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Abstract

In recent years, several studies have shown that the use of solid lipid nanoparticles (SLN) as a
colloidal drug delivery system was more advantageous than lipid emulsions, liposomes and polymeric
nanoparticles. SLNs have numerous advantages of different nanosystems and rule out many of their
drawbacks. Despite the numerous advantages of SLNs, translation from the preclinical formulation
to the industrial scale-up is limited. In order to provide a reproducible and reliable method of
producing nanoparticles, and thus, obtain an industrial scale-up, several methods of synthesis of
nanoparticles by microfluidic have been developed. Microfluidic technique allows a good control and
a continuous online synthesis of nanosystems compared to synthesis in bulk, leading to a narrow size
distribution, high batch-to-batch reproducibility, as well as to the industrial scale-up feasibility. This
work described the optimization process to produce SLNs by microfluidics. The SLNs produced by
microfluidics were characterized by complementary optical and morphological techniques and
compared with those produced by bulk method. SLNs were loaded with paclitaxel and sorafenib, used
as model drugs. The anti-cancer efficiency of the SLNs formulation was estimated with 2D and 3D
tumour models of two different cell lines, and the cellular uptake was also established with

fluorescence assisted.



1. Introduction

The use of nanoparticulate systems for the treatment of diseases is in continuous progress. As a result
of their ability to overcome the disadvantages of the drugs currently used, including controlled and
extended drug release, increased delivery to tumor side, and reduced systemic toxicity of cytotoxic
agents, they are rapidly developing [1] [2]. An ideal candidate for successful clinical translation
should have the following features: (1) a simple and biocompatible component; (2) a facile large-
scale production method; (3) a satisfied drug loading; and (4) and releasing behaviour and good

stability.

Among all nanoparticulate systems, solid lipid nanoparticles (SLNs), have extensively been evaluated
as an alternative drug delivery system [3] [4]. The main advantages of SLNs, comparing to
conventional nanoparticle-based drug delivery systems, include the inherent biocompatible nature of
the starting materials, possibility of obtaining a controlled release of the incorporated drug for several
weeks, stability of the nanoparticle system up to 3 years, and the feasibility of incorporating both
hydrophilic and hydrophobic drugs [4, 5]. Although there are several advantages of SLNs, clinical
use is very limited. The main reasons lie in the absence of a method that allows industrial scale-up,
batch-to-batch reproducibility and control of the chemical-physical properties of nanomaterials [6].

The production of SLNs by bulk method involves a very long time of preparation, high concentrations
of lipids and surfactants, and a large variability between different batches in terms of size and
polydispersity of nanoparticles. The great variability of the synthesis conditions and problems
associated with limited mixing process represent significant obstacles for SLNs production by
conventional bulk method. The difficulties mentioned above became limiting in obtaining
nanoparticles with sizes under 200 nm, which are desirable due to their ability to cross spontaneously
different biological barriers [7]. Therefore, research in this field is moving in order to identify a new
attractive approach capable of finely controlling a mixing process that allows to generate

homogeneous nanosystem of elevated quality [8].

Recently, the focus has been on nanosystems synthetic feasibility using microfluidic based method.
This new technique ensures SLN production in a reproducible and reliable way [9] [10] [8, 11-18].
Compared to batch-type bulk methods, microfluidics guarantees both a high control of the synthesis
conditions and continuous flow production leading to a narrow size distribution (low polydispersity
index, PdlI), high batch-to-batch reproducibility, as well as to the industrial scale-up feasibility [8].
However, despite the recent works using microfluidics to synthesize liposomes,[19] to our
knowledge, there are currently no works concerning the production of SLNs by microfluidic
techniques. Polydimethylsiloxane (PDMS) based microfluidics chip is highly sensitive to organic
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solvents, which is inevitable for SLNs synthesis [8, 20]. In addition, the lipids, aggregating, adsorb
to the hydrophobic walls of PDMS, blocking the channel itself. Whereas for glass or silicon based
microfluidics chips, despite their chemical inertness to overcome these limitations, the producing
methods usually involve harsh and strict conditions, which may further limit the wide application
[21]. As an alternative choice, microfluidic chips composed by glass capillary are relative cheap and
easy for fabricating, and therefore draw increasing attentions for synthesizing nanoparticles [22] [11-
17, 23].

Here, we described a single step continuous production of SLNs via glass capillary based
microfluidic-chip. Comparing to the conventional bulk methods, which are usually restrained by
multiple and complicated preparation steps, low production rate and poor reproducibility, the current
synthesis method showed several advantages, including a continuous production with high yield,
good reproducibility and precise control over the physical properties of SLNs, which are critical pre-
conditions for its successful industrialization. Furthermore, the superiority of this microfluidic-based
method, comparing to the conventional bulk method, was confirmed by an overall promoted
physicochemical property of the produced SLNs. The size of the produced SLNs was controlled via
altering the microfluidic parameters, and herein, SLNs with dimensions around 100 nm were feasibly
fabricated through parameters optimization. Sorafenib (SFN) and paclitaxel (PTX) were used as
model drugs, in order to test the feasibility of applying SLNs-based nanoformulation in cancer
treatment. The microfluidics production of SLNs offered a good encapsulation efficiency and loading
degree of the drugs for a sustained release manner. The anti-cancer efficiency of the drug-loaded
SLNs formulations was further evaluated with both 2D and 3D tumour models of two different cell
lines, and the tumor penetration and cellular uptake was also confirmed with fluorescence assisted

imaging.



