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Antibacterial Broad-Spectrum Dendritic/Gellan Gum Hybrid
Hydrogels with Rapid Shape-Forming and Self-Healing for

Wound Healing Application

Giuseppina Biscari, Yanmiao Fan, Faridah Namata, Calogero Fiorica, Michael Malkoch,*

Fabio Salvatore Palumbo, and Giovanna Pitarresi

Treating wound infections is a difficult task ever since pathogenic bacteria
started to develop resistance to common antibiotics. The present study
develops hybrid hydrogels based on the formation of a polyelectrolyte
complex between the anionic charges of dopamine-functionalized Gellan
Gum (GG-DA) and the cationic moieties of the TMP-G2-alanine dendrimer.
The hydrogels thus obtained can be doubly crosslinked with CaCl,, obtaining
solid hydrogels. Or, by oxidizing dopamine to GG-DA, possibly causing
further interactions such as Schiff Base and Michael addition to take place,
hydrogels called injectables can be obtained. The latter have shear-thinning
and self-healing properties (efficiency up to 100%). Human dermal fibroblasts
(HDF), human epidermal keratinocytes (HaCaT), and mouse monocyte cells
(RAW 264.7), after incubation with hydrogels, in most cases show cell viability
up to 100%. Hydrogels exhibit adhesive behavior on various substrates,
including porcine skin. At the same time, the dendrimer serves to crosslink
the hydrogels and endows them with excellent broad-spectrum microbial
eradication activity within four hours, evaluated using Staphylococcus aureus
2569 and Escherichia coli 178. Using the same GG-DA/TMP-G2-alanine ratios
hybrid hydrogels with tunable properties and potential for wound dressing

One major mode of entry for microor-
ganisms is the skin being the largest or-
gan and the main defense barrier of the
human body. In the event of a skin in-
jury, infections and other uncontrolled pro-
inflammatory factors can lead to chronic in-
flammatory reactions that can significantly
delay wound healing and eventually lead to
life-threatening sepsis phenomena.>*! Typ-
ically, wound dressings are used to treat
skin injuries to provide a physical bar-
rier between the wound and the external
environment.’! Advanced wound dressing
solutions are developed to efficiently erad-
icate infections and thereof accelerate the
recovery of the traumatized tissue. Hydro-
gels have been largely proposed in the
past years as wound dressing thanks to
their high-water content and high poros-
ity, ability to act as reservoirs for load-
ing and release of bioactive molecules as
well as intrinsic properties of mimicking

applications can be produced.

1. Introduction

The rapid emergence of antibiotic resistance in pathogenic bac-
teria is becoming an imminent global public health problem.[*?]
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the extracellular matrix of native tissues.[®”]

One intriguing strategy that the human

body uses to fight invading microorganisms

is the expression of endogenous cationic
antimicrobial peptides (AMPs) that possess a weak ability to bind
to eukaryotic cells but can bind strongly to negatively charged
bacterial walls causing a series of event that lead to cell death.[®!
With the rise of multidrug-resistant strains, research on the struc-
ture and mechanisms underlying these “endogenous defend-
ers of the organism” has been of the greatest importance. This
has resulted in the development of a new line of defense repre-
sented by macromolecules that mimic AMPs that can comple-
ment current antibiotics treatment.>-!!! Cationic polyester den-
drimers based on 2,2-bismethylol propionic acid (bis-MPA) are
among the most fascinating cationic macromolecules that have
AMP-mimicking properties.['>13] These dendrimers have highly
branched 3D structures, inherent amphiphilic character, and
rapid degradation profile. The multitude representation of active
groups, allocated at the corona of the dendritic skeleton, are ex-
posed to the surrounding environment resulting in a strong abil-
ity to bind the microbial cell wall.'*1%] For example, bis-MPA
dendrimers with f-alanine cationic functionality have great po-
tential as antibacterial agents. In this case, a dendrimer of the
second generation (G2) with 12 primary amino cationic groups
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at the dendritic outer layer, TMP-G2-alanines, exhibited excellent
AMP-mimicking properties with respect to bacterial killing ef-
ficacy and low cytotoxicity to human cells. At generation three
or higher, these dendrimers showed cytotoxicity to human cells
prior to degradation."?l To overcome such drawbacks, Fan and co-
authors developed a series of hybrid hydrogels formed by phys-
ical interaction between cationic dendrimers, of generation two
to four, and negatively charged cellulose nanofibrils (CNF) which
increased their cytocompatibility against hDF and RAW 264.7
cells.[17]

With the aim to develop a novel hydrogel platform with
tunable viscoelastic properties to safely administer TMP-G2-
alanines onto the wound bed, we produce a hybrid biomate-
rial composed of the multifunctional cationic polyester den-
drimers and dopamine-functionalized low molecular weight
Gellan-Gum. Gellan Gum (GG) is a linear exopolysaccharide with
peculiar gelling properties that can depend on both the tem-
perature and ionic strength of the surrounding medium.!31°]
Also, the viscoelastic properties GG based dispersions can be
easily modulated by varying the molecular weight of the start-
ing macromolecule.[?] Here, exploiting GG-polyanionic nature
we demonstrated that is possible to obtain physical hydrogels
simply upon mixing of the polysaccharide dispersion with the
cationic dendrimer. Obtained physical hydrogels can be further
cured with CaCl, solution to obtain double crosslinked solid-like
hydrogels.

