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ABSTRACT

Bioadhesive materials are extensively utilized as alternatives to surgical sutures and wound dressings. Despite significant ad-
vancements in their synthesis, current bioadhesives suffer from inadequate mechanical stability, suboptimal wet tissue adhesion,
and a lack of inherent antibacterial and antioxidant properties, while requiring multistep synthesis processes, complicating their
production for biomedical applications. To address these limitations, we developed a new bioadhesive, named UgiGel, synthesized
through a one-pot Ugi four-component reaction (Ugi-4CR). Our strategy utilized gelatin as the backbone, 4-formylphenylboronic
acid (4-FPBA) as an aldehyde source for improved adhesion and antibacterial activity, gallic acid (GA) as a carboxylic acid source
for improved antioxidant activity and wound healing, and cyclohexyl isocyanide (CyIso) to induce pseudopeptide structures.
The internal crosslinking between GA and 4-FPBA via dynamic boronate ester bond formation, triggered by slight pH changes
(7.4-7.8) and temperature elevation (25°C-40°C), resulted in the formation of viscoelastic and self-healing hydrogels with water
as the only byproduct without the need for initiator/light activation. UgiGel showed higher adhesion to porcine skin tissue
(139.8 +8.7kPa) as compared to commercially available bioadhesives, Evicel (26.3 +2.6kPa) and Coseal (19.3 +£9.9kPa). It also
demonstrated effective antibacterial properties against both Gram-negative and Gram-positive bacteria, as well as antioxidant
activity. Additionally, the in vitro studies using NIH-3T3 cells confirmed the biocompatibility of the UgiGel over 7 days of cul-
ture. Moreover, in vivo biocompatibility and biodegradation of UgiGel were confirmed via subcutaneous implantation in rats for
up to 28days. Our results demonstrated that UgiGel outperformed commercially available bioadhesives in terms of adhesion,
self-healing, and antibacterial activity, without compromising biocompatibility or physical properties, representing a promising
multifunctional bioadhesive for wound sealing and repair.

1 | Introduction However, despite significant advancements and the steady

flow of innovative research in this field, creating bioadhesives

The increasing demand for rapid and effective wound sealing
and repair has driven the development of multifunctional bio-
adhesives with strong wet tissue adhesion, antibacterial, and
antioxidant properties, designed for on-demand treatment [1].

© 2025 Wiley Periodicals LLC.

that combine all the necessary properties for wound manage-
ment, such as mechanical integrity, high adhesive strength,
elasticity, antibacterial properties, and biocompatibility
within a single structure, remains a major challenge [2, 3]. For
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instance, despite the high biocompatibility and degradability
of fibrin-based glues (e.g., Evicel, Tisseel), they have demon-
strated poor adhesion under wet conditions in the body and an
increased chance of virus transmission [4]. Strong adhesives
such as cyanoacrylates have high adhesive strength but are
much stiffer than the native tissues and contain toxic agents
or release toxic byproducts upon degradation [5]. On the other
hand, bioadhesives that possess all the desired properties typ-
ically involve multiple polymeric components and laborious
fabrication steps, limiting their practical application [6, 7].
For example, biomimetic hydrogel-based adhesives exhibit
adequate adhesion strength and can maintain a moist envi-
ronment while aiding in the removal of necrotic tissue [8].
However, they often require dual polymeric networks or the
incorporation of nanoparticles (NPs) to achieve sufficient me-
chanical strength [9-11]. In addition, most of the bioadhesives
require complex multistep synthesis routes [12] and/or the
use of external stimuli for crosslinking, including lights and
chemical crosslinkers [13, 14]. Therefore, there is an unmet
need for a multifunctional bioadhesive that concurrently pro-
vides wet tissue adhesion and antimicrobial efficacy at the
wound site and can be synthesized through a one-step reac-
tion without the need for sequential purification and/or the
use of light/catalyst/crosslinker.

To address this limitation, multicomponent reactions (MCRs)
[15, 16] can be used as a cutting-edge approach to create com-
plex multifunctional architectures with minimal synthetic steps
[17]. These reactions combine three or more starting materials
in a single vessel to produce a product through a cascade or dom-
ino process, without the need for isolation or purification of any
intermediates, resulting in lowered cost and waste [18]. Among
MCRs, the Ugi four-component reaction (Ugi-4CR) is particu-
larly notable for its versatility and efficiency [19], due to the abil-
ity to form pseudopeptide products with amide bonds that can
mimic peptides and proteins found in biological systems, with
water as the only byproduct [20]. Ugi-4CR combines a carbox-
ylic acid, an amine, a carbonyl compound, and an isocyanide,
yielding a-acetamido carboxamide derivatives under mild reac-
tion conditions such as room temperature and non-inert atmo-
sphere (Figure 1A) [21].

The Ugi-4CR approach has been employed to functional-
ize carbonaceous materials both noncovalently [22] and co-
valently for applications in drug [23] and gene delivery [24].
Afshari et al. reported the functionalization of phthalocya-
nines via Ugi-4CR, demonstrating their potential as potent
photosensitizers in cancer therapy [25]. Additionally, natural
polymers such as cellulose and chitosan (CS) have been mod-
ified using Ugi-4CR with various proteins for vaccine devel-
opment [26] and enzyme immobilization [27]. The Ugi-4CR
approach has also been utilized for the synthesis of gelators
with phenylboronic acid (PBA) motifs, which can react with
diol-containing polymers like polyvinyl alcohol (PVA) to form
antibacterial and self-healing hydrogels [28, 29]. Moreover,
the applicability of the Ugi-4CR for the total synthesis of nat-
ural products and their analogs was investigated in detail [30].
These findings highlight the considerable potential of Ugi-
4CR to enhance material properties for various biomedical
applications.

In this study, for the first time, we used Ugi-4CR to engineer a
multifunctional bioadhesive by integrating various small and
large molecules with different properties in a one-pot synthesis.
The engineered gelatin-based self-healing, antibacterial, and
antioxidant bioadhesive, named UgiGel, was formed without
the need for complex synthesis, light activation, catalysts, or
post-purification steps. UgiGel was formed utilizing gelatin as
the amine source, 4-formylphenylboronic acid (4-FPBA) as the
aldehyde source, gallic acid (GA) as the carboxylic acid source,
and cyclohexyl isocyanide (CylIso) as the isocyanide compo-
nent (Figure 1B). A key feature of the design is the dynamic
chemistry between the phenolic groups of GA and the boronic
motifs of 4-FPBA, which act as an internal crosslinking tool.
The ability of these linkages to break and reform under specific
conditions imparts UgiGel with smart self-healing properties.
The designed Ugi-4CR can produce a highly viscoelastic and
adhesive hydrogel, where the hydroxyl groups of GA and PBA
can enhance adhesion to tissue. Also, the polyphenolic groups
of 4-FPBA and GA contribute to the antibacterial properties
and antioxidant activity to control wound inflammation. To
demonstrate the clinical applicability of UgiGel, we evaluated
the in vitro cytotoxicity and in vivo biocompatibility and bio-
degradability using NIH 3T3 cells and subcutaneous implanta-
tion into the dorsal skin of rats, respectively.