2.0. Materials and Methods
2.1.  Materials and cell culturing

All chemicals were of the highest purity available and were used as received without further
purification or distillation. Distearoyl phosphoethanolamine- polyethylene glycol (DSPE-PEG) was
purchased from Avanti Polar Lipids. Cetyl palmitate was purchased from Farmalabor. PTX and SFN
were purchased from Sigma Aldrich. All solvents used were of analytical grade and purchased from
Aldrich. 4-[4-(Dihexadecylamino)styryl]-N-methylpyridinium iodide (DiA) was acquired from
Thermo Scientific, USA. All aqueous solutions were prepared using water obtained from a Milli-Q
gradient A-10 system (Millipore, 18.2 MQ-cm, organic carbon content >4 ng/L. Dulbecco’s Modified
Eagle’s medium (DMEM), heat inactivated fetal bovine serum (FBS), L-glutamine (200 mM), non-
essential amino acids (NEAA), penicillin (100 IU/mL), streptomycin (100 mg/mL) and trypsin (2.5%)
were acquired from HyClone Waltham, USA. Phosphate buffer saline (10XPBS) and Hank’s
balanced salt solution (10x HBSS) were purchased from Hyclone. Disposable culture flasks and Petri

dishes were from Corning (Glassworks).

2.2.  Production of SLNs with bulk method

SLNs were prepared using an oil-in-water homogenization process at high temperature, according to

a procedure reported [24]. The production of SLNs is detailed in supporting information (SI).

2.3.  Fabrication of the microfluidic devices

The microfluidic devices were assembled from borosilicate glass capillaries and glass rods. In this
work, two different devices were developed and identified as device 1 (conventional microfluidic
chip) and device 2. For device 1, one end of the cylindrical glass capillary (World Precision
Instruments, Inc.), with inner and outer diameters of 580 and 1000 um, respectively, was tapered
using a micropipette puller (P-97, Sutter Instrument Co., USA) to a diameter of 20 um; this diameter
was further enlarged to approximately 80 um by using sand paper (RHYNOWET P-2500, Indasa,
USA). This cylindrical tapered capillary was inserted and coaxially aligned into the left end of the
cylindrical capillary with inner dimension of 1100 um (Vitrocom, USA). In the case of device 2, a
three-port valve is connected after the device 1. Two miscible (functioning as outer and inner phase
for nanoparticle production) liquids were injected separately into the microfluidic device through

polyethylene tubes attached to syringes at constant flow rates, and the air was introduced to the



solution through the three-port valve to further enhance the mixing efficiency. The flow rate of the

different liquids was controlled by pumps (PHD 2000, Harvard Apparatus, USA).

During the production of SLNs, it was fundamental to keep the temperature above 60 °C. In this
regard, a supporting heating facility was designed and constructed by wrapping the lipid containing
syringe with electric wire, which connected with a pressure regulator; the temperature of the electric
wire wrapped syringe was controlled by altering the voltage, and the temperature was set to 60 °C.
The microfluidic chip was immersed in water containing heating bath, and the temperature was also

maintained at 60 °C.

2.4.  Optimization of SLNs production by microfluidics

The SLNs were prepared by nanoprecipitation in a glass capillary microfluidics device, as mentioned
above [12, 14, 15, 17, 23]. In the co-flow geometry, the inner and the outer fluids flow in the same
directions. During the nanoprecipitation method, the internal and external solution are pumped into
the microfluidic device with a constant flow rate. These solutions are miscible, and two pumps kept
the flow rate of the two phases under control and the liquids were transported from the syringes to
the capillaries thanks to the use of polyethylene tubes. The lipid matrix was dissolved in an 95%
ethanol solution and served as the inner fluid. In addition, an aqueous solution containing stabilizers
was selected as the outer continuous fluid. The SLNs synthesis process was optimized through the
variation of different parameters, including flow rate, flow speed, type of surfactants (Pluronic F68
(F68), Pluronic F127 (F127), Polyvinyl Alcohol (PVA) at the concentrations of 2%, 3% and 4% (w/v)
and Tween 80 (T80) at the concentrations 1% and 2% (w/v)).

The lipid component of the nanoparticle preparation consisted of cetyl palmitate and DSPE-PEG (3
mg/mL). Different concentrations were tested using cetyl palmitate (10, 50 and 100 mg/mL).
Moreover, different inner and outer fluid flow rates were used in order to identify the one that allowed
to obtain small SLNs. Both the fluids were injected into microfluidic device from separate inlets at
flow rate of 5:10 to 50:100 mL/min. When SLNs loaded PTX or SFN were produced, the drug was
added to the ethanol solution along with the lipids. Specifically, for PTX, concentrations were tested
in a range from 0.5 to 1.5 mg/mL and for SFN in a range from 0.2 to 2 mg/mL. The purification of
SLNs took place through the dialysis bags, in order to eliminate the surfactant and the unloaded drug.
(Spectra/Por 1 Standard RC Dry Dialysis Tubing, 12-14 kDa, Spectrum Labs, USA) for 24 h at 25
°C. All the optimization experiments, i.e., the variation of the different parameters, for the production
of the NPs were carried out using the device 1. After identifying the best parameters, device 2 was

used in order to compare the results.



