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ARTICLE INFO ABSTRACT
Keywords: Recent advances in the use of nano- and microparticles in drug delivery, cell therapy, and tissue
Multilayer nanofibrous microparticles engineering have led to increasing attention towards nanostructured microparticulate formula-
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tions for maximum benefit from both nano- and micron sized features. Scalable manufacturing of
monodisperse nanostructured microparticles with tunable size, shape, content, and release rate
remains a big challenge. Current technology, mainly comprises complex multi-step chemical
procedures with limited control over these aspects. Here, we demonstrate a novel technique for
high-yield fabrication of monodisperse monolayer and multilayer nanofibrous microparticles
(MoNami and MuNaMi respectively). The fabrication procedure includes sequential electro-
spinning followed by micro-cutting at room temperature and transfer of particles for collection.
The big advantage of the introduced technique is the potential to apply several polymer-drug
combinations forming multilayer microparticles enjoying extracellular matrix (ECM)-mimicking
architecture with tunable release profile. We demonstrate the fabrication and study the factors
affecting the final three-dimensional structure. A model drug is encapsulated into a three-layer
sheet (PLGA-pullulan-PLGA), and we demonstrate how the release profile changes from burst
to sustain by simply cutting particles out of the electrospun sheet. We believe our fabrication
method offers a unique and facile platform for realizing advanced microparticles for oral drug
delivery applications.

1. Introduction

Oral drug delivery has been recognized as one of the most attractive methods among various delivery routes. Oral dosage forms are
still the gold standard for the treatment and management of chronic and debilitating diseases, such as infections, cancer, neurode-
generative and psychotropic disorders [1]. Ease of administration, potential for applying solid formulations providing sustained de-
livery and long shelf life are key reasons for the significant tendency towards using oral delivery systems. Especially, several
pharmaceutical investigations have focused on developing oral dosage forms for tunable sustained drug release [2,3]. Compared to
conventional single-unit oral dosage forms (e.g. tablets, capsules, films, or liquids [4]), recently, micro- or nanoparticulate dosage
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forms have gained increasing interest for development of novel gastrointestinal drug delivery systems (DDS) [5-7]. The main reason is
that a large number of separate subunits of a specific size are administered per each dose of drug. This characteristic alleviates
challenges such as unpredictable disintegration, nonspecific drug release, or dose dumping which are associated with use of single-unit
forms [8,9]. When comparing micro- and nanoparticles, some superiorities have been reported for nanoparticles. The larger
surface-area-to-volume ratio of nanoparticles can provide a larger surface area for interaction with the mucosal surface and for the
solubilization of drugs. This results in more uniform drug distribution in the gastrointestinal tract (GIT), elevated drug release,
increased residence time of particles in the GIT, as well as higher cellular uptakes [10-13], which altogether leads to increased
bioavailability for the loaded drugs especially for poorly soluble hydrophobic ones [14]. There are, however, some drawbacks asso-
ciated with the use of nanoparticles for oral drug delivery. Premature drug leakage is a major drawback for applications like
colon-targeted drug delivery [15]. In parallel, microparticle DDS have demonstrated advantages over nanoparticle systems for ap-
plications like peptide or insulin delivery. There, microparticulate formulations can enhance peptide stability, improve protection
against enzymatic degradation, and facilitate the handling [16,17]. The above listed characteristics highlight the potential to combine
nano- and microparticulate formulations for maximum benefit from both structures. However, it has been a long-lasting challenge
realizing nano-structured microparticles for biomedical applications. Independently of the fabrication technology that has been
applied, the currently available processes have been unable to provide i) uniform particle size and shape and ii) tuneable multi drug
content. The nano-base in these so-called nanostructured microparticles has either been nanoparticles (NPs) or nanofibers (NFs). For
NPs, an example is the work by Augustine et al. [14] where they developed a nanoparticle-in-microparticle system for enhanced
delivery of hydrophobic drugs in general, along with providing further protection for passage through the stomach. They demonstrated
the potential of this structure to treat HIV, where a significantly increased oral bioavailability of antiretrovirals (ARVs) was observed
[14]. In such systems, the level of porosity is usually low and there is limited control over distribution of NPs inside the microparticles
[18,19]. Regarding NFs, the application of NFs for drug delivery has mostly been limited to electrospun nanofibrous sheets that are
used as dressings [20,21]. There have also been a few cases where NFs are used to make microparticulate formulations. In these works,
the electrospun NFs have been chopped into individual fibrous segments and further mixed with organic solutions to undergo complex
multi-step chemical procedures forming particulate forms [22,23]. Due to several wet-chemical procedures applied
post-electrospinning and the risk of premature drug leakage [22,23], these nanostructured microparticles are not appropriate for drug
delivery, but have shown promising results for cell-delivery applications [22,23]. Furthermore, the original deeply interconnected web
of NFs has been ruined after chopping the NFs. To address this issue, Park and colleagues performed freeze-milling of the original web
of nanofibers, followed by suspension and filtration to collect the nanofibrous microparticles. The issue with this method and another
study where electrospraying was applied to form nanofibrous microspheres [24,25] is the limited control over the final shape,
compactness level and the size of the particles [25].