2 | Materials and Methods
2.1 | Materials

Gelatin from porcine skin was purchased from Sigma-Aldrich
(Bloom 300, type A, Sigma). 4-FPBA was obtained from
Merck. GA, Cylso, methacrylic anhydride, triethanolamine
(TEA), N-vinyl caprolactam (VC), Eosin Y disodium, para-
formaldehyde, Triton X-100, 2,2-diphenyl-1-picrylhydrazyl
(DPPH), and polydimethylsiloxane (PDMS) were sourced
from Sigma-Aldrich. Dulbecco’'s phosphate-buffered sa-
line (DPBS) was acquired from Fisher Scientific (USA).
Dulbecco's Modified Eagle Medium (DMEM) was purchased
from Cellgro (Manassas, VA), and fetal bovine serum (FBS)
was obtained from HyClone (Logan, UT). DMSO-d6 was
purchased from Cambridge Isotope Laboratories Inc. All re-
agents were used as received without further purification.
Commercial live/dead kits, AlexaFluor 488 (phalloidin), and
4’,6-diamidino-2-phenylindole dihydrochloride (DAPI) were
purchased from Invitrogen. Mayer's hematoxylin was pur-
chased from Electron Microscopy Sciences.

2.2 | Synthesis of UgiGel

In a typical procedure, gelatin (0.51g, 5.00 mmol) was mixed
with 20 mLwaterand heated at 50°C tobe dissolved. Then, alde-
hyde (4-FPBA: 0.74 g, 5.00 mmol; 3,4-dihydroxybenzaldehyde:
0.69 g, 5.00mmol) was added to the solution, followed by the
addition of 25 mL ethanol (EtOH). The solution was stirred at
room temperature for 1 h. Then, CyIso (0.54 g, 5.00 mmol) and
GA (0.85g, 5.00mmol) were added, and the resulting mixture
was stirred at room temperature for 24h in a closed vial [31].
Finally, the reaction temperature was increased to 40°C for
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FIGURE 1 | Synthesis, chemical, and morphological characterizations of UgiGel. (A) Ugi-4CR mechanism for the formation of pseudopeptide
structures through the reaction of amine, carboxylic acid, aldehyde, and isocyanide components. (B) Schematic illustration of UgiGel formation
through the functionalization of gelatin via Ugi-4CR and subsequent crosslinking. (C) 'H NMR spectrum comparison of UgiGel and gelatin. (D)
Representative SEM images of Ugi prepolymer and crosslinked UgiGel (scale bar: 40 and 200 um).

1min, and the pH was fixed to 7.4-7.8 to form a crosslinked
UgiGel by forming dynamic boronate ester bonds in the hy-
drogel network. On completion, the reaction mixture cooled to
room temperature, and UgiGel was purified by washing with
EtOH/acetone and isolated by centrifugation (20,000rpm,
10 min, five times).

2.3 | Synthesis of Gelatin Methacryloyl (GelMA)
Hydrogel

GelMA, as a control, was synthesized as described previously
[32]. In brief, 15.00g of porcine skin gelatin was dissolved in

150mL DPBS under vigorous stirring at 55°C for 1 h. Then, 8mL
of methacrylic anhydride was added dropwise to the gelatin
solution under continuous stirring at 50°C for 3.5h. The solu-
tion was then diluted with DPBS and dialyzed against deion-
ized water at 50°C for 5days. The resulting solution was then
filtered and lyophilized for 3days. The photoinitiator solution
was prepared by dissolving TEA [1.875% (w/v)], 1.25% (w/v) VC,
and Eosin Y disodium salt (0.50mM) in distilled water at 37°C.
GelMA precursor solutions were prepared by dissolving varying
concentrations of GelMA [10% and 20% (w/v)] in the photoiniti-
ator solution. Then, the solution was photocrosslinked for 4 min
with visible light (450-550nm) by using an LS1000 Focal Seal
Xenon Light Source (100 mW/cm?, Genzyme).
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2.4 | Chemical and Morphological
Characterization of UgiGel

The chemical structure of UgiGel was confirmed by proton
nuclear magnetic resonance (‘H NMR) spectroscopic analysis
using a 400MHz Bruker AV400 spectrometer. For '1H NMR
analysis, UgiGel and gelatin samples were prepared by dissolv-
ing 10mg of each one in 1 mL of DMSO solvent. Scanning elec-
tron microscopy (SEM) observations were carried out using a
scanning electron microscope (ZEISS Supra 40VP SEM) to gain
insight into the structure and morphology of UgiGel. The Ugi
prepolymer and UgiGel samples were lyophilized for 48h and
mounted onto SEM stubs, coated with a 60-s application of gold
via sputtering, and then visualized.

2.5 | Rheological and Mechanical Characterization
of UgiGel

The gel properties (viscosity, shear-thinning, and self-healing)
of the newly designed UgiGel were characterized using an
Anton-Paar 302 Rheometer [33, 34]. The crosslinked UgiGel
samples were analyzed using an 8 mm parallel plate geome-
try with a 0.1 mm gap at 37°C +2°C. Storage (G’) and loss (G")
moduli were measured through amplitude sweeps over a strain
range of 0.05%-140% and frequency sweeps ranging from 5 to
40Hz. The viscosity of UgiGel was measured with an increase
in shear rate ranging from 0.1 to 1000s~!. Additionally, a cyclic
strain sweep test was conducted, alternating between % and
100% strain over time, to explore the self-healing capability of
UgiGel.

2.6 | InVitro Degradation Studies

In vitro degradation studies were conducted over 42days in
DPBS using UgiGel hydrogels, which were fabricated by casting
the Ugi prepolymer into 8 mm circular PDMS molds, followed by
placing the mold in a temperature-controlled oven at 40°C for
1min with adjusted pH. The hydrolytic degradation profiles were
evaluated in the physiological condition (37°C and pH: 7.4). Each
sample was weighed (W) and immersed in DPBS. After a pre-
determined time interval (up to 42days), the sample was rinsed
in MilliQ water three times and weighed (W)) after freeze-drying.
The degradation rate was then calculated using Equation (1):

W, -W,
Degradation rate (%) = % x 100 (1)

0
2.7 | Swelling Ratio Determination

The swelling behavior of the UgiGel was evaluated by weighing
the gels before and after immersion in DPBS. Ugi prepolymer
was cast into 8mm PDMS molds, followed by thermal gelation
in the oven at 40°C for 1min with adjusted pH, after which
their initial weights were recorded. They were then submerged
in DPBS at 37°C, with their weights monitored over time. The
swelling ratio was calculated using Equation (2), where W, rep-
resents the initial mass and W represents the mass of the hydro-
gel at various time points.

W, - W,
Swelling ratio (%) = ITO x 100 ®)

0
2.8 | InVitro Adhesive Properties of UgiGel

The in vitro adhesive properties of the UgiGel were investigated
based on standard wound closure (ASTM-F2458-05) and burst
pressure (ASTM-F2392-04) tests and compared to commercially
available sealants, including a fibrin-based sealant (Evicel) and
a poly(ethylene glycol) (PEG)-based sealant (Coseal). A wound
closure test was performed to determine the adhesive strength
of the UgiGel using porcine skin samples, as explained before
[12]. For this purpose, skin samples were carefully cut into 1 cm-
length pieces and moisturized with DPBS. Then at their inter-
section points, Ugi prepolymer was placed and crosslinked using
heating at 40°C for 1 min and adjusting the pH. Two free ends
of the tissue were then attached to glass slides using superglue
with a 0.50cm overhang. The glass slides were then mounted
on the Instron 5943 mechanical tester, and tensile loading was
conducted at a strain rate of 1 mm/min until failure. The adhe-
sive strength was determined by recording the maximum stress
at the point of tissue detachment, as indicated on the stress—
strain curve.

