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Tissue adhesives have become vital candidates for the treatment of injuries, working as hemostatic
agents for wound-healing and tissue-sealing. The most accessible commercial adhesives are based on
cyanoacrylate and fibrin glue; however, they suffer from drawbacks such as cytotoxicity and poor
adhesive strength, which limit their bioapplications. Therefore, the development of an adhesive system
that improves tissue repair and closure while exhibiting low cytotoxicity is an important but challenging
task. Herein, to overcome the limitations of commercial adhesives, we fabricated biocompatible
hydrogels based on amino-functionalized polyaspartamide crosslinked with naturally occurring dextran
aldehyde via Schiff base chemistry and investigated their adhesive properties. The crosslink density is
affected by the ratio between the amine and aldehyde functional groups of each polymer, as well as by
the polymer concentrations. We evaluated the adhesive characteristics of the hydrogels using rheometer
and lap shear tests. The polyaspartamide-based adhesive hydrogels showed good mechanical strength
and self-healing properties and higher adhesive properties than fibrin glue, demonstrating their potential

rsc.li/materials-advances for tissue adhesion applications.

1. Introduction

Tissue adhesives have undergone substantial development with
the expansion of the wound care industry."”> However, although
several tissue adhesives have reached commercialization in clin-
ical markets, they still have numerous limitations. For instance,
despite its excellent tissue adherence, cyanoacrylate adhesive is
harmful to cells and poorly biocompatible.*®> Meanwhile, fibrin
adhesives exhibit biocompatibility but poor mechanical strength
and tissue adhesion.®® Ideal tissue adhesives should exhibit not
only tissue adhesion properties and good biocompatibility but
also mechanically robustness, manoeuvrability, and biodegrad-
ability to ensure an efficient removal of staples and sutures during
clinical and surgical procedures.”°

Hydrogels are frequently employed as tissue adhesive materials
because they physiologically resemble the natural extracellular
matrix, which has both static and dynamic crosslinking
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networks.'' ™ Natural-based hydrogels are promising candi-
dates due to their great biocompatibility; however, their poor
stability and mechanical properties limit their applications.®
Synthetic hydrogels also have an excellent prospect for bio-
medical applications due to the tunability and reproducibility of
their physicochemical or mechanical properties. Unfortunately,
they often suffer from poor biocompatibility.'” In this context,
hydrogels consisting of biocompatible polymers, either natural
or synthetic, and possessing mechanical and biological activity
have emerged as potent platforms for a variety of biomedical
applications, including tissue engineering and drug delivery."®
As a biocompatible, biodegradable, and low-cytotoxic polymer,
polysuccinimide (PSI) has found a wide range of biomedical
applications.'>*° PSI is typically produced by the acid-catalyzed
polycondensation of aspartic acid.*' Because of the labile succi-
nimidyl ring groups in its backbone, PSI undergoes nucleophilic
substitution with amine-based molecules, forming polyasparta-
mide bearing a variety of functional groups with biomedical
applications.>” Due to its protein-like structure, this polymer has
a low level of inherent toxicity and degrades into amino acids
or small peptides by the action of lysosomal enzymes.>* Several
reports on polyaspartamide-based hydrogels have appeared
in recent years, yet they mostly utilized polyaspartamide as the
gel-forming macromers with crosslinkable functional groups
such as catechol and methacrylate.>* In other studies, bis-amino

Mater. Adv., 2023, 4,1989-1997 | 1989


https://orcid.org/0009-0003-8641-7017
https://orcid.org/0000-0003-4754-1843
https://orcid.org/0000-0002-7767-6952
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00032j&domain=pdf&date_stamp=2023-03-22
https://doi.org/10.1039/d3ma00032j
https://doi.org/10.1039/d3ma00032j
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00032j
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA004008

Open Access Article. Published on 11 April 2023. Downloaded on 3/16/2026 1:56:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

o o I

—_——
~~

"""""

