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Abstract (max. 250 words):

Biopolymeric micro- and nanofibers with active ingredients have gained significant attention for biological
applications. However, the incorporation of hydrophilic compounds into hydrophobic matrices via spinning
techniques remain rather unexplored. Here we report the incorporation of dextran nanocapsules (Dex-NC)
in centrifugally spun poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHX) fibers for the release of
hydrophilic payloads. Inverse miniemulsion polymerization was employed to synthesize hydrophilic Dex-
NCs with an average size of 0.25 pm. The Dex-NCs were embedded into PHBHHXx via dual solvent
centrifugal spinning at 0-7 wt.% loading, resulting in beaded fibers with average fiber diameters of 4-6 pm.
The effect of Dex-NC loading on the melting and crystallization behavior of PHBHHXx was limited, while
the strength and stiffness of the hybrid fibers was retained. The elongation of the hybrid fiber mats is reduced
with increasing Dex-NC loading, but remains suitable for biological applications. Further, the in vitro
release measurements showed a time dependent release of embedded Dex-NCs and the payload from the
hybrid fibers. We anticipate this hybrid fiber matrix to be a starting point for the development of non-woven
mats for slow release of hydrophilic payloads for biological applications, especially for medical wound

dressings.

Keywords: dextran, nanocapsules, poly(3-hydroxybutyrate-co-3-hydroxyhexanoate), PHBHHX, fibers,

cumulative release
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1. Introduction

Polymeric micro and nanofibers have gained increasing interest over decades owing to their attractive
characteristics such as high aspect ratio, tunable properties, ability to form 3D networks, etc. [1-4]. Tailor
made fibers with tunable composition, morphology, and structure have found applications in different fields
such as tissue engineering, regenerative medicine, drug delivery, nanoparticle delivery, adsorption and
filtration media, sensors, optics, textile engineering and food (packaging) systems among others [5-9].
Depending on the purpose, (non-)porous, hollow or core-shell nanofibers employing neat or
blend/composite materials have been generated [10]. A wide range of synthetic polymers such as polyvinyl
alcohol (PVA), polyethylene oxide (PEO), polylactic acid (PLA), polycaprolactone (PCL), and poly (lactic-
co-glycolic acid) (PLGA) and natural polymers such as chitosan, dextran, cellulose, hyaluronic acid,
alginate, and silk proteins have been used for generating fibers [4, 11, 12]. Depending on the polymer
characteristics, as well as additives and fiber production parameters, several characteristics such as
mechanical and thermal properties and porosity can be varied in the fiber material. For biomedical use,
polymers that are perceived as relatively safe, biocompatible and (bio)degradable are the natural choice for

fiber production.

A commonly used technique for preparing polymeric fibers (PF) is electrospinning, where an electric field
is applied between the nozzle and the ground state, which overcomes the surface tension of the polymer
droplet at the nozzle and thins it into a fiber [10, 13-17]. However, the electrospinning process is limited by
the need of high electric fields, extra solvent extraction processes, low production outputs and long
production times [18, 19]. Other techniques to fabricate fibers include phase-separation, self-assembly, melt
spinning, emulsion spinning, solution blow spinning and centrifugal spinning [18]. Among these, centrifugal
spinning (CFS), also known as Forcespinning™ or rotary jet spinning, overcomes many disadvantages of
the widely used electrospinning [20-22]. CFS is a versatile technique as it offers high throughput, fast
production rate and does not require high electric fields. In CFS, a spinning solution is fed to the rotating
spinneret with two or more nozzles. Once the solution reaches the nozzle, a droplet forms and elongates into
a jet due to the centrifugal forces, where after solid fibers are formed due the evaporation of the solvent
[23]. The fibers can then be collected with a variety of collector systems surrounding the spinneret [24-27].
Additionally, both polymeric solutions and melt polymers can be used for the fabrication of the fibers [24,
25]. Owing to the simplicity and high production rate, several studies have been performed to make well
characterized PFs using CFS, proving the latter to be a reliable and effective fiber spinning technique [21,
23, 26, 28-31].

Incorporation of (active) ingredients such as organic/inorganic fillers, nanoparticles (metal, metal oxide,

polymer) allows to realize hybrid fibers with enhanced properties as they can add additional functionalities
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or provide reinforcement to the structure [32]. By employing functional nanocarriers/nanocontainers within
the fibers, further advanced functionalities can be realized [33]. For instance, by encapsulating active
ingredients within nanocarriers, the usefulness of the former is also imparted to the fibers. Moreover, for
applications such as drug delivery and tissue engineering, drugs and growth factors are needed for therapy
[34-36]. By encapsulating these therapeutics, toxicity effects, premature release, and degradation of the
active ingredients can be avoided [35, 37, 38]. In this regard, colloid-electrospinning, has been widely used
for generating composite/hybrid fibers where electrospinning of a polymer solution was accomplished in
the presence of one or several colloidal dispersions of organic and/or inorganic colloids [39-42]. Previously,
nanocapsules (NCs) loaded with upconversion dyes were electrospun in a PVA matrix [43]. Crespy et al.
reported embedding of redox-responsive silica hanocapsules carrying payloads into PVA nanofibers [44].
The hierarchical composite structure yielded an extra protection and enhanced control of the payload release.
Mostly, aqueous dispersions were employed and various hydrophobic payloads were embedded into the
fibers [40, 45]. However, for drug delivery and tissue engineering, NCs containing water soluble compounds
are highly desired.

