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Inflammatory arthritic diseases are characterized by a persistent inflammation of the synovial tissues where
tumor necrosis factor alpha (TNFa) and interleukin-6 (IL-6) pro-inflammatory cytokines are over-expressed,
leading to progressive musculoskeletal disability. Methotrexate (MTX), a disease-modifying-anti-rheumatic
drug (DMARD) commonly applied in their treatment, can be used in combination with biological-DMARDs as
anti-TNFa antibody to improve the treatments efficacy. However, their systemic administration comes with
severe side-effects and limited therapeutic efficacy due to their off-target distribution and short half-life. To
overcome such limitations, encapsulation of clinically relevant concentrations of MTX and anti-TNFa antibody
into polycaprolactone (PCL) or poly(vinyl-alcohol) (PVA) microfluidic-assisted or coaxial electrospun fibrous
meshes is proposed as local controlled dual drug release systems.

Release studies show that microfluidic-assisted electrospinning meshes encapsulating both drugs achieved
higher concentrations than coaxials. Biological assays using human articular chondrocytes (hACs) and monocytic
cells (THP-1 cell line) demonstrate that fibrous meshes encapsulating the drugs are non-toxic. The systems' ef-
ficacy is proved by a significant decrease of TNFa and IL-6 concentrations in conditioned medium of lipopoly-
saccharide (LPS)-stimulated THP-1 cells, especially in the presence of microfluidic-assisted electrospun meshes,
when compared with THP-1 conditioned medium (59.5% and 83.9% less, respectively).

Therefore, microfluidic-assisted electrospinning fibrous meshes with encapsulating drugs represent an alter-
native to coaxial, as a local therapy for inflammatory arthritis diseases.

1. Introduction ligaments, pain, mobility limitations and musculoskeletal disability [1].

Currently, the available therapeutic treatments aim to reduce the

Inflammatory arthritic diseases, namely rheumatoid arthritis (RA)
and osteoarthritis (OA), are associated with progressive disability due to
a persistent inflammation in the synovial tissues that may affect multiple
or isolated joints of the human body, respectively. Furthermore, a
persistent synovial inflammation leads to erosive joint damage and
functional impairment of thousands of people worldwide, especially in
the elderly. Clinical manifestations involve arthralgia, swelling, redness,
destruction of the bone and cartilage joints, weakness of the tendons and

diseases' activity or even reach a clinical remission state. Pharmaco-
logical therapies comprise non-steroidal anti-inflammatory drugs
(NSAIDs), which can reduce the pain and stiffness or even improve the
physical function by reducing inflammation, but they don’t have pro-
tective effects in damaged joints [2]. By its side, glucocorticoids offer
rapid symptomatic and disease-modifying effects but are associated with
serious long-term side-effects and do not hinder disease progression, as
reviewed elsewhere [3]. Disease modifying anti-rheumatic drugs

* Corresponding author at: 3B’s Research Group, I3Bs — Research Institute on Biomaterials, Biodegradables and Biomimetics, University of Minho, Headquarters of
the European Institute of Excellence on Tissue Engineering and Regenerative Medicine, AvePark, Parque de Ciéncia e Tecnologia, Zona Industrial da Gandra, 4805-

017 Barco, Guimaraes, Portugal.
E-mail address: nuno@i3bs.uminho.pt (N.M. Neves).

https://doi.org/10.1016/j.msec.2021.112585

Received 5 July 2021; Received in revised form 19 November 2021; Accepted 27 November 2021

Available online 3 December 2021
0928-4931/© 2021 Elsevier B.V. All rights reserved.

Please cite this article as: Filipa Vasconcelos, Materials Science & Engineering C, https://doi.org/10.1016/j.msec.2021.112585



mailto:nuno@i3bs.uminho.pt
www.sciencedirect.com/science/journal/09284931
https://www.elsevier.com/locate/msec
https://doi.org/10.1016/j.msec.2021.112585
https://doi.org/10.1016/j.msec.2021.112585
https://doi.org/10.1016/j.msec.2021.112585

F. Vasconcelos et al.

(DMARDs) are used as gold-standard treatment since they can target
inflammation and reduce structural damage. It has been achieved sig-
nificant progress towards disease remission without joint deformity in
patients treated with DMARDs [4], namely when using Methotrexate
(MTX) as the first-line treatment [5]. In combination with biological
DMARDs such as tumor necrosis factor (TNF) inhibitors (for example:
Infliximab, Adalimumab, Certolizumab pegol, Etanercept and Golimu-
mab); interleukin-6 (IL-6) receptor inhibitior (Tocilizumab), T-cell
blockage or B-cell depletion (Rituximab and Ofatumumab), the treat-
ment efficacy can be improved [6].

Several drug delivery systems (DDS) were been developed [7],
aspiring the control of the drug release kinetics by playing with specific
parameters such as polymer type, molecular weight, or processing
method [8]. More specifically, intra-articular (IA) injection of DDS allow
the release of a drug in the targeted area, decreasing both the off-
targeting distribution and the amount of required drug, thus avoiding
systemic side effects [9,10]. Novel strategies such as polymeric micro-
[11] or nano-particles [12] are in development for in situ drug release.
Indeed, bioactive molecules and drugs can be loaded and delivered by
microparticles [13].

Electrospun fibrous meshes were also been explored as drug carriers
mainly due to their high surface area,and the fast and efficient solvent
evaporation during processing, which limited the recrystallization of
incorporated drug, favoring the formation of amorphous dispersions, as
reviewed elsewhere [14]. Despite the advancements on the use of
electrospun fibrous meshes as DDS, the initial burst release remains
unavoidable, making them not ideal for a sustained drug release. To
surpass this limitation, several complex post-processing treatments can
be applied such as cross-linking or chemical modifications. These
treatments, however, may lead to toxicity and to a reduction in
biocompatibility. Several modifications were made to the conventional
electrospinning set-up, enabling the production of meshes with
enhanced performancesuch as core-shell fiber meshes produced through
coaxial electrospinning, in which the nanofiber core polymer is sur-
rounded by a layer of another polymer (shell) [15]. With this technique
it is possible to simultaneously encapsulate two different drugs and/or
growth factors, one in the shell and another in the core of the fibers
[16,17], obtaining dual drug delivery systems [18,19]. The use of co-
axial electrospinning offers several advantages as a DDS such as: (i) the
coating effect of the fibers' shell that can protects the inner compounds
from premature degradation; (ii) the specific core-shell structure that
facilitates the incorporation of active drugs in the core; (iii) can prevents
the burst or premature release; (iv) enables a sustained release for a
longer periods; (v) enhances the therapeutic efficacy and reduces
toxicity and; (vi) can protects the drugs from potential damage caused
by any post-processing treatment, as reviewed elsewhere recently [20].

Conversely, microfluidic devices allow setting a controlled and
reproducible flow of different and separate polymeric solutions [21,22].
Microfluidic devices have been used in combination with micro-
fabrication techniques to create DDS that combine different materials
with the purpose of deliver two or more drugs [23]. However, those
systems are macroscopic, difficult to downsize, and most of the times
used with water-based solutions to create hydrated hydrogel constructs
(with consequent limitations in terms of delivery kinetics, long-term
stability and availability of the drugs), as reviewed elsewhere [24].

Although the previously mentioned techniques can provide plat-
forms to produce combined therapeutic materials, their principle is
similarly based on multiple-chamber and extremely complex set-up
structures. Currently, no reports were found using single chamber
platforms for the development of combined therapeutic materials/fi-
bers. As such, to fill out this gap, a novel methodology named
microfluidic-assisted electrospinning will be herein implemented and
optimized. This technique allows the creation of nanofibers with vari-
able composition prepared from two different polymeric solutions in a
continuous exchanging way, each carrying a different drug. This
methodology will take advantage of the major characteristics of each

Materials Science & Engineering C xxx (xxxx) xxx

technique and try to surpass the limitations of both. The microfluidic
system will contribute with a high degree of control over flow of the
polymeric solutions and the high reproducibility [21,22]. The integra-
tion of the microfluidic system in the electrospinning setup will allow a
faster solidification of the solutions and the downsizing of the fibers,
enabling to create fibrous meshes from two distinct polymers [25].

We prepared and characterized a controlled dual drug release system
by encapsulating MTX and anti-TNFa antibody into polycaprolactone
(PCL) and poly(vinyl-alcohol) (PVA) fibers, respectively, produced by
microfluidic-assisted electrospinning. For comparison, both drugs were
also encapsulated into coaxial fibers processed by coaxial electro-
spinning, consisting of a PCL shell loaded with MTX and a PVA core
loaded with the antibody. Parameter optimization and characterization
of the coaxial and microfluidic-assisted electrospinning fibrous meshes,
as well as the release profile of encapsulated pharmaceutical agents (i.e.,
MTX and anti-TNFa) was determined. Furthermore, the in vitro safety
and efficacy of the developed controlled release systems were evaluated
with human articular chondrocytes (hACs) and monocytic cells (THP-1
cell line).

2. Materials and methods
2.1. Materials

Polycaprolactone (PCL; average Mn 80000), poly(vinyl alcohol)
(PVA; average Mw 85,000-124,000, 87-89% hydrolyzed), fluorescein 5
(6)-isothiocyanate (FITC), rhodamine B (RhB) isothiocyanate, metho-
trexate (MTX; meets USP testing specifications), papain, N-acetyl
cysteine, chondroitin sulphate and EDTA were purchased from Sigma-
Aldrich (Saint Louis, MO, USA). PCL and PVA were kept at room tem-
perature, fluorescein and RhB were kept in the dark, and MTX was
stored at —20 °C. Chloroform (CHCl3) and N-N-Dimethylformammide
(DMF) were purchased from Honeywell (Germany) and kept at room
temperature. Anti-TNFa antibody was purchased from Abcam (Cam-
bridge, UK) and stored at —20 °C. Human TNFa and Human IL-6 Duo Set
ELISA Kits were purchased from R&D Systems (Minneapolis, MN, USA)
and stored at 4 °C.