2.5.  Encapsulation efficiency and drug loading determination

To obtain drug loaded SLNs, PTX and SFN were mixed into the inner fluid. The percentage of
encapsulation efficacy (EE%) of PTX and SFN in the SLNs and the drug loading (DL%) was
estimated using high-performance liquid chromatography (HPLC, Agilent 1200 Infinity Series).
Briefly, 2 mL of DMSO and hexane 1:1 was added to disrupt the SLNs and 20 uL of the resulting
transparent solution were injected into HPLC. For PTX a Discovery C18 (150 x 4.6 mm, 5 pm)
column and a mobile phase consisting of water and acetonitrile (ACN) (53:47%, v/v), with detection
wavelength at 227 nm, flow 1 mL/min, injection volume 20ul, while for SFN a Gemini (3 pm, NX-
C18, 110A) column and a mobile phase consisting of water and 0.1% of trifluoroacetic acid (TFA)
and ACN (48:52%, v/v), with detection wavelength at 255 nm, flow 1 ml/min, injection volume 20pl,
were used to quantify the targeted drugs. The EE% and DL% were calculated using Egs. (1) and (2),

respectively:

Weight of drug in SLN
Weight of drug added initially

Encapsulation Ef ficacy (%) = x 100 1)

Weight of drug in SLN
Weight of SLN+Weight of Drug in SLN

Drug Loading (%) = x 100 2

2.6. Characterization of the produced SLNs

The zeta ({)-potential and size distribution of the samples were determined using a Zetasizer Nano
ZS (Malvern Instruments Ltd., Worcestershire, UK). About 1 mL of a 1:50 dilution of each sample
with demineralized water was poured out into a disposable polystyrene cuvette (Sarstedt AG & Co.,
Germany) and the measurements were carried out at 25 + 0.1 °C. The surface potential of the
nanoparticles was measured by pipetting 750 uL of each particle suspension into a disposable folder
capillary cell (DTS1070, Malvern, UK); the sample was redispersed in MilliQ-water (pH 7.4) before
assessing its {-potential. The resulting data are indicated as numeric average and standard deviation

of the measurements of three different samples, each sample measured three times.



2.7.  Transmission electron microscope imaging

The morphology and the size distribution of the SLNs were analysed by a transmission electron
microscope (TEM, Jeol JEM-1400, Jeol Ltd., Japan). In order to achieve this, 10 pL of particles
suspension were applied to a carbon-coated copper grid (300 mesh; Electron Microscopy Sciences,
USA) for 5 min. Then, the samples were negatively stained with uranyl acetate by adding 2 pL of a
2.1% uranyl acetate solution to the grids for ~2 min. The grids were then washed once with 5 pL of
Milli-Q water for 5 min to remove the excess of uranyl acetate. Finally, the grids were dried in open
air overnight before imaging.

2.8.  Stability studies

To evaluate the SLNs short-term stability, the size distribution of SLNs was measured in PBS (pH
7.4), in DMEM supplemented with 10% (v/v) of FBS and in fresh frozen plasma (provided by the
Finnish Red Cross). Briefly, 200 pL of SLNs were incubated in 1.5 mL of physiological relevant
media at 37 °C; at defined time points (5, 15, 30, 60, 90, and 120 min), a certain amount of sample
was taken, diluted in water in order to analyse the change in size over time. Triplicates of each

experiments were performed.

2.9. Invitro drug release studies

Release studies of PTX and SFN from the SLNs were performed using Franz cells, [25] [26] in
particular the experiments were conducted in the presence and absence of human serum in the donor

compartment. Further information can be found in the SI.

2.10. Preparation of the 3D-tumor spheroids

The formation of the 3D-tumor spheroids was achieved through the use of the 3D-bioprinting method
[27]. About 1.5 mL of human glioblastoma cell line (U87-MG) (American TypeCulture Collection
ATCC, USA) at a density of 400000 cells per well were seeded in 6-well plates and left to incubate
overnight in order to allow to attach. Subsequently, 50 pL of Nanoshuttle-PL (Nano3D Biosciences
Inc., Germany) was added to the cells, and they were incubated for 8-10 h for magnetization of the
cells. Therefore, a double washing of the cells using PBS buffer (pH 7.4) was carried out, and then
sowing seeded in ultralow attachment 96-well plates at a density of 5000 cells per well was

performed, and this plate was positioned above a 96-well spheroid magnetic drive (Nano3D



Biosciences Inc., Germany). The magnetized cells aggregated in the well of the plate, addressed by

the magnet, and the spheroids were grown for 2 days [27].

2.11. Cytotoxicity studies

Cytotoxicity experiments were conducted using 2D and 3D-cell cultures of U87-MG cell line and
2D-cell model of human alveolar adenocarcinoma cells line (A549) (American TypeCulture
Collection ATCC, USA). For the 2D model, A549 and U87-MG cell lines were seeded in 96-well
plates (PerkinElmer Inc., USA) at a density of 15000 cells per well and left attaching overnight. After
that, 100 pL of SLNs, PTX-loaded SLNs and SFN-loaded SLNs at different concentrations of the
nanoparticles (100, 250, 500, 700, and 1500 pg/mL) were added to each well and the plate were
incubated for 24 h at 37 °C. The concentrations of PTX and SFN tested were 3.3 uM, 4.6 uM, 9.3
MM, 13.0 uM, 27.9 pM and 3.0 uM, 6.1 pM, 12.1 uM, 17.7 pM, 36.5 UM, respectively. Cells

incubated with cell media were used as a positive control.

