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Introduction

Facile production of quercetin nanoparticles using
3D printed centrifugal flow reactorsf

Davide De Grandi,® Alireza Meghdadi,”® Gareth LuTheryn® and Dario Carugo &P

Drug nanocrystals are a delivery system comprised of an active pharmaceutical ingredient, with small
amounts of a surface stabilizer. Despite offering simplicity in formulation, their manufacture can be
a challenging endeavour; this is especially true when the production is performed using microfluidic
devices. Although precipitation within microchannels can lead to issues such as clogging, microfluidics is
an appealing manufacturing method as it provides fine control over mixing conditions. This allows
production of nanoparticles with a narrower size distribution and greater reproducibility compared to
batch methods. To generate microfluidic devices cost effectively, replica moulding techniques are
considered the manufacturing standard. Due to its simplicity and relatively low cost, 3D printing has
become prevalent at the laboratory scale, especially during iterative development of new devices. A
challenge of microfluidic-based methods is that they require specialized equipment and multi-step
procedures, making them less accessible to users with no previous experience. In a recent study we
developed a 3D printed flow-through reactor, referred to as reactor-in-a-centrifuge (RIAC). It is a simple
device designed to fit in a 50 mL tube and actuated using a laboratory centrifuge, which removes the
need for specialized instrumentation. The manufacturing capabilities of the RIAC have been already
proven, by reproducible production of liposomes and silver nanoparticles. The present work
demonstrates the use of RIACs with a straight- and spiral-shaped channel architecture to produce
quercetin nanocrystals, with therapeutically relevant size (190-302 nm) and very low size dispersity
(polydispersity index, PDI < 0.1). The work focused on evaluating how changes in operational parameters
(actuation speed) and formulation components (medium viscosity and stabilizer type), impacted on
nanocrystal size and PDI. Under all tested conditions the obtained nanocrystals had a smaller size and
narrower size distribution, when compared to those produced with alternative methods. The obtained
quercetin nanosuspensions however showed limited stability, which should be addressed in future
investigations. The simplicity of the RIAC makes it an appealing technology to research groups, especially
in low-resource settings and without prior expertise in microfluidics.

performance and bioavailability, make these drug candidates
a challenge to translate clinically.

The nature of chemical moieties required to achieve sufficient
bioactivity typically means active pharmaceutical ingredients
(APIs) are highly lipophilic and hydrophobic. Evidence for this
is shown by a substantial proportion of drug candidates found
in class II of the biopharmaceutics classification system (BCS),
where they display low solubility and high permeability; or class
IV with low solubility and low permeability.*® Their physico-
chemical characteristics such as reduced absorption
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In the last three decades, the development of nanoscale delivery
systems has provided tools to address the issue of low bioavail-
ability in many drug candidates.* Depending on their properties
and desired administration route, drugs have been formulated
into liposomes,® solid lipid nanoparticles,® nano-emulsions,” den-
drimers,® metallic® or polymeric’® nanoparticles, and API nano-
crystals.™ All these API delivery systems come with advantages over
more classical formulations; notably, many drugs on the market
will to some extent employ nanotechnology strategies to efficiently
deliver an API. Some of the advantages of formulating APIs as
nanoparticles are: (1) increased surface area to volume ratio, to
improve dissolution rates; (2) substantially increased saturation
solubility for particles smaller than 1 pm in diameter;">™** (3)
increased surface area favouring nanoparticle interaction with
biological cells, allowing for increased adherence to mucosal
layers™™” and improved absorption through biological barriers;'**
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and (4) the nanoparticle surface can be functionalised with specific
molecules to allow for increased blood circulation, greater in vivo
stability, and organ/cell targeting.""*

The terms API nanocrystals and drug nanoparticles are used
interchangeably, to describe a specific type of drug delivery
system. They are composed of the drug itself in the form of
extremely fine solid particles, with the addition of small
amounts of surface coating stabilizers to minimise inter-
particle aggregation.”** API nanocrystals can be manufac-
tured by top-down, bottom-up or combination methods. Top-
down techniques aim to reduce the particle size of coarse
drug powder down to the nanometric scale; they are based on
high energy methods such as wet media milling or high-
pressure homogenization (HPH) that rely on shear and impact
forces.”* Bottom-up techniques allow nanoparticle production
through controlled precipitation, starting from an API solution.
The most used bottom-up techniques are solvent evaporation
and solvent-antisolvent precipitation; both of these methods
exist in several variations and allow for rapid and controlled
onset of the supersaturation state, which initiates crystal
nucleation, growth and subsequent nanoparticle precipita-
tion.”® Combination techniques instead involve multiple size
reduction processes that usually include a first micro or nano-
precipitation step followed by HPH, but many variations of this
technique are described in the literature.>*>*

Currently, the vast majority of marketed nanocrystal formula-
tions are manufactured using top-down approaches.” However,
promising alternative manufacturing technologies have been
developed in the last decades. One approach is microfluidic
solvent-antisolvent precipitation.***' In this method supersatura-
tion is achieved by the addition of an antisolvent (usually water) to
an organic solution of the API, which causes nucleation and
precipitation of drug particles.”®* The precipitation process
comprises three stages, as postulated by the LaMer mechanism.*
Briefly, the first stage is characterized by an increase in solute
concentration or a reduction of its solubility, to reach the
minimum solute concentration needed for inducing nucleation.
This is followed by a rapid nucleation process that leads to
a significant reduction in solute concentration, which conse-
quently reduces the nucleation rate to zero. The last stage is
characterized by the growth of all nuclei caused by deposition of
solute molecules on their surface. The growth process allows
nuclei to become large enough to exist as solid particles, in equi-
librium with the surrounding suspension. When the mixing of
solvent and antisolvent is rapid enough to determine a homoge-
neous supersaturation state in the whole solution, nucleation and
growth processes occur evenly throughout a sample; leading to the
production of particles with low size dispersity.**

The purpose of a microfluidic device in this process is to
enable rapid and highly reproducible mixing between solvent
and antisolvent, ensuring that the final product is of optimal
standard. Numerous systems exploiting this technology have
been developed in recent years.***° Considering differences
between these systems, microfluidic devices for nano-
precipitation share common advantages over batch methods.
The confined space of microchannels allows the manipulation
of small liquid volumes, which reduces the mixing path of
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solvent and antisolvent. This in turn decreases the time needed
to achieve complete mixing (referred to as mixing time), which
is a key parameter governing nucleation and crystal growth.
Moreover, the flow dynamics within microchannels is easier to
predict and characterize than in batch methods, ensuring
reproducible mixing conditions. Finally, if scale-up remains
a challenge (particularly for pre-clinical research purposes),
microfluidic chips can be operated in parallel and under
continuous-flow regime, allowing for increased production
rates.32,35,37—40

Despite more than two decades of continued research, the
utility of microfluidic devices is not without limitations.
Productivity at industrial scales is possible via device paralleli-
zation®>** or the design of chips capable of withstanding greater
flow rates,*** but it requires significant development and
optimization time. Additionally, most microfluidic devices
require expensive syringe or pressure-controlled pumps for
their operation, which hinders translation and widespread
adoption of these techniques.** Furthermore, channel clogging
caused by the accumulation of precipitated nanoparticles
remains an issue,***** and fluid leakages can occur at
connections between the microfluidic device and pump units as
a result of this clogging or inefficient sealing. Despite the
challenges involved, recent studies have highlighted the
research progress made to develop microfluidic devices that can
sustain greater flow rates (including patented designs).*

Previous research has explored alternative microfluidic
device designs that are operated without the use of expensive
pumps.**** However, similar challenges related to cost, scal-
ability and device lifetime remain a concern if these approaches
were to be adapted for the synthesis of nanoparticulate systems.
In a recent study we have reported on the development of a 3D
printed flow-through reactor, referred to as reactor-in-a-
centrifuge (or RIAC).* The RIAC is a single-piece fluidic device
embedded in a cylindrical body, which is designed to fit into
a standard 50 mL centrifuge tube. The RIAC features reservoirs
for storing reagents, which then connect through a junction to
form a mixing channel. The force required to drive fluids
through the mixing channel is provided by a laboratory centri-
fuge. We have previously demonstrated that this system can be
employed to manufacture silver nanoparticles and liposomes,
with dimensional properties that are comparable or superior to
those of batch and conventional microfluidic production
methods.*

The RIAC concept sought to overcome some of the key
limitations of more conventional microfluidic-based devices.
Notably, it can be operated with any centrifuge model that can
host a 50 mL Falcon tube, which is a piece of equipment most
labs are likely to find accessible. Since there is no need for
hydraulic pumps, the risk of leakages is practically absent. The
simplicity of operation allows users without any prior expertise
in microfluidics to quickly integrate this method in their
research. Moreover, the 3D printed RIAC can be used immedi-
ately after manufacturing, whereas silicone-based microfluidic
devices obtained via soft lithography typically require both long
curing times and are prone to failure due to ineffective sealing.
Lastly, increasing the scale of the channel diameter from tens or
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hundreds of micrometres to more than one millimetre, aids in
prevention of channel clogging and offers a means of increasing
the scale of production per-device. However, the ease of use and
convenience of the RIAC in formulation development come at
some costs. As the device is operated within a closed centrifuge,
it is very complex to integrate on-line quality control systems
that would also provide insights into the nanoparticle produc-
tion process. For this reason, the RIAC is less suitable than
other reported techniques for studying nanoparticle formation
mechanisms or observing the transport of fluids and chemical
species within microchannels.*~*!

