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Abstract

The levodopa (L-DOPA) has been reported as a promising adhesive for various materials. In this
study, we utilized L-DOPA as an interfacial agent for phosphate glass fibre/polycaprolactone
(PGF/PCL) composites, with the aim to enhance the interfacial properties between the fibres and
polymer matrix. The PGFs were dip-coated in varying concentrations of L-DOPA solution ranging
between 5-40 g L%, The fibre strength and interfacial shear strength (IFSS) of the composites were
measured via a single fibre tensile test and single fibre fragmentation test, respectively. It was
found that the L-DOPA agent (at conc. 10 g L2) significantly improved the IFSS of the composites
up to 27%. Also, the L-DOPA coating (at conc. 40 g L) significantly increased the glass fibre
strength up to 18%. As a result, an optimum coating level could be tailored depending on
application and whether fibre strength or IFSS was of greater importance. In addition, SEM and
TGA analyses were used to detect and quantify the coating agents. FTIR and XPS further
confirmed presence of the coating and indicated the zwitterionic crystals of L-DOPA and the
formation of a melanin-like polymer layer. The spectroscopy data also evidenced that both
catechol and amine groups contributed to the interaction between the L-DOPA and the PGF

surface.
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1. Introduction

Traditionally, metals have been used for bone fracture fixation devices due to their excellent
mechanical properties. However, a secondary surgery is usually needed to remove those implants
after treatment. Meanwhile, the high mechanical properties of metals can also lead to “stress-
shielding” effects [1]. Therefore, many studies have focused on resorbable fibre-reinforced
composites as a substitute for metal implants in bone tissue engineering along with adequate
toughness and good biocompatibility [2, 3]. The reinforcement of resins with short or long fibres
has multiple applications in various biomedical fields, especially in medicine and Dentistry [4].
However, the application of polymer composites, such as phosphate glass fibre/polycaprolactone
(PGF/PCL), is limited by the rapid degradation of mechanical properties after exposure to an
aqueous physiological environment, which is attributed to loss of their interfacial properties [2, 3].
Coupling agents have been explored to improve the interfacial properties of the fibre/polymer

composites but with limited success [2, 3].

The mussel adhesive proteins (MAPs) of marine mussels are able to form adhesive “feet” to attach
to almost all kinds of materials in humid environments [5]. 3,4-dihydroxy-I-phenylalanine (L-
DOPA) is an important constituent of the adhesive foot protein (Mefp-5, Mytilus edulis foot
protein-5) found near the plaque-substrate interface of mussels, which plays a central role in strong
adhesion of mussels onto a wide range of organic and inorganic substances [5, 6]. The catechol
units were found to be responsible for the adhesive properties of L-DOPA and the catechol-
containing molecules and polymers have been applied to coat various materials including metals,
ceramics/glasses and polymers [5, 7]. Additionally, there have been multiple attempts to utilize
the adhesive properties of L-DOPA for materials applied in various biomedical fields, such as gene
delivery and bone repair [8]. The catechol groups in L-DOPA have the capacity to form hydrogen
bonds, metal-ligand complexes, and quinhydrone charge-transfer complexes, which enable a
strong adhesion to various types of materials [9]. Further, the carboxyl and amine groups enable
L-DOPA to react with other organic materials. Therefore, L-DOPA shows the potential as a

coupling agent for PGF/PCL composites in biomedical applications.

In addition, L-DOPA is one of the precursors of eumelanin synthesis. Eumelanin is naturally
formed with L-DOPA or tyrosine as precursors [5, 10]. The Raper-Mason pathway is the most

universal and well-known route for the synthesis of eumelanin and Figure 1 shows the schematic



representation of the pathway [10]. The first step involves the catalytic- or auto-oxidation of L-
DOPA to dopaquinone. Dopaquinone is a highly reactive intermediate and converts to
leucodopachrome by a rapid spontaneous autoxidation, which is then reversibly oxidized to
dopachrome. Dopachrome converts to 5,6-dihydroxyindole-2-carboxylic acid (DHICA) and may
further evolve to 5,6-dihydroxyindole (DHI) by decarboxylation. Further oxidation of these
dihydroxyindoles results in indolequinones and subsequent crosslink reactions between hydroxyl
and quinone forms lead to polymerization [5].

