.>”]

A supplementary explanation for the anti-hydration effect of
glycerol is its potential role as a potent plasticizer,*®*! which re-
duced the crosslink density of the agarose polymer chains within
the hydrogel matrix, effectively limiting the hydrogel’s ability to
absorb and retain physiological saline. This argument is sup-
ported by our observation that the glycerol-containing B-series
hydrogels (BG, BGS30, and BGS300), exhibited approximately
twice the HC compared to their counterparts in the A-series.
Since the concentration of glycerol was kept constant in both the
A and B-series, with only variations in agarose and sucrose con-
centrations, it is plausible to suggest that bonding interactions
between glycerol and water might have been higher in the B-
series in comparison to the A-series, and the plasticizing effect
of glycerol on the B-series hydrogels might have been compara-
tively less pronounced than that of the A-series. Contrarily, the
addition of sucrose alone in the agarose hydrogels did not exert a
statistically significant impact on the HC of the hydrogels. Hence,
as reported for the surface wettability of the hydrogels, glycerol
has a predominant influence on the hydration capacity of the hy-
drogels compared to sucrose.

3.3. Dynamic Viscoelasticity

The storage (G’) and loss (G“”) modulus of the hydrogels were de-
termined across a frequency range from 30.00 to 0.01 Hz under
constant amplitude and compression deformation conditions. As
shown in Figure 3a, the hydrogels of the A-series exhibited rel-
atively stable behavior even at low frequencies, indicating that
their bulk structure and mechanical properties were maintained
within this frequency range. With the B-series, G’ and G” (Figure
S5a, Supporting Information) were much more unstable com-
pared to the A-series. This behavior was consistent irrespective
of addition of sucrose or glycerol. However, the reason for this
behaviour remains unclear.

The hydrogels of the A-series displayed viscoelastic behavior,
with a predominant elastic component over the viscous compo-
nent (G’ >> G*”). This observation suggests a high degree of
crosslinking of the agarose polymer within the hydrogels. No-
tably, all the hydrogels exhibited strain-stiffening behavior, with a
gradual increase in G’ and G” from 9.5 to 30.0 Hz. This transition
from the linear viscoelastic region to a more elastic region is typ-
ical of agarose hydrogels,[®! attributed to their semi-flexible and
geometrically connected fibrils with persistence length approxi-
mately equal to their contour length.[®!] Sucrose and glycerol had
minimal impact on G’ and G*”, as evidenced by the overlapping
curves of native agarose hydrogels and agarose hydrogels con-
taining either sucrose, glycerol, or their combination.

The G’ values of the A-series hydrogels were examined at
9.5 Hz, considered as the end of the LVR. Figure 3b shows that
the G’ values ranged from 10.7 to 13.7 kPa, but the differences
were marginal. Only AG and AS,,, were significantly different
from A1, indicating that while glycerol slightly reduced the stift-
ness of the hydrogels, the addition of sucrose enhanced stiffness,
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Figure 2. Hydration capacity of the series A of hydrogels in NaCl solution (0.9% w/v): a) HC values as calculated with Equation 1 (presented as mean
+ SD, n > 5); b,c) Weight evolution of the hydrogels measured during (b) dehydration at 37 oC and (c) rehydration at room temperature (presented as

mean + SD, n > 5).

albeit at a sufficient concentration since AS;, did not differ sig-
nificantly from Al. Similarly, sucrose increased G” as shown in
Figure 3c. Notably, only hydrogels containing sucrose or its com-
bination with glycerol differed significantly from Al. In the case
of the B-series, the instability of G’ and G” prevents any conclu-
sion about the difference between hydrogels, except that G’ are
significantly higher compared to the A-series (Figure 3b). This
was not surprising given the expected influence of agarose (twice
more concentrated in the B-series than in the A-series) on the
stiffness of the hydrogel.[®?]