Building upon our previous study, in the present work we
aimed to determine whether the RIAC can be employed as a tool
for rapid, reliable and facile production of API nanocrystals. In
particular, we report on the design and manufacturing of two
different RIAC prototypes, the development of a method for API
nanoparticle production using these devices, and a comparison
of nanoparticles obtained through this method with those re-
ported in the literature. The study also aims to contribute to the
development of production methods for drug delivery systems
that have potential for rapid widespread adoption, including
within low-resource settings.

The model drug chosen for this study was quercetin[2-(3,4-
dihydroxyphenyl)-3,5,7-trihydroxychromen-4-one]; a secondary
metabolite present in a wide variety of plants that belongs to the
flavanol subclass of flavonoid compounds. Quercetin is a useful
model drug in this context for a number of reasons. Firstly, it is
a natural compound with a spectrum of bioactive properties,
which range from anti-oxidant, anti-inflammatory, and anti-
tumoral to anti-bacterial and anti-viral.>*>*> Many studies have
already demonstrated its efficacy in vitro and in vivo, but to the
best of the authors' knowledge there is no marketed pharma-
ceutical product that utilises quercetin as its principal active
component. Secondly, quercetin can be obtained in the form of
nanocrystals both via bottom-up and top-down methods as re-
ported in the literature, which allows a comparison between the
RIAC and alternative production methods to be made.>*>°
Lastly, quercetin is a naturally fluorescent molecule. This innate
feature is advantageous for multiple stages of research, as it
facilitates visualization of nanocrystals in complex matrices or
formulations, as well as in biological assays (in vitro or in vivo)
using fluorescence imaging techniques. Imaging of these
particles therefore would not require labelling with an addi-
tional fluorescent molecule that could alter their physico-
chemical properties.

To the best of the authors' knowledge, this is the first study
reporting on the manufacturing of drug nanoparticles using
a centrifuge-actuated 3D printed flow-through reactor. To
facilitate replication and adoption of the device by other labo-
ratories, technical drawings of the RIAC (in .stl format) are also
provided as ESIf to this manuscript.

Materials and methods
Materials

Quercetin (>95% HPLC grade), hydroxypropyl methyl cellulose
(HPMC), Kolliphor P 407 (KP407), Kolliphor P 188 (KP188),
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Tween 20 (TW20) and absolute ethanol (99.8%) were all
purchased from Merck Life Science UK Limited. HPMC has
a viscosity of ~15 mPa x s as a 2% solution in DI water,
measured at 25 °C. Purified water was supplied through the
Purite Select D80 GP purification system. Tough polylactic acid
(tough PLA) was employed to 3D print the RIACs and was
purchased from Ultimaker BV.

Design rationale of RIACs

The RIAC was designed using the computer-aided drawing
(CAD) software (Autodesk Inventor®), and subsequently 3D
printed from Ultimaker proprietary ‘tough’ PLA using a fused
deposition modelling (FDM) printer (Ultimaker S5). Two
different RIAC configurations were employed in this study,
referred to as spiral- and straight-RIAC respectively (Fig. 1). The
spiral-RIAC is the same device employed in our previous study,
and is characterized by a spiral shaped mixing channel.*® The
straight-RIAC is instead a novel design that comprises three
reservoirs and a straight mixing channel, which is a configura-
tion comparable to the one used in hydrodynamic flow focusing
microfluidic devices. Both reactors consist of four main
features: the reservoirs, the inlet channels that originate from
the reservoirs, a junction between inlet channels, and a mixing
channel. All these features are embedded within a cylindrical
body, which is designed to fit within a standard 50 mL centri-
fuge tube (Fig. 2).

The spiral-RIAC contains two identical reservoirs connected
to the mixing channel through a Y-shaped junction between two
inlet channels. The mixing channel has a radius of 1 mm, radius

Spiral Straight
Fig.1 Schematic representation (cross-sectional view) of both spiral-
and straight-RIAC prototypes. Both RIACs contain a recess at the
bottom of each reservoir, to host a 3.175 mm steel HPLC-grade FRIT
filter. The positioning of these filters is illustrated for the spiral-RIAC.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Nanocrystals production method using the RIAC. The steel
support is connected to the RIAC, and the reactor is placed in a 50 mL
centrifuge tube. Using a micropipette, reagents are added to the
reservoirs and to the bottom of the tube. The tube is then closed and
placed in the centrifuge. In this work, two reactors were actuated
simultaneously in each run. After centrifugation, the reactors are
removed from the tube, and the sample is recovered in a glass vial. The
reactors are then washed with absolute ethanol and dried as described
in the Methods section.

of curvature of 6.5 mm, length (excluding the junction) of 102
mm, and displays a total of 2 revolutions. Overall, the device is
24 mm in diameter and 70 mm high. The straight-RIAC instead
contains three reservoirs. As shown in Fig. 1, the lateral reser-
voirs were designed to be higher than the central one, to ensure
that the length of the central inlet channel was the same as for
the lateral ones. The mixing channel has a radius of 1.25 mm
and length (excluding the junction) of 44.8 mm. The device has
the same overall diameter and length as for the spiral-RIAC.

It should be noted that the two RIAC configurations repre-
sent two alternative prototypes and that the effect of a single
specific design feature cannot be inferred from the present
investigation, since different design characteristics were
simultaneously varied to optimise each specific RIAC configu-
ration. For example, reservoirs in the straight-RIAC had reduced
cross-section and height in order to maximise the mixing
channel length, and in turn increase mixing efficiency between
solvent and antisolvent. Both RIACs were however run with the
same liquid volumes, to facilitate comparison of performance
between the two devices.

A challenge with the proposed centrifugal reactor concept is
to prevent reagents from flowing downwards through the mix-
ing channel before actuation. For this purpose, HPLC-grade
FRIT filters (pore size: 0.5 um) were placed within a recess
that was fabricated at the bottom of each reservoir, as described

© 2022 The Author(s). Published by the Royal Society of Chemistry
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previously*® (see Fig. 1). Given the small pore size of these filters,
they are capable of effectively retaining fluids within the reser-
voirs upon priming. Laminar flow through the pores is also
expected once the device is actuated.® In addition, the filters
potentially allow for the production of ‘cleaner’ end-products,
as they can prevent dust particles and small precipitates from
flowing into the mixing channel.

Both RIAC prototypes were designed to avoid printing of
support material. The fabricated single-body cylinder is there-
fore ready-to-use right after manufacturing, without requiring
any post-production step. In our previously reported design,*®
a 3D printed bottom-support was also manufactured and
coupled with the cylindrical body to provide space at the bottom
of the Falcon tube where the reaction products would collect. In
this study, it was found that the support underwent progressive
deformation when the RIAC was operated at higher relative
centrifugal forces (>1800 RCF), which became apparent after
about 10-15 consecutive runs. The 3D printed support was thus
replaced by a stainless-steel rod (diameter: 5.2 mm, height: 4.8
cm). With this modification, the device maintained its physical
integrity and overall performance even after many cycles of
operation (>50 at the point of writing).

3D printer settings for RIAC manufacturing

The Ultimaker CURA software (Version 4.12.1) was employed to
define the 3D printing process settings. The layer height was set
to the lowest possible value (0.06 mm) to obtain a smooth
surface finish within channels. Other parameters were defined
as follows: bottom/top thickness = 1.4 mm, infill density =
60%, infill pattern = grid, printing speed = 25 mm s ', and
nozzle size = 0.4 mm. Using these settings, only 25 g and 21 g of
tough PLA were required to manufacture the straight-RIAC and
spiral-RIAC, respectively. Although a lower PLA consumption
could have been potentially achieved, it was decided to manu-
facture a device that was mechanically robust enough to with-
stand many operation cycles.

During the printing process, reservoirs were oriented upward
to avoid the creation of support material within them. This also
allowed for accurate manufacturing of the reservoirs’ bottom
surfaces and frit seats. Overall, both RIAC configurations could
be printed without the need for support material, as detailed in
our previous study.*®

Protocol of quercetin nanocrystals production

For nanocrystals production, quercetin was solubilized in
absolute ethanol at a concentration of 9 mg mL~". The satura-
tion solubility of quercetin in ethanol is of approximately 12—
15 mg mL " at 25 °C. Quercetin concentration in the experi-
ments was thus kept below the solubility limit to reduce the risk
of precipitation, which could be due to room temperature being
<25 °C or caused by ethanol evaporation from the container.
After complete solubilization, the ethanolic solution was
filtered through a 0.20 pm pore size Millex®-GN syringe filter
(Merck Millipore Ltd, UK). All polymers (Kolliphor P 407, Kol-
liphor P 188, Polysorbate 20 and hydroxypropyl methyl cellu-

lose) were solubilized in purified water at different
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concentrations (between 1% and 4% w/v). After complete
solubilization, the solution was also filtered through a 0.20 pm
pore size Millex®-GN syringe filter (Merck Millipore Ltd, UK).
Solutions were prepared in batches (80 mL), so that a single
batch could be used to manufacture every sample in triplicate. A
single quercetin solution batch (60 mL) was used to manufac-
ture every sample. All solutions were prepared, stored and uti-
lised for nanocrystals production at room temperature (~21 °C).
Quercetin and polymers concentrations were chosen on the
basis of previous studies reporting on the production of quer-
cetin nanocrystals.'*»%¢-%?