For the in vitro burst pressure test, first, collagen sheets were
submerged in water to simulate skin tissue and loaded into air-
tight stainless-steel plates where the upper plate had a 10mm
diameter opening [35]. An 18G needle was used to prepare a
puncture in the collagen sheet before the Ugi prepolymers were
applied and heated up to 40°C for 1 min with adjusted pH over
the defect. Next, air was continuously pumped into the system
at a rate of 10mL/min using a syringe pump (Syringe Pump
NE-1000). Pressure data were recorded using a PASCO wireless
pressure sensor and Capstone software. The system was pres-
sured until the UgiGel burst was observed as the escape of bub-
bles from the defect site.

2.9 | InVitro Antibacterial Activity of UgiGel

The bacterial test was performed using two bacterial strains:
Pseudomonas aeruginosa (Gram-negative) and methicillin-
resistant Staphylococcus aureus (MRSA) (Gram-positive) [36].
P. aeruginosa was cultured by inoculating a streak plate with
the nonoverlapping zigzag method on Luria-Bertani (LB) agar
plates, followed by incubation at 37°C overnight. S. aureus
was cultured similarly, using Tryptic Soy Agar (TSA) plates.
After overnight incubation at 37°C, a single colony from each
bacterial strain was suspended in its respective growth broth
and incubated at 37°C overnight. The following day, the op-
tical density (OD) of each bacterial suspension was adjusted
to 0.06-0.08 at 625nm. UgiGel and gelatin samples were in-
troduced into the bacterial suspensions and incubated at
37°C, with a control group containing only bacteria with-
out hydrogel. Bacterial density and viability were monitored
by measuring OD at 625nm using a Biotek Eon Microplate
Spectrophotometer. The antibacterial activity was assessed on
days 2 and 7 using colony-forming unit (CFU) assays to deter-
mine bacterial viability.
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2.10 | InVitro Antioxidant Efficacy of UgiGel

The free radical scavenging activity of UgiGel was assessed
using the DPPH assay [37, 38]. UgiGel samples (500.00 mg) were
dispersed in 5mL of water, then 0.20mL of a 1.75mM DPPH
solution in ethanol was added and mixed. The mixture was then
incubated in the dark for 30min. The DPPH scavenging effi-
ciency of UgiGel was determined by measuring the absorbance
at 535nm using a TECAN M200 Pro plate reader. The percent-
age of DPPH scavenging was calculated using Equation (3):

Abs, — Abs,

DPPH scavenging (%) = Abs

x 100 ©)

C

where Abs_ represents the absorption of control (DPPH in eth-
anol/water), and Abs, represents the absorption of the UgiGel-
DPPH in ethanol/water.

2.11 | InVitro Cytocompatibility of UgiGel

The cytocompatibilities of the UgiGel and GelM A (10%, w/V) bio-
adhesive as a control were evaluated using NIH 3T3 fibroblast
cells (CRL-1658, ATCC) [39]. The cells (cell density: 2700 cells/
cm?) were 2D seeded on UgiGel and GelMA and cultured at 37°C
in 5% CO, in DMEM media supplemented with 10% FBS and 1%
antibiotics, where media was refreshed every 2days. On days 1,
3, and 7 of the culture, live/dead staining using commercial live/
dead kits (calcein AM and ethidium homodimer-1) as well as F-
actin/DAPI staining using Alexa Fluor 488 Phalloidin and DAPI
(Invitrogen, San Diego, CA) were conducted to monitor cell vi-
ability, morphology, and density. Cell viability was quantified
after live (cells stained green) and dead (cells stained red) stain-
ing by determining the percent of live cells over total cells. The
morphology of the 2D seeded cells on UgiGel was analyzed, and
cell number was quantified after F-actin (cytoskeleton stained
green) and DAPI (nuclei stained blue) staining by determining
the amount of positively stained nuclei per unit area [40]. Briefly,
F-actin/DAPI staining was conducted by fixing the cells in 4%
(v/v) paraformaldehyde, permeabilizing in 0.10% (w/v) Triton X-
100, blocking in 5% donkey serum, and incubating with Alexa
Fluor 488 Phalloidin and DAPI in donkey serum. Both staining
results were imaged using an inverted fluorescence microscope
(Zeiss Axio Observer Z7) and processed using ImageJ software.

2.12 | InVivo Biocompatibility and Biodegradation
Studies

The animal studies were approved by the TACUC (protocol
ARC-2021-113) at UCLA. Subcutaneous implantation and sub-
sequent immunohistochemical analysis were performed accord-
ing to our previously published methods [41]. Male Wistar rats
(250-300g) were purchased from Charles River Laboratories
(Boston, MA) and anesthetized by inhalation of isoflurane
(~2%), which was maintained throughout the procedure. After
anesthesia, eight 1 cm incisions were made on the dorsal skin of
the rats, and small subcutaneous pockets were prepared using
blunt scissors. Lyophilized UgiGel and GelMA (20%, w/v) sam-
ples were implanted into the pockets, and the incisions were

closed with 4-0 polypropylene sutures (Ad Surgical) (n=4). At
days 7 and 28 post-operation, the rats were euthanized, and
the implanted hydrogels were harvested with the surround-
ing tissue. Histological analysis was performed to evaluate the
inflammatory response in subcutaneous tissue caused by the
implanted hydrogels. After retrieving the hydrogels with sur-
rounding tissue, the samples were fixed in 4% paraformalde-
hyde for 4h and incubated at 4°C in 15% and 30% (w/v) sucrose
solution, respectively. The samples were then embedded in an
optimal cutting temperature (OCT) compound, frozen in liquid
nitrogen, and sectioned using a Leica CM1950 cryostat machine.
The 10pm sections were then mounted on positively charged
slides and processed for hematoxylin and eosin (H&E) (Electron
Microscopy Sciences) staining and immunostaining for macro-
phages (CD68) and nuclei (DAPI), which were done according
to manufacturer instructions. Anti-CD68 (ab125212) (Abcam)
was utilized as a primary antibody, while Goat anti-Rabbit IgG
(H+ L) antibody conjugated to Alexa Fluor 488 (Invitrogen) was
used as a detection reagent and secondary antibody. All the an-
tibodies were validated on respective hosts by the manufacturer
and used in this study without further purification.

Cell infiltration was quantified based on H&E images of UgiGel
and GelMA hydrogels 7- and 28-days post-implantation into rat
dorsal tissue. The area of the hydrogel was measured, and the
number of hematoxylin-stained cell nuclei (blue/purple in color)
present within the hydrogel matrix was counted using ImageJ
software. These data were used to calculate cell infiltration per
area of hydrogel (cells/cm?) (n = 3). Macrophage infiltration was
quantified from immunostaining images of CD68 and DAPI-
stained hydrogel-tissue intersections following subcutaneous
implantation. The tissue area and the number of CD68-stained
cells (red in color) were analyzed using ImageJ software. Then,
the macrophage infiltration into the tissue was calculated as a
measure of cells/cm? (n=3) [42, 43].