2.2. Production of fibrous meshes

2.2.1. Solutions preparation

A 10% (w/v) solution was prepared by dissolving PCL in CHCl3 and
DMF (4:1) and stirred until complete dissolution. A 8% (w/v) solution
was prepared by dissolving PVA in water. For fluorescence microscopy
analysis, 3 mg of FITC was added directly to the 10% (w/v) PCL solution
and 3 mg of RhB to the 8% (w/v) PVA solution. For the encapsulating
drugs, the pharmaceutical agents were defined according to the dose
that is clinically approved for use in the treatment of inflammatory
arthritic diseases. Therefore, a given amount of MTX powder was added
to the PCL solution to obtain a 25 pg mL~! of MTX solution in the given
solvent [1], and anti-TNFa antibody was added to the PVA solution to
obtain a 5 pg mL~! solution [26]. All the solutions were kept under
constantly stirring to avoid phase separation, and the solutions with the
dyes were kept in the dark.

2.2.2. Conventional and coaxial electrospinning

For the conventional electrospinning processes, syringes of 6 mL
(Braun, Germany) were filled with the polymeric solutions and con-
nected to a blunted metallic 21 G needle. For the coaxial electro-
spinning, a coaxial needle (Holmarc Opto-Mechatronics, India) was used
to allow the simultaneous flow of the two different polymeric solutions,
leading to the production of core/shell or hollow fibers. Those optimized
parameters (displayed on Tables 1a and 1b) were also applied to elec-
trospin the solutions containing the fluorescent dyes or the drugs. It is
important to underline that distinct collecting times were settled aiming
to obtain equivalent quantities of each polymer in the different fibrous
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Table 1a
Optimized conventional electrospinning parameters.
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Solution Flow rate [mL h™'] Applied voltage Needle to collector distance [cm] Collecting time [h] Temperature Relative humidity [%]
[kV] [°C]
PCL 0.7 15 20 1.4 22+2 35
PVA 0.5 18 2 42
Table 1b
Optimized coaxial electrospinning parameters.
Solution Flow rate [mL h™!] Applied voltage Needle to collector distance [cm] Collecting time [h] Temperature Relative humidity [%]
[kv] [°C]
PCL (shell) 0.7 15 20 1.4 22+ 2 35
PVA (core) 0.5 18 2 42
PCL + PVA (full coaxial) 0.7 (shell) 16 1.7 40

0.5 (core)

meshes. The fibrous meshes were extracted from the planar collector
and cut for further assays.

2.2.3. Microfluidic-assisted electrospinning

The microfluidic system was composed of a controllable microfluidic
2/3 port solenoid valve (Elveflow, France) with two available channels;
a microfluidic valve controller (MUX wire and ESI software from Elve-
flow, France); and a pressure system at 1-3 bar with a pressure
controller (Fisnar, USA). The PCL solution was loaded into a 10 mL sy-
ringe connected to the channel 1 (CH;) of the solenoid valve, whereas
the PVA solution entered channel 2 (CH5). A 10 cm PTFE tube connected
to the exit of the solenoid valve was inserted into a blunted metallic
needle (21 G), which was further connected to the high voltage power
supply of the electrospinning setup (Fig. 1).

The PCL or PVA solutions were first tested separately to serve as

o
—

«>» ™

Solution 2 Solution 1
High Voltage (CH2) (CH1)
Power Supply

Liquid Jet

Collector

| 2/3 Port
| Solenoid Valve

Dual polymeric solution

experimental controls, leaving either CH1 or CH2 continuously open. To
create a solution with both polymers, the commuting time between both
channels of the solenoid valve was optimized. It is important to under-
line that until similar lengths (=1 cm) of each polymeric solution in the
PTFE tubes were achieved, without mixing or clogging the tubes, by
actively modifying the frequency of the solenoid valve, the electro-
spinning component was not added to the microfluidic system.

Those optimized parameters (displayed on Table 2) were also
applied to electrospin the solutions containing the fluorescent dyes or
the drugs. It is important to underline that distinct collecting times were
settled aiming to obtain equivalent quantities of each polymer in the
different fibrous meshes. The fibrous meshes were extracted from the
planar collector and cut for further assays.

Pressure
Controller

Software

Valve Controller

Fibrous Mesh

Fig. 1. Schematic representation of a microfluidic-assisted electrospinning set-up.
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Table 2
Optimized microfluidic-assisted electrospinning parameters.
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Solution Microchannel opening Pressure [bar]  Applied Needle to collector distance Collecting time [h] ~ Temperature  Relative humidity
[s] voltage [em] [°C] [%]
[kV]
PCL (CH;) Always open 1.5 16 20 1.4 22+2 38
PVA (CHy) Always open 3 18 2 43
PCL + PVA 1.5 (CHy) 2 17 3.5 41

0.5 (CHp)

2.3. Characterization of the fiber meshes

2.3.1. Fluorescence microscopy

To verify the distribution of the fluorescently labelled polymeric
solutions on a fibrous mesh, 10 samples of each electrospun condition
were collected on glass slides during 5 s. The samples were analyzed in a
Transmitted and Fluorescence Light Microscope (model Axio Imager
Z1m; Zeiss, Germany), taken at 20x magnifications, and the images
were treated with ZEN — Digital Imaging for Light Microscopy software
(Zeiss, Germany). Excitation wavelengths were 490 nm for FITC and
553 nm for RhB.

2.3.2. Scanning electron microscopy

The electrospun samples were sputter-coated with gold (coater 108
A; Cressington, United States) for 2 min at 15 mA and, then, analyzed by
scanning electron microscope (SEM; JSM-6010 LV model; JEOL, Japan),
with an acceleration voltage of 5-10 kV, and taken at the magnification
of 2000x. At least 7 micrographs of each condition were used to assess
the fibrs' diamater. This analysis was performed with DiameterJ plugin
created for ImageJ (National Institute of Health, USA).

2.3.3. Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) was used to determine the
thermal properties (i.e., melting temperature (T,,), crystallization tem-
perature (T,), melting enthalpy (AHp,), crystallization enthalpy (AH())
of the different fibrous meshes. For PCL or PVA processed by conven-
tional, coaxial, or microfluidic-assisted electrospinning, PCL + PVA and
PCL after PVA leaching processed by coaxial or microfluidic-assisted
electrospinning, 5 independent samples were weighed (3.88+0.23 mg
each), packed into aluminum pans, and then analyzed by DSC (DSC
Q100 model; T.A. Instruments, USA), with one heating and cooling
cycle. For the calibration of the equipment, 3.88 mg of Indium was used,
and all the experiments were conducted under a nitrogen atmosphere
(flow rate 50M min’l). The calorimetric measurements were recorded
between 0 °C and 100 °C (PCL), or 220 °C (for PVA, PCL + PVA) at a
heating rate of 10 °C/min, and then cooled down to 0 °C, at the same
temperature rate.

2.3.4. Uniaxial tensile tests

Fibrous mesh strips of 18 mm x 5 mm were fixed in paper frames
with a testing area of 10 mm x 10 mm. The thickness (0.5 + 0.08 mm) of
the samples was measured using a digital micrometer (Mitutoyo, Japan).
6 independent samples, in triplicate, of PCL or PVA processed by con-
ventional, coaxial, or microfluidic-assisted electrospinning, PCL + PVA
and PCL after PVA leaching prepared by coaxial or microfluidic-assisted
electrospinning were tested under dry conditions, at room temperature.
Right before the mechanical test, the lateral sides of the paper frames
were cut. Uniaxial tensile properties were measured using a universal
mechanical testing equipment (model 5543; INSTRON, UK), equipped
with a 50 N load cell. A crosshead speed of 2 mm min~! and a 10 mm
gauge length were used. The mechanical tests were performed until
complete fracture of the samples. Load and displacement measurements
were acquired, and the tensile stresses and strains were calculated from
the raw data. A linear regression of the maximum slope at linear region
from stress-strain curves was used to calculate the Elastic Modulus.

2.4. Drug release profiles

Fibrous meshes (10 mm x 10 mm, n = 3) of each electrospinning
processing condition were immersed in 10 mL of PBS, kept in a water
bath at 37 °C and under an agitation of 60 rpm. The release study was
conducted for 11 days, corresponding approximately to the half-life of
anti-TNFa antibody in circulation [27]. Sampling was performed at each
time point (0, 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 24, 36, 48, 60, 72, 84, 96, 108,
120, 168, 216 h) by taking 1 mL of the releasing solution from each
condition and adding 1 mL of fresh PBS and stored at —20 °C until
further analysis.

2.4.1. Quantification of released methotrexate

For tracing the MTX release profile, the following fibrous meshes
were tested: PCL, PCL + PVA, PCL with encapsulated MTX, and PCL +
PVA with encapsulated MTX processed either by coaxial or microfluidic-
assisted electrospinning. The release study was conducted as described
previously. Standards of MTX were performed ranging from O to 25 pg
mL~. Then, 150 pL of samples or standards in triplicate were added to
each 96 well quartz plate. The absorbance was measured using a
microplate reader (model Synergy HT; BioTek Instruments, USA) at 303
nm. The release of MTX for each sample was calculated from the stan-
dard curve.

2.4.2. Quantification of released anti-TNFa antibody

For tracing the anti-TNFa antibody release profile, the following
fibrous meshes were tested: microfluidic-assisted electrospinning of PVA
and PCL + PVA fibrous meshes, and coaxial electrospinning or
microfluidic-assisted electrospinning of PVA with encapsulated anti-
TNFa antibody, and PCL + PVA with encapsulated anti-TNFa antibody.
The release study was conducted as described previously. The released
anti-TNFq antibody was quantified by the MicroBCA™ Protein Assay Kit
(Pierce, ThermoFisher Scientific; Rockford, IL, USA), according to the
manufacturer's instructions. A set of BSA standards were prepared in
PBS at concentrations ranging from 0 to 40 pg mL™L. 150 pL of both
samples and standards were added to each 96 well plate, in triplicate.
The plates were covered to protect it from light exposure and incubated
at 37 °C for 2 h. After, the plates were cooled to room temperature and
the absorbance at 562 nm was measured in a microplate reader (model
Synergy HT; BioTek Instruments, USA). The released anti-TNFa anti-
body concentration was calculated from the protein standard curve.