It is worth noting that electrospinning is the most applied and best suited technique to prepare NFs from a wide selection of
materials for diverse biomedical applications [21,26,27], including smart drug delivery [28,29]. Especially, the sequential electro-
spinning technique allows the users to add various substances or nanomaterials to the electrospinning solution(s) to prepare
application-optimized NFs [21,30,31] presenting characteristics such as lightweight, small fiber diameters, inter-connected porosity
and high surface-to-volume ratio [20,32-36]. Hence, a simple, fast, and reproducible method to fabricate nanostructured micropar-
ticles out of multilayer NFs whilst maintaining the interconnected web inside the microparticles would address the shortcomings of the
current technologies. Apart from chemical-based procedures mentioned above, conventional hot embossing or the refined version
called hot punching [37] and laser micromachining [38-40] could be considered as options for cutting through NFs and to shape
electrospun NFs into micro/nano particles, Whilst the former involves applying high temperatures with the risk of degrading the
encapsulated drug or fusion of fibers, the latter would lead to fiber fusion and non-uniform particle formation as tested by us during
this study as well. Recently, we proposed micromechanical punching for fabrication of polymeric microparticles out of polymeric films
by applying pressure on a Ni stamp at room temperature [41]. In this study, we further developed our technique introducing
“micro-cutting” solely relying on pressure-assisted cutting using custom-made ultrasharp silicon tools on multilayer electrospun NFs.
The main novelty is successful perforation of single and multi-layer stacks of electrospun fibers to define nanostructured microparticles
while preserving the delicate inner structure of the electrospun NFs and protecting the loaded drugs or bioactive agents. A transfer step
after cutting also allows for easy harvesting of the microparticles which are residing inside the concave compartments of the
micro-cutting tools. In one example of a multilayer construct, we used poly (D, r-lactide-co-glycolide) (PLGA) as the external layer and
applied pullulan (Pull) as a sandwiched internal layer. PLGA is known as an appropriate hydrophobic biopolymer for fabrication of
microparticles due to its ability to 1) protect the encapsulated drug against chemical and enzymatic degradation, 2) enhance oral
absorption and 3) control release kinetics [16]. Pull was used as a hydrophilic biopolymer which assists with loading of hydrophilic
drugs. We demonstrated the potential to make monodisperse nanofibrous microparticles out of monolayer and multilayer NFs, as well
as tunable release profiles for advanced oral drug delivery applications.

2. Materials and methods
2.1. Materials

PLGA with a lactide:glycolide ratio 50:50 and molecular weight of Mw = 54,000-69,000 Da was purchased from Sigma-Aldrich
Denmark. Pull (molecular weight ~ 200,000 Da) was kindly donated by Hayashibara Co., Ltd. (Okayama, Japan). Water was puri-

fied using a Milli-QPlus 185 water purification system (Millipore, Bedford, MA) with resistivity higher than 18 MQ cm. Amoxicillin
Trihydrate with the purity of >98 % was purchased from TCI chemicals. Dimethyl formamide (DMF), chloroform, and all other



F. Ajalloueian et al. Heliyon 10 (2024) e30844

reagents were the analytical grades and purchased from Sigma-Aldrich Denmark. 525 pm thick (100) 4” Si (silicon) substrates were
purchased from Topsil GlobalWafers A/S, Frederikssund, Denmark.

2.2. Electrospinning of nanofibrous polymer sheets

To fabricate mono-layer electrospun sheets of Pull or PLGA, the relevant solutions were electrospun onto a stainless steel static
collector using a home-made electrospinning setup. For both Pull and PLGA, polymer solutions were loaded into 1 mL syringes fitted
with a 21-gauge blunt-end needle, and the electrospinning parameters were set at an applied voltage of 12-14 kV, a collection distance
(grounded collector from needle tip) of 15 cm, and an electrospinning solution flow rate of 1.0 mL/h. Electrospinning was performed at
room temperature (25 °C) and at a relative humidity of 35 %. For electrospinning of PLGA, PLGA was dissolved in mixed solvent of
chloroform/DMF [20] (90:10 v/v) with a concentration of 20 % (w/v). For Pull electrospinning, Pull was dissolved in water with
concentration of 20 % w/v as described earlier [42]. To fabricate a multilayer sheet, a three-layer sheet of PLGA-Pull-PLGA was
electrospun using the same setup as mentioned above. First, 0.25 mL of PLGA was electrospun using a solution of 20 % PLGA in mixed
solvent of chloroform/DMF (90:10 v/v), then a layer of Pull 20 % was added (1 mL), and finally the last layer of PLGA was electrospun
on top of the two other layers (0.25 mL). Whilst maintaining the volume ratio of Pull to PLGA as 4:1 per each electrospinning layer,
different volumes of PLGA and Pull were used to manage different final thicknesses of 60, 80 and 150 pm in multilayer electrospun
sheets.

