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Background: The manufacture of nanoparticles using manual methods is hampered by its challenging scale-up and poor reprodu-
cibility. To overcome this issue, the production of zein nanoparticles entrapping a lipophilic drug model, coumarin-6, by using
a microfluidic system was assessed in this study. The influence of PEG density and chain length on zein nanoparticle characteristics, as
well as their uptake efficacy in melanoma cancer cells, was also evaluated.

Methods: Zein nanoparticles were prepared by both manual and microfluidic approaches to allow comparison between the two
processes. PEGylated zein nanoparticles with various PEG densities and chain lengths were produced by nanoprecipitation and
characterized. Their cellular uptake was evaluated on B16F10 melanoma cancer cells in vitro.

Results: Zein nanoparticles have successfully been produced by both manual and microfluidic approaches. Parameters such as total
flow rate and flow rate ratio of the aqueous and organic phases in microfluidic process, as well as the method preparation and aqueous
to organic phase volume ratio during nanoprecipitation, have been shown to strongly influence the characteristics of the resulting
nanoparticles. Continuous microfluidics led to the production of nanoparticles with low yield and drug entrapment, unlike nanopre-
cipitation, which resulted in zein nanoparticles with an appropriate size and an optimal drug entrapment efficiency of 64%. The surface
modification of the nanoparticles produced by nanoprecipitation, with lower PEG density and shorter PEG chain length made
mPEGS5K-zein (0.5:1) the most favorable formulation in our study, resulting in enhanced stability and higher coumarin-6 uptake by
melanoma cancer cells.

Conclusion: mPEG5K-zein (0.5:1) nanoparticles prepared by nanoprecipitation were the most promising formulation in our study,
exhibiting increased stability and enhancing coumarin-6 uptake by melanoma cancer cells.

Keywords: zein nanoparticles, microfluidics, nanoprecipitation, poly(ethylene glycol), cellular uptake

Introduction

Zein, a prolamin protein found in the endosperm of corn, is approved by the US Food and Drug Administration as
generally regarded as safe (GRAS) for use in food, pharmaceutical, and biomedical applications.'* Although it is soluble
in 50-90% (v/v) aqueous ethanol due to its amphiphilic molecular structure, its large fraction of non-polar amino acids
makes it insoluble in water, and its high glutamine content makes it insoluble in absolute alcohol.” By taking advantage
of its different solubilities in ethanol and water, zein was shown to be able to form particles suitable for use as carrier

systems for the delivery of essential oils, drugs, and DNA.®® Zein nanoparticles can be produced by several preparation
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methods, the most common one being a simple benchtop process, nanoprecipitation. This method involves mixing a zein
ethanolic solution with water to cause the nanoprecipitation of zein and the formation of zein nanoparticles. The payload
is trapped within the matrix of the nanoparticles as they form.'®'? The size of these nanoparticles depends on parameters
such as mixing process, rate of injection of one phase into another phase, agitation speed, pH of the solution, and the
volume ratio of aqueous to organic phase.'""'* In addition, it can vary from batch-to-batch, especially at larger scales, due
to the variation of shear force and spatial shear intensity within the solution.'®'? Hence, new methods that can optimize
process control and enhance zein nanoparticle quality and consistency are urgently needed.

Over the past decade, microfluidic-based manufacturing systems have been successfully used for obtaining high-quality
nanoparticles that can be used for drug delivery. Microfluidic approach allows experimental variables such as temperature,
flow rate, and reagent concentration to be modified and controlled in a rapid, reproducible, and precise manner.'*
Nanoprecipitation techniques are still widely used to produce nanoparticles, but microfluidics would appear to be
a promising alternative to these processes, by allowing a rapid and consistent mixing at the junction where two solvent
streams meet using hydrodynamic flow focusing, therefore resulting in a better control of nanoparticle properties such as size,
surface characteristics, and drug loading compared with nanoprecipitation.'*'* Despite the advantages of microfluidics, only
two research groups have exploited this technology to generate zein nanoparticles.'®'? They demonstrated that rapid and
tunable microfluidic mixing can be used to reproducibly synthesize small and homogeneous zein nanoparticles. However, the
applicability of this technology for encapsulating drugs or other materials in zein nanoparticles has not been addressed yet.

Because of the protein nature and hydrophobicity of zein, the immunogenicity of zein particles has raised concerns about
their potential application as drug and vaccine delivery vehicles.'* To overcome this issue, zein has been conjugated with poly
(ethylene glycol) (PEG) in order to create a steric shielding of the delivery system for immune evasion and long circulating
half-life in blood.">™"” In our recent work, we demonstrated that PEGylation could confer stealth effects to the zein micelles,
since the presence of the protein corona did decrease their uptake by immune cells, but not by melanoma cancer cells in vitro.'”
As PEG density and chain length are crucial determinants of shielding efficacy, the modification of zein with PEG of various
densities and lengths requires investigation to determine the optimal combination of these two materials to provide stealth
efficacy and high cellular uptake for future cancer drug delivery applications.

