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Abstract
Photocurable materials, capable of being delivered as liquids and rapidly cured in situ within
seconds using UV light, are garnering increased interest in advanced minimally invasive
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procedures. Examining living organisms to extract novel principles and technologies, and
subsequently applying them into synthetic materials to enhance their performances holds a
central position in biomimetics (bioinspiration). In this exploration, we delve into the
multifaceted world of marine mussel adhesion, emphasizing the pivotal role of 3,4-dihydroxy-
L-phenylalanine (L-DOPA) in adhesive proteins. Simultaneously, we navigated the promising
realm of elastomers derived from fatty acid dimers. 90° peeling test and fluorescence
microscope indicate that the adhesiveness of the catechol-containing samples (5% and 10%) to
the hydrophilic surface versus control samples were ~4 and 8 times higher, respectively, as
compared to within the tested group. Overall, our results suggest that the incorporation of
methacrylated L-DOPA in the synthesis of photocured elastomeric networks leads to lower
water contact angle and improved adhesiveness, creating new avenues for potential biomedical

applications.

Key words: fatty acid dimers, telechelic macromonomer, marine mussel adhesives,
methacrylated L-DOPA, water contact angle, adhesiveness, fluorescence microscopy
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1. Introduction

The pursuit of innovative biomimetic materials has spurred a convergence of research efforts,
drawing inspiration from the diverse wonders of the natural world [1-3]. These innovative
materials has led researchers to use in various scientific disciplines [4-7]. Especially, the
biomedical field is witnessing a growing interest in developing adhesives that can effectively
bond biological tissues or medical devices in dynamic environments. The remarkable adhesion
exhibited by the bio-adhesives has motivated scientists to investigate the potential translation
of these natural principles into innovative medical adhesives [8-14].

Among the remarkable contributors to this evolving landscape are marine mussels,
particularly admired for their extraordinary adhesion in challenging aquatic environments [15,
16]. This adhesive prowess is primarily attributed to a unique set of proteins, wherein 3,4-

dihydroxy-L-phenylalanine (L-DOPA) plays a central role [17]. The inherent biocompatibility
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and adhesive strength of L-DOPA make it an attractive candidate for biomedical applications,
ranging from surgical adhesives and wound closure materials to drug delivery systems [18, 19].
These properties have inspired materials scientists to investigate how synthetic mimics of these
protein glues can be made and applied in a biomedical setting [3, 14, 19-22].

Concurrently, elastomers derived from fatty acid dimers have emerged as an intriguing
avenue in biomaterials research [23-26]. Fatty acid dimers, resulting from the dimerization of
unsaturated fatty acids, possess a molecular structure that imparts flexibility and strength to
resulting elastomers. These elastomeric materials exhibit a balance between flexibility and
strength, making them well-suited for medical applications [27-29]. The inherent
biocompatibility of fatty acid-based elastomers further enhances their appeal for use in medical
applications. By drawing inspiration from the structural intricacies of fatty acid dimers,
scientists are delving into the development of elastomers that mimic the resilience and
flexibility found in biological tissues [30-33].

We have previously developed injectable and photocurable ester-urethane macromonomers
based on fatty acid derivatives obtained from vegetable oils and their photo-crosslinked
elastomeric films [34]. However, the adhesiveness of the obtained biomaterials was low due to
their chemical nature. Therefore, integrating insights from both marine mussel adhesion and
fatty acid dimer-based elastomers, this article endeavors to contribute to the expanding
knowledge base in biomimetic materials, fostering innovation in biomedical applications with
a particular focus on advanced elastomeric materials with adhesive property.

In this article, synthesis and characterization of elastomeric networks consisting dimerized
fatty acid derived macromonomer and the nature-inspired adhesion of marine mussels, is
discussed with a specific focus on the L-DOPA as a key component in their adhesive proteins.
We also examined the effect of L-DOPA concentration on the injectability of the precursors.

Furthermore, we explore the hydrophilicity by water contact angle and adhesive strength by
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90° peeling test of the obtained materials as well as L-DOPA localization on the photocured
elastomeric material by fluorescence microscopy.

