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Although drug nanocrystals have attracted considerable interest within the pharmaceutical industry, there
remain issues with the production of nanocrystals with a size below 100 nm. The aim of the present study is to
develop a stable, reproducible Canagliflozin (CFZ) sub-100 nm nanosuspension system using microfluidic
nanoprecipitation and Quality by Design (QbD) techniques. By means of the circumscribed central composite
design (CCCD), critical parameters of the microfluidic nanoprecipitation process and nanosuspension formula-
tion components were optimised. Optimal CFZ nanosuspension with Z-average of 89.52 + 3.30 nm, PDI of 0.12 +
0.01 and drug content of 92.49 + 0.03 % was successfully fabricated using Soluplus as a stabiliser. An increase in
saturation solubility corresponding to approximately 250 times the value of the pure CFZ in water was noted. The
optimised CFZ nanosuspension was solidified by freeze-drying and electrospraying. Overall, the study has
demonstrated that by using a combination of microfluidics and QbD it is promising to generate stable sub-100 nm

nanocrystals with high yield, and narrow size distribution and favourable stability.

1. Introduction

Nanocrystal technology has become increasingly utilised for
enhanced drug bioavailability over recent years due to potentially sig-
nificant advantages over existing drug delivery strategies such as
cyclodextrin inclusion, solid dispersions, micelles, complexation and
liposomes [1,2]. These strategies include the requirement for specific
physicochemical properties for inclusion into complexes and lipid based
nanocarriers [3—5], while liposomal and micellar systems with positive
surface charge can cause toxicity due to their immunogenicity. Nano-
crystalline systems have attracted interest due to the possibility of
augmented saturation solubility, increased dissolution rate and adhe-
sion to cell membranes [6,7]. These systems are essentially carrier free
drug particles with a size under 1000 nm, with a structure consisting of
pure drug at nanoscale surrounded by a stabilizing layer, thereby
theoretically allowing effectively complete drug loading, in turn
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facilitating high local or circulation concentrations [8]. These advan-
tages can potentially provide a significant opportunity to improve the
bioavailability and reduce the side effects of BCS Class II and Class IV
drugs [9], in turn allowing reduced dosing compared to conventional
forms [10]. On the other hand, as the particle size diminishes below
100 nm, the optimisation of the amount of surfactant required to sta-
bilise the nanosuspension becomes increasingly critical. Insufficient
stabilisation can result in aggregation, while excessive stabiliser use may
restrict the enhancement of bioavailability [11].

Nanocrystal formulations were estimated to be worth more than $82
billion within the pharmaceutical market in 2021 [12], the majority of
products being intended for oral administration [13]. This is a result of
their established efficacy when delivered via this route, but also because
the difficulty of producing drug nanocrystals with ultrafine particle sizes
restricts the use of alternative delivery strategies [14]. For example, the
treatment of cancer may require both surface modification of the drug
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nanocrystals and a particle size range below 100 nm [12]. Moreover, in
order to apply the membrane filtration method used to prepare
conventionally produced sterile inhalers and parenteral suspensions, the
nanosuspension must be of sufficiently small size so as not clog the 0.22
pm pore size filter [15]. There are therefore a range of advantages in
being able to successfully produce sub-100nm nanocrystals.

Reducing the size of drug nanocrystals to below 100 nm presents
significant technical and thermodynamic challenges, despite offering
pharmacological advantages. Within this size range, the dramatic in-
crease in surface energy leads to crystal instability, and processes such as
Ostwald ripening cause rapid aggregation and growth of nanocrystals
[16]. In terms of production, traditional top-down methods are insuffi-
cient for achieving sizes below 100 nm, while traditional bottom-up
approaches show limitations in scaling and process control. Top-down
methods, especially wet stirred media milling (WSMM), are often
preferred by the pharmaceutical industry, whereby the active ingredient
particle size can be reduced to 200-400 nm [17,18]. While nanocrystals
below 100 nm may be obtained with WSMM, this may necessitate sig-
nificant extension of the milling process, in turn requiring additional
time, energy and hence cost [19]. In addition, contamination of the
nanosuspension from ceramic or polymeric bead materials due to bead
abrasion must be taken into account [20]. In contrast, most of the drug
nanocrystals reported in the literature have been obtained by bottom-up
methods, with sizes of less than 100 nm [13]. Amongst the bottom-up
technologies, nanoprecipitation is considered to involve low cost and
relatively simple scale-up [21,22]. In brief, rapid diffusion of the drug
solution into the antisolvent phase generates high supersaturation, in
turn leading to precipitation of the drug into submicron particles [23]. A
major drawback may be continuation of crystal growth after the pre-
cipitation process [24], while rapid and uniform mixing is essential to
obtain suitably small particles with a homogenous size distribution [25].
On this basis, typical precipitation methods such as stirred tank mixing
and sono-precipitation may be unsuitable for nanocrystal generation
due to lack of controlled mixing and precipitation within the process
[23,26].