This study investigated the feasibility of L-DOPA as a coupling agent for PGF/PCL composites.
Surface morphology observation (SEM), thermogravimetric analysis (TGA) and surficial chemical
analysis (FTIR and XPS) were conducted to detect and quantify the L-DOPA coating on PGF
surface and also to investigate the chemical interaction between L-DOPA and PGFs. Then,
mechanical properties of the uncoated and coated PGFs were ascertained using a single fibre
tensile test (SFTT). The interfacial shear strength (IFSS) was analysed using a single fibre

fragmentation test.
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Figure 1. Simplified schematic of the oxidative polymerization of L-DOPA.

2. Materials and Methods

2.1. Glass Fibre Preparation and Coating Application
Continuous phosphate glass fibres (PGF, 45P205-5B203-5Na20-24Ca0-10MgO-11Fe203 in

mol%) of ~25 um diameter were prepared as described previously [11].



A coating solution was prepared by dissolving 3,4-Dihydroxy-L-phenylalanine powders (L-DOPA,
> 98% TLC) of different quantities (PDP-0.5, 1, 2 and 4) in 0.01 M Tris buffered saline solution
(TBS, pH 8.5 + 0.1 at 24 °C) and catalysing by NalO4 solution (10 g/L). All the chemicals were
purchased from Sigma Aldrich, US.

The prepared PGFs were dip-coated in the L-DOPA solution for 30 min before a gentle washing
in deionised water to remove non-adhered material. Then, the coated PGFs were dried in an oven
at 37 °C overnight. Uncoated PGFs were also placed in the oven and prepared as a control, which

was named as PDP-0. Details of the five different coating conditions are shown in Table 1.

Table 1. Details of coating application. The sample codes were also used for the corresponding
single fibre composites. “PDP” means PGF-DOPA-PCL.

Sample codes Units PDP-0 PDP-0.5 PDP-1 PDP-2 PDP-4
TBS solution mL - 100 100 100 100
L-DOPA g - 0.5 1 2 4
Dip-coating at RT min - 30 30 30 30
Drying at 37 °C hour 24 24 24 24 24

2.2. Coating Performance Analysis
Scanning electron microscopy (Sigma/VP SEM, Zeiss, Germany) and infrared spectroscopy
(Vertex 70 FTIR-ATR, Bruker, Germany) were used to detect the L-DOPA coating on a PGF
surface.
Thermogravimetric analysis (SDT Q600, TA Instruments, US) was conducted to detect and
quantify the coating material. PGF samples were heated from room temperature to 450 °C, which
is below the glass transition temperature (Tg) of the PGF (which is 520 £ 5 °C) [12]. A heating rate

of 20 °C min~t in flowing nitrogen gas of 50 mL min~ was used for the experiment.

X-ray photoelectron spectroscopy (XPS) was used to investigate the chemical interaction between
L-DOPA and PGF surface. An Axis Ultra (Kratos, UK) with a monochromated AIK, X-ray source
(1486.6 eV) was operated at 8 mA emission current and 12 kV anode potential. For the XPS
measurement, a fibre bundle was mounted on the sample stage using conductive adhesive tape at

both ends, while the L-DOPA powder was adhered on the stage by using conductive tape. Drift of



the electron binding energy of the peaks caused by surface charging was calibrated by using the
Cis peak of the C—C bond at 284.5 eV.

2.3. Fibre Strength Measurement
The effect of coating application on mechanical properties of PGFs was analyzed via the single
fibre tensile test (SFTT) using a LEX 820 tensile tester (Diastron, UK) in accordance with 1SO
11566. Thirty samples were tested for each subject. Weibull distribution was used to characterise
the failure mode of the brittle PGFs and the data was processed by using Minitab 17 software.

More operating details are shown in [2].

2.4. Interfacial Shear Strength Measurement
The interfacial shear strength (IFSS) was measured by using the single fibre fragmentation test
(SFFT) to present the bonding strength of the composites in this study. Single fibre composites
(SFCs) were prepared for the SFFT, which were cut into dog-bone specimens as described
previously [2]. Ten repeats were processed for each subject. IFSS values (t) were calculated using

the Kelly-Tyson equation [13]:
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where d is the fibre diameter and o1 is the single fibre tensile strength at the critical fragment length

Ic determined by:
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where oo and m are the Weibull scale and shape parameter respectively for the fibre strength at
gauge length lo. Weibull shape and scale refer to Weibull modulus and normalising stress,
respectively. Weibull normalising stress indicates the most probable stress at which a certain fibre

will fail [11]. It is the average fragment length and N is the number of fibre fragments.