2. Experimental Section

2.1. Materials

Dimer-linoleic-acid-based polyester polyol (Priplast 1838) was kindly provided by Cargill
Bioindustrial  (The Netherlands). Isophorone diisocyanate (98%) (IPDI), 2-
hydroxyethylmethacrylate (97%) (HEMA) and silicagel were purchased from Merck KGaA
(Germany). Phenothiazine (PTZ), acryloyl chloride, diethyl ether, triethylamine (TEA),
methacryloyl chloride, glacial acetic acid and zinc (1) acetyloacetonate (ZnAc) and 3,4-
dihydroxyl-L-phenylalanine (L-DOPA) were purchased from Sigma Aldrich (Poznan, Poland).
Photoinitiator Omnirad 2022 was purchased from IGM resins (Netherlands). Borax is
purchased from Alfa Aesar (Germany). Ethyl acetate (EtOAc), sodium carbonate, magnesium
sulfate and ethanol were purchased from Chempur (Poland). HEMA was used after distillation
under reduced pressure; all other reagents were used as received.

2.2.  Synthesis of the components

2.2.1. Synthesis of telechelic ester-urethane macromonomer

The synthesis of telechelic ester-urethane macromonomer (PrZnAc) was performed in two
steps based on our previous work [34]. Briefly, in the first step, 25 g (0.013 mmol) of polyester
polyol (Priplast 1838) was reacted with 6.5 ml (0.052 mmol) of IPDI by ZnAc catalyst (2 mol%
calculated relative to amount of polyester polyol). In the second step, 6 mg (0.03 mmol) of
phenothiazine (a polymerization inhibitor), a second aliquot of a catalyst (the same mol% as in
first step), and 6.6 ml (0.054 mmol) of 2-hydroxyethyl methacrylate (HEMA) were introduced,
while protecting the reaction from the light. Progress of the reaction was monitored by tracking

the ratio between FT-IR absorbance at 2262 cm™ (A2262), which corresponds to N=C=0
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vibration in isocyanate groups of IPDI, and at 1526 cm™ (Ais26), which corresponds to N-H
bending vibrations of the formed urethane bonds. The macromonomer was then precipitated
into four-fold excess of ice-cold methanol three times and any residual solvent was evaporated
under reduced pressure at 50 °C.

2.2.2. Synthesis of methacrylated L-DOPA

The synthesis of N-methacryloyl 3,4-dihydroxyl-L-phenylalanine as follows:1.15 g (5.69
mmol) of Na2B4O7 was dissolved in 30 ml of water. The solution was degassed with argon for
30 minutes, after which 0.592 g (3.0 mmol) of L-DOPA was added and stirred for 15 minutes.
0.317 g (3.0 mmol) of Na2CO3 was then added, the solution was cooled to 0 °C and 0.3 ml (3.0
mmol) of methacryloyl chloride was slowly added with stirring. The pH of the solution was
maintained above 9 with Na2COs during the reaction. After stirring for 1 hour at room
temperature, the solution was acidified to pH 2 with concentrated HCI. The mixture was
extracted with ethyl acetate three times. After washing with 0.1 M HCI and drying over
anhydrous MgSQa, the solvent was removed in vacuo to yield crude light brown solid. The
product was further purified by elution from a silica gel column with dichloromethane (DCM)
and methanol (95:5 v/v). After evaporating the solvent, a white, sticky solid was obtained with
a product yield of 35%. Chemical structure of the obtained methacrylated L-DOPA (Figure 1)

was confirmed by FTIR and proton NMR spectroscopy.
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Figure 1 Reaction scheme of methacrylation of L-DOPA.

2.3. Photocuring process

Crosslinked films were prepared according to the following procedure: PrZnAc
macromonomer (~20 g) dissolved in EtOAc and various ratios of methacrylated-L-DOPA (5
and 10 wt.%) was mixed homogenously in 25 ml EtOAc. Then, photoinitiator 2% w/w
(Omnirad 2022) in EtOAc was inserted into the mixture. Residual solvent was evaporated under
reduced pressure after a homogenous mixture was obtained. Then, the films were produced by
injecting the final viscous precursor onto glass plate and spreading with a steel applicator (gap
thickness: 1 mm). The precursor was then irradiated with a DYMAX Bluewave LED Prime
UVA (USA) light source, with a narrow spectral range and maximum intensity at a wavelength
Amax Of 385 nm. The intensity of the radiation was adjusted to 20 mW/cm? and monitored by a
radiometer, AktiPrint (Technigraf GmbH, Germany). Photocuring was carried out under air
atmosphere. The exposure time was 150 seconds for across the entire plate (10 cm x 20 cm).