The aims of this study were therefore 1) to assess the potential of using microfluidics to synthesize zein nanoparticles
encapsulating coumarin-6 (CR6) as a lipophilic drug model compared with nanoprecipitation, and 2) to investigate the
influence of PEG density and chain length on zein nanoparticle characteristics, as well as their uptake efficacy in

melanoma cancer cells in vitro.
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Materials and Methods

Cell Lines and Reagents

Yellow zein, coumarin-6 and all other chemicals that are not specifically mentioned below were purchased from Sigma-
Aldrich (Poole, UK). Methoxy PEG succinimidyl carboxymethyl ester with a molecular weight (MW) of 5 kDa (mPEG-
SCM-5K) and 10 kDa (mPEG-SCM-10K) were obtained from JenKem Technology (Plano, TX). Roswell Park Memorial
Institute (RPMI) 1640 cell culture medium, fetal bovine serum (FBS), L-glutamine, penicillin-streptomycin and TrypLE™
Express came from Life Technologies (Paisley, UK). Bioware®™ B16-F10-luc-G5 mouse melanoma cells expressing the
firefly luciferase were purchased from Caliper Life Sciences (Hopkinton, MA). Vectashield®™ containing 4°,6-diamidino-
2-phenylindole (DAPI) was from Vector Laboratories (Peterborough, UK). Ultrapure water (with a resistivity of 18.2
MQ.cm at 25°C) was collected using a Milli-Q® Integral water purification system from Merck (Kenilworth, NJ).

Preparation of Zein Nanoparticles
Microfluidics

The preparation of zein nanoparticles using microfluidic mixing on a NanoAssemblr™ Benchtop (Precision NanoSystems
Inc., Vancouver, Canada) was adapted from a publication from van Ballegooie et al, with some modifications'? and further
optimization of the production parameters (as described in Supplementary Table S1). Briefly, zein (10 mg) was dissolved in

2 mL of 80% (v/v) ethanol (forming 0.5% w/v solution) and stirred at 400 rpm at 25°C overnight. The zein solution was
filtered through a 13-mm syringe filter (0.8 um) to remove any large particulates. Subsequently, 0.01 mg CR6 (5 pL from CR6
stock solution (2 mg/mL in dimethylsulfoxide (DMSOQ)), corresponding to 0.1% (w/w) of zein) was added to the filtered zein
solution, and the mixture was stirred at 200 rpm for 3 h at 37°C. The mixing process took place in a microfluidic cartridge with
staggered herringbone structures, which has two inlets: one for the organic phase and the other for the aqueous phase. The
CR6-zein solution was loaded into a syringe (1 mL) as the organic phase in the right inlet channel, while the aqueous phase
(ultrapure water) was loaded into a 3 mL syringe in the left inlet channel (Figure 1). The flow rate ratio (FRR) between the
water and the zein phases was 5:1 and the total flow rate (TFR) was 6 mL/min. The mixing process was carried out at room
temperature. The nanoparticles were collected at the microfluidic chip’s outlet channel. Each run was programmed to discard
the first 0.35 mL and the last 0.05 mL of the sample to ensure that the variability in fluid dynamics at the start and end of the
synthesis run did not affect the final product. The pH of the resulting nanoparticles was increased to 10 by addition of NaOH (1
M) to allow the nanoparticles to be resuspended after centrifugation. The nanoparticles were pelleted following one cycle of
centrifugation (10,000 g, for 1 h, at 20°C) to remove the ethanol and the free CR6. Pellets were resuspended in 1 mL ultrapure
water and were left to settle at room temperature (20°C) for 1 h before analysis.

Nanoprecipitation
In the nanoprecipitation method, 10 mg of zein was dissolved in 2 mL of 80% (v/v) ethanol (forming 0.5% w/v solution)
and stirred at 400 rpm at 25°C overnight. The zein solution was filtered through a 13-mm syringe filter (0.8 pm) to

Microfluidic cartridge

Zein + Coumarin 6
in ethanol

Sample collection

Figure | Manufacture of zein nanoparticles using a microfluidic cartridge coupled with a NanoAssemblr™" device.
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remove any large particulates. CR6 (0.01 mg, 5 uL. from CR6 stock solution (2 mg/mL in DMSO), corresponding to
0.1% w/w of zein) was added to the filtered zein solution, and the mixture was stirred at 200 rpm for 3 h at 37°C. Zein
nanoparticles were then formed either:

1. by dropwise addition of the organic phase (zein + CR6 solution) to the aqueous phase (ultrapure water)
(Method 1) or
2. by dropwise addition of the aqueous phase (ultrapure water) to the organic phase (zein + CR6 solution) (Method 2).

