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Abstract: Microfluidic technique has emerged as a promising tool for the production of stable and
monodispersed nanoparticles (NPs). In particular, this work focuses on liposome production by
microfluidics and on factors involved in determining liposome characteristics. Traditional fabrication
techniques for microfluidic devices suffer from several disadvantages, such as multistep processing
and expensive facilities. Three-dimensional printing (3DP) has been revolutionary for microfluidic
device production, boasting facile and low-cost fabrication. In this study, microfluidic devices with
innovative micromixing patterns were developed using fused deposition modelling (FDM) and
liquid crystal display (LCD) printers. To date, this work is the first to study liposome production
using LCD-printed microfluidic devices. The current study deals with 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) liposomes with cholesterol (2:1) prepared using commercial and 3D-printed
microfluidic devices. We evaluated the effect of microfluidic parameters, chip manufacturing,
material, and channel design on liposomal formulation by analysing the size, PDI, and (-potential.
Curcumin exhibits potent anticancer activity and it has been reported that curcumin-loaded liposomes
formulated by microfluidics show enhanced encapsulation efficiency when compared with other
reported systems. In this work, curcumal liposomes were produced using the developed microfluidic
devices and particle sizing, {-potential, encapsulation efficiency, and in vitro release studies were
performed at 37 °C.

Keywords: microfluidics; chip manufacturing; 3D printing; nanoparticles; liposomes; curcumin;
drug delivery; personalised medicine

1. Introduction

Over the past two decades, nanotechnologies have progressed steadily, resulting in
structures, devices, and systems with innovative properties and functions. The application
of nanotechnologies to human health led to promising results in branches of medicine
concerning cancer and neurological, cardiovascular, and infectious diseases, with positive
results also for the development of antiviral vaccines [1,2]. Moreover, several promising
small molecule drugs and genes with issues of stability, solubility, and nonspecific toxicity
can now be delivered using nanocarriers such as micelles, polymeric or liposomal formu-
lations, and nanoemulsions [3,4]. Nanoemulsions have been widely studied for therapy
and imaging and have the potential to be used as theragnostic agents for treating and
monitoring tumours [4,5]. Among the various lipid-based formulations, liposomes have
been extensively studied due to their full biocompatibility, ability to transport and protect
encapsulated substances, improve their solubility, and provide a controlled release [6].
Liposomes are spherical vesicles with particle sizes ranging from 30 nm to several mi-
crometres, consisting of one or more phospholipidic bilayers, which self-enclose in aqueous
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solution [7]. Among drug delivery systems, liposomes represent an advanced technology
for the delivery of active molecules to the site of action, and can transport either aqueous
or lipid drugs, depending on the nature of the drug molecule [7]. In addition, encapsulated
drugs are more bioavailable and are protected from premature degradation and nonspecific
side effects, therefore their toxicity is lower [7]. Thanks to these advantages, liposomes are
promising systems for drug delivery applications.

Liposome properties vary substantially with lipid composition, size, surface charge,
and the method of preparation [8]. Bilayer stability was reported to improve following
the addition of cholesterol, and the concentration of this fatty substance influences the
encapsulation capacity and drug release [9]. Moreover, research conducted on the effects
of cholesterol revealed a concentration-dependent relationship between the addition of
cholesterol and an increase in vesicle size [10]. Vesicle size affects the circulation half-life of
liposomes, and both size and number of bilayers have an influence on the amount of drug
encapsulated in the liposome [7].

One of the conventional methods for producing liposomes is thin-film hydration,
which is simple and widely applicable; however, limitations such as low encapsulation
efficiency, process control, and scalability must be considered [11]. High encapsulation
efficiency is achieved using the reverse-phase evaporation method; however, drawbacks of
encapsulating the compound with an organic solvent include reduced stability of fragile
drugs and the need for sonification [7]. Vesicle size reduction can be obtained also by extru-
sion, passing the liposome suspension through a membrane of defined pore size. Extrusion
is the most efficient nanosizing technique given that it is simple and fast, with limitations
in scaling-up [12]. Overall, the translation from the laboratory to large-scale production
has been one of the major challenges for the success of nanoparticle manufacturing.

More recently, development of microfluidic techniques has addressed the scalability
problem and led to the formulation of liposomes within a confined microenvironment [13].
Microfluidics allows precise control and manipulation of small volumes of fluids in a net-
work of microchannels in contrast to the turbulent flow that occurs at the macroscale, since
microfluidic mixing is not governed by the same laws as mixing at the macroscale [14]. The
main feature of microfluidic techniques is the laminar flow in microchannels that cannot
be achieved in macroscale devices due to a drastically different surface-to-volume ratio
and reduced inertial forces at the microscale [14]. Microfluidic techniques offer advantages
compared with traditional methods in terms of control of nanomaterial characteristics, pro-
cess reproducibility, fast mixing, and high throughput [3,14]. Rapid liposome screening is
achieved, thanks to the effectiveness and easy scalability of the microfluidic technique [15].
In addition, the parallelization, automation, continuous flow, and fast mixing used in
industrial scale production increase the total output and reduce batch variability and
human error, leading to less expensive nanomedicines [16]. Moreover, miniaturization of
the fluidic environment leads to efficient use of materials and excipients [17]. This ability
to reduce solvent use is likely to provide an economical and environmentally friendly
technology [3].

In the application of microfluidics for liposome synthesis in lab-on-a-chip-based
devices, various micromixers have been designed [18]. Altering channel geometry enables
an increase in the contact area and contact time between the reagents involved in the
mixing process. The different channel layouts include microfluidic hydrodynamic focusing
(MHF), and T- or Y-shaped mixers (Figure 1) [18].

In the current study, several microfluidic architectures were designed, consisting of
Y-shaped mixers with different patterns, composed of two inlets and one outlet. A stream
of lipid in alcohol solution and a stream of an aqueous solution flow through the two
different channels. Liposome fabrication is achieved through the intersection of the two
channels, where the two streams combine. Thus, mixing depends on the diffusion process
at the interface between the two liquids, causing the precipitation of the lipids in aqueous
solution to form micelles first, and liposomes after [11]. The spontaneous self-assembly
process of liposomes is achieved at buffer concentrations above the micellar critical concen-
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tration. Above this concentration, the surfactant forms spherical vesicles having at least one
lipid bilayer. The physical and chemical features of liposomes formulated by microfluidics
can be modified by controlling the channel length, solution flow rates, composition, and
environmental factors such as pH and temperature [17]. In conclusion, liposomal formu-
lations produced using microfluidic chips offer advantages compared with conventional
methods, thanks to the properties and dynamics of fluid flow. A scheme of the different
components in a basic microfluidic system is shown in Figure 2.

. /,,
v
. Lipid solution
. Aqueous solution
. Lipid nanoformulation

MHF mixer T- mixer Y- mixer

Figure 1. Schematic representation of liposome formation by MHEF, and through T- and Y-shaped mixers.
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Figure 2. Schematic representation of the components in a microfluidic system. Adapted with permission from Weaver
etal. [19].
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Several methods for producing disposable microfluidic devices have been reported
in the literature [20]. Fabrication based on molding (Figure 3) includes replica molding,
injection molding, and hot embossing [20]. Replica molding is a form of soft lithography
that uses silicon molds with patterned features coated with a photoresist, over which
liquid polydimethylsiloxane (PDMS) is poured and cured [17,18]. Sealing or bonding
the mold with a polymeric or glass slide allows the creation of multilayer 3-dimensional
microfluidic systems [21]. Due to the low cost, fast processing, reusability of the coated
masters, and the possibility to create complex three-dimensional systems, this technology
became a standard in the fabrication of microfluidic devices [21]. Furthermore, PDMS is
a biocompatible polymer suitable for biological and cellular applications; however, the
low compatibility of PDMS with organic solvents limits its use to aqueous solutions [21].
Both injection molding and hot embossing generate high-throughput, inexpensive, and
precise microfluidics [20]. Injection molding consists of injecting a melted thermoplastic
into a heated mold cavity under high pressure at a specific rate and then cooling it below
the material glass transition temperature (Tg) before releasing it from the mold [20,21].
Drawbacks include the material restriction to thermoplastics and the high mold fabrication
costs [20]. Hot embossing is a technique wherein sheets of thermoplastic materials are
patterned against a stamp using pressure and heat, with limitations including its time
consuming nature and the high cost of mold fabrication [20,21].