2.13 | Statistical Analysis

Statistical analysis of all numerical data was carried out using
an ANOVA test with GraphPad Prism software. For each ex-
periment, at least three samples were tested, and data were pre-
sented as means =+ standard error of the mean (SEM) (*p<0.05,
*#%p < 0.01, ***p < 0.001, and ****p < 0.0001).

3 | Results
3.1 | Design and Synthesis of UgiGel

UgiGel bioadhesive was synthesized through a Ugi-4CR, em-
ploying gelatin (as the amine source), 4-FPBA (as the aldehyde
source), GA (as the carboxylic acid source), and Cylso in a fixed
1:1:1:1 M ratio. According to the commonly accepted Ugi reac-
tion mechanism described in Figure 1A, amine source 1 (gel-
atin), aldehyde source (4-FPBA) 2, and carboxylic acid 3 (GA)
3 were in equilibrium with imine [A] in the reaction medium.
The addition of CyIso 4 onto the iminium group, followed by the
addition of the carboxylate ion onto the C atom of the nitrilium
ion, led to the formation of the adduct [B], which underwent an
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intramolecular acylation known as the Mumm rearrangement
to give the stable Ugi prepolymer 5. The Ugi prepolymer exhib-
ited viscoelastic and gel-like characteristics due to the extensive
network of hydroxyl groups of GA and 4-FPBA, present on the
amine backbone of gelatin. These hydroxyl groups facilitated
strong intermolecular hydrogen bonding, contributing to the
formation of a highly interconnected polymer network and im-
parting viscoelastic properties to the Ugi prepolymer. Then, the
UgiGel prepolymer was crosslinked by increasing the tempera-
ture from 25°C to 40°C for 1 min and adjusting the pH to above
the pKa of 4-FPBA (pH: 7.4), leading to the formation of an elas-
tic UgiGel hydrogel in the reaction medium (Figure 1B).

The successful formation of the UgiGel was verified via 'H NMR
analysis, confirming the presence of the characteristic peak for
UgiGel compared to pure gelatin (Figure 1C). The indication of
a singlet for the methine proton of the a-acetamido carboxamide
derivatives (6=5.3 ppm, highlighted in orange) and multiplets
in the aromatic region (6=6.4-8.1ppm, highlighted in green)
corresponded to the aromatic protons from the aryl group of GA
and 4-FPBA, respectively. Additionally, sharp signals around
8.6-8.8ppm (highlighted in blue), originating from the amide
moieties, were observed, along with methylene and methine
peaks between 1.5 and 2.4ppm (highlighted in red), which
were attributed to the aliphatic CyIso components and gelatin
backbone.

To further investigate the specific role of boronic groups in the in-
ternal crosslinking process, we conducted an additional reaction
in which 4-FPBA was replaced with 3,4-dihydroxybenzaldehyde
(same aldehyde without boronic groups). The resulting gel ex-
hibited a distinct appearance compared to UgiGel prepared with
4-FPBA. Notably, the gel was white rather than yellowish, and de-
spite heating at 40°C for over 10 min and increasing the pH from
7.4 to 9 (above pKa of 3,4-dihydroxybenzaldehyde), it remained
agglomerated instead of forming a stable gel (Figure S1). A vial
inversion test was used to assess the stability of both gels, reveal-
ing that the gel formed with 3,4-dihydroxybenzaldehyde was
weak and presented as an aggregated precipitate, while UgiGel
prepared with 4-FPBA was robust after 1 h (Figure S1A,B). Even
after adjusting pH to 9, no significant crosslinking occurred in
the gel prepared with 3,4-dihydroxybenzaldehyde (Figure S1C)
confirming that boronate ester formation was essential for cre-
ating a stable gel.

Moreover, SEM analysis was performed to gain insight into the
structure and morphology of the Ugi prepolymer and UgiGel
after internal crosslinking (Figure 1D). The representative SEM
image of Ugi prepolymer showed a relatively flat surface, caused
by the presence of condensed non-covalent hydrogen bonding
interactions within the gelatin matrix, due to the high density of
hydroxyl and amine groups or partial aggregation of function-
alized gelatin components. In contrast, the representative SEM
image of UgiGel revealed a uniform, porous structure with well-
defined and smooth voids of varying sizes, attributed to the dy-
namic boronate ester bonds formed between the cis-diol groups
of GA and the boronic groups of 4-FPBA. This shift in structure
reflects the successful formation of a robust and stable hydro-
gel network through the Ugi-4CR. The pores in the crosslinked
UgiGel structure also provided insight into the self-healing ca-
pability of UgiGel, since the porous morphology can support the

ability of UgiGel to withstand deformation and recover after me-
chanical stress.

3.2 | Mechanical Properties and Self-Healing
Capability of the UgiGel

The rheological analysis of the synthesized UgiGel demon-
strated that at strain <10%, the storage modulus (G’) was
significantly higher than the loss modulus (G”), confirming
the formation of a viscoelastic hydrogel (Figure 2A). In the
amplitude sweep experiment, initially, G’ was higher than G”,
which is a characteristic of a gel-like structure. However, at
a strain of ~30%, G’ and G” crossed over, indicating a break-
down of the developed gel network. As the % strain increased,
both moduli remained parallel with slight variation until
reaching a yield point, where the values dropped abruptly.
This transition from a gel to a quasi-liquid state suggests lo-
calized viscous behavior, likely due to the breakdown of hy-
drogen bonding within the hydrogel matrix. In the frequency
sweep experiment (Figure 2B), G’ remained consistently
higher than G” across the entire frequency range, with both
moduli showing minimal dependence on frequency. This sta-
bility indicated a strong and stable gel network with no ob-
served elastic-viscous crossover, further demonstrating the
presence of an entangled network within UgiGel. This gel be-
havior resembled chemically crosslinked hydrogels more than
physically crosslinked ones, likely due to internal boronate
ester linkages contributing to its structural stability. As shown
in Figure 2C, the hydrogel exhibited shear-thinning behavior,
where viscosity decreased with increasing shear rate, indicat-
ing non-Newtonian fluid characteristics.

UgiGel also exhibited remarkable self-healing capabilities, as
evidenced by a cut-and-heal test (Figure 2D). Initially, the hy-
drogel was bisected using scissors (Figure 2D, Cut), and the
separated halves were placed in contact along the fracture in-
terface (Figure 2D, Contact). Without the application of exter-
nal stimuli, the hydrogel exhibited autonomous self-healing
at room temperature. The gel showed complete integration
(Figure 2D, Self-healing) and maintained stretchability with-
out rupture after 10 min. The restored sample preserved struc-
tural integrity and mechanical resilience, as confirmed by its
ability to withstand stretching even after 48h, with no signs
of breakage along the contact line (Figure 2D, Stretching).
The observed self-healing could be attributed to the dynamic,
reversible boronate-ester linkages present within the UgiGel
network, facilitating rapid reformation of covalent interac-
tions. To further confirm the self-healing capability of UgiGel,
rheological cyclic strain sweep experiments (Figure 2E) were
performed, demonstrating its rapid recovery following me-
chanical deformation. Upon application of high strain (100%),
the gel experienced a significant reduction in viscosity, indi-
cating structural disruption. However, upon removal of strain
(1%), the viscosity returned to near its initial value, reaffirm-
ing its robust self-healing mechanism. Notably, this recov-
ery remained highly consistent across multiple deformation
cycles, showcasing its ability to endure repeated mechanical
stress without permanent loss of integrity. The rapid and ef-
ficient restoration of viscosity, coupled with minimal hys-
teresis between successive cycles, underscores the dynamic
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FIGURE 2 | Rheological and self-healing characteristics of UgiGel. (A) Amplitude sweep experiment. (B) Frequency sweep measurement. (C)
Viscosity measurement of UgiGel as a function of shear rate. (D) Visual demonstration of self-healing properties of UgiGel. (E) Cyclic strain sweep
experiment confirming the self-healing nature of UgiGel. (F) Mechanical flexibility and stretchability of UgiGel (n =3, scale bar: 1cm).