2.3. Design and fabrication of ultra-sharp micro-cutters

The micro-cutting tools were produced by conventional top-down processing of single-side polished, Si substrates. We fabricated
two types of micro-cutters as cylindrical and pyramidal frustums. Initially, to produce cylindrical tools (Fig. 1 (a) — (e)), the Si substrate
was subject to wet thermal oxidation (Tempress horizontal furnace, Vaassen, Netherlands) for growing a 1.1 pm thick SiO; layer. The
resulting oxide layer was masked using conventional UV lithography (MLA100 Tabletop Maskless Aligner, Heidelberg Instruments,
Heidelberg, Germany) in 1.5 pm thick positive resist AZ®5214E (MicroChemicals GmbH, Ulm, Germany). The resist was exposed with
a dose of 90 mJ/cm? @365 nm and developed in AZ® 726 MIF (MicroChemicals GmbH, Ulm, Germany) for 90 s using a single-puddle
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Fig. 1. Pictures, SEM images and topography data pertaining to the two different microfabricated tools. (a) SEM image showing the isolated cy-
lindrical micro-cutters after the final isotropic dry etch. The scale bar corresponds to 40 pm. (b) SEM image acquired at high magnification showing
the immensely sharp cutting edge associated with the top part of the tapered sidewalls. The scale bar corresponds to 3 pm. (c) Picture of the final
silicon substrate which has four square 20 x 20 mm? areas that can be used as tools for micro-cutting. (d) and (e) respectively show 3D topography
image and cross-sectional profile based on the VSI data collected prior to the final isotropic dry etch. (f) SEM image showing the close-packed
inverse pyramidal frustum micro-cutters after the final isotropic dry etch. The scale bar corresponds to 40 pm. (g) High magnification SEM
image showing the smooth surface of the concave compartments and the sharp cutting edge at the top apex of the interconnected sidewalls. The
scale bar corresponds to 2 pm. (h) Picture of the final silicon substrate which has a patterned 50 x 50 mm? area that can be used for micro-cutting.
(i) and (j) 3D topography image and cross-sectional profile based on the VSI data collected prior to the final isotropic dry etch. The measured
compartment base length, depth and sidewall taper angle was 130 pm, 70 pm and 53.7°, respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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approach (Siiss MicroTec Gamma 2 M developer, Garchen, Germany). The resulting resist pattern was transferred to the SiO, layer
using an Advanced Oxide Etcher (AOE, STS MESC Multiplex ICP) with 5 sccm C4Fg, 4 scem Hj and 174 scem He as the reactive gasses.
The chamber pressure during etch was 4 mTorr, the coil|platen power was adjusted to 1300 W|200 W and the platen temperature was
0 °C. This effectively results in an oxide hard mask that can be used for etching deep into the Si substrate. Prior to the Si etching steps,
the resist was stripped using a combination of energetic oxygen plasma in a barrel asher (300 Semi Auto Plasma Processor, PVA TePla
America Inc.) and submersion into 7-up at 80 °C. The 7-up consists of concentrated HySO4 with (NH4)2S20g salt added just prior to
immersion into the solution that effectively strips any remaining traces of resist. The first step in the silicon etching process is a taper
etch performed in an Advanced Silicon Etcher (ASE, STS MESC Multiplex ICP). The etch, that creates a slightly tapered (final taper
angle = 82°) sidewall profile, uses 75 sccm SFg and 60 sccm O with a trace amount of C4Fg (5 scem) added for etching into the silicon.
The taper etch was conducted in continuous mode with a platen temperature of 20 °C which resulted in a modest mask undercut and a
relatively low surface roughness on the tapered sidewalls. The chamber pressure during etch was 40 mTorr and the coil|platen power
was set to 2000 W|15 W. The cylindrical protrusions, constituting the sidewalls, were etched to a depth of approximately 55 pm and
the remaining SiO, mask was stripped in buffered hydrofluoric acid (12 vol% HF with NH4F). Prior to the oxide removal, the wafer was
cleaned using oxygen plasma and a mixture of concentrated H,SO4 and H303 (i.e., Piranha, H3SO4:H204 = 4:1). The tapered sidewalls
were subsequently subject to a dry isotropic etch in the ASE which was performed to reduce surface roughness and ultimately to
increase the sharpness of the cutting edges. The isotropic etch was merely implemented by omitting the passivation step in the Bosch
process which is used for silicon deep etch. The reactive gasses were 230 sccm SFg and 23 sccm O and the substrate temperature was
kept at 20 °C. A manual pressure setting of 87.7 % was used and the coil|platen power was fixed at 2800 W|19 W.

To increase the mechanical robustness of the microfabricated tools and simultaneously increase the number of particles produced
per cutting cycle, a new design was devised and the pyramidal frustum Si tools were fabricated using a combination of wet anisotropic
etching using a SiO3 hard mask and dry isotropic etching (Fig. 1 ()-(j)). Initially, a 1.1 pm thick SiO, layer was grown on a silicon
substrate using wet thermal oxidation. The oxide layer was masked using UV lithography (MLA150 WM I, Maskless Aligner, Hei-
delberg Instruments, Heidelberg, Germany) in 1.5 pm thick positive resist AZ®5214E. In the UV lithography step, automatic flat
alignment was employed, and the resist was exposed using a dose of 75 mJ/cm? @375 nm before developing the exposed resist for 90 s
in AZ® 726 MIF using a single-puddle approach. The underlying SiO, layer was then subject to an AOE dry etch followed by oxygen
plasma and 7-up to remove traces of resist and contaminants (refer to details above). To achieve moderately tapered sidewalls, wet
anisotropic etching of silicon was used. The SiO3 masked substrate was immersed in 28 wt% KOH heated to 80 °C to ramp up the silicon
etching rate. As the anisotropic KOH etch features major differences in the etch rates along different crystal orientations, concave
compartments having an inverse pyramidal frustum shape were produced in the unmasked portions of the silicon substrate. As
described above, the remaining SiO, hard mask was stripped in buffered hydrofluoric acid and the substrate was immersed in 7-up
heated to 80 °C to clean the surface prior to the final isotropic dry etch. In order to sculpt the top portion of the interconnected
sidewalls for provision of sharp cutting edges, a brief isotropic dry etch was carried out on the ASE (refer to details above). This step
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Fig. 2. Schematics illustrating the micro-cutting process (a) and the subsequent transfer step (b). As shown, two similar stacks are used for micro-
cutting and transfer. The aluminum foil, silicon substrate and the flexible PVC foil are used to protect the lower press plate and to ensure a planar
surface during micro-cutting. The polymer foil used on the top of the stacks is to protect both the upper press plate as well as the microfabricated
tool. The Teflon foil used during release of the MuNaMIi is partly to prevent stiction of the mildly adhesive foil to the flexible PVC foil on the silicon
substrate. The inserts in the bottom row on the left side show a SEM image of pyramidal frustum MuNaMi after release (scale bar corresponds to 200
pm) and a picture of the adhesive foil after transfer of close-packed pyramidal frustum MuNaMi. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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effectively results in sidewall tip apex widths in the sub-1 pm regime which is needed for efficiently cutting through the electrospun
sheets. To alleviate potential stiction of the micro-cut particles, the silicon tools were cleaned using oxygen plasma prior to immersion
in piranha solution and deposition of an anti-stiction coating. This coating was deposited using molecular vapor deposition (MVD 100
Molecular Vapor Deposition System, Applied Microstructures Inc., San Jose, CA, USA) where a self-assembled conformal monolayer of
1H,1H,2H,2H-perflourodecyltrichlorosilane (FDTS) is formed on the exposed silicon surface. In a final step, the FDTS-coated silicon
substrates were diced out into suitable square formats (20 x 20 mm? or 25 x 25 mm?) using a conventional wafer dicing saw
(Automatic Dicing Saw DAD 321, Disco Corporation, Tokyo, Japan) equipped with a diamond blade.