Microfluidics have considerable potential to address the problems
associated with conventional antisolvent methods [27]. Although
initially utilized as a tool for microanalysis, these methods are now
recognized as a sophisticated approach for analysis and fabrication in
the pharmaceutical field [28]. The approach may be defined as: "The
science and technology of systems that process or manipulate small
(10~% to 10 8 liters) quantities of fluids using channels tens to hundreds
of micrometers in size." [29]. Unlike macroscale devices, the laminar
flow resulting from the use of micro-channels enables rapid heat and
mass transfer [30]. Specific to the study outlined here, the continuous
input flow allows consistent and reproducible nanoparticle manufac-
ture, with controlled size, shape, morphology and composition possible,
also minimising problems of batch-to-batch variability [31,32].

Fabrication of nanosuspension in microfluidic system involves
several operational parameters which may significantly affect outcomes;
hence it is crucial to understand and optimise process and formulation
variables to obtain stable nanocrystals with appropriate particle char-
acteristics. QbD involves a systematic and statistical approach to sys-
tems optimization but also incorporates product and process
understanding within predefined objectives based on risk assessment
and risk management [33]. This roadmap consists of four main ele-
ments, which will be respectively defined as the quality target product
profile (QTPP), critical quality attributes (CQAs), critical material at-
tributes (CMAs) and critical process parameters (CPPs) [34].

It is well known that drug nanocrystals in nanosuspension form have
a physical stability problem owing to their small particle size. More
specifically, the Gibbs free energy dramatically increases when the
particle size decreases below 100 nm, leading to high surface energy and
hence a tendency to aggregate. In order to achieve optimum stability,
drying is often preferred to transform the nanosuspension into a solid
phase [35]. Nevertheless, the drying process is of crucial importance
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with the possibility of crystal growth or aggregation resulting from
thermal stress [36]. There exists a number of drying methodologies that
may be employed, including centrifugation, freeze-drying, spray-drying,
vacuum drying, electrospraying and pellet loading [37,38]. Drying
processes become significantly more challenging when the size of the
nanocrystals is reduced below 100 nm. The considerably higher surface
energy of sub-100 nm particles renders them more susceptible to ag-
gregation, fusion, and irreversible size growth during drying processes
[39]. In this study, freeze-drying and electrospraying methods were used
to compare the effect of thermal stress on drug nanocrystals; since the
first method includes a freezing step while the second method is sub-
jected to electrohydrodynamic process without any heat-related pro-
cedure. Here, we investigate the use of both methods to produce a solid
form of the nanosuspension under study.

CFZ was used as a model drug in this study. CFZ was launched in
2013 as the first member of sodium glucose co-transporter 2 (SGLT-2)
inhibitor approved by FDA [40]. Among antihyperglycemic agents,
SGLT-2 inhibitors are notable for their cardiovascular benefits and
prevention of renal failure [41,42]. These agents control blood glucose
levels independently of insulin by maximizing renal glucose excretion in
the proximal tubule of kidney [43]. CFZ is nearly insoluble in aqueous
solutions from pH 1.1 and pH 12.9 and is classified as BCS Class IV; the
absolute bioavailability is 65 % due to poor to moderate permeability
[44]. There are also studies in the literature showing that it could be
used in potential treatments for glioblastoma [45], pancreatic [46], lung
[47] and thyroid cancer [48], as SGLT-2 is expressed in most cancers.

The main objective of this study is to develop quality controlled and
reproducible high yield production of sub-100 nm drug nanocrystals via
the use of an inexpensive custom-made Y-shaped microreactor com-
bined with a QbD approach. The synergy between microfluidic nano-
precipitation, facilitating high flow rates, and the QbD approach,
providing a methodology for achieving drug nanocrystals with a diam-
eter less than 100 nm, while also having the potential to be further
developed into a scalable and industrially relevant protocol. In order to
understand the microfluidic nanoprecipitation process (i.e. CPP) and to
examine the effect of formulation components (i.e. CMA), a risk
assessment was performed based on pre-formulation studies and liter-
ature, and CQAs of the formulation were identified. As part of this main
objective, the optimum nanosuspension formulation was converted into
solid form using freeze-drying and electrospraying methods for
maximum stability, since, as previously mentioned, drug nanocrystals
below 100 nm are prone to aggregation.