The addition of one phase to the other was carried out under stirring at 700 rpm. The volume ratio of aqueous to organic
phase was 5:1, as determined following optimization of production parameters (described in Supplementary Table S2).

The resulting nanoparticle suspension was adjusted to pH 10 and purified as described above.

Preparation of mPEG-Zein Nanoparticles

PEGylation of Zein

PEGylated zein was prepared as previously described, with some modifications.'” Briefly, yellow zein (0.1 g) was
dissolved in 4 mL of 90% (v/v) ethanol. In order to vary PEG surface density and chain length, various amounts of
mPEG-SCM (0.05 g of mPEG-SCM (5 kDa) for mPEG5K-zein (0.5:1 weight ratio); 0.1 g of mPEG-SCM (5 kDa) for
mPEGS5K-zein (1:1 weight ratio); 0.1 g of mPEG-SCM (10 kDa) for mPEG10K-zein) were dissolved in 1 mL of 90% (v/
v) ethanol. PEG and zein solutions were mixed under magnetic stirring (100 rpm, for 3 h, at 25°C). One mL of glycine
solution (1 M) was added to stop the reaction and quench the excess PEG ester, followed by the addition of 5 mL citrate
buffer (pH 7.4) to precipitate the PEGylated zein. Free PEG and ethanol were removed by dialysis (MW cut-off: 12—-14
kDa) against distilled water (2.5 L) under stirring (120 rpm) at 25°C for 48 h. The distilled water was changed 3 times
during the dialysis process. The resulting product was then freeze-dried using a Christ Epsilon 24 LSC® freeze dryer
(Osterode am Harz, Germany). The obtained mPEG-zein conjugates were stored at —20°C for long-term storage. Their
composition is summarized in Table 1.

Preparation of mPEG-Zein Nanoparticles Entrapping CR6
mPEG-zein nanoparticles were prepared from mPEG-zein conjugates by nanoprecipitation Method 2, as described above.

Nanoparticle Characterization

Nanoparticle Morphology

The morphology of the prepared nanoparticles was assessed by transmission electron microscopy (TEM), using a JEOL
JEM-1200EX™ transmission electron microscope (Jeol, Tokyo, Japan) operating at an accelerating voltage of 80 kV. Each
sample was diluted 1:5 in distilled water before being drop cast (3 pL) onto a carbon-coated copper grid (400-mesh size)
and was air-dried overnight before imaging.

Determination of Particle Diameter, Size Distribution, and Zeta Potential

The size, polydispersity index (PDI), and zeta potential of zein/mPEG-zein nanoparticles loading CR6 were measured by
photon correlation spectroscopy and laser Doppler electrophoresis, using a Malvern Zetasizer Nano-ZS® at 25°C (Malvern
Instruments Ltd, Malvern, UK). All samples were diluted with ultrapure water to the desired concentration (1:5 v/v for
samples prepared by microfluidics, 1:10 v/v for samples prepared by nanoprecipitation) up to 1 mL before measurement.

Table I Composition of the Three mPEG-Zein Synthesized in the Study

Composition Weight Ratio Molar Ratio
mPEG5K-zein (0.5:1) mPEG5K:zein 0.5:1 2.3:1
mPEG5K-zein (1:1) mPEG5K:zein I:1 4.6:1
mPEG0K-zein mPEG |10K:zein I:1 2.3:1
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CRé6 Entrapment Efficiency

Zein/mPEG-zein nanoparticles loading CR6 (50 pL) were dissolved in 950 uL methanol and centrifuged at 9,300 g for
15 min at room temperature using an IEC Micromax® centrifuge (Thermo Scientific, Loughborough, UK). The amount
of CR6 entrapped in the nanoparticles was quantified by spectrofluorometry (Aexc: 456 nm, Aep,: 500 nm, slit widths: 5
nm), using a Varian Cary Eclipse® spectrofluorometer (Agilent Technologies, Santa Clara, CA). The entrapment
efficiency (EE) was calculated as follows:

EE (%)= Amount of CR6 in the nanoparticles

10
Amount of CR6 added initially during the preparation x

Nanoparticle Yield

The amount of zein before and after nanoparticle preparation was determined by Lowry assay, as previously reported.'®
Bovine serum albumin (BSA) was used as a standard protein solution and the amount of zein was calculated by
correlating the absorbance of each sample with the standard curve of BSA. The particle yield was calculated as follows:

Amount of zein in the nanoparticles

Yield (%)= x 100

Amount of zein added initially during the preparation

Stability Study

The stability of zein and mPEG-zein formulations was assessed by measuring their particle size with a Malvern Zetasizer
Nano-ZS®™ at specific time points (Days 0, 7, 14, 21, and 28). All samples were kept in glass vials under storage condition
at 4°C for 4 weeks (protected from light). Each sample (100 uL) was diluted with ultrapure water up to 1 mL before size
measurement at 25°C.

