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Abstract

In this work, a hybrid copolymer consisting of poly(3-hydroxybutyrate) grafted to hyaluronic acid (HA) was
synthesised and characterised. Once formed, the P(3HB)-g-HA copolymer was soluble in water allowing a green
electrospinning process. The diameters of nanofibres can be tailored by simply varying the M,, of polymer. The
optimization of the process alowed to produce fibres of average diameter in the range of 100-150 nm and low
polydispersity. The hydrophobic modification has not only increased the fibre diameter, but also the obtained layers
were homogenous. At the nanoscale, the hybrid copolymer exhibited an unusual hairy topography. Moreover, the
hardness and tensile properties of the hybrid were found to be superior compared to fibres made of unmodified HA.
Particularly, this reinforcement was achieved at the longitudinal direction. Additionally, this work reports the use in
the composition of awater-soluble copolymer containing photo cross-linkable moieties to produce insoluble materials
post-electrospinning. The derivatives as well as their nanofibrous mats retain the biocompatibility of the natural

polymers used for the fabrication.



1. Introduction

Bioresorbable mats made from degradable polymers are clinically desirable because they do not need to be
removed after healing. Among these polymers, the Polyhydroxyalkanoate family (PHAS) are natural polyesters (1)
that have received great attention due to their potential use as medical implantation devices (2, 3). In addition, poly(R-
3-hydroxybutyrate), P(3HB), the most common member of PHA family had demonstrated to be fully biodegradable
and compatible. Although, P(3HB) has not been fully utilized in biomedical field dueto its stiff and brittle nature (4).
On the other hand, through chemical modification or blending by the inclusion of other polymers tunable properties
can be derived (5). Particularly, graft copolymerization had been used to obtain a polymer with the desired properties.
However, the biocompatibility issues have not yet been solved (6). For that reason, hyaluronan or hyaluronic acid
(HA), a glycosaminoglycan composed of repeating disaccharide units of N-acetyl-D-glucosamine (GIcNAc) and D-
glucuronic (GlcA) linked by glycosidic bonds ([4)-B-D-GlcpA-(1 3)-p-D-GlecpNAc-(1]n), an ubiquitous biopolymer
found in the human body represents an advantageous candidate for biomedical applications. Moreover, HA isinvolved
inthewound healing process and scarring (7). Previously, we have described the “ grafting onto” strategy to covalently
bond low molecular weight poly(3-hydroxyalkanoates) (M, = 2000-5000) to HA towards drug delivery (8). With the
presence of HA, the hybrid P(3HB)-g-HA became water soluble by tailoring the percentage of modification.

On the other hand, one of the most powerful biofabrication techniques is electrospinning (9). Electrospun
nanofibrous layers have superior cell adhesion, proliferation, and differentiate more efficiently due to their high
surface/volume ratio, therefore, the obtained scaffolds have demonstrated great potentia in tissue engineering (10).
Moreover, this technique could address reproducibility and scale-up issues (11).

In this study, we aimed to create a nano structured hybrid material using electrospun nanofibres of made of
P(3HB)-g-HA. The measurements presented in this paper are reported after optimising the el ectrospinning parameters.
The use of water asagreen solvent for the processing will be demonstrated towards potentia application in biomedical
field. The morphology of the nanofibrous mats was evaluated by scanning electron microscopy (SEM), and atomic
force microscopy (AFM). The mechanical reinforcement was demonstrated by nanoindentation and tensile analysis,
to find possible variations in the composition and nanofibre size. Finally, to produce insoluble materials post

electrospinning, functionalized HA-containing moieties for cross-linking have been introduced in the composition.



This work specially highlights the finding that hydrophobic modification can enhance the mechanical properties of

HA nanofibres without |osing the biocompatibility.