In this work, for the first time CFS is employed to embed nanocapsules containing hydrophilic compounds
in polymeric fibers to yield biodegradable hybrid nanocapsule/microfibers. Such non-woven polymer fibers
have gained continuous interest in the medical field. Especially, suitable medical textiles in wound care are
of major concern in the health sector and have an ever-increasing demand. On average, 1-3% of total health
care expenditures is needed to cover wound care expenses each year [46, 47]. Hence, medical fabric sourced
from renewable resources to promote the wound healing process is intriguing, owing to the huge demand in
the medical sector. In this regard, poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHX), a medium
chain length polyhydroxyalkanoate (PHA) biopolymer with semi crystalline, biobased and biodegradable
characteristics, is a compelling choice to use as a fiber matrix because it is rendered less brittle and more
ductile compared to other PHA family members [48, 49]. PHAS can be synthesized by bacteria from a wide
range of carbon-rich substrates such as fats and sugars [50]. Recently, PHAs have been synthesized from
waste-streams and second-generation feedstocks, such as waste water, animal by-products, saw dust, food
waste, etc. [51-55]. Most importantly, PHAs are a competing choice among other bioplastics in terms of
environmental load, versatility, and integration possibilities in current waste management systems [56]. A
highly hydrophilic biopolymer dextran was chosen for the NC shell. The latter is a bacterial-derived
polysaccharide consisting of glucose units linked together by a-1-6 and «-1-3 glycosidic bonds and has
been widely used in biomedical applications [57, 58]. The miniemulsion technique offers a convenient route
to encapsulate both hydrophobic or hydrophilic payloads in to the nanocontainers [59, 60]. To encapsulate
hydrophilic payloads within the NC, inverse miniemulsion employing interfacial reaction at the droplet
interface is used [61, 62].
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It is worth to note that despite several advantages of the centrifugal spinning technique for generating hybrid
fibers, spinning using desired solvent mixtures is still in its infancy. Previously, preparation of neomycin
sulfate loaded PLA/PCL blend fibers using dichloromethane or dichloromethane/ethanol mixture (90/10)
was reported [63]. The presence of ethanol as cosolvent was shown to be crucial for drug loading. However,
the (co-)solvent choice is critical especially if sensitive compounds like biomolecules or growth factors will
be used. As polymer solutions of PHAs for CFS also necessitate the use of low boiling solvents like
chloroform or dichloromethane, the embedding of nanocapsules with preconfined hydrophilic compounds
during fiber spinning is therefore highly appealing. Also, to the best of our knowledge, the proposed colloid-

centrifugal spinning to embed such NCs in PHBHHX fibers using organic solvent(s) has not been explored.

Here, dextran NCs (Dex-NCs) were prepared by the inverse miniemulsion technique in cyclohexane. For
hybrid fiber production, the Dex-NCs of different specific concentrations were mixed with chloroform
solutions of PHBHHXx with fixed concentrations. The latter was obtained by optimizing the fiber production
using varying concentrations of PHBHHXx in a chloroform/cyclohexane (85/15 wt.%) solvent mixture. The
hybrid NC embedded PFs were obtained after colloid-centrifugal spinning using chloroform/cyclohexane
solvent mixtures. The obtained hybrid fibers were characterized for their morphology, thermal and
mechanical properties. Overall, we present a facile approach of embedding Dex-NCs inside the centrifugally
spun PHBHHX to form hybrid fibers containing hydrophilic ingredients. Given the demand for wound care
materials, non-woven fabrics made of sustainable materials that can be loaded with active therapeutic
ingredients/drugs and allowing sustained release to accelerate the wound healing process are highly
interesting and desired. As a proof of concept, water soluble Rhodamine B dye loaded Dex-NCs were

embedded within the fibers and the payload release was characterized.
2. Materials and Methods
2.1 Materials

Toluene-2,4-diisocyanate (TDI, >98%) was purchased from Sigma Aldrich (Germany). Dextranase from
Chaetomium erraticum, Sodium dodecyl sulfate (SDS, >99%) were obtained from sigma Aldrich
(Belgium). The surfactant Hypermer™ B246 (a block copolymer containing polyhydroxystearic acid and
poly(ethylene glycol)) was kindly supplied by Croda Europe Ltd (UK). Sodium chloride (NaCl, 99.8%) was
obtained from Merck (Germany). The dye Rhodamine B (Rh B) (hex = 456 nm; Aem = 568 nm, >98%),
cyclohexane (99.5%) were obtained from Acros Organics (Belgium). Dextran (M, = 40000 g/mol) was
purchased from ThermoFisher (Germany). Chloroform (CHCI3s, AnalaR NORMAPUR) and dialysis bags
(MWCO 3.5 kDa) were supplied by VWR Chemicals (Belgium). PHBHHx pellets (KANEKA
Biodegradable Polymer Green Planet™, M,, = 3.3 x 10° g/mol and PDI = 2.7) containing 10.5 mol% 3-
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hydroxyhexanoate was kindly provided by Kaneka (Westerlo-Oevel, Belgium). All chemicals were used
without any further purification. DI water obtained from Sartorius Stedim Biotech machine was used during
all the experiments, unless mentioned. PBS buffer solution of pH 7.4 was prepared from BupH™ Modified
Dulbecco’s Phosphate buffered saline packs (0.008 M sodium phosphate, 0.002 M potassium phosphate,
0.14 M sodium chloride, 0.0027 M potassium chloride) dissolved in 500 ml of DI water. To make the
solution for pH = 5, the PBS buffer of 7.4 was adjusted with aqueous HCI solution.