INJECTION HOT

MOLDING EMBOSSING
¢ Melted thermoplastic

Cure
Peel off PDMS Pressure

Thermal bonding

Bond with a glass slide with heat and pressure

e ZX Thermo-polymer
e Master template
r——— Glassslide
PDMS polymer

Figure 3. An illustration of the fabrication methods currently used in microfluidics: replica molding, injection molding, and

hot embossing.

In recent years, 3D printing (3DP) has emerged as a new technology for the fabrication
of microfluidic chips, building three-dimensional (3D) objects layer-by-layer by converting
a 3D digital model into a physical object [20]. Compared with other fabrication methods,
3DP requires less fabrication time, lower expenditure, and is suitable for multiple uses [22].
Effective approaches that have been used successfully include fused deposition modelling
(FDM) and resin 3DP technologies such as stereolithography (SLA) [23]. FDM is the most
widely used 3DP technology, utilizing a heated nozzle fed with a thermoplastic material
which is extruded and merges onto the previous layer before cooling down to a solid
state [20,24]. FDM technology is inexpensive and widely accessible, and while several
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applications in microfluidics exist, compression stress fractures and limited resolution
for producing microfluidic channels ultimately make FDM an unsuitable method for
microfluidic applications [20]. Resin 3DP includes three different technologies: SLA, digital
light processing (DLP), and liquid crystal display (LCD) [25]. All these technologies build
objects layer-by-layer by photopolymerization of a liquid resin contained in a tank and
cured against a build platform [25]. SLA, invented in the 1980s, is an ideal method of
obtaining objects with clear details due to a laser that induces the polymerization of a
liquid photosensitive resin [24]. While SLA allows for higher resolution and accuracy
when compared with FDM and has the wherewithal to be the ideal method of choice
for microfluidics, there is still room for development and enhancement. Instead of a
single-point laser, DLP uses a digital micromirror device (DMD) that cures an entire layer
simultaneously [24]. Liquid crystal display-based 3D printers use LED lights to cure resin
in a similar way to DLP 3D printers but, instead of projectors and mirrors, they use LEDs
shining through an LCD panel, which acts as a mask blocking off light to the areas that
should not be solidified [25]. By flashing an entire layer at once, both DLP and LCD share
the advantage of a quicker building time than SLA, as this technique does not depend
on the bidimensional size of the object [25]. The current study focuses on the potential
advantages and drawbacks of FDM and LCD printers and on the comparison of these
methods with readymade polymeric chips; to the best of our knowledge, this is the first
time that such a comparison has been made.

After successfully printing the microfluidic chips, they were used to formulate liposo-
mal nanoparticles (NPs). Finally, a drug molecule (curcumin) was used for encapsulation,
and drug release studies were performed. Curcumin is a polyphenol extracted from Cur-
cuma longa with therapeutic effects demonstrated in inflammation, arthritis, metabolic
and neurogenerative diseases, and several cancers [26]. It exhibits its anticancer activity
by targeting different cell signalling pathways. However, undesirable side effects, poor
bioavailability, and low aqueous solubility hinder its application for commercial use [26].
Liposomes have demonstrated potential as carriers in order to overcome the limitations
of curcumin by encapsulating the drug into particles. To the best of our knowledge, only
one study has been conducted on curcumin-loaded liposomes produced by microflu-
idics, and this study used commercial chips with different dimensions and formulation
parameters [27].

The main aim of this preliminary research was to investigate the ability of FDM and
LCD chips to formulate stable particles and to examine, in depth, the influence of factors
such as channel geometry and flow rate on the achievement of controlled particle charac-
teristics. Moreover, this study particularly focused on the formulation and application of
liposomes for the delivery of curcumin.

2. Results
2.1. Chip Design and Printing

Three-dimensional printing is a low-cost technology for manufacturing microfluidic
devices which requires the following four steps:

e  Step 1: creating a 3D design of the master using a computer-aided design (CAD) tool
(e.g., Tinkercad).
Step 2: slicing the CAD design into standard tessellation language (STL) format.
Step 3: processing the STL file with the software of the printer to convert the 3D files
into models (e.g., Ultimaker Cura for FDM 3D printers, Z-SUITE for LCD 3D printers).
e  Step 4: printing the design with the 3D printer [22].

The design of a potential device is key for structure and function of the final mi-
crofluidic device. The 3D-printed microfluidic designs studied in this work are shown in
Figure 4.
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Figure 4. Representation of the 3D-printed microfluidic devices. (a) present 1 mm inlet channels that combine in one central

channel that goes straight to the outlet point (Y shape). The same pattern of channels is designed both with a circular

and squared (a) section. Devices (b) and (c) present 1 mm squared channels with zigzag- and half-moon-shaped channels,

respectively.

Microfluidic device fabrication with FDM-based Ultimaker 2+ using the NinjaFlex
filament is a one-step process for flexible chips, which require less careful handling than
those made from more brittle materials. Print settings were adjusted to reach a compromise
between print quality and printing time. Lowering the infill density to 60% allowed for
a faster printing time while ensuring controlled microscale fluid flow without leaking
channels. Microfluidic devices fabricated with Zortrax Inkspire’s UV LCD technology had
a faster printing time when compared with devices manufactured with FDM technology.
Nevertheless, resin devices require a post-printing process with isopropyl alcohol to clean
out the resin residues.

All the printed devices underwent a syringe test with deionized water. The microflu-
idic channel test setup requires only a syringe pumping water into the two inlets; fluid
flows through the channels and comes out of the outlet. The purpose of the test is to
identify chip imperfections that can lead to channel occlusion or leakage from the surface
of the chip.

Furthermore, the interaction of Zortrax Inkspire’s resin with the solvent used for the
synthesis of NPs was studied. A resin sample was printed and immersed in ethanol. Over
the first three days, the sample lost weight until it reached a plateau corresponding to a
loss of 1%.

2.2. Nanoliposomal Formulations

Liposomes were prepared using a commercial microfluidic device and compared
with those prepared using 3D-printed microfluidic devices (Figure 4). The micromixers
consisted of two stream inlets that merged into a microchannel (an example can be found
in Figure 5).

Typically, a water-miscible organic solvent containing lipids and an aqueous solution
are injected at the inlets [28]. Microfluidic mixing occurs at the intersection of the inlet
channels when the two fluids combine, and lipids form a bilayer surrounding an aqueous
core [28]. Therefore, the mixing process leads to liposome formation by the self-assembling
mechanism [28].