The nanocrystals production method is illustrated in Fig. 2.
Initially, the steel bar support was mounted and the empty RIAC
was placed within the centrifuge tube. Liquid media were then
added to the reservoirs. In particular for the straight-RIAC,
0.5 mL of the polymer aqueous solution (antisolvent) were
pipetted in the two lateral reservoirs. Subsequently, 0.5 mL of
the quercetin ethanolic solution (solvent) were pipetted in the
central reservoir. Lastly, 3.5 mL of the polymer aqueous solution
were placed at the bottom of the centrifuge tube (Sarstedt®
polypropylene 50 mL, 114 x 28 mm, conical bottom). This
additional amount of liquid added at the bottom of the tube
reduces the final ethanolic concentration (preventing nano-
crystals solubilization) and may discourage interparticle
aggregation. In previous work, this approach has proven bene-
ficial in reducing particle size and size dispersity of liposomes
produced using the RIAC.* For the spiral-RIAC, 0.5 mL of
polymer aqueous solution were pipetted in one of the two
reservoirs, whilst 0.5 mL of quercetin ethanolic solution were
pipetted in the other reservoir. Lastly, 4 mL of polymer aqueous
solution were added at the bottom of the centrifuge tube. The
tube was then closed and placed inside a centrifuge rotor. A
swing-out rotor was employed in this study, although liposomes
were successfully produced by RIAC using a fixed angle rotor in
previous work.*® It was hypothesised that a swing-out rotor
could be more effective and reproducible at driving fluids
through the RIAC, as the centrifugal force would act perpen-
dicularly to the cross-section of the reservoirs. In this work, the
centrifugation time and relative centrifugal force (RCF) applied
were optimized in preliminary tests. Upon optimization, RIACs
were operated either at 3000 RCF for 3 minutes or at 500 RCF for
8 minutes.

Each RIAC produced 5 mL of particle suspension containing
4.5 mg of quercetin per centrifuge run, for both reactor
configurations. After each run the RIAC underwent a three-step
cleaning process, by being washed with absolute ethanol before
adding 1 mL of absolute ethanol in each reservoir and running
the RIAC at 3000 RCF for 3 minutes. The RIAC and centrifuge
tubes used were then washed again with absolute ethanol and
air dried.

This work investigated the effect of varying the RCF, the type
of particle stabilizer, the concentration of viscosity enhancer
(HPMC) and the RIAC configuration, on the dimensional
properties of the obtained nanoparticles. All experiments were
conducted at room temperature (~21 °C), which is consistent
with previous studies reporting on microfluidic-based produc-
tion of drug nanocrystals.?>*-%
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Characterization of quercetin nanocrystals

Dynamic light scattering (DLS) measurements were performed
to determine quercetin nanocrystal mean diameter and size
dispersity, using the Zetasizer Ultra instrument (Malvern
Instrument Ltd, UK). For each measurement, 20 pL of suspen-
sion were diluted with 980 pL of deionised (DI) water, which
were previously filtered using a 0.20 um syringe filter. For DLS
measurements, 1 mL disposable Fisherbrand™ polystyrene
cuvettes (Fisher Scientific Ltd, UK) were used. Each sample
underwent an equilibration time of 120 s and measurements
were carried out at 25 °C. Three measurement runs were carried
out per sample, where each run comprised 5-7 scans. Prelimi-
nary samples containing coarse precipitated nanocrystals, with
diameter < 10 pm, were only measured once and 12-18 scans
were carried out to confirm that the particle size was too large
for further analyses. The DLS analysis settings were defined as
follows: material refractive index = 1.77, material absorption
coefficient = 0.4, solvent refractive index = 1.33, and solvent
viscosity = 0.8872 mPa x s. The average nanocrystal size
(expressed in terms of peak mean of the size distribution) and
the peak width were obtained from the Zetasizer software (ZS
Xplorer, Version 2.2.0.147). The polydispersity index (PDI) was
employed as a measure of nanocrystal size dispersity and
calculated as (peak width)?/(peak mean diameter)”.

Zeta potential measurements were also performed using the
Zetasizer Ultra instrument (Malvern Instrument Ltd, UK). For
each measurement, 50 pL of suspension was pipetted at the
bottom of a DTS1070 Fisherbrand™ polystyrene folded capil-
lary cell and diluted with enough DI water (filtered through
a 0.20 pm syringe filter) to cover half of the electrodes (~900 pL).
Three measurement runs per sample were carried out, each
comprising 10-100 scans. The default voltage level of 150 V was
employed. The parameter values for the analysis were set as
follows: material refractive index = 1.77, material absorption
coefficient = 0.4, solvent refractive index = 1.33, solvent
viscosity = 0.8872 mPa x s, and solvent dielectric constant =
78.5 F m . Results were expressed as mean zeta potential and
zeta potential distribution.

Centrifugal settings for RIAC actuation

The RIAC was operated using a Sigma 3-16 KL refrigerated
centrifuge with a Sigma 11180 swing-out rotor, which
comprised four 13 190 round buckets and four 17 344 tube
holders. RIACs were operated between 200 and 4000 RCF, as it
was established that within this range reservoirs emptied fully
and consistently across repeats. When RCF values < 200 were
employed, emptying was often incomplete and less consistent
across repeats. The centrifugation time was set depending on
the RCF value applied (2-8 minutes as specified below in the
preliminary tests section).

Sample post-processing to improve suspension stability

Upon production it was observed that the quercetin nanocrystal
suspension precipitated irreversibly in the form of large aggre-
gates after 4 to 12 hours. It was therefore decided to evaluate two

© 2022 The Author(s). Published by the Royal Society of Chemistry
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post-processing methods to enhance nanocrystal surface
coating by the polymeric stabilizers. Both these methods were
applied just after sample production. One approach involved
stirring the sample for 30 min at 800 rpm, using the Fish-
erbrand Isotemp Hot Plate Magnetic Stirrer 7 x 7”. In the other
approach, the sample was processed using the IKA® Ultra-
Turrax T 18 basic homogenizer, mounting the S 18 N-10 G
dispersing tool, at speed level of 4 (~15600 rpm) for 10
minutes.

Statistical analysis

Statistical analysis and data plotting were carried out using the
open access software R (version 4.1.2, 2021-11-01, “Bird
Hippie”). The libraries employed were: tidyverse, readxl, dplyr,
rstatix, ggpubr, ggplot2, plotrix, and magrittr. Two groups of
experiments were carried out in this study. The first evaluated
the production of quercetin nanocrystals at increasing HPMC
concentrations, while the second evaluated three different types
of polymeric stabilizer. Nanocrystal mean size and PDI were
selected as responses. All statistical analyses and assumption
tests were performed on both size and PDI. Data frames were
checked for outliers, by constructing boxplots of the data
distribution. Data points were grouped by sample (three repli-
cates) and values were regarded as outliers if they were <(Q1-1.5
x IQR) or >(Q3 + 1.5 x IQR), where Q1 is the 25th percentile, Q3
the 75th percentile, and IQR the interquartile range.

Residual analysis was performed to test for the assumptions
of the three-way ANOVA. Normality was assessed using the
Shapiro-Wilk's normality test and homogeneity of variances
was assessed by Levene's test. Residuals were considered nor-
mally distributed for p-values > 0.05, and homogeneity of vari-
ances was also assumed for p-values > 0.05. Three-way ANOVA
was then carried out on the data, considering RCF (2 levels),
RIAC configuration (2 levels), HPMC concentration (3 levels), or
stabilizer type (3 levels) as independent variables. After three-
way ANOVA was performed, post hoc tests were run to
pinpoint differences between groups. Pairwise ¢-student tests
were carried out between different groups of datasets. Differ-
ences were considered statistically significant for a Bonferroni
adjusted p-value < 0.05. A full list of data, including residuals
analysis and ANOVA results, is reported in the ESI{ section.

Results and discussion

Preliminary tests: suitability of the production method and
formulation development

In order to identify a suitable nanocrystal production method,
different operational and formulation-related parameters were
initially evaluated. Values for these parameters were either
based on previous research demonstrating nanoparticle
production using the RIAC (such as RCF and volume ratios
between solvent and antisolvent)*® or on previous studies
describing the production of quercetin nanocrystals (such as
type and concentration of stabilizer).?**>5*, The centrifugation
time needed to completely empty the reservoirs was evaluated
first. 1 mL of DI water was placed in each reservoir and the
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reactor was run at different RCFs. At an RCF of 200, 9 minutes of
continuous centrifugation were needed to empty the reservoirs;
decreasing the RCF < 200 caused the emptying to become
inconsistent and often incomplete. It was therefore decided that
the RIAC should not be operated below this limit. RIACs
emptying times at increasing RCF are reported in Table 1.