2.2 Synthesis of Nanocapsules

The nanocapsules were prepared by adapting an established protocol from the group using the miniemulsion
technique [61]. Briefly, a continuous phase (CP) was prepared by mixing 165 mg Hypermer B246 in 9.63
mL of cyclohexane at 65 °C, until the surfactant was completely dissolved. The dispersed phase (DP) was
prepared by mixing 100 mg dextran, 20 mg NacCl salt, with or without 5 mg Rh B dye in 1.3 mL of DI water.
The CP was then mixed with the DP and the mixture was stirred at 1400 rpm for 1 h at room temperature
(RT) for the formation of pre-macro emulsions. Next, the mixture was ultrasonicated using a Branson 450W
digital sonifier (3/16” tip) for 3 min (ON: 30 s, OFF: 20 s) with an amplitude of 70% while cooling in an
ice water bath. Meanwhile, the additive phase (AP) was prepared by dissolving 35 mg Hypermer B246 in
6.42 mL cyclohexane at 65 °C. Prior to sonication, 50 uL TDI was added to the AP, and added dropwise to
the ultrasonicated mixture during a period of 10 minutes. The ultrasonicated reaction mixture was then
heated at 60 °C for 2 h and was further stirred overnight at RT to complete the reaction. Finally, the reaction

mixture was passed through a 2 um filter paper to remove any large aggregates.
2.3 Determination of solid content and encapsulation efficiency

The solid content (SC) of the Dex-NC dispersion in cyclohexane was determined thermogravimetrically.
Briefly, 1 ml of NC solution was weighed before and after evaporating cyclohexane completely by heating

at 65 °C and the SC was determined according to the following equation [64]:

SC (%) = Z”C x 100 €))

D

with my = mass of dried nanocapsules and mp = mass of 1 mL nanocapsules dispersion in cyclohexane.

The encapsulation efficiency of Rh B into Dex-NCs was determined after transferring the NCs into the water
phase. This was performed by mixing 2 g of the NC dispersion in cyclohexane into 10 g 0.3 wt.% SDS
water at 1400 rpm for 2 h in a closed vial. After that, the mixture was sonicated (42 kHz) in a sonication
bath for 5 minutes and was stirred overnight at the same rpm while the vial cap was opened to allow the
evaporation of cyclohexane at RT. Then, 1 ml of the filtered sample was centrifuged at 20000 rpm for 1 h

at 8 °C to sediment down the NCs and the absorbance of Rh B in the supernatant was measured. From the
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calibration curve of Rh B (supplementary material, S1), the concentration of non-encapsulated dye was

measured and the encapsulation efficiency (EE) was determined according to the equation [65]:

Mrotal dye —Mpree dye
EE (%) =

x 100 (2)
Mrotal dye

With Mroar aye the mass of Rh B in 1 ml redispersed sample (calculated) and mpr¢e g4ye the mass of Rh B

in the supernatant. All the measurements were carried out in triplicates and the average value is reported.
2.4 Dynamic light scattering (DLS)

The average size and size distribution/polydispersity index (PDI) of the Dex-NCs were measured at 25 °C
by dynamic light scattering (DLS) using a Zetasizer Ultra from Malvern Panalytical (Malvern, UK). 100
pL of Dex-NC samples were diluted with 1.5 mL cyclohexane and were measured in triplicate to obtain the
average size and PDI from light scattering intensity data.

2.5 Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)

The chemical composition of the nanocapsules was analyzed by using a Bruker Tensor 27 Fourier Transform
IR spectrometer. A small amount of dried Dex-NC was directly placed on the spectrometer and the spectral
region was analyzed in the range from 4000 cm™! to 600 cm™! (16 scans).

2.6 Transmission electron microscopy (TEM)

The morphology of the Dex-NCs was studied by TEM imaging using a Tecnai Spirit TEM operating at 120
kV (FEI company, Hillsboro, Oregon, USA) with an Olympus-SIS MegaView G2 CCD camera. The diluted
sample in cyclohexane phase was drop casted and dried on a TEM grid (formvar foil upon copper grids,

Electron Microscopy Sciences). No additional staining was performed for imaging.

2.7 Centrifugal spinning of hybrid fibers

The spinning solutions were prepared by first dissolving PHBHHXx pellets in CHCIs under stirring at 55 °C
for 1h at a ratio of 10 wt.%. Next, the Dex-NC dispersion in cyclohexane was added to the PHBHHx/CHCl;
solution in particular amounts (based on the SC of the Dex-NC dispersion in cyclohexane) to obtain Dex-
NC/PHBHHx ratios of 1, 3, 5 and 7 wt%. Additional cyclohexane was added to obtain a
cyclohexane/chloroform ratio of 15/85 wt.%. This mixture was stirred at room temperature for 1h to further
homogenize. An additional dispersion containing 3 wt.% Dex-NC/PHBHHx with Rh B dye was prepared
to assess the Dex-NC distribution in the produced fibers with confocal microscopy and to perform release
studies. The solutions were maintained at room temperature before spinning. A lab-built CFS setup with an
arm-style spinneret was used to perform the fiber spinning experiments (Figure 1) [26, 28, 30, 66]. Two

aluminum nozzles with an orifice diameter of 0.6 mm were screwed onto the spinneret. The solutions were
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delivered to the center of the rotating spinneret via a syringe pump to ensure a continuous flow. The
rotational speed was kept constant at a speed of 4000 rpm and the collectors were set at a distance of + 10-
12 cm from the spinneret orifice. All fibers were collected with a custom-made fork and folded into fiber
mats. Centrifugal fiber spinning was performed at room temperature and under a fume hood. The CFS

process of the hybrid fibers is schematically shown in Figure 1.

Dextran NCs  PHBHHx CHEE?J:Hﬂ !
in CgH,, in CHCI; :
(85:15) Syringe Collector pole

Il il Il N N
@) o Spinn{iet N:/)zzle
@Q + Stirring Centrifugal
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o @ 4000 rpm 1

I

t

Syringe
pump

Fiber
collection

Figure 1. Schematic presentation of the CFS process of the hybrid fibers. A dispersion of dye loaded Dex-NCs in
cyclohexane is stirred with a PHBHHx/chloroform solution and centrifugally spun at 4000 rpm into fibers with 0-7
wt.% Dex-NC loading. The fibers are collected with a fork and folded into fiber mats. The presented fiber mats are
produced with Rh B dye loaded Dex-NCs (pink color).