2.4. Micro-cutting process

For production of MuNaMi, an industrial hot embosser (Collin Press P300 SV, Collin Lab & Pilot Solutions GmbH, Maitenbeth,
Germany) was used. The hot embosser delivers a planar parallel pressure in the range from 1.5 to 250 bar on a working area of 295 x
295 mm?. The micro-cutting process can be divided into two steps, as schematically shown in Fig. 2, each with a cycle time of
approximately 30 s: i) the actual cutting, where the sharp edges of the microfabricated tool penetrates through the ES and slightly into
the backing material to produce discrete monodisperse microparticles (Fig. 2a) and ii) the transfer of the produced microparticles
(Fig. 2b) from the microfabricated tool onto a 65 pm thick plasticized polyvinylchloride (PVC) foil with a 10 pm thick layer of pressure
sensitive acrylic-based adhesive (Nitto Semiconductor Wafer Tape SWT 20+R, Nitto Denko Corporation, Osaka, Japan). Two similar
stacks are used during cutting and transfer. To protect the lower press plate while simultaneously ensuring a planar and non-rough
surface during cut and release, the stacks comprise a 50 pm thick aluminum foil and a ¢100 mm single-side polished silicon sub-
strate onto which a flexible PVC foil has been attached (same foil as used during release). As backing material, a high quality aluminum
foil (Al foils for thermal imprinting, Obducat Technologies AB, Lund Sweden) with a thickness of approximately 75 pm was used. The
Al foil ensures a minimal degree of strain in a plane perpendicular to the applied force during micro-cutting. This is beneficial in terms
of minimizing potential deformation of the produced MuNaMi. During the transfer cycle, the backing material was substituted with a
150 pm thick Teflon sheet (Polyfluor Plastics, Minervum, Netherlands) which serves as a flexible anti-stick cushion. The adhesive foil is
merely placed on the microstructured surface of the tool and covered by an approximately 100 pm thick polypropylene foil which
serves as a protective cushion between the upper press plate and the microfabricated tool.

2.5. Surface free energy measurement

The surface free energy measurement on the FDTS coated reference sample was carried out by drop shape analysis (DSA30, KRUSS
GmbH, Hamburg, Germany). Based on contact angle measurements on droplets of deionized water (2 pl) and diiodomethane (1 pl) the
surface free energy was evaluated using the Owens, Wendt, Rabel and Kaelble (OWRK) method.

2.6. Drug-loading into nanofibers

Amoxicillin (AMX) was used as a model drug in this study. AMX was loaded into Pull NFs with a concentration of 5 % w/w (weight
of AMX to the weight of polymer), where AMX:Pull is the sandwiched internal layer forming a three-layer construct as mentioned
above. Similar to our previous work [20], for encapsulation of AMX in Pull, AMX was dissolved in water and then Pull was added to the
solution to reach the desired concentration. The 5 % AMX-Pull solution was prepared using a 1 % aqueous suspension of AMX. For
fabrication of drug-loaded MuNaMi constructs, cutting over PLGA-AMX:Pull-PLGA multilayer sheets was performed using a
close-packed pyramidal frustum micro-cutter. The loading dose of AMX in the final particles is therefore 5 % of the Pull relevant mass
or 3.33 % of the total mass of the MuNaMi.

2.7. Invitro release of AMX

The amount of AMX loaded into the MuNaMi and the release kinetics were assessed. Around 2 mg MuNaMi with or without AMX
were loaded into gelatin capsules (Torpac size 9; Fig. 1s). The capsules were coated in a 12 % (w/v) solution of Eudragit L100 in IPA
where dibutyl sebacate was added as plasticizer in a 5 % w/w ratio relative to Eudragit. At the beginning of the experiment, one
capsule was inserted in a cellulose membrane dialysis tubing (MW cut off 12,000 Da), the ends were sealed, and it was placed in a
beaker containing 5 mL of 0.02 M HCI solution with pH 1.7 simulating the acidic conditions present in the stomach. 200 pL samples
were taken after 5, 15, 30 and 60 min and the corresponding volume was replaced each time with fresh 0.02 M HCl solution. Next, the
dialysis bags were transferred into 5 mL phosphate buffer with pH 7.5 simulating the transition to the intestinal environment. 200 pL
samples were taken after 5, 10, 20, 30, 45, 60, 90, 120, 240, 360 min and 24 h and the corresponding volume was replaced each time
with fresh phosphate buffer. All the samples were frozen at —18 °C and stored for HPLC analysis.