A study by Hamano et al. examined how phosphocholine acyl chain length af-
fects the resulting curcumal liposome formulations and, by comparing DMPC (C14),
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (C16), and 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC) (C18), demonstrated that only DMPC formulations incorporate
curcumin in nanoparticles with a small diameter and a narrow size distribution [27].
Moreover, longer acyl chains enhance molecular interactions and packing while the flex-
ibility of DMPC formulations allows higher curcumin loading and liposomal stability
due to increased curcumin—-DMPC interactions [27]. Therefore, for the reasons mentioned
above, DMPC was finally selected for use in the current study. Phospholipids (DMPC)
were combined with cholesterol at a ratio of 2:1, as it was previously reported that a 2:1
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lipid:cholesterol ratio gives the most stable liposome composition and controlled drug
release of vesicles [29]. Lipids in combination with cholesterol were then dissolved in
ethanol at a concentration of 1 mg/mL. The two chip inlets correspond to the lipid solution
and the aqueous solution (PBS, pH 7.4), and batches were collected from the outlet port.

Aqueous solution

Lipid solution \

Lipid
nanoformulation

Figure 5. Representation of the structure of the commercial microfluidic chip for the lipid nanoformulations.

Applying different flow rate ratios (FRR) between the lipid and the aqueous phases,
and different total flow rates (TFR, the sum of the flow rates of the two inlet solutions)
allows for control of the particle size and stability of the liposomal formulation [19]. By
varying the FRR of the solvent:aqueous phase from 1:1 to 1:3, the final solvent concentra-
tion is reduced, reducing the possibility of particle aggregation; however, since there is
dilution before analysis, in this study changing the FRR did not significantly affect the
vesicle size (data not included). An FRR of 1:1 (organic:aqueous phase) was therefore
selected, and liposome features were investigated at TFRs of 1 and 3 mL min~!. Liposomes
prepared at TFR of 1 mL min~! using a commercial microfluidic device exhibited a size
of 182.96 £ 23.56 nm, with a polydispersity index (PDI) of ~0.224 and (-potential and
mobility measurements of —8.77 £ 3.48 mV and —0.68 &£ 0.27 pmcm/ Vs, respectively.
Liposomes prepared at TFR of 3 mL min~! exhibited a size of 231.29 4 39.63 nm with a
PDI of ~0.204, ¢-potential of —9.46 £ 2.04 mV, and mobility of —0.74 £ 0.16 pmcm/Vs.
Liposomes were also prepared using circular Y-shaped, square Y-shaped, zigzag-shaped,
and half-moon-shaped chips fabricated with FDM and LCD printers. Mean particle size,
PDI, {-potential, and mobility were measured (Table 1) and results in terms of particle size
and TFR are shown in Figure 6.

Liposome characteristics such as particle size and surface charge influence the blood
circulation time and consequently also the passive targeting capacity of liposomes [30]. For
example, 450-500 nm liposomes have higher reticuloendothelial system-mediated blood
clearance rates than smaller ones; moreover, extremely small particles (less than 5.5 nm) are
easily eliminated through kidney filtration [30]. Furthermore, in vivo studies demonstrated
that the surface charge of liposomes influences cellular uptake and blood distribution [31].
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Table 1. Mean particle size, polydispersity index (PDI), ¢-potential, and mobility of liposomes
prepared using circular Y-shaped, square Y-shaped, zigzag-shaped, and half-moon-shaped chips
(a) fabricated by LCD printer using TFR of 1 mL min~!, (b) fabricated by LCD printer using TFR of
3 mL min~!, (c) fabricated by FDM printer using TFR of 1 mL min~!, and (d) fabricated by FDM

printer using TFR of 3 mL min~ 1.

. Mean Diameter (-Potential Mobility

Chip Shape (nm) PDI (@mV) (umem/Vs)

Circular Y 287.99 £ 29.72 0.259 —8.64 +2.63 —0.67 +0.20
(@) Square Y 251.14 £ 16.94 0.241 —-593+219 —046+0.17
a Zigzag 210.46 + 54.06 0.268 -1011+215 —-0.79 £0.17
Half-moon 193.42 +19.41 0.249 —-9.81 £330 —0.77 +0.26

Circular Y 224.59 £+ 20.93 0.271 —717 +£234 —0.56 +0.18

(b) Square Y 256.52 + 16.29 0.263 —6.49 £2.03 —0.51+0.16
Zigzag 271.21 +£15.76 0.247 —822+262 —0.64+0.20
Half-moon 250.00 £ 20.99 0.215 —6.53+206 —051+0.16
Circular Y 270.15 £+ 15.48 0.255 —7414+214 —-058 £0.17
© Square Y 217.39 £ 8.74 0.198 —755+246 —0.59 +0.19
Zigzag 236.43 £ 11.62 0.240 —757+282 —059+022
Half-moon 216.17 £ 16.77 0.250 —6.21+1.75 —0.48 £0.14
Circular Y 270.69 £ 16.29 0.277 —495+200 —3.39+0.15
(d) Square Y 364.05 £ 33.42 0.300 —5.18+224 —040=+0.17
Zigzag 218.94 + 16.27 0.263 —6.85+2.66 —0.54+0.21
Half-moon 212.65 £ 13.13 0.259 —554 +2.08 —043+0.16

Circular Y-shaped chip

1 3

TFR (mL/min)

Square Y-shaped chip

1 3

TFR (mL/min)

Particle size (nm)
5 8 8 &8 8
=] =1 o =] =]

o

Zigzag-shaped chip

1 3

TFR (mL/min)

Half-moon-shaped chip

1 3

TFR (mL/min)

55 8
S o °

Particle size (nm)
5
o o

- 8

WLCD mFDM

Figure 6. Mean particle size of DMPC liposome formulations prepared using circular Y-shaped, square Y-shaped, zigzag-

shaped, and half-moon-shaped chips at TFRs of 1 and 3 mL min~'.

Curcumin-loaded liposomes were also prepared using circular Y-shaped, square Y-
shaped, zigzag-shaped, and half-moon-shaped chips fabricated by LCD and FDM printers.
Liposomal curcumin was prepared by dissolving curcumin in the lipid phase due to its
poor solubility in water. Five milligrams of DMPC, cholesterol (2.5 mg), and curcumin
(1 mg) were dissolved in 1 mL of ethanol. The organic phase was then injected into the
micromixer to mix with the aqueous phase. A flow rate ratio of 1:1 (organic:aqueous
phase) was selected and liposome features were investigated at TFRs of 1 and 3 mL min .

In drug-loaded liposomes, curcumin is solubilized in the phospholipid bilayer of the
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liposomes since the lipid domain provides a suitable hydrophobic environment. Curcumin
was found to preferentially locate between the lipid chains in DMPC liposomes in previous
fluorescence quenching studies, which proved that the preferable position for curcumin is
along the entire length of the acyl chains as the size of the DMPC tails and the curcumin
molecule are quite similar [32].

Mean particle size, PDI, -potential, and mobility are shown in Table 2, and a compari-
son of liposomes in terms of particle size and TFR is shown in Figure 7.

Table 2. Mean particle size, polydispersity index (PDI), {-potential, and mobility of curcumin-loaded

liposomes prepared using circular Y-shaped, square Y-shaped, zigzag-shaped, and half-moon-shaped
chips (a) fabricated by LCD printer using TFR of 1 mL min~?, (b) fabricated by LCD printer using
TFR of 3 mL min~!, (c) fabricated by FDM printer using TFR of 1 mL min~!, and (d) fabricated by
FDM printer using TFR of 3 mL min~?.