2.8 Scanning electron microscopy (SEM)

The morphology of the hybrid fibers was analyzed via SEM images acquired using a Zeiss 450 FEGSEM
with Gemini 2 optics (Zeiss, Oberkochen, Germany) at 10 kV under vacuum. The fibers were sputtered with
a thin layer of gold-palladium before analysis to reduce charging. The distribution in fiber diameters was
measured from SEM images using ImageJ software (Maryland, United States). For each sample type, the

fiber diameter was measured at 100 randomly chosen fiber locations.
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2.9 Optical microscopy

Morphological analysis of the hybrid fiber samples was performed using the Nikon Eclipse ME600
(Amsterdam, The Netherlands) in combination with a Nikon DS-Fi2 camera, controlled by NIS elements D

software.

2.10 Confocal fluorescence microscopy

The distribution of the Rh B dye loaded Dex-NCs within the hybrid fibers was analyzed via confocal
fluorescence imaging. Images were collected using a Zeiss LSM880 NLO scan head mounted on an Axio
observer frame and a plan-apochromat 63x/1.4 oil DIC M27 objective. The Rh B loaded Dex-NCs were
excited with a Helium-Neon laser at 543 nm. For the detection of the fibers, second harmonic generation
(SHG) imaging was performed using a femtosecond pulsed laser (MaiTai DeepSee, spectra-physics) tuned
at a central wavelength of 810 nm as excitation source. Emission was detected with a band-pass filter of
552-632 nm. The distribution of the Dex-NCs throughout the fibers was observed via z-stacks over the depth
of the fibers. Images were taken every 0.5 um with a pixel dwell time of 1.55 ps and a pixel size of 0.10

pum. The resulting 1352 x 1352 images were manually aligned. No further processing was performed.
2.11 Mechanical characterization

The mechanical properties of the hybrid fibers were studied by tensile testing using a benchtop 5ST
universal tester (Tinius Olsen, Redhill, UK). The tensile testing set-up is shown in Figure 2. Folded fiber
mat samples with a width of 1-2 cm were cut to a length of 6 cm and were pasted in between paper frames
for better handling and to avoid slippage at the clamp grips. The paper frame was cut prior to tensile testing.
The fiber mats were loaded between two clamps at a distance of 20 mm and were tested with a preload of
0.1 N, a pre-load speed of 1 mm/min and a crosshead speed of 10 mm/min. The fiber mat cross-sectional
area (A) was calculated with the weight of the sample (m), the mat length (L) and the polymer density (p =
1.19 g/cm®), A = m/pL. The tensile strength (c) was calculated as the peak stress, and the Young’s modulus
(E) was calculated from the linear slope at low strains (3-5 %). The elongation at break was determined as
the strain (%) at about 95% peak load drop. The fiber mats were conditioned for at least 3 days at 23 °C and
50% relative humidity (RH) before tensile testing. The mechanical properties are reported as the average of

5 measurements.
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Figure 2. Centrifugally spun hybrid fiber samples. (a) Mixed PHBHHx/CHCI; spinning solution (b) collected spun
fibers, (c) prepared fiber mat, (d) framed sample before tensile testing, (e) sample during tensile testing and (f) sample
after tensile testing.

2.12 Thermal characterization

Differential scanning calorimetry (DSC) (Q200 instrument, TA Instruments, USA) was used to evaluate the
melting and crystallization properties of the hybrid fibers. Fiber mat samples of about 4-6 mg (0, 1, 3, 5 and
7 wt.% Dex-NCs loaded in PHBHHX) were sealed in aluminum pans and heated from -30 °C to 160 °C
before being kept isothermal for 2 min. The samples were cooled to -30 °C and kept isothermal for 2 min
before heating to 160 °C. The measurements were performed under nitrogen atmosphere (50 ml/min N)
and the heating/cooling rates were set at 20 °C/min. The degree of crystallinity (X.) of the samples was
calculated with the following equation:

AH,,

Xo=— T
AHR, X WpypHux

x 100 3)

with AH,, the melting enthalpy from the first heating scan, AHJ, the melting enthalpy of the 100%
crystalline sample (115 J/g [67, 68]) and wprusuux the weight fraction of PHBHHX in the nanocomposites.
The crystallization enthalpy AH . was derived from the first cooling scan. The thermal properties are reported

as the average of 3 measurements.
2.13 Cumulative release study

Cumulative release experiments were carried out following the reported procedure in literature [69, 70]. As
the dye is encapsulated within the Dex-NCs, the release of the Dex-NCs from the fiber mat as well as the

dye release from the Dex-NCs were assessed. The Dex-NC release experiment was carried out by incubating
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a piece of ~ 1 x 1 cm? (33 mg) of 3 wt.% Dex-NC (containing Rh B dye) loaded PHBHHX fiber mat into 10
ml of buffer solutions (PBS) with pH levels of 7.4 and 5.0 respectively, while stirring at 200 rpm at 37 °C.
At different time intervals, 2 ml of the release medium was taken out and was replaced with fresh 2 ml
buffer solution. The absorbance (Arn s) Of the collected solutions was measured at 554 nm and the
concentration of the released NCs was calculated using a standard calibration curve of Rh B in buffers
(supplementary material, S1 and S2). The cumulative release of Dex-NCs (%) was calculated according to

the following equation:

v, Y te; + VC
Cumulative release = — 25 Ml 2 %100 4)
o

with 1, the volume of release media removed every time (2 ml), V, the total volume of release media (10
ml), C,, and C; are the concentration of Rh B in the release media and M, is the total mass of Rh B entrapped
in the fiber mat.