The presence of pendant catechol moieties on the polysaccha-
ride backbone enables additive interactions with the dendrimer,
such as Schiff Base and Michael addition, upon dopamine oxi-
dation allowing to obtain fluid-like injectable hydrogel with self-
healing and adhesive properties. On the whole, we demonstrated
that the hydrogels’ physicochemical and viscoelastic features are
correlated to the precise hybridization of multifunctional cationic
polyester dendrimers and dopamine-functionalized Gellan Gum
and can be easily modulated by changing the external medium
conditions thanks to the sensitiveness of GG and the presence
of catechol moieties. This versatility along with the easiness of
production represents an innovation compared to other hydro-
gels proposed so far as wound dressing as it makes it possible to
modulate the dressing features depending on the characteristics
of the wound to be treated.

Physicochemical and rheological characterizations were con-
ducted for all the produced hydrogel to demonstrate the possi-
bility to be effectively used as a wound dressing. Also, their cyto-
compatibility was assessed using different cell lines. Finally, the
antibacterial properties were studied against two representative
strains of Gram-positive and Gram-negative, S. aureus 2569 and
E. coli 178 respectively.

2. Results and Discussion

2.1. Hybrid Hydrogels Production

The development of multifunctional wound dressings based
on antibiotic-free hydrogels that efficiently promote the erad-
ication of infection of damaged tissues is crucial to address
existing healthcare challenges. An attractive materials solution
that we hypothesized is the development of a novel platform
of hydrogels that combines the unique properties of natural-
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derived biomaterial and AMP-mimicking dendritic polymers.
Consequently, we explored the hybridization of anionic GG-DA
(of which the scheme of synthesis, FT-IR, and 'H-NMR are re-
ported in Figure S1, Supporting Information) together with the
non-toxic and antibacterial cationic TMP-G2-alanine polyester
dendrimer.['?] Initial mixing of GG-DA and TMP-G2-alanine in
aqueous conditions resulted in fragile and fragmented polyelec-
trolyte complex hydrogels. A strategy was therefore required that
goes beyond simple ionic interaction and toward well-structured
hybrid hydrogels with improved viscoelastic properties suited for
biomedical applications.!?!] More specifically, the strategy was re-
inforced by implementing a dual-crosslinking approach by com-
bining ionic self-assembly of the networks with a subsequent cur-
ing step in 0.1 M CaCl, at 4 °C for 1 h. The hydrogels, referred to
as “solid” or “sol” hybrid hydrogels, with enhanced modulus were
produced straightforwardly by simultaneous injection of the two-
component solutions of GG-DA and TMP-G2-alanine into differ-
ent molds, for example, a cylindrical mold, and then immersed in
0.1 M CaCl,. 3D cylindrical hydrogels with dual crosslinks were
obtained, first via physical ionic interactions between NH;* of
the dendrimer and COO~ of the GG-DA polymer and then rein-
forced through ionotropic crosslinking of GG-DA with divalent
Ca’* ions that are interposed between the carboxyl groups rep-
resented on GG chains (Figure S2A, Supporting Information).
Indeed, the proposed dual-crosslinked strategy improves the vis-
coelastic performance of the designed hydrogels. To detect the
impact of crosslinking induced by Ca** ions on modulus, a rheo-
logical assessment of the hydrogels was conducted by comparing
the crosslinking gelation process. For comparison, two represen-
tative hydrogel systems were produced and evaluated. In total,
four different hydrogels were developed by mixing the precur-
sors, i.e., two H1 (no CaCl,) and H3 (no CaCl,), and two more,
H1 (CaCly) and H3 (CaCl,) that were finally immersed in 0.1 M
CaCl, for 1 h. To detect the effect of ion-induced crosslinking,
the rheological profile of hydrogels based on GG-DA and TMP-
G2-alanine was evaluated by comparing the crosslinking proce-
dures, using only physical crosslinking or dual-crosslinking with
0.1 m CaCl,. Frequency sweep analyses in Figure S3 (Support-
ing Information) revealed an order of magnitude higher G’ and
G” values for the hydrogels with reinforced crosslinking with
CaCl,. These findings supported our initial hypothesis in which
Ca’* crosslinking with available pendant carboxylic groups fur-
ther enhanced the modulus of the hybrid hydrogels. All solid
hydrogels were then produced following the identified proce-
dure. To further capitalize on the modularity of the proposed
two-component hybrid hydrogels platform we further explored
the feasibility to generate injectable hydrogels, referred to as in-
jectable or inj hybrid hydrogels. Antibacterial hydrogels with in-
jectable, remodeling, and self-healing properties can perfectly fill
uneven wounds as on-demand topical hydrogel solutions for ac-
celerated infectious wound healing.[??] In this context, and in con-
trast to the Ca?* crosslinking strategy, the oxidization of the pen-
dant dopamine into dopa-quinone at elevated pH of 8.5 followed
by mixing with TMP-G2-alanine dendrimer facilitated the devel-
opment of injectable hydrogels. From the point of view of wound
applicability, hydrogels would be readily oxidized in air and un-
der oxidative conditions, which are also closely associated with
bacterial colonization and lead the wound to approach an alka-
line pH.[?}] The systems were found extrudable from a syringe

© 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH

95U8017 SUOWIWOD SANEa.D 3|edldde au A peusenob a1e seolie VO ‘85N JO Sa|n. 10y ARl 8UIIUO AB|IA LD (SUONIPUOD-PUR-SLLIBY WD A8 | I ARe.q1|BullUO//:SdhL) SUONIPUOD pue sWie | au8es *[£202/60/70] U0 AkeiqiTauliuo A|IM ‘oweled I 1pnis 116ea AsAIUN A] ¥ZZ00£202 I0eW/Z00T OT/I0p/W0D" A8 | AReiq 1 Ul |uo//Sciy Wwo.y pepeojumod ‘0 ‘S6TSITIT