?; ‘ Gel

‘|
Adhesion Force °

View Article Online

Materials Advances

_ o
= 07 Y 07?
on OH
HO (\)
HO 4

Hydrogel adhesive

AV l
> -

F=<»
N

—- @’K vV

Scheme 1 Schematic diagram of hydrogel formation based on amino-functionalized polyaspartamide (PHyAm) and aldehyde-functionalized dextran

(Odex).

compounds were crosslinked with polyaspartamide chains through
unopened succinimidyl groups.”® Additionally, some studies have
focused on the synthesis of polyaspartamide-based hydrogels;
however, only the mechanical strength and degradability depen-
dence on the degree of substitution have been investigated.>®

In this study, with the aim of overcoming the drawbacks
of commercial adhesives, we fabricated hydrogels using bio-
compatible polyaspartamide and oxidized dextran (Odex) and
investigated their adhesive properties. As shown in Scheme 1,
the in situ hydrogel was synthesized by coupling an amino-
functionalized polyaspartamide (PHyAm) polymer with Odex
using a Schiff base reaction. The polyaspartamide polymer was
synthesized via the ring-opening aminolysis of PSI using etha-
nolamine (EA) and ethylenediamine (EDA). When aqueous solu-
tions of polyaspartamide and dextran aldehyde polymers were
combined at room temperature, gelation occurred at different
gelation times depending on the polymer concentration and
ratio. Finally, we conducted lap shear and rheometer tests to
evaluate the adhesive properties of the synthesized hydrogels.
Interestingly, the polyaspartamide-based adhesive hydrogels
showed good mechanical strength, self-healing properties, and
low cytotoxicity. The adhesive properties of the polyaspartamide-
based hydrogels are higher than those of commerecial fibrin glue,
suggesting its potential use as novel materials in biomedical and
wound-healing applications.

2. Materials and methods
2.1. Materials and measurements

Alfa Aesar (MA, USA) supplied r-aspartic acid (98%) and EDA
(99%). Phosphoric acid (98%) and EA (99%) were purchased
from Acros Organics (MA, USA). Dextran (M, ~ 40 kDa) was
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provided by Leuconostoc spp. Fibrin glue was purchased from
Green Cross (Yongin, Korea). Dialysis tubes with a molecular
weight cut off (MWCO) of 3.5-14 000 Da and sodium periodate
(NaIO,4, 99.8%) were obtained from Sigma-Aldrich (MO, USA
Dimethyl sulfoxide (DMSO) was purchased from Samchun
chemicals (Seoul, Korea). Distilled water was produced using
a Mili-Q water purification system.

'H Nuclear magnetic resonance (NMR) spectra were recorded
using a Bruker 500 MHz spectrometer. Fourier transform infra-
red (FTIR) spectra were recorded on a Vertex70 spectrometer
(Bruker Optics, MA, USA) equipped with a diamond attenuated
total reflection unit. Scanning electron microscopy (SEM) images
were captured on a JEOL 7100 field emission SEM (JEOL, Tokyo,
Japan) operated at an accelerating voltage of 15 kV. The rheolo-
gical properties were investigated using an MCR 302e rheometer
(Anton Paar, Graz, Austria). The average molecular weight and
polydispersity index of the polymers were determined via gel
permeation chromatography (GPC) using an Agilent Technology
1260 Infinity equipment (Agilent, CA, USA) with dimethylforma-
mide (DMF) as the eluent and polystyrene as the standard. Lap
shear tests were conducted using a universal testing machine
(QC-508E, Cometech) with a load cell of 500 N. Cell viability was
evaluated using a cell counting kit-8 (CCK-8, Dojindo Molecular
Technologies, Inc., Kumamoto, Japan).