2.5. Biological assays

2.5.1. Cells isolation and expansion

To evaluate cytotoxicity of the processed fibrous meshes, human
articular chondrocytes (hACs) were isolated from knee cartilage samples
collected from arthroplasties surgeries biopsies. These samples were
obtained under the cooperation agreement established between the
Centro Hospitalar do Alto Ave, Guimaraes, Portugal, and the 3B's
Research Group, after obtaining informed donor consent. Cells were
isolated by enzymatic digestion, according to a previously described
protocol [28]. hACs cells were cultured in Dulbecco's modified Eagle's
medium (DMEM, Sigma Aldrich, USA), supplemented with 10% fetal
bovine serum (FBS), 10 mM HEPES buffer (Life Technologies, Paisley,
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UK), L-lanyl-i-glutamine (Sigma Aldrich, USA), MEM non-essential
amino acids (Sigma Aldrich, USA): 100 units mL~! of penicillin, 100
pg mL ™! of streptomycin, and 10 ng mL ™" human basic fibroblast growth
factor (bFGF). Cells in culture were incubated at 37 °C in a humidified
5% CO, atmosphere. To evaluate the efficacy of the processed fibrous
meshes, human monocytic cells (THP-1 cell line) was maintained in
complete RPMI (cRPMI), containing RPMI 1640, supplemented with 2
mM L-glutamine, 100 units mL~" of penicillin, 100 pg mL™! of strepto-
mycin, 10 mM Hepes buffer and 10% FBS.

2.5.2. Cell cultures with fibrous meshes

Electrospun fibrous meshes from the different conditions were cut
into 10 mm x 10 mm, placed into 24 well plates, and sterilized by UV
radiation during 30 min on each side. Electrospun fibrous meshes
without the pharmaceutical agents and with free drugs were used as
controls. hACs were seeded at the top of each fibrous mesh at 1,50 x 10°
cells/well in non-adherent plates, using the concentrated droplet
method, and after 4 h of cell attachment, the culture medium was added
to a final volume of 1 mL. After 1, 3, and 7 days of culture, the different
samples in triplicate were washed with sterile DPBS and analyzed
regarding cell viability (Alamar Blue assay), cell proliferation (DNA
quantification), and total protein and glycosaminoglycan synthesis.
THP-1 cell line was seeded at 5 x 10° cells/well in cRPMI with 100 nM
phorbol 12-myristate-13-acetate (PMA) for 24 h. After incubation,
nonattached cells were removed by aspiration, and the adherent cells
were washed three times with cRPMI. To ensure reversion of cells to a
resting macrophage phenotype before stimulation, cells were incubated
for an additional 48 h in cRPMI without PMA. After 24 h stimulation
with 100 ng/mL of lipopolysaccharide (LPS) to model inflammation in
vitro, the different fibrous meshes were added to the cultures. Condi-
tioned medium from all the conditions were collected, in triplicate, at
the following time points: 1, 3 and 7 days. Afterwards, the different
samples in triplicate were washed with sterile DPBS and analyzed
regarding cell viability (Alamar Blue assay) and cell proliferation (DNA
quantification).

2.5.3. Cell metabolic activity

Cell metabolic activity was evaluated by the Alamar Blue (Bio-Rad,
UK) assay. The culture medium was removed, and each sample was
thoroughly washed with DPBS. A solution of 1:10 Alamar blue in culture
medium was added to each well/sample, as well as background samples
of unseeded fibrous meshes. Samples were then incubated for 4 h at
37 °C and 5% CO,, protected from light exposure. The fluorescence was
measured in a microplate reader (model Synergy HT; Bio-Tek In-
struments, USA) at the excitation and emission wavelengths of 530 and
590 nm, respectively. Background fluorescence was subtracted from the
values of each sample.

2.5.4. Immunofluorescence

The morphology of hACs was analyzed by laser scanning confocal
microscopy (Leica SP8, Germany). Samples were fixed in 10% formalin
until further use. After washing with DPBS, samples were incubated with
10% FBS for one hour at RT, followed by an incubation with Phalloidin-
Rhodamine (Sigma-Aldrich, USA) and DAPI (Biotium, USA) for twenty
minutes at RT. Representative images were acquired in randomly
selected locations of the cell seeded meshes.

2.5.5. Glycosaminoglycans quantification

Before the glycosaminoglycans (GAGs) quantification, the fibrous
meshes seeded with hACs were collected and stored in Eppendorf tubes
at —80 °C until further analysis. A digestion solution was prepared by
adding papain (Sigma Aldrich, USA) and N-acetyl cysteine (Sigma
Aldrich, USA) at concentrations of 0.05% and 0.096%, respectively, to
50 mL of digestion buffer (200 mM of phosphate buffer containing 1 mM
EDTA (Sigma Aldrich, USA) with pH 6.8). Each sample was incubated
overnight at 60 °C with 600 pL of digestion buffer. Then, after a 10 min
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centrifugation at 13,000 rpm, the supernatants were collected. A
dimethymethylene blue (DMB) stock solution was prepared by dissolv-
ing 16 mg of DMB powder in 900 mL of distilled water containing 3.04 g
of glycine and 2.73 g of NaCl. pH was adjusted to 3.0 with HCI and the
volume adjusted to 1 L. The solution was stored at room temperature
and covered with an aluminum foil. A chondroitin sulphate (Sigma
Aldrich, USA) solution was prepared in water at 5 mg mL™! and kept
refrigerated. Standards with concentrations ranging from 0 to 5 pg mL ™!
were prepared from serial dilutions of the previous solution. The
absorbance at 525 nm was measured in triplicate using a microplate
reader (model Synergy HT; BioTek Instruments, USA). The total GAGs
concentration of each sample was calculated from the standard curve.

2.5.6. Cell proliferation

Cell proliferation was quantified by the Quant-iT™ PicoGreen®
dsDNA Assay Kit (Life Technologies; ThermoFisher Scientific, USA) ac-
cording to manufacturer's instructions. Previously, the samples were
collected at each timepoint, washed with DPBS, placed in Eppendorf
tubes with 1 mL of ultrapure water, and frozen at —80 °C until further
testing. Before the assay, the samples were placed into a ultrasonic water
bath (model SONOREX DIGITEC DT 100 H; Bandelin, Deutchland) for
15 min. A set of DNA standards was prepared in ultrapure water at
concentrations ranging from 0 to 2 ug mL~'. The fluorescence of each
sample was measured, in triplicates, on a white opaque 96 well plate
(Costar) using an excitation wavelength of 485 nm and an emission
wavelength of 528 nm, being the concentration of DNA in the samples
was calculated from the standard curve.

2.5.7. Bioactivity of released anti-TNFa antibody

The amount of TNF« in the conditioned medium of THP-1 cells was
assessed by ELISA, using the commercial Human TNFa Duo Set ELISA
Kit (R&D Systems, USA), according to instructions of the manufacturer.
Absorbance was read at 450, 540 and 570 nm on a microplate reader
(model Synergy HT; BioTek Instruments, USA). A standard curve was
built with concentrations ranging from 0 to 1000 pg ml~, and the
concentration of TNFa calculated from the standard curve.

2.5.8. Bioactivity of released methotrexate

It is described that the treatment of inflammatory arthritic diseases
with MTX reduces the concentration of several pro-inflammatory cyto-
kines, namely IL-6 [29]. Hence, the amount of IL-6 in the conditioned
medium of THP-1 cells, cultured in the presence of the different fibrous
meshes, was assessed using a commercial Human IL-6 Duo Set ELISA Kit
(R&D Systems; USA), according to the manufacturer instructions.
Absorbance was read at 450, 540 and 570 nm on a microplate reader
(model Synergy HT, BioTek Instruments, USA). A standard curve was
built with concentrations ranging from 0 to 600 pg mL ™}, and the con-
centration of IL-6 calculated from the standard curve.

2.6. Statistical analysis

Statistical analysis was performed using Graph Pad PRISM version
6.01. First, a Shapiro-Wilk test was used to ascertain the data normality.
For all quantitative data the normality was rejected, and non-parametric
tests were used (Krustal-Wallis test followed by Dunn's test for multiple
comparisons, and Mann-Whitney test to compare two conditions). P
values lower than 0.05 were considered statistically significant and the
results were expressed as median+tinterquartile range.

3. Results
3.1. Characterization of the fiber meshes
3.1.1. Fluorescence microscopy

For each sample analyzed via fluorescence microscopy, three images
are displayed in Fig. 2: two of the split channels (Fluorescein — first
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PCL (shell) PVA PCL

PVA (core)

PVA PCL Full coaxial

PCL+ PVA

Fig. 2. Fluorescence microscopy images at 20x magnification (Fluorescein, Rhodamine B and Merged) for each condition: a) conventional electrospinning of PCL
and PVA; b) coaxial electrospinning of PCL (shell), PVA (core) and full coaxial; and ¢) microfluidic-assisted electrospinning of PCL (CH;), PVA (CHy), and PCL + PVA
fibers. Scale bar: 50 pym.
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image, or RhB - second image) and one merged image (last image).

Regarding conventional electrospinning (Fig. 2a), only one of the
fluorescent dyes is observed, and all the solutions were able to produce
fibers with random orientation and no relevant defects such as beads
were observed. The samples made of PCL also appear to have a higher
diameter than the fibers made of PVA. Fluorescence microscopy analysis
of coaxial electrospinning (Fig. 2b) demonstrated the presence of PCL
fibers with a hollow structure and PVA thinner solid fibers. Moreover,
the coaxial fibers have an evident core-shell structure, proving that the
PVA fibers fit perfectly inside the shell made of PCL. The microfluidic-
assisted electrospinning (Fig. 2c) allows to produce fibers with
random orientation and without noticeable defects. The fluorescence
images confirmed the presence of both polymers in the same fibrous
mesh, by having the two different dyes easily distinguishable from each
other. Overlapping regions are also possible to be observed (where the
yellow color appears).