2. Materials and methods
2.1. Materials

Canagliflozin (hemihydrate) (CFZ-Hemi) was supplied by Abdi
ibrahim Drug Company (Istanbul, Tiirkiye). Hydroxyl propyl methyl
cellulose 6 cP, 15 cP (HPMC, Methocel® E6 LV, Methocel® E15 LV) was
obtained from Colorcon Middle East Pvt. Lt. (Istanbul, Tiirkiye). Sol-
uplus® (Sol), poloxamer 407 (P407, Kolliphor® P407), poly-
vinylprolidone K30 (PVP K30) were obtained from BASF, Ludwigshafen,
Germany.

2.2. Preliminary formulation development

Ethanol, in which CFZ is reportedly freely soluble, was used as the
organic solvent [49], whereas deionized water, owing to CFZ’s low
solubility (8.0 pg/mL) [50], was employed as the antisolvent.
Pre-formulation studies were carried out using a conventional (in-batch)
antisolvent precipitation method by dropwise addition of the solvent
phase to the antisolvent phase in a glass vial and continued stirring
throughout the process. The effect of varying ratios of the solvent to
antisolvent were examined at 1:10, 1:20 and 1:30 v/v. Additionally, the
effect of different stabilisers such as P407, HPMC E15 and Sol was
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Fig. 1. Preparation of CFZ nanosuspension via customized Y-shaped microreactor (Created in https://BioRender.com).

Table 1
Examination of formulation and process parameters.
Formula Drug Conc. in the Soluplus S:AS Flow rate
No. Solvent Phase (mg/ Conc. ratio (mL/min)
mL) (w/v%)
F1 200 3 1:20 3.5:70
F2 200 3 1:15 5:75
F3 200 4 1:20 3.5:70
F4 200 4 1:15 4.6:70
F5 200 4 1:15 5:75
F6 300 4 1:20 3.5:70
F7 300 4 1:15 5:75

evaluated by dissolving each one separately in water to form antisolvent
phase at different concentrations (from 0.125 % to 1.5 %), while the
solvent phase was prepared by dissolving varying amounts of CFZ (50,
100 and 150 mg/mL) in ethanol. After obtaining CFZ nanocrystals by the
conventional precipitation method (with Sol identified as the most
suitable stabiliser as outlined in Section 3) continuous nanocrystal
fabrication was explored using microfluidic technology.

The nanocrystals were produced using a custom-made Y-shaped
micro-reactor, which was 3D printed (Stereolithography (SLA) printer,
Formlab USA) from transparent resin. The inner diameter of the reactor
is 0.646 ym + 0.025 um, the reaction chamber length is 30 mm, the inlet
chamber length is 7 mm, the angle between the inlets is 90 °, and the
overall length is 5.4 cm. Pre-cooled (4 °C) Sol solution as the antisolvent
solution and solvent solution were prepared as mentioned above and
then filtered through a 0.22 pm PES Syringe Filter (Sartorius AG, Ger-
many). They were loaded into gas-tight syringes (SGE) and were pump
into the micro reactor inlets at different flow rates using a syringe pump
(33 Dual Drive System, Harvard Apparatus, USA), so that the two fluids
faced each other in the reaction chamber and precipitated through high
supersaturation (Fig. 1). Nanosuspensions with different concentrations
of both Sol and CFZ were prepared at various flow rate (60, 70 and
75 mL/min).

As part of the QbD approach, the drug concentration, polymer con-
centration, solvent:antisolvent (S:AS) ratio and flow rates were exam-
ined to determine potential factors and to perform initial risk
assessment. The concentration of Sol was investigated from 0.5 % to 3 %
by keeping drug concentration in the solvent phase (100 mg/mL) and S:
AS ratio (3:60) constant at initial step of the formulation development.
In order to increase the amount of drug in the nanosuspension, the
concentration of the drug in ethanol was tested from 200 mg to 500 mg/

mL. Increasing the drug concentration in the solvent phase from
200 mg/mL to 250 mg/mL, then to 400 mg/mL and 500 mg/mL resul-
ted in an increase in particle size (Z-average) of 90.35 + 3.51, 116.30
+ 4.35, 134.00 £+ 0.87 and 146.30 + 1.61, respectively. The day after
nanosuspension preparation, the particle size of samples with drug
concentrations of 400 and 500 mg/mL could not be measured due to
Ostwald ripening and aggregation. Further studies were performed with
drug concentrations of 200 and 300 mg/mL in the solvent phase to gain
insight into the effects of factors on responses (Table 1).