2.2. Methods

2.2.1. Synthesis of dextran aldehyde. Oxidized dextran
(Odex) was synthesized using the method described by Jodo
Maia et al.”” Typically, a solution of 0.264 g of NalO,4 in 2 mL
distilled water was added dropwise to a solution of 1.0 g of
dextran in 8 mL distilled water to achieve a degree of oxidation
of approximately 30%. The reaction was stirred for 6 h at room

© 2023 The Author(s). Published by the Royal Society of Chemistry
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temperature and protected from light. To stop the oxidation
reaction, an equimolar amount of diethylene glycol was added.
The Odex formed was purified via dialysis for 3 days against
water using a dialysis tube with an MWCO of 3.5-14 000 Da in
the dark (water was changed 12 times) and maintained at 4 °C
until further need.

2.2.2. Determination of the degree of oxidation. To deter-
mine the oxidation degree of Odex, a quantitative reaction
between hydroxylamine hydrochloride and the aldehyde groups
of Odex was performed as described by Zhao and Heindel.”®
Briefly, 0.1 g of Odex was dissolved in 25 mL (0.25 N) NH,OH-
HCl-methyl orange (0.05%) solution and the mixture was left to
dissolve for 2 h at room temperature for the Schiff base reaction
to proceed, releasing hydrochloric acid, which was determined
by titrating the solution with standard NaOH (0.087 N) until
either the pH was 4.0 or the solution became red-yellow
(Scheme 2). The oxidation degree was determined as the
number of moles of aldehyde generated per mole of dextran
monomers in the sample as follows:

% Oxidation =

VNaor(mL) x 1073 x Myaon X My (dextran monomer)

x 100
wt (g)OdCX

Where V is the volume of NaOH (mL), M the molarity of NaOH
(mol L™Y), My, the molecular mass of dextran repeats unit
(g mol 1), and wt the weight of Odex (g).

2.2.3. Synthesis of PSI. To synthesize PSI, r-aspartic acid
(20 g) and phosphoric acid (20 g) were mixed at room tempera-
ture. The mixture was placed in a flask that was attached to a
rotary evaporator rotating at a speed of 30-40 rpm, submerged
in an oil bath, and equipped with a thermometer. The reaction
was conducted by gradually lowering the pressure up to full
vacuum while raising the temperature from 25 °C to 200 °C.
Once the maximum temperature was reached, the reaction was
stirred for almost 5 h. The resulting dark yellow polymer was
dissolved in DMF. Then, the polymer solution was precipitated
using methanol (1.5 L) and washed with a large amount of
methanol. Finally, the solid residue was dried in the oven at
60 °C for 6 h, resulting in a yield of 96%. The weight-average
molecular weight of PSI was determined to be 160 000 g mol "
by means of GPC using polystyrene standards and DMF as the
eluent.

2.2.4. Synthesis of PHyAm. PHyAm bearing hydroxyl and
amine pendant groups was synthesized by conducting the ring-
opening aminolysis of PSI using EA and EDA reagents as
follows: In a two-necked round-bottom flask, 1 g of PSI was
dissolved in 30 mL DMSO under an argon atmosphere. After
adding EA (35 and 20 mol% based on the succinimide unit,

Dextran Dextran_
.C=0 +H;N-OH-HCl —> _.C=N-OH + HCI
H H @ Titration
Imine bond with
NaOH sol.

Scheme 2 Determination of the oxidation degree of oxidized dextran
(Odex) using the hydroxylamine hydrochloride method.
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0.218 and 0.124 ml, respectively), the mixture was stirred for
24 h at room temperature. Then, excess EDA (1 eq., 0.687 ml)
was added, and the reaction was allowed to react for another
12 h. The final solid product was furnished after dialysis
purification for three days.