2.8. High pressure liquid Chromatography (HPLC) analysis

The samples from the drug release test from PLGA-AMX:Pull-PLGA MuNaMi were analyzed using HPLC. The release data was
compared with the results of AMX release from AMX:Pull monolayer and PLGA-AMX:Pull-PLGA multilayer sheet investigated in our
previous work [20]. Analysis was performed using a reverse-phase C18 column HPLC. Prior to analysis, samples were thawed at room
temperature and well mixed. AMX was analyzed as previously described by Christfort et al. [43] Briefly, the HPLC was run in isocratic
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mode and mobile phases were constituted of : A) 6.8 g/L of potassium phosphate monobasic in deionized water and B) deionized water
with 5 % v/v acetonitrile. The ratio of the mobile phases A:B was 95:5 v/v. Samples were run using a Luna 5 pum C18 100 A, 250 x 4.6
mm column (Phenomenex ApS, Nordic Region, Verlgse, Denmark) at room temperature. The injected volume was 20 pL with a flow
rate of 1 mL/min and a total run time per sample of 10 min. The wavelength selected for measuring absorbance was 230 nm. Two
calibration curves were prepared using a 0.5 mg/mL amoxicillin stock solution dissolved in either 0.02 HCI solution or in phosphate
buffer. The calibration range chosen was between 0.1 pg/mL and 100 pg/mL.

2.9. FTIR analysis of electrospun constructs

Characteristic absorption bands of the electrospun pure nanofibers (Pull and PLGA), powder of AMX, AMX-loaded Pull, and the
layered construct of PLGA-AMX:Pull were determined by Fourier-transform infrared spectroscopy (FTIR). A PerkinElmer Spectrum
100 spectrometer (Waltham, Massachusetts, USA), based on a Universal Attenuated Total Reflectance sensor 125 (UATR-FTIR) was
applied to record the FTIR spectra in the transmission mode over a range of 4000-650 cm ', Automatic signals were recorded in 4
scans, and the spectra were plotted as a function of wavenumber (cm ™).

2.10. Topography and morphological characterization

The topographies of the microfabricated tools were characterized using a combination of optical microscopy (Nikon ECLIPSE 1200,
Tokyo, Japan), vertical scanning interferometry (PLu Neox 3D Optical Profiler, Sensofar Metrology, Terrassa, Spain) and scanning
electron microscopy (SEM, Zeiss Supra 40 VP, Jena, Germany). The morphology of electrospun sheets forming different MuNaMi
constructs were also analyzed using SEM. Samples were mounted on stubs and were coated with a thin layer of platinum to increase
conductivity for SEM imaging.

3. Results and discussion
3.1. Custom-made micro-cutters

The overall aim of this proof-of-concept study was to develop a robust and functional method for cutting microparticles out of
electrospun nanofibrous sheets and ultimately demonstrate the potential use of these particles for oral drug delivery applications. To
the best of our knowledge, there are no previous reports on an efficient and reproducible method for high yield production of such
particles. In order to achieve this goal, initial experiments were conducted applying laser ablation on electrospun constructs, similar to
other works [44,45]. According to investigations, laser ablation can be considered as an effective method to pattern ES with various
thicknesses of 60-120 pm. However, it was not feasible to obtain microparticles with uniform size and complete cutting using the laser
ablation technique with the available tools. To achieve a more robust and reproducible technique, we considered to apply
custom-made Si tools to cut through drug-loaded ES. Taking into account the sensitivity of some drugs/bioactive agents to high
temperature, the aim was to avoid the use of high temperature in this process. Instead, pressure alone was applied as the driving force
during micro-cutting.

To produce substantial amounts of monodisperse MuNaMi by micro-cutting at room temperature, suitable tools were fabricated as
shown in Fig. 1. The tools feature a designed topography consisting of near vertical or tapered sidewalls having ultrasharp cutting
edges with a width (or conversely, radius of curvature) substantially below 1 pm. Essentially, micro-cutting bears resemblance to
conventional mechanical punching in which a matching die and punch set is used for producing e.g. metal or rubber components in an
industrial setting. As presented here, the term micro-cutting is used to describe a process in which the microfabricated tool is pressed
into an ES comprising one or more layers. In the process, which is carried out at room temperature, no counter die is needed. Instead, a
backing material is used. The hardness of the backing material must preferably exceed the hardness of the ES. Conversely, the hardness
should be lower than the hardness associated with the cutting edges of the microfabricated tools. The reduced taper angle associated
with the close-packed compartments causes a continuous increase in the effective contact area between the tool and the sheet which
increases the through-cut force significantly. It is essential to ensure that the cutting edges have penetrated the full thickness of the ES
before terminating the cutting cycle. This was verified by microscopy inspection of the microfabricated tool prior to initiating the
release of particles from the micro-cutting tool. Likewise, during the transfer phase (Fig. 2b), the applied force must be sufficient for
establishing a conformal contact between the adhesive foil and the backside of the MuNaMi. In general, a force of approximately 500
N/cm? was applied for 30 s during transfer. Due to the nanofibrous morphology of the produced MuNaMi and the intrinsically low
surface free energy and surface roughness of the FDTS coated tool, no microparticle adhesion to the microfabricated tool was observed.
The surface free energy of FDTS coated silicon was determined by drop shape analysis on a planar reference sample to be 7.5 mJ/m?,
ensuring that MuNaMi can easily detach from the concave silicon compartments after the mechanical micro-cutting process. After the
transfer cycle, the microparticles could easily be collected from the adhesive foil using a razor blade or a scalpel. It is worth noting that
the frustum pyramid cutting tools were reusable for numerous cutting cycles. For more durability, new micro-cutting tools in other
materials such as metals and/or alloys are being made.