The second release experiment included the use of Dextranase enzyme solution to check the Dex-NC
degradability. A piece of ~ 1 x 1 cm? (33 mg) of 3 wt.% fiber mats (with Rh B) was transferred into a dialysis
bag containing 2 ml of dextranase with a concentration of 2 mg/ml. The dialysis bag (MWCO 3.5 kDa) was
then immersed into 8 ml of buffer solution (pH = 7.4), maintaining a total of 10 ml release medium while

stirring at 100 rpm at 37 °C. The rest of the protocol is similar to the previous one.
2.14 Swelling experiments

The swelling of the hybrid fibers was measured by immersing ~ 5 mg of 0, 1, 3 and 7 wt.% of fibers into
glass vials containing 5 ml of buffer solutions (PBS), respectively. The degree of swelling was tested in two
different buffer solutions of pH 7.4 and 5.0 under stirring at room temperature for 24 hours. The weight of
the fiber mats was measured before and after the incubation. The excess water from the swelled fibers was

absorbed by clean wipes [71, 72]. The degree of swelling (DS) is calculated with the following equation:

W — W,
DS=—_"~
S W (5)

with w; the weight of the fibers after swelling and W, the weight of fibers before swelling. The

measurements were performed in duplicate and average values were represented.
2.15 Contact angle measurements

Water contact angle experiments (Sessile drops) were performed with a DataPhysics instrument (Filderstadt,
Germany) and SCA 20 software. Water droplets of 5 pl were deposited on the surface of 0, 1, 3and 7 wt.%

hybrid fibers using a Hamilton syringe. The contact angle at time zero was obtained by extrapolating the
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linear part of the contact angle versus time curve by linear regression. The contact angle is reported as the

average of 5 measurements.
3. Results and Discussion
3.1 Synthesis and characterization of dextran nanocapsules

Miniemulsion interfacial polymerization is a versatile technique for the preparation of nanocarrier
dispersions [73, 74]. High shear force (ultrasound) is usually applied to an emulsion of water in oil or oil in
water. Due to the high shear force, small nanometer sized droplets are formed that are stabilized by the
presence of surfactants [75]. In this study, inverse miniemulsion was applied, where the water droplets
containing dextran, Rh B dye and a hydrophilic salt (NaCl) were stabilized by the polymeric surfactant
Hypermer B246 in cyclohexane. The interfacial crosslinking reaction was performed by heating the reaction
mixture at 60 °C using the crosslinker TDI in the organic phase. Three different batches of Dex-NCs were
prepared separately and mixed together to obtain a large volume of NC solution for mixing with the
PHBHHx/CHCI; solutions for fiber fabrication. The average hydrodynamic diameter (Dr) of the NCs in the
final solution was found to be ~ 0.25 um with PDI of ~ 0.17 (supplementary material, Figure S3.1). The
average solid content of the solution was around 1.52 wt.%. To increase the solid content of the solution,
the cyclohexane phase was evaporated by heating until half of the volume was achieved, which resulted in
a solid content of around 3 wt.%. The average encapsulation efficiency of the NC dispersion in water was
86 £ 3.7%.

The NC morphology was confirmed by TEM imaging which showed a core shell morphology of the
nanocapsules (Figure 3). Solid black crystals inside the NCs correspond to the salt crystals as reported
previously [62]. As the NCs have soft shells, the NCs tend to collapse and also aggregate. This might be

attributed to the sample preparation, where the sample solution is placed on the TEM grid and air dried.
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Figure 3. (a) Representative TEM image of Rh B loaded Dex-NCs used for generating hybrid fiber matrix via colloid-
CFS and (b) FTIR spectra of the pure dextran and crosslinked Dex-NCs.

The interfacial crosslinking between -OH/-NCO was expected (supplementary material, Scheme S3.2) and
was confirmed by FTIR spectroscopy measurements. A typical spectrum of pure dextran and dried dextran
NCs are presented in Figure 3b. Pure dextran shows broad -OH stretching vibration beyond 3026 cm™ and
other peaks from the monomeric glucose units. In the Dex-NCs spectrum, -NH stretching peak is observed
at 3286 cm™ and NH bending at 1544 cm™ in accordance with the literature [65, 76]. The carbonyl vibration
at 1732 cm™ and the N-H vibration at 1544 cm™ are strong evidence for the formation of urethane groups.
The vibration at 1638 cm™ (the carbonyl of urea groups) indicates that the side reaction of isocyanate with
water occurred, leading to urea units. The flat signal at 2276 cm™ indicates complete consumption of -NCO
groups of TDI [77].

3.2 Production and characterization of hybrid fiber/NC
3.2.1 Hybrid fiber morphology and Dex-NC embedment

Since the Dex-NCs were synthesized in a cyclohexane phase, the hybrid fibers were produced from a dual
solvent system containing chloroform and cyclohexane. Chloroform ensures sufficient dissolution of the
PHBHHXx polymer, while cyclohexane is necessary for the transfer of the NCs to the spinning solution. The
suitable ratio of chloroform/cyclohexane in the spinning solution was experimentally determined to be 85/15
wt.% in order for PHBHHX to be fully dissolved without precipitation. In this way, the fiber morphology is
mainly determined by a combination of both the spinning parameters and the dual solvent system. The
morphology of the hybrid fibers can influence the thermal, mechanical and/or release properties of the
fabricated mats. Therefore, the morphology and diameters of hybrid fibers with different Dex-NC loadings
(0, 1, 3, 5 and 7 wt.%) were analyzed from SEM images as shown in Figure 4. Optical microscopy images
of the fibers can be consulted in Figure S4. The fiber diameter slightly increases upon addition of NCs, with
an average diameter of Dy = 4.2 + 1.0 um at 0 wt.% NCs to Dy = 5.8 + 1.5 pm at 7 wt.% NCs. However, no
significant difference in fiber diameter distribution is apparent for different NC loadings. The fiber diameter
distributions with corresponding average (Ef) and median (Dy) fiber diameters are shown in Figure S5. In
comparison, we previously reported the fabrication of centrifugally spun PHBHHXx fibers with a similar
polymer concentration (10-12 wt.%) using chloroform as the only solvent and showed that the fiber diameter

can be reduced from the micrometer range to the nanometer range at lower polymer concentrations [78].
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Figure 4. SEM images of hybrid fibers with 0-7 wt.% Dex-NCs (a-e) and the diameter of hybrid fibers spun with
different Dex-NC concentrations (f). The box is determined by the 25" and 75™ percentiles, and the horizontal solid
lines and whiskers show the median fiber diameter and the range within 1.5 of the IQR (interquartile range),
respectively.