2. Materialsand Methods

2.1. Processing of material by electrospinning

Hyaluronic acid (Mw = 15,000 g/mol (Mw/Mn = 1.6), HA of Mw = 82,000 g/mol (Mw/Mn =1.5) provided
by Contipro a.s. (Dolni Dobrouc, Czech Republic), or P(3HB)-g-HA prepared as described in supplementary part S2.2
was blended with Polyethylene oxide (PEO: Mw = 400,000 g/mol) obtained from Scientific Polymer Products, Inc.
(Ontario, NY) inratio (8:2). So that, the final concentration was 6, 7 or 11 wt%. After 24 h of gentle stirring at 25 °C,
the solutions were electrospun by using the 4SPIN device (12). The solution was dosed via a spinning nozzle (21
gauge, Hamilton). The nozzle was connected to a high voltage source with a voltage set up to V=55 kV (E = 306
kV/m). The distance between collector and emitter was 20cm, the collector speed was 3000 rpm. The used voltage,
flow rate and dosing for each experiment are summarised in Table 1, which were optimized to ensure that the process
would be stable and reproducible. The hybrid P(3HB)-g-HA was mixed with 3-(2-furyl) acrylic acid hyaluronan (HA-
FU) (50/50) to obtain water insoluble nanofibre mats. The preparation and characterisation of the copolymers were
included in supplementary part (S2.2 and S2.3). The P(3HB) solution was prepared from DM F/chloroform in 10 wt%
concentration. Ambient parameters were preestablished and controlled during the experimentsi.e. humidity (15-18%)

and temperature (24-25°C) and set up in the electrospinning apparatus (13).

3. Results

3.1 Effect of the covalent bonding of HA and poly(3-hydroxybutyrate).

The preparation of the copolymer P(3HB)-g-HA useful for electrospinning was optimized using the procedure
reported before (8). The first step of this condensation reaction is the activation of the carboxyl moiety in
dimethylsulphoxide (DM SO) and is followed by the esterification of HA (Figure 1) in water. The hybrid copolymers
were characterized by 'H NMR spectroscopy in D,O (Figure S1). 'H NMR was aso used for the determination of
grafting degree (GD), expressed in % and defined as an average number of P(3HB) chains attached to 100 disaccharide
HA dimers. For example, GD =5.2 % indicatesthat 5 out of 100 disaccharide HA dimerswere modified. The presence
of covalent bonding between HA and P(3HB) was demonstrated by DOSY (Figur e S2). Hydrolytic depolymerisation
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of P(3HB) was used for the synthesis of defined oligo(3-hydroxybutyrate)-containing carboxylic terminal moieties
(8). Particularly, the results showed that P(3HB) with short grafting length (M,,= 2.2 x103 g/mol) was particularly
useful for the synthesis of the hybrids used in this work. Table 1 contains the molecular weight (M,,) and
polydispersity (M,/M,) of the polymers P(3HB)-g-HA used in this work. Furthermore, the covalent modification
affected the thermal properties of the polymers, as shown by differential scanning calorimetry (DSC) and
thermogravimetric analyses (TGA) in Figures S3 and S4. DSC demonstrated that the copolymer was amorphous,
which can result in an advantage because P(3HB) tendsto crystallize during its processing. The TGA thermogram of
HA represented two stages of weight loss. The first stage of weight loss (15% wi/w) occurred between room
temperature to 218°C due to the evaporation of bond water and structural water. A second stage was a sharp increase
from 220°C to 590.9 °C, probably due to the degradation of the skeletal HA. The degradation of the hybrid P(3HB)-
g-HA consisted of three stages. The first stage of weight loss was at 198.3 °C, the second one at 350°C, while athird
drastic loss of weight was observed at 500°C. The last oneis attributed to the cleavage of ester bondsin hybrid, which
required higher degradation temperatures (350-450°C) (14). Also, the copolymers have lower onset temperature
values than their precursors (15). Because of the amphiphilicity of the prepared hybrid, the fraction of P(3HB) was

kept up to 13+2 % to allow the derivative to be fully soluble in water.
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Figure 1. Preparation of the hybrid P(3HB)-g-HA mediated by activation of the carboxyl moiety by CDI and

esterification.
3.2. Tuning thefibre diameter of P(3HB)-grafted-hyalur onan based scaffolds