2.5. Statistical Analysis
A Student’s unpaired t-test was used to analyse the difference in fibre strength and IFSS between
the coated PGF and the uncoated PGF control, assuming equal variance and determining two-
tailed p values [12]. It was performed using IBM SPSS (version 22) and a threshold value of 0.05.

3. Results

3.1. SEM Analysis
The surface of the PDP-4 sample was visibly rougher than the other samples (PDP-0, PDP-0.5,
PDP-1 and PDP-2) as seen in Figure 2. An axial crack was observed on the surface of PDP-4,
which was probably caused by a polymer shrinking after drying or incomplete coating layer.
Additionally, no other evidence to indicate any surficial crack on the PGF itself after coating

application.

(a) PDP-0 (b) PDP-05

(c)PDP-1 (d) PDP-2

Figure 2. Magnified images of uncoated and coated PGFs (Scale 1200:1). The cracked base
shows the conductive tape.

3.2. TG Analysis
Figure 3a and b present material loss of the samples in wt% during heating. A derivative of the
wt% curve (DTG) is also presented for a further analysis of decomposition temperature. Normally,
L-DOPA will decompose at 276-278 °C [14]. Figure 3a shows that the L-DOPA powders in this
study decomposed from ~278 °C. It also shows two distinct peaks at 303 °C and 366 °C, which is
attributed to the degradation of different functional groups of L-DOPA. As shown as the TG curves



in Figure 3b, weight loss of different samples shows a clear trend following the L-DOPA

concentration. Decomposition of the oxidative L-DOPA agent started from ~210 °C.
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Figure 3. TA analysis of (a) L-DOPA powders and (b) uncoated and coated PGFs; (c) Weight
loss of coated PGFs after heating at 450 °C.

3.3.  FTIR Analysis

The spectrum of PDP-0 was taken as control and that of purchased L-DOPA powders was used as
a reference during IR analyses. Five main peaks were found for the PDP-0 absorption bands as
labelled in Figure 4a, which were consistent with the literature [12]. All of these five bands were
also observed for PDP-0.5, 1, 2 and 4 without any significant positional difference. The band
assignments are listed in Table 2.

The absorption bands corresponding to the aromatic structure of L-DOPA were expected to locate
in the range between 1200 and 1700 cm~. The bands of L-DOPA at 1353, 1404, 1440, 1458, 1498
and 1527 cm~! were observed to shift slightly to higher wavenumbers in PDP-4 as shown in Figure
4b. Some new bands appeared in PDP-4 at 1513, 1552 and 1581 cm™. Moreover, the band of L-
DOPA at 1652 cm™ was replaced by three new bands at 1642, 1650 and 1658 cm™ in PDP-4.



Many other bands also appeared below 1200 cm~ in PDP-4, but they were expected to be obscured

by overlapping with the absorption bands of PGFs.
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Figure 4. FTIR spectra to show the main absorption bands for (a) PGFs and (b, c) the functional

groups of L-DOPA.

Table 2. FTIR band assignments for pure PGF and L-DOPA.

Wavenumber (cm?) Assignments Ref.
PGF
480 8as(0—P-0) in Q! species [15]
746, 881 vs and vas(P—O-P) of the bridging oxygen in Q? species  [16]
~1030 vs and vas(P—-07) in Q* species [16]
~1196 vas(PO2)~ of the non-bridging oxygen in Q? species [15, 16]
L-DOPA

1249, 1282 8 and v(C—-OH) of the phenolic groups [17, 18]
1353, 1440, 1498, 1565 Ring deformation vibration [17-19]
1404, 1458 8(—CHa-) of the methylene [19]
1527 S(C—-NH,) [20]
1592 §(C—NHs") [17]
1652 v(C=0) of -COO~ [21]
2500-3050 Different C—H vibrations of either aromatic or aliphatic [17-19]

C-H bonds

3051-3500 v(N—-H) and v(O-H) [17-19]

* 85 (8as) = symmetric (asymmetric) bending vibration

** vs (vas) = Symmetric (asymmetric) stretching vibration



3.4. XPS Analysis
High-resolution XPS spectroscopy was performed on uncoated and coated PGFs and L-DOPA
powders. Narrow scans of Cis, O1s, N1s and P2p are exhibited in Figure 5. The signal of L-DOPA
powders in Cis was resolved into three main components at 284.5, 285.8 and 288.7 eV binding
energy. One more peak of very low intensity was observed at 291.4 eV. The peaks at 288.7 eV
were also observed for PDP-0.5, 1, 2 and 4 with atomic percent of 8.9%-12.4%. The peak at 284.5
eV was found to slightly shift to the higher binding energy for all the coated samples.