In vitro Analysis

Cell Culture

B16-F10-luc-G5 mouse melanoma cells were grown in RPMI 1640 medium supplemented with 10% (v/v) FBS, 1% (v/v)
L-glutamine, and 0.5% (v/v) penicillin-streptomycin. Cultures were maintained at 37°C in a 5% CO, atmosphere.

Cellular Uptake

Imaging of the cellular uptake of CR6 loaded in zein and mPEG-zein nanoparticles was conducted using confocal
microscopy. B16-F10-luc-G5 cells were seeded on coverslips in 6-well plates (1 x 10> cells/well) and were allowed to
adhere overnight. They were then treated with CR6 (1 pg per well), either loaded in zein/mPEG-zein nanoparticles or in
solution. After 2-h incubation, cells were washed twice with 3 mL phosphate buffer saline (PBS) before being fixed with
2 mL formaldehyde solution (4%) for 10 min. Cells were permeabilized with 2 mL Triton-X 100 solution (0.1% v/v in
PBS) for 10 min, before a further incubation with 3 mL BSA (1% w/v in PBS) for 30 min to reduce non-specific binding.
Cells were stained with Alexa Fluor® 647 dye (one unit of dye diluted in 200 pL PBS) for 30 min to visualize cell
membranes, before a final wash with 3 mL PBS. After staining, they were mounted in Vectashield® containing DAPI for
nuclei staining. The cells were examined using a Leica TCS SP8® confocal microscope (Wetzlar, Germany) at x63
magnification (zoom factor of 1.25). DAPI was excited with the 405 nm laser line (emission bandwidth: 415-491 nm),
Alexa Fluor® 647 was excited with the 633 nm laser line (emission bandwidth: 645-710 nm), and CR6 was excited with
the 488 nm laser line (emission bandwidth: 515-558 nm).

The quantification of the cellular uptake of CR6 loaded in zein/mPEG-zein nanoparticles was carried out by flow
cytometry. B16-F10-luc-G5 cells were seeded into 6-well plates at a density of 2 x 10° cells/well and were allowed to
grow at 37°C for 24 h, before being treated with CR6 (50 ng per well), either loaded in zein/mPEG-zein nanoparticles or
in solution. After 2-h incubation, adherent cells were washed twice with 3 mL PBS and detached (using 200 uL TrypLE®
Express and 400 pL. complete medium per well). The mean fluorescence intensity (MFI) of CR6 taken up by the cells
was analyzed by an Attune NxT® flow cytometer (Thermo Fisher Scientific, Waltham, MA), counting 10,000 cells (gated
events) for each sample.
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Statistical Analysis
The results were expressed as means + standard error of the mean (SEM). Statistical analysis was assessed by one-way
analysis of variance (ANOVA) followed by Tukey multiple comparison post-test. Unpaired z-test was performed for
paired comparisons (Minitab® software, State College, PE). Differences were considered statistically significant for
P values lower than 0.05.

Results

Preparation and Characterization of Zein Nanoparticles Entrapping CR6
CRo6-loaded zein nanoparticles have been successfully prepared by both microfluidic and manual methods, as demon-
strated by TEM imaging, which revealed the presence of spherical-shaped nanoparticles (Figure 2A).

Using microfluidics, an increase in zein concentration led to an increase in the nanoparticle size, while an increase in
TFR and FRR (aqueous to organic phase ratio) resulted in a decrease in the nanoparticle size (Supplementary Table S1).

The optimal experimental parameters leading to the production of nanoparticles achieving the highest CR6 entrapment by
microfluidics were therefore determined to be a zein concentration of 0.5% (w/v), a CR6 loading of 0.1% (w/w), and
a TFR of 6 mL/min at a 3:1 FRR (Supplementary Table S1).