. Mean Diameter C-Potential Mobility

Chip Shape (am) PDI (mV) (umem/Vs)

Circular Y 249.18 £ 15.39 0.226 —-9.83+459 —0.77 £0.36

(a) Square Y 192.23 + 9.54 0.211 —822+993 —-092+0.31
a Zigzag 199.49 +13.13 0.189 —-8.03+236 —0.63+0.18
Half-moon 207.98 £7.14 0.183 —10.86+223 —0.85+0.17

Circular Y 214.32 +£9.90 0.210 —-9.68 167 —0.76+0.13

(b) Square Y 212.69 £ 15.48 0.166 —-9.95+315 —-0.78+0.25
Zigzag 24441 £ 21.03 0.199 —-527+213 —041+0.17
Half-moon 235.53 £ 13.30 0.168 —6.51+374 —051+0.29
Circular Y 189.81 + 14.64 0.318 —10.63+3.38 —0.83 £0.26
© Square Y 196.64 + 14.72 0.176 —8.85+262 —0.69+0.20
Zigzag 22425 +7.03 0.124 —11214+277 —0.874+0.22
Half-moon 186.91 + 9.45 0.195 —443+220 —035+0.17
Circular Y 243.77 £ 28.00 0.239 —13.07+£320 —1.02+£0.25
d) Square Y 222.84 £25.26 0.152 —6.45+321 —0.50£0.25
Zigzag 220.32 £ 16.26 0.186 —8.68 +£2.69 —0.68+£0.21
Half-moon 217.88 £ 35.10 0.225 —-572+229 —045+0.18

Circular Y-shaped chip

1 3

TFR (mL/min)

Zigzag-shaped chip

1 3

TFR (mL/min)

8 L8
s & &

5
S

Particle size (nm)
s 88

=
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5k g
S o °

=
15}
=

Particle size (nm)
@ &
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o

1 3

TFR (mL/min)

Half-moon-shaped chip
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o

= 8
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E .
1 3
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Figure 7. Mean particle size of curcumin-loaded liposomes prepared using circular Y-shaped, square Y-shaped, zigzag-

shaped, and half-moon-shaped chips at TFRs of 1 and 3 mL min .
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2.3. Encapsulation Efficiency and In Vitro Release Studies

Dynamic dialysis is the first method of choice for the determination of release ki-
netics from NPs; therefore, drug release in the current study was investigated using this
method [33]. Drug release in the receiver compartment requires two steps: first, release of
the drug from the liposomes into the dialysis chamber; and second, diffusion through the
dialysis membrane [33]. Curcumin-loaded liposomes were prepared using square Y-shaped
and half-moon-shaped chips fabricated by LCD printer. To the best of our knowledge, this
paper is the first to study liposome production using LCD-printed microfluidic devices. As
previously reported in the literature, both the size and PDI of the resulting formulations
decreased when the ratio of the organic:aqueous phase was decreased from 1:1 to 1:3;
therefore, an FRR of 1:3 (organic:aqueous phase) was selected in order to achieve smaller
particles, while the TFR was set at 1 mL min~! [27]. This trend is due to the enhanced
levels of hydrophobic interactions between the organic and aqueous phases, causing an
entropic tendency for liposomes to form. Three repeats were conducted for each liposome
suspension. When the curcumin concentration in the dialysis bag outer compartment
was analysed after 1 h of incubation using a UV-vis spectrophotometer, no peak was
detected, indicating that the encapsulation efficiency was approximately 99.9%. Since
the concentration of encapsulated curcumin was impressively high after 1 h, nanocarrier
reversible bonds with curcumin were hypothesized. It has been reported that there is direct
competition between curcumin and cholesterol for lipid binding, however, cholesterol
interaction with DMPC acyl chains is stronger than curcumin-DMPC interaction. Hence,
cholesterol-DMPC interaction increases over time as the most stable product is formed
at thermodynamic control [34]. Release profiles of liposomal curcumin in Figure 8 show
an initial burst of drug release from both formulations. This significant enhancement in
release is likely due to free drug reversibly bound with the nanocarrier, resulting in slower
apparent release from the dialysis tube and missed appearance in the receiver compartment
after 1 h. After 6 h, the release of curcumin from both formulations was approximately
20%, followed by a plateau phase. After 7 days, loaded particles formulated using square
Y-shaped and half-moon-shaped chips released 34.80 £ 2.95% and 32.72 + 6.14% of the
curcumin, respectively.

20 40 60 80 100 120 140 160 180
Time /h
—0—Square Y-shaped chip Half-moon-shaped chip

Figure 8. Cumulative curcumin release over time from liposomes formulated by square Y-shaped and half-moon-shaped

chips, with a maximum release of 35%.
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3. Discussion
3.1. Chip Manufacturing

In this work, four innovative micromixing patterns were developed. An FDM-based
printing technique was used since it presents advantages such as the affordability of
the materials and printers required and ease of initial use [35]. The latest photocuring
3DP technique, LCD printing, offers advantages such as affordable printers and good
resolution [36]. Vat polymerisation allows for impressively small flow channel cross
sections, but nevertheless wider channel dimensions were used in this work since it is often
difficult to remove resin from the channels when their width is limited [37]. In addition,
this study demonstrated that the developed microfluidic devices allow for the production
of liposomes comparable in size to those produced using a commercial device. Therefore,
3DP is confirmed to be an effective technique for microfluidic device fabrication.

To the best of our knowledge, this is the first approach to liposome production using
LCD-printed microfluidic devices. Microfluidic device fabrication using LCD printers has
been previously described, although no studies in the literature report on these devices
being applied to NP production [38]. Instead, FDM-printed microfluidic devices have been
used for the synthesis of polymeric and lipidic NPs, but using different chip materials,
channel patterns, and microfluidic parameters [35]. Nevertheless, 3D-printed NinjaFlex-
based microfluidic devices have not previously been realized by FDM printing for liposome
formulation.

3.2. Statistical Analysis: Comparison of Empty Liposomes

In this study, there was no distinct behaviour regarding particle sizing between lipo-
somes manufactured with LCD- or FDM-printed chips, using different channel geometries,
or due to different TFRs—even though the results show that these parameters have an
influence upon particle characteristics (Figure 9).

LCD FDM

TFR 1 mL/min TFR 1 mL/min
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= 300
‘g 250
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Figure 9. Comparison of particle size of DMPC liposome formulations prepared using circular Y-shaped, square Y-shaped,

zigzag-shaped, and half-moon-shaped chips at TFRs of 1 and 3 mL min~".
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Liposomes manufactured using chips fabricated by LCD printer using TFR of 1 mL min !,
due to the relatively high standard deviation of the mean diameter of the liposomes for-
mulated using the zigzag-shaped chip, showed a nonsignificant size difference with those
formulated using square Y-shaped, half-moon-shaped, and commercial chips. Furthermore,
there was a nonsignificant difference between particles achieved using half-moon-shaped
and commercial chips at TFR of 1 mL min~!. Liposomes manufactured using circular
Y-shaped, square Y-shaped, and half-moon-shaped chips showed a statistically significant
difference in particle size between them.

Regarding liposomes manufactured using chips fabricated by LCD printer using TFR
of 3 mL min~!: NPs formulated using square the Y-shaped chip showed no statistically
significant difference with those formulated using zigzag-shaped or half-moon-shaped
chips; liposomes formulated using the other chips showed a statistically significant dif-
ference. Moreover, NPs formulated using the commercial chip showed no statistically
significant difference with those formulated using circular Y-shaped, square Y-shaped, or
half-moon-shaped chips at the same TFR.

Regarding liposomes manufactured using chips fabricated by FDM printer using
TFR of 1 mL min~!: liposomes manufactured using the square Y-shaped chip showed no
statistically significant difference with those formulated using the half-moon-shaped chip;
liposomes formulated using the other chips showed a statistically significant difference
between them and with those formulated with the commercial chip.

Regarding liposomes manufactured using chips fabricated by FDM printer using
TFR of 3 mL min~!: NPs formulated using the zigzag-shaped chip showed no statistically
significant difference with those formulated using the half-moon-shaped chip; NPs formu-
lated with zigzag-shaped and half-moon-shaped chips showed a nonsignificant difference
with those formulated with the commercial chip; liposomes formulated using the other
chips showed a statistically significant difference.