The nitrogen peak of L-DOPA was resolved into two signals, involving a predominant one at 402.0
eV and another one at 399.8 eV binding energy. Their atomic ratio was 91:9. These two peaks

were also found for PDP-0.5, 1, 2 and 4 with different atomic ratios.

The O1s peak of PDP-0 required two peaks at 531.2 and 532.7 eV for the curve fit. The peak at
531.2 eV slightly shifted to a higher binding energy, wherein 531.2 eV for PDP-0.5, 1 and 4 and
531.4 eV for PDP-2. The peak at 532.7 eV remained for PDP-0.5, 1 and 2, but shifted to 532.6 eV
for PDP-4. It was also observed that the ratio of peak at ~531.2 eV decreased from PDP-0.5 to
PDP-4 with increasing L-DOPA concentration. The Ois peak of L-DOPA was resolved into two
peaks at 531.7 and 532.8 eV.

The P2p peak of PDP-0 was deconvoluted into two peaks at 133.6 and 134.5 eV binding energy.
Their atomic ratio was 67:33. Similar peaks were observed in the spectra for PDP-0.5 and 1. The
peak pairs for PDP-2 and 4 slightly shifted to 133.7 and 134.6 eV.
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Figure 5. XPS spectra of (a) Cis, (b) Nis, (c) O1s and (d) P2p narrow scans of L-DOPA powders

and uncoated and coated PGFs.
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3.5. Fibre Strength Analysis
No significant change was found for the modulus between the coated and uncoated PGFs from
Figure 6a. Tensile strength of PGFs are shown in Figure 6b and Table 3. The table also presents
the fibre diameters and Weibull parameters. As shown in Figure 6b, all the PGF samples
maintained tensile strength after coating application. The strength of PDP-4 is even significantly
higher than all the other samples, which increased by 17.8% (p < 0.01) compared to the uncoated

fibres.

It was observed from Table 3 that the trend of normalising strength was consistent with that of
mean tensile strength. The Weibull modulus of the PGFs ranged between 4.4 and 6.0. Figure 6¢
shows an example of the Weibull plots. The fibre diameters were around 27 um and no significant

change in diameter was observed between coated and uncoated PGFs.
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Figure 6. (a) Tensile modulus and (b) strength of uncoated and coated PGFs. (c) Weibull
analysis for PDP-2 plotted by Minitab.
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Table 3. Diameters and Weibull parameters of uncoated and coated PGFs (n = 30).

Diameter Tensile strength Normalising strength

Sample codes Weibull modulus
(um) (MPa) (MPa)
PDP-0 272 571+ 126 620 5.5
PDP-0.5 28+1 570 + 153 627 4.4
PDP-1 28+1 573+ 132 626 4.6
PDP-2 27+2 569 + 143 624 4.5
PDP-4 271 673 £ 147 729 6.0

3.6. IFSS Analysis
As shown in Figure 7, all the coated samples show a higher IFSS value compared to PDP-0. PDP-
1 shows the best coupling performance, which increased by 27% (p < 0.001) compared to PDP-O0.
However, the coupling performance dropped back down when L-DOPA concentration further
increased to PDP-2 and kept at ~5.5 MPa level for PDP-4.
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Figure 7. Interfacial shear strength obtained from fragmentation tests.