Following these initial tests, the production of quercetin
nanocrystals was evaluated. The antisolvent medium was an
aqueous solution of Kolliphor P 407 (KP407) at different
concentrations (1%, 2% and 4% w/v). A range of RCF values
were investigated, and the centrifugation time was set to the
value needed to fully empty the reservoirs (see Table 1). In these
preliminary tests, it was also assessed whether the RIAC
configuration used had an effect on nanocrystal dimensions.
The outcomes from these tests (in terms of particle mean
diameter and PDI) and the corresponding experimental
settings, are reported in Table 2.

Many of the samples produced in these tests consisted of
a suspension of coarse quercetin acicular crystals, with large
size dispersity. In all these cases the DLS instrument did not
provide a reliable estimate of crystal size, but instead returned
avalue of peak mean diameter of 10 000 nm and PDI of 1 (Table
2). A representative image demonstrating these characteristics,
is reported in Fig. 3C. For all RCF values and RIAC configura-
tions tested with KP407 at a concentration of 1% or 2%, coarse
crystals formed and precipitated rapidly. Increasing KP407
concentration to 4% resulted in samples that were optically
clear (as shown in Fig. 3B), and contained nanoparticles with
mean diameter < 22 nm and PDI between 0.065 and 0.184 (Table
2). A representative size distribution for these samples is re-
ported in Fig. 3A (blue line). The dimension of nanoparticles in
the presence of KP407 4% was not affected by either RCF or the
RIAC configuration used. The stabilisers Kolliphor P 188
(KP188) and Polysorbate 20 (TW20) were subsequently tested, at
concentrations of 1% and 4%. At both concentrations KP188
produced crystals that were large and had large size dispersity,
using both RIAC configurations and at all RCF values investi-
gated (Table 2). Crystals sedimented and aggregated rapidly
upon production. Neither the RIAC architecture nor centrifugal
force affected the properties of the obtained crystals. TW20 was
evaluated using only the straight-RIAC at 2000 RCF (at both 1%
and 4% w/v concentrations). As seen with KP407, when TW20
was used at 4% the obtained sample appeared optically clear
and contained nanoparticles, with a mean diameter <9 nm and
PDI of 0.253. A representative size distribution for this sample is
shown in Fig. 3A (orange line).

Despite KP407 4% and TW20 4% producing particles with
a small size and low size dispersity, it was deemed unlikely that
these particles corresponded to nanocrystals. This is largely
because API nanocrystals with diameter < 50 nm, are substan-
tially unreported in the literature.®**” Consistent with previous

Table 1 RIACs emptying time (in minutes) for different values of RCF

RCF 500 750 1000 2000 3000 4000
Emptying time (min) 8 7 6 4 3 2

RSC Adv, 2022, 12, 20696-20713 | 20701
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Table 2 Summary of preliminary tests carried out to evaluate production of quercetin nanocrystals using the RIAC. Different particle stabilizers
were employed, including KP407 (1%, 2% and 4% w/v), KP188 (1% and 4% w/v), and TW20 (1% and 4% w/v). Both spiral- and straight-RIACs were
used and were operated at two different RCFs (500 to 2000). Nanocrystal mean diameter and PDI are reported for each of the experiments
performed. When the produced suspension included coarse crystals, the DLS instrument gave a diameter of 10 000 nm and a PDI of 1

Peak mean diameter

Stabilizer concentration RIAC configuration RCF (nm) PDI

KP407_1 SPIRAL 750 10 000 1
KP407_1 STRAIGHT 750 10 000 1
KP407_1 STRAIGHT 2000 10 000 1
KP407_2 STRAIGHT 500 10 000 1

KP407_4 SPIRAL 500 21.13 0.089

KP407_4 SPIRAL 1000 20.78 0.085

KP407_4 SPIRAL 2000 20.93 0.065

KP407_4 STRAIGHT 500 23.47 0.097

KP407_4 STRAIGHT 2000 20.91 0.074

KP407_4 STRAIGHT 2000 21.53 0.184
KP188_1 SPIRAL 750 10 000 1
KP188_1 STRAIGHT 750 10 000 1
KP188_4 SPIRAL 200 10 000 1
KP188_4 SPIRAL 2000 10 000 1
KP188_4 STRAIGHT 200 10 000 1
KP188_4 STRAIGHT 2000 10 000 1
TW20_1 STRAIGHT 2000 10 000 1
TW20_1 STRAIGHT 2000 10 000 1

TW20_4 STRAIGHT 2000 8.391 0.253

Micelles size distribution investigations,®®7° it is likely that the produced samples con-

201 7430 ' tained polymeric micelles capable of solubilising quercetin in

TW20_4% the formulation, thus preventing it from precipitating and

o forming nanocrystals. This hypothesis is supported by data

150 i from the literature,**”® reporting on the solubilization of quer-

cetin in both KP407 and Pluronic P123 micelles. The diameter

of quercetin-loaded KP407 micelles in these previous studies

- was 28.79 £ 0.8 nm, which is comparable to the results reported

< here. To confirm that KP407 alone could form micelles using

the RIAC, a ‘blank’ sample was produced, using the same

amount of KP407 without quercetin. As reported in the ESI

il (Fig. S1 and S2),7 KP407 formed micelles that were 6.44 =+

0.18 nm in diameter. The difference in diameter compared to

micelles obtained in the presence of quercetin, could be

R | e R e B attributed to the incorporation of quercetin molecules within

1 o e (n:"°)° 1000 10000 the micellar structure. On the other hand, TW20 formed

A micelles that were 7.60 £+ 0.08 nm in diameter and were

Fig. 3 (A) Size distribution of samples manufactured using 4% KP407
(in blue) and 4% TW20 (in orange). These samples were optically clear
and likely contained quercetin solubilised within polymeric micelles.
(B) Photograph of a sample prepared using 4% KP407. Quercetin did
not precipitate in the form of crystals or nanoparticles, as it was likely
solubilised within polymeric micelles. (C) Photograph of a sample
prepared using 1% KP407. Quercetin precipitated in the form of coarse
acicular crystals that sedimented at the bottom of the vial.

20702 | RSC Adv, 2022, 12, 20696-20713

comparable in size to those obtained in the presence of
quercetin.

The RIAC has proven effective at inducing rapid mixing
between chemical species,*® which is beneficial for achieving
uniform crystal nucleation. The preliminary findings of this
work however, suggest that the crystal growth process requires
further optimization. According to the nucleation and growth
theory, a diffusion-limited growth would favour controlled
formation of quercetin nanocrystals by nanoprecipitation,
which results in a particle suspension of smaller mean size and
reduced size dispersity.** It was hypothesised that increasing
the viscosity of the medium would impact positively on the
nanoparticle formation process, allowing for a final product of
superior quality. Due to the increased viscosity of the medium,
and the consequent reduction in quercetin diffusion rate, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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crystals growth process would be limited by the diffusion of
quercetin rather than by the rate of deposition of new drug
molecules on the surface of the forming particles (referred to as
‘surface mechanism’ in the literature).>**>”* One of the most
commonly used viscosity enhancers in API nanocrystal
production is HPMC.”>” The addition of HPMC to the formu-
lation containing KP407 1%, at a concentration of 0.5% w/v was
thus explored. Preliminary results showed the produced sample
was slightly opaque, with mean particle diameter < 200 nm. A
second formulation with KP407 at 4% was subsequently tested,
but this again yielded micellar solubilization of quercetin. This
confirmed that greater stabilizer concentration prevents nuclei
formation and hinders the precipitation process.

Considerations on the manufacturing of quercetin
nanocrystals using the RIAC

The mechanism of nanocrystal formation using the RIAC, is
believed to be concurrent to those already described for
classical microfluidic devices.*®*%%*” Nanocrystals are specif-
ically manufactured through controlled precipitation, and
the formation mechanism is described by the LaMer
theory.®>** Consistently with chip-based microfluidic
methods, in the RIAC a solution of the API (in an organic
solvent) mixes with an aqueous solution (antisolvent), which
in turn initiates the particle formation process. The RIAC
relies on centrifugal forces to drive liquids from its reservoirs
into the mixing channel, where rapid and controlled mixing
of solvent and antisolvent occurs. As reported previously for
comparable flow-through reactors, the fluid viscosity, volu-
metric flow rate, flow rate ratio between solvent and anti-
solvent, channel diameter and geometry, will all influence
flow and mixing regimes within the reactor.”®”” Mixing of
chemical species can occur by either diffusion or advection,
whereby diffusion is driven by the concentration gradient of
chemical species whilst advection is the transport of species
by bulk motion of a liquid. Due to the geometry of the mixing
channel in the spiral-RIAC, formation of secondary vortical
flows is likely to occur,’® resulting in advection-dominated
mixing. The latter form of mixing is known to be more
rapid and effective when compared to diffusion. Increasing
the volumetric flow rate and mixing channel's diameter,
length, and radius of curvature is expected to increase mix-
ing efficiency, whilst increasing fluid viscosity is anticipated
to have the opposite effect.