Using nanoprecipitation, a zein concentration of 0.5% (w/v) and a CR6 loading of 0.1% (w/w) were maintained constant

throughout the experiments to investigate the effects of method preparation and aqueous to organic phase volume ratio on
nanoparticle characteristics. The mixing process was found to have a significant impact on the size and EE of the
nanoparticles (Supplementary Table S2). Method 1, where zein solution was added to water, yielded nanoparticles with

very low EE, unlike nanoparticles that were formed following addition of water to zein solution (Method 2). CR6 entrapment
was significantly improved when using this method, despite the large size of the nanoparticles prepared. It decreased when
increasing the volume ratio from 4:1 to 5:1. The optimal experimental parameters leading to the production of nanoparticles
with the highest CR6 entrapment by nanoprecipitation were therefore determined to be the addition of water to organic phase
(Method 2) at 5:1 volume ratio (Supplementary Table S2).

The size of the zein nanoparticles was dependent on the manufacturing approaches, as confirmed by dynamic light

scattering (DLS) measurements. It ranged from 98 to 243 nm, with a narrow size distribution (PDI ~0.1) following
preparation with all three manufacturing methods. The nanoparticles displayed a negative surface charge (about —26
mV), independently of the preparation method, under the experimental conditions used (Figure 2B). The CR6 EEs of the
nanoparticles prepared by microfluidics, nanoprecipitation Method 1, and nanoprecipitation Method 2 were 29.7 + 0.6%,
24.7 £ 2.6%, and 68.9 = 1.9%, respectively. Nanoparticles produced by microfluidic manufacturing, compared to those
prepared by nanoprecipitation Method 1 (addition of the organic phase to the aqueous phase), displayed no statistical
differences in size, PDI, surface charge, or EE. Although the particle size (115.3 £ 6.6 nm for microfluidics and 98.3 +
2.0 nm for nanoprecipitation Method 1) was suitable for cancer drug delivery, these 2 methods gave low yields and poor
EEs. Microfluidic manufacturing, however, seems to be superior over the nanoprecipitation Method 1, as the yield
increased from 22.8 + 2.3% when using nanoprecipitation Method 1 to 29.8 + 1.6% when using microfluidics. Although
the nanoprecipitation Method 2 (addition of water to the organic phase) generated the largest particle size (242.8 + 2.0
nm), it resulted in a significantly improved EE (68.9 £ 1.9%) and yield (62.2 = 1.4%) when compared to the other two
methods. Among the three manufacturing approaches evaluated in our study, nanoprecipitation Method 2 was therefore
found to be the best method for the preparation of zein nanoparticles entrapping CR6 for subsequent experiments.

Characterization of PEGylated Zein Nanoparticles Entrapping CR6
TEM imaging of the PEGylated zein nanoparticles produced by nanoprecipitation Method 2 demonstrated that these
nanoparticles were spherical in shape (Figure 3). The size of mPEG5K-zein formulations appeared to be much smaller
than that of their 10K counterpart and the control zein.

The hydrodynamic diameter, PDI, zeta potential, and EE of zein and mPEG-zein nanoparticles are summarized in
Table 2. PEGylation significantly decreased the size of zein nanoparticles. At constant PEG chain length (5K), the
particle size slightly decreased when PEG concentration was doubled. When nanoparticles were prepared with the same
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Figure 2 Impact of the manufacturing method on zein nanoparticle characteristics. (A) Morphology of CRé6-loaded zein nanoparticles visualized by TEM (scale bar:
200 nm). (B) Physicochemical characteristics (size, polydispersity index (PDI), and surface charge), entrapment efficiency (EE), and yield of CRé-loaded zein

nanoparticles (n=

6) (*P < 0.05).
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Figure 3 Unstained TEM images of zein, mPEG5K-zein (0.5:1), mPEG5K-zein (1:1), and mPEG 10K-zein nanoparticles. All nanoparticles were prepared using nanoprecipita-
tion Method 2 (scale bar: 200 nm).

PEG to zein molar ratio (mPEG5K-zein (0.5:1) versus mPEG10K-zein), their size increased with increasing chain length.
All formulations showed a monodisperse size distribution. Both zein and mPEG-zein nanoparticles displayed a negative
surface charge, with a zeta potential of =26 mV for zein and less negative zeta potential values (ranging from —17 to —12
mV) for PEGylated formulations. The EE of CR6 in zein-based nanoparticles was dependent on parameters such as
nanoparticle composition and PEG content, with the highest EE obtained from zein nanoparticles. Among PEGylated
systems, mPEG10K-zein displayed the highest EE, followed by mPEG5K-zein (0.5:1) and mPEG5K-zein (1:1).