The hybrid fibers show beaded or beads-on-a-string (BOAS) morphology for all Dex-NC loadings and no
clear change in morphology is detected with increasing Dex-NC loading. Some small sized particles or
clustered particles were also observed on the fiber surface, which could be attributed to the presence of Dex-
NCs agglomerates. The formation of beads could be explained by a lack of sufficient visco-elastic forces.
Golecki et al. showed that increasing solvent volatility can decrease fiber beading [79]. Therefore, the

addition of less volatile solvents such as cyclohexane to the chloroform rich spinning solution can explain
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the obtained beaded fibers. The fibers do clearly exhibit bead formation, while the majority of beads show
irregular pore formation. It is believed that a phase separation of a polymer-rich (chloroform) and a polymer-
poor (cyclohexane) phase occurs. The highly volatile chloroform is quickly evaporating during CFS,
increasing the relative content of the cyclohexane (with lower volatility) to form a two-phase heterogeneous
binary solution [80]. After solidification of the jet during spinning, the polymer-poor phase and condensed
water droplets on the jet surface leave imprints that form pores [81]. The pores collapse on the surface of
the fibers due to extensive elongation of the jet, while the pores in the beads are retained due to insufficient

stretching, explaining the formation of irregular pores in the beads [81].

Previous research on fiber spinning mainly focused on the improvement of beaded and BOAS fibers into
continuous fibers. However, the unique features of BOAS fibrous structures recently gained more interest
for use, especially in drug delivery applications to reduce the burst release and to maintain a more sustained
release of the drug [82]. The alleviation of the burst release can be explained by the proper encapsulation of
the drugs in the beads and by increasing the distance for diffusion from the polymer to the medium [82, 83].
In addition, burst release can be reduced with increasing bead size [84, 85]. For these reasons, the
centrifugally spun fibers with targeted beads and BOAS morphology with a dual solvent system can be

advantageous.

The distribution of the Dex-NCs in the PHBHHX fiber matrix was visualized via confocal laser scanning
microscopy. An overview of three different cross-sections of hybrid fibers obtained via the z-stack technique
is shown in Figure 5. Brightfield images were taken to visualize the fiber matrix. Second harmonic
generation (SHG) was utilized to image the fibers, while the NCs were loaded with the hydrophilic dye Rh
B (Lex= 456 nm; Aem = 568 nm) for fluorescence imaging. The confocal images demonstrate the embedment
of the Dex-NCs in the fiber matrix. The nanocarriers are randomly distributed throughout the whole fiber
length, where the brighter spots are likely due to aggregation of NCs. Since the confocal images confirm
the random embedment of the NCs in the PHBHHX fiber matrix, it is assumed that the NCs are also present

in the beads.
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Figure 5. Confocal microscopy images of the hybrid fibers (3 wt.% Dex-NCs) for multiple focal planes (z-stack, a-c).

3.2.2 Hybrid fiber thermal properties

The influence of Dex-NCs on the melting and crystallization behavior of PHBHHX in the hybrid fibers was
investigated with DSC. The heating and cooling scans of the hybrid fibers with different NC loading are
shown in Figure 6. The characteristic values are summarized in Table 1. The first heating scan shows the
melting behavior of the as-spun hybrid fibers which is mainly defined by the multiple melting behavior of
PHBHHXx [86]. The first endothermic peak at T 1 originates from the melting of primary crystals formed
during initial crystallization, while the second endothermic peak at T is due to the melting of crystals
formed by reorganization or thickening during DSC heating [86, 87]. The two endothermic peaks Tm1 and
Tm,2 arise at temperatures of ~112-115 °Cand ~126 °C, respectively. The variation in Tm 1 is independent of
the NC loading, indicating a limited effect of the NCs on the melting behavior of PHBHHX. The crystallinity
of the polymeric fibers (calculated based on the weight fraction of PHBHHX) decreases slightly with
increasing NC loading, from 36.5% at 0 wt.% NCs to 33.1% at 7 wt.% NCs. This indicates that the dextran
NCs can influence the packing of PHBHHXx polymer chains to a small extent during crystallization from the
solution during CFS. A minor endothermic transition around 50 °C is also present in the first heating scan,

arising from some crystals formed during storage at room temperature [87].
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Figure 6. DSC thermograms of the (a) first heating, (b) second heating and (c) first cooling cycles of the hybrid fibers
loaded with 0, 1, 3, 5 and 7 wt.% Dex-NCs.

The second heating cycle represents the thermal history of the material after controlled cooling during DSC
and exhibits two endothermic melting peaks Tm1 and Tm2 at ~113-114 °C and ~128-129 °C, respectively.
The melting peaks are slightly shifted to lower temperatures at NCs loadings of 5 and 7 wt.%. However, the
melting enthalpy remains similar upon NC loading, around ~36 J/g, indicating no significant influence of
the NCs on the melting behavior of PHBHHX. The glass transition temperature occurs around 0 °C, as
previously reported in literature [88]. In addition, an endothermic event arises around 30 °C for 3-7 wt.%
NCs and is more pronounced at higher NC loading. This endothermic transition is attributed to the melting
process associated with the components of Dex-NCs itself, which comprises of dispersed phase ingredients,
including crosslinked dextran, and Hypermer polymeric surfactant as confirmed by DSC scans shown in
Figure S6 (supplementary information). Additionally, the event is not due to endothermal effects of dextran
itself, as also shown in the DSC scan (Figure S6). The first cooling scan shows a crystallization peak
temperature (Tcp) at 66-67 °C and a crystallization enthalpy of 33-34 J/g for all NC loadings, suggesting
that the NCs do not negatively influence the crystallization of the PHBHHXx polymer.
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Table 1. Thermal properties of the centrifugally spun hybrid fibers with different Dex-NC loading (0-7 wt.%) for DSC
1%t heating, 1 cooling and 2" heating cycles (20°C/min heating/cooling rate) (n=3, + 1 SD).