2.3. QbD approach for optimization of microfluidic nanoprecipitation

2.3.1. Identifying QTPP and CQAs

The QTPP establishes the starting point of design for the desired drug
product. It should meet quality attributes relevant to patient needs, i.e.,
safety and efficacy of the drug. A potential CQA can be a biological,
microbiological, chemical or physical specification which has a critical
impact on the product quality and it should be defined within a specific
limit, range or distribution [51].

The QTPP elements and CQAs were evaluated in the light of infor-
mation based on literature review and especially preliminary studies, as
shown in Table 2. QTPP has been identified to produce CFZ nano-
suspension with particle size below 100 nm, since the decrease in par-
ticle size usually results in a significant increase in saturation solubility
and dissolution rate, and thus oral bioavailability is expected to improve
[52].

In this study, a holding period of 1 week is sufficient to monitor the
stability of the nanosuspensions to be solidified to evaluate the behav-
iours of nanocrystals. Since nanosuspensions are thermodynamically
unstable systems they tend to aggregate through Ostwald ripening over
time, resulting in changes particle size, solubility properties and ulti-
mately reducing bioavailability. For maximum stability, both chemi-
cally and physically, they are usually transformed into solid form [53].
However, the drying process also involves thermal stress, which causes
the aggregation of nanocrystals [54]. Therefore, the holding time prior
to drying process is essential to gain insight into the nanocrystal
behaviour, which might be destabilised during the solidification pro-
cess. As part of the physical stability evaluation, the mean particle size
and PDI of the nanosuspensions prepared according to the experimental
design were measured at room temperature and refrigerator conditions
after one week.



Y. Pirincci Tok et al.

Table 2
QTPP and CQAs of CFZ nanosuspension.

QTPP Elements Target

Criticality

Justification

Dosage form Nanosuspension

Route of Oral
administration

Strength 100 mg

Physical stability =~ One week

Quality attributes of the drug product
Physical Milky liquid, no
attributes unpleasant odor
(appearance,
odor)

pH 6.5-7*
*any preservative
added

> 420 mV for
steric

> 430 mV for
electrostatic

Zeta Potential

stabilization

No

Canagliflozin is a BCS
Class IV molecule. The
formulation of a
nanosuspension has
been identified as a
promising approach to
increase bioavailability,
as has been confirmed in
the literature for
numerous poorly water-
soluble drugs [17,55].
This is a non-invasive
method with high
patient compliance, and
from the perspective of
the pharmaceutical
industry, the production
of solid dosage forms
administered via this
route is easier [56].

The dose of CFZ is
limited to 100 mg once
daily in patients with
moderate renal
impairment with an
eGFR of 45 to less than
60 mL/min/1.73 m*
[571.

A duration of one week is
sufficient to evaluate the
storage stability of the
nanosuspensions prior to
the drying process, as the
nanosuspension is an
intermediate product
[58].

Physical characteristics
were not assessed
critically as they were
not directly related to
safety and efficacy [59].
Oral suspensions are
sensitive to pH changes
due to exposure to
atmospheric carbon
dioxide. However, in our
study, it was determined
that the nanosuspension
components CFZ and Sol
neutralised the
formulation's pH and
that the pH remained
unchanged throughout
the pre-formulation
study. Therefore, this
was not considered
critical.

Zeta potential is often
considered as a metric to
assess the physical
stability of colloidal
dispersions. However,
this functionality was
not observed in the
present study. The non-
ionic nature of Sol and
the neutral nature of CFZ
in aqueous solutions did
not significantly affect
the zeta potential [60].
Preliminary studies
showed that the
nanosuspensions were

Table 2 (continued)
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QTPP Elements

Target

Criticality

Justification

Particle size (z-
average)

PDI

Assay

< 100 nm

<0.3

% 90 - %110

Yes

stable for at least two
weeks, although the zeta
potential had negative
values close to zero.
Therefore, zeta potential
was not considered
critical.