2.4. Characterization methods

Fourier transform infrared spectroscopy (FTIR) was performed by using BRUKER ALPHA

Platinum apparatus (Germany) at room temperature in the range of 4000-600 cm™, at a
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resolution of 2 cm™ and using 32 scans. Liquid (viscous) macromonomer was analyzed in
transmission mode, after injecting material between NaCl plates. Spectra of films after
photocuring were obtained using reflection mode and the ATR snap-in with diamond crystal.
Spectra were analyzed using EZ OMNIC software.

Proton nuclear magnetic resonance (*H NMR) spectra of the obtained macromonomer and
methacrylated L-DOPA were recorded using Bruker DPX HD-400 MHz. The instrument was
equipped with a 5 mm Z-gradient broadband decoupling inverse probe. All experiments were
conducted at 25 °C. Samples for NMR were prepared by dissolving approx. 50 mg of
macromonomer in 0.7 ml of CDCls-d and 20 mg of methacrylated-L-DOPA in 0.7 ml of
DMSO-ds.

Assessing the injectability of a viscous compositions, a standard 10 ml duoNEX (Zarys,
Zabrze, Poland) syringe and Sterican® (14 and 18G) needles assembly are employed in a
controlled test procedure. The viscous liquid samples maintained undergo an injection process
using a specified syringe and needle configuration at 23 °C. The force required to inject the
liquid through the needle is measured using a force measurement device which is an Instron
3366 (United Kingdom) with a 500 N load cell, at crosshead speed of 10 mm/min.

The wettability of thin films was evaluated with the use of the KRUSS DSA100 Drop Shape
Analyzer. The tests were performed following the BS EN 828:2013 standard: 2 uL droplet of
distilled water was spotted on the sample. The camera incline and magnification were set to +1
degree and 7x, respectively. The laboratory temperature was 23.5 °C, and the drop fit method
was "tangent 1". The results are averages of ten measurements and the chosen data was written
down after 3 s and 120 s.

In the evaluation of adhesive properties of materials on hydrophobic (polystyrene) and
hydrophilic (polyvinyl alcohol) (PVA) surfaces, a standardized (ASTM D2861) 90° peel test

method was employed. Initially, both substrates are meticulously prepared to ensure cleanliness
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from contaminants. The specimens were subjected to a peel test using customized equipment
that measures the force required to separate the bonded surfaces.

Fluorescence microscopic observations of catecholamines within the cured films were
performed by a modified method. Due to high autofluorescence of the obtained materials, the
boronic ester method [35] for confirming catechol presence was not possible. As a result, we
developed an alternative method to confirm both the presence of catechol units on the surface
of crosslinked films, as well as their functionality and reactivity. We used an amine
functionalized far-red dye (ATTO 643-amine, ATTO-TEC GmbH, Siegen Germany) which is
hydrophilic, has a high quantum vyield, and the primary amine can attack catechols via by
Michael addition or forming a Schiff base [36]. Crosslinked strips (approx. 16 mm by 7 mm, 3
per group) were incubated in 1.5 mL of 10 mM TRIS buffer (pH = 9) with 20 pg/mL of ATTO
643-amine (prepared from 4 mg/mL dye stock in DMSO), overnight, at 37 °C. As a control,
additional samples were incubated in parallel in the absence of dye. After staining, samples
were rinsed three times with PBS and imaged using the Cy5 fluorescence channel (Ex: 620,
Em: 700) of Leica DMIi8 inverted microscope (Leica HC PL FLUOTAR 10x/0.32 DRY
objective and Leica DEC7000 GT 1920x1440 camera). Two or three fields of view were
collected per sample. Image analysis was performed using scientific Python ecosystem,
including “aicsimageio [37], ‘dask™ [38], "napari [39] , “matplotlib [40], and "numpy" [41]. We
quantified the differences between samples by comparing histograms using Wasserstein
distance (also known as "earth mover's distance") using the “scipy” Python library [42]. Python
code and example notebook is available at:

https://github.com/psobolewskiPhD/Fluorescence L-DOPA Assay.
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3. Results and Discussion