3.2. Fabrication of hemispherical MuNaMi

The cylindrical micro-cutter was applied for fabrication of hemi-spherical microparticles. The isolated cylindrical compartments
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were arranged in a 2D array with a period of 150 pm in both directions. The inner diameter associated with the cutting edge at the top
of the sidewalls was approximately 70 pm and the sidewall taper angle was found to be 82° based on the VSI data. The inner depth, or
conversely the sidewall height, of the cylindrical compartments was found to be 55 pm and the surface roughness of the sidewalls was
kept minimal to impede MuNaMi adhesion related to potential mechanical interlocking after micro-cutting. The cutting edge width
was estimated from SEM images and it was found to be approximately 100 nm which, in combination with the relatively high sidewall
taper angle, ensured a clean cut through the ES. The tools featuring the isolated cylindrical micro-cutters were 20 x 20 mm? which
allowed for simultaneous production of 17689 microparticles in a single cutting cycle. In the micro-cutting step, the sharp cutting
edges of the microfabricated tool promote a localized deformation of the nanofibrous sheet. Cutting occurs when the ultimate fracture
strain is reached, which happens across sharp cutting edges. The required cutting force depends intimately on the ES thickness and
composition as well as the topography of the microfabricated tool. In the current study, the thickness of the ES was similar to or slightly
larger than the concave compartment depth in the tools. In general, a micro-cutting force of approximately 1000 N/cm? or 3600 N/cm?
was needed to obtain through-cuts using the isolated cylindrical compartment tool or the close-packed pyramidal frustum tools
respectively. Fig. 3 shows the procedure of using a cylindrical micro-cutter (Fig. 3a) to cut through a mono-layer of electrospun PLGA
(thickness of 60 pm; Fig. 3b) and the resulting hemi-spherical microparticles. As illustrated in Fig. 3c, MoNaMi are produced leaving
behind a thin perforated ES with a dense 2D array of holes (Fig. 3d). We further tested the feasibility of cutting through different
electrospun layers such as pullulan, silk fibroin and chitosan-PEO monolayers. All resulted in around 100 % yield and full-thickness
cut-out of the nanofibrous microparticles.

With increasing attention towards the use of multilayer nanofibers for potential loading and delivery of different drugs/bioactive
agents [21,27,46,47], we fabricated a three-layer sheet of PLGA-pullulan-PLGA (thickness of 80 pm) and used the ultra-sharp Si cutter
to cut through it. As presented in Fig. 4, MuNaMi with same size and shapes were formed using the cutting procedure. The integration
of different layers using a combination of selected hydrophilic and/or hydrophobic polymers is an advantage to provide the possibility
of loading various types of drugs depending on their solubility, bioavailability and the expected release profile [48,49]. Layered
constructs are gaining more and more attention for tuning the drug release depending on the solubility and thickness of the internal
sandwiched layer. For instance, Milosevic et al. applied a computational model to validate a prolonged drug release from a three--
layered fibrous scaffold (PCL/PLGA/PCL) compared with a monolayer PLGA scaffold. They demonstrated that the three-layer scaffold
delays the drug release process, and can be used in postoperative therapy for the time-controlled release of drugs [47]. In this study we
investigated PLGA and pullulan to achieve a combination of hydrophobic-hydrophilic biopolymers in the layered construct. PLGA is
widely applied in therapeutic formulations due to its biocompatibility and biodegradability, as well as the potential for tailoring a
sustained release of encapsulated hydrophobic drugs. On the other side, the hydrophilic pullulan is an edible polymer which is ideal for
encapsulating hydrophilic drugs or bioactive agents with poor stability. As shown in Fig. 4, we performed a layer-by-layer sequential
electrospinning of PLGA, pullulan and PLGA, respectively, to fabricate three-layer sheet consisting of PLGA-Pullulan-PLGA (Fig. 4a)
with approximate thickness of 10 pm, 60 pm and 10 pm for the different layers. The average diameter was 785 + 423 nm and 282 + 76
nm for PLGA and pullulan nanofibers, respectively. Pressing the ultra-sharp Si tool into the layered sheet (Fig. 4 (b)) formed MuNaMi
(Fig. 4c), where the nanofibers of the top external layer (PLGA fibers shown by arrows in Fig. 4d) extended over the internal layer
(pullulan nanofibers shown by circles in Fig. 4d) and covered the whole internal layer.

3.3. Fabrication of pyramidal frustum MuNaMi

The cylindrical cutting tools applied for fabricating semi-spherical particles represent high yield for the expected particles.
However, to avoid having excess material after micro-cutting while simultaneously increasing the structural robustness of the
microfabricated silicon tools, close-packed inverse pyramidal frustums were used (Fig. 1f). In other words, using this cutter, the entire
ES is cut into particles with no excess material. The design features a regular tessellated array of concave compartments where the
distance between cutting edges was 135 pm. Based on VSI measurements the sidewall taper angle and compartment depth were found

/A

L kN

vawiny
Fig. 3. Representation of applying a cylindrical micro-cutter (a) through a monolayer electrospun PLGA sheet (b), to fabricate hemispherical
monolayer nanofibrous microparticles (c) and leaving behind a thin perforated sheet (d).
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(a) (b)

3 Jayer

2nd Jayer
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Fig. 4. Schematic representation of the multilayer ES fabricated using sequential electrospinning (a), the procedure of cutting through the
multilayer ES using sharp cylindrical micro-cutters (b), the hemispherical MuNaMi cut out of the electrospun layer (c), and the magnified top view
representation of the MuNaMi showing the external fibers (PLGA nanofibers shown by arrows) and the internal thinner fibers (pullulan nanofibers
shown inside circles).