As the particle size
decreases, oral
bioavailability increases
due to improvement
saturation solubility and
dissolution rate
according to Kelvin —
Ostwald Freundlich and
Noyes — Whitney
equations [50], thus
particle size highly
affects therapeutic
efficacy.

The PDI value is
indicative of the
alteration in the particle
size distribution of a
nanocrystal suspension,
and is influenced by its
physical stability. A PDI
value higher than 0.5
indicates a broad
particle size distribution
and the possibility of
Ostwald ripening; this
causes a decrease in the
drug's solubility and
dissolution rate, and
consequently a
reduction in its
bioavailability [16]. It
has been critically
assessed as having a
significant impact on
effectiveness.

The assay constitutes a
specific and stability-
indicating test, the
purpose of which is to
determine the potency
(content) of the drug
product [61]. It has been
critically assessed as it
directly affects
effectiveness and safety.

2.3.2. Risk assessment after preliminary formulation development

The CMAs and CPPs are linked to CQAs via a risk assessment process
that helps define formulation and process parameters [62]; the potential
effects of the parameters on the product quality can be analysed by
identifying and ranking them using risk assessment tools. Failure Mode
Effects Analysis (FMEA) was preferred to estimate risks related to
specified hazards, as shown in Table 3. As a quantitative method, the
approach numerically indicates the probability (P) of occurrence and
severity (S) of harm and its detectability (D), thus a Risk Priority
Number (RPN) can be calculated, as shown in the following equation

[63].

RPN= Probability (P) x Severity (S) x Detectability (D)

Each unit can be ranked from 1 to 9 where the number of 1 stand for
minimal, unlikely and certain in terms of severity, probability and
detectability, respectively and while the number 9 means significant,
highly likely and unlikely.
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Table 3
Risk assessment for CFZ nanosuspension based on FMEA tool.

Failure Mode Failure Cause Failure Effects

Colloids and Surfaces B: Biointerfaces 262 (2026) 115515

P S D RPN Strategy

Concentration of CFZ  Inability to understand

formulation development particle size is not obtained,

Nanosuspension may not occur, nanosuspension at the desired 6 9 4 216

Determining the appropriate
amount of drug

Insufficient drug content for therapeutic effectiveness,
cannot provide sufficient increase in saturation solubility thus
resulting in inadequate bioavailability and drug performance

Concentration of Sol Inability to understand Unacceptable particle size, polydisperse system, 7 9 4 252 Determining the appropriate
formulation development physical instability, inadequate bioavailability. amount of Sol
Ratio of solvent to Inability to monitor the Unacceptable particle size, polydisperse system, physical 1 8 1 8 Determined by preliminary
antisolvent process instability, inadequate bioavailability studies.
Flow rate Inability to monitor the Unacceptable particle size, polydisperse system, physical 5 8 4 160 Determining the appropriate
process instability, inadequate bioavailability most appropriate flow rate
responses (CQAs).
Table 4 P
Variables in the experimental design. (Y) = Bo + P1X1 + B2Xa + P3Xs + P12X1Xa + P13X1X3 + P23XoXs
Independent Variables Levels + B11X21+ P22Xa2 + P33 X Xas. (@D)]
“ 1 0 t1 e Where, Y refers to response associated with the combination at each
Xi: Concentration of CFZ in solvent phase 1659 200 250 300  334.1 factor level; fy is an intercept; X;, Xo and X3 are the coded levels of in-
(mg/mL) dependent variables. Bi’s’ and ‘Bii’s’ (i = 1-3) are the coefficients of
Xo: Concentration of Sol in antisolvent 2659 3 3.5 4 4.341 T . . .
individual linear and quadratic effects of the variables [64].
phase (% w/v)
X3: Flow rate (mL/min.) 59.56 60 65 70 73.41
Responses Desirable Goals h L. .
Y,: Particle size (Z- average, nm) <100 2.4. Characterization of CFZ nanosuspension
Y,: PDI Minimize
Y3: Drug content Maximize 2.4.1. Measurements of particle size and poly-dispersibility index (PDI)
Yj: Particle size (7 day at 4 °C) Minimize Particle size (Z-average) and PDI value were measured by dynamic

Table 5
CCC design scheme for CFZ nanosuspension.