The results showed a similar trend for mean particle size of liposomes manufactured
using FDM printed chips at TFRs of 1 and 3 mL min~—!, except for liposomes manufactured
with the square Y-shaped chip. In this case, as the TFR increased from 1 to 3 mL min~!, an
alteration in the particle size of liposomes manufactured using LCD chips was seen.

3.3. Formulation of Curcumin-Loaded Liposomes

Curcumin-loaded liposomes achieved with different chip designs, chip manufacturing
techniques, and TFRs differed in size from empty liposomes (Figure 10 and Table 3). In
particular:

e  Liposomes manufactured using chips fabricated by LCD printer using TFR of 1 mL min~!
showed no statistically significant difference between zigzag-shaped and square Y-
shaped chips, or between zigzag-shaped and half-moon-shaped chips;

e  Liposomes manufactured using chips fabricated by LCD printer using TFR of 3 mL min~!
showed no statistically significant difference between circular and square Y-shaped
chips, or between zigzag-shaped and half-moon-shaped chips;

e  Liposomes manufactured using chips fabricated by FDM printer using TFR of 1 mL min~!
using the zigzag-shaped chip are significantly different in size from those formulated
with the other chips;

e  Liposomes manufactured using chips fabricated by FDM printer using TFR of 3 mL min~!
showed no statistically significant difference between different chip designs.

Enhanced homogeneity in particle size was achieved in curcumin-loaded liposomes
manufactured using different TFRs and microfluidic devices. Thus, in many cases, changing
the combination of the parameters did not result in statistically different liposomes.
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Figure 10. Comparison of particle size of curcumin-loaded liposomes prepared using circular Y-shaped, square Y-shaped,

zigzag-shaped, and half-moon-shaped chips at TFRs of 1 and 3 mL min—1.

Table 3. Values tabulated are two-tailed p-values calculated from mean sizes of curcumal liposomes
formulated with the developed chips using LCD and FDM printers at TFRs of 1 and 3 mL min~!.

LCD FDM

Chip Design TFR TFR TFR TFR
1mLmin~! 3mLmin~! 1mLmin~! 3mLmin1

Circular Y-shaped-Square Y-shaped 0.003 0.794 0.339 0.116

Circular Y-shaped-Zigzag-shaped 0.012 0.002 0.029 0.049

Circular Y-shaped-Half-moon-shaped 0.009 0.002 0.626 0.104

Square Y-shaped-Zigzag-shaped 0.201 0.004 >0.000 0.805

Square Y-shaped-Half-moon-shaped 0.001 0.004 0.118 0.736

Zigzag-shaped-Half-moon-shaped 0.113 0.303 0.001 0.853

3.4. Encapsulation Efficiency and In Vitro Release

The encapsulation efficiency achieved for curcumin-loaded liposomes formulated
using the microfluidic method was approximately 99.9% for the two formulations. Only
one study was previously conducted regarding curcumin-loaded liposomes formulated
by microfluidics, which provided lower loading capacity (~94%) using a commercial chip
with different dimensions [27]. This work disclosed the first curcumin formulation with
enhanced encapsulation efficiency; this was achieved using square Y-shaped and half-
moon-shaped chips and different methods and experimental conditions than the study
performed by Hamano et al. [27].

The release profile graph (Figure 8) shows a similar release profile for both formula-
tions, with curcumin leakage after 48 h of 31.99% = 3.20%, using the square Y-shaped chip,
and of 28.33% =+ 4.86%, using the half-moon-shaped chip. Thus, this alteration of the pat-
tern of the chip channels did not significantly influence the release profile of the lipid or the
drug in question; nevertheless, the square Y-shaped chip generated more homogeneously
dispersed particles. Previous studies achieved a higher release (approximately 50% after
4 h) using a different release method and operative parameters [27].
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4. Materials and Methods
4.1. Materials

The synthetic lipid (Figure 11) 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
cholesterol, tablets of phosphate-buffered saline (PBS, pH 7.4), isopropyl alcohol, and
ethanol >99.8% were all obtained from Sigma-Aldrich (Steinheim, Germany). Curcumin
was acquired from TCI. NinjaFlex thermoplastic polyurethane (TPU) filament was obtained
from iDig3Dprinting and Zortrax photopolymer resin white/ivory from Zortrax store.
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Chemical structures of (a) 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), (b) cholesterol, and

4.2. Manufacturing of 3D-Printed Chips

Microfluidic devices were fabricated using Ultimaker 2+ FDM printer and UV LCD
technology-based Zortrax Inkspire.

Ultimaker 2+ has a glass build plate with a 230 x 225 x 205 mm build space and a
0.8 mm nozzle diameter. The published literature on FDM printing polymers highlights
the different mechanical properties of stiff and flexible polymers [39]. Stress-strain curves
indicate that polymers such as PLA have a traditional deformation profile, while polymers
such as NinjaFlex TPU filament exhibit an elastomeric behaviour [39]. The NinjaFlex
filament was used in this study as a material for the printing since it is more flexible, and
consequently less breakable, compared with polymers that follow the typical tensile curve.
Prior to initiating device printing, the material was preheated, and an initial layer outline
was created. Once the process starts, consecutive layers are deposited onto the preceding
ones. The layer thickness depends on the quality required.

Zortrax Inkspire uses a resin-based technology. The material used is the white/ivory
photopolymer resin from the basic resin series developed to work with the Zortrax Inkspire.
This resin is acrylate-based and solid layers are built, involving photopolymerization of
acrylate monomers by the free radical mechanism. The UV LCD technology in Zortrax
Inkspire allows for the curing of an entire layer of the model at once, and the device is
printed layer by layer. Each layer is supported by either the platform, the previous layer,
or support elements. Extra support elements and optimal orientation of the model and
the supports can be adjusted with the Z-SUITE software in the processing stage. The STL
model is then sliced into layers, and sent to the printer. After printing is complete, resin 3D
prints require a postprocessing stage consisting of the removal of the support elements and
the rinsing of the device with isopropyl alcohol in order to remove the liquid resin from
the model.

4.3. Preparation of Liposomes by Microfluidics

Liposomes were prepared using a readymade microfluidic micromixer and 3D-printed
microfluidic devices (Figure 4) connected to the Dolomite Microfluidic System. The com-
mercial cartridge is 52 mm thick and 36 mm high with molded channels 300 um in width
and 130 pm in height with a staggered herringbone structure. To note, the cartridge
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channels for the commercial chip are smaller (1/3) with respect to the ones manufactured
by 3DP. As previously mentioned in Section 2.2, phospholipids (DMPC) combined with
cholesterol at a ratio of 2:1 were dissolved in ethanol at a concentration of 1 mg/mL.

Fluids were delivered into the chip using two pressure pumps with respective fluidic
connections in fluorinated ethylene propylene (PEF) of outside diameter (OD) 1/16 and
inside diameter (ID) 250 um. Flow rate ratio and TFR were controlled using two Mitos
Flow Rate Sensors (0.2-5 mL min~!). The two chip inlets correspond to the lipid solution
and the aqueous solution (PBS, pH 7.4). The liposome batch suspensions were collected
from the outlet port, centrifuged at 14,800 rpm for 30 min in order to separate them from
the supernatant, and rinsed three times with 1 mL of PBS in order to eliminate the organic
solvent.