On the other hand, the straight-RIAC would theoretically
allow for the formation of a central stream of quercetin solu-
tion, laterally focused by two laminar streams of polymer
aqueous solution. Transport of solvent and antisolvent in this
case is expected to occur predominately by diffusion. Increasing
the volumetric flow rate, fluid viscosity, and mixing channel's
diameter is expected to reduce the mixing efficiency, whilst
increasing the channel length would have the opposite effect. It
should be noted that, since it was not possible to visually
inspect the mixing channel during operation of the RIACs, the
corresponding mixing regimes could not be confirmed
experimentally.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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When the mixing of solvent and antisolvent occurs, quer-
cetin enters a supersaturation state that initiates the nucleation
process and results in the formation of fine quercetin nano-
particles.?** Since quercetin is a highly hydrophobic molecule,
the newly formed nanoparticles exhibit high surface tension. To
prevent interparticle aggregation, amphoteric molecules are
added to the aqueous solution. According to the DLVO
theory,”®®" many factors play a role in determining the degree of
nanoparticle surface coverage by the stabilizing molecule.
These include the chemical properties of stabilizer and nano-
particles, mixing efficiency of the reactor, absorption kinetics of
the polymer onto the nanoparticles, and the relative concen-
tration of polymer and nanoparticles. Overall, the protocol
conceived in this study aimed to achieve rapid and efficient
mixing of the reagents, favouring homogeneous quercetin
precipitation and effective nanoparticle surface coverage by the
stabilizers.”»®" A schematic representation of quercetin nano-
crystals formation and their surface coverage by the amphoteric
stabilizer is illustrated in Fig. 4.

Since the preliminary tests described above showed that
increasing the medium viscosity favoured nanocrystals forma-
tion, HPMC was employed as a viscosity enhancer in all
subsequent experiments, with the concentration of polymer
stabilizer (KP407, KP188 or TW20) set at 1% w/v. RCF values
were also kept above the limit of 200, and 5 mL of suspension
(corresponding to a final quercetin concentration of 0.9 mg
mL ") were produced using either type of RIAC. The experi-
mental plan was then divided into two groups. The first aimed
at evaluating the effect of varying the medium viscosity while
the second evaluated different types of stabilizers. In both cases,
the effect of changing RCF (500 or 3000) and the RIAC config-
uration (spiral or straight) were also assessed.

N »

(8) Quercetin ethanolic solution

..NI, SN

U Polymer-stabilised
quercetin nanocrystal

(A) Polymer aqueous solution
Fig. 4 In the RIAC, nanoparticles are produced in a similar way to
pump-driven microfluidic devices that rely on the mixing between
a solvent and an antisolvent. The quercetin organic solution (S) and the
aqueous solution containing an amphoteric polymer (A) are first
placed in the RIAC reservoirs and at the bottom of the centrifuge tube.
When the reactor is actuated inside the centrifuge, S and A flow from
the reservoirs into the mixing channel, where rapid and controlled
mixing occurs. In this process, the aqueous solution acts as the anti-
solvent and allows the precipitation of the drug. The newly formed
nanoparticles exhibit high surface tension and the amphoteric polymer
acts as a stabilizer, covering the nanocrystals surface and hindering
interparticle aggregation.

J(v'gr«mv%.
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Effect of varying the viscosity of the medium

Variation of the viscosity of the medium was evaluated, to
determine its impact on nanocrystal properties. The underlying
hypothesis was that including a viscosity enhancer in the
formulation, would reduce the diffusion rate of quercetin in the
medium, resulting in diffusion-limited crystal growth. Accord-
ing to the LaMer theory,*** this is desirable to obtain particles
with small size and low size dispersity. Increased medium
viscosity could also impact on mixing efficiency within the
RIAC, which would affect the size distribution of the resulting
particles. Varying amounts of HPMC were investigated, to
determine the effect on nanoparticle mean diameter. 1% (w/v)
KP407 was used as stabilizer solution for each sample, which
was produced and analysed in triplicate. The mean size and PDI
of the obtained quercetin nanoparticles are shown in Fig. 5,
where samples are coloured by HPMC concentration (0.5%,

Mean particle size
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Fig. 5 Mean particle size (A) and PDI (B) of quercetin nanocrystals
manufactured using the two different RIAC architectures. Samples
were prepared in triplicate, using both RIAC configurations operated at
two RCF levels (500 and 3000). Samples were prepared using three
different concentrations of HPMC, corresponding to 0.5%, 0.75% and
1% (in blue, red and green respectively). Nanocrystal size and RSD of
triplicates increased with increasing HPMC concentration, whereas
PDI remained relatively low and almost unchanged throughout all
samples.
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0.75%, and 1% w/v). For each HPMC concentration, the RIAC
was operated at RCF values of 500 and 3000 using both RIAC
configurations. A total of four experimental conditions per
HPMC concentration tested were therefore employed.

As shown in Fig. 5, high manufacturing repeatability was
demonstrated using the RIACs, which is also reflected in the
small standard deviation of mean particle size and the absence
of outliers in the data frame. Notably, increasing medium
viscosity led to an increase in mean particle size. The mean
particle diameter for samples manufactured using 0.5%, 0.75%
and 1% HPMC, was respectively 216.53 £ 26.00 nm, 245.942 +
15.76 nm and 278.63 + 16.94 nm. However, a greater standard
deviation was observed between replicates. The mean relative
standard deviation (RSD) for the four samples manufactured
using 0.5%, 0.75% and 1% HPMC was respectively 4.167 +
1.987%, 8.406 + 7.225%, and 16.011 + 7.492%.

All samples produced had very low size dispersity, as none of
the measured PDI values was greater than 0.14 (Fig. 5). In
addition, there appeared to be no clear dependence of PDI on
the medium viscosity used. To evaluate any significant differ-
ence between samples’' mean particle size and PDI, a three-way
ANOVA was performed followed by post-hoc ¢test pairwise
comparisons on the data. The complete dataset is reported in
the ESI (Tables S1-S4).f When a three-way ANOVA was per-
formed using PDI as response, no main effect or interaction was
found to be significant. When particle mean diameter was used
as response, no three-way or two-way interaction was found to
be significant, but the main effect ‘HPMC concentration’ was
statistically significant (p = <0.001). This confirmed that varying
medium viscosity had an impact on the mean size of quercetin
nanocrystals. Increased particle size with increasing the
medium viscosity was expected, as greater viscosity corresponds
to lower quercetin diffusivity and slower mixing within the
reactor. Both of these effects may in turn result in slower nuclei
formation and particle growth, leading to the formation of
nanocrystals with larger mean diameter and a broader size
distribution.*

To pinpoint specific significant differences in the data
frame, different pairwise t¢-tests were performed on specific
groups of data (results are shown in Fig. 6 and 7). In Fig. 6, the
effects of changing RCF or RIAC configuration were analysed.
Concerning the effect of RCF, no significant difference between
samples prepared with the same RIAC and the same HPMC
concentration was detected (Fig. 6A). Changing RCF would
impact on the total flow rate (TFR) through the mixing channel,
which in turn influences both residence time of chemical
species within the device and mixing velocity, whilst the volume
ratio between solvent and antisolvent remains unchanged. A
number of previous studies concluded that the TFR within flow
reactors has a significant effect on nanoparticle size.>**** In
some cases, increasing TFR led to a reduction in nanoparticle
size,*® whilst in other studies no significant effect of TFR was
determined.®”*® Since results from this study do not show
significant differences in production performance between 500
and 3000 RCF, it could be inferred that although changes in TFR
and residence time are apparent, complete mixing is likely
achieved at both of these RCF values.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Mean particle size comparisons between samples manufac-
tured at the same HPMC concentration. Plots highlight differences in
particle size determined by changes in (A) RCF and (B) RIAC configu-
ration used. (A) Comparison of particle size for samples prepared at
500 RCF (in yellow) and 3000 RCEF (in blue). Nanoparticles didn't show
significant differences at any HPMC concentration level (0.5%, 0.75%
and 1% w/v). (B) When samples were prepared using different RIAC
architectures (straight-RIAC in purple, and spiral-RIAC in brown)
significant differences were detected between samples prepared using
0.5% HPMC, at both 500 and 3000 RCF (p < 0.005 in both cases).

This behaviour is observed for both RIAC configurations,
suggesting that complete mixing likely occurred in both device
prototypes, even though they may present different mixing
regimes (as discussed above). The effect of using different RIAC
configurations on nanocrystal dimensions was then evaluated
in greater depth, for all different HPMC concentrations used
(see Fig. 6B). The results confirm that the performance of both
RIACs is largely comparable across most conditions investi-
gated (RCF and HPMC concentrations). A statistically signifi-
cant difference in nanocrystal size between the two RIACs was
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Fig. 7 Mean particle size comparisons between samples manufac-
tured using increasing HPMC concentration (0.5%, 0.75% and 1%).
Plots highlight differences in nanocrystal mean diameter determined
by changes in HPMC concentration. Panel (A) shows differences in
particle mean diameter due to both the variation of RIAC architecture
and RCF value used. For samples prepared using the spiral-RIAC, there
is a clear increase in mean particle diameter when HPMC concen-
tration is increased (at both RCF levels tested), although only samples
prepared using 0.5% and 1% HPMC at 500 RCF are significantly
different (p < 0.05). Concerning the straight-RIAC, samples prepared
using 0.5% and 0.75% HPMC appear very similar to each other at both
RCF levels. The sample prepared using 1% HPMC shows a significant
increase in particle diameter only when the production is conducted at
3000 RCF. The plot in panel (B) groups the samples prepared at
different RCFs and illustrates differences in mean particle size due to
the variation of HPMC concentration (for both RIAC architectures
employed). An increase in particle size with increasing HPMC
concentration can be appreciated.