3.1.2. Scanning electron microscopy

Fig. 3 shows representative SEM images, as well measured fiber
diameter histograms for each fibrous mesh.

In the conventional electrospinning (experiment controls) (Fig. 3a),
the fibers are randomly aligned, do not have defects (absence of beads)
and present a smooth surface. The diameter of the PCL fibers is 4%
below 0.5 pm, 19% having diameters between 0.5 and 1 pm, 49% with
diameters between 1 and 1.5 pm, and 23% with diameters higher than
1.5 pm. PVA fibers are considerably smaller than the PCL ones, being
93% of them below 0.5 pm, 6% between 0.5 and 1 pm, and 1% higher
than 1 pm.

SEM micrographs of coaxial electrospinning (Fig. 3b) showed fibers
similar to the ones processed by conventional electrospinning. The di-
ameters of PCL fibers (shell) are 3% below 0.5 pm, 23% with diameters
between 0.5 and 1 pm, 48% with diameters between 1 and 1.5 pm, and
26% of the diameters higher than 1.5 pm. On the other hand, the
diameter of PVA fibers (core) is 79% of them below 0.5 pm, 20% with
diameters between 0.5 and 1 pm, and 1% with diameters higher than 1
pm. Lastly, the diameters of full coaxial fibers are 11% below 0.5 pm,
60% having diameters between 0.5 and 1 pm, 15% between 1 and 1.5
pm, and 12% of the diameters higher than 1.5 pm.

SEM micrographs of PCL (CH;), PVA (CHy), and PCL + PVA fibers
processed by microfluidic-assisted electrospinning (Fig. 3c) showed
randomly oriented fibers and without evident defects. The diameter of
the PCL fibers is 3% of them below 0.5 pm, 22% between 0.5 and 1 pm,
51% between 1 and 1.5 pm, and 24% higher than 1.5 pm. On the other
hand, the diameter of the PVA fibers is 87% below 0.5 pm, 10% between
0.5 and 1 pm, and 3% higher than 1 pm. Lastly, the fibers with both
polymers have 52% below 0.5 pm, 26% between 0.5 and 1 pm, 15%
between 1 and 1.5 pm, and 7% higher than 1.5 pm of diameter. It is also
important to notice that the fibrous meshes made of both polymers and
processed by microfluidic-assisted electrospinning had two distinct
populations of fibers' diameter.

3.1.3. Differential scanning calorimetry

The DSC curves are shown in Fig. 4, whereas the melting (T,) and
crystallization (T,) peak temperatures, as well as melting (AH;,) and
crystallization (AH,) enthalpy values are represented in Table 3. It is also
important to underline that this characterization test performed, mainly,
to demonstrate the presence of PCL and PVA in fibrous meshes where
both polymers were being electrospun. In addition, a condition where
PVA fibers were leached out from coaxial or microfluidic-assisted
fibrous meshes with both polymers (after 24 h immersion in water)
was also tested to evaluate the thermal properties of the remaining PCL
upon PVA dissolution.

DSC results shown that the fibrous meshes made of PCL had a peak
(T of 56.2+1.5 °C for the conventional electrospinning, 55.3+1.5 °C
for the coaxial electrospinning (shell fibers), and 56.9+2.5 °C for the
microfluidic-assisted electrospinning (Fig. 4a). Moreover, PCL fibrous
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meshes had a peak (T;) of 20.4+1.0 °C for the ones processed by con-
ventional electrospinning, 21.5+0.5 °C for the coaxial electrospinning
(shell fibers), and 23.6+0.9 °C for microfluidic-assisted electrospinning.
By its side, the PVA fibers showed a peak (T;;) of 194.3+0.4 °C for the
ones processed by conventional electrospinning, 191.1+2.9 °C for co-
axial electrospinning (core fibers), and 195.1+1.8 °C for microfluidic-
assisted electrospinning (Fig. 4b). PVA (87-89% hydrolyzed) also dis-
plays peaks between 58 and 67 °C, corresponding to its water content,
which overlaid the glass transition temperature of the polymer.

Lastly, the fibrous meshes processed by coaxial electrospinning had
two (Ty,) (two easily distinguishable peaks on the curve) of 58.5+0.3 °C
and 182.4+2.5 °C, corresponding to PCL and PVA, respectively, and
54.7+2.7 °C and 182.2+3.5 °C in the case of microfluidic-assisted
electrospinning (Fig. 4c). Moreover, the fibrous meshes processed by
coaxial electrospinning had peak (T;) of 27.2+1.0 °C, and the ones
regarding microfluidic-assisted electrospinning combining both solu-
tions were 15.94+2.1 °C, similar to the (T,) of PCL. Considering the
envisioned biomedical application, the coaxial and microfluidic-assisted
electrospinning fibrous meshes were immersed in water for 24 h,
simulating the leaching of PVA from the samples. The (T},,) peaks of the
fibrous meshes were 58.7+0.8 °C and 59.3+0.3 °C for coaxial and
microfluidic-assisted electrospinning, respectively, and their (T,) peaks
were 33.8+1.9 °C and 22.5+1.2 °C.

Regarding the enthalpy values, the fibrous meshes made of PCL had
(AHy) of 28.9+1.4 J g™ ! for the conventional electrospinning, 27.840.9
J g7 ! for the coaxial electrospinning, and 17.4+0.4 J g~! for the
microfluidic-assisted electrospinning. Their (AH,) were 25.4+1.3 J g,
26.9+0.8 J g%, and 20.3+1.2 J g~}, respectively. By its side, the PVA
fibers showed (AH;,) of 17.843.5 J g~ ! for the ones processed by con-
ventional electrospinning, 13.4+1.5 J g~! for coaxial electrospinning,
11.041.0 J g~} and for microfluidic-assisted electrospinning. Melting
enthalpy values for the fibrous meshes produced by coaxial and
microfluidic-assisted electrospinning where both polymers were pro-
cessed were 30.840.7 Jg~! and 26.8+1.9 J g~ for the PCL; 17.2+1.4
and 15.543.4 J g! for the PVA, respectively. Their (AH,) were
27.340.5 J g ! and 24.3+0.2 J g~! for coaxial and microfluidic-assisted
electrospinning. Lastly, the coaxial and microfluidic-assisted electro-
spinning fibrous meshes immersed in water had (AH,;) of 18.3+1.4J g’1
and 14.4+2.0 J g7}, and (AH,) of 15.6+1.3 J g and 13.4+1.9J g},
respectively.

3.1.4. Uniaxial tensile test

For the PCL fibrous meshes processed by the different electro-
spinning techniques (Fig. 5a), the stress-strain curve of coaxial electro-
spinning has a lower tensile stress when compared to the microfluidic-
assisted electrospinning. Regarding PVA fibrous meshes processed by
the different techniques (Fig. 5b), the stress-strain curve from the
microfluidic-assisted electrospinning has a higher tensile stress than the
others. Moreover, the PVA curves are also, generally, characterized by a
lower tensile stress as well lower strain when compared to the ones
obtained with PCL fibrous meshes. On the other hand, PCL + PVA
fibrous meshes processed by microfluidic-assisted electrospinning show
a higher tensile stress and lower strain than the ones processed by co-
axial electrospinning. Moreover, the stress-strain curves of the PVA
leaching fibrous meshes are similar to the original ones for both tech-
niques (Fig. 5c).

The mechanical properties of fibrous meshes made of PCL, PVA or
their combination processed by conventional, coaxial or microfluidic-
assisted electrospinning are presented in Fig. 6. Results show that the
Elastic Modulus of PCL fibrous meshes processed by conventional elec-
trospinning was significantly higher when compared with to the ones
processed by coaxial electrospinning (p < 0.05). When processed by
microfluidic-assisted electrospinning, the PCL fibrous meshes presented
an Elastic Modulus comparable to the other processing techniques
(conventional and coaxial electrospinning). The Elastic Modulus of PVA
fibrous meshes processed by conventional was comparable to the ones
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Fig. 3. SEM micrographs (x2000 magnification) and the corresponding fiber diameter histograms of a) conventional electrospinning (experimental control) of PCL
and PVA; b) coaxial electrospinning of PCL (shell), PVA (core) and full coaxial electrospinning; and c¢) microfluidic-assisted electrospinning of PCL, PVA and PCL +
PVA. Scale bar: 10 pm.
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Fig. 4. Representative DSC curves of a) PCL
fibrous meshes processed by conventional
(control), coaxial (shell), and microfluidic-
assisted electrospinning; b) PVA fibrous
meshes processed by conventional (control),
coaxial (core), and microfluidic-assisted
electrospinning, and c¢) PCL + PVA fibrous
meshes processed by coaxial, microfluidic-
assisted electrospinning, and after PVA
leaching (24 h immersion in water). Images
on the left represent the heating cycle and

on the right the cooling cycle.
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processed by coaxial electrospinning, and by microfluidic-assisted
electrospinning. Moreover, the Elastic Modulus of PVA fibrous meshes
processed by coaxial electrospinning was significantly higher than the
ones made only of PCL (p < 0.01), the ones of PCL (shell) and PVA (core)
(p < 0.05), and after PVA leaching (p < 0.05). Between all other coaxial
electrospinning conditions, no statistical differences were observed. The
Elastic Modulus of PVA fibrous meshes processed by microfluidic-
assisted electrospinning was significantly higher than the ones made
only of PCL (p < 0.001), the PCL + PVA (p < 0.01), and after PVA
leaching (p < 0.01). Lastly, the Elastic Modulus of PCL fibrous meshes

50

T T T
100 150 200

Temperature (°C)

processed by microfluidic-assisted electrospinning was also significantly
lower the PCL + PVA (p < 0.05), and after PVA leaching (p < 0.05).
Regarding the fibrous meshes subjected to PVA leaching, the ones pro-
cessed by coaxial electrospinning had a significant lower Elastic
Modulus than the ones processed by microfluidic-assisted electro-
spinning (p < 0.05).