ADVANCED
SCIENCE NEWS

M

Bioscience

www.advancedsciencenews.com

TMP-G2-alanine

Solid Hybrid Hydrogels
Double Crosslinked

Injectable Hybrid Hydrogels
Dynamic Covalent Bonds

www.mbs-journal.de

Hydrogen bonds
# b

,
\
3 «

Electrostatic interactions

lonotropic crosslinking ‘

PR

o e
d
NN
- / Electrostatic nteractions

| ([} Noncovalentinteractions ‘ l

Dynamic Covalent bonds ‘

Figure 1. Schematic diagram describing the formation of solid hybrid hydrogels (above) and injectable hybrid hydrogels (below).

and post-injection of the mixture resulted in “soft” and homo-
geneous injectable hydrogels (Figure S2B, Supporting Informa-
tion). These hydrogels are reinforced with a new set of crosslink-
ing mechanisms, such as the imine bond by Schiff Base and
Michael addition, which together with the non-covalent physical
bonds present in the already formed polyelectrolyte complex, give
these injectability and self-healing properties.[**] The formation
of both solid and injectable hybrid hydrogel types is shown in the
scheme in Figure 1.

2.2. Characterization

FTIR analysis was used to determine the presence of dendrimers
within both hybrid hydrogels. In Figure 2A, representative spec-
tra of two hybrid hydrogels, H1,; and H1;; (3%w/v GG-DA and
100%w/w TMP-G2-alanine with respect to GG-DA) are shown
in comparison with the spectra of TMP-G2-alanine, GG-DA, and
the H1k (3%w/v GG-DA alone in 0.1 m CaCl,), produced from
GG-DA alone. The peaks at 1733 and 1667 cm™ are characteris-
tic of the C=0 due to the carbonyl ester and of the deformation
vibration peak of —NH, in the dendrimer. Both peaks were ob-
served in the spectra of the solid and injectable hybrid hydrogels
H1 as well as for the pure dendrimer sample. Swelling of hybrid
hydrogels was evaluated for up to 48 h in which the injectable
hydrogels showed higher swelling behavior than the solid hydro-
gels, Figure 2C,D. Additionally, the injectable hydrogels exhib-
ited a two-fold swifter swelling capacity reaching a plateau after
4 h compared to the solid hydrogels that required 8 h. The val-
ues are shown in Table 1. The swelling capacity of the control
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hydrogels and solid hybrid hydrogels was studied for up to 48 h.
However, the structural integrity of the injectable hydrogels was
compromised after 24 h, and swelling data were collected within
that time frame. The control hydrogels, H1k and H2k, elucidated
lower swelling capacity than hybrid hydrogels. This could be rea-
soned to the formation of more compact polymer networks based
on ionic crosslinks between the available carboxylate groups of
GG-DA and the divalent Ca?*. For the hybrid systems, hydro-
gels with the lowest percentages of both GG-DA and TMP-G2-
alanine, called H2, noted the highest swelling percentage (after
24 h, ~1267% for the solid and ~1768% for the injectable). This
can be compared to the compared to H3 reaching ~1145% for the
solid and ~1438% for the injectable hydrogels after 24 h. With
over tenfold water swelling capacity these hydrogels have the po-
tential to scavenge skin wound exudate that contains nutrients
necessary for bacterial growth and lead to skin maceration.!”]
Figure 2B shows the SEM image of the section of lyophilized
H1,,. The image of the dehydrated hydrogel shows a spongy-like
porous network. This typical structure could promote swelling,
interactions with biological fluids, and gaseous exchanges. In
Figure S4 (Supporting Information) there are also the SEM anal-
yses of the hydrogels H1,;, and H1k, which have similar struc-
tures to the previous hydrogel. The degradation properties of
wound dressing materials are important as it is essential to meet
the skin’s requirements in remodeling and inducing morpho-
genesis to form new tissues.[?! A degradation study was carried
out both in terms of recovered weight% compared to the origi-
nal weight and also in terms of viscoelastic properties over time.
Amplitude and frequency sweep rheological degradation study
was performed in phosphate-buffered saline (PBS pH 7.4) at
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Figure 2. Characterization of the hybrid hydrogels. A) FT-IR of representative solid, injectable, and control hydrogels, TMP-G2-alanine, and GG-DA. B)

SEM image of the H1, as a representative sample. Swelling behavior of sol
E) control, and F) injectable hydrogels.

37 °C. The injectable hydrogels degraded faster, reaching less
than 50% of their original weight within 2 days (Figure 2F), than
the solid hydrogels that required 7 days for 50% loss of their orig-
inal weight (Figure 2E). In general, all solid and control hydrogels
could be recovered for up to 14 days, while injectable hydrogels
were completely degraded. The solid hydrogel with the highest
polymer and dendrimer content, H3_, showed greater degrada-
tion resistance than all hybrid hydrogels with ~#60% weight recov-
ered after 7 days (Table 1). From the amplitude sweep rheograms,
after each time of incubation, it can be seen that the Storage
modulus (G’) and the Loss modulus (G”) decrease, confirming
that the networks undergo degradation as shown in Figures S5

id, C) control, and D) injectable hydrogels. Hydrolytic degradation of solid,

and S6 (Supporting Information). Furthermore, from frequency
sweep rheograms, the decrease in the elastic behavior is prob-
ably attributable not only to the degradation and release of the
dendrimer but also, in the solid hydrogels, to the possible deple-
tion of calcium from the 3D structure (Figures S7 and S8, Sup-
porting Information). Overall, the collected data indicates that
the hybrid hydrogels possess adjustable properties and by vary-
ing the concentrations of the two biomaterials different degra-
dation rates are obtained. Hydrogels produced using these two
materials could potentially be administered to treat infection in
the first few days after injury to allow the healing process to
resume.