As the €electrospinning was severely affected by the concentration of HA, the effect of concentration was
studied (6.0, 7.0 and 11 wt%) and prepared according to the M,, of the polymer. The hybrid was successfully processed
by using voltages of 30-55 kV and produced aligned polymer jets. Table 1 summarizes the results obtained for the
optimized electrospinning parameters. As shown in Figure 2, neat HAg, nanofibres were obtained by using 6 wt. %
solution with amean fibre diameter of 116 + 23 nm. While, the average diameter of nanofibres produced with P(3HB)-
g-HA were 132 + 21 nm for DG = 8.3% and 142 £+ 26 nm for DG =12.8% and the lowest polydispersity of al the
tested conditions (data not shown). The presence of P(3HB) in the copolymers increased dlightly the diameter of the
resulting nanofibres probably explained by the decrease of charge density caused by the presence of the hydrophobic

polymer (16).
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Figure 2. SEM images and fiber diameter distributions with average fiber diameter (hm) + SD (n=50) of electrospun
nanofibers obtained from solutions of (A) HA, (B) P(3HB)-g-HA (GD= 8.3 %) and (C) P(3HB)-g-HA (GD=12.8%).

Scale bars: 1 and 10 pm.

On the other hand, HA 15 produced nanofibres with fibre diameter of 303 + 44 nm (Table 1, entry 1). The
hybrid P(3HB)-g-HA nanofibres have also increased the mean fibre diameter to 324+41 nm (GD = 5.0 %) and 334+87
nm (GD = 10.2%), respectively. Interestingly, increasing DS also increased the fibre diameter. At last, neat P(3HB)
was also processed. The results showed that the obtained fibres were larger 7160 + 335 nm (Figure S5). Thus, it is
challenging to produce P(3HB)-based fibres in the nanoscale as observed before (17). A key feature of native
extracellular matrix (ECM) is the nanoscale dimension of itsinternal components (18). Thus, a potential substituteis

expected to mimic its properties.

Table 1. Material identification, electrospinning parameters and resulting fibre diameters



Entr Polymer or GDP | 103 Mw¢ Conc.d Voltage | Distance® | Solution | Collector fibre
y blend? (%) [g molY] flow rate diameter =
MwMn) | (ewt) | (kV) (cm) | Speed SD (nm)f
(uL/min)
(rpm)

1 HA 15/PEQ00 0 15(1.2) 11 30 20 40 3000 303+44
la | P(3HB)-g-HA | 5.0+05 | 13.4(13) 11 30 20 50 3000 324+41
1b 10.2+0. 179 (1.8) 11 30 20 30 3000 33487

4

2 HAg/PEOy00 0 82(1.4) 6 55 20 35 3000 116+ 23
2a | P(3HB)-g-HA | 6.8+0.3 84(1.9) 6 55 20 35 3000 130+ 31
2b 8.3+0.3 79.2(1.5) 6 30 20 30 3000 136+ 21
2c 12.9+0. 78.8(1.2) 6 55 20 35 3000 142+ 26

5
3 | P(BHB)-g-HA | 6.8£0.3/ | 79.2(1.5), 6 50 20 100 3000 133+ 22
IHA-Fug,/ 5005 | 78.2(15)
PEO.00
4 | P(3HB) 0 2735 (L.7) 10 12 15 70 2500 7160+335

aall the HA solutions contained (20 % wt.) of PEO (400,000 g/mol)

bgrafting degree determined by NMR is an average of at |east three independent experiments

¢the average molecular weight and polydispersity (PDI) of native HA and PHB used for modification was
determined before the chemical modification; Mw = weight average molecular weight; Mn = number average
molecular weight; P = polydispersity index (Mw/Mn).

dFinal concentration of the material in the used solvent. All the hyaluronan derivates were dissolved in water and
P(3HB) was dissolved in amixture of DMF/Chloroform (1:1).

edistance from the spinneret to the collector.

fthe average fiber diameter (nm) + SD (n=50)

In view of correlation between the structural integrity of scaffolds and cells growth, there was need to
investigate the mechanical properties of the scaffolds. For that reason, the mechanica properties of HA and the hybrid
were compared. Mechanical properties were determined by AFM and tensile stress. Both methods, confirmed that the
hybrid P(3HB)-g-HA/PEO material exhibits atwo-fold higher stiffnessin comparison to the blend HA/PEO (Figs. 3
and 4). Moreover, Figs. 3A and 3B depicted the topography of the nanofibres. Nanofibres made of native HA
presented a smooth structure, while P(3HB)-g-HA is distinguished by forming branching aggregates. The stiffness of
the material isindependent of the diameter (diameter range from 100 to 400 nm) and is higher for the hybrid (Figure

3C).
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Figure 3. (A) Topography of HA based-fibres and (B) topography of P(3HB)-g-HA corresponding to Table 1, entry

2C (scans 5 x 5 um?) and (C) comparison of the material stiffness showed as the slope of the force-distance curve.