Stability of Zein and mPEG-Zein Nanoparticles

The size of the zein nanoparticles (242.8 + 2.0 nm at Day 0) was stable for 2 weeks, but significantly increased from Day
15 to reach 929.9 + 277.9 nm at Day 28 (Figure 4). PEGylation, however, was shown to improve the stability of the zein
nanoparticles, as PEGylated formulations were found to be stable for at least 4 weeks when stored at 4°C. Their size
remained unchanged (from 138.6 = 1.8 nm at Day 0 to 137.4 = 2.0 nm at Day 28 for mPEG5K-zein (0.5:1), and from
133.3 £ 1.7 nm at Day 0 to 131.4 £ 1.2 nm at Day 28 for mPEG5K-zein (1:1)). The size of mPEG10K-zein nanoparticles
appeared to increase slightly from 197.3 + 3.2 nm at Day 0 to 207.9 + 6.8 nm and 222.8 + 12.8 nm at Days 14 and 21,
respectively, before decreasing to 197.0 £ 2.9 nm at Day 28. However, these changes were not statistically different.

Cellular Uptake
The uptake of CR6 entrapped in zein-based nanoparticles by B16-F10-luc-G5 melanoma cancer cells was qualitatively
evaluated using confocal microscopy (Figure 5A). Zein and mPEG-zein nanoparticles were able to deliver CR6 into the
cells during 2-h incubation. PEGylation of the nanoparticles led to a lower cellular uptake than that observed with the
non-PEGylated formulation. Fluorescent CR6 was predominantly localized in the cytoplasm of the cells after treatment
with all the nanoparticle formulations. Its accumulation in the cells was higher after treatment with the CR6 solution than
with the nanoparticles.

The cellular uptake was also quantitatively confirmed by flow cytometry (Figure 5B). The highest cellular fluores-
cence of CR6 was observed following treatment with CR6 solution (MFI 6047 + 187 arbitrary units (a.u.)), which was
1.3-fold higher than that obtained with zein nanoparticles (MFI 4602 + 148 a.u.). PEGylation significantly decreased the

Table 2 Characteristics of Zein and mPEG-Zein Nanoparticles Prepared by Nanoprecipitation Method 2 (n = 6)

Formulations Size PDI Zeta Potential EE
(nm) (mV) (%)
Zein 2428 + 2.0 0.09 + 0.0l -262 + 1.4 689 + 1.9
mPEG5K-zein (0.5:1) 138.6 + 1.8 0.12 £ 0.0l -124 £ 0.6 5,0+ 1.5
mPEG5K-zein (1:1) 1333+ 1.7 0.11 £0.00 —16.6 £ 0.9 35.6 £ 09
mPEG | 0K-zein 197.3 £3.2 0.02 £ 0.00 -139 £ 04 584 £ 3.9
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Figure 4 Stability of zein (A) and mPEG-zein (B) nanoparticles loading CR6 after storage at 4°C for 4 weeks (n = 6). Nanoparticles were prepared by nanoprecipitation
Method 2. Error bars are smaller than the symbols when not visible.

uptake of the zein nanoparticles. Among the PEGylated formulations, mPEG5K-zein (0.5:1) was more efficacious in
delivering CR6 into the cells by 1.3-fold and 1.7-fold in comparison with mPEG5K-zein (1:1) and mPEG10K-zein,
respectively. These results indicate that PEGylation with a shorter PEG chain length and lower PEG density led to
a higher nanoparticle uptake by the melanoma cells.

Discussion

In this work, zein, a protein-based biopolymer, was chosen as a natural polymer for preparing nanosized particles for
drug delivery. Due to the different solubilities of zein in ethanol and water, zein nanoparticles loaded with various active
compounds have been produced using nanoprecipitation. The supersaturation of zein occurs when the concentration of
the solvent ethanol is reduced by shearing a zein ethanolic solution into water, leading to precipitation and the formation
of nanoparticles. However, the manufacture at larger scales is often inconsistent in replicating particle size because
nanoprecipitation is a batch process, which results in the variation of shear forces and spatial shear intensity within the
solution between batches. Therefore, improved production techniques are required to limit the effects of these factors.
Shifting from batch to continuous manufacturing to produce zein nanoparticles is currently being explored to improve
particle homogeneity and minimize batch variations.'*'* Microfluidics is one such approach that is being adopted by the
industry to produce nanoparticles in a highly reproducible manner and was hence assessed in the present study.
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Figure 5 Cellular uptake of CRé6 loaded in zein and mPEG-zein nanoparticles by B16-F10-luc-G5 cells. (A) Confocal images of the cellular uptake of CR6 loaded in zein and
mPEG-zein nanoparticles, or as a solution (scale bar: 25 pm). (B) Flow cytometry analysis of the cellular uptake of CR6 loaded in zein and mPEG-zein nanoparticles, or as
a solution (a.u.: arbitrary units) (n = 6) (*P < 0.05).
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Zein nanoparticles entrapping CR6 were produced by both microfluidic- and manual-based production processes.
Using a Y-junction microfluidic system, the modification of zein concentration, total flow rate of the fluidic system, and
relative flow rate of the aqueous and organic phases allowed for nanoparticle size and PDI to be controlled. Our
parameter optimization results were in good agreement with that published by van Ballegooie et al.'? Using micro-
fluidics, the optimal conditions for achieving the highest CR6 entrapment were found to be a zein concentration of 0.5%
w/v, a CR6 loading of 0.1% w/w, and a TFR of 6 mL/min at a 3:1 FRR.