4.4. Particle Sizing and {-Potential

Liposome size distribution (mean diameter and polydispersity index, PDI) were
evaluated through dynamic light scattering (DLS) analyses performed on a NanoBrook
Omni (Brookhaven Instruments, Holtsville, NY, USA). Prior to the analyses, each sample
was diluted 1:100 with PBS pH 7.4. Formulations were then measured three times at 25 °C
at a fixed angle of 90°. The (-potential was measured using the same instrument through
phase analysis light scattering (PALS) studies.

4.5. Statistical Analysis: Comparison of Empty Liposomes

T-tests were performed in order to find evidence of significant differences in size
between liposomes formulated with different chips; the results are shown in Table 4. The
determination of a statistically significant difference between two means of size values is
reported as a p-value [40]. Typically, if the p-value is below 0.05, the means are considered
significantly different, and the lower the p-value, the greater the evidence that the two
groups’ means are different [40].

Table 4. Values tabulated are two-tailed p-values calculated from mean sizes of liposomes formulated
with commercial and developed chips using LCD and FDM printers at TFRs of 1 and 3 mL min~.

LCD FDM
Chip Design TFR TFR TFR TFR
ImLmin~! 3mLmin~1 1mLmin~1 3mLmin~1
Circular Y-shaped-Square Y-shaped 0.007 0.003 0.008 0.021
Circular Y-shaped-Zigzag-shaped 0.003 0.058 <0.000 0.012
Circular Y-shaped—-Half-moon-shaped 0.004 0.021 0.007 0.004
Square Y-shaped-Zigzag-shaped 0.058 0.070 0.001 0.003
Square Y-shaped-Half-moon-shaped 0.013 0.473 0.849 0.008
Zigzag-shaped-Half-moon-shaped 0.394 0.029 0.010 0.381
Commercial-Circular Y-shaped 0.004 0.662 0.002 0.019
Commercial-Square Y-shaped 0.012 0.106 0.002 0.003
Commercial-Zigzag-shaped 0.189 0.018 0.040 0.406
Commercial-Half-moon-shaped 0.320 0.234 0.004 0.211

4.6. Encapsulation Efficiency and In Vitro Release Studies

Encapsulation efficiency and release studies were conducted on liposomes formulated
using square Y-shaped and half-moon-shaped chips fabricated by LCD printer. Dialysis
tubes (dialysis tubing cellulose membrane, average flat width 10 mm, 0.4 in., MWCO 14000,
Sigma-Aldrich) were sterilized in boiling water for 30 min and rinsed with deionized
water before filling them with the liposome formulations [41]. Aliquots of 1 mL of each
curcumin-loaded liposome suspension were placed into dialysis tubes and both ends were
tied. Due to the very low solubility of curcumin in water (0.6 ug/mL in pure water),
the release medium PBS pH 7.4 was supplemented with methanol (3%) and Tween 80
(0.5% v/v) [42]. Tubes were suspended in 7 mL of releasing medium and incubated at
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37.0 &£ 0.5 °C. After 1 h the release medium was removed, kept for the analysis of the
percentage of unencapsulated curcumin, and replaced with fresh medium pre-equilibrated
at 37.0 £ 0.5 °C. For release studies, a volume of 1 mL of the supernatant was collected
after 30 min and 1, 2, 4, and 6 h, as well as after 5 and 7 days, and replaced with fresh
pre-equilibrated medium.

In order to determine the concentration of unencapsulated and released curcumin,
samples collected were analysed for curcumin concentration using a UV-vis spectropho-
tometer (GENESYS 150, Thermo Scientific). Prior to analysis, a calibration curve of cur-
cumin in ethanol was constructed at the maximum absorbance wavelength of curcumin
(425 nm) [43].

The curcumin concentration at each point was calculated using Equation (1).

ug\ _ Absorbance — 0.0045

Concentration (E) 0.0179 €))
The encapsulation efficiency (%) was calculated using Equation (2).
Ctot — Cf
EE (%) = —— x 100 2
(%) Cot & ©)

where Ctot denotes the total concentration of curcumin in the dialysis tube at t0, on the basis
of theoretical calculation, and Cf is the free drug concentration, given by the concentration
of curcumin not encapsulated.

Release studies were conducted after 30 min and 1, 2, 4, and 6 h, as well as after 5 and
7 days. Given Ct as the concentration released at time t and at each time point, and Ce
as the concentration of curcumin encapsulated, the percentage of cumulative release of
curcumin is given by Equation (3).

100 (©)]

. . t
Cumulative curcumin release (%) = o &
e

4.7. Statistical Analysis

When required, analysis of raw data via methods such as mean calculation or standard
deviation was performed to simplify data for figures and tables. The raw data was obtained
from three formulations of each type and each formulation was analysed three times
respectively; thus, raw data was obtained by nine replicates throughout.

5. Conclusions

In this work, manufactured 3D-printed microfluidic devices were evaluated, and the
developed chips resulted in effective production of lipid NPs.

The microfluidic method was confirmed to be a simple and fast technique for liposome
production. Empty and curcumin-loaded liposomes produced by microfluidics exhibited
desirable size and a uniform size distribution profile.

The results demonstrated that TFR, chip manufacturing, material, and channel design
have an influence on particle formulation. When designing a formulation study; it is of
utmost importance to thoroughly investigate these parameters. In the perspective of scaling
up the liposome manufacturing process using microfluidics, one future goal is to compare
the quality and properties of microfluidic formulations in order to discover the correlation
between the change in the operative parameters and the liposomes’ characteristics.

Moreover, there are limitations associated with the administration of liposomes above
200 nm, such as the removal of liposomes from the body by the mononuclear phagocyte
system (MPS), limiting the targeting potential of NPs [44]. As for future perspectives, opti-
mization of the process parameters may lead to optimization of the particles” dimensions.

Author Contributions: Conceptualization, D.A.L. and G.B.; methodology, D.A.L. and G.B.; software,
G.B. and E.M,; validation, G.B., EW,, and E.M.; formal analysis, G.B., EW., and D.A.L.; resources,



Int. J. Mol. Sci. 2021, 22, 8064 17 of 18

D.AL,; data curation, G.B., EEW,, and E.M.; writing—original draft preparation, G.B.; writing—review
and editing, G.B., EW., EM., RD,, 1.G,, B.C,, and D.A.L,; supervision, B.C. and D.A.L.; funding
acquisition, B.C. and D.A.L. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request due to restrictions.

Acknowledgments: The authors would like to thank the ERASMUS+ programme for the mobile
scholarship to G.B.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bragazzi, N.L. Nanomedicine: Insights from a Bibliometrics-Based Analysis of Emerging Publishing and Research Trends.
Medicina 2019, 55, 785. [CrossRef]

2. Li, Y; Xiao, Y,; Chen, Y,; Huang, K. Nano-based approaches in the development of antiviral agents and vaccines. Life Sci. 2020,
265,118761. [CrossRef]

3. Capretto, L.; Carugo, D.; Mazzitelli, S.; Nastruzzi, C.; Zhang, X. Microfluidic and lab-on-a-chip preparation routes for organic
nanoparticles and vesicular systems for nanomedicine applications. Adv. Drug Deliv. Rev. 2013, 65, 1496-1532. [CrossRef]
[PubMed]

4. Fernandes, D.A; Kolios, M.C. Perfluorocarbon bubbles as photoacoustic signal amplifiers for cancer theranostics. Opt. Mater.
Express 2019, 9, 4532-4544. [CrossRef]

5. Fernandes, D.A.; Kolios, M.C. Intrinsically absorbing photoacoustic and ultrasound contrast agents for cancer therapy and
imaging. Nanotechnology 2018, 29, 505103. [CrossRef] [PubMed]