A representative curve compared the extensibility of HA and the hybrid (Figure 4). Aligned fibres made of the hybrid
were preferentialy reinforced in the direction parallel to the fibre axis. In addition, the orientation of the fibres has
also been shown to improve its tensile strength of the construct compared to randomly oriented fibres (Table S1).
Aligned fibres made of P3HB-g-HA7/PEO showed a tensile stress of 1420.2 + 21.4 MPal/g in the longitudina
direction while HAg,/PEO,q, shows only 570.3 £ 42 MPalg. At the transverse direction, the hybrid showed 130.2 £

16.7 MPa/g. While HAg,/PEQq displays 109.0+ 12.2 MPa/g.
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Figure4. Stress-strain curves of HA and hybrid P(3HB)-g-HA corresponding to Table 1, entry 2C (A) inthetransverse

direction and (B) in the longitudinal direction of the fibres.



The last method for characterising the nanofibres was an estimation of what would happen if cells came in direct
contact with the nanofibrous mats. Thus, the in vitro cytotoxicity of the mats was assessed in accordance with 1SO
10993. Cross-linking was used to avoid the disintegration of the material when exposed to an agueous environment.
For that reason, P(3HB)-g-HA was further blended with HA-FU and crosslinked by UV irradiated post-

electrospinning (Figur e 5), following a procedure described recently by our group (19).

20 ¢ P3HBS5-HA/HA-Fu; A= 133 +22 nm

Frequency (%)

75 100 125 150 175 200
Fiber diameter (nm)

Figure 5. A) SEM micrograft of fibersin dry state and after B) 5, C)10 and D) 40 minutes, respectively of UV-

irradiation at 320 nm. The nanofibrous scaffolds were soaked in water and dried for the analysis structural.

Itisworth to mention that theincorporation of HA-FU did not alter the average diameter size of the nanofibres
neither the homogeneity (Figure 5A). Furthermore, the proliferation of cells in contact with the cross-linked

nanofibres were assessed after 24h of culture and not cytotoxic effect was observed (Figure S7).

4. Discussion

Currently, numerous studies have demonstrated that P(3HB) is able to contribute positively to cell attachment
and growth (20). Nonetheless, the applications of neat P(3HB) are limited to applications which prefer a hydrophobic
and crystalline substrate (21). Previous reports have shown that the porous surface of films made of P(3HB)/HA blends
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promoted significantly the growth of keratinocytes, and yet the resulting material was stiffer and more brittle (22). In
contrast, to previously described works describing the process of P(3HB) in toxic fluorinated/chlorinated solvents
which are not ideal for biomedical applications (23). In this work the hybrid (P(3HB)-g-HA) was processed by
electrospinning in water. This process is mostly affected by viscosity of the solution, which largely influences the
surface tension and conductivity. Hence, the effect of molecular weight of the polymer was studied, using the average
fibre diameter observed by SEM to evaluate its influence. HA5/PEQ4y and P(3HB)-g-HA 15/PEQ4y produced
nanofibres that were characterized by average diameter from 300 to 350 nm (Table 1, entries 1, 1a-1b). While, the
processing of P(3HB)-g-HA7s/PEQ,q produced fibres characterized by smaller average diameter (142 + 26 nm) and
homogeneous polydispersity (Table 1, entries 2 and 2a-2c¢). Thus, the hydrophobic modification resulted in an
increase in the fibre diameter. The obtained nanofibrous layers were homogenous due to the good sol ubilisation of the
conjugate in water in relatively high concentration (up to 11 wt%.). Moreover, individual fibres presented a smooth
surface and acylindrical structure over the entire length (Figur e 2). Oppositely, the use of additives produced thinner
fibres of HA/PEO (16). These additives were capable to decrease the viscosity of the spinning solution. In this work,
PEO, a FDA-approved polymer, was chosen as additive to enable HA electrospinning. It was found out that, the
copolymer P(3HB)-g-HA-/PEO (DG=12.8%) exhibited the smallest diameter of al the tested compositions.