reversibility of the internal network interactions within
UgiGel, highlighting its ability to rebuild its structure and
consistency after being subjected to external stress. Finally,
Figure 2F highlights the stretchability and flexibility of the as-
prepared UgiGel, as demonstrated by its ability to withstand
both stretching and twisting forces without breaking.

3.3 | InVitro Degradation and Swelling
Behavior of UgiGel

We evaluated the degradation of UgiGel in DPBS at a phys-
iological pH of 7.4°C and 37°C. As shown in Figure S2A,
UgiGel demonstrated a gradual degradation with 76.6% +1.2%

degradation observed at the end of the 42-day timeframe. We
next investigated the swelling behavior of UgiGel by weighing
the gels before and after immersion in DPBS at pH 7.4. The swell-
ing ratio consistently increased from ~0% to 45.3% % 2.6% within
10h and remained stable until 48h (46.7% + 1.7%) (Figure S2B).

3.4 | InVitro Adhesive Properties of the UgiGel

The adhesion properties of UgiGel were assessed through
ASTM (American Society for Testing and Materials) stan-
dard tests for in vitro wound closure and ex vivo burst pres-
sure. In vitro wound closure adhesion test was performed to
determine the adhesive strength of UgiGel to porcine skin
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bioadhesives, showing significantly higher adhesive strength for UgiGel (n=3). (C) Digital images illustrating the adhesive properties of UgiGel on

different surfaces, including plastic and steel. (D) Proposed adhesion mechanism of UgiGel to wet tissue surfaces. (E) Schematic demonstration of

the experimental setup for the burst pressure test using a collagen sheet to mimic tissue conditions. (F) Quantitative comparison of the burst pressure
of UgiGel with GelM A bioadhesive and other commercial bioadhesives, demonstrating the superior performance of UgiGel (n =3). (G) Antibacterial
activity of the UgiGel against (H) S. aureus (Gram-positive) and (I) P. aeruginosa (Gram-negative) bacteria (control: bacteria without hydrogel) (n=3)

(*p<0.05, ***p <0.001, ****p < 0.0001).

(Figure 3A) [12]. The results confirmed that the adhesion
strength of UgiGel was significantly higher compared to
both GelMA bioadhesive (20%, w/v) and commercial sealants
Evicel and Coseal, as shown in Figure 3B. UgiGel exhibited an
average adhesion strength of 139.8 + 8.7kPa, which was more
than double the adhesion strength of GelMA (46.9 +8.5kPa)
and more than five times that of Coseal (26.3 +4.7kPa) [41]
and Evicel (20.8+6.7kPa) [41]. Interestingly, as-prepared
UgiGel showed strong adhesion to different surfaces like
gloves and steel (Figure 3C). The high adhesion strength

could be attributed to the enrichment of UgiGel with a large
amount of phenolic, hydroxyl, amine, and amide functional
groups that can react with tissue functional groups such as
carboxyl, hydroxyl, and amine groups (Figure 3D).

In vitro burst pressure experiments were also conducted to check
the sealing ability of UgiGel for the wound under air or liquid
pressures, using punctured and pressurized skin-mimicking
collagen sheets (Figure 3E). The burst pressure of UgiGel was
shown to be 14.3+1.1kPa, which was higher than GelMA
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bioadhesive (10.1+1.0kPa) and commercial sealants includ-
ing Coseal (1.7+0.1kPa) [41] and Evicel (3.2+1.3kPa) [41]
(Figure 3F).

3.5 | InVitro Antibacterial Activity of the UgiGel

An in vitro antibacterial assay experiment was performed to
assess the antibacterial capability of the UgiGel against two
pathogenic bacterial strains: P. aeruginosa (Gram-negative)
and MRSA (Gram-positive) (Figure 3G). We used gelatin and
bacteria without treatment as control groups. Throughout a
7-day incubation period, the OD measurements were used to
assess bacterial growth and viability. As shown in Figure 3H,I,
the control groups, consisting of untreated bacteria and gelatin,
displayed a continuous increase in bacterial density through-
out the experiment for both strains. In contrast, the bacteria
cultured with UgiGel exhibited significantly reduced viability,
as evidenced by much lower OD values. For S. aureus, the OD
of UgiGel-treated samples showed a marked reduction com-
pared to both the control and gelatin-treated samples, indicat-
ing strong antibacterial effects. Similarly, UgiGel demonstrated
even more pronounced antibacterial activity against P. aerugi-
nosa, where bacterial growth was almost completely inhibited
by day 2 (OD=0.05). Also, the antibacterial activity at day 7
(OD~0.1) was far below the untreated bacteria (OD ~0.9) and
gelatin (OD ~0.8) groups.

3.6 | InVitro Antioxidant Activity of the UgiGel

The antioxidant activity of UgiGel was assessed through free
radical scavenging assays [38]. UgiGel exhibited antioxidative
activity, which was observed through a reduction in DPPH sig-
nal upon incubation with UgiGel likely due to hydrogen atom
transfer or electron donation from UgiGel to DPPH radicals. The
hydrogel demonstrated a free radical (DPPH)-scavenging effi-
ciency of 39.1+0.2 after 30min of incubation, confirming the
antioxidant efficacy of UgiGel (Figure S3).

3.7 | InVitro Biocompatibility
and Degradation Study

We examined the in vitro biocompatibility of UgiGel by 2D seed-
ing NIH-3T3 fibroblast cells on the surface of the hydrogel [44].
On days 1, 3, and 7 post-seeding, live/dead staining was con-
ducted on cells seeded on either GelM A (control) or UgiGel. Both
hydrogels supported cell viability (Figure 4A) [45], with more
than 90% cell viability throughout the culture period (Figure 4B).
At the same post-seeding timepoints, F-actin/DAPI staining was
conducted to monitor cell morphology and proliferation. Both
GelMA and UgiGel had increasing amounts of cells from day 1 to
day 7 with healthy morphology (fibroblastic with well-organized
F-actin filaments surrounding the nuclei) (Figure 4C) [46]. From
the representative F-actin/DAPI images, cell number was deter-
mined to be progressively increasing for cells seeded on GelMA
or UgiGel throughout the 7-day culture (Figure 4D). In particular,
the cell numbers on UgiGel increased from 874.4 +124.2 number/
mm? on day 5 to 1958 +188.2 number/mm? on day 7 comparable
to GelMA.