6. Bi, Y; Xia, H.; Li, L,; Lee, R]; Xie, J.; Liu, Z; Qiu, Z.; Teng, L. Liposomal Vitamin D3 as an Anti-aging Agent for the Skin.
Pharmaceutics 2019, 11, 311. [CrossRef]

7. Akbarzadeh, A ; Rezaei-Sadabady, R.; Davaran, S.; Joo, S.W.; Zarghami, N.; Hanifehpour, Y.; Samiei, M.; Kouhi, M.; Nejati-Koshki,
K. Liposome: Classification, preparation, and applications. Nanoscale Res. Lett. 2013, 8, 102. [CrossRef]

8. Leitgeb, M.; Knez, Z.; Primozi¢, M. Sustainable technologies for liposome preparation. J. Supercrit. Fluids 2020, 165, 104984.
[CrossRef]

9. Pattni, B.S.; Chupin, V.V,; Torchilin, V.P. New Developments in Liposomal Drug Delivery. Chem. Rev. 2015, 105, 10938-10966.
[CrossRef]

10. Loépez-Pinto, ].M.; Gonzalez-Rodriguez, M.L.; Rabasco, A.M. Effect of cholesterol and ethanol on dermal delivery from DPPC
liposomes. Int. J. Pharm. 2005, 298, 1-12. [CrossRef]

11. Delama, A.; Teixiera, M.L; Dorati, R.; Genta, I.; Conti, B.; Lamprou, D.A. Microfluidic encapsulation method to produce stable
liposomes containing iohexol. J. Drug Deliv. Sci. Technol. 2019, 54, 101340. [CrossRef]

12.  Ong, S.G.M.; Chitneni, M.; Lee, K.S.; Ming, L.C.; Yuen, K.H. Evaluation of Extrusion Technique for Nanosizing Liposomes.
Pharmaceutics 2016, 8, 36. [CrossRef]

13. Carugo, D.; Bottaro, E.; Owen, ].; Stride, E.; Nastruzzi, C. Liposome production by microfluidics: Potential and limiting factors.
Sci. Rep. 2016, 6, 25876. [CrossRef] [PubMed]

14. Chiesa, E.; Dorati, R.; Pisani, S.; Conti, B.; Bergamini, G.; Modena, T.; Genta, I. The Microfluidic Technique and the Manufacturing
of Polysaccharide Nanoparticles. Pharmaceutics 2018, 10, 267. [CrossRef]

15. Chiesa, E.; Greco, A.; Dorati, R.; Conti, B.; Bruni, G.; Lamprou, D.A.; Genta, I. Microfluidic-assisted synthesis of multifunctional
iodinated contrast agent polymeric nanoplatforms. Int. J. Pharm. 2021, 599, 120447. [CrossRef] [PubMed]

16. Teixeira, M.I.; Amaral, M.H.; Costa, P.C.; Lopes, C.M.; Lamprou, D.A. Recent Developments in Microfluidic Technologies for
Central Nervous System Targeted Studies. Pharmaceutics 2020, 12, 542. [CrossRef] [PubMed]

17.  Damiati, S.; Kompella, U.B.; Damiati, S.A.; Kodzius, R. Microfluidic Devices for Drug Delivery Systems and Drug Screening.
Genes 2018, 9, 103. [CrossRef] [PubMed]

18. Kastner, E.; Kaur, R.; Lowry, D.; Moghaddam, B.; Wilkinson, A.; Perrie, Y. High-throughput manufacturing of size-tuned
liposomes by a new microfluidics method using enhanced statistical tools for characterization. Int. |. Pharm. 2014, 477, 361-368.
[CrossRef] [PubMed]

19. Weaver, E.; Uddin, S.; Cole, K.C.; Hooker, A.; Lamprou, D.A. The Present and Future Role of Microfluidics for Protein and
Peptide-Based Therapeutics and Diagnostics. Appl. Sci. 2021, 11, 4109. [CrossRef]

20. Gale, BK;;Jafek, A.R.;; Lambert, C.J.; Goenner, B.L.; Moghimifam, H.; Nze, U.C.; Kamarapu, S.K. A Review of Current Methods in

Microfluidic Device Fabrication and Future Commercialization Prospects. Inventions 2018, 3, 60. [CrossRef]


http://doi.org/10.3390/medicina55120785
http://doi.org/10.1016/j.lfs.2020.118761
http://doi.org/10.1016/j.addr.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/23933616
http://doi.org/10.1364/OME.9.004532
http://doi.org/10.1088/1361-6528/aadfbc
http://www.ncbi.nlm.nih.gov/pubmed/30192236
http://doi.org/10.3390/pharmaceutics11070311
http://doi.org/10.1186/1556-276X-8-102
http://doi.org/10.1016/j.supflu.2020.104984
http://doi.org/10.1021/acs.chemrev.5b00046
http://doi.org/10.1016/j.ijpharm.2005.02.021
http://doi.org/10.1016/j.jddst.2019.101340
http://doi.org/10.3390/pharmaceutics8040036
http://doi.org/10.1038/srep25876
http://www.ncbi.nlm.nih.gov/pubmed/27194474
http://doi.org/10.3390/pharmaceutics10040267
http://doi.org/10.1016/j.ijpharm.2021.120447
http://www.ncbi.nlm.nih.gov/pubmed/33676989
http://doi.org/10.3390/pharmaceutics12060542
http://www.ncbi.nlm.nih.gov/pubmed/32545276
http://doi.org/10.3390/genes9020103
http://www.ncbi.nlm.nih.gov/pubmed/29462948
http://doi.org/10.1016/j.ijpharm.2014.10.030
http://www.ncbi.nlm.nih.gov/pubmed/25455778
http://doi.org/10.3390/app11094109
http://doi.org/10.3390/inventions3030060

Int. J. Mol. Sci. 2021, 22, 8064 18 of 18

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

Fiorini, G.S.; Chiu, D.T. Disposable microfluidic devices: Fabrication, function, and application. Biotechniques 2018, 38, 429-446.
[CrossRef] [PubMed]

Tiwari, S.K.; Bhat, S.; Mahato, K.K. Design and Fabrication of Low-cost Microfluidic Channel for Biomedical Application. Sci.
Rep. 2020, 10, 9215. [CrossRef]

Waheed, S.; Cabot, ].M.; Macdonald, N.P,; Lewis, T.; Guijt, R.M.; Paull, B.; Breadmore, M.C. 3D printed microfluidic devices:
Enablers and barriers. Lab. Chip 2016, 16, 1993-2013. [CrossRef] [PubMed]

Weisgrab, G.; Ovsianikov, A.; Costa, P.F. Functional 3D Printing for Microfluidic Chips. Adv. Mater. Technol. 2019, 4, 1900275.
[CrossRef]

LCD vs. DLP 3D Printing: The Differences. Available online: https://all3dp.com/2/lcd-vs-dlp-3d-printing-technologies-
compared/ (accessed on 29 November 2019).