After 24 h of incubation, the plates were kept at room temperature for 30 min and afterward it was
washed using 100 pyL of HBSS-HEPES buffer. Then, 50 uL of Cell Titer-Glo® (Promega
Corporation, USA) were added to 50 pL of HBSS—HEPES (pH 7.4) in each well. After the plates
were shaken for 2 min in an orbital shaker, a stabilisation phase of 30 min was achieved, protecting
the plates from light. The luminescence was evaluated using a Varioskan Flash plate reader. Obtained
the 3D tumour spheroid prepared with U87 cells, as described above, the spheroids were then
retransferred to 96-well plates (PerkinElmer Inc., USA). Then, 50 uL of SLNs, PTX-loaded SLNs
and SFN-loaded SLNs suspensions at different concentrations of SLNs and similar concentrations of
pure PTX and SFN previously dissolved with 3% (v/v) ethanol were added to each well, and added
with 50 uL of NanoLuc luciferase and MT Cell Viability Substrate in complete cell culture medium,
up to 24 h at 37 °C [27]. The final concentration of SLNs was 100, 250, 500, 700, and 1500 pg/mL
and the free PCX and SFN were the same as described above, and the incubation with cell media was
used as positive control. The RealTime-Glo® MT Cell Viability Assay is a nonlytic, homogeneous
and bioluminescent way that consents to evaluate the cell viability in real time. After 24 h the
luminescence has been determined using a Varioskan Flash plate reader. Triplicates have been

performed for each experiment.

2.12. Cell-SLNs interactions using a 3D tumor spheroid model

The cell-SLNs interactions were performed by loading the SLNs with a hydrophobic dye in a mass
ratio 100:1 (SLNs:DiA).The interactions between U87-MG cell lines and DiA-loaded SLNs were
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qualitatively assessed by confocal fluorescence microscopy. As mentioned above, the technique used
for the formation of the 3D tumor spheroid was 3D bioprinting. The cell culture medium was
removed, and the spheroid was washed with PBS buffer; after this procedure, the spheroids were
treated with 100 uLL of 100 pg/mL of SLNs’ suspension in PBS buffer (pH 7.4) and left at 37 °C for
3 h. A double wash with PBS was carried out below in order to remove the unattached SLNs and the
spheroids were then immobilized using 4% paraformaldehyde for 24 h at 37 °C. Afterwards, another
double wash (with PBS buffer) was performed, and the nuclei of the cells was observed using 100 pL
of DAPI-405 (2.8 ug/mL) and incubated for 6 and 24 h at 37 °C. Finally, the cell spheroids were
washed twice with PBS buffer and transferred to a Lab-Tek™ 8-chamber. The interaction of SLNs
with the cell was observed with a Leica SP5 inverted confocal microscope (Leica Microsystems,

Germany), equipped with a 20x objective.

3. Results and discussion
3.1.Development and characterization of SLNs

In the literature it has been widely known that nanoparticles should have size around 100 nm in order
to increase the crossing of biological barriers via endocytosis [24, 28, 29]. To prove the versatility of
the setup, we have synthesized a number of SLNs with different physicochemical properties by
varying different parameters. The particle size and Pdl as other physicochemical properties of
nanoparticles are largely influenced by microfluidic setting and formulation parameters. The use of
different surfactants, the variation of surfactant and lipid concentrations and the flow rate [8],
represent the three key parameters that have been varied in order to obtain small SLNs with a low Pdl
value [17]. The first step to consider for the preparation of SLNs is the temperature. In the bulk
method, the SLNs are produced maintaining the temperature around 60 °C [24, 29]. Therefore, for
SLNs produced by microfluidics it was important to achieve a setup that would keep the temperature
also around 60 °C. In this regard, an electronic device was developed, which allowed to maintain the
lipids in solution, considering that the melting temperature of cetyl palmitate was 50 °C. [30] Through
the use of a current generator, the syringe, containing the lipids, was wrapped by a metal wire that
released heat through the transmission of current. In particular, by means of a voltage of 1.2 mV the
temperature of the lipid solution reached 50 °C. Furthermore, the microfluidic device was immersed
in water at 60 °C and in this way the synthesis of the SLNs occurred at the desired temperature (Figure
1).

The device 1 was used during the optimization process. The inner fluid consisted of an ethanol

solution of lipids (cetyl palmitate and DSPE-PEG) and the outer an aqueous solution of surfactant.
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The first parameter was the flow ratio. Briefly, using a ethanolic solution of cetyl palmitate (50
mg/mL) and DSPE-PEG (3 mg/mL), and a water solution of Pluronic F68 (2% p/V), which
correspond to the concentrations used for the synthesis of SLNs in bulk, flow rates ranging from 5.10
to 50:100 (Table 1), were varied in order to obtain optimized SLNSs. Previous reports suggested that
under the relative low flow rate (Reynold number lower than 200), a slight increase of flow rate
showed low to no effect on the reducing the size of nanoparticles, as the low flow rate renders to a
laminar flow regime within the microfluidic channel [21] [31] [32]. Yet, with the increase of the
overall flow speed, the residence time of the mixed solution within the microfluidic channel, which
was maintained at 60 °C, was reduced, and the relatively low mixing time may interfere the size and
PdlI of the produced NPs. As shown in Table 1, despite the increase of flow rate, the dimensions of
the NPs still increased.

60 °C

Current

Voltage

Lipid+ drug

Heating Plate SLNs

Figure 1. Schematic representation of set up producing SLNs through microfluidics.

Table 1. Values of the size and Pdl of SLNs obtained using the microfluidic device 1 at different flow rate
ratios.