2.2.5. Preparation of the in situ hydrogels. The hydrogels
were prepared as follows: 20, 30, and 40 wt% aqueous solutions
of PHyAm were mixed with 20, 30, and 40 wt% aqueous
solutions of Odex with different mole ratios, ie., 1:0.5, 1:1,
and 1:1.5 (P10 5, P;0;, and P,0; 5, respectively), and gelation
was then achieved at room temperature to obtain the hydrogels.
Both the tube inversion method and time sweep analysis of
rheometer were used to calculate the gelation times. In the tube
inversion method, the gelation time was determined by pour-
ing a hydrogel sample into a vial and inverting it for 5 seconds.
Time sweep analysis was performed by mixing PHyAm (20, 30,
and 40 wt%) with Odex (20, 30, and 40 wt%) solutions at the
rheometer’s base plate, where moduli were recorded as a
function of time at a 1 rad s~ * frequency and 1%. Strain.

2.2.6. Measurement of the swelling ratio of the hydrogels.
Freeze-dried hydrogels were weighed to identify the initial mass
(W3). The samples were removed from the solution, surface-dried,
and weighed (W,) at predetermined intervals. The following
equation was used to determine the swelling ratio as the equili-
brium swelling:

W - Wi

100
W, X

Swelling ratio (%) =

2.2.7. Rheometer tests. The rheological properties of the
hydrogels were determined via dynamic rheology using an
Anton Paar rheometer with an 8 mm plate geometry at 25 °C.
The hydrogels (8 mm diameter and 1 mm thickness) were
prepared. The hydrogel was added onto the lower plate of the
rheometer, and the upper plate was lowered to 1 mm gap. To
avoid dehydration, oil was then evenly applied over the hydro-
gel. The measurements were performed in frequency sweep
mode by changing the angular frequency from 1 to 100 rad s~
at 1% strain.

2.2.8. Morphology analysis of the hydrogels. Freeze-dried
samples coated with platinum were observed by SEM at an
accelerating voltage of 15 kV and a current of 20 mA for 60 s to
analyze the porous structure of the hydrogels and determine
the pore size.

2.2.9. Self-healing properties. Both macroscopic and
dynamic rheological techniques were used to assess the self-
healing properties of the hydrogels. In the macroscopic
method, a mixed solution of PHyAm and Odex polymers was
injected into a syringe (8 mm diameter, 3 mm thickness) at
room temperature and the fabricated hydrogels were then cut
into two pieces using a sharp blade. One of the separate pieces
was stained with blue color (disperse blue dye) and brought
into contact with the uncolored piece for several minutes at
room temperature without any external stimuli. The self-
healing ability of the hydrogels was observed and photo-
graphed. The self-healing ability of the hydrogel disks (8 mm
in diameter, 3 mm in thickness) was further assessed using a

Mater. Adv., 2023, 4,1989-1997 | 1991
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dynamic rheological approach using an alternative strain ampli-
tude sweep model with an angular frequency of 1.0 rad s .

2.2.10. Tissue adhesive properties. The adhesive strength
of the hydrogels was investigated by performing a lap shear
strength experiment using porcine skin (PS) and different
substrates.??*° In brief, the fats on PS were removed, and the
PS sample was cut into a rectangle strip (25 mm wide x 75 mm
long) and then immersed in PBS solution for 2 h. After evenly
spreading 60 pL of PHyAm and Odex solutions over an area of
12.5 x 25 mm of one strip and covering it with a second strip,
the sample was allowed to sit for 30 min to reach full gelation.
The hydrogel was allowed to adhere to the PS using a 2000 g
weight. Lap shear tests with a 500 N load cell were conducted to
determine the adhesive strength with a 60 mm min " displace-
ment rate. Tests were performed in triplicate and averaged.
Moreover, the adhesion strength on different substrates such as
glass, polymethylmethacrylate (PMMA) and polyethylene ter-
ephthalate (PET) plastics, and aluminum foil (25 mm wide x
75 mm long) was measured using the same method.