Interestingly, fibre sizes around 100 nm were found to be particularly suitable for cell development (24).

Electrospinning method in the basic configuration produces nanofibres with random orientation (see Table
S1). In addition, the electrospinning parameters could be modified to produced aligned nanofibres by using a
cylindrical rotating collector (12,13). To achieve the aligned structure of nanofibres in the layer, the surface speed of
the collector must be set to the supercritical level. Statistical analysis of the measurement of the angle of rotation of
the individual fibres in the samples showed that more than 70% of all fibres aligned. That means they are angled at

90+30°.

From the application perspective, it is important to know whether the nanofibres fulfil the mechanical
requirements of the in vivo conditions for which they will be used. For that reason, the nanomechanics of individual
fibres was determined by atomic force microscope (AFM), depicted in Figure 3. This technique offered an efficient
and non-destructive quantitative estimation of the topography, elasticity, viscoelasticity, and stiffness from the upper

part of the individual fibre (25). The comparison of the mechanical behaviour was based on the determination of the
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linear part of the retractive force of the tip during indentation of the material proportiona to the nanoindentation
stiffness/hardness (18, 26). Thin fibres (below 100 nm) could be stiffer as the measurement is influenced by the
substrate during indentation or swelling by the air humidity. However, the population of fibres with sizes lower than
100 nm in the samplesis not significant (See Table 1). On the other hand, the stiffness of the fibres with diameter
above 100 nm is independent of the diameter, which indicates the homogeneous composition of the fibres studied.
According to our results, the presence of the hydrophobic modification had a dominant role in polymer nanofibre
reinforcement in P(3HB)-g-HA based materials. The nanofibrous mats were soft, and are potential candidates for
wound or skin applications with reinforced mechanical properties ideal for such applications (18). Furthermore,

tensile properties confirmed the reinforcement observed by AFM (Figure 4).

Since the conjugate P(3HB)-g-HA iswater soluble, even a drop of water damages the nanofibrous structure.
Therefore, toimproveits stability, HA-FU wasincluded (19). HA-FU was cross-linked in solid state by UV irradiation
at 320 nm (Figure S6). After 10 minutes of irradiation time, the scaffold kept the original structure (Figure 5A). The
formation of an interconnected structure was revealed in contact with water (Figure 5B and C). Extending UV
irradiation time to 40 min resulted in the degradation of the nanofibrous mat (Fig. 5D). The presence of the polymer
did not affect the homogeneity or size of the nanofibres (Table 1, entry 3).

Finally, cell viability wastested following | SO 10993-5. Asreported in the norm, the cell viability of asample
must be above 80% to consider a material as non-cytotoxic. Figure S7 demonstrated that the material was not

cytotoxic neither before nor after cross-linking.

5. Conclusions

In this study, P(3HB)-g-HA was synthesised by combining low molecular weight P(3HB) and hyaluronan with
grafting degree up to 15%. Thus, chemical modification of HA can be effectively tailored to obtain a bioconjugate,
which is water soluble. The optimal conditions for electrospinning of poly(3-hydroxybutyrate) grafted to HA were
found. For the first time, P(3HB) has been incorporated in a gel-like material based on hyaluronan. Also, for the first
time nanofibres containing P(3HB) were obtained from water solutions by electrospinning. The fibre diameter was
effectively modulated in the range of 100 to 400 nm. Moreover, molecular weight was found to be acritical parameter

governing the formation of uniform, smooth nanofibres. Hence, the presence of the hydrophobic modification had a
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dominant role in the nanofibre reinforcement. Overall, the formation of cross-linked structure was prepared via short

photopolymerization time and showed great promise for the construction of scaffolds. The high reproducibly of the

process, and non-cytotoxicity of the materials are promising in new applicationsi.e. in wound healing.
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