Formulation Inner and outer fluid flow rate dmean(NM) Polydispersity index (Pdl)
(mL/min)
1 5:10 177.9+3.4 0.229+0.010
2 5:15 180.8+1.3 0.232+0.012
3 10:25 249.8+3.4 0.295+0.024
4 10:50 253.5+£12.6 0.330+0.024
5 20:100 225.840.6 0.213+0.080
6 30:100 251.914.6 0.228+0.006
7 50:100 273.5t£12.9 0.264+0.033
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As such, we further chose to change the surfactants and their corresponding concentrations. By
maintaining the lipid solution at a concentration of 50 mg/mL, 4 surfactants (F68, F127, PVA and
T80) and different concentrations (2, 3 and 4%, wi/v) were selected to synthesize a series of SLNs
with different dimensions and Pdl. Firstly, T80 stabilized SLNs aggregated at all concentrations tested
(used only at concentrations of 1 and 2% w/v, due to toxicity problems [33]) showed SLNs very large
in size (Table 2). From the data shown in the Table 2 we concluded that when using F127, as its
concentration increased, the size of the SLNs improved, while with F68 and PVA the trend was the
opposite. However, both with F127 and PVA the dimensions of the SLNs were exceeded over 200
nm, while we observed that 2% of F68 (w/v) produced SLNs of dimensions below 200 nm.
Specifically, from Table 2 it was evident that the SLNs produced with the F68 at 2% wi/v and flow
rate of 5:15 were smaller in size with a good Pdl value. It has been demonstrated that using surfactants
with low molecular weight it is possible to produce nanoparticles with smaller size [5] [34]; this is
due to their capability to fill interfacial surface quicker than high molecular surfactants. The current
results are in agreement with the former reports, where F68 based SLNs formed smaller particle sizes
than PVA and F127 [35] [36].
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Table 2. Values of the size and PdI of SLNs obtained using the microfluidic device 1 at two different flow rate
ratios and using different surfactants: Pluronic F68 (F68), Pluronic F127 (F127), Polyvinyl Alcohol (PVA)

and Tween 80 (T80).
Surfactant (%ow/v) Inner and outer fluid Omean(NM) Polydispersity index
flow rate (mL/min) (PdI)
F68 2% 5:10 220.9+7.9 0.101+0.040
F68 2% 5:15 181.0+5.2 0.257+0.007
F68 3% 5:10 221.242.6 0.164+0.015
F68 3% 5:15 253.31£7.2 0.178+0.033
F68 4% 5:10 245.7+2.6 0.099+0.012
F68 4% 5:15 263.1+4.0 0.147+0.019
F127 2% 5:10 552.8+23.2 0.352+0.150
F127 2% 5:15 743.0£105.1 0.606+0.090
F127 3% 5:10 234.5+4.2 0.131+0.010
F127 3% 5:15 362.6+12.8 0.344+0.021
F127 4% 5:10 271.0+£5.1 0.243+0.024
F127 4% 5:15 269.1+2.6 0.302+0.074
PVA 2% 5:10 276.8+2.2 0.107+0.012
PVA 2% 5:15 224.5+2.2 0.105+0.022
PVA 3% 5:10 283.3+0.7 0.070+0.010
PVA 3% 5:15 303.8+0.7 0.189+0.035
PVA 4% 5:10 285.84£3.8 0.226+0.001
PVA 4% 5:15 283.0£3.5 0.141+0.040
T80 1% 5:10 1155+49.6 0.800+0.340
T80 1% 5:15 715.7+£10.8 0.291+0.200
T80 2% 5:10 220.9+£7.9 0.591+0.100
T80 2% 5:15 181.0+5.2 0.420+0.095

Thus, according to Table 2, by employing the surfactant F68 (2%, w/v) and a flow rate of 5:15, the
last parameter that was modified was the concentration of the lipid. Table 3 shows that the lowest
concentration yielded SLNs around 180 nm and a PdI value of 0.23. From Table 3, it was possible to
conclude that as the lipid concentration decreases, smaller SLNs can be obtained and the dimensional
distribution also improved. This effect was most likely related to the increasing viscosity of the inner
phase, which led to impeded diffusivity of the ethanolic phase into the aqueous phase, and thus, to a

longer mixing time [7, 37]. This data is in agreement with previous report, [38] where a reduced size
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and narrower PdI can be achieved with microfluidic-synthesized liposome at lower concentration of
the lipid [23].

Table 3. Values of the size and Pdl of SLNs obtained using the microfluidic device 1 and different
concentrations of cetyl palmitate.

Lipid concentration Inner and outer fluid flow Omean(NM) Polydispersity index
(mg/mL) rate (mL/min) (PdI)
10 5:15 177.8+1.0 0.234+0.006
50 5:15 182.8+2.8 0.205+0.038
100 5:15 669.7+£79.2 0.079+0.057

Yet, even with the optimized parameters, the size of the produced SLNs was still around 200 nm,
which needed further improvements. For the microfluidic device 2, a three-port valve was tandem-
connected after the microfluidic device 1 to introduce air in the mixing channel. The introduction of
immiscible air will further enhanced the mixing of the solution, and a such improved the physical
characterization of produced SLNs [21].

Next, the same parameters were obtained for the SLNs of comparable size and with a significantly
lower Pdl. However, by using both devices we could not reach dimensions around 100 nm. Thus, the
further increase of the flow speed in the microfluidic device 2 generated smaller SLNSs, as a result of
the improved mixing in the microfluidic device 2 in comparison with the microfluidic device 1.
(Table 4).

Table 4. Values of the size and Pdl of SLNs obtained using the microfluidic devices 1 and 2 with Pluronic
F68 (2 %, p/V) and flow rate 10:50.