Zein nanoparticles were also manually prepared using nanoprecipitation process. The mixing process was shown to
significantly impact the size and EE of the particles. The addition of zein solution to water (Method 1) yielded
nanoparticles with very low EE, unlike nanoparticles that were formed when adding water to zein solution
(Method 2). This latter process resulted in a significantly enhanced CR6 entrapment. The lower EE observed when
increasing aqueous to organic phase volume ratio from 4:1 to 5:1 was found to be similar to the results reported in
previous studies.'”® Our results suggested that nanoprecipitation Method 2 (addition of water to organic phase) at 5:1
volume ratio was suitable for producing zein nanoparticles. Further formulation optimization will be needed to achieve
a smaller particle size combined with high CR6 entrapment when using this method.

To compare microfluidic versus manual manufacturing, a volume of water to zein phase ratio of 5:1 was applied
based on the results obtained from preliminary studies, meaning that FRR (aqueous to organic phase ratio) of the fluidic
system was set at 5:1 and a TFR of 6 mL/min was used. Furthermore, the pH of nanoparticle suspension was increased to
10 once the nanoparticles were formed in order to stabilize them before high-speed centrifugation. Raising the pH of
nanoparticle suspension to 10 lowered the surface charge of zein nanoparticles from positive to negative zeta potential
values due to the lower isoelectric point of zein at pH 10.7 It prevented irreversible nanoparticle aggregation during
handling and facilitated the resuspension of the pellet following centrifugation. This pH adjustment strategy was also
successful in improving the EE of zein nanoparticles and significantly decreased the size of the nanoparticles prepared by
nanoprecipitation Method 2.

Nanoparticles with similar properties were obtained using microfluidics and nanoprecipitation Method 1. These two
approaches produced highly monodisperse zein nanoparticles with the desired size, but with low yield and EE.
Nanoprecipitation Method 2, on the other hand, generated zein nanoparticles with the largest size among the three tested
manufacturing processes, however remaining below 400 nm, which is the cut-off size allowing extravasation for most
tumors.”' Besides, it significantly improved EE and nanoparticle yield. As a result, we decided not to further explore the
production of zein-based nanoparticles using the microfluidic setup due to the low EE and yield generated, but instead
focused on manual production using nanoprecipitation Method 2 (addition of water to organic phase).

Due to their protein nature and hydrophobicity, zein nanoparticles can cause immunogenicity and may be rapidly
cleared by the reticuloendothelial system (RES), which could limit their use for drug delivery.'* To date, one of the most
effective strategies to make nanoparticles long-circulating is to graft PEG molecules on their surface, to create
a hydrophilic steric stabilization that improves colloidal stability and protects the particles from non-specific protein
adsorption, thus reducing opsonization and subsequent phagocytosis.?* *

In this study, PEGylated zein nanoparticles were prepared from mPEG-zein conjugates and the effect of PEG
density and chain length on nanoparticle physicochemical properties was investigated. Firstly, to evaluate the effect of
the PEG chain length, nanoparticles were produced from mPEG-zein conjugate where the molar ratio of PEG to zein
was kept constant and the MW of the PEG was increased from 5 kDa (mPEG5K-zein (0.5:1)) to 10 kDa (mPEG10K-
zein). Secondly, to study the influence of PEG density, nanoparticles were prepared from mPEGS5K-zein conjugate with
doubled PEG content (mMPEG5K-zein (0.5:1) versus mPEG5K-zein (1:1)). PEGylation led to a decrease in the size of
zein nanoparticles, possibly due to more amphiphilic nature of the mPEG-zein conjugates in comparison with zein,
which reduced the interfacial tension between the aqueous and the organic phases.”> When nanoparticles were prepared
using the same PEG MW, their size slightly decreased with increasing PEG content. The smaller size with the higher
PEG density was also observed in PEG-PLA and PEG-PLGA nanoparticles.>>*® At constant PEG to zein molar ratio,
the particle size increased with increasing PEG chain length. This is likely a consequence of the increase in the
viscosity of the organic phase during particle preparation and the increase of the extending PEG chain on the final
particles.”
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PEGylation is known to shield either negative or positive charges on the surface of particles. As expected,
incorporating PEG in the formulations decreased zeta potential absolute values of zein nanoparticles. Besides,
PEGylation had an impact on the entrapment of CR6 in the nanoparticles. CR6 entrapment appeared to correlate with
the particle size, in agreement with a previous study that has shown that smaller size nanoparticles are subject to a more
extensive drug loss by diffusion towards the suspending medium due to their larger surface to volume ratio.'” However,
when compared between two mPEG5K-zein formulations, a substantial EE reduction was observed with a small decrease
in particle size when using high PEG density. This EE decrease could also be due to more limited hydrophobic
interactions between CR6 and zein as the PEG content over zein increased.