4. Discussion

4.1. FTIR Analysis
IR spectroscopy for coated PGFs compared to that of uncoated PGFs and L-DOPA powders to
detect the existing and chemical change of coating agent on the PGF surface. As shown in Figure
4a, the five main bands for PDP-0 were also found for PDP-0.5, 1, 2 and 4, which indicated that

the intrinsic phosphate structure was not destroyed/altered during coating.
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Figure 4b shows the main bands for L-DOPA. The bands at 1353, 1440, 1498 and 1565 cm~ were
attributed to the vibration of ring deformation [18], which slightly shifted towards higher
wavenumbers for PDP-4, due to a formation of the quinone groups and an indole structure on the
ring. This is also evidenced by XPS results. The bands at 1249 and 1282 cm assigned to the
bending and stretching modes of the phenolic groups respectively [18], did not change in PDP-4,
indicating remaining hydroxyl groups on the ring. The crosslink reactions between the hydroxyl
and quinone forms lead to the polymerization of the oxidized L-DOPA [5]. Moreover, the shifts
of these bands in PDP-4 might also be attributed to the weak interactions, such as Van der Waals

forces and hydrogen bridges between the L-DOPA and the hydroxyl groups on PGF surface.

The bands of 1404 and 1458 cm* were attributed to the bending vibrations of the methylene [19],
which shifted to higher wavenumbers for PDP-4, due to the formation of DHICA, where the
—CH2— group has changed into —CH=.

The band at 1527 cm~ assigned to the bending vibration of amino groups [20] slightly shifted to
a higher wavenumber for PDP-4 with the appearance of a new band at 1513 cm™, due to the
interaction between the L-DOPA and PGFs. Lin et al. [20] added L-DOPA agents for graphene-
chitosan composites and found the ~NHz absorption band shifted from 1526 to 1518 cm~?, which

was suggested to be due to the chemical binding between the L-DOPA and chitosan.

The appearance of the band at 1631 cm~ might come from the C=C stretching vibration of indole,

speculating the intramolecular cyclization reaction of L-DOPA to form the indole derivatives [22].

The weak band at 1592 cm™ and the intense band at 1652 cm~ were attributed to the C-N bend
of the protonated amine group and the C=0 stretch of the deprotonated carboxylic group
respectively [17], existing as a zwitterion in L-DOPA [17]. In comparison, the band at 1592 cm™?
was still observed in PDP-4 and partially superposed with a band at 1581 cm assigned to the
bending vibration of -NH2 [23]. Another new band was observed at 1552 cm~ for PDP-4, due to
one of the -NHzs" vibrational modes [23]. Three new bands appeared at 1642, 1650 and 1658 cm*
in PDP-4 instead of the band at 1652 cm™ in L-DOPA, which was related to the appearance of
C=0 in quinones and the reactional behaviour of -COO- groups [21]. Jaber et al. [17] investigated
bulk L-DOPA and L-DOPA composites (DOPA-aerosil, DOPA-saponite and DOPA-laponite) by
FTIR. They reported that the band at 1758 cm~! was assigned to the carboxylic C=0 stretch of the

14



protonated -COOH and the absence of this band indicated the deprotonation of the carboxylic acid
in the spectra of L-DOPA and its composites. Therefore, they stated that the -NHs* group of L-
DOPA (or its polymerization products) presents as a zwitterion to keep the equilibrium, but not a

cation.

The bands at 2596-3050 cm™ shown in Figure 4c were attributed to different C—H vibrations of
either aromatic or aliphatic C—H bonds, while the bands at 3061-3376 cm™ were due to a

superposition of stretching vibrations of N—H and O—-H [17-19].

4.2.  XPS analysis
XPS was used to investigate chemical interaction between L-DOPA and PGF surface. As shown
in Figure 5a, the Cis peak of L-DOPA was fitted as C—C/CHx at 284.5 eV (C1, 4, 5, 6, 7),
C—N/C—-OH at 285.8 eV (C2, 3, 8) and —COO- at 288.7 eV (C9) [17, 21]. Theoretical atomic ratio
of the three main peaks is 56:33:11, while the experimental result is 55:36:9, which shows a good
consistency. The three peaks were also resolved from the Cis peaks of PDP-0.5, 1, 2 and 4,
indicating the presence of L-DOPA on PGF surface. However, the binding energies and atomic
ratios of these components showed distinct changes when compared to those of neat L-DOPA. The
peak at 284.5 eV shifted to 284.8 + 0.1 eV and the atomic percentage (atom%) of the peak at 285.7
+ 0.2 eV increased from 35.6% to 43.6%, which was attributed to formation of the indole structure
[21]. A significant increase in atom% of the peak at 288.7 eV was observed for coated PGF
samples compared to L-DOPA, which was attributed to appearance of quinone groups [24]. These

are also evidenced by FTIR results.