Exp. Name Run Order X; (mg/mL) Xy (W/v%) X3 (mL/min.)
N1 16 200 3 60
N2 11 300 3 60
N3 8 200 4 60
N4 4 300 4 60
N5 2 200 3 70
N6 17 300 3 70
N7 7 200 4 70
N8 12 300 4 70
N9 1 165.9 3.5 65
N10 15 334.1 3.5 65
N11 5 250 2.659 65
N12 6 250 4.341 65
N13 14 250 3.5 56.59
N14 13 250 3.5 73.41
N15 10 250 3.5 65
N16 3 250 3.5 65
N17 9 250 3.5 65

2.3.3. Experimental design for optimization of sub-100 nm CFZ
nanosuspension

Circumscribed central composite design (CCCD) within response
surface methodology (RSM) was utilized to optimize nanosuspension
formulation and microfluidic process, and to assess the interaction of the
factors on each response (i.e., CQAs). The experimental design was
established by Minitab® 19 statistical software. The largest process
space within 5 levels (-a, —1, 0, +1, +a) of each of the three factor was
examined by means of CCCD with 8 factorial points, 6-star points and 3
centre points. Alpha value was adjusted to 1.682. Extreme points for
each factor’s low and high values were made to create star points. The
independent factors with their levels and the responses corresponding to
their combinations are presented in Table 4.

In order to enhance the model's predictability, all experimental runs
were conducted randomly. The resulting data were then evaluated via
ANOVA regression within the Minitab® 19 software. The second-order
polynomial model equation which is shown as mentioned below (1)
was employed to examine the effects of the factors on the dependent

light scattering technique using a Zetasizer Nano ZS instrument (Mal-
vern Instruments, UK) at a detection angle of 173 ° at 25 °C [65]. All
measurements were performed in triplicate without any dilution.

2.4.2. Drug content analysis

The CFZ content in both the experimental design samples and the
optimal nanosuspension was analysed by UV-Spect. (Agilent Cary 100
UV-Vis Spectrophotometer) at 290 nm. The assay method was validated
regarding specificity, linearity and range, detection limit and quantifi-
cation limit, accuracy and recovery. The amount of CFZ in nano-
suspension was analysed by dissolving CFZ nanosuspension equivalent
to 5 mg CFZ (50 pg/mL) in methanol [66]. The samples were sonicated
for 3 min. and filtered with 0.20 ym RC filters (Sartorius AG, Germany).

2.4.3. Short-term physical stability

Short-term physical stability for both DoE samples and optimal
nanosuspension was performed to examine the nanosuspension stabil-
ity. Particle size (Z-average) and PDI were measured after storing for 7
days at room temperature (25 + 2 °C) and in the refrigerator (4 + 2 °C),
as the optimal nanosuspension would be converted into solid form.

2.4.4. Saturation solubility

The saturation solubility studies were conducted for coarse powder
of CFZ and optimal nanosuspension by the shake-flask method. To assess
their surface-active properties, an excess amount of CFZ was added to
the dispersion medium in a vial with and without surfactants. The vials
were shaken at 100 rpm for 48 h at room temperature. After 48 h, the
samples were centrifuged at 15000 rpm for 30 min and the supernatants
were filtered by 0.20 um RC filters for separating filtrate. They were
analysed using a UV assay method after appropriate dilution.

2.5. Solidification of optimal CFZ nanosuspension

The optimum nanosuspension was converted to the solid form for
maximum stability. In this study two drying techniques were evaluated
to transform the nanosuspensions into powders, namely freeze-drying
and electrospraying. The organic solvent in the optimal nano-
suspension was removed by evaporation method using rotary
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evaporator (Buchi, United Kingdom) under 102 mbar at 50 °C [67]. The
effect of the solvent evaporation process on nanosuspension quality was
monitored by measuring the particle size and PDI value before and
immediately after the process, and one day later. Additional trials were
conducted at 80 °, 70 ° and 60 °C (Table S1) to find the best evaporation
temperature, it was decided to keep the temperature at 50 °C.

2.5.1. Freeze-drying method

Mannitol was used as a cryoprotectant, as it is widely used for drying
nanosuspensions; as a water-soluble compound, it forms a matrix
around the nanocrystals and dissolves after rehydration, allowing the
primary nanoparticles to re-form [68]. Mannitol was added to the
mixture at a concentration of 1.33 % w/v. The final mixture was frozen
in a laboratory freezer (-20 °C) for at least 12 h and then immediately
freeze-dried for 48 h (Thermo Fisher Scientific, MicroModulyo 1.5 L
freeze dryer).