3.1.  Chemical structure of the macromonomer and methacrylated L-DOPA by

IR spectroscopy

The FT-IR measurement permitted us to confirm the chemical structure of the obtained
macromonomer was consistent with the data derived for macromonomer described in our
previous work [43]. FT-IR spectra of the macromonomer containing 5 wt.% methacrylated L-
DOPA were compared to the starting macromonomer, and they are presented in Figure 2.
Briefly, the absorbance bands at 3368 and 1525 cm™ correspond to stretching vibrations of N-
H in urethane groups. The band at 1643 cm* corresponds to stretching vibrations of C=C from
the coupling of HEMA, and methacrylate from methacrylated L-DOPA. Meanwhile, the bands
2921 and 2853 cm* correspond to stretching vibrations of C-H in -CH2 and -CHas. The band at
approx. 1732 cm! is characteristic for stretching of C=0 in ester bonds of the macromonomer.
The bands at 1302 and 1049 cm-! correspond to RCOOR’ in esters, while the bands at 1236 cm-
Land 1168 cm™* correspond to -C-O- stretching vibrations and -C-O-C(=0) stretching vibration,
respectively. The spectrum exhibit bands associated with the aromatic structure of L-DOPA,
such as the aromatic C-H stretching vibrations in the range of 3100-3000 cm™ and aromatic C-
H bending vibrations in the region of 900-700 cm. Additionally, the methacrylate functional
group contributes distinct bands, including C=0 stretching vibrations at approximately 1725
cmt, and aliphatic C-H stretching vibrations between 3000 and 2800 cm. The C-O stretching
vibrations arising from the hydroxyl group in L-DOPA is manifested by bands in the 1100-
1000 cm™ range. Despite the overlapping bands within the similar characteristic bonds between
macromonomer and methacrylated L-DOPA, the specific bands that arise from methacrylated

L-DOPA are visible in the FTIR spectra.
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Figure 2 FT-IR spectra of macromonomer and macromonomer with 5 wt.% methacrylayed L-
DOPA.

3.2.  Chemical structure of the macromonomer and methacrylated-L-DOPA by

'H NMR spectroscopy

The chemical structures of the obtained macromonomer and methacrylated L-DOPA were
also confirmed by *H-NMR spectroscopy. The analysis of NMR spectra also confirmed that the
obtained macromonomer had similar structures, consistent with expectations based on our prior
work [34]. As a representative example, Figure 3a-b present *H-NMR spectra of PrZnAc
macromonomer and methacrylated L-DOPA. As can be seen from *H-NMR spectrum, signals
at 4.52 and 4.86 ppm confirm the presence of the N-H groups of the urethane bonds, whereas

signals at 5.61 and 6.16 ppm confirm the presence of C=C groups from the attachment of
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HEMA. Meanwhile, in the 3C-NMR spectrum, the most important signals are found at 129 and
141 ppm, because they correspond to C=C double bonds of the attached HEMA.

In the case of methacrylated L-DOPA (Figure 3b), signal at 7.99 corresponds the N-H groups
that has occurred during the methacrylation of L-DOPA. The other characteristic bonds are

shown in the spectrum with theirs assignments.
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Figure 3 Proton NMR spectra of (a) macromonomer (b) methacrylated L-DOPA with signals

assignments.

3.3. Injectability of the compositions

The rheological properties of injectable materials play a pivotal role in medical use, especially
for minimally invasive surgeries [44]. These materials must strike a balance, being viscous
enough to ensure local retention while remaining sufficiently injectable for proper delivery [45].
Injectability of the macromonomer and macromonomer with methacrylated L-DOPA
compositions are determined by measurements of injection force and compression stress, and
the results are presented in Figure 4a-c. The injection forces and compression stresses are varied
by using different needle sizes: 9G (without needle) (3.5 mm), 14G (2.1 mm) and 18G (1.2
mm). The primary differences between 9G, 14G (gauge) and 18G needles are their size and
typical applications. It allows for faster flow rates due to its larger diameter. This makes it
suitable for situations requiring rapid fluid administration. The difference in force and