Formulation | Microfluidic Inner and outer fluid flow Omean(NM) Polydispersity index
device rate (mL/min) (PdD)
1 1 10:50 253.5+12.6 0.330+0.024
2 2 10:50 120.6+0.8 0.111+0.008

After the optimization of the production process of SLNs by microfluidics, the data obtained were
compared with those of SLNs obtained by the bulk method. SLNs prepared using the bulk hot
homogenization method [24] had a significantly larger size compared to SLNs prepared using the
microfluidics method (Table 5). It was possible to observe that the preparation of SLNs by
conventional bulk method induces the formation of nanoparticles larger than 200 nm with a high
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standard deviation resulting in a low reproducibility from batch to batch. However, using the
microfluidic technique, the possibility of accurately controlling the mixing of the solutions in the
microfluidic channels ensures controlled and reproducible precipitation [7]. The C-potential of SLNs
prepared with the two methods were similar (Table 5) with a negative surface charge.

Table 5. Comparison of the size, Pdl and -potential values of SLN produced using the microfluidic and bulk
methods.

Omean(NM) Polydispersity index (Pdl) C-potential (mV)
SLN Bulk method 246.1+5.9 0.322+7.8 -25+0.8
SLN Microfluidics 120.6+0.1 0.111+0.2 -23+£0.5

The morphology of PEG-SLNs was then investigated by TEM analysis imaging (Figure 2). The TEM
images have shown that the particle sizes are comparable to the results obtained with DLS, indicating
that the SLNs produced in bulk are larger than those produced in microfluidics (Figure 2). Comparing
the TEM micrographs, we observed that the SLNs produced by microfluidics are very spherical in
shape with respect to the bulk method, and the size around 100 nm (Figure 2). No aggregation or
agglomeration of the SLNs was detected using both methods. Similar results were obtained for PTX-
SLNs and SFN-SLNs (data not shown). These results showed that, SLNs typically manufactured in
conventional batch stirred volumes are inadequate, regarding the process controllability and
reproducibility of the final product. When working in batch systems, perfect mixing conditions are
difficult to achieve. This leads to inhomogeneous distribution of concentration and temperature,
which results in broad particle size distributions and substantial batch-to-batch product variability.
Variations in particle characteristics are responsible for a wide range of formulation problems, related
for instance to bioavailability. On the contrary, microfluidic technique was proved to be able to
achieve higher control over the physical properties of the final SLNs, mainly in terms of small mean

size and narrow size distribution.
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Figure 2. Representative TEM micrographs obtained with staining for SLNs. (A) TEM micrographs of SLNs
obtained with bulk method. (B) TEM micrographs of SLNs obtained with the microfluidic method.

After the promising results, we further synthesized the SLNs loaded with the model drugs, PTX and
SEN. In order to achieve the highest encapsulation and drug loading degree possible, different drug
concentrations were tested. Specifically, for PTX, the concentrations tested were in a range from 0.5
to 1.5 mg/mL and for SFN in a range from 0.2 to 2 mg/mL. As shown in Figure 3A,B, for PTX-SLNs
the best concentration achieved was 0.75 mg/mL with EE of 54 % and DL of 1.4 %. While for SFN-
SLNs, the best concentration achieved was 0.5 mg/mL with EE of 79% and DL of 1.04 % (Figure
3C, D). From Figure 2A we observed an increasing trend from the concentration 0.5 mg/mL to 0.75
mg/mL of PTX and a resulting plateau achieved for the concentration 1 mg/mL and 1.5 mg/mL. We
chose to use the 0.75 mg/mL of PTX since this concentration allowed to reach the highest value of
DL (Figure 3B). On the contrary, the EE and DL of SFN (Figure 3C), a decreasing trend was observed
for concentrations from 0.5 to 2 mg/mL. As a result of the overall consideration of DL and EE of
SFN, we finally chose to use the SFN concentration 0.5 mg/mL for further experiments (Figure 3D).
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Figure 3. Drug encapsulation efficiency (EE) and drug loading (DL) of PTX (A and B, respectively) and SFN
(C and D, respectively) using different concentrations of drug. Mean £ SD are reported, n=3.

The EE of PTX-SLN and SFN-SLN prepared by bulk homogenization process and microfluidics
method were 42+1.5% and 54+2.7% for PTX-SLN, while 65 + 2.4% and 79 + 1.2% for SFN-SLN
using the two methods, respectively (Table 6). For both methods, we observed that the lipid nature
of the SLNs permitted the loading with the hydrophobic drug, which is incorporated and stably kept
into the lipid core, highlighting that fast mixing by microfluidics improved the EE and DL for both
drugs compared to the bulk method.

Table 6. Comparison of EE and DL of SLNs produced by both microfluidic and bulk methods.

Encapsulation Efficiency Drug Loading (DL %)
(EE%0)
PTX-SLN Bulk method 42+1.5 0.8+0.4
PTX-SLN Microfluidics 54+2.7 1.4+0.2
SFN-SLN Bulk method 65+2.4 0.7+0.1
SFN-SLN Microfluidics 79+1.2 1.0+0.3
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The in vitro release profiles were conducted in PBS (pH 7.4) with 1% of Tween 80 at 37 °C by using
the Franz-diffusion cell. 1% of Tween 80 was added to support the release of the SFN and PTX,
because of their poor solubility in water and maintaining the sink conditions during the release
studies. The release studies performed on PTX-SLN and SFN-SLNs produced by the bulk method
showed no release of PTX and SFN in 120 h, thus highlighting the consistent stability of the SLNs.
However, in order to demonstrate the effective release of PTX and SFN from SLNs, we also
performed the experiments with human serum in the donor compartment. From the release profiles,
we observed that in the presence of human serum, the percentage of the released drug reached 100%
(Figure 4).
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Figure 4. In vitro release profiles of PTX (A) and SFN (B) from SLNs in PBS at 37 °C. SLNs were diluted
with water or human serum in the donor compartment. Mean £ SD are reported, n=3.