Table 1. Summary data of swelling, degradation, and rheological of hydrogels.

Sample Swelling Recovered Amplitude sweep Frequency Flow Recovery time
plateau weight [%)] sweep sweep
[%] after 7 days
G’ G” Cross-point G’ G” Viscosity G’ [kPa] G” [kPa] G’ [kPa] G” [kPa]

[kPa] [kPa] strain% [kPa] [kPa] [Pa*s] (1% strain) (1% strain) ~ (500% strain) ~ (500% strain)
H1k 1160 30 9.9 3.8 19.5 3.7 3.1 - - - - -
H3k 970 35 51.4 10.8 12.6 9.0 6.4 - - - - -
H1,, 1085 45 122 90 44 56 24 - - - - -
H2, 1210 32 3.8 2.3 19.5 3.8 3.2 - = - - -
H3,, 1035 60 139.9 43.8 4.4 21.0 20.8 - - - - -
H4,, 1100 30 10.9 7.4 19.5 48 42 - - - - -
H1y 1450 15 0.3 0.1 144.3 0.4 0.06 1825 0.4 0.06 0.02 0.03
H2;; 1720 8 0.1 0.03 144.3 0.5 0.03 545 0.2 0.05 0.001 0.009
H3;, 1420 18 3.0 0.5 144.3 2.1 0.3 1965 1.6 03 0.01 0.06
H4;, 1525 10 0.2 0.03 216.8 0.6 0.07 865 0.5 0.1 0.009 0.01
Macromol. Biosci. 2023, 2300224 2300224 (4 of 11) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 3. MALDI-TOF spectra of hybrid hydrogels. Representative spectra of leaching of TMP-G2-alanine from A) H3, hydrogel and B) injectable
hydrogel after 2, 4, 6, and 8 h in PBS at 37 °C, C) part of the degradation products based on the MALDI-TOF spectra.

A leaching-out study of the dendrimer and both the hybrid hy-
drogels were conducted in PBS solution (pH 7.4) at 37 °C. As
shown in Figure 3, the MALDI-TOF spectrum of pure TMP-G2-
alanine dendrimer with a single peak at 2058 m/z was compared
with the spectra of the hybrid solid (Figure 3A) and injectable
hydrogels (Figure 3B) at different time point. Multiple peaks at
lower m/z were detected and that could be correlated to frag-
mented dendrimers that diffused out from the hydrogels. This
suggests that the ionically integrated dendrimers undergo hy-
drolysis, through de-esterification of the peripheral beta-alanine
groups, that in turn facilitate their detachment from the networks
prior to release in PBS solution. Based on the analysis of MALDI
peaks, the dendrimer lost its monodisperse integrity by fast los-

Macromol. Biosci. 2023, 2300224 2300224 (5 of 11)

ing of the peripheral g-alanines.['?] Figure 3C showed part of the
representative degradation products, with the increase of time,
Bis MPA also de-attached from the dendrimers. Compared with

3,1, degradation products from H3;,; showed lower molecu-
lar weights and more loss of Bis-MPA, suggesting that the den-
drimers are more stable and protected by H3, hydrogels. No
significant structural or leaching differences were detected in the
spectra after 4 h for the H3_ | hydrogel. A similar observation was
found for H3,,;, which shows the presence of peaks correlated
to dendrimer fragments after 4, 6, and 8 h. In contrast to the
solid hybrid hydrogels, the dendrimers leached from the H3;,;
undergo accelerated degradation including the decomposition of
the dendritic skeleton.

© 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH

95U8017 SUOWIWOD SANEa.D 3|edldde au A peusenob a1e seolie VO ‘85N JO Sa|n. 10y ARl 8UIIUO AB|IA LD (SUONIPUOD-PUR-SLLIBY WD A8 | I ARe.q1|BullUO//:SdhL) SUONIPUOD pue sWie | au8es *[£202/60/70] U0 AkeiqiTauliuo A|IM ‘oweled I 1pnis 116ea AsAIUN A] ¥ZZ00£202 I0eW/Z00T OT/I0p/W0D" A8 | AReiq 1 Ul |uo//Sciy Wwo.y pepeojumod ‘0 ‘S6TSITIT



ADVANCED
SCIENCE NEWS

M

Bioscience

www.advancedsciencenews.com

www.mbs-journal.de

k]
3
(2]
s

[“o—em
o

G"H1

W

" GH,
5 G'H,

=

3

bt
S > =

3

3

se0o0 00000000,

3,

3
R 29
=

Storage (G') or Loss (G") moduli (Pascal)
3
¥
@
S
[

Storage (G) o Loss (G") modull (Pascal)

Oscillation strain (%)

®
@
&

o000,y
.
ey
R e o
IS eeaaes o u s
S N

104

2 @
z
63

3 a

0| ~o-G'H3,,

0'| —-G'H4

Storage (G') or Loss (G") moduli (Pascal) U39
Storage (G') or Loss (G") moduli (Pascal) O

3

Oscillation strain (%) Oscillation strain (%)

3.

3

—- G.H'n
@ G"H1,
gl
= G'H2
)
8- G"H2,

3.

R AR

Storage (G') or Loss (G") moduli (Pascal) M
Storage (G') or Loss (G") moduli (Pascal) @)
3

10 = T T
10’ 10 10' 10

T T T
10° 10° 10' 10
Angular frequency (rad/s)

10*

F) H) =

g o000 | = @
PRPESES S & 3 .

% oo —0—# ) % : G.de

e se==aas s L4 o

3 = s = . =

E =SS = = S AT I 3

g =i

i-’,mh 5

! H s

3 e .