pwe: T test; p.adjust: Bonferroni

detected only for HPMC of 0.5%, at both 500 and 3000 RCF. In
these cases, the spiral-RIAC led to a smaller nanoparticle
diameter (190.60 + 9.73 nm and 198.00 £ 2.79 nm) compared to
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the straight-RIAC (235.17 + 9.77 nm and 242.33 + 14.53 nm). As
discussed earlier, the mixing channel architecture of the spiral-
RIAC is likely to induce faster mixing compared to the straight-
RIAC. Secondary vortical flows (also known as Dean flows) are
known to form within curved channels, inducing advection-
dominated transport and enhancing mixing efficiency.”®”” It
could therefore be inferred that mixing in the spiral-RIAC is
likely to be advection-dominated, whilst in the straight-RIAC it
may occur predominately by diffusion. Faster mixing in the
spiral-RIAC could also be attributed to the longer mixing
channel, hence the greater residence time, compared to the
straight-RIAC. The rapidity of mixing is expected to further
increase at the lower HPMC concentration used (0.5%), given
the lower medium viscosity. This would explain the observed
difference between RIAC configurations at 0.5% HPMC. Faster
mixing has been previously associated with the formation of
smaller nanoparticles, in studies using microfluidic-based
devices that relied on comparable mechanisms of particle
formation.*>®*>*”# A non-linear relationship may exist between
mixing efficiency and HPMC concentration, which renders
differences in performance between RIACs negligible at HPMC
concentrations > 0.5%. For instance, increasing the medium
viscosity (at a given RCF) reduces the flow Reynolds number in
the mixing channel, which may potentially suppress secondary
flows (or reduce their strength)’®*® and render the spiral-RIAC
closer to a diffusion-dominated mixer. Further characteriza-
tion of mixing performance in both RIACs (i.e., using numerical
simulations) should be carried out in the future to gain a more
pervasive understanding of the mixing process in these systems.

In Fig. 7A, samples were grouped by RCF and RIAC config-
uration, and plotted against the three HPMC concentrations
used. Concerning the spiral-RIAC, there is a clear trend for
nanoparticle size to increase as HPMC concentration increases
(from 190.60 £+ 9.73 nm to 276.57 + 74.43 nm), even though
only one pair of samples was significantly different. This trend
is apparent at both RCF values. The straight-RIAC instead
showed different outcomes. At 500 RCF, HPMC concentration
seems to have little to no effect on nanocrystal size, while at
3000 RCF there is a statistically significant difference in particle
diameter between samples prepared using 1% HPMC and those
prepared with 0.5% and 0.75% HPMC. However, these two
latter samples did not show a statistically significant difference.
Discrepancies in behaviour between the two types of RIAC could
be attributed to the specific mixing regimes within these
systems, as discussed earlier. The spiral-RIAC shows a non-
linear dependence of nanoparticle size on HPMC concentra-
tion, which may be due to reduced mixing rapidity with
increasing medium viscosity. The straight-RIAC instead appears
to have comparable mixing performance across all HPMC
concentrations at 500 RCF, as well as between 0.5% and 0.75%
HPMC at 3000 RCF. The larger particle diameter obtained at the
greatest viscosity evaluated (corresponding to 1% HPMC) and
3000 RCF may suggest that mixing at these conditions is less
rapid compared to the other experimental conditions evaluated.
Assuming that the straight-RIAC operates on the basis of
diffusion-dominated mixing (as for conventional microfluidic
hydrodynamic flow focusing devices), increasing both TFR and
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medium viscosity contributes towards slowing down mixing
between solvent and antisolvent, which in turn may allow for
the formation of larger particles. This has been previously re-
ported for other types of nanoparticulate drug delivery systems
produced using flow reactors.>*#>%”

Finally, Fig. 7B illustrates a comparison between samples
grouped by RIAC configuration. In this representation, the
comparison between samples obtained at different RCFs cannot
be appreciated, but results described above (see Fig. 6A)
demonstrate a marginal effect of RCF on nanocrystal size. This
plot further confirms that HPMC concentration impacts on
nanocrystal size. The effect is more apparent when the spiral-
RIAC is used, as nanoparticle size increases with medium
viscosity, although samples at 0.75% and 1% HPMC are not
statistically different (which may be due to increased end-
product variability at the greater viscosities used). Conversely,
the straight-RIAC is less sensitive to medium viscosity, although
it displays a statistically significant difference in nanoparticle
size between samples prepared with 0.5% and 1% HPMC.

Effect of varying the type of stabilizer

After evaluating the effect of medium viscosity, a subsequent
series of experiments investigated the potential effect of
changing the type of polymeric stabilizer on nanocrystal
dimensions. For these tests three stabilizers were selected, Kol-
liphor P 188 (KP188), Kolliphor P 407 (KP407), and Tween 20
(TW20). All of the stabilizers have low toxicity and are widely
accepted pharmaceutical excipients.””*> There are two main
mechanisms through which a colloidal suspension can be
stabilized: electrostatic repulsion and steric stabilization,®***
which rely on the use of ionic and non-ionic stabilizers,
respectively. Polymeric stabilizers promoting steric stabilization
as used in this work, are composed of two functional moieties: (i)
an anchoring tail segment that interacts with the nanoparticle
and allows polymer absorption onto the particle surface, and (ii)
another tail segment that undergoes solvation. Solvation of this
segment is necessary to achieve a stabilizing effect, as it ther-
modynamically prevents interpenetration of polymer chains
when two colloidal particles approach each other. For this
reason, if the stabilizer tail can be solvated efficiently by the
chosen medium, steric stabilization is usually capable of pre-
venting particle aggregation. A limitation associated with steric
stabilisation of nanoparticles is the need to finely tailor the
anchoring tail to the drug of interest. Due to the lack of funda-
mental understanding of the interaction mechanisms between
the stabilizer and nanoparticle surface, current stabilizer
screening approaches are mostly empirical.®>*>*® Two different
grades of poloxamer were assessed; the more lipophilic (KP407)
and the more hydrophilic (KP188). Both KP188 and KP407 had
been used in previous work for quercetin nanocrystal production
with successful outcomes.””* Polysorbate 20 (TW20) was uti-
lised as a stabilizer to verify whether differences in the chemical
structure between stabilizers, could have an impact on nano-
crystal production. Previous research has shown that varying the
stabilizer formulation can lead to changes in particle size, size
dispersity, and physical stability.”>*>*”'® Therefore, similar

© 2022 The Author(s). Published by the Royal Society of Chemistry
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experimental outcomes were expected in the present study. The
chosen stabilizers (KP188, KP407 and TW20) were all employed
at a 1% w/v concentration in aqueous solution, which also
contained 0.5% w/v of HPMC. Only 0.5% HPMC was used in the
formulation as previous results (see Fig. 6) showed that
increasing the HPMC concentration further led to greater
sample-to-sample variability. RCF values of 500 and 3000 were
used and tested in both RIAC configurations in triplicate. Fig. 8
shows the mean diameter and PDI of quercetin nanocrystals
obtained in these experiments, where bars are coloured by
stabilizer type. The production process was again highly
repeatable, with RSD < 6.5% for all samples and no outlier
detected. The PDI was also low for all samples (<0.14). PDI values
appear largely unaffected by the parameter changes performed,
whereas the nanoparticle size appears to be influenced by the
type of stabilizer used during production.

Mean particle size
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Fig. 8 Mean particle size (A) and PDI (B) of quercetin nanocrystals
manufactured using the two different RIAC architectures. Samples
were prepared in triplicate, and both RIAC configurations were oper-
ated at two RCF levels (500 and 3000). Samples were prepared using
three different polymeric stabilizers: Kolliphor P 188 (KP188), Kolliphor
P 407 (KP407) and polysorbate 20 (TW20) (in blue, red and green,
respectively). Nanocrystals size underwent appreciable variations
when the stabilizer was changed, whereas PDI remained quite low and
almost unchanged throughout all samples.
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The results of three-way ANOVA followed by t-test pairwise
comparisons on the data were then analysed; the complete
dataset is reported in the ESI section (Table S5, S6, S7 and S8).T
When three-way ANOVA was performed using PDI as response,
no main effect or interaction was found to be significant. This
corroborates the findings reported earlier (shown in Fig. 5),
confirming that PDI was largely unaffected by the tested
parameters within the parametric space of this work. When
three-way ANOVA was performed using particle mean diameter
as response, no three-way interaction was found to be signifi-
cant, while two two-way interactions and two main effects were
significant (p < 0.05). Specifically, ‘RIAC configuration’ and
‘stabilizer type’ main effects were statistically significant (p =
5.49 x 107° and p = 1.80 x 10~ °, respectively). The two-way
interactions ‘stabilizer type-RIAC configuration’ and ‘stabilizer
type-RCF’ were also statistically significant (p = 4.89 x 10> and
p = 1.10 x 102, respectively). To pinpoint specific significant
differences in the data frame, different pairwise t-tests were
performed on the data (results are shown in Fig. 9 and 10). Fig. 9
illustrates the effect of changing RCF or RIAC architecture on
quercetin nanocrystal mean diameter. Concerning the effect of
RCF (Fig. 9A), only the sample prepared using KP188 showed
significant changes in particle size when produced at different
RCFs, but this was apparent only when the straight-RIAC was
used. Despite this, results again support the observation that
both RIACs are largely insensitive to changes in the actuating
centrifugal force. Notably, this is consistent with previous
research that used the RIAC to produce liposomes,*® where
vesicle size was not influenced by RCF. Concerning the effect of
RIAC configuration (Fig. 9B), a statistical difference in nano-
crystal diameter between spiral- and straight-RIAC was observed
in the presence of KP407 (at both 500 and 3000 RCF) and KP188
(at 3000 RCF).