The Nis peak of L-DOPA has a predominant component at 401.9 eV (atom% = 91.1%) assigned
to R—NHs* and a minor sub-peak of R—-NH2 at 399.8eV (atom% = 8.9%). The predominance of
protonated amine was due to the zwitterion structure of L-DOPA [17]. In analogy with glycine, L-
DOPA is more stable as a zwitterionic ("NH3—~CHR-COOQ") rather than a neutral (NH2-CHR-
COOH) form in aqueous solution [17]. Jaber et al. [17] also reported observation of the L-DOPA
zwitterion in XPS. They suggested this was as a result of water trapped in the L-DOPA crystal. In
this case, the formation of indole structure broke the zwitterionic-neutral equilibrium of L-DOPA,
which led to that the peak at 399.8 eV shifted to 400.0 + 0.07 eV and the peak at 401.9 eV shifted
to 401.8 + 0.06 eV.
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The O1s spectrum of PGF was deconvoluted into two peaks at 531.2 and 532.7 eV, assigned to P—
O/P=0 non-bridging (NBO) and P-O—P bridging (BO) phosphate oxygens, respectively [3, 13].
As shown in Figure 5c, the peak of NBO at 531.2 eV slightly shifted to a higher binding energy.
It indicated a new connection instead of that between the NBO and the metal ion in the glass,
which was suggested to be a bidentate bonding between the glass surface hydroxyl oxygen and the
catechol groups from L-DOPA [25]. The decrease in ratio of NBO/BO from PDP-0 to PDP-4 also
indicated the reduction of hydroxyl groups on the PGF surface. Messersmith et al. [26] reported
such a binding mechanism between the hydroxyl groups on TiO2 surface and the catechol groups
from L-DOPA.

The O1s spectrum of L-DOPA was resolved into two peaks at 531.7 and 532.8 eV, assigned to the
oxygen of the carboxyl and hydroxyl groups, respectively [21]. Theoretical oxygen atomic ratio
of the —-COO- and —OH is 50:50, while the experimental value is 47:53, which was due to the
water trapped in the L-DOPA crystal.

The P2p spectrum of PGF was composed of the P2ps2/P2p1/2 doublet and fitted with an energy
difference of 0.9 eV and an approximate atomic ratio of 2:1. The peak of P2p32 at 133.6 eV was
attributed to pentavalent tetra coordinated phosphorus (pyrophosphate and orthophosphate)
surrounded by a different chemical environment (phosphate-like structure) and the peak of P2pi2
at 134.5 eV was attributed to metaphosphate [27]. Similar peaks were observed in the spectra for
PDP-0.5 and 1. The phosphate peak doublet slightly shifted to a higher binding energy for PDP-2
and 4, which was attributed to the sufficient binding between the glass and the L-DOPA agent. It
indicated a sufficient chemical linking to influence the phosphate surface structure. Moreover, it
is also shown in Figure 5d that the spectral intensity of PDP0.5 and 1 is lower than that of PDP-0,
while that of PDP-2 and 4 is obviously further lower. This observation is ascribed to the depth
penetration observed for XPS (ca. 5-10 nm) [3], which indicated a nano-scaled coating layer for

the PGFs. This was also observed from the oxygen peaks (Figure 5c).

4.3. Fibre Strength Analysis
The influences of L-DOPA coating on mechanical properties of PGFs were investigated by a
comparison of coated PGFs with the control PDP-0. As shown in Figure 6a, no significant change

in the tensile modulus was observed from different samples, indicating that the intrinsic glass
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structure was conserved after coating application. L-DOPA did not contribute significantly to the

fibre modulus, since it has a much lower modulus than the glass.

Figure 6b shows that the tensile strength of PDP-0.5, 1 and 2 remained almost constant compared
to PDP-0, suggesting that the 30 min immersion in the coating solution at these concentrations did
not have a significant effect on the mechanical strength of the PGFs. However, the strength of
PDP-4 is significantly higher than all the other samples, which increased by 17.8% (p < 0.01)
compared to PDP-0. It is suggested that the increase in the strength of PDP-4 was as a result of a
much thicker coating of L-DOPA. This is consistent with the observation from SEM, TGA and
spectroscopy, where PDP-4 showed a significant difference when compared to the other samples.
The strength of the glass fibre heavily depends on the critical flaws locating at the fibre surface,
so the fibre fracture behaviour is strongly affected by the coating properties [28, 29]. Herein, we
suggest that the PDP-4 coating protected the fibre surface from abrasion and surface flaw
formation during handling operations, as well as leading to reduction of moisture contact and

surface reactions [28].