2.5.2. Electrospraying technique

The optimal CFZ nanosuspension was dried via electrospraying using
a Spraybase® system (Dublin, Ireland) as an alternative method for
freeze-drying. Electrospraying has been applied for drying nanoparticles
in recent years [69]. As it is an electrohydrodynamic atomization
technique, the final mixture is charged due to high-voltage while passing
through the nozzle, thus being sprayed from the nozzle tip to the col-
lective device under static electric field [70]. While mannitol was added
to final mixture to improve bulkiness and compressibility features of
electrosprayed powder [34], PVP K30 was used in the electro-spraying
procedure due to its particle-forming capacity [71]. The process pa-
rameters were set as follows: the distance between the nozzle tip and the
collector was 20 cm, the flow rate was 0.2 mL/h and the applied voltage
was 20 kV.

2.5.3. Characterization of dried nanocrystals

2.5.3.1. SEM analysis. The raw CFZ and dried nanosuspension samples
were analysed for morphology using scanning electron microscopy
(SEM) FEI Quanta 200 FEG (FEI, USA). The samples were attached onto
aluminum SEM stubs (TAAB Laboratories, UK) using a carbon-coated
double-sided tape and a thin coating of gold was applied in a Quorum
Q150T sputter coater (Quorum Technologies Ltd. East Sussex, UK) in an
argon atmosphere to make them conductive.

2.5.3.2. Characterization of solid-state nanocrystals. Thermal properties
of Canagliflozin, Sol, physical mixture (PM), and optimized dried
nanosuspension with/without mannitol were characterized with DSC
analysis using TA Instruments DSC Q2000 equipped with a finned-air
cooler (New Castle, USA). Accurately weighed 5 mg of sample was
placed in hermetically sealed aluminium pans, and exposed to heating at
10 °C/min in the range of 25-200 °C under nitrogen purge gas flow
(50 mL/min). An empty crimped pan was used as a reference. The
crystalline properties of the optimized dried nanosuspension were
examined using a bench-top diffractometer (Rigaku Miniflex 600,
Japan). XRD patterns of CFZ, Sol, PMs, optimized dried nanosuspension
with/without mannitol and were taken at a scan rate of 5 °C/min in the
range of 0-45 °

3. Results and discussion
3.1. Preliminary formulation development

Nanosuspensions could only be produced using Sol as the stabilizer.
This may be due to the low viscosity of its solutions at the concentrations
used compared to HPMC-E15, allowing greater supersaturation through
effective mixing, resulting in a higher nucleation rate and smaller par-
ticle size [72]. Similarly, although Sol and P407 are both amphiphilic
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Table 6
Evaluation of preliminary nanosuspension in terms of particle size and PDI.

Formula No. Particle size (nm + SD) PDI (nm =+ SD)
F1 139.10 + 1.50 0.19 + 0.02
F2 165.90 + 1.57 0.19 £ 0.05
F3 98.32 + 0.94 0.10 + 0.01
F4 115.70 + 4.10 0.18 + 0.01
F5 146.40 + 3.85 0.17 + 0.02
F6 112.70 + 2.95 0.15 + 0.01
F7 153.70 + 0.50 0.15 + 0.01

polymers, formulations with P407 resulted in visible particle aggrega-
tion, possibly due to Sol exhibiting superior steric hindrance than P407
[73]. This can be explained by the much stronger hydrophobic in-
teractions between the cyclic structures in CFZ and the lactam rings in
Sol.

The nanosuspension with the smallest particle size of 98.32 nm was
produced with 4 % Soluplus® at a S:AS ratio of 1:20 and 70 mL/min
when the drug concentration in the solvent phase was 200 mg/mL, as
shown in Table 6. However, when the S:AS ratio was increased from
1:20-1:15, particle size increased to 115.70 nm. As anticipated, an in-
crease in the S:AS ratio resulted in a reduction in the supersaturation
level, which in turn led to a decline in the nucleation rate and an in-
crease in the particle size [74].