Looking at the maximum stress, the PCL fibrous meshes processed by
conventional electrospinning were significantly higher than PCL sam-
ples (shell) processed by coaxial electrospinning (p < 0.05). When
processed by microfluidic-assisted electrospinning, the maximum stress
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Table 3
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Melting (T,,,), and crystallization (T,) peak temperatures, enthalpy of melting (AH,;,) and crystallization (AH,), of PCL, PVA, PCL + PVA, and PCL (after PVA leaching)
fibrous meshes processed by conventional, coaxial, and microfluidic-assisted electrospinning.

Solutions T [°C] AH, [J-g71] T, [°C] AH, [J-g7']
Conventional electrospinning PCL 56.2+1.5 28.9+1.4 20.4+1.0 25.4+1.3
PVA 194.3+0.4 17.8+3.5 -
Coaxial electrospinning PCL (shell) 55.3+1.5 27.8+0.9 21.5+0.5 26.9+0.8
PVA (core) 191.1+2.9 13.4+1.5 - -
PCL + PVA 58.5+0.3 and 182.4+2.5 30.8+0.7 and 17.2+1.4 27.24+1.0 27.3+0.5
PCL (after PVA leaching) 58.7+0.8 18.3+1.4 33.841.9 15.6+1.3
Microfluidic-assisted electrospinning PCL 56.9+2.5 17.44+0.4 23.6+0.9 20.3+1.2
PVA 195.1+1.8 11.0+1.0 - -
PCL + PVA 54.7+2.7 and 182.1+3.5 26.8+1.9 and 15.5+3.4 15.9+2.1 24.3+0.2
PCL (after PVA leaching) 59.3+0.3 14.4£2.0 22.5£1.3 13.4+1.9
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Fig. 5. Representative stress-strain curves of a) PCL fibrous meshes processed by conventional (control), coaxial (shell), and microfluidic-assisted electrospinning; b)
PVA fibrous meshes processed by conventional (control), coaxial (core), and microfluidic-assisted electrospinning and c¢) PCL + PVA fibrous meshes processed by
coaxial, microfluidic-assisted electrospinning, and after PVA leaching (24 h immersion in water).

of PCL fibrous meshes significantly increased to 5.89 (5.13-9.60) MPa
when compared to coaxial electrospinning (p < 0.05). No statistical
differences were observed when comparing the maximum stress of PVA
samples processed by the different electrospinning techniques. By its
side, the maximum stress of PCL + PVA fibrous meshes processed by
microfluidic was significantly higher than the ones processed by coaxial
electrospinning (p < 0.05). The values of the maximum stress for coaxial
and microfluidic-assisted electrospun fibrous meshes after PVA leaching
did not presented statistical differences. Furthermore, when comparing
the values of the maximum stress of the different fibrous meshes pro-
cessed by coaxial electrospinning, no statistical differences were
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observed. A similar observation was found when comparing the
different fibrous meshes processed by microfluidic-assisted
electrospinning.

When comparing the strain at break, results showed that PCL fibrous
meshes processed by microfluidic-assisted electrospinning were signifi-
cantly lower than the ones processed by conventional electrospinning (p
< 0.001) and by coaxial electrospinning (p < 0.05). Regarding the PVA
fibrous meshes, the strain at break of the samples processed by
microfluidic-assisted electrospinning were also significantly higher than
the ones processed by conventional electrospinning (p < 0.01) or coaxial
electrospinning (p < 0.01). No statistical differences were observed
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Fig. 6. Uniaxial Tensile Properties of PCL, PVA,
PCL + PVA and PVA leaching fibrous meshes
processed by conventional, coaxial, or
microfluidic-assisted electrospinning: a) Elastic
Modulus, b) maximum stress, c¢) strain at break,
and d) strain at maximum stress. Data were
analyzed by the Krustal-Wallis test, followed by
Dunn's multiple comparison test for comparisons
between the same technique using different ma-
terials: a denotes significant differences compared
to PCL fibrous meshes processed by coaxial or
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when comparing the strain at break of PCL + PVA fibrous meshes pro-
cessed by coaxial or microfluidic-assisted electrospinning. The values of
the strain at break after PVA leaching showed that the fibrous meshes
processed by coaxial electrospinning were significantly higher than the
ones processed by microfluidic-assisted electrospinning (p < 0.05).
Furthermore, when comparing the strain at break of all fibrous meshes
processed by coaxial electrospinning, results showed that PVA fibrous
meshes were significantly lower than the PCL fibrous meshes (p <
0.0001), the PCL + PVA fibrous meshes (p < 0.001) and the PVA leached
fibrous meshes (p < 0.001). Lastly, the values of the strain at break of all
fibrous meshes processed by microfluidic-assisted electrospinning
showed that PVA fibrous meshes were significantly lower than the ones
made only of PCL (p < 0.05), the PCL + PVA ones (p < 0.05), and after
PVA leaching (p < 0.05).

When comparing the strain at maximum stress, results showed that
the PCL fibrous meshes processed by conventional electrospinning was
significantly higher than the ones processed by coaxial (p < 0.05) or by
microfluidic-assisted electrospinning (p < 0.01). Regarding the PVA
fibrous meshes, the strain at maximum stress of the ones processed by
microfluidic-assisted electrospinning was significantly higher than the
ones processed by coaxial electrospinning (p < 0.01). No statistical
differences were observed when comparing the strain at maximum stress
of PCL + PVA fibrous meshes processed by coaxial or microfluidic-
assisted electrospinning, as well as for the fibrous meshes subject to
PVA leaching. Furthermore, when comparing the strain at maximum
stress of the different fibrous meshes processed by coaxial electro-
spinning, the PVA samples were significantly lower than the PCL sam-
ples (p < 0.001), the PCL + PVA samples (p < 0.05) and the PVA leached
samples (p < 0.05). Lastly, the comparison between the different fibrous
meshes processed by microfluidic-assisted electrospinning showed
strain at break values for PVA samples significantly lower than the ones
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microfluidic-assisted electrospinning, and b de-
notes significant differences compared to PVA
fibrous meshes processed by coaxial or
microfluidic-assisted electrospinning. The Mann-
Whitney test was also performed for comparisons
between the same material using different tech-
niques. Statistical differences: *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001. The data
is expressed as median + interquartile range.

b*

made only of PCL (p < 0.05), and after PVA leaching (p < 0.01).

3.2. Drug release profiles

The percentages of released MTX and anti-TNFo antibody from the
different fibrous meshes can be observed in Fig. 7.

According to Fig. 7a, both microfluidic-assisted conditions showed a
higher released concentration of MTX, when compared to coaxial elec-
trospinning meshes. In the first 12 h there was a burst release of MTX.
Then, it took up to 11 days to release 59.04% and 74.64% of the initial
encapsulated MTX for PCL meshes processed by coaxial and
microfluidic-assisted electrospinning, respectively. Regarding coaxial
and microfluidic-assisted PCL and PVA electrospun meshes, the released
MTX reached 79.80% and 88.72% of the initial drug concentration.

According to Fig. 7b, meshes of PCL and PVA processed by
microfluidic-assisted electrospinning showed a higher released concen-
tration of anti-TNFa antibody. Through all the experiment, there was a
sustained release in all conditions where the drug was encapsulated. The
anti-TNFa antibody released from microfluidic-assisted PVA fibrous
meshes was 29.32% of the initial concentration. Regarding coaxial and
microfluidic-assisted PCL and PVA electrospun meshes, the anti-TNFo
antibody released was 30.02% and 33.40% of its initial concentration,
respectively.

The remaining conditions (without the presence of pharmaceutical
agents) did not showed any signs of release, as expected.

3.3. Biological assays
3.3.1. Cellular performance over the electrospun fibrous meshes

Different biological assays (metabolic activity, proliferation, GAGs
synthesis and cell morphology) were conducted to assess the
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Fig. 7. Quantification of released a) MTX and b) anti-TNFa antibody from the electrospun fibrous meshes.

cytotoxicity of the meshes by culturing them with hACs, since this is the
only cell type present in cartilaginous tissues (Fig. 8 and Supplementary
Fig. 1).

Experimental results (Fig. 8a) showed that, for the 1% day, PCL +
MTX processed by microfluidic-assisted (p < 0.01) and coaxial (p <
0.0001) electrospinning, and PCL + MTX PVA + anti-TNFa antibody
coaxial electrospun fibrous meshes (p < 0.01) displayed a significantly
higher cell metabolic activity when compared with all the control con-
ditions without the drugs or with both free drugs. Moreover, fibrous
meshes of PCL + MTX PVA + anti-TNFa antibody processed by
microfluidic-assisted electrospinning (p < 0.001) and PCL fibrous
meshes with free MTX (p < 0.0001) also hadsignificantly higher cell
metabolic activity than the PCL + PVA fibrous meshes processed by
coaxial electrospinning. Lastly, PCL + MTX_PVA + anti-TNFa antibody
fibrous meshes processed by microfluidic-assisted electrospinning (p <
0.05) presented significantly lower cell metabolic activity than PCL +
MTX coaxial meshes. At day 3, control conditions without the drugs and
with free drugs displayed a significantly lower cell metabolic activity
than PCL + MTX_PVA + anti-TNFa antibody fibrous meshes processed
by coaxial electrospinning (p < 0.001,p < 0.01,p < 0.0001,p < 0.05,
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and p < 0.001, respectively). In addition, PCL + MTX fibrous meshes
processed by microfluidic-assisted (p < 0.001) and coaxial electro-
spinning (p < 0.0001), as well as PCL + MTX_PVA + anti-TNFa antibody
fibrous meshes processed by microfluidic-assisted electrospinning (p <
0.05), and with free MTX (p < 0.05), presented significantly higher cell
metabolic activity than PCL + PVA fibrous meshes processed by coaxial
electrospinning. Moreover, PCL + MTX fibrous meshes processed by
coaxial electrospinning also exhibited significantly higher cell metabolic
activity than both free drugs (p < 0.05). On the other hand, PCL +
MTX PVA + anti-TNFa antibody fibrous meshes processed by
microfluidic-assisted electrospinning showed significantly lower cell
metabolic activity than the same ones processed by coaxial electro-
spinning (p < 0.05). Regarding the 7% day of the experiment, results
showed a significantly higher cell metabolic activity for PCL +
MTX PVA + anti-TNFa antibody fibrous meshes processed by
microfluidic-assisted electrospinning when in comparison with PCL +
PVA control meshes processed by microfluidic-assisted and coaxial
electrospinning (p < 0.001 and p < 0.0001, respectively), with PCL +
MTX fibrous meshes processed by coaxial electrospinning (p < 0.05),
and with both control conditions with free MTX (p < 0.05) and MTX +
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anti-TNFa antibody (p < 0.0001). Furthermore, the PCL + PVA fibrous
meshes processed by coaxial electrospinning presented significantly
lower cell metabolic activity than PCL control fibrous meshes (p < 0.01)
and PCL + MTX processed by the microfluidic-assisted electrospinning
(p < 0.001), and PCL + MTX_PVA + anti-TNFa antibody coaxial fibrous
meshes (p < 0.0001). Lastly, PCL (p < 0.01)and PCL + MTX (p < 0.001)
fibrous meshes processed by microfluidic-assisted electrospinning, and
PCL + MTX_PVA + anti-TNFa antibody fibrous meshes processed with
coaxial electrospinning (p < 0.0001) also displayed significantly higher
cell metabolic activity than control conditions with both free drugs. The
analysis of the hACs by fluorescence microscopy revealed the typical
spherical morphology when cultured over the different electrospun
fibrous meshes (Supplementary Fig. 1).