2.2.11. Cytotoxicity of the hydrogels. The CCK-8 assay
measures the amount of formazan dye that is reduced by the
action of intracellular dehydrogenase. The number of living
cells is proportional to the amount of formazan dye. Here, hDFs
(2 x 10* cells per well with 400 puL serum free medium) in
passage 7 were cultured on 24-well transwell plates (SPL Insert
Hanging, SPL Life Sciences, Pocheon, South Korea) with various
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amounts of the hydrogel for 24 h and then rinsed with PBS
thrice. After replenishing the wells with fresh medium, CCK-8
solution was added to each well, and the cells were incubated
for 2 h. Finally, the absorbance was measured at 450 nm using
a plate reader (Infinite F50, Tecan, Médnnedorf, Switzerland).
The cell viability was calculated as the percentage of viable cells
relative to hydrogel-untreated cells (n = 4 per group).

3. Results and discussion

3.1. Synthesis and characterization of the PHyAm/Odex
hydrogels

For a variety of injuries, tissue adhesives have emerged as a
promising contender, acting as hemostatic, tissue-sealing, and
wound-healing agents. Thus, developing an adhesive system
that can enhance tissue repair and closure with low cytotoxicity
is highly desirable.*' Here, a hydrogel composed of PHyAm and
Odex polymers was used to synthesize an injectable and self-
healing hydrogel dressing with excellent adhesive properties.
First, as shown in Scheme 3a, PSI was synthesized using the
amino acid r-aspartic acid. Then, the PHyAm polymer was
synthesized via an aminolysis reaction of PSI using EA and
EDA (Scheme 3b). Subsequent experiments were conducted with
an EA:EDA ratio of 3:7 because polymers having a higher EDA
content may react with Odex. The structures and compositions

L-aspartic acid
0 0
I )
N HN HN HN
(b) NJ + o~ N DMSO_ NHY + o~ o NHX NH Y
i, 24h DO 2 M 12h
0] EA EDA

PHy OH NH2 OH
PHyAm

O 3 0 $y-0e
(c) 2}@}5 e
Y HYy

Dextran

@ (heh -

O 0

HN
NH NH

HN%-n
HO L_on PHyAm/Odex

Hydrogel
Ox
HO O
(0]
HO
o]
HO S

Scheme 3 Synthetic route to (a) PSI, (b) PHyAm, (c) Odex, and (d) the PHyAm/Odex hydrogel.
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of PSI and the PHyAm polymers were confirmed by "H NMR
spectroscopy using D,O as the solvent (Fig. S1, ESIT).

Second, Odex was synthesized by oxidizing vicinal diols
using NalO, as the oxidizing agent (Scheme 3c). As depicted
in Fig. S2 (ESIt), the "H NMR spectrum of Odex showed multi-
ple new peaks at 5.0-6.0 ppm belonging to the hemiacetal
structures of the aldehyde groups, which are absent in the
'H NMR spectrum of dextran, demonstrating the successful
synthesis of Odex. Moreover, the FTIR spectrum showed a
significant peak at 1748 cm™' characteristic of a carbonyl
group, confirming the chemical structure (Fig. S3, ESIT). Impor-
tantly, the oxidization degree of dextran aldehyde was found to
be 30% using the hydroxylamine hydrochloride method.

The PHyAm/Odex hydrogels were easily synthesized by mixing
an aqueous solution of PHyAm with an Odex solution at room
temperature (Scheme 3d). Interestingly, a pale-yellow gel was
formed within a few seconds without any external stimulus. This
in situ gelation of the PHyAm/Odex mixture occurred via a Schiff
base reaction, which resulted in the formation of imine bonds,
as confirmed by FTIR analysis which showed a distinct peak at
1647 cm ™' corresponding to imine bond (Fig. S3, ESIt).