4.4. IFSS Analysis
As shown in Figure 7, all the coated samples show a higher IFSS value compared to PDP-0. The
IFSS of PDP-0.5 increased by 19% compared to PDP-0, which also shows an instable performance
compared to other sample sets. This might be due to there being insufficient L-DOPA available or
poor dispersion in the solution to fully and uniformly coat the PGFs. The IFSS of PDP-1 increased
by 27% of the control, which was significant (p < 0.001), suggesting that there was sufficient L-
DOPA available to generate interactions between the L-DOPA-coating and the PGF surface.

Phosphate glass immersed in aqueous solution generate —O~ groups at the glass surface due to the
rapid release of sodium ions, which are proton acceptors [30]. Meanwhile, the catechol and amine
groups from L-DOPA are competing as proton donors [31]. Therefore, strong hydrogen bonding
is anticipated to occur between the PGF surface and L-DOPA. Kohl et al. [30] reported that glass
fibres with native surface hydroxyl groups can have strong hydrogen bonding interactions (high
surface energy) with polar functional groups of the polymers in glass fibre reinforced composites.
A bidentate bonding between the glass surface hydroxyl oxygen and the catechol groups from L-
DOPA was considered for PDP-0.5, 1, 2 and 4, as described for the O1s spectrum of PGF in XPS

Discussion. Besides, a binding between the hydroxyl oxygen on PGF surface and the amine group
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from L-DOPA was considered for PDP-4, which was evidenced by the FTIR band appeared at
1513 cm™,

However, the performance of L-DOPA coating on IFSS weakened for PDP-2 and 4, as shown in
Figure 7. It may relate to the formation and growth of the melanin-like polymer layer, which
consumed the active groups of L-DOPA in turns weakening the interaction with the PGF surface
and reducing the efficiency of load transmission from the matrix to the PGFs. As mentioned above,
the catechol and amine groups from L-DOPA are competing as proton donors. When the L-DOPA
concentration is too low to polymerize and crosslink, the monomeric L-DOPA prefers to attach to
the PGF surface with the catechol groups [31]. As the concentration increases, the oxidized L-
DOPA is inclined to polymerize mainly based on the crosslink reactions between the hydroxyl and
quinone forms [24]. That is, the bulk of catechol groups of the L-DOPA are consumed and the
amount of the amine groups becomes higher than that of the catechol groups, which turns to the
main proton-donors [31]. However, the formation of indole structure consumes the amine groups,

which also limits the connection between the coating agent and the PGF.

Therefore, optimum conditions for fibre strength and for IFSS do not coincide and so an optimum
must be selected based on application. Where only coated fibres are used, as for example a filter
or other textile application, a thicker coating of at least 4% L-DOPA solution (PDP-4) should be
used to maximise strength. Where IFSS is critical, for example in a polymer composite intended
for long term degradation, an optimum coating of 1% L-DOPA solution (PDP-1) should be

selected.

5. Conclusions
This study showed that the L-DOPA agent at different concentrations can significantly improve
the IFSS of PGF/PCL composites (at conc. of 10 g L) and the tensile strength of the glass fibres
(at conc. of 40 g LY). SEM and TGA analyses confirmed that the concentration of L-DOPA
solution affected the coating thickness. In the interface bonding mechanism FTIR and XPS
spectroscopy data showed that the catechol and amine groups of L-DOPA were competing as
proton donors, whilst the hydroxyl oxygen group at the glass fibre surface acted as proton acceptor.
At low L-DOPA concentrations polymerization and crosslinking were affected, as the monomeric
L-DOPA preferred to bind with the glass fibre via the catechol groups. As the concentration

increased, the L-DOPA agent would bind with the glass fibre via the amine groups and the cross-
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linked precipitation. The results obtained showed that an optimum coating level could be tailored

dependent on application and whether fibre strength or IFSS was of greater importance or priority.
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