SLNs presented an optimal colloidal stability without proof of aggregation, as revealed by the stability
studies realized over 2 h at 37 °C in PBS (Figure 5A), cell medium (Figure 5B) and human plasma
(Figure 5C). The current stability results further confirmed the satisfied serum stability of the
prepared SLNs formulation, which is the critical pre-condition for its further success clinical

translation.
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a. Cytotoxicity studies

Next, we further conducted the following in vitro experiments to test the microfluidic-produced SLN
formulations for anti-cancer applications. 2D-cell models and 3D-tumor spheroids were used to
evaluate the cytotoxic effect of PTX-SLNs and SFN-SLNs in human alveolar adenocarcinoma
(A549) and human glioblastoma cell lines (U87-MG) and were compared to that of the free
administered drugs. First, we confirmed the blank SLNs as vehicle showed a very good
cytocompatibility after 24 h incubation with A549 and U87-MG cells (Figure 6A,B), with over 80%
cell viability at highest concentration tested (1500 pg/mL). In U87-MG cells, SFN-SLNs at
concentrations of 250, 500 and 700 pg/mL (SFN concentrations of 6.1 pM, 12.1 uM and 17.7 pM,
respectively) showed a reduction in cell viability of 32%, 39% and 52%, respectively, after 24 h
incubation (Figure 6A). Instead, for free SFN at the same concentrations, the cell viability reduction
was 8%, 34% and 50%, respectively. At the lowest concentration the data was statistically significant
(p<0.0001). Moreover, concentrations of PTX-SLNs at the same SLNs concentrations (PTX
concentrations of 3.3 uM, 4.6 uM, and 9.3 uM) showed a cell viability reduction of 35%, 57% and
52%, respectively (Figure 6A), and the cell viability reduction for free PTX at the same
concentrations were 4%, 13% and 15%, respectively. The data were statistically significant at all
concentrations (p < 0.0001).

The cancer cell viability inhibition provided by the SFN-SLNs and PTX-SLNs were relatively higher
than the free drug counterparts, which may due to the enhanced drug solubility, controlled release of
SFN and PTX from the SLNs, as well as the increased cellular internalization due to the
nanoformulation of the drugs [39] [40]. A similar tendency was observed for A549 cells; at the SLNs
concentration of 500 and 700 pg/mL, SFN-SLNs (SFN concentrations of 12.1 uM and 17.7 uM)
reduced the cell viability to 62% and 46%, respectively (Figure 6B). Instead, for free SFN at the same
concentrations, the cell viability reduction was 68% and 79%, respectively. In the case of PTX-SLNs,
for the concentrations of 700 and 1500 pg/mL (PTX concentrations of 13.0 UM and 27.9 uM),
induced a cell viability reduction to 52% and 59%, respectively (Figure 6B). The free PTX at the
same concentrations reduced the cell viability to 51% and 47%. The results for PTX-SLNs were
statistically significant (p<0.0001). For this cell line, PTX-SLN showed a greater cytotoxic effect
compared to the free drug and to SFN-SLNSs, which only at the highest drug concentration showed
slightly a greater effect than the free drug. The free drug confirmed its anticancer activity both for
SFN (at all concentrations) and for PCX (at concentrations of 13.0 uM and 27.9 uM). The different
properties of the SLNs including size, shape, composition and surface change are important for the
cell-NP interactions, and therefore, for the cytocompatibility of nanosystems [41, 42]. Cetyl

palmitate and DSPE-PEG were designated as main component of the SLNs, and the results assured
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their suitability to produce highly biocompatible NPs with excellent colloidal stability, and further
facilitate the potent clinical translation.

Overall, these results indicated good cytocompatibility of the plain SLNs. Contrariwise, the PTX-
SLNs and SFN-SLNs showed an overall better anti-proliferative effect against tumor cells compared
to the free drugs, indicating that the drug penetration into the cells was probably improved by the
encapsulation of the drugs inside the SLN matrix and the endocytosis of SLNs [43]. In the literature,
various studies are documented which highlight how the use of SLNs represents a novel and exciting
approach to enhance drug delivery into the cells [24, 28, 44]. Moreover, as widely reported,
nanoparticles size control is one of the most important parameters to promote cell internalization [45].
Generally, it has been observed a decreasing of nanoparticle uptake efficiency according to larger
particle size, likely due to the need for more complex rearrangement by membranes for the
internalization of larger structures [46]. Microfluidics-assisted nanoparticle production is known to
have the capability to enhance the physical properties of the nanoparticles, including narrower size
distribution and high batch-to-batch reproducibility [7, 8, 12, 17, 20]. In this work, using the
microfluidics method, we produced SLNs with the size around 100 nm and relatively low Pdl, which

is the fundamental requirement for the enhanced nanoparticle cell internalization.