3 e - S i waa

5 & G" Hik 2

A | ™ gol . ) |

° G'H3,, 4 N

g +GH :

8 @

3

T T T
10° 10' 10
Angular frequency (rad’s)

34

T
10" 10° 10' 10
Angular frequency (rad’s)

Figure 4. Amplitude sweep analysis of hybrid hydrogels. G’ and G”” moduli of control, A,B) solid, and C,D) injectable hydrogels. Frequency sweep analysis
of hybrid hydrogels. G’ and G” moduli of control, E,F) solid and G,H) injectable hydrogels.

These tunable hydrogels exhibited good viscoelastic strength
and modulus comparable to human soft tissues.!?”] The rheolog-
ical properties of all hybrid hydrogels were thoroughly investi-
gated by frequency sweep analyses. Figure 4E,F shows the storage
modulus (G’) and the loss modulus (G”) of the solid hydrogels,
while Figure 4G,H shows the moduli of the injectable hydrogels
as a function of frequency. All hybrid and control hydrogels dis-
played G’ higher than G” in the studied frequency range, indicat-
ing that the hydrogels behaved as viscoelastic solids. The moduli
of the solid hydrogels, H3,; (G’ ~ 21.0 kPa and G” =~ 20.8 kPa)
and H1; (G’ ~ 5.6 kPaand G” = 2.4 kPa) were noted higher than
the control hydrogels, H3k (G’ ~ 9.0 kPa and G” = 6.4 kPa), and
H1k (G’ = 3.7 kPa and G” = 3.1 kPa). Concerning the same mass
ratio between GG-DA and TMP-G2-alanine, the solid hydrogels
exhibited higher G’ and “G” than their injectable counterpart. For
example, H3,; G’ ~ 21.0 kPa and G” ~20.8 kPa and H3,,, G’ ~
2.1 kPa and G” ~0.3 kPa (all other data are included in Table 1).

The increased moduli are reflected by stronger intermolecular
interactions in which the TMP-G2-alanine dendrimer enables the
production of more tightly crosslinked 3D networks at the same
concentration of GG-DA. It is also important to stark contrast in
moduli between the hybrid hydrogels. In this case, an almost one
order of magnitude in moduli difference between the solid hydro-
gel (H3, with G’ »21.0 kPa) and the injectable hydrogel (H3,,
with G’ ~ 0.5 kPa). Regarding injectable hydrogels, the overall
reduction in moduli is correlated to the crosslinking chemistry
where quinone groups could form imine bonds, amine bonds,
as well as physical interactions. The latter is an intriguing mode
of crosslinking that provided the hydrogels with shear-thinning
and self-healing behavior as shown in Videos S1-S3 (Support-
ing Information). When a self-healing hydrogel is applied to the
wound site, it will be able to withstand the external force due to
displacement.[?8] Preliminary amplitude sweep analyses of all hy-
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brid hydrogels showed that initially, G’ was higher than G”. As
shown in Figure 4A-D, at the LVE (Linear Viscoelastic Region),
G’ and G” had a constant value, while a decrease was observed
as the strain increased. A cross-point between G’ and G” crossed
was noted with increased strain, which indicates the critical point
near which the hydrogel is in a state between solid and fluid.
For the solid hydrogels, it is equal to a strain <102%, while for
all injectable hydrogels, it is > 102%. When the strain exceeded
the critical strain point, G’ dropped dramatically reaching values
below G” in which the hydrogel networks collapsed.[*! Visual
examination after the analysis revealed that the solid hydrogels
were fragmented and broken while the injectable hydrogels were
found intact and in a flow state. The latter is in fact due to the self-
healing behavior as confirmed by the analysis of recovery times,
Figure 5C.

Furthermore, the hydrogels possessed shear-thinning proper-
ties which is a critical property for use as injectable solutions for
topical application, as shown in Figure 5A and Videos S1 and S2
(Supporting Information). To corroborate the results of the am-
plitude sweep analyses, recovery time measurements were fur-
ther performed to test the rheology recovery behavior of the in-
jectable hydrogels. The recovery and collapse behaviors of the hy-
drogels could be alternately looped, demonstrating a rapid and ef-
ficient self-healing ability. Indeed, after successive cycles of 100
s each, all injectable hydrogels recovered to their original values.
The oscillatory shear strain was changed from 1% to 500% and
was maintained for 100 s at each cycle. G’ dropped from high val-
ues ~230-1678 Pa (H2;,,—H3,,) to low values ~2-23 Pa (H2,;,~
H3,,,) and subsequently recovered to their original high values.
As seen in Figure 5C, the same self-healing behavior was ob-
served for G”, changing from high values ~49-309 Pa (H2,;,~
H3,,) to low values ~8-66 Pa (H2;,~H3,,). These results sug-
gest that all injectable hydrogels, independent of moduli, show
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Figure 5. Shear-thinning and self-healing properties of the injectable hydrogels. A) Flow sweep analysis, B) macroscopic behavior of self-healing, C)
recovery time analysis, and D) self-healing efficiency after seven cycles of recovery time analysis of injectable hybrid hydrogels.

rapid and almost full recovery after oscillatory shear deformation
(Figure 5D). The self-healing behavior is also shown in Videos S3
and S4 (Supporting Information), where it is noted that two
pieces of the same hydrogel (one colored with Rhodamine B and
one uncolored) if placed in contact unite and reform as a single
piece.