PHBHHx/ 15 heating 2" heating
NC* Tm1 (QC) Tm2 (OC) Xe (%) Tma (OC) Tm2 (OC) AHm (J/g)
0 wt.% 113.2+0.6 125.8+0.2 365+1.0 1146+02 128.8+0.2 35.7+0.2
1wt% 1135+0.2 126.2 £ 0.2 353x01 1146+00 129.1+£0.2 35.8x+0.2
3wt.% 1152+ 0.5 126.4+0.1 34508 1147+01 129.0+£0.1 36.2+05
5wt.% 113.0+x14 125.8 0.2 33.8+£0.7 1138+0.1 128.3+£0.0 37.0£0.3
7 wt.% 1124+ 0.3 126.0 £ 0.2 33.1+£16 1138+0.1 128.2+0.2 36.1+£05

PHBHHXx/ 1* cooling
NC* Tep (°C)  AHc (J/g)
0 wt.% 66.9+0.1 33.1+0.9
1 wt.% 67.1+03 335+0.9
3wt% 67.0+0.1 34.2+0.3
5 wt.% 66.4+01 335+0.7
7 Wt.% 659+02 33.2+0.6

*Melting peaks are denoted as Tm,1 and Tm,2, crystallinity content as Xc, crystallization peak temperature as Tcp, and melting and
crystallization enthalpies as AHm and AHc respectively. The enthalpy values are calculated and presented according to the polymer
weight fraction in the hybrid fibers.

In summary, the DSC results indicate that the melting and crystallization behavior of PHBHHX in the hybrid
fibers is not clearly altered upon loading of dextran NCs and only a slight reduction in crystallinity is
apparent. We conclude that the loading of dextran NCs up to concentrations of 7 wt.% seems feasible to

maintain the thermal properties of PHBHHX.
3.2.3 Hybrid fiber/NC mechanical properties

The tensile properties of the produced fiber mats can give an indication of their strength and stretchability,
which is important for use in applications like wound dressings. In addition, no severe reduction of the fiber
mat strength and elasticity upon loading of the NCs should be apparent. Therefore, the mechanical properties
of the hybrid fiber mats were investigated with tensile testing and the obtained results and representative
stress-strain curves are shown in Figure 7. The average tensile strength (o) shows an increasing trend upon
addition of NCs, from 2.7 £ 0.5 MPa at 0 wt.% NCs to a maximum of 3.5 + 0.5 MPa at 5 wt.% NCs. A
similar effect is apparent for the Young’s modulus (E), from 30 + 15 MPa at 0 wt.% NCs to a maximum of
42 + 10 MPa at 5 wt.% NCs. In contrast, a decreasing trend of the average elongation at break upon addition
of NCs is apparent, from 141 £ 5 % at 0 wt.% NCs to 88 = 8 % at 7 wt.% NCs. These results indicate that
the strength and stiffness of the PHBHHXx fiber mats is maintained upon loading of Dex-NCs up to 7 wt.%.
The reduced elongation at break of the fibers at higher Dex-NC loading can be explained by the fact that

agglomerated Dex-NCs can act as stress concentrators. Despite the reduced elongation at break of the fiber
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mats with increased NC loading, the stretchability remains in the same order of magnitude and seems
appropriate for use in biomedical applications such as wound dressing [89]. A decrease in elongation at
break for beaded PLGA fibers with 5 wt.% of BSA-dextran particle loading was also reported previously
[85]. However, this decrease in ductility was accompanied with a reduction in tensile strength and Young’s

modulus, in contrast to our results.
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Figure 7. (a) The mechanical properties tensile strength (o), Young’s modulus (E), and elongation at break (¢) (n=135),
(error bars represent SD), and (b) representative stress-strain curves for hybrid fibers loaded with 0, 1, 3, 5 and 7 wt.%
Dex-NCs.

3.2.4 Surface wettability and swelling of the hybrid fiber/ NC

The swelling experiments of the fibers were performed using 0, 1, 3 and 7 wt.% of Dex-NC loaded fibers
to understand the release of NCs from the fibers and the results are shown in Figure 8. It was observed that
with increase of NC loading in the fibers, the swelling degree increased, suggesting the retained water in
the fibers. This increment could be attributed to the swelling of the dextran capsules, water uptake at the
porous beads and fibers [90], and also possibly physical disintegration of the fiber mats with time. The pH
effect on swelling was prominent in all the cases. All the fibers showed increased swelling at pH = 7.4 rather

than in pH = 5. A similar type of swelling was observed in electrospun PVA-Dextran NFs [71].

The surface wettability of the hybrid fibers was investigated with water contact angle measurements to
further understand the impact on dye release. The contact angles for PHBHHX fibers and hybrid fibers with
different Dex-NC content show no clear differences and exhibit hydrophobic characteristics (CA = 132-
135°), as shown in Figure 8. The contact angle of the fiber mats is mainly determined by the hydrophobic
nature of the polymer and surface structure of the fiber mats, combining roughness effects of both fibers
and beads. Exemplary images of the contact angle measurements are shown in Figure S7 (supplementary

materials).
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Figure 8. Degree of swelling of hybrid fiber mats (0, 1, 3 and 7 wt.% Dex-NC) in aqueous buffer (PBS) solutions with
pHof 5.0 and 7.4 (n = 2, £ 1 SD) and water contact angles (n =5, + 1 SD) for hybrid fiber mats (0, 1, 3 and 7 wt.%
Dex-NC) showing hydrophobic nature. The light and dark grey bars indicate a pH of 5.0 and 7.4, respectively. The
purple bars indicate samples with Rh B loaded Dex-NCs.