compression stress trends between different needles and low L-DOPA levels can be attributed
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to the interaction between needle size, material viscosity, and crosslinking density. At low L-
DOPA levels, the network is less crosslinked, leading to a softer material that may deform more
easily under compression, resulting in lower force and compression stress. Our findings indicate
that despite high viscosity of the obtained compositions they exhibit excellent injectability even
with up to an 18 G needle where minimally invasive surgical procedures employing relatively
large gauges of instruments such as catheters. This suitability may extend future applications

of such compositions to various techniques, including laparoscopic and catheter procedures
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Figure 4 Injection force and compression stress of al,2) PrZnAc macromonomer, b1,2) PrZnAc
macromonomer A+ 5 wt.% methacrylated L-DOPA and c1,2) PrZnAc macromonomer + 10
wt.% methacrylated L-DOPA.

3.4.  Chemical structure of photocured elastomeric networks

In order to perform photocuring of the obtained viscous compositions, all of the materials
were photocured in air, following the addition of 2% w/w of photoinitiator (Omnirad 2022)

(Figure 5).
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QD

Figure 5 Images of a) macromonomer, b) macromonomer with 5 wt.% methacrylated L-DOPA

before photocuring on the glass.

The chemical structures of photocured films were confirmed by ATR FT-IR spectroscopy.
Figure 6 shows representative IR spectra of films obtained before/after photocuring of the
macromonomer and macromonomer with 5 wt.% methacrylated L-DOPA under air
atmosphere. A difference in absorbance of the band at 1643 cm-?, corresponding to stretching
vibration of C=C, was observed. The carbon-carbon double bonds present in the
macromonomer from the attached HEMA and methacrylate from methacrylated L-DOPA are

converted into carbon-carbon bond during photopolymerization process.
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Figure 6 FT-IR spectra of uncured (straight lines) and cured films (dashed lines).

3.5.  Assessment of photocured films wettability

Surface wettability is an important parameter determining cell-material interaction in
biomedical applications. Low water contact angles, indicating higher wettability, enhance the
interaction between the material and biological tissues. This property is particularly
advantageous in applications such as tissue scaffolds for regenerative medicine, where close
contact between the scaffold and tissue is essential for cell adhesion and proliferation.

The water contact angle data are collected in Table S1 (in Supplementary Information) and
show representative water contact angle values for PrZnAc macromonomer and PrZnAc with
5 and 10 wt.% methacrylated L-DOPA. The surface which was in contact with air during

photocuring has been assessed. In the case of macromonomer, the side that was in contact with
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the air showed hydrophobic nature due the long fatty acid chains. The higher content of L-
DOPA increased the hydrophilicity from 108.3£5.4 for macromonomer with 5 wt.%
methacrylated L-DOPA to 103.4+7.9 and macromonomer with 10 wt.% methacrylated L-
DOPA to 96.6£2.2. The introduction of L-DOPA to macromonomer results in a possible re-
organization of the surface within the measured time (Error! Reference source not found.).
The addition of L-DOPA further decreased, as expected, the surface hydrophilicity of
photocured network to 71.8 and 69.2 degree, for the macromonomers that contain with 5 and
10 wt.% L-DOPA, respectively (Table 1). This can be explained by presence of dihydroxy
functionality of catechol within L-DOPA (Error! Reference source not found., in
Supplementary Information) which enables it to form strong hydrogen bonds with water [49]
during the measurement time. Additionally, the aromatic ring participates in cation—n
interactions with positively charged ions, a potent non-covalent interaction particularly
effective in water. According to the Van Damme et al. different advancing and receding contact
angles are often observed when dynamic contact angles of polymers at the air-water interface

are measured [50].