Though not statistically significant, the reduction in G’ by glyc-
erol for the A-series was not surprising, given that glycerol is a
known plasticizer that enhances the flexibility of hydrogels.[®*]
However, currently, there are no reports which specifically inves-
tigated the influence of glycerol on the mechanical properties of
agarose hydrogels. The marginal increase in stiffness by sucrose
may be attributed to enhanced hydrogen bonding with agarose
polymer chains, strengthening the hydrogel network. This view
was also considered by Chen et al.[* who examined the influence
of sugar concentration on the mechanical properties of a zwit-
terionic polymer hydrogel. Another proposition is that sucrose
acts as a filler within the hydrogel matrix, increasing the packing
density of polymer chains and thus stiffening the network. Fur-
thermore, the combined effect of sucrose and glycerol on both G’
and G*” looked like the effect of sucrose alone, suggesting that
the binding affinity of sucrose with the polymer matrix was pre-
dominant in comparison with the plasticizing effect of glycerol.
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3.4. Surface Chemistry

The Raman spectra of sucrose and glycerol of the hydrogel ma-
trix of the A-series, specifically at the surface and a depth of
500 um, are depicted in Figure 4. The spectra exhibited bands
characteristics for sucrose, with notable but weak signals both
within (500 um depth) and at the hydrogel surface, probably due
to the relatively low concentration of sucrose.l®! We discerned
minor peaks around 1459 and 1123 cm'!, associated with the
scissoring vibration of CH, and the stretching deformation of
C-OH, respectively.*”] Notably, these peaks were more pro-
nounced in the AS,,, sample compared to AS;,. Interestingly,
these peaks vanished within the hydrogel and the 1123 cm™ peak
red shifted to 1139 cm!. This suggests probable weak intermolec-
ular bonds due to chemical or physicochemical bonds. In addi-
tion to these observations, characteristic peaks of sucrose were
observed around 1056 and 998 cm™, corresponding to the stretch-
ing of C-O in the furanoid ring and C-C in the glucose moiety,
respectively.[®®l Remarkably, while these peaks exhibited greater
prominence at the surface of AS,,, compared to AS,, the reverse
pattern was noted within the hydrogel, possibly due to interac-
tions with dangling polymer chains present in the bulk of the
hydrogel, which were not physically crosslinked.

On the other hand, the glycerol bands exhibited higher inten-
sity at the hydrogel surface than, potentially indicating a concen-
tration gradient of glycerol between the surface and in the bulk
of the hydrogel. An intense doublet peak was present at 1107 and
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Figure 3. Viscoelastic properties of the series A of hydrogels: a) Dependence of the storage modulus (G’) and loss modulus (G”) of the hydrogels on
frequency (30 to 0.01 Hz) at applied stress of 0.2 to 0.3%; b) Storage (G’) and c) loss (G”) modulus of the hydrogels at 9.5 Hz (values presented as

mean +SD, n = 3).

1054 cm™! and this corresponds to the stretching vibration of C-
OH in glycerol.[’l Additionally, peaks at 976 and 921 cm™! were
identified, which were associated with the rocking of CH,.[8]
Medium-intensity peaks at 850 and 547 cm™! were also observed,
corresponding to the C-C stretching and C-C-C deformation, re-
spectively in glycerol.I®®] Finally, especially at the surface, glycerol
manifested a prominent peak around 1464 cm, alongside broad
peaks at 1310 and 1254 cm’!, linked to the twisting of CH,.[%’]
Interestingly, the addition of sucrose led to a noteworthy modu-
lation of the intensity of this peak at the surface, with the AGS;,
sample exhibiting an intensity over four times lower than AGS,,
along with a slight rightward shift. This reduction in the intensity
of the glycerol Raman peak at 1464 cm™ with increased sucrose
concentration is likely attributable to alterations in the surface
viscosity of the hydrogel, which can skew the Raman signal, as
suggested by Itoh and Bell.[®) Furthermore, the increased con-
centration of sucrose may have impacted the hydrogen bonding
environment of glycerol. Indeed, sucrose is known to form hy-
drogen bonds with water molecules!”’! and the vibration of the
CH, group in glycerol is sensitive to the hydrogen bonding en-
vironment, in particular to water molecules.””! As sucrose con-
centration increases, the number of hydrogen bonds between su-
crose and water molecules also increases, potentially disrupting
the hydrogen bonding network within glycerol-water clusters and
resulting in a reduction in the intensity of the Raman peak at
1464 cm.7! Intriguingly, this effect of increasing sucrose con-
centration on the peak intensity was not as pronounced within
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the hydrogel, likely due to the higher concentration of water
molecules present inside the hydrogel compared to its surface.[%®!
Combining glycerol with sucrose thus had an evident impact on
the glycerol peaks.