Obtaining a biomaterial with intrinsic tissue adhesive prop-
erties is advantageous as it would ensure permanence on the
wound bed without it being washed away by biological fluids,
thus ensuring minimal damage to the wound and a real improve-
ment in patient compliance.’) Hydrogel H1k, H1,,, and H1,,
exemplify the adhesion to a wide variety of substrates Figure 6. All
hybrid hydrogels produced showed a similar ability to adhere to
glass, plastic, metal, aluminum foil, wood, and raw pig skin. The
adhesive property of the hydrogels is probably due to the presence
of cationic amino groups as well as catechol groups, as confirmed
by the adhesion of the control hydrogels.[*!) Notably, the hybrid
hydrogels also resist strong shocks and bending as demonstrated
in Videos S5 and S6 (Supporting Information). This confirms the
uniqueness of the hybrids hydrogels as adhesive networks with
potential use as coatings or implantable materials that could be
applied directly into the wound without the need for additional
fixation or other supports.
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2.3. Cytocompatibility of the Hybrid Hydrogels

Producing a suitable microenvironment in the form of cytocom-
patible hydrogels where cells can survive and grow for wound
healing is one of the most important factors. Consequently, a
study was performed on three different cell lines: Fibroblasts
(HDFs), Keratinocytes (HaCaT), and macrophages (RAW 264.7).
These cells are known to play important roles in normal skin
wound healing and several studies detail their involvement in
cellular therapy processes. HDFs are cells that directly deposit
extracellular matrix proteins during the healing process,!3233]
while HaCaT have the ability to form a large sheet of epider-
mis that improves wound closure and epithelialization.3234] In-
flammatory signals trigger the proliferation and maturation of
these two cell types, which are essential for wound healing.*!
Macrophages and monocytes (RAW 264.7) improve the healing
rate of wounds.[*] A cytocompatibility test was performed by ap-
plying all hydrogels in direct contact with the three aforemen-
tioned cell lines, Figure 7. For the control hydrogels without the
presence of dendrimers, Hlk and H3k, the cytocompatibility
was found good. In the case of the hybrid networks, the solid
hydrogels indicated good cytocompatibility in which H4,; and
H2_, with a lower concentration of dendrimers showed overall
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Figure 6. The adhesiveness of the hybrid and control hydrogels on different substrates.

higher cell viability compared to hydrogels with a higher con-  than their solid counterpart. This is probably a production-related
centration of dendrimers, H3_; and H1 ;. Similarly, for the in-  effect as the solid hydrogels required a pH increase of the precur-
jectable hydrogels, H4, . and H2, . exhibited overall higher cell ~ sor GG-DA > 8.5, to oxidize the catechol groups, before adding

inj inj
viability than the hydrogels with increased concentration of den-  the TMP-G2-alanine. The presence of quinone in the hybrid
drimers, H3,,; and H1,,. It should also be noted that the in-  hydrogels could promote the cells to withstand oxidative stress

inj*

jectable hydrogels have slightly better cytocompatibility profiles  and thereof affect cell growth.!?] For both solid and injectable
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Figure 7. The cytocompatibility of the A) solid and B) injectable hybrid hydrogels tested with HDF cells; C) solid and D) injectable hybrid hydrogels
tested with HaCaT cells, and E) solid and F) injectable hybrid hydrogels tested with RAW cells. All data are shown as a mean value + SD (n = 3).

Macromol. Biosci. 2023, 2300224 2300224 (8 of 11) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH

35USD| SUOLULUOD SATEID 3ot jdde au3 Aq pauLBA0D a8 S3[o1e YO ‘36N JO S3IN. 10 AR1q 1T 8UIUO AB]1A UO (SUORIPUOD-PUE-SWLRIWO0D" A3| I AR 1[oulUO//SaNU) SUORIPUOD PLe SLLLB | 3U1 39S *[£202/60/10] U0 Afiq18uiuO AB|IM ‘Owfed Ia 1pMIS 11Bea A1sieAun AQ ¥2Z00E202 19eW/Z00T OT/10p/wod"As| M Akeiqjpuluo//Sany Wwo.y popeojumoq ‘0 ‘G6TSITIT



ADVANCED
SCIENCE NEWS

M

Bioscience

www.advancedsciencenews.com

Table 2. MIC and MBC Values of TMP-G2-alanine and GG-DA.

www.mbs-journal.de

Measurement Sample E.coli 178 S.aureus 2569
pg mL! HM NH;* [um] pgmL™! HM NH;* [um]
MIC value TMP-G2-alanine 62,5 18,4 221 250 73,6 882
GG-DA >2000 >2000
MBC value TMP-G2-alanine 125 36,8 441 500 1471 1765
GG-DA >2000 >2000

hydrogels, incubation with RAW and HaCaT cells showed better
viability than HDF. For example, cell viability of H4,; in HDFs
was 80%, HaCaTs of 105%, and RAW 264.7 of 102%; while with
H4,,; the HDF had a viability of 98%, the HaCaT of 106% and
the RAW of 111%. These findings indicate that both solid and
injectable H4 hydrogels are safe to use as they enhance cell pro-
liferation of both RAW 264.7 cells and HaCaT cells and main-
tained good HDF viability. Neither solid nor injectable hydrogels
possess cytotoxic effects toward HaCaTs, with viability around or
>100% in all cases, which formed a monolayer of cells after 24 h
co-incubation with hydrogels. Collectively, these hybrid hydrogels
show great promise as skin wound dressings in which the cells
maintain normal cell morphology, comparable to the cell-alone
control, Figures S9-S11 (Supporting Information).

2.4. Antimicrobial Studies of the Hybrid Hydrogels

The antibacterial property of the cationic dendrimer, TMP-G2-
alanine, was investigated using MIC and MBC assays. Two types
of bacteria were used in the study, S. aureus 2569 (Gram-positive)
and E. coli 178 (Gram-negative).’’] The MIC and MBC values
for the cationic dendrimer showed good antibacterial proper-
ties against both bacteria, Table 2. The results also detailed that
higher dendrimer concentrations were required to kill S. aureus
than E. coli, suggesting greater efficiency against Gram- than
Gram+ strains. The MIC and MBC values of GG-DA are above
2 mg mL~!, indicating that the pure polymer has no obvious an-
tibacterial properties.