3.8 | InVivo Biocompatibility and Biodegradation
of the UgiGel

To assess the in vivo biocompatibility and biodegradation of
UgiGel, we conducted subcutaneous implantation of the ly-
ophilized hydrogels in the dorsal tissue of rats (Figure 5A).
After 7 and 28days of implantation, the hydrogels were ex-
planted with surrounding tissue for biodegradation monitor-
ing and also for immunohistochemical analysis. H&E staining
from the tissue/hydrogel interfaces revealed no signs of fibro-
sis or necrosis for both UgiGel and GelMA over the course of
the 28-day implantation (Figure 5B). Furthermore, UgiGel ro-
bustly adhered to the tissue after 28 days, and cells appeared to
migrate into the hydrogel matrix as it degraded. Black arrows
indicated the nuclei that infiltrated into the UgiGel scaffold,
suggesting the potential of UgiGel as a tissue-regenerating
matrix. There was considerably more cell infiltration in
the UgiGel scaffold compared to the control. For example,
on day 28, the cell infiltration in UgiGel was at a density of
9.5+ 0.6cells/cm? whereas for GelMA it was 4.8 +0.7 cells/
cm? (Figure S4A). Also, cell infiltration increased within the
UgiGel hydrogel during this time from 2.9 +0.2 cells/cm? on
day 7 to 9.5+ 0.6 cells/cm? on day 28.

Immunostaining for macrophages (through CD68 biomarkers)
was performed to assess the local immune response to the im-
plants (Figure 5C). We observed that there was an insignificant
difference between the amount of macrophage infiltration on
day 7 (4.5+0.1cells/cm?) compared to day 28 (3.4+0.3cells/
cm?) post-implantation in the tissue surrounding UgiGel
(Figure S4B). UgiGel had a comparable immune response com-
pared to GelMA, without any increase in macrophage activation
during the 28-day implantation. In addition, we did not notice
any negative effect of UgiGel on the general health and behavior
of the rats, and all wounds on the implant site seemed to close
normally. Additionally, UgiGel underwent in vivo biodegrada-
tion over the course of the subcutaneous implantation, where
it degraded 32.9% +8.6% by day 7 and 51.1% +12.4% by day 28
(Figure 5D). The inset images provide a visual representation of
UgiGel explanted on days 7 and 28, illustrating the progressive
breakdown of the material over time. As the subcutaneously im-
planted hydrogels degraded, we measured the amount of macro-
phage infiltration by counting the CD68-stained cells (dyed red)
based on immunostaining images.

4 | Discussion

The Ugi-4CR has been widely explored for its versatility in func-
tionalizing diverse materials such as carbon nanotubes (CNTs)
[23, 47], graphene oxide [31], phthalocyanines [25], and natural
polymers [26]. Recently, we demonstrated that the introduction
of polyphenolic groups to a photocurable gelatin-based hydrogel
significantly enhanced its elasticity and tissue adhesion prop-
erties [48]. However, the use of UV light and toxic photoiniti-
ators in the formulation of these bioadhesives raises concerns
about their clinical applicability, as such components may limit
their safety and efficacy in medical settings [41]. Typically, mul-
tifunctional hydrogels are developed from a variety of polymers
that are synthesized through complex, multistep processes.
Although these multistep functionalization approaches have
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images of NIH/3T3 cells seeded on UgiGel and GelMA, showing cell spreading and attachment at days 1, 3, and 7 post-seeding (scale bar: 100 um).

(D) Quantitative cell density measurements (cells/mm?) at days 1, 3, and 7 post-seeding showing a significant increase in cell number on both UgiGel

and GelMA over 7days of culture (n=3, *p <0.05, ***p <0.001).

been employed to prepare bioadhesive hydrogels, a one-pot,
multicomponent approach has not been previously reported.
In this study, for the first time, we addressed this challenge by
developing a multifunctional gelatin-based bioadhesive func-
tionalized via Ugi-4CR in a one-pot process under mild reaction
conditions.

In our approach, gelatin served as the biocompatible backbone,
while 4-FPBA, GA, and Cylso were incorporated to introduce
various functional properties. Gelatin, well-known for its bio-
compatibility, is an ideal material for wound-healing applica-
tions [49]. GA, a phenolic compound found in plants, fruits,
and leaves, offers numerous therapeutic benefits, including
antioxidant, anti-inflammatory, analgesic, anticancer, and an-
tidiabetic effects [50, 51]. The effectiveness of GA in promot-
ing wound healing, particularly by enhancing cell migration
in hyperglycemic conditions, has also been well documented
[52]. Additionally, 4-FPBA exhibits wound-healing properties
and demonstrates antibacterial activity against bacterial patho-
gens commonly associated with diabetic foot ulcers [53]. By
integrating these components, our approach induces pseudo-
peptide structures, offering a multifunctional hydrogel with en-
hanced adhesive, antibacterial, antioxidant, and wound-healing
capabilities.

A key feature of this study is the internal covalent crosslink-
ing within the hydrogel network, which was facilitated by the
dynamic boronate ester bonds formed between the 1,2- and
1,3-cis-diol groups of GA and the boronic groups of 4-FPBA, re-
sulting in a mechanically stable UgiGel. Boronate ester forma-
tion is typically favored near or above the pKa of a given boronic
acid, and in this case, the crosslinking occurred between the
cis-diol groups of GA and the boronic acid groups on the gelatin
backbone at physiological pH levels (>7.4). This pH-dependent
crosslinking allowed the formation of a stable UgiGel network
without the need for light or chemical crosslinkers. To confirm
that the internal crosslinking was specifically due to the pres-
ence of boronic groups, another reaction using the same alde-
hyde without boronic groups was also conducted. The absence
of gel formation in this control experiment verified that the
crosslinking and subsequent gelation were indeed attributed to
the boronic groups of 4-FPBA. While previous studies have em-
ployed Ugi-4CR to synthesize boronic acid-containing gelators
that form hydrogels by reacting with diol-containing polymers
like PVA [28], these approaches often involve multiple steps and
the use of different polymeric backbones. For example, Tao and
coworkers synthesized PEG functionalized via Ugi-4CR and
combined it with PVA to create an antibacterial, self-healing gel
under mild conditions [29]. However, this method required three
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distinct synthetic steps and the use of two separate polymers. In
contrast, our design simplified the process by eliminating the
need for external polymeric components and crosslinkers.

The ability of wound dressings to self-repair is critical in main-
taining mechanical stability, preventing infection, and ensur-
ing prolonged functionality. An ideal wound dressing must not
only provide mechanical support but also minimize mechan-
ical mismatch between the tissue and biomaterial, reducing
immune responses and fibrotic tissue formation to facilitate
functional tissue recovery [1]. Hydrogels without self-healing

properties may suffer some deformation or damage caused by
external mechanical force after being applied to the wound site,
undermining the integrity of the dressing as a protective barrier
and causing bacteria to reach the wound area [54]. While sev-
eral self-healing antibacterial hydrogels have been developed,
many require complex photocrosslinking or multistep synthe-
sis, limiting their clinical and commercial translation [55]. For
instance, Chen et al. designed a self-healing hydrogel based
on boronic-acid ester bonding, achieving nearly 100% fracture
stress recovery within 48 h at room temperature. However, this
system exhibited minimal stress relaxation and insignificant
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residual deformation under repeated elongation cycles [56].
Commercial fibrin-based sealants such as Evicel and TISSEEL,
as well as PEG-based Coseal, have established clinical safety
but lack self-healing properties [57]. Despite advancements,
to the best of our knowledge, no current self-healing hydrogel
fully meets the demands of biocompatibility, antibacterial ac-
tivity, mechanical robustness, and adaptability to the complex
biological environment of wound healing. Moreover, the high
cost of manufacturing self-healing hydrogels remains a signif-
icant barrier to widespread adoption. While natural polymer-
based self-healing hydrogels offer cost advantages, scalable
production remains a challenge [55]. Here, we leveraged the
advantages of dynamic reversible boronate ester bonds to break
and reform under appropriate conditions, enabling the UgiGel
to recover after damage [58]. Additionally, the single-step syn-
thesis process provided a cost-effective advantage. UgiGel also
showed stretchability and flexibility, ensuring that the hydrogel
can repair minor tears and maintain structural integrity, mak-
ing it ideal for applications in wound healing, where flexibility
and durability are crucial.