3.5. Sucrose and Glycerol Release in Water

The quantity of sucrose and glycerol released from hydrogels
upon immersion in water was estimated by analyzing the ATR-
FTIR spectra of the supernatants and the results are presented in
Figure 5. These estimations were based on the calibration curves
(Figure Sla,b) previously established for sucrose and glycerol in
water. The peaks at 1044 cm™ for glycerol and 1056 cm™ for
sucrose were selected due to the intense characteristic spectral
bands of these compounds within the fingerprint region (900—
1400 cm™!) of the mid-infrared spectral range.l”?l However, quan-
tification based on the 998 cm™ or 1138 cm! peak with the asso-
ciated calibration curves resulted in similar estimations (data not
shown).

The quantities of sucrose and glycerol released are presented
in Table 3. Notably, it was not possible to estimate the quantity of
sucrose released from AS,, due to a relatively flat spectral band,
especially within the fingerprint region. This observation could
be attributed to several factors, including the possibility that
either no sucrose was released, or the amount of released sucrose
was below the ATR method’s detection limit.[”*) However, the

© 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH

85U8017 SUOLILLOD BA 181D [edldde 8y Ag peusenob afe Se(ole YO ‘88N JO Sa|nI Joj Akeiq1T8UlUQ A8]IM UO (SUOTHPUOD-PUE-SWBIW0 A8 | 1M AleIq Ul [UO//SANY) SUORIPUOD PUe SWS 1| 84} 88S *[202/20/ST] Uo ARiqiT8uljuo A8|IM ‘Soueld 8URI4O0D AQ 0STO0YZ0Z SWeW/Z00T OT/I0p/Loo" A3 1M Aeld 1 |Buluo//:sdny wo. pepeoiumod ‘0 ‘vS0Z6ErT


http://www.advancedsciencenews.com
http://www.mame-journal.de

ADVANCED
SCIENCE NEWS

tMISeS,
Olecular
Materials ana Engineering

www.advancedsciencenews.com

www.mame-journal.de

a)
. — AG — AGS;, — AGS;
12000 - € g 2
” % <
6000 - A : ‘
H
8 0 e e e ————————-
= - o = ASy AS3oqf
3 g 8 g 0
1000 { T T 3
0.
b)
10000
5000
2 0
)
£
2
=
3000 -
20004 5 g - W
1000 {— —
0 T N N T T
1500 1300 1100 900 700 500

Raman shift (cm™)
Figure 4. Raman spectra acquired a) at the surface and b) at 500 um depth of the A-series hydrogels.

latter appears to be the most plausible explanation, as increasing
the sucrose concentration, as observed in AS,, led to a slightly
more prominent band and a broad peak at 1056 cm™, indicating
approximately 0.45% (w/v) of sucrose released. When combined
with glycerol, it was also not possible to estimate the quantity
of sucrose released from both AGS;,, and AGS;, due to the low
intensity of the sucrose peak at 1056 cm™.