It was also observed that the flow rate had a significant (p < 0.0001)
effect on the particle size. More specifically, at 1:15 S:AS ratio, when the
flow rate was increased from 4.6:60 mL/min to 5:75 mL/min, the par-
ticle size increased from 115.70 nm to 146.4 nm. In theory, a higher
flow rate is required to facilitate an efficient, homogeneous mixing
process in which greater supersaturation is achieved between the
diffusion layers of these two fluid streams [75]. The process of effective
mixing has been demonstrated to result in a reduction in the time
required for the crystallisation of active pharmaceutical ingredients,
with the formation of drug nanocrystals occurring at a faster rate [76].
In our case, the observed increase in particle size with increasing flow
rate may be attributed to an increase in the solvent flow rate. This led us
to hypothesize that the polymer concentration was insufficient to ach-
ieve complete coverage of the CFZ nanocrystalline particles. Moreover,
consistent with the study by Gajera et al. [77] increasing drug concen-
tration with increasing polymer concentration resulted in an increase in
particle size.

It was observed that increasing the amount of polymer with
increasing drug concentration was not sufficient to obtain stable nano-
crystals. Considering all the preliminary experimental results, it was
decided to apply the quality by design approach to obtain the optimal
CFZ nanosuspension with the smallest particle size, higher stability and
drug content.

3.2. QbD approach for optimization of microfluidic nanoprecipitation

Based on the initial risk analysis using the FMEA approach, the
potentially critical parameters were identified as flow rate, polymer and
drug concentrations. The question of whether these parameters may
have a significant impact on CQAs was analysed using a design within
the framework of RSM.

3.2.1. Circumscribed central composite design for optimization of sub-100
nm CFZ nanosuspensions

CCC design is widely used under the umbrella of RSM, consisting of
mathematical and statistical methodology to reveal the influence of
independent factors on dependent factors (responses) within the
boundaries of experimental design, thereby facilitating understanding of
the interaction between them, thus optimising the formulation compo-
nents and the manufacturing process on an empirical model [78,79]. To
achieve these objectives, 17 experimental designs were prepared ac-
cording to the CCC matrix and CFZ nanosuspensions were prepared at
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Table 7

Response variables and observed values from CCC design.

Exp. Particle size PDI Drug Content  Part. size after 1
Name (Y1) (Z-ave, nm) (Y2) (Y3, %) week at 4 °C (Y4, Z-
ave, nm)
N1 126.80 0.18 91.35 93.39
N2 128.10 0.11 78.51 115.10
N3 100.40 0.15 93.93 88.71
N4 125.40 0.18 83.76 102.20
N5 124.60 0.16 93.02 93.22
N6 129.70 0.12 79.48 127.60
N7 101.60 0.11 92.40 85.90
N8 133.30 0.16 82.81 105.10
N9 111.90 0.13 82.73 82.88
N10 138.40 0.10 44.96 97.72
N11 128.50 0.12 84.73 114.90
N12 132.60 0.20 81.62 91.79
N13 129.20 0.19 80.99 98.08
N14 131.40 0.18 82.88 101.90
N15 141.30 0.19 83.53 102.90
N16 149.60 0.18 82.17 99.87
N17 151.20 0.19 83.31 107.00
Table 8
Summary of regression analysis of each response.
Response Variables S R-sq R-sq (adjusted)
Y1 7.172 88.34 % 73.36 %
Yo 0.013 92.98 % 47.58 %
Y3 0.004 73.00 % 38.30 %
Y4 5.739 88.94 % 74.72 %
(@) (b)
Term
Factor Name
AR A
8
A c
<4
88
AB
8
AC
8C
C

2 3 4
Standardized Effect

Factor Name

2 3
Standardized Effect
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different CFZ, Sol and flow rate levels and the nanosuspensions were
characterised in terms of particle size, PDI, drug content and stability
(particle size at day 7 and 4 °C) as presented in Table 7. As part of
evaluation of physical stability, particle size at room temperature and
PDI values at both room temperature and refrigerator conditions are
shown in Table S1, supplementary material.

A multiple regression analysis was carried out in order to examine
the relationship between the independent variables and the responses in
an empirical model. The summary of the regression analysis for each
response is presented in Table 8.

The S-value is one of the indicators of model quality and represents
the average difference between the experimental responses and the
fitted values. The regression coefficient (R-sq) is always between 0 and 1
(i.e., between 0 % and 100 %) and reflects the proportion of variability
explained by the model. The relatively lower adjusted R? value observed
for Ys (drug content) compared to the corresponding R? is mainly related
to the intrinsic characteristics of this response. Although the model ex-
plains a considerable proportion of the overall variability (R* ~ 73 %),
regression analysis indicated that drug content is less sensitive to
formulation