On the other hand, a slower degradation rate of bioadhesive at a
physiological pH of 7.4, which is representative of the neutral en-
vironment typically found in skin and healing wounds, is crucial
for effective wound healing [59]. This allows the hydrogel to main-
tain its mechanical strength and protective qualities throughout
the healing process, preventing premature degradation. Since the
early stages of wound healing typically last 3-4weeks, wound
dressings must exhibit degradation profiles aligned with this
timeframe [36]. In this study, UgiGel showed a degradation rate
fitted within the required period for wound healing, maintaining
structural integrity over time. Notably, UgiGel, fabricated without
the use of light, catalysts, or chemical initiators, showed a gradual
degradation of up to 42 days (76.6% + 1.2%), making it suitable for
wound sealing and repair. In addition to degradation, the swelling
behavior of UgiGel a—key indicator of the stability of the hydro-
gel for biomedical applications [12], was assessed and exhibited
an increase in swelling during the first 10h (45.3% % 2.6%), which
remained stable until 48h (46.7%+1.7%). The initial swelling
phase can be attributed to physical and chemical factors. The
gelatin backbone of UgiGel was naturally hydrophilic, and upon
exposure to an aqueous environment, it absorbed water, leading
to early swelling. In addition, the functionalization with GA and
4-FPBA through the Ugi-4CR introduced a network of amide
bonds, further enhancing the hydrophilicity. The equilibrium
between water absorption and the dynamic internal crosslinking
stabilized the hydrogel structure, explaining the constant ratio
after the initial phase.

Moreover, strong adhesion to wet tissue is a crucial factor in
the design of bioadhesives to maintain tissue approximation,
prevent dislocation, and ensure effective transmission of forces
across the tissue-implant interface [60]. Inspired by the remark-
able adhesion properties of mussels on wet surfaces, the role of
polyphenol-modified pseudopeptide scaffolds in enhancing ad-
hesive performance has been widely recognized [61]. Both GA
and 4-FPBA contribute to the formation of strong adhesive net-
works, enabling marine organisms to securely attach to diverse
surfaces, even in aqueous environments [62, 63]. Interestingly,
as-prepared UgiGel showed strong adhesion to different sur-
faces like plastic, steel, and glass, which confirmed its adhesive

nature. Also, the wound closure test revealed that the adhe-
sion strength of the UgiGel was significantly higher than that
of GelMA bioadhesive and commercial sealants, Evicel and
Coseal, due to the presence of a large amount of phenolic, hy-
droxyl, amine, and amide functional groups that can react with
tissue functional groups such as carboxyl, hydroxyl, and amine
groups, synergistically enhancing the adhesion of the gel net-
work to the tissue surfaces. Notably, UgiGel adhesive strength
was comparable to a previously published study that used a
10% GelMA hydrogel with varying concentrations of laponite
[64]. In this study, the adhesive strength of the nanocomposite
hydrogels increased from 30.0+10.0 to 100.7+6.2kPa as the
laponite concentration increased from 0% to 1%. However, the
maximum adhesive strength reported, 100.7 + 6.2 kPa, was still
lower than that of UgiGel, which was formed without any addi-
tional NPs. Our engineered polyphenol-functionalized UgiGel
demonstrated superior adhesive properties within the optimal
range of 50-200kPa appropriate for skin wound closure [65].
This range provides sufficient adhesion to keep the dressing
securely in place while still allowing for painless removal with-
out causing additional damage to the wound tissue.

The sealing ability of UgiGel for the wound under liquid
pressure was also evaluated (14.3+1.1kPa) and compared
to commercial sealants (Coseal [1.7+0.1kPa] and Evicel
[3.2+1.3kPa]) which showed higher burst pressure. In our
previous study on the functionalization of gelatin with poly-
dopamine [35], we reported a bioadhesive containing a high
content of polyphenolic groups with a burst pressure of ap-
proximately 15-20kPa, depending on the concentration of the
chemical crosslinker (NalO,). In contrast, UgiGel achieved
a comparable burst pressure without requiring any chemical
crosslinker. This enhanced burst pressure highlights the po-
tential of UgiGel as an effective bioadhesive for sealing dy-
namic tissues such as lungs and blood vessels.

When skin is impaired, bacteria can quickly infiltrate into under-
lying tissues, leading to life-threatening infections [66]. Previous
studies have shown that polyphenol motifs present in the GA
structure exhibit strong antibacterial activities. The phenolic
groups can bind to proteins on bacterial membranes to change
the permeability of bacterial membranes, thereby inhibiting the
absorption of glucose and/or changing the ion concentrations in-
side and outside the membranes [48]. Additionally, PBA deriva-
tives can bind to proteins on the bacterial membranes to inhibit
their growth [67]. Leveraging these characteristics, we examined
the antibacterial efficacy of the UgiGel, which showed efficacy
against both Gram-positive and Gram-negative bacteria.

Typically, to impart antibacterial activity to bioadhesives, various
metal NPs such as copper (Cu) or silver (Ag) have been incorpo-
rated into the hydrogel networks. For example, the addition of
Cu?* to GelMA composites containing acrylated adenine demon-
strated antibacterial activity, whereas composites without metal
lacked antibacterial properties [68]. The antibacterial efficacy of
the engineered hydrogels was dependent on the Cu?* concentra-
tion, with higher Cu?* levels leading to a lower bacterial survival
rate. He et al. developed an antibacterial hydrogel incorporating Ag
NPs, which, upon co-incubation with E. coli, led to approximately
a 1.25-fold reduction in CFUs [69]. An antibacterial hydrogel in-
corporating Ag NPs and zinc oxide was fabricated, which, based
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on OD measurements, reduced E. coli viability by 80%-95% and
S. aureus viability by 40%-100% [70]. It is also proven that various
metal-organic frameworks (MOFs) embedded in PEG-based hy-
drogels could prevent the proliferation of E. coli and S. aureus after
24h of treatment [71]. While the gels almost completely prevented
the growth of E. coli, they caused around 80%-100% reduction of
S. aureus OD. Even though the hydrogels exhibited antibacterial
properties, their in vitro biocompatibility ranged from 20% to 70%
cellular viability. In addition, in our previous study on gelatin
functionalized with polydopamine, greater antibacterial efficacy
was observed against the Gram-positive bacterium S. aureus com-
pared to E. coli [35]. However, the engineered UgiGel exhibited
higher antibacterial activity against Gram-negative bacteria com-
pared to Gram-positive strains. In both cultures, we observed that
treatment with UgiGel resulted in significantly lower OD com-
pared to the untreated control on days 2 and 7 after the start of
the co-incubation (*p <0.0001). After the 7-day antibacterial test,
the concentration of P. aeruginosa in the UgiGel-treated samples
was about nine-fold less than the control, indicating a cessation
of bacterial viability. Similarly, the concentration of S. aureus in
the UgiGel-treated samples was more than two-fold less than that
of the control. Therefore, we concluded the ability of UgiGel to
prevent bacterial proliferation. This enhanced antibacterial effect
could be attributed to the presence of phenolic groups from both
4-FPBA and GA, which bind to proteins on bacterial membranes.
This interaction alters the ion concentrations within the mem-
brane, disrupting essential processes and ultimately inhibiting
bacterial growth. The dual-functionalization of gelatin with these
polyphenol groups thus confers UgiGel with superior antimicro-
bial efficiency, making it a promising material for wound-healing
applications where infection prevention is critical.