3.2. Analysis of the physical properties of the hydrogels

The gelation time of hydrogels is crucial to their practical biome-
dical application. Since surgety requires a definite time, a short
gelation time is undesirable, whereas a long gelation time hinders
closing promptly the wound site.*” In this study, the gelation time
was determined by the tube inversion method®*** and rheological
measurements.® It was observed in both methods that the gelation
time increased with decreasing crosslinker concentration. As
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shown in (Fig. 1a), the gelation time decreased from near 180 s
to 20 s by increasing the crosslinker concentration from 20 to
40 wt% for P;0; 5 hydrogel because of the gradually enhanced
crosslinking density of the hydrogels. The extremely quick setting
of the 40% hydrogel could be advantageous for preventing the gel
from spreading to nearby tissues. Similar results were observed in
rheological measurements using oscillation time sweep test, in
which the gelation point was determined as the time at which G’
and G” crossed each other (Fig. S4, ESIT). The mechanical strength
of hydrogels is also important to shield the wound from further
injuries.* To assess the rheological characteristics of the hydrogels,
the frequency dependence of the storage (G’) and loss (G”") modulus
was observed at angular frequencies between 1 and 100 rad s~ * and
1% strain. In all samples, G’ was much greater than G” throughout
the frequency range, which suggested that the hydrogels were
highly stable and elastic. Additionally, the precursor concentrations
and ratios were found to influence the final stiffness of the
hydrogels. Thus, the 40 wt% hydrogel (33 kPa) exhibited higher
final moduli and faster gelation time than the 30 wt% hydrogel
(23 kPa) and the 20 wt% hydrogel (7 kPa) due to the increase in the
crosslinking densities with increasing the PHyAm and Odex
concentration, hence increasing the stiffness of the hydrogel
(Fig. 1b and Fig. S5a-c, ESIt). The damping factor of the hydrogels
was found to be less than 1, demonstrating their elastic nature
(Fig. S5d, ESIt).

Furthermore, as revealed by an SEM analysis, all the hydro-
gels showed interconnected porous structures (Fig. 1d and
Fig. S6a, b, ESIf). The corresponding mean pore diameter
significantly decreased from 1.721 to 1.183 pm with increasing
the concentration of the hydrogels from 20 to 40 wt% for P;0; s.

—
(@]
S

1000

800 4

600

400 4

200 4

Swelling ratio (%)

20 30 40
Concentration (Wt%)

40 wt% P,0,

Fig. 1

(a) Gelation time, (b) frequency dependence of the storage (G’) and loss (G”) modulus, (c) swelling ratio of the hydrogels formed at concentrations

of 20, 30, and 40 wt%. (d) SEM images of the P;O; 5 hydrogels formed at concentrations of 20, 30, and 40 wt%.
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It is well known that the pore volume and pore size of porous
materials can be mostly controlled by the crosslink density in
the hydrogel network.

3.3. Swelling studies

Swelling is a frequent characteristic of hydrophilic polymer adhe-
sives and vital for hydrogels with prospective applications in
biomedical fields because they are exposed to biological fluids
and can be harmful to adhesion and to adjacent tissues.*® When
water is absorbed into the adhesive matrix, the density of the
polymer decreases, which might result in the volumetric expansion
of adhesives during swelling, which in turn compresses the nearby
tissue mechanically. Basically, many factors affect the swelling
process, such as the nature of the polymer, the rigidity of the
polymer chain, its ability to expand, and the degree of crosslinking.
The swelling properties of the proposed hydrogels at different
ratios and concentrations are shown in Fig. 1c. These results
demonstrated that the equilibrium swelling ratios decreased with
increasing concentration (20-40 wt%) and ratio (1:05-1:1.5),
indicating increase in the crosslinking density accordingly.

3.4. Self-healing properties of the hydrogels

Hydrogel wound dressings can withstand external mechanical
strain after being applied to the wound site. Therefore, using
self-healing hydrogels as wound dressings can extend their
durability.’” To evaluate the self-healing ability of the hydro-
gels, a hydrogel sample formed into a cylindrical shape with a
diameter of 8 mm and a thickness of roughly 3 mm was cut into
two pieces, which were then brought into contact and allowed
to self-heal. After 5-10 min, the rebuilt hydrogel disk was lifted
using tweezers to confirm its ability to keep integrity under
gravity (Fig. 2a), which can be attributed to the reversible
dynamic covalent bonds (imine bonds) within the hydrogel
network migrating to the interfacial chains to undergo recros-
slinking. The self-healing properties of the hydrogels were
further confirmed by means of a dynamic rheological analysis.
The critical strain point near which the hydrogel changes from
solid to liquid state was determined using a strain amplitude
sweep test. As shown in Fig. 2b, at low strain, G’ and G” had
constant values. Then, upon increasing the strain, the G’ and
G" curves intersected at about 3.8% strain, which is the critical