3.3 Release studies of the hybrid fiber/NC

In vitro release measurements were performed to check the release of the hydrophilic dye from the
hydrophobic PHBHHx polymer matrix. As the dye is encapsulated within the Dex-NCs, the release of the
Dex-NCs from the fiber mat due to the disintegration of the fiber mat as well as the dye release from the
Dex-NCs can be followed up by measuring the absorbance of the dye in the solution. It could be anticipated
that the presence of Rh B in the release media could be due to the release of dye loaded Dex-NCs as well as
the free Rh B released from the hybrid mat embedded Dex-NCs. Therefore, the release kinetics of dye
loaded Dex-NC from the fiber mat and release of free Rh B from the hybrid fibers were studied
independently. For the latter, the release of the dye from the Dex-NCs in the presence of a dextran degrading
enzyme was carried out. The release of the Dex-NC and the free dye were followed up by evaluating the
optical characteristics of the solutions under different conditions (supplementary material, Table S8.1).
Firstly, Rh B incorporated 3 wt.% Dex-NC loaded PHBHHXx fiber mats were incubated into the buffer
solutions (PBS) of pH 5.0 and 7.4 respectively and the results are shown in Figure 9a. Approximately 22%
of the dye intensity was found in the release media within 143 hours of incubation at pH 5.0 while a slightly
higher release of ~25% was observed at pH 7.4, respectively. Under these conditions, the measured dye
signal can be expected from the Rh B incorporated Dex-NCs released from the fiber mats (fiber surface and
porous beads) due to the fiber mat disintegration. The degradation of the hydrophobic PHBHHXx via
hydrolysis over time could also contribute to the release of Dex-NCs. However, no clear reduction of the
fiber molecular weight was evidenced for 0 wt% Dex-NC/PHBHHXx fibers after 24 h of swelling, as
measured by DSC (Figure S8.6 and Table S8.7) and GPC (Table S8.8).
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At the beginning of the experiments, the fiber mat was found to be floating on the buffer solution and a non-
wettability behavior was observed. With time, the fiber mats started to swell and sink in the release media
suggesting favorable fiber and solution interaction to release the NCs (Figure 9a inset). The presence of NCs
in the release media was analyzed further by DLS and the measurement indicated the presence of colloidal
features (Figure S8.2). However, the findings were inconclusive likely due to the low concentration of NCs.
Therefore, to confirm the release of Dex-NCs in the release media, a 7 wt% Dex-NCs loaded fiber mat was
incubated with PBS buffer (pH = 7.4) and the analytes in the release media was verified by independent
techniques, namely FTIR and DLS (Figure S8.3 and Figure S8.4). The presence of dextran hydroxy(-OH)
peaks in the FTIR spectra of release media confirmed the release of Dex-NCs from the fiber mats, as well
as the NCs were better measurable with DLS. Additionally, the thermal properties of the fibers were also
studied. However, no clear change in thermal properties was apparent for 7 wt% Dex-NCs loaded fibers
before and after the release for 5 days (Figure S8.9).

To validate the release of the cargo dye Rh B from the fibers, another fiber mat was incubated into a dialysis
bag containing dextranase enzyme solution to facilitate dextran hydrolysis from the NCs and to release the
dye. The latter was used to ensure that the measured signal in the media is arising from the free dye and not
from the dye associated with the intact Dex-NCs (as it cannot pass through the dialyzing membrane bag).
Figure 9b indicates the release graph in presence of dextranase, showing ~23% of Rh B release within 94
hours of incubation (supplementary material, Table S8.4). Interestingly, the dye release was faster with
dextranase while no particle population was found by DLS of the release media. The image in the inset
(Figure 9b) visually shows the presence of the dye in the medium outside of the dialysis bag. From the
release experiments, a time dependent release of the hydrophilic dye from the hybrid fiber/NC could be

confirmed.
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Figure 9. Cumulative release of Rh B loaded NCs from the hybrid fibers measured using UV-Vis spectroscopy at pH
levels of 5.0 and 7.4 (2) and in the presence of dextranase at a pH level of 7.4 (b). The images show a visual decrease
of dye coloration from the fiber mat before and after release (a) and an increase of dye color in the buffer solution
(PBS) after release in presence of dextranase (b).

4, Conclusions

This study shows the successful embedding of hydrophilic Dex-NCs into a hydrophobic PHBHHX fiber
matrix by centrifugal spinning using a dual solvent system. The Dex-NCs allow for facile encapsulation of
hydrophilic payloads. Bead formation in the hybrid fibers was found to be irrespective of the NC loading
and no clear difference was observed in fiber diameter with increase in NC loading. The effect of NC
loading did not clearly alter the melting and crystallization behavior of the PHBHHXx fibers. The tensile
strength and Young’s modulus of the hybrid fiber mats were retained, but the elongation behavior of the
hybrid NCs was reduced as expected with the increase of NC loading. Further, cumulative release
experiments revealed a time dependent release of the NCs from the fiber matrix. Overall, the study shows
the potential of Dex-NC loaded PHBHHx fibers with sufficient mechanical properties in biological
applications for the delivery of hydrophilic payloads. In the future, in vitro cell studies are planned to assess
the biological applicability using suitable payloads and additional functionalities to the Dex-NCs by
incorporating responsive moieties that can be exogenously triggered.
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