The long-term stability of zein-based nanoparticles during storage was also examined. In the absence of PEG, zein
nanoparticles appeared to form large aggregates, as demonstrated by the size increase observed after 2 weeks. PEG
coating effectively prevented the aggregation of the nanoparticles, leading to a better colloidal stability for all three
PEGylated formulations. The increase of nanocarrier stability as a result of surface modification with PEG was in
accordance with previously published studies.?® >

The size of zein/PEGylated zein nanoparticles is expected to allow the passive accumulation of nanoparticles within
solid tumors due to the enhanced permeability and retention (EPR) effect, which is facilitated by the leakiness of tumor
vasculature and the lack of lymphatic drainage.””>° We therefore evaluated the cellular uptake of zein-based nanopar-
ticles in melanoma cancer cells. In vitro studies demonstrated that PEGylation resulted in a significant reduction in
cellular uptake efficacy compared to non-PEGylated formulations. This could be explained by the effect of steric
shielding of the PEG chains that hinders the interactions between the nanoparticles and the cell surface.’! Among the
tested PEGylated formulations, the cellular uptake of CR6 was the highest following incubation with mPEG5K-zein
(0.5:1), followed by mPEG5K-zein (1:1) and mPEG10K-zein. Higher cellular uptake of drugs entrapped in nanoparticles
with shorter PEG chain length and lower PEG density was consistent with what was previously reported with other
nanocarriers.”*>** PEGylation was shown to strongly reduce protein binding. In addition, Cruje and Chithrani reported
that non-specific protein adsorption may facilitate cancer cell entry.”> Hence, the highest uptake observed in non-
PEGylated nanoparticles was most probably due to the absence of PEG molecules able to repel adsorbed proteins. Non-
specific protein adsorption was found to increase on nanocarriers with shorter PEG chain lengths and lower grafting
densities, resulting in higher nanoparticle internalization by cancer cells.*?

Conclusion

Overall, we demonstrated that zein nanoparticles could be produced by both manual and microfluidic approaches.
Parameters such as total flow rate and flow rate ratio of the aqueous and organic phases for microfluidics, as well as
method preparation and aqueous to organic phase volume ratio for nanoprecipitation, strongly impacted nanoparticle
properties. Continuous microfluidic manufacturing led to low nanoparticle yield and poor EE, unlike what was observed
with the nanoparticles produced using nanoprecipitation Method 2. Hence, further studies using microfluidics will be
required to produce zein nanoparticles with increased yield and drug entrapment. Furthermore, the PEGylation of zein
with shorter PEG chain length (with a MW of 5 kDa) and lower PEG density (with a PEG-zein weight ratio of 0.5:1)
made mPEG5K-zein (0.5:1) the most favorable formulation in our study, as it improved nanoparticle stability and led to
higher drug uptake efficacy by melanoma cancer cells. PEGylated zein nanoparticles, in particular mPEG5K-zein (0.5:1),
are therefore highly promising delivery systems that should be further investigated for potential use in cancer drug
delivery.
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ANOVA, analysis of variance; a.u., arbitrary units; BSA, bovine serum albumin; CR6, coumarin-6; DAPI, 4°,6-diami-
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ester with a molecular weight of 10 kDa; mPEG5K-zein (0.5:1), PEG-zein nanoparticles prepared with mPEG-SCM-5K
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at a PEG:zein weight ratio of 0.5:1; mPEGS5K-zein (1:1), PEG-zein nanoparticles prepared with mPEG-SCM-5K at
a PEG:zein weight ratio of 1:1; mPEG10K-zein, PEG-zein nanoparticles prepared with mPEG-SCM-10K at a PEG:zein
weight ratio of 1:1; MW, molecular weight; NaOH, sodium hydroxide; PBS, phosphate buffer saline; PDI, polydispersity
index; PEG, poly(ethylene glycol); RES, reticuloendothelial system; RPMI, Roswell Park Memorial Institute; SEM,
standard error of the mean; TFR, total flow rate; TEM, transmission electron microscopy.
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