to be 53.7° and 70 pm, respectively. Due to the fact that the compartments were mainly formed during the anisotropic KOH wet etch,
the sidewall surfaces were perfectly smooth and the interconnected cutting edges exhibited widths in the sub-100 nm regime. The tool
for fabricating pyramidal frustum MuNaMi was 25 x 25 mm? which allowed for producing 33856 microparticles per cutting cycle. As
illustrated in Fig. 5, well-oriented rows of MuNaMi were formed (Fig. 5 (a)) by applying the pyramidal frustum micro-cutter (Fig. 5b)
onto a multilayer electrospun PLGA-Pullulan-PLGA sheet with approximate thicknesses of 15 pm, 120 pm and 15 pm for the different
layers respectively. Applying the close-packed tools led to 100 % yield of MuNaMi (Fig. 5¢) which could easily be collected (Fig. 5 (d)).
We also performed FTIR analysis to confirm the presence of AMX into Pull fibers, and represent a typical FTIR spectra of the layered
construct containing all PLGA, Pull and AMX. According to Fig. 6, among typical absorption bands of AMX at 1686 cm ™! and 1519
cm ! (assigned to the amide I and amide II) [50], and other peaks at 1618 cm’l, 1775 cm ! and 3448 cm ™! (attributed to benzene
ring, the vibration of carboxyl group, and the stretching vibration of amino and hydroxyl group in the AMX structure [51,52]), the
AMX peak at 1519 cm ™! (shown inside the blue box) could represent the existence of AMX in Pull fibers, demonstrating a weak van der
Waals interaction between Pull and AMX without formation of any new bonds. It was difficult to see other AMX signals, probably
because some vibration bands of AMX overlapping with those of Pull. It was also shown that in the layered construct making the
MuNaMi, the representing peaks of Pull (grey box), PLGA (orange box) and AMX are demonstrated confirming the chemical presence
of all three components.

3.4. Drug release from pyramidal frustum MuNaMi

Having optimized the cutting procedure, the next step was to introduce a model drug in the MuNaMi and to study the drug release
profile. To investigate how forming nanofibrous electrospun sheets to novel MuNaMi structures affected the drug release, we compared
our previous data of AMX release (under pH 7.5) from a monolayer sheet (AMX:Pull) and also a previous data of AMX release (under
pH 7.5) from multilayer sheet (PLGA-AMX:Pull-PLGA) [20]) with the in vitro release data of the particulate form (MuNaMi). For the
MuNaMi study, the particles were placed in enterically coated capsules and the release was measured under two pHs of 1.7 and 7.5. As
shown in Fig. 7, there was a burst release from the monolayer sheet of AMX:Pull reaching 100 % in less than 10 min (Fig. 7a), and a
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Fig. 5. Pyramidal frustum-shaped microparticles (a) are produced by micro-cutting through a multilayer ES using an ultra-sharp cutting tool (b). An
individual fully cut MuNaMi (c) and the collection of particles (d) are also demonstrated.
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Fig. 6. FT-IR spectra of pure Pull ES, AMX powder, AMX:Pull monolayer ES, layered ES of PLGA-AMX:Pull and pure PLGA ES.

relatively fast release from the multilayer sheet (80 min; Fig. 7 (b)). In comparison, as shown in Fig. 7c, there was no release of AMX
from the MuNaMi under acidic conditions (stomach-like environment) during the first hour (thanks to the enteric coating in this step),
but a sustained release was observed in pH 7.5 simulating the transition to the intestinal environment. The average release after 7 h in
pH 7.5 was around 33 %, and reached around 35 % after 24 h, representing the sustained release of AMX getting dissolved from the
hydrophilic fast-dissolving Pull NFs and passing through the PLGA barrier. The sustained release is usually the preferred form of
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Fig. 7. Representing the role of performing micro-cutting on tuning the release of the model drug (AMX) from different constructs listed as AMX:
Pullulan monolayer sheet (a), PLGA-AMX:Pull-PLGA multilayer sheet (b), and the MuNaMi cut out of the PLGA-AMX:Pull-PLGA multilayer sheet (c).

release in drug delivery applications. The drug release profile shown in Fig. 7c could be high enough to give a rapid onset of the desired
therapeutic response. Then the trend maintains a constant level for the desired duration of time. The huge difference between releases
of AMX from the multilayer constructs in the forms of sheets or particles could be explained by the morphological changes which are
given during cutting procedure (further discussed below) leading to different types of mass transport processes [53]. In the monolayer
construct, the burst release seems to be related to the dissolution of the fast-dissolving polymeric matrix (Pull), followed by dissolution
of the loaded drug (AMX). In the case of the multilayer sheet, the coverage of the hydrophobic PLGA ES seemingly postpones the very
burst release. However, the diffusion of water into the system from open margins leads to the dissolution of the Pull layer and release of
the loaded AMX, where a rather fast release is observed [36,47]. The case of the MuNaMi is however different. In this specific case, the
cutting procedure leads to formation of a core-shell-like structure where the two external PLGA sheet meet each other and play the role
of an extra barrier for both diffusion of water into the system, and subsequently the drug diffusion out of the particles through the web
of porous PLGA NFs. Although a faster release is observed during the first 7 h, the release is more sustained afterwards. This could be
due to the deposition of the dissolved Pull over the PLGA fibers during the out-diffusion, where an extra burden is introduced towards
the AMX drug. We believe that the bulk degradation of the PLGA fibers would lead to increased release of AMX during time. Also,
decreasing the thickness of the PLGA NFs sandwiching the internal drug-loaded layer could assist with a faster release of the drug, if
required. Apparently, in MuNaMi constructs, we face different phases, where defining the slower process per each phase can be
considered as the rate-limiting step, to define the overall release model [53]. More in-depth study on the drug(s) release from MuNaMi

SRR

Fig. 8. The overall appearance of frustum pyramid-shaped PLGA-AMX:Pull-PLGA MuNaMi (a) with a close-up view of the exterior part (b) and
internal cross-section (c). The exterior part consists completely of thicker PLGA fibers (1 represents PLGA), whilst the internal part consists of three
layers of fibers including PLGA (1), Pull (2 represents Pull with finer fibers) and another PLGA (1).
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constructs is under consideration in our next studies.