ithin5-10 mi

Cut

(a) Diagram of macroscopic analysis of the self-healing property of the hydrogels. (b) rheological analysis of self-healing recovery after 5 min.

Fig. 2
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point. Further increasing the strain up to 10% led to a sharp
decrease in the G’ value below the G” value, demonstrating the
collapse of the hydrogel network. After 5 min, the strain
amplitude sweep test was repeated on the same sample to
check the self-healing ability, which was about 60% of the value
obtained in the first measurement. These findings showed that
the PHyAm/Odex hydrogels have considerable self-healing abil-
ities due to the formation of imine bonds between the amine
groups of PHyAm and the aldehyde groups of Odex.

3.5. Adhesive properties of the hydrogels

The adhesion properties of hydrogel dressings are critical in the
wound-healing process because it controls bleeding and prevents
gas or fluid leakage from injured sites.***° Tissue adhesive
polymers containing aldehyde groups have been utilized exten-
sively. In the case of Odex, the aldehyde groups can react with the
amino groups in tissues to create chemical linkages for
adhesion.*® To quantify the adhesion behaviour of the PHyAm/
Odex hydrogels, a widely used lap shear test method was
employed. Among the many parameters that affect adhesion,
the substrate to which the material is adhered is one of the critical
factors.*! Fig. 3a shows the preparation of the sample for lap shear
testing on different substrates. In general, substrates can be
divided into low-surface-energy plastics and high-surface-energy
metals. Typically, a strong adhesion is more favoured on high-
energy, rough surfaces.”’ Fig. 3b shows the immediate bulk
adhesive strengths for various substrates commonly used as
daily-life materials (aluminum foil, glass, and plastic). The highest
adhesive strength values of 131, 74, 65, and 58 kPa for glass,
PMMA, aluminum, and PET plastic substrate, respectively, were
obtained at a 40 wt% P;0; hydrogel. The best adherence was
observed on glass substrates, which might be due to the for-
mation of strong hydrogen bonds between the amine groups of
the hydrogel and the hydroxyl groups of glass (Si-OH).*> For PET
and PMMA plastics, attractive interactions caused by dipole-
dipole interactions and hydrogen bonds between polyaspartamide
and the ester groups (hydrogen acceptors) of PET and PMMA may
be responsible for the observed adhesive properties.*?

The adhesion strength of the hydrogels as a function of the
aging time on a glass slide is depicted in Fig. S7a (ESIf). As the
aging time increased from 10 min to 24 h, the adhesive strength

30 wt% P,0, 5
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(a) Schematic illustration of adhesion strength measurements. (b) Adhesion strength of a 40 wt% P;0O;5 hydrogel measured using various

substrates under wet condition. (c) Adhesion strength of 20, 30, and 40 wt% P,O; hydrogels on glass substrates under wet and dry conditions. (d) Image
of the lap shear test using porcine skin. (e) Wet adhesion strength of 20, 30, and 40 wt% P;O, 5 hydrogels on porcine skin. (f) Wet adhesion strength of

hydrogels with various hydrogels (P1Oq s, P1O1, P1O;5) and fibrin glue.

increased up to 1.26 MPa after 24 h. Fig. 3c shows the adhesive
strength of PHyAm/Odex hydrogels with different polymer
concentrations on a glass substrate after 10 min and 12 h. After
10 min, the adhesive strength increased from 57 kPa to 150 kPa
upon increasing the concentration from 20 to 40 wt%. Whereas
it decreased from 668 kPa to 363 kPa by increasing the
concentration from 20 to 40 wt% after 12 h, which probably
due to the dehydration of the hydrogel with time. Moreover, the
adhesion properties of different ratios of the hydrogel after
10 min and after 12 h (Fig. S7b and c, ESIY), respectively showed
that P;O; has the highest adhesion properties. The results of
the lap shear adhesion tests and the G’ value of the hydrogel
derived from rheological measurements, which evaluate the
cohesion strength of materials, were in good agreement.