3.6. Bacterial Growth Inhibition

Log CFUmL"! (Figure 6 and Figure S6a,b, Supporting Informa-
tion) of the respective test bacteria, in planktonic state, was used
as an index to measure their growth inhibition by the hydrogels.
Similar patterns were observed for A-series and B-series. Firstly,
we observed that hydrogels containing glycerol (AG) and sucrose
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(AS;, and AS,,,) had similar effects on S. epidermidis than Al.
While this result was expected for AS,, and AS,, due to the very
low quantity of sucrose released from the hydrogels, it was un-
expected in the case of AG because glycerol is commonly used
as an osmotic agent in food preservation.”*”>) Osmotic agents
typically reduce the water activity (Aw) of the substrate, leading
to osmotic stress, plasmolysis, and impaired growth or lysis of
microorganisms.”’”) It is a general notion that bacteria require
a minimum Aw of 0.91 for growth.”8] Hence lowering the Aw
will consequentially impede their growth. We can thus hypothe-
size that the amount of glycerol released from the hydrogels may
not have been sufficient to critically lower the Aw, induce osmotic
stress, and finally inhibit the growth of S. epidermidis.

In contrast, though desirable, we found that glycerol inhibited
the growth of P. aeruginosa by 28%, as illustrated in Figure 6b.
The inhibitory effect of glycerol can be attributed to a reduction
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Figure 5. ATR spectra (1200-1000 cm~' zoom) of sucrose and glycerol
released from the hydrogels after immersion in water for 24 h.

Table 3. Quantity of sucrose and glycerol released in water as estimated
from the FTIR-ATR spectra.

Samples Sucrose Glycerol

[% weight/volume] [% weight/volume]
AG na 8.43
AS;, na Na
AGS;, nd 7.60
AS300 0.45 Na
AGS3, nd 8.93

nd, not determined; na, not applicable.

in the Aw of the medium.!**] On another hand, glycerol can pen-
etrate bacterial cells by facilitated diffusion thereby increasing
intracellular osmotic pressure, weakening the membrane, and
consequently inducing cellular lysis.[”l However, this finding di-
verges from the results reported by Scoffield et al.®) who indi-
cated that glycerol promotes the growth of P. aeruginosa by serv-
ing as a nutrient source. The discrepancy between their find-
ings and ours may be attributed to differences in glycerol con-
centration and experimental conditions employed in our respec-
tive studies. Besides, the increased susceptibility of P. aeruginosa
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Figure 7. Cytotoxicity of the A-series hydrogel extracts on NIH/3T3 murine
fibroblasts (values presented as mean+SD, n = 12).

to glycerol, compared to S. epidermidis could be explained by the
difference in the thickness of their peptidoglycan layers. Specifi-
cally, P. aeruginosa has a thinner peptidoglycan layer, constituting
only 10% of its cell wall, while S. epidermidis has a significantly
thicker peptidoglycan layer, composing 90% of its cell wall.l”’!

Both AGS,, and AGS,,, significantly inhibited the growth of
P. aeruginosa by 29 and 26%, respectively. This level of inhibition
was consistent with that observed with AG thus strongly suggest-
ing that the inhibitory effect on P. aeruginosa may be principally
due to the glycerol. More interestingly, although sucrose and glyc-
erol individually had no inhibitory effect on the growth of S. epi-
dermidis, the combination of both compounds in AGS,, signifi-
cantly (p < 0.001) inhibited its growth by 63% relative to Al. This
synergistic inhibitory effect of sucrose and glycerol on S. epider-
midis was only evident with the lowest sucrose concentration, as
no growth inhibition was observed with AGS,,.

3.7. In Vitro Cytotoxicity

The cytotoxicity of the hydrogels was assessed by measuring the
metabolic activity of NIH/3T3 murine fibroblasts exposed to hy-
drogel extracts in DMEM. A cytotoxic effect was defined as a re-
duction in cell viability greater than 30%./8!) Figure 7 shows that
the viability of fibroblasts exposed to A1, AS,,, and AS,, extracts
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Figure 6. Antibacterial activity of the A-series hydrogels against a) S. epidermidis 35984 and b) P. aeruginosa ATCC 27853 (values presented as mean + SD,

n>6).
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exceeded the 70% threshold, with 81, 90, and 98% viability re-
spectively. The increase in viability measured with the hydrogels
containing sucrose suggests that sucrose positively influenced
fibroblast viability in a subtle dose-dependent manner. A simi-
lar and even more pronounced trend was observed with the B-
series hydrogels (Figure S7, Supporting Information), where fi-
broblast viability for BS;, and BS;, reached 96% and 1119%, re-
spectively. The non-toxicity of sucrose towards fibroblasts was ex-
pected, as sucrose is a preferred carbon source for both eukaryotic
and prokaryotic cells.[8?]