Concerning the quantification of synthesized GAGs (Fig. 8b), on the
1 day of the experiment several statistical differences were observed.
The fibrous meshes of PCL + MTX_PVA + anti-TNFa antibody processed
by microfluidic-assisted electrospinning displayed a significantly higher
GAG concentration, when compared to the three control conditions
without drugs (p < 0.0001, p < 0.0001, and p < 0.01), to the PCL +
MTX _PVA + anti-TNFo antibody fibrous meshes processed by coaxial
electrospinning (p < 0.05), and to the two control conditions with free
pharmaceutical agents (p < 0.001 and p < 0.0001). PCL + MTX meshes
processed by microfluidic-assisted electrospinning showed a significa-
tive increase in the GAGs concentration when compared to the PCL and
PCL + PVA control conditions processed by microfluidic-assisted elec-
trospinning (p < 0.001, p < 0.0001), and to the control conditions with
free drugs (p < 0.01 and p < 0.0001). In addition, PCL + MTX coaxial
fibrous meshes also showed significantly higher GAG concentration in
comparison to PCL + free MTX PVA + free anti-TNFa antibody (p <
0.05). At day 3, fibrous meshes of PCL + MTX PVA + anti-TNFa
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antibody processed by microfluidic-assisted electrospinning demon-
strated a significative increase in GAG concentration, when compared to
the three control conditions without drugs (p < 0.0001, p < 0.001, and
p < 0.01), PCL + MTX meshes processed by coaxial electrospinning (p
< 0.01), and the two control conditions with free drugs (p < 0.001 and
p < 0.0001). PCL + MTX microfluidic fibrous had significantly higher
concentration of GAGs in comparison to PCL and PCL + PVA control
conditions processed by microfluidic-assisted electrospinning (p <
0.001, p < 0.05), and with PCL + free MTX PVA + free anti-TNFa
antibody (p < 0.0001). Moreover, PCL with free MTX fibrous also
showed significantly higher GAG concentration in comparison to PCL +
free MTX_PVA + free anti-TNFa antibody (p < 0.01). At the 7" day of
the assay, fibrous meshes of PCL + MTX PVA + anti-TNFa antibody
processed by microfluidic-assisted electrospinning demonstrated a
significative increase in GAG concentration, when compared to the three
control conditions without drugs (p < 0.0001, p < 0.0001, and p <
0.05), the PCL + MTX meshes processed by coaxial electrospinning (p <
0.05), and the two control conditions with free drugs (p < 0.001 and p
< 0.0001). PCL meshes processed by microfluidic-assisted electro-
spinning displayed significantly lower GAG concentration in comparison
to PCL + MTX processed by microfluidic-assisted electrospinning (p <
0.05), and with PCL with free MTX fibrous meshes (p < 0.05). Lastly,
PCL + free MTX PVA + free anti-TNFa meshes also had a significative
decrease in GAGs concentration when compared to the PCL + MTX
fibrous mesh processed by microfluidic (p < 0.001) and coaxial elec-
trospinning (p < 0.01), and with free MTX (p < 0.001).

Regarding dsDNA quantification results (Fig. 8c), no statistical dif-
ferences were found between the three control conditions without drugs
throughout the experiment. At the 1% day, there was a significant in-
crease in cell proliferation when comparing PCL + MTX PVA + anti-

Fig. 8. Biological assays conducted on the
fibrous meshes seeded with hACs. a) Cell
metabolic activity by Alamar blue; b) GAG
quantification; and c¢) cell proliferation
dsDNA quantification. Data were analyzed
by the Krustal-Wallis test, followed by
Dunn's multiple comparison test for: a de-
notes significant differences compared to
PCL microfluidic fibrous meshes, b denotes
significant differences compared to PCL +
PVA meshes created with microfluidic-
assisted electrospinning, ¢ denotes signifi-
cant differences compared to PCL + PVA
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TNFa antibody fibrous meshes with PCL fibrous meshes both processed
by microfluidic-assisted electrospinning (p < 0.05), and with the free
drugs conditions (p < 0.0001). In addition, both free drugs also pre-
sented significantly lower DNA concentrations than the PCL + MTX
fibrous meshes processed by microfluidic-assisted electrospinning (p <
0.001), the PCL + MTX PVA + anti-TNFa antibody fibrous meshes
processed by coaxial electrospinning (p < 0.01), and with free MTX (p
< 0.01). At the 3" day, there was a significant increase in cell prolif-
eration when comparing PCL + MTX PVA + anti-TNFa antibody fibrous
meshes processed by microfluidic-assisted electrospinning with PCL +
MTX_PVA + anti-TNFa antibody processed coaxial electrospinning (p <
0.05) and PCL + PVA with free drugs meshes (p < 0.0001). Further-
more, PCL + PVA with free pharmaceutical agents also presented
significantly lower cell proliferation than the PCL + PVA fibrous meshes
processed by coaxial (p < 0.01), and the PCL + MTX fibrous meshes
processed by microfluidic (p < 0.01) and coaxial electrospinning (p <
0.01). On the last day of the experiment, PCL + MTX_PVA + anti-TNF«
antibody processed by microfluidic-assisted electrospinning displayed a
DNA concentration significantly higher than all the other conditions: the
three controls without pharmaceutical agents (p < 0.01), PCL + MTX
fibrous meshes processed by microfluidic and coaxial electrospinning (p
< 0.001), PCL + MTX_PVA + anti-TNFa antibody processed by coaxial
electrospinning (p < 0.001), and control conditions with free drugs (p
< 0.01 and p < 0.001). Lastly, PCL + PVA with free pharmaceutical
agents also presented significantly lower cell proliferation than the PCL
(p < 0.05) and the PCL + PVA (p < 0.05) fibrous meshes processed by
microfluidic-assisted electrospinning, the PCL + PVA fibrous meshes
processed by coaxial electrospinning (p < 0.001), and the PCL + MTX
fibrous meshes processed by microfluidic-assisted electrospinning (p <
0.05).

The metabolic activity and proliferation of THP-1 cells was also
assessed (Fig. 9).

Regarding the cell metabolic activity (Fig. 9a) there was a significant
increase on day 1, when comparing PCL + MTX, and PCL + MTX PVA +
anti-TNFa antibody fibrous meshes processed by microfluidic-assisted
electrospinning with PCL + MTX (p < 0.01 and p < 0.001) and PCL
+ MTX_PVA + anti-TNFa antibody (p < 0.01 and p < 0.0001) coaxial
fibrous meshes, and with the controls with free drugs (p < 0.01 andp <
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0.0001). Cell metabolic activity of the control condition with both free
drugs was also significantly lower than the one obtained for all the
control conditions without pharmaceutical agents (p < 0.0001), as well
for the THP-1 conditioned medium (p < 0.001). At the 3rd day, there
was a significative decrease in THP-1 metabolic activity when
comparing the controls with the free drugs (p < 0.01, p < 0.0001, p <
0.01, and p < 0.0001). The free drugs also presented a significative
decrease in comparison to the PCL + MTX, and the PCL + MTX PVA +
anti-TNFa antibody fibrous meshes processed by microfluidic and co-
axial electrospinning, as well with the THP-1 conditioned medium. In
addition, THP-1 conditioned medium (p < 0.05) and the PCL +
MTX _PVA + anti-TNFa antibody fibrous meshes (p < 0.01) processed by
microfluidic-assisted electrospinning displayed a significative higher
cell metabolic activity than PCL + MTX fibrous meshes processed by
coaxial electrospinning. At day 7, results displayed a significative in-
crease in cell metabolic activity when comparing PCL + MTX PVA +
anti-TNFa antibody fibrous meshes processed by microfluidic-assisted
electrospinning, with THP-1 conditioned medium, PCL + PVA (p <
0.01 and p < 0.01) and PCL + MTX (p < 0.01 and p < 0.01) processed
by coaxial electrospinning, as well with controls with free drugs (MTX, p
< 0.0001; MTX anti-TNFa antibody, p < 0.0001). Furthermore, cell
metabolic activity was significantly higher on the PCL + MTX PVA +
anti-TNFa antibody fibrous meshes processed by coaxial electro-
spinning, than the free MTX (p < 0.05). Lastly, THP-1 metabolic activity
was significatively lower when comparing the meshes with both free
drugs (p < 0.05, p < 0.05, and p < 0.001) with PCL and PCL + MTX
microfluidic fibrous meshes, and PCL + MTX_PVA + anti-TNFa antibody
fibrous meshes processed by coaxial electrospinning.