3.5. Three-dimensional structures and compactness of MuNaMi

We observed that cutting through multilayer sheets of PLGA-Pull-PLGA leads to extension of the external layer (here PLGA) where
the internal layer is covered partially (Fig. 5d; the internal layer is visible) or fully (Fig. 7c). Especially due to different diameters of
PLGA and Pull nanofibers, it was obvious that cutting through the multilayer PLGA-Pull-PLGA with total thickness of 150 pm would
lead to a homogenous 3D construct fully covered by PLGA nanofibers (Fig. 8a). In order to better investigate the coverage introduced
by extension of the surrounding PLGA layer around the Pull layer, we compared the external and internal structures of the MuNaMi. As
illustrated in Fig. 8 (a,b), the external part of the MuNaMi shows the PLGA fibers only, whilst the internal layer (Pull) which is
sandwiched between the external layers is visible only in the internal view (Fig. 8c). In other words, it is the extension of the outer layer
of PLGA around Pull layer that delays the dissolution of the Pull and hinders the diffusion of the dissolution products from the
multilayer particles. This sandwiching of the fast-dissolving Pull layer can explain the sustained release of the AMX from the MuNaMi.
The other explanation that can be considered for the transition from fast to sustained release after cutting the multilayer ES sheet to
MuNaMi is the effect of compression leading to more dense structures wherein the release of trapped drug is postponed resulting in
more sustained release. We further investigated how the initial thickness (height) of the ES, compared to the depth of the compart-
ments in the cutting tool, would affect the final 3D structure and compactness of fibers in the MuNaMi. Due to the mass consistency
between the original electrospun sheet (Fig. 9A) and the particles cut out of the electrospun sheet (Fig. 9B), comparing the corre-
sponding volumes is used to calculate the compactness level. The volume of the original ES which is cut to form a single particle is
calculated according to Eq. (1), where “b” is the length of the base part of the cutting compartment and Hes is the thickness or height of
the original electrospun sheet. The length of the upper part of the frustum pyramid ("a") is calculated to 27 pm, using the data of the
cutting tool as mentioned in the legend of Fig. 1 and according to Eq. (2). The volume of the particle is considered the same as the
cutting tool compartment according to Eq. (3) which is calculated to 4.9 * 10~* mm®. Three different PLGA electrospun sheets with
thicknesses of around 150, 80 and 60 pm were used as the substrate for micro-cutting (Fig. 9C.D). As shown in Fig. 9D, a sharp py-
ramidal frustum shape is obtained when cutting through the thick sheet of 150 pm, whilst cutting through the other two leads to lower
compression, less compactness, and more smooth structures. For the case of using electrospun sheet with original thickness of Hes =
150 pm, the Vg is calculated to 2.5 * 1073 mrn3, and therefore the compactness ratio is around 80 % according to Eq. (4). Likewise, the
compactness of the other two electrospun sheets of PLGA with Hes of 80 and 60 pm (Fig. 9D) is calculated to 64 % and 51 %
respectively. Therefore, starting with ES of different thicknesses compared with the cutting tool is a scalable possibility to form
particles of different compactness and tunable release profile. Similarly, we observed that the cutting procedure using a cylindrical

|

Fig. 9. Formulating MoNaMi constructs of different compactness and porosity depending on the original thickness of the ES (Hes) compared with
the depth of cutting tool (Hp). Schematic demonstration of dimensional changes from an ES (A) to MoNaMi (B) and the relevance to the different
original thicknesses of the ES (C), where final MoNaMi demonstrate increased compactness and sharpness of edges along with increasing the original
thickness of sheets (D).
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cutter on a monolayer ES leads to formation of highly dense structures in the area undergone cutting compared with the highly porous
fibrous structure maintained in the adjacent area (Fig. 3S).

Volume of the ES making one particle : Ve, = (H,b?) (@))]
. . H,
Length of the square in the top part of the particle : a=b — 2 an © 2)
1
Volume of frustum pyramid particle : V,, = 3t (a® +ab+b?) 3)
VP
Compactness = - ) 100 4

4. Conclusion

Oral drug delivery is known as one of the most promising administration routes. Several studies have indicated advantages of
nanostructured microfabricated systems for oral drug delivery. However, there are challenges that restrict these from becoming
commercially available. In other words, several considerations such as 1) applying benign fabrication techniques avoiding destructive
effects on the drugs such as organic solvents and local temperature increases, and 2) providing control over size, sustained delivery,
and potential co-delivery of pharmaceutics should be taken into account. Our introduced micro-cutting technique meets all these
demands thanks to the ultra-sharp custom-made cutting tools and the post transfer mechanical step to release the individual particles,
where no heating or use of organic solvents is included as post-processing. Our MuNaMi constructs not only provide monodisperse
particles (same size, shape and content), but also the possibility of sustained co-delivery of several components, bioactive agents or
microorganisms loaded into different electrospun layers. The potential to tailor the level of compactness of the MuNaMi is a further
advantage to optimize the release profile for drug delivery via other routes, or to apply these particles for dual cell-drug delivery where
the nanofibrous structure of the particles serves as a platform for enhanced cell adhesion and proliferation besides the release of one or
more active pharmaceutical ingredients.
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