In contrast to AS,, and AS,,,, AG, AGS,,, and AGS,,, were
relatively cytotoxic as the viability of fibroblasts in their respec-
tive extracts was 56%, 55%, and 62%, respectively. The cytotoxic
effect was attributed to glycerol, which was the common compo-
nent in these hydrogels. This finding deviates from that of Barros
et al.B3] who suggested that glycerol was non-toxic to fibroblasts
and keratinocytes. It was also unexpected given the widespread
use of glycerol as a pharmacopeia compound in the food, phar-
maceutical, and cosmetics industries for manufacturing various
personal care and consumable products.[®**] However, by simply
doubling the concentration of sucrose, as in the case of BGS;,
and BGS,, (Figure S7, Supporting Information), the viability of
fibroblasts recorded 74.3% and 83% respectively. This observa-
tion gives credence to our position on the cytotoxicity of glycerol
to the fibroblasts, and shows that sucrose, which promoted fi-
broblast viability, can counteract this toxicity.

Finally, this study explored the effects of sucrose and glyc-
erol on the viscoelasticity, HC, surface wettability, in vitro toxicity
against NIH/3T3 fibroblasts, and bacteriostatic activity of AHs.
contributing to the ongoing efforts to develop hydrogels with im-
proved or tunable mechanical, physicochemical, and antibacte-
rial properties, and reduced cytotoxicity. Our findings revealed
that, interestingly, sucrose, at the lowest sucrose concentration,
in combination with glycerol synergistically inhibited the growth
of S. epidermidis, which differs from the effect of sucrose alone
and from the inhibition of the growth of P. aeruginosa, irrespec-
tive of the concentration of sucrose. The sucrose-glycerol combi-
nation also significantly mitigated the toxic impact of glycerol on
fibroblast cells, but in a dose-dependent manner. However, it did
not counteract the anti-hydration effect induced by glycerol. In
terms of mechanical properties, the combination of sucrose and
glycerol had a negligible effect compared to the impact of sucrose
alone but differed from the effect of glycerol alone. Thus, the ad-
dition of sucrose or glycerol in AHs allows to tune hydration,
an essential characteristic of hydrogels in their utility in varied
biomedical applications, and even holds promise for enhancing
the antibacterial properties of AHs if they are combined.

4. Conclusions and Prospects

In this study, we synthesized a series of AHs using glycerol
and varied concentrations of sucrose as additives. The effects of
these additives on the physicochemical, biological, and mechan-
ical properties of the hydrogels were investigated. While sucrose
had negligible effects on surface wettability, HC, and viscoelastic-
ity and bacteriostatic activity of the hydrogels, it enhanced the vi-
ability of fibroblasts. On the other hand, glycerol significantly re-
duced both HC and viscoelasticity of the hydrogels, while mildly
inhibiting the growth of P. aeruginosa and the viability of fibrob-
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lasts. Finding a balance between bacteriostatic activity and bio-
compatibility is crucial. One strategy to achieve this balance could
be to optimize the concentrations of both sucrose and glycerol in
the hydrogels. Also, a supplementary additive, for instance an an-
tibiotic, can be incorporated to augment the activities of sucrose
and glycerol. Although the hydrogels synthesized in this study
exhibited modest antibacterial activities, they are a viable alterna-
tive to hydrogels synthesized with high concentrations of antibi-
otics, which are often cytotoxic. This approach can potentially en-
hance the biocompatibility of the antibacterial hydrogel, making
it a safer option for various biomedical applications. We envisage
that our agarose-based hydrogels can potentially be used as ma-
terials for wound dressing and coatings for medical devices, and
to formulate bioinks for 3D bioprinting. They can also be used
as scaffolds for promoting cell growth and differentiation while
concurrently minimizing the risk of infections.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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