All hybrid solid hydrogels exhibited antibacterial properties
with inhibition zones visible on the agar plate against both E.

coli 178 and S. aureus 2569, as shown in Figure S12 (Support-
ing Information). The antimicrobial test in bacterial solution (10°
CFU mL™!) with the two bacterial strains demonstrated that both
solid and injectable hydrogels possess good activity against both
S. aureus and E. coli, Figure 8. In particular, solid hydrogels pos-
sessed a great sterilizing mode-of-action with 100% killing for
both S. aureus and E. coli already after 4 h incubation. On the
other hand, the injectable hydrogels showed a decreasing an-
tibacterial activity over time. A plausible explanation is related
to the dendrimers that are covalently bound within the networks
which inhibit their leaching out compared with the solid hydro-
gels. This was confirmed by the inhibition zones and increased
degradation of the dendrimer as corroborated by the leaching
analyses, Figure 3. Similar to the dendrimer, the hydrogels with
increased dendrimer concentration resulted in higher antibacte-
rial activity. Hydrogels with higher concentrations of initial den-
drimer showed higher killing efficiency of bacteria after 4 h. H1, ;
showed 100% of the killing of E. coli and H3,, of 98%; while
H1,,, killed 90% and H3,,; 94% of S. aureus. The hydrogels with
lower initial concentrations of dendrimer instead showed a lower
killing efficiency of both bacterial strains after 4 h. H2;,, showed
a killing 96 of E. coli of 93% and H4;; of 96%; while H2,; killed
82% and H2,,, 81% of S. aureus.

3. Conclusion

In conclusion, two new types of biocompatible and degradable
polysaccharide/dendritic hybrid hydrogels have been developed
by exploiting in the first case the electrostatic interactions occur-
ring between the two biomaterials and subsequently exploiting
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Figure 8. Antimicrobial activity of hybrid hydrogels against A) S. aureus 2569 and B) E. coli 178. All data are shown as a mean value + SD (n = 3).
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an ionotropic crosslinking with Ca?* ions and in another case
the formation of dynamic imine bonds between the dopamine
on the polysaccharide backbone and the amino groups of the
dendrimer. Hybrid hydrogels possess flexible and tunable vis-
coelastic properties with storage modulus in the range of #21.0-
3.2 kPa for solid hydrogels, and in the range of ~2.1-0.5 kPa
for injectable ones. The injectable hybrid hydrogels also ex-
hibited shear-thinning and self-healing behavior, meeting flex-
ural and motion requirements when injected into soft tissue.
Furthermore, after in vitro co-culture, most hydrogels showed
good biocompatibility toward HDF, HaCaT, and RAW, indicating
their great potential as dressing materials. Antimicrobial testing
with two common bacterial strains characteristic of Gram* and
Gram™, S. aureus and E. coli, demonstrated that solid hydrogels
cause complete eradication of bacteria after a few hours and in-
jectable hydrogels cause a significant bacteria decrease. The re-
sults suggest that by using these two precursor materials it is
possible to obtain adjustable systems for multiple applications.
The two types of biocompatible and degradable hybrid hydrogels
are in fact promising antibacterial systems that could be applied
as dressings to prevent or treat bacterial infections.

4. Experimental Section

Chemicals:  Low molecular weight GG was produced as previously
reported.?%] Starting GG (Gelzan CM), tetrabutylammonium hydroxide
(TBA-OH), bis (4-nitrophenyl) carbonate (4-NPBC), dopamine hydrochlo-
ride (DA), sodium chloride (NaCl), acetone, anhydrous dimethyl sul-
foxide (DMSOa), Dowex 50WX8 resin, sodium hydroxide (NaOH), cal-
cium chloride (CaCl,), phosphate buffer (Dulbecco’s Phosphate- Buffered
Saline DPBS), and deuterium oxide (D,0) were purchased from Merk
(Italy). TMP-G2-alanine synthesized as previously reported.!'?] Dulbecco’s
modified Eagle medium (DMEM) fetal bovine serum (FBS), penicillin-
streptomycin, glutamine, and amphotericin B, Calcein AM and Alamar Blu
reagent were purchased from Thermo Fisher Scientific. Mueller—Hinton
broth (MHB Il) was purchased from Fluka. MHB Il agar was from Sigma-
Aldrich.

Bacteria Strains and Cells Lines:  Escherichia coli 178 (E. coli 178) was
kindly provided by Prof. Paul Orndorff from North Carolina State Univer-
sity. Staphylococcus aureus 2569 (S. aureus 2569) was obtained from the
company DSMZ. Human dermal fibroblast (HDF) and mouse monocyte
(RAW 264.7) cells were purchased from the American Tissue Culture Col-
lection (ATCC). Human epidermal keratinocyte (HaCaT) cells were ob-
tained from kindly provided by Prof. Annelie Brauner from Karolinska In-
stitutet.

Instruments:  Fourier-transform infrared spectroscopy (FT-IR) was per-
formed with a Perkin—Elmer spotlight 400 FTIR system (Waltham, MA,
USA) equipped with a single reflection attenuated total reflectance (ATR)
in the region of 600—4000 cm~'. The rheological tests were carried out
using a DHR-2 TA Instrument oscillatory rheometer equipped with a flat
geometry of 8 mm in diameter (TA Instruments — Waters S.p.A.). The op-
tical microscope images were acquired through the Eclipse Ti microscope
(Nikon). Scanning electron microscopy (SEM) analyses were conducted
using S-4800 field emission scanning electron microscope (Hitachi, Tokyo,
Japan).