In Fig. 10, samples were grouped by RCF and RIAC config-
uration and were plotted against the stabilizer type. When the
spiral-RIAC is employed, differences between samples are
evident. At 3000 RCF all samples are significantly different to
each other; at 500 RCF, statistically significant differences are
present between KP188 vs. KP407 and KP407 vs. TW20.
Conversely, when nanoparticles are produced using the
straight-RIAC, no significant effect of the stabilizer type is
appreciated at 500 RCF, whereas at 3000 RCF, KP188 and TW20
are statistically different. Differences between the two RIAC
configurations could be attributed to the different residence
time of the chemical species inside the two reactors. The spiral-
RIAC has a longer mixing channel and thus allows for greater
residence time compared to the straight-RIAC. This could allow
for more efficient absorption of polymers onto the nanoparticle
surface. The effect of reducing the residence time would be
more pronounced for polymers that have a slower kinetics of
absorption. Although there is no available quantitative infor-
mation about the absorption kinetics of the chosen polymers
onto quercetin nanoparticles, it could be hypothesized that
KP407 presents the slowest absorption kinetics, as differences
between the two RIAC configurations are significant at both 500
and 3000 RCF. KP188 may instead have a faster absorption
kinetics, as differences between the two RIACs are notable only
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Fig. 9 Mean particle size comparisons between samples manufac-
tured using the same polymeric stabilizer. Plots highlight differences in
nanoparticle size determined by changes in (A) RCF and (B) RIAC
architecture. (A) Only samples prepared using Kolliphor P 188 (KP188)
and the straight-RIAC showed significant particle size differences due
to changes in RCF (p < 0.05). (B) When samples were prepared using
different RIAC architectures (straight-RIAC in purple and spiral-RIAC in
brown) significant differences in size were found between samples
prepared using Kolliphor P 407 (KP407) as stabilizer, at both 500 and
3000 RCF (p < 0.005), and using KP188 (but only at 3000 RCF; p <
0.05).

pwe: T test: p.adjust: Bonferroni

when the residence time is increased to 3000 RCF. TW20
appears to have the fastest absorption kinetics, as no significant
difference has been detected between experimental conditions
tested. The plot in Fig. 10B shows the comparison between
samples grouped by RIAC configuration. Whilst experiments
have shown that nanoparticle size is almost insensitive to RCF
(see Fig. 6B), the graph clearly shows that changing the stabi-
lizer impacts on nanocrystal size. Consistent with the results
shown in Fig. 9B, it appears as samples containing KP188 and
TW20 undergo only minor dimensional changes, when
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Fig. 10 Mean particle size comparisons between samples manufac-
tured using different polymeric stabilizers: Kolliphor P 188 (KP188),
Kolliphor P 407 (KP407) and polysorbate 20 (TW20). Plots highlight
differences in nanocrystal mean diameter determined by changes in
the stabilizer used. The top panel (A) shows differences in particle
mean diameter due to both the variation of RIAC architecture and RCF
used for the production of the samples. For samples prepared using
the spiral-RIAC, significant differences between most of the samples
are found, as represented by the brackets (* = p < 0.05; ** = p < 0.005;
*** = p < 0.0005). Concerning the straight-RIAC, samples prepared at
3000 RCF show appreciable differences, with a significant difference
in size between samples prepared using KP188 and TW20. At 500 RCF,
the manufactured samples do not show any significant difference.
Panel (B) groups samples prepared at different RCFs and shows
differences in mean particles size due to the change of stabilizer used
(when the manufacturing is carried out using the two RIAC
architectures).

production is performed with either spiral- or straight-RIAC.
Conversely, samples prepared with KP407 have a different size
distribution depending on the RIAC architecture used. It could
be hypothesized that these differences are due to the different
absorption kinetics of the polymers onto the nanoparticles

© 2022 The Author(s). Published by the Royal Society of Chemistry
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surface. Other factors that may have impacted on particle size
include differences between medium viscosity (which depend
on the stabilizer used), affinity between quercetin and stabilizer
monomers, and stabilizer diffusivity. It is difficult to ascertain
which of these factors has the greater impact on the charac-
teristics of the obtained nanoparticles. Overall, results show
that the type of stabilizer plays an important role in deter-
mining the dimension of quercetin nanocrystals, whilst the
effect of RIAC architecture is dependent upon the type of
stabilizer used, with some formulations being less sensitive
than others.

Comparison with other production methods and nanoparticle
stability issues

The results obtained in this work confirm that the RIAC is
a promising method to achieve facile and rapid manufacturing
of quercetin nanocrystals with low size dispersity and satisfying
reproducibility.

In a previous work, Kakran et al. evaluated the production of
quercetin nanocrystals with different methods (HPH, bead
milling, and cavi-precipitation).*® All of the tested methods were
successful, resulting in nanocrystals with size ranging from
276.7 nm to 787.3 nm and PDI between 0.111 and 0.238. The
methods used however come with drawbacks when compared
to the RIAC. Firstly, both HPH and cavi-precipitation necessitate
a specialized high-pressure homogenizer, usually operated
between 500 and 1500 bars. The processing time is variable, i.e.,
around 60 minutes for cavi-precipitation and 20 processing
cycles (time not defined) for HPH. The bead milling process
suffers from similar disadvantages, as it relies on the use of
a specialized bead milling instrument as well as milling beads.
The processing time for this method is variable and depends on
the hardness of the drug particles. All of these methods there-
fore necessitate highly specialized tools and relatively long
processing times when compared to the RIAC, and the obtained
nanoparticles are usually larger and with greater size dispersity.
Unfortunately, there was no quantitative measure of method
reproducibility in these previous studies. One advantage that
comminution methods show over the RIAC, is that they typically
produce larger suspension volumes. Kakran et al>® demon-
strated production of 40 mL (HPH), 20-50 mL (cavi-
precipitation) and 150 mL (bead milling method). The drug
concentration used in these methods is also greater, with
quercetin at an initial concentration of 5-10% w/w. Notably, in
a subsequent study, Kakran et al demonstrated that the
nanosuspensions produced with HPH and bead milling were
stable both at 4 °C and room temperature for at least 180 days,
whereas the nanosuspension produced with cavi-precipitation
formed large aggregates that subsequently sedimented.'**
They attributed this limited stability to the presence of organic
solvent (DMSO or ethanol) in the formulation. A similar effect of
the solvent is hypothesized to impact the formulation used in
this work. More recently, Lucida et al. tested the production of
quercetin nanocrystals utilising a planetary miller, in the pres-
ence of zirconium oxide milling beads.”® The method yielded
quercetin nanocrystals in 30 minutes, with a mean particle size