Giordano, A.; Tommonaro, G. Curcumin and Cancer. Nutrients 2019, 11, 2376. [CrossRef]

Hamano, N.; Bottger, R.; Lee, S.E.; Yang, Y.; Kulkarni, J.A ; Ip, S.; Cullis, P.R.; Li, S.-D. Robust Microfluidic Technology and New
Lipid Composition for Fabrication of Curcumin-Loaded Liposomes: Effect on the Anticancer Activity and Safety of Cisplatin.
Mol. Pharm. 2019, 16, 3957-3967. [CrossRef]

Kotoucek, ].; Hubatka, F.; Masek, J.; Kulich, P; Velinska, K.; Bezdékovd, J.; Fojtikova, M.; Bartheldyov4, E.; Tomeckova, A.; Strdska,
J.; et al. Preparation of nanoliposomes by microfluidic mixing in herring-bone channel and the role of membrane fluidity in
liposomes formation. Sci. Rep. 2020, 10, 5595. [CrossRef] [PubMed]

Briuglia, M.-L.; Rotella, C.; McFarlane, A.; Lamprou, D.A. Influence of cholesterol on liposome stability and on in vitro drug
release. Drug Deliv. Transl. Res. 2015, 5, 231-242. [CrossRef] [PubMed]

Ren, H.; He, Y,; Liang, J.; Cheng, Z.; Zhang, M.; Zhu, Y.; Hong, C.; Qui, J.; Xu, X.; Wang, J. Role of Liposome Size, Surface Charge,
and PEGylation on Rheumatoid Arthritis Targeting Therapy. ACS Appl. Mater. Interfaces 2019, 11, 20304-20315. [CrossRef]

He, C.; Hu, Y,; Yin, L.; Tang, C.; Yin, C. Effects of particle size and surface charge on cellular uptake and biodistribution of
polymeric nanoparticles. Biomaterials 2010, 31, 3657-3666. [CrossRef]

Khoury, E.E.; Patra, D. Length of hydrocarbon chain influences location of curcumin in liposomes: Curcumin as a molecular
probe to study ethanol induced interdigitation of liposomes. . Photochem. Photobiol. B Biol. 2016, 158, 49-54. [CrossRef]

Niu, Y.; Wang, X.; Chai, S.; Chen, Z.; An, X.; Shen, W. Effects of Curcumin Concentration and Temperature on the Spectroscopic
Properties of Liposomal Curcumin. J. Agric. Food Chem. 2012, 60, 1865-1870. [CrossRef]

Kotenkov, S.A.; Gnezdilov, O.1; Khaliullina, A.V.; Antzutkin, O.N.; Gimatdinov, R.S.; Filippov, A.V. Effect of Cholesterol and
Curcumin on Ordering of DMPC Bilayers. Appl. Magn. Reson. 2019, 50, 511-520. [CrossRef]

Tiboni, M.; Tiboni, M.; Pierro, A.; Del Papa, M.; Sparaventi, S.; Cespi, M.; Casettari, L. Microfluidics for nanomedicines
manufacturing: An affordable and low-cost 3D printing approach. Int. |. Pharm. 2021, 599, 120464. [CrossRef]

Quan, H.; Zhang, T,; Xu, H.; Luo, S.; Nie, J.; Zhu, X. Photo-curing 3D printing technique and its challenges. Bioact. Mater. 2020, 5,
110-115. [CrossRef]

Scott, S.M.; Ali, Z. Fabrication Methods for Microfluidic Devices: An Overview. Micromachines 2021, 12, 319. [CrossRef] [PubMed]
Mohamed, M.G.A.; Kumar, H.; Wang, Z.; Martin, N.; Mills, B.; Kim, K. Rapid and Inexpensive Fabrication of Multi-Depth
Microfluidic Device using High-Resolution LCD Stereolithographic 3D Printing. J. Manuf. Mater. Process. 2019, 3, 26. [CrossRef]
Pitaru, A.A.; Lacombe, ].-G.; Cooke, M.E.; Beckman, L.; Steffen, T.; Weber, M.H.; Martineau, P.A.; Rosenzweig, D.H. Investigating
Commercial Filaments for 3D Printing of Stiff and Elastic Constructs with Ligament-Like Mechanics. Micromachines 2020, 11, 846.
[CrossRef] [PubMed]

Statistical Comparison of Two Groups. A9 Copyright TexaSoft. 2013. Available online: https://www.texasoft.com/tutorial-
statistics-compare-2-groups.htm (accessed on 27 July 2021).

Modj, S.; Anderson, B.D. Determination of drug release kinetics from nanoparticles: Overcoming pitfalls of the dynamic dialysis
method. Mol. Pharm. 2013, 10, 3076-3089. [CrossRef]

Guimaraes Sa Correia, M.; Bruglia, M.L.; Niosi, F.; Lamprou, D.A. Microfluidic manufacturing of phospholipid nanoparticles:
Stability, encapsulation efficacy, and drug release. Int. . Pharm. 2017, 516, 91-99. [CrossRef] [PubMed]

Lee, M.]; Kim, S.E,; Park, J.; Ahn, G.Y; Yun, T.H.; Choi, I.; Kim, H.-J.; Choi, S.-W. Curcumin-loaded biodegradable polyurethane
scaffolds modified with gelatin using 3D printing technology for cartilage tissue engineering. Polym. Adv. Technol. 2019, 30,
3083-3090. [CrossRef]

Inglut, C.T.; Sorrin, A.J.; Kuruppu, T,; Vig, S.; Cicalo, J.; Ahmad, H.; Huang, H.-C. Immunological and Toxicological Considerations
for the Design of Liposomes. Nanomaterials 2020, 10, 190. [CrossRef] [PubMed]


http://doi.org/10.2144/05383RV02
http://www.ncbi.nlm.nih.gov/pubmed/15786809
http://doi.org/10.1038/s41598-020-65995-x
http://doi.org/10.1039/C6LC00284F
http://www.ncbi.nlm.nih.gov/pubmed/27146365
http://doi.org/10.1002/admt.201900275
https://all3dp.com/2/lcd-vs-dlp-3d-printing-technologies-compared/
https://all3dp.com/2/lcd-vs-dlp-3d-printing-technologies-compared/
http://doi.org/10.3390/nu11102376
http://doi.org/10.1021/acs.molpharmaceut.9b00583
http://doi.org/10.1038/s41598-020-62500-2
http://www.ncbi.nlm.nih.gov/pubmed/32221374
http://doi.org/10.1007/s13346-015-0220-8
http://www.ncbi.nlm.nih.gov/pubmed/25787731
http://doi.org/10.1021/acsami.8b22693
http://doi.org/10.1016/j.biomaterials.2010.01.065
http://doi.org/10.1016/j.jphotobiol.2016.02.022
http://doi.org/10.1021/jf204867v
http://doi.org/10.1007/s00723-018-1102-2
http://doi.org/10.1016/j.ijpharm.2021.120464
http://doi.org/10.1016/j.bioactmat.2019.12.003
http://doi.org/10.3390/mi12030319
http://www.ncbi.nlm.nih.gov/pubmed/33803689
http://doi.org/10.3390/jmmp3010026
http://doi.org/10.3390/mi11090846
http://www.ncbi.nlm.nih.gov/pubmed/32933035
https://www.texasoft.com/tutorial-statistics-compare-2-groups.htm
https://www.texasoft.com/tutorial-statistics-compare-2-groups.htm
http://doi.org/10.1021/mp400154a
http://doi.org/10.1016/j.ijpharm.2016.11.025
http://www.ncbi.nlm.nih.gov/pubmed/27840162
http://doi.org/10.1002/pat.4740
http://doi.org/10.3390/nano10020190
http://www.ncbi.nlm.nih.gov/pubmed/31978968

	Introduction 
	Results 
	Chip Design and Printing 
	Nanoliposomal Formulations 
	Encapsulation Efficiency and In Vitro Release Studies 

	Discussion 
	Chip Manufacturing 
	Statistical Analysis: Comparison of Empty Liposomes 
	Formulation of Curcumin-Loaded Liposomes 
	Encapsulation Efficiency and In Vitro Release 

	Materials and Methods 
	Materials 
	Manufacturing of 3D-Printed Chips 
	Preparation of Liposomes by Microfluidics 
	Particle Sizing and -Potential 
	Statistical Analysis: Comparison of Empty Liposomes 
	Encapsulation Efficiency and In Vitro Release Studies 
	Statistical Analysis 

	Conclusions 
	References