In addition, the development of wound dressings with antiox-
idant properties is essential for enhancing wound healing by
neutralizing excess free radicals, thereby reducing oxidative
stress at the wound site [72]. Excessive levels of reactive oxy-
gen species (ROS) can hinder the healing process and cause
cellular damage. By integrating antioxidants into wound
dressings, ROS-induced damage is mitigated, creating a more
favorable environment for tissue regeneration and reducing in-
flammation [73]. This strategy not only accelerates healing but
also minimizes scar formation, making antioxidant-enriched
dressings particularly advantageous for chronic and diabetic
wounds. GA, a potent phenolic compound, with strong radical
scavenging activity attributed to its ability to donate hydrogen
atoms or electrons to neutralize free radicals, provides anti-
oxidant properties [74]. Similarly, 4-FPBA has been shown to
possess antioxidant properties [75]. Given the presence of both
GA and 4-FPBA in UgiGel, we examined the antioxidant ac-
tivity of UgiGel, which showed moderate antioxidative activ-
ity (39.1+0.2 after 30min of incubation). The reason for this
moderate activity might be due to the fact that most of the
potential phenolic groups were involved in covalent and non-
covalent bonding, which may cause a decrease in the antioxi-
dant activity. These results suggest the efficacy of the Ugi-4CR
in integrating functional components that contribute to the
antioxidative properties of the hydrogel, further enhancing its
potential as a therapeutic wound dressing.

The in vitro cytocompatibility of biomaterials is critical for their
biomedical applications, including their use as bioadhesives. In

this study, UgiGel demonstrated excellent biocompatibility using
NIH-3T3 fibroblast cells, supporting more than 90% cell viabil-
ity for up to 7days, which is comparable to the well-established
GelMA bioadhesive. F-actin/DAPI staining revealed an increas-
ing number of cells on UgiGel from day 1 to day 7, with cells
displaying healthy fibroblastic morphology and well-organized
F-actin filaments surrounding the nuclei. The cell density on
UgiGel increased significantly, from 874.4+124.2cells/mm?
on day 5 to 1958 +188.2cells/mm? on day 7, comparable to the
results observed with GelMA. These observations confirmed
that UgiGel can provide a supportive environment for cellular
attachment, proliferation, and maintenance of cytoskeletal ar-
chitecture. This could be attributed to the multifunctional com-
ponents introduced via the MCR approach, which allowed for
the creation of bioinspired pseudopeptide scaffolds. Importantly,
the fabrication of UgiGel was free of light, catalysts, or chem-
ical initiators, further enhancing its appeal as a biocompati-
ble, environmentally benign material suitable for biomedical
applications.

Currently, the only gelatin-based wound healer on the market
is gelatin-resorcin-formalin (GRF) glue, which is significantly
limited due to concerns about cytotoxicity caused by the release
of formaldehyde during degradation [76]. Despite some success-
ful outcomes, the use of glutaraldehyde in these formulations
poses safety risks, as it is classified as a toxic substance, pre-
venting FDA approval of GRF/GRFG glues in the United States.
Furthermore, GRF lacks intrinsic antibacterial and antioxidant
properties. In contrast, our novel design utilized the Ugi 4-CR
to safely incorporate potentially toxic components, such as al-
dehyde and isocyanide derivatives, into a bioadhesive. This is
achieved by forming stable amide bonds through the Mumm re-
arrangement. As a result, the toxicity of these individual compo-
nents was neutralized, and the final product is a multifunctional,
biocompatible adhesive with no detectable cytotoxic effects [18].

In vivo biocompatibility studies are critical for understanding
possible adverse host immune responses that can occur due
to the presence of the biomaterial or degradation byproducts.
Furthermore, monitoring in vivo biodegradation in the presence
of enzymes and immune cells can provide an assessment of the
feasibility of using the engineered biomaterial for tissue engi-
neering. Proper tissue integration without excessive scarring is
vital for wound healing since gradual degradation can support
the healing process by providing structural integrity [77]. In our
study, H&E staining of the tissue/hydrogel interface showed no
signs of fibrosis or necrosis for UgiGel over the 28-day implan-
tation period. UgiGel remained robustly adhered to the tissue
throughout this period, with evidence of cell migration into
the hydrogel matrix as it gradually degraded. Notably, UgiGel
demonstrated integration with the surrounding tissue better
than the GeIMA bioadhesive, which exhibited less cell infiltra-
tion. The immune response of UgiGel was also comparable to
GelMA which is known or its high biocompatibility. Previously
engineered hydrogels based on GeIMA exhibited 30% degra-
dation over 28days unless the hydrogel was embedded with
vascular-derived extracellular matrix (ECM), in which case it
degraded 75% over the same timeframe of subcutaneous implan-
tation [78]. We also studied the in vivo degradation profile of
GelMA bioadhesive, which degraded 20% over 28 days, as well
as of catechol-modified GelMA, which degraded 80% over the
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same duration [79]. These findings demonstrate that UgiGel is
both biocompatible and biodegradable, with a degradation pro-
file that aligns well with the tissue healing timeline.

5 | Conclusion

In conclusion, we successfully developed a multifunctional bio-
adhesive, UgiGel, through a one-pot Ugi-4CR synthesis, elim-
inating the need for light activation or crosslinkers. UgiGel
demonstrated exceptional self-healing capabilities, high stretch-
ability, and strong adhesion to various surfaces, including steel,
gloves, and biological tissues. Notably, it achieved superior tissue
adhesion strength (139.8 +£8.7kPa) on porcine skin compared to
GelMA bioadhesive and commercial alternatives such as Evicel
(20.8 +76.7kPa) and Coseal (26.3 +4.7kPa). Its strong burst pres-
sure performance further highlights its potential to effectively
seal internal organs, such as blood vessels and lungs. UgiGel also
exhibited robust antibacterial activity, showing significant effi-
cacy against P. aeruginosa and S. aureus. Both in vitro and in vivo
studies confirmed its biocompatibility, biodegradability, and fa-
vorable integration with surrounding tissue, making it a prom-
ising candidate for biomedical applications. UgiGel holds great
potential for wound sealing and repair, and tissue engineering,
offering a versatile and safe solution for various healthcare needs.
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