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of 289.9 nm and PDI of 0.308. The obtained nanoparticles
retained their dimension for up to 60 days at room temperature,
however no data on the method reproducibility was reported in
the study. As for other comminution methods, a greater initial
quercetin concentration (10% w/w) was used compared to
nanoprecipitation-based methods. Manca et al. produced
quercetin nanocrystals with high reproducibility using a small-
scale wet beads milling method, with 40 minutes of processing
time.”® Quercetin was present at concentrations of 3% or 5% w/
w, and two polymeric stabilizers were evaluated (KP188 and
Tween 80, TW80) at a 1% w/v concentration. The obtained
nanoparticles had a mean diameter and PDI of 326 + 24 nm and
0.30 £ 0.02 (with 3% quercetin and 1% KP188) and of 431 +
15 nm and 0.33 £ 0.01 (with 3% quercetin and 1% TW80). The
obtained nanoparticles did not undergo size changes over 90
days at room temperature when TW80 was used. Nanoparticles
produced in the presence of KP188 underwent a 27% size
increase after 1 day, but then maintained their size for the
remaining 89 days. As for previous studies using comminution
methods, the produced particles possessed high stability. The
size and size dispersity of particles obtained with this
manufacturing approach were however greater than the ones
obtained using the RIAC. In a following work, Kakran et al.>”
evaluated the production of quercetin nanocrystals using
a batch solvent-antisolvent method. They tested the effect of
parameters such as quercetin concentration, solvent/
antisolvent ratio, quercetin solution injection flow rate, and
stirring speed of the antisolvent on nanocrystal size. Drug
concentration was similar to that used in the present work;
between 5 and 15 mg mL ™" in ethanol, but the antisolvent used
was DI water only (i.e., no stabilizer was employed). With this
method they were able to produce relatively fine quercetin
nanoparticles (between 170 nm and 560 nm in diameter). A
quantitative measure of particle size dispersity, sample stability
and experimental reproducibility was not included in this
previous study. The processing time and final quercetin
concentration were comparable to those achieved with the
RIAC, although the RIAC produced quercetin nanocrystals that
are generally smaller and with a narrower size distribution. To
the best of authors’ knowledge, no previous work focused on the
microfluidic-based production of quercetin nanocrystals.
Therefore, a direct comparison between the RIAC and
a conventional microfluidic approach is not possible at the
current time and could form the basis for future research.
Compared to other microfluidic-based nanoprecipitation
techniques, such as the one used to manufacture hydrocorti-
sone nanocrystals by Ali et al.,* it is clear that one advantage of
the RIAC is its simplicity of operation. In the cited research,
drug nanoparticles were produced through a series of steps,
comprising initial precipitation of the API in a microfluidic Y-
shaped mixer, followed by batch agitation and sonication of
the final suspension. Two micro-pumps were also required to
convey the hydrocortisone solution and antisolvent through the
reactor. The lack of such instrumentation is one of the initial
barriers that some laboratories may encounter on their first
venture into using microfluidic-based techniques. A second
advantage of the RIAC is its ease of manufacture. The
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fabrication of microfluidic reactors can be relatively complex,
costly, and dependent on multiple steps, as shown in the work
by Arzi et al.** RIAC manufacturing instead does not require any
post-processing step, as the reactor is ready to use right after 3D
printing. This allows for simpler and more cost-effective opti-
mization of the device during development, as well as repro-
ducible and frequent device substitution when required.
Despite the benefits of the developed production method,
the quercetin nanosuspensions produced in this study however
possessed limited stability. Even though suspension stabiliza-
tion was not the primary focus of this work, preliminary
attempts were carried out to address this issue. This would
substantially form the basis for future work, which aims to
specifically address nanosuspension stability. Upon produc-
tion, nanocrystals were small in size and had a narrow size
distribution, however after 4 to 12 hours larger particles formed
that precipitated irreversibly. This could be due to either
aggregation and/or Ostwald ripening.”>'*>'** Storing samples at
4 °C reduced sample stability further, suggesting that particle
aggregation may be the main contributing factor to the process.
Many factors can affect stability of API nanoparticle suspen-
sions; among these, three specific formulation aspects were
identified that could potentially be improved to increase sample
half-life. (1) It is possible that mixing within the RIACs is
sufficiently effective to yield rapid nucleation and crystal
precipitation, but the residence time is too short to allow
complete surface coating by the stabilizer. (2) The presence of
10% ethanol in the final formulation (0.5 mL ethanol in 5 mL
suspension) could potentially promote quercetin solubilization
and Ostwald ripening, which could enhance particle growth
over time.'”> And (3) the ethanol present in the formulation
could interact with the stabilizer, causing dehydration of the
coating layer and reducing its ability to impair aggregation.®
Experiments were therefore carried out to determine
whether the surface of quercetin nanocrystals was effectively
coated by the polymeric stabilizer. Zeta potential measurements
were performed on samples produced using HPMC 0.5% and
KP407 1%. Data from the literature suggest that quercetin
nanocrystals coated by KP407, should have a zeta potential of
around —25 mV.*” The zeta potential distribution instead pre-
sented two separate peaks, at negative (—32.2 mV) and positive
(+17.3 mV) values, respectively (Fig. 11). These peaks are likely
due to the presence of negatively charged polymeric micelles
and positively charged quercetin nanocrystals (either naked or
partly coated). To enhance surface coating of quercetin nano-
particles, a post-processing step was introduced to favour
stabilizer interaction with the nanoparticle surface. Two
different approaches were attempted to achieve this: (i) stirring
at 800 rpm for 30 minutes (using a magnetic stirrer), and (ii)
homogenization for 10 minutes using the UltraTurrax homog-
enizer. Both methods yielded encouraging results, as shown in
Fig. 11. After post-processing, the zeta potential profile displays
a single, negative peak for both methods (at —5.176 mV after
UltraTurrax homogenization, and —1.257 mV after magnetic
stirring). Nanocrystal size after post-processing was also unaf-
fected in both cases. Since KP407 was used as stabilizer in these
experiments a more negative zeta potential was however
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Fig.11 Zeta potential distribution of unprocessed and post-processed
quercetin nanocrystal suspensions. Before processing the zeta
potential distribution displays two separate peaks (red line), likely due
to the presence of uncoated quercetin nanocrystals and negative
polymeric micelles. After processing (orange and blue lines), sample
zeta potential shifted and the distribution presents only one (slightly
negative) peak.

expected, consistently with data from the literature.” Unfortu-
nately, even after post-processing, both samples still underwent
rapid and irreversible sedimentation. Following this first
attempt, removal of ethanol by centrifugation was subsequently
evaluated. However, centrifuging the nanoparticle suspension
for 150 minutes at 5000 RCF (the maximum speed allowed by
the centrifuge available), did not result in effective particle
sedimentation and separation from the supernatant. It is worth
mentioning that freeze drying was also carried out as a potential
alternative approach for the removal of ethanol. This resulted in
the formation of large aggregates (data not shown) that did not
return to the original nanoparticle size upon resuspension. The
attempts to improve stability of the quercetin nanocrystal
suspensions were unsuccessful. Future work should thus aim to
investigate and address this challenge more comprehensively.
In particular, data from the literature suggest that the presence
of organic solvent in the formulation, is detrimental to quer-
cetin nanocrystals stability.’”'** For this reason, future work
should focus on optimising the RIAC design and particle
production method to reduce the ethanol content in the end-
product.

Conclusions

This study demonstrated the potential of centrifugal flow-
through reactors (also known as reactors-in-a-centrifuge, or
RIACs) as a cost-effective, facile and pump-free technology for
producing pharmaceutically relevant nanoparticulate systems.
RIACs can be manufactured using a desktop 3D printer that
does not require any post-manufacturing treatment before

© 2022 The Author(s). Published by the Royal Society of Chemistry
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usage. They can be actuated using conventional laboratory
centrifuges rather than specialist and costly pumps, making
them suitable for widespread adoption. Users with expertise in
technical drawing and rapid prototyping could customize the
RIAC design to fit specific needs, as well as incorporate addi-
tional functionalities. To facilitate this, technical drawings of
the reactors are provided as ESL.{

In this work, two RIAC architectures were developed,
featuring a spiral shaped or straight mixing channel. These
configurations are comparable to those commonly employed in
microfluidic devices, currently used for nanoparticle produc-
tion. The channel architectures were 3D printed within a cylin-
drical structure, which can be easily primed and placed within
a centrifuge rotor. Both RIACs were capable of producing
quercetin nanocrystals, with a therapeutically relevant diameter
(between 190.60 + 9.73 nm and 302.27 + 33.154 nm). This was
similar or smaller than particles obtained through precipitation
and high energy methods in other works.?¢->%5998:99,101

The effects of changing production and formulation-related
parameters on nanocrystal size were also demonstrated.
Specifically, a significant increase in nanocrystal diameter was
observed when the amount of viscosity enhancer (HPMC) was
increased. This viscosity-dependent increase in particle size was
more noticeable for samples prepared using the spiral-RIAC
compared to the straight-RIAC. In addition, significant varia-
tions in nanocrystal diameter were detected when the
manufacturing was carried out using different particle stabi-
lizers. Varying the centrifugal force had a less pronounced effect
on nanocrystal size, but interestingly this effect depended on
the type of RIAC geometry used. Notably, within the parametric
space investigated, most samples had a low size dispersity, with
PDI values between 0.029 + 0.008 and 0.100 + 0.045 which are
not easily achievable with other low-energy production
methods. To the best of authors’ knowledge, this is the first
attempt at producing API nanocrystals using a 3D printed flow-
through reactor solely actuated by a conventional laboratory
centrifuge. Although it was not an original objective of the
study, it was also demonstrated that under certain formulation
conditions, RIACs can be utilised as a strategy for rapidly
producing micellar systems with low size dispersity.

Quercetin was employed as a model drug in this research for
its bioactive properties and intrinsic fluorescence. The method
proposed here could be employed by researchers to formulate
nanocrystals, which can be used as a model API nanocrystal for
in vitro and in vivo research. Given the promising results ob-
tained, it is anticipated that RIACs could also be employed to
produce nanocrystal forms of other APIs in future research.

Importantly, future work should address the stability issues
that were encountered with the current formulation and
perform a more extensive characterization of the physical form
of the obtained nanoparticles. Improved nanoparticle stability
could also enable further characterisation of nanoparticle
morphology, ie. through transmission electron microscopy
(TEM) imaging. In addition, a quantitative characterization of
the flow dynamics and mixing regimes in the RIACs could be
performed, to obtain an accurate estimate of residence time
within the device. Computational fluid dynamics (CFD) models

© 2022 The Author(s). Published by the Royal Society of Chemistry
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could contribute to further our understanding of the mixing
performance of these reactors, allowing for design modifica-
tions that could improve RIACs production efficiency. Particle
size measurements could also be performed at different time
points of the production process, to potentially gain further
information about the nanoparticle formation process.

Finally, future research could investigate scaling-up strate-
gies to achieve greater particle production rates. This may
involve increasing the overall dimensions of the reactor or
operating multiple reactors simultaneously. Towards this,
additional experiments could be performed to assess the
reproducibility of nanoparticle production across multiple
RIACs replica.
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