3.6. Peeling Test

The adhesion strength is mainly attributed to the strong adhesion and cohesion of the network
structures [51]. The peel force values provide a representative measure of adhesive performance
on both hydrophobic polystyrene (PS) and hydrophilic polyvinyl alcohol (PVA) surfaces. The
test results are presented in Figure . As shown in Figure a, the highest adhesive material on the
PS surface is observed with the macromonomer only. This could be due to the hydrophobic
nature of the macromonomer, which interacts with the hydrophobic surface through
hydrophobic interactions. The addition of a more hydrophilic component (methacrylated L-
DOPA) in the composition shows lower interaction with PS, and the peeling force decreases by

almost 2.7 times compared to the macromonomer itself.
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Regarding the peeling force on PVA (Figure b), the highest peeling force is observed in the
sample containing macromonomer with 10 wt.% of methacrylated L-DOPA. Due to the
presence of L-DOPA that contains catechol units, the material-surface interaction has increased
by approximately 4 and 8 times after the addition of 5 wt.% and 10 wt.%, respectively,
compared to the neat macromonomer. The possible physical interactions include hydrogen

bonding between the catechol unit and hydroxyl groups of PVA, leading to high adhesion.

It is important to note, that significant increase in adhesiveness of catechol-containing samples
(4 to 8 times higher) to hydrophilic surfaces demonstrates potential for strong and durable
bonding in moist environments. This is crucial for applications like surgical adhesives, dental

restorations, and coatings for medical devices where robust and reliable adhesion is necessary.
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Figure 7 90° peeling test of the photocured films on a) polystyrene (PS) b) polyvinyl alcohol
(PVA).

3.7.  Fluorescence microscopy

In order to confirm the presence of biofunctional catechol units from L-DOPA on the surface
of cured films, we stained samples with an amine-functionalized far-red dye (ATTO 643-amine,
imaged in the Cy5 fluorescence channel). If reactive catechols were present on the surface of
the cured films, then the primary amine of the dye would be able to attack them via Michael
addition or by forming a Schiff base, resulting in an increase in fluorescence (Figure 8)(in
Supplementary Information Figure S2). Importantly, this is the same mechanism that is
responsible for the pro-adhesive role of catechols [36], so our assay can confirm both the
presence and biofunctionality of the L-DOPA units on the surface of cured films. Using the
developed assay, we confirmed a marked increase in fluorescence emission in the Cy5 channel
for L-DOPA-containing films (median fluorescence 29 and 31 for 5% L-DOPA and 10% L-

DOPA), as compared to controls films (median fluorescence 8), indicating the presence of
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conjugated amine-functionalized ATTO 643 dye. We further quantified the differences between
histograms by Wasserstein distance (also known as "earth mover's distance™ or EMD), which
can be considered the cost or energy needed to convert one histogram into another [52]. It takes
into account both the number of pixels and the intensity difference (distance they need to be
moved). Using this approach, we were able to confirm an increase in fluorescence with the
higher amounts of L-DOPA: Wasserstein distances for films containing 5% L-DOPA and 10%
L-DOPA were 2 and 2.8 times higher versus controls (no L-DOPA), respectively, as compared
to within group comparisons and the Wasserstein distance between the two L-DOPA
concentrations was 86% of the distance between 5% L-DOPA and the control group, indicating
close to a dose response (Figure 8). Finally, the fluorescence of the control samples without L-
DOPA units was similar to that of sham stained (no dye) samples, confirming specificity of the
fluorescence signal to the bioavailability of L-DOPA catechol groups. Overall, we conclude
that this fluorescence assay indicates the presence and biofunctionality of L-DOPA catechol
units on the surface, with greater amount of L-DOPA content resulting in higher bioavailability

of L-DOPA catechol units on the surface of cured films.
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Figure 8 Dynamic clustering of histogram data based on adaptive squared Wasserstein
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4, Conclusion

We report here on the synthesis and characterization of the macromonomer containing an
ester-urethane linkage and marine mussel-inspired methacrylated L-DOPA units. FTIR and
NMR studies indicated that the components were successfully obtained using respective
synthesis protocols. Compositions prepared from individual components showed good
injectability through 18 G needle. Furthermore, photocuring of the combination of these two
components was performed to produce elastomeric films. According to the 90° peeling test and
fluorescence microscopy, the elastomeric films obtained from the macromonomer with 5 wt.%
and 10 wt.% methacrylated L-DOPA showed better adhesiveness compared to those prepared
from the macromonomer alone. All discussed results showed the possibility of such an advance
biomimetic materials production and a particular emphasis on their transformative potential
usage in medical applications such as wound closure, bone repair, and as a sealant for internal

bleeding where the injectability and adhesiveness are desirable features.
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