Hydrogel Production: The hydrogels were produced by dispersing
GG-DA, synthesized as described in Supporting Information, in DI wa-
ter (80 °C 10 min). The TMP-G2-alanine, synthesized as previously
reported,l?] was dispersed in DI water at the w/w concentration with re-
spect to the GG-DA shown in Table 3. For the formation of hydrogels, two
different approaches were used. four solid and four injectable hydrogels
were produced. The pH was adjusted to 6.5 before mixing the two solu-
tions to produce the hybrid solid hydrogels. Briefly, these solids hydrogels
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Table 3. Composition of hybrid hydrogels.

Hydrogels (total Amount Amount

volume: 1 ml) GG-DA TMP-G2-alanine
mg mg

Hsol orinj 30 30

H2o0 or i 30 15

H3400or in 40 40

Hé ol orinj 40 20

H1k 30 -

H3k 40 -

were produced by dispersing dendrimer and polymer at the concentra-
tions shown in Table 3. The two solutions were injected and vortexed for
1 min, then these hydrogels were placed in 0.1 m CaCl, (1 ml) for 1 h to
4 °C and then washed twice with DI water. As controls, two hydrogels were
produced using only the solution of GG-DA at 3% and 4% w/v and plac-
ing them in 0.1 m CaCl, for 1 h at 4 °C and then washed twice with DI
water. The pH of GG-DA was also adjusted to 8.5 with 0.1 M NaOH, until
the solution became brown, to produce the hybrid injectable hydrogels.
In particular, the injectable hydrogels were prepared gently mixing directly
both the solutions of GG-DA and TMP-G2-alanine into the vial, until the
solution became homogeneous. Then the hydrogel was placed in a syringe
using the pipette for viscous solutions HandyStep.

Characterizations:  FT-IR, SEM, swelling test, in vitro degradability of
the hydrogels, viscoelastic profiles of hydrogels over time of degradation,
and macroscopic adhesiveness properties were performed to study the
physical and chemical properties of the hydrogels. The details are available
in the Supporting Information.

Leaching Analysis of the Hybrid Hydrogels: A leaching study of both hy-
brid solid and injectable hydrogels was conducted in DPBS solution (pH
7.4) at 37 °C. The hybrid hydrogels (formed with a total volume of 50 L)
were prepared and immersed in DPBS (1 ml), 5 uL aliquots were collected
at different time intervals of 1, 2, 4, and 8 h, and the components of the
samples were further analyzed by MALDI-TOF-MS.

Rheological Characterization: ~ For rheological experiments, all of the hy-
drogels (50 ul) were placed on a parallel plate geometry with an 8 mm di-
ameter upper plate. The LVE (Linear Viscoelastic region) was preliminarily
assessed by strain sweep experiments applying a constant frequency of
1 Hz and an oscillation strain % between 0.01% and 1000% at 25 °C. The
measurement gap was set at 500 um for all analyses. Viscoelastic prop-
erties were evaluated also at 25 °C by performing frequency sweep mea-
surements in the range 0.01-100 Hz by applying a constant strain% of
0.1%. For the injectable hydrogels were also studied the shear-thinning
and the self-healing behaviors. The shear-thinning properties were studied
through the flow-sweep study for shear rates between 0.1 and 1000 (1/s).
The self-healing capacity was evaluated through the recovery time study.
The samples were subjected to seven cycles, each lasting 100 s, alternat-
ing a low strain% (1%) to a high strain% (500%), applying a frequency of
0.1 Hz. All experiments were performed in triplicate at a temperature of
25°C.

The self-healing of the samples was calculated as:

G/
Self — healing efficiency % = G—,Z % 100 (1)
1

Where G’; is the original storage modulus of the sample and G’, is its stor-
age modulus after large strain failure, according to the rheological data.
Each experiment was performed in triplicate and results were expressed
as mean value + standard deviation.
Cytotoxicity Tests:  Fifty microliters of each of the cylinder-shaped hy-
drogels were previously sterilized by UV lamp and they were placed di-
rectly into a 48-well plate containing 1 x 10* cells (HDF, HaCaT, and RAW)
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seeded 24 h earlier with another fresh medium (total amount 1 ml). Af-
ter 24 h, Alamar Blue was added and the incubation was continued for
4 h (37 °C, 5% CO,). The fluorescence intensity was measured at ex/em
560/590 nm for the Alamar Blue assay. The images, shown in the Support-
ing information, were acquired with the Eclipse Ti microscope (Nikon). All
experiments were conducted in triplicate.

Antibacterial Assays of the Hybrid Hydrogels: The antibacterial property
of the hybrid hydrogels was tested using the disc diffusion test using E.
coli 178 and S. aureus 2569, as described in the Supporting information.

The antibacterial property of the 50 ul cylindrical hybrid hydrogels was
also tested in bacterial solution. E. coli 178 and S. aureus 2569 were cul-
tured in MHB Il broth at 37 °C with shaking of 250 rpm overnight. Each
bacterial solution at the log phase was diluted to a concentration of 10°
CFU/mL. Then the cylindrical hybrid hydrogels were added into a 48-well
plate, where each well contained 1 ml of bacterial solution, and the plate
was transferred into the incubator and incubated at 37 °C for 4, 6, and 8 h.
After the incubation, the plate counting method was used to calculate the
bacterial concentrations in the wells. Wells without the treatment of hydro-
gels were used as a positive control. All measurements were performed in
triplicate.
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Supporting Information is available from the Wiley Online Library or from
the author.
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