Concerning dsDNA quantification results (Fig. 9b), no statistical
differences were found between the three control conditions without
drugs throughout the experiment. At the 1% day, there was a significant
increase in cell proliferation when comparing PCL (p < 0.05 and p <
0.01), PCL + MTX - (p < 0.01 and p < 0.001) and PCL + MTX PVA +
anti-TNFa antibody (p < 0.0001 and p < 0.0001) fibrous meshes pro-
cessed by microfluid electrospinning with PCL + MTX_PVA + anti-TNFa
antibody fibrous meshes processed by coaxial electrospinning (p < 0.05
and p < 0.01). The THP-1 conditioned medium (p < 0.0001 and p <
0.0001) induced a significantly higher proliferation than the PCL + MTX

Fig. 9. Biological assays conducted on the

fibrous meshes seeded with THP-1. a) Cell

metabolic activity determined by Alamar
- blue assay and b) cell proliferation deter-
" mined by dsDNA quantification. Data were
analyzed by the Krustal-Wallis test, fol-
lowed by Dunn's multiple comparison test
for: a denotes significant differences
jI* compared to PCL meshes produced by
microfluidic-assisted electrospinning, b de-
notes significant differences compared to
PCL + PVA fibrous meshes processed by
microfluidic-assisted electrospinning, ¢ de-
notes significant differences compared to
PCL + PVA meshes created with coaxial
electrospinning, d denotes significant dif-
ferences compared to PCL fibrous meshes
processed with microfluidic-assisted elec-
trospinning with encapsulated MTX, e de-
notes significant differences compared to
PCL fibrous meshes processed by coaxial
electrospinning with encapsulated MTX, f
denotes significant differences compared to
PCL and PVA fibrous meshes processed by
microfluidic-assisted electrospinning with
encapsulated MTX and anti-TNF-a antibody,
g denotes significant differences compared

Day

to PCL and PVA fibrous meshes processed by coaxial electrospinning with encapsulated MTX and anti-TNF-a antibody, and j denotes significant differences between
THP-1 conditioned medium. Statistical differences: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. The data is expressed as median =+ interquartile range.
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fibrous meshes processed by coaxial electrospinning and with both free
drugs. In the last-mentioned condition, the DNA concentration was also
significative lower than PCL + PVA control meshes processed by
microfluidic-assisted electrospinning (p < 0.05). In addition, THP-1
conditioned medium displayed significative higher mitogenic activity
than free MTX (p < 0.0001). Cell proliferation at day 3 displayed a
significant increase when comparing PCL + MTX PVA + anti-TNFa
antibody fibrous meshes processed by microfluidic-assisted electro-
spinning (p < 0.05, p < 0.01 and p < 0.0001), and THP-1 conditioned
medium (p < 0.05,p < 0.001, andp < 0.0001) with PCL + MTX fibrous
meshes processed by coaxial electrospinning and with free drugs.
Furthermore, the DNA concentrations in the control free drugs were
significantly lower than the ones obtained for PCL (p < 0.001), PCL +
PVA (p < 0.01), and PCL + MTX (p < 0.0001) fibrous meshes processed
by microfluidic-assisted electrospinning, and PCL + PVA (p < 0.001),
PCL + MTX (p < 0.05), and PCL + MTX_PVA + anti-TNFa antibody - (p
< 0.001) fibrous meshes processed by coaxial electrospinning. On the
last day of the experiment, cell proliferation was significantly higher for
PCL + MTX PVA + anti-TNFa antibody fibrous meshes processed by
microfluidic-assisted electrospinning (p < 0.05,p < 0.01, p < 0.0001,
p < 0.0001,p < 0.01,p < 0.0001) and THP-1 conditioned medium (p
< 0.01,p < 0.001, p < 0.0001, p < 0.0001, p < 0.01, p < 0.0001),
when compared to the three controls without drugs, PCL + MTX fibrous
meshes processed by coaxial electrospinning, and both controls with
free drugs. In addition, PCL + MTX_PVA + anti-TNFa antibody coaxial
fibrous meshes (p < 0.05,p < 0.01,p < 0.0001, and p < 0.0001) also
had a significant increase in their mitogenic activity when compared to
the PCL + PVA control conditions, PCL + MTX coaxial meshes, and PCL
+ free MTX PVA + free anti-TNFa antibody meshes. Lastly, PCL + MTX
fibrous meshes processed by microfluidic-assisted electrospinning pre-
sented significatively higher cell proliferation in comparison to PCL +
PVA (p < 0.05), PCL + MTX (p < 0.0001), coaxial meshes, and the
control condition with both free drugs (p < 0.0001).

3.3.2. Bioactivity of released drugs over TNFa and IL-6

The concentrations of IL-6 and TNFapresented in the conditioned
medium of THP-1 cells, upon exposure to the different fibrous meshes, is
represented on Fig. 10.

Looking at the IL-6 concentrations (Fig. 10a), there was a significant
decrease for all the fibrous meshes encapsulating drugs and all the
experiment time points: PCL + MTX (p < 0.01) and PCL + MTX_PVA +
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anti-TNFa antibody (p < 0.0001) processed by microfluidic -assisted
electrospinning; and PCL + MTX (p < 0.01, p < 0.05) and PCL +
MTX_PVA + anti-TNFa (p < 0.05, p < 0.001, and p < 0.01) processed
by coaxial electrospinning, in comparison to the THP-1 conditioned
medium. At day 1, a significant higher reduction of IL-6 concentrations
was also noticed in fibrous meshes of PCL + MTX _PVA + anti-TNF«a
antibody processed by microfluidic-assisted electrospinning, when
compared to the control conditions of PCL + PVA fibrous meshes pro-
cessed by microfluidic (p < 0.05) and coaxial (p < 0.01) electro-
spinning. Regarding the day 3, a significant decrease of the IL-6
concentration was also observed between the PCL + MTX_PVA + anti-
TNFa antibody processed by microfluidic-assisted electrospinning and
the control conditions of PCL microfluidic (p < 0.05) and PCL + PVA
coaxial electrospinning (p < 0.01). Another significant reduction (p <
0.01) of IL-6 concentration was also found between the PCL + MTX_PVA
+ anti-TNFa antibody condition and the PCL + PVA condition, both
processed by coaxial electrospinning. In the last day of the experiment,
significantly lower values of IL-6 concentration were observed when
comparing fibrous meshes of PCL + MTX PVA + anti-TNFa antibody
processed by microfluidic-assisted electrospinning with the control
conditions of coaxial fibers without any drugs (p < 0.001), as well with
free MTX (p < 0.01). This significant decrease was also noticed between
the PCL + MTX fibrous meshes processed by microfluidic-assisted
electrospinning and the control condition PCL + PVA processed by co-
axial electrospinning (p < 0.05). The concentration of TNFa (Fig. 10b) in
the presence of PCL + MTX (p < 0.05), and PCL + MTX_PVA + anti-
TNFa antibody (p < 0.01) fibrous meshes processed by microfluidic-
assisted electrospinning decreased significantly throughout the experi-
ment, in comparison to the THP-1 conditioned medium. A significant
decrease of TNFa concentration was also observed, at days 3 and 7, for
the PCL + MTX fibrous meshes processed by coaxial electrospinning (p
< 0.01 and p < 0.001), respectively, and at day 7 for PCL + MTX_PVA
+ anti-TNFo antibody coaxial fibrous meshes (p < 0.01), in comparison
with the THP-1 conditioned medium. In addition, TNFa concentration
was also significantly lower when comparing the PCL + MTX coaxial
fibrous meshes with free drugs (p < 0.05), at the 7th day of the exper-
iment. It is also important to notice that, in both assays, no statistical
differences were found between all the control conditions along the
time.

a b d* Fig. 10. Concentration of a) IL-6 and b)
(ej:: S el e***  TNF-a in the conditioned medium of THP-1
8- P ar ar 44 (#:* e f* cells, cultured in the presence of the
o [9* ?**** ?**** I * g different fibrous meshes during 7 days. Data
~ & * g g™ =, I l were analyzed by the Krustal-Wallis test,
g f . g L d* I —El l e followed by Dunn's multiple comparison
€ l i o l ’ l [ test for: d denotes significant differences
g 44 l 1 [ II * £ 2 ‘ ” s . compared to PCL fibrous meshes processed
= I I = % ‘ ‘ with microfluidic-assisted electrospinning
A, l l I [ E ] ‘ ‘ 7 ‘ ;l with encapsulated MTX, e denotes signifi-
= I/ ' I; I = Vi A ‘ v R cant differences compared to PCL fibrous
’ ‘ ‘ 7/ ; iﬁ ‘ ‘ ‘ ‘ ‘ ‘ meshes processed by coaxial electro-
04 % r ‘ ‘ r % ‘ r ‘ 04 ‘ r / v r ‘ / . 2 spinning with encapsulated MTX, f denotes
Day 1 Day 3 Day 7 Day 1 Day 3 Day 7 significant differences compared to PCL and
m== PCL Microfluidic-Assisted Electrospinning (Control) PVA  fibrous meshes processed by
PCL+PVA Microfluidic-Assisted Electrospinning (Control) microfluidic-assisted electrospinning with
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encapsulated MTX and anti- TNF-a anti-
body, and g denotes significant differences
compared to PCL and PVA fibrous meshes
processed by coaxial electrospinning with
encapsulated MTX and anti- TNF-a anti-
body. Statistical differences: *p < 0.05, **p
< 0.01, ***p < 0.001, and ****p < 0.0001.
The data is expressed as median + inter-
quartile range.
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4. Discussion

Inflammatory arthritic diseases are responsible for joint weakness
and pain which lead to progressive musculoskeletal disability and
serious mobility limitations [1,30]. There is no cure to these diseases
and the available treatment strategies aim to achieve a low disease ac-
tivity state or possible clinical remission through treatment adjustments.
Nowadays pharmacological therapies using DMARDs [4,31], specially
MTX, are used as gold-standard treatments since they can target
inflammation and hinder cartilage degeneration [5]. This drug can be
also used in combination with biological DMARDs such as tumor ne-
crosis factor (TNF) inhibitors [1,32,33], aiming to optimize the thera-
peutics efficacy over non-target tissues. Despite the advances, a systemic
drug administration of DMARDs is associated with severe side effects
such as nausea, skin reactions, liver (end-stage liver disease), lung
(sores) or gastrointestinal tract (diarrhea, infectious disease of the
mouth or ulcerative stomatitis) problems [34]. Aiming to circumvent
such drawbacks, herein are proposed local controlled dual drug release
systems encapsulating MTX and anti-TNFa antibody, which were pro-
cessed by coaxial and microfluidic-assisted electrospinning. The latest, is
a novel technique that allows a continuous exchange of two working
fluids, instead of presenting a core-shell structure, as the previous drug
release method — coaxial electrospinning.