The adhesion ability of the hydrogels was then compared
with clinically administered fibrin glue as a positive control
using PS, which is commonly used for adhesive testing in
biomedical applications owing to its similarity to the human
dermis.** Fig. 3d depicts a schematic illustration and a typical
image for the lap shear strength test. After spreading the
hydrogels on the PS surface, the samples were overlaid and
compressed by a weight of 2000 g for 30 min. With increasing
the PHyAm/Odex concentration from 20 to 40 wt%, the adhesive
strength increased from about 5 to 16 kPa (Fig. 3e). The adhesion
to PS might result from the formation of hydrogen bonds
between the polymer and the hydroxyl, amine, and carboxyl
functional groups present on PS.**> As shown in Fig. 3f, the tissue
adhesion was measured using different PHyAm:Odex mole ratios
(P10¢ 5, P104, and P, 0, 5), finding that the hydrogel with a PO, 5
exhibited much higher adhesive properties. This could be

© 2023 The Author(s). Published by the Royal Society of Chemistry

attributed to the following factors: (1) the higher Odex ratio
provides more aldehyde groups for the reaction with the amino
groups of the PS tissue, resulting in bonding;*® (2) the robust
cohesion of the hydrogel network improves the adhesion
strength on PS. Additionally, in order to evaluate the feasibility
and applicability of our adhesive polymers, wet and dry adhesion
strength properties have been investigated using porcine skin
tissue and the results showed that there are no noticeable
differences in both cases (Fig. S7d, ESI}), indicating the real
applicability of the prepared polymers in real biofields. In these
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Fig. 4 Cell viability test of the 30 wt% P10, 5 hydrogel (NT: no treatment).
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measurements, all the hydrogels showed stronger adherence
than the commercial adhesive fibrin glue (4.95 kPa).

3.6. Cytotoxicity of the hydrogels

Biocompatibility studies were conducted in 24-well transwell
plates using different amounts (5, 10, 20, 40, and 80 mg) of
hydrogel in the transwell and 400 pL of medium in the
peripheral well. The results depicted in Fig. 4 were obtained
by measuring the cell viability after 24 h of incubation. Even
high amounts of hydrogel showed 85% or more viability
compared with the blank experiment (no treatment). Reducing
cell viability by more than 30% is defined as a cytotoxic effect by
International Standard ISO 10993-5 (2009),"” demonstrating
that the hydrogel did not exert a severe cytotoxic effect on
hDF cell.

Conclusion

In this work, adhesive hydrogels were synthesized by forming
imine bonds via a Schiff base reaction between the amine
functional groups of polyaspartamide and the aldehyde groups
of dextran. The rheological and adhesive properties of hydro-
gels synthesized at various concentrations and ratios of amines
and aldehydes were analyzed, finding that the 20 wt% hydrogel
had high wet adhesion and the 40% hydrogel exhibited high
dry adhesion. Among the various surfaces evaluated, glass
showed the highest adhesion when the P;0, 5 hydrogel, while
PS showed the highest adhesion when the P;0, 5 hydrogel. The
synthesized hydrogels exhibited self-healing properties within
5-10 min without any external stimuli, as well as low cytotoxicity.
Notably, the synthesized hydrogels exhibited higher adhesive
strength on PS than fibrin glue, which is currently used as a skin
adhesive. Therefore, this work demonstrates the potential of
polyaspartamide-based adhesive hydrogels as biomedical adhe-
sives in clinical applications.
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