However, conventional 2D cell cultures are not able to imitate the complex and heterogeneous nature
of clinical solid tumours. Thus, we next evaluated the SLNs cytotoxicity in 3D-tuomor cell spheroids,
which are able to mimic a specific organization and architecture of solid tumors, rendering the
potential of 3D cellular spheroids to be used as in vitro models for screening new anticancer treatment
regime. [27, 47] To further access the solid tumour penetration and anticancer efficiency of both SFN-
SLNs and PTX-SLNs, the 3D-spheroid model was equipped using the bio-printing method [27].
Based on the results from 2D model, only U87-MG cell were selected for constructing the 3D-
shperoid model for further evaluation. After 24 h incubation, SFN-SLNs at concentrations of 250,
500, 700 and 1500 pg/mL (SFN concentrations of 6.1 uM, 12.1 yuM, 17.7 uM and 36.5 puM,
respectively), showing a cell viability reduction to 42%, 44%, 50% and 41%, respectively (Figure
6C). Instead, for free SFN at the same concentrations, the cell viability was reduced to 9%, 48%, 45%
and 41%, respectively. In the case of PTX-SLNs at the concentrations of 700 and 1500 pg/mL (PTX
concentrations of 13.0 uM and 27.9 uM) led to a decrease in cell viability to 35% and 25%,
respectively (Figure 6C). Compared to the 2D cell model, the 3D-spheroid model showed a higher
cell viability at the same concentration tested in terms of both SLNs and drugs. This may be due to
the minor cell NP interactions of the cells in the 3D culturing models compared to the 2D model,
inducing a decrease of the anti-proliferative effect of the cytotoxicity compounds that perform more
potently on the proliferating cells [48] [27].
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These data revealed that PTX-SLNs and SFN-SLNs are an ideal drug delivery system for the study
anti-cancer drugs. In U-87 cells the SLNs showed a higher anti-cancer activity compared to the free
drugs (Figure 6A). The data demonstrated the great SLN capability to penetrate cancer cell in
comparison with free drug. The nanoparticles show the ability to avoid drug efflux pumps located in
human cancer cells, consequently raising intracellular drug concentration [49] [50]. Also, in the 3D-
tumor spheroids model the SLNs showed a very good cytocompatibility, with cell viability higher
than 80% for the concentrations tested (Figure 6C).
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Figure 6. Cell viability studies of SLNs, SLN-PTX, SLN-SFN, free PTX and SFN using a 2D cell model of
U87-MG (A) and A549 (B) cell lines, and (C) 3D-spheroid cell model of U87-MG cell line after incubation
for 24 h at 37 °C, and determined by the CellTiter-Glo® luminescence assay. All data sets were compared to
the positive control (cell medium). Each drug was tested in triplicate, and the experiments were repeated three
times. Statistical significance was calculated using a two-way analysis of variance (ANOVA) followed by the
Bonferroni post hoc test, set at the probabilities of *** p<0.001, **** p<0.0001.

b. Cell-SLN interaction studies

Conventionally, to evaluate cellular uptake of nanoparticles it is used a 2D model in a flat cell
culturing surface. However, this exemplified model is not able to mimic the 3D structure and
morphology of physiological tissue; for this reason, the cell—cell interactions do not mimic the in vivo
situation, inducing errors in the interpretation of cell uptake and overestimating the effectiveness of
nanoparticles compared to the 3D model [51]. Here, we evaluated qualitatively the cellular interaction
of SLNs with U87-MG cells by confocal fluorescence microscopy. The SLNs were loaded with a
highly stable fluorescent dye (DiA, 4-[4-(dihexadecylamino)-styryl]-N-methylpyridinium iodide)
and incubated with U87-MG cell for 6 h and 24 h. The confocal microscopy images of the 3D-tumor
spheroids showed already interaction of SLNs with the cells after 6 h incubation at the concentration
of 1000 pug/mL of SLNs (Figure 7). After 24 h incubation, it was possible to observe the interaction
of SLNs with the cells even at the lowest concentration (Figure 7). As reported in the literature, SLNs

of cetyl palmitate were exploited for internalization studies, and the results confirmed that the
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synthesized NPs with an average diameter of 200 nm and a surface charge of —20 mV were

internalized by gliomas in a higher amount than macrophages [52].

The evaluation of the cellular uptake mechanism was performed, involving SLNs loaded with
rhodamine 123, and it was noticed that the nanoparticles were internalized by clathrin-dependent

endocytic pathway [52].

Control
Control

500 pg/mL
500 pg/mL

1000 pg/mL.
1000 pg/mL

Scale bars: 250 pm Scale bars: 250 pm

Figure 7. In vitro cellular interaction studies using a 3D-spheroid tumor model. Confocal fluorescence
microscope images of U87-MG cells after incubation with 500 and 1000 pg/mL of DiA-SLNs for 6 h and 24
h at 37 °C. DAPI (blue) and DiA (green) were used to stain the nucleus and the SLNs, respectively. Scale bars
are 250 pum.

4. Conclusions

Here, for the first time, we described the production of SLNs using microfluidics followed with
systematic optimization process. We showed how the variation of different production parameters
influence the size of the SLNs by microfluidics. The produced SLNs by microfluidics were compared
with the bulk method in terms of size, Pdl and EE, and we concluded that SLNs produced by
microfluidics were superior in terms of morphology, size, Pdl and simplicity comparing to its bulk
counterparts. The DLS size analysis indicated that SLNs samples showed homogenous and
monomodal size distribution with an average hydrodynamic diameter around 100 nm, according to
TEM images. PTX and SFN, used as model drugs, were successfully encapsulated in the SLNs, and
the anti-cancer application of the produced SLNs was further demonstrated in vitro in A549 and U87-
MG cancer cells. The cytotoxic effect on 2D and 3D cell models of the drugs was greater when they

were loaded in SLNs compared to the free drugs. The production of SLNs using microfluidics
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presented here open a new avenue for the future standardization and scale-up of the production of

such nanosystems for biomedical applications.
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