Prior to drug release and in vitro testing, characterization of con-
ventional, coaxial and microfluidic-assisted electrospun fibrous meshes
was performed in order to confirm the presence and influence of each
polymer used. Concerning the morphology, electrospun fibers had a
random orientation and do not had visible defects, as confirmed by SEM
micrographs. Furthermore, the PCL fibers were thicker than the PVA
ones, since PCL fibers' diameter were mostly between 1 and 1.5 ym,
whereas the diameter of PVA fibers were, in their majority, lower than
0.5 ym. Moreover, the fibrous meshes made of both polymers and pro-
cessed by microfluidic-assisted electrospinning had two distinct pop-
ulations of fibers' diameter. Fluorescence microscopy images of coaxial
fibrous meshes confirmed the presence of an external shell made of PCL
and a smaller inner core made of PVA, fitting perfectly one inside the
other. The fibrous structure processed by microfluidic-assisted electro-
spinning with both polymers was confirmed by the presence of both
green and red fluorescent dyes easily distinguishable from each other.

DSC results corroborate these fluorescence microscopy observations,
since the peaks displayed on the curves and the corresponding values (i.
e. melting and crystallization temperatures) are in agreement with the
ones described in the literature [35-37]. It is also important to notice
that the type of electrospinning technique affected the thermal proper-
ties of the fibrous meshes. The enthalpy of the event is determined by the
integration of the area under the DSC curve peak. PCL fibrous meshes
processed by microfluidic-assisted electrospinning had a small peak area
than the ones processed by conventional or coaxial electrospinning,
despite the similar values of melting and crystallization temperatures.
We assume that the first peaks of Fig. 3b are due to the evaporation of
water that masks the glass transition of the PVA that, according to the
literature, for PVA (87-89% hydrolyzed) is approximately 60 °C [37]. In
addition, the enthalpy of these peaks is very large if compared to the
enthalpy of the melting, meaning that it is associated with a phenome-
non having a large specific enthalpy, as for the water is. Furthermore,
PVA fibrous meshes had a small peak area for microfluidic-assisted
electrospinning regarding their melting phase. These small peak areas
were also corresponding to smaller enthalpy of melting values. When
comparing the DSC from microfluidic and coaxial electrospinning, it can
be observed that the curve of coaxial electrospinning has large peak area
than the ones of microfluidic-assisted electrospinning, resulting in
higher values of melting and crystallization enthalpies. Moreover, after
the immersion of coaxial and microfluidic-assisted electrospinning
fibrous meshes in water, the melting and crystallization tempeartures
were similar, although a little smaller for microfluidic, respectively. No
corresponding peak to water content was observed in the DSC curves,
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which confirm the leaching of PVA, since the obtained curves and
temperature values correspond to the ones of PCL [35].

The uniaxial tensile properties of PCL or PVA fibrous meshes were
found to be significantly different for each electrospinning processing
technique. The PCL fibers presented the lower Elastic Modulus between
all tested conditions, although the other mechanical properties (i.e.
maximum stress, strain at break and at maximum stress) were the
highest, as reported by others [38,39]. Regarding the mechanical
properties of fibrous meshes processed by coaxial or microfluidic-
assisted electrospinning, it was observed a trend to behave similarly to
conventional PCL fibrous meshes. In addition, those fibrous meshes do
not have significant differences between each other, apart from the
maximum stress, that is significantly higher when processed by
microfluidic-assisted electrospinning. Upon PVA leaching, the fibrous
meshes have similar properties to the ones processed with both poly-
mers. This means that, although one of the polymers was leached out,
the fibrous meshes are still able to maintain their integrity, without
losing their mechanical properties. When comparing the Elastic
Modulus of the processed fibrous meshes with the Elastic Modulus of
human tissues, it was found to be within the range of values found for
cartilage tissues (5-15 MPa) [40,41], especially the PCL and PCL + PVA
fibrous meshes (between 5.3 and 20.4 MPa).

After characterizing the different fibrous meshes processed by co-
axial and microfluidic-assisted electrospinning, MTX and anti-TNFa
antibody were encapsulated at concentrations within the range clini-
cally approved for the treatment of inflammatory arthritic diseases. MTX
has proved to be a strong inhibitor of inflammation, inducing a reduc-
tion on the production of several cytokines (such as TNFa and IL-6), as
well as modulating T cell activation [42,43]. Moreover, the combination
of MTX with biological DMARDs, in this case anti-TNFa antibody, has
also been established as an efficient biopharmaceutical strategy for the
treatment of these diseases, since the antibody is capable of blocking
TNF signaling or block the interaction of TNF with their respective re-
ceptors [44], having a synergistic therapeutic effect. Release studies
demonstrated that both microfluidic conditions allowed a higher
released concentration of MTX, when compared to the co-axial elec-
trospinning. The release of higher concentrations of MTX on micro-
fluidic conditions can be explained by the fact that these fibrous meshes
are made of solid fibers, instead of hollow fibers as the ones obtained by
coaxial electrospinning. In fact, microfluidic fibrous meshes of PCL and
PCL + PVA also demonstrated to have a lower diameter than the ones
processed by coaxial, which comprise a higher the surface area to vol-
ume ratio [45]. This emphasizes why microfluidic-assisted electro-
spinning fibrous meshes with encapsulated MTX have a higher drug
release than the coaxial ones [46]. Regarding the anti-TNFa antibody, it
was observed a sustained and linear release into both coaxial (core) and
microfluidic-assisted electrospinning fibrous meshes. Although the
microfluidic systems showed a higher concentration, the antibody
release seems to be retained along time, since its diffusivity is restricted
due to the high molecular weight, as previously reported for other
proteins [19,46,47]. In addition, upon PVA dissolution, there is the
formation of a hydrated gel-like structure around or inside the PCL fi-
bers, which also contributes to the obstruction in the diffusion of
encapsulated drugs, restricting their complete release [48]. In addition,
the proposed system also demonstrated the possibility to encapsulate
and deliver drugs with different solubility behavior. In particular, a drug
soluble in organic solvents with the PCL fiber and a water-soluble drug
with the PVA fiber.

After the successful encapsulation of both drugs into microfluidic
and coaxial electrospun fibrous meshes, their cytotoxicity and efficacy
was tested with hACs and THP-1 cells, respectively. The cytotoxicity
results showed that, in general, the fibrous meshes with the encapsu-
lated drugs have significantly higher hACs metabolic activity, when
compared with the controls without any pharmaceutical agent or even
free drugs. Regarding cell morphology, seeded cells display their normal
round shape when cultured over the different fibrous meshes. Moreover,
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the PCL + MTX_PVA + anti-TNFa antibody fibrous meshes processed by
microfluidic-assisted electrospinning displayed significantly higher GAG
synthesis and hACs proliferation than all the control conditions, namely
the condition with both free drugs. This demonstrates that the proposed
system is not cytotoxic to chondrocytic cells and does not compromise
their normal activity. Most likely, the encapsulated drugs have less side
effects than when administered freely. Therefore, the proposed
controlled dual drug release system represents a safer therapeutic
strategy for the treatment of inflammatory arthritic diseases.

THP-1 cells were also used as an in vitro model of human monocytes
and macrophages capable of simulating an inflammatory environment,
especially after their stimulation with inflammatory activators [49].
Accordingly, the produced fibrous meshes were tested in the presence of
THP-1 cells stimulated with LPS. The efficacy of the proposed controlled
dual drug release system was demonstrated by the significant decrease
in the concentration levels of the pro-inflammatory cytokines TNF and
IL-6 in the conditions where MTX or MTX and anti-TNFa antibody were
encapsulated. A more accentuated decrease in both cytokines' concen-
trations is observed in the fibrous meshes with both pharmaceutical
agents processed by microfluidic-assisted electrospinning.

Altogether, these scientific evidences support the aim of developing a
local controlled dual drug release system which may help to solve some
of the major shortcomings of systemic administration. Particularly,
fibrous meshes processed by microfluidic-assisted electrospinning have
reduced drugs' side effects and maintain their therapeutic concentra-
tions over a longer time [50]. The fibrous meshes with the encapsulated
drugs can be implanted in the body through a minimally invasive sur-
gical joint procedure called arthroscopy. In addition, the implantation of
the fibrous meshes will be fundamental to decrease the inflammation,
due to the release of the pharmaceutical agents that will remain in site
aiming to support, and, ultimately, promote cartilage regeneration.

5. Conclusion

A controlled dual drug release system was herein developed by
encapsulating MTX and anti-TNFa antibody into fibrous meshes pro-
cessed by a novel technique called microfluidic-assisted electrospinning.
Although the fibrous meshes processed by microfluidic and coaxial
electrospinning had distinct morphological characteristics, their uniax-
ial tensile properties are similar to each other. Indeed, their Elastic
Modulus is within the range of human articular cartilage. Accordingly,
hACs were seeded on electrospun fibrous meshes and no cytotoxic effect
was observed. Interestingly, they were able to induce a higher GAGs
synthesis.

Although drug release studies show that MTX and, in particular, anti-
TNFa antibody are not fully released, their efficacy is confirmed by a
significant reduction of TNFa and IL-6 concentrations in conditioned
medium of stimulated THP-1 cells. Particularly, more accentuated de-
creases are shown in the meshes with both pharmaceutical agents pro-
cessed by microfluidic-assisted electrospinning. This strategy also leads
to a longer delivery of the drugs at clinically relevant concentrations,
along with a reduction of side effects. This proves that microfluidic-
assisted electrospinning is a valid alternative to coaxial, for a
controlled release of dual drugs to treat inflammatory arthritic diseases.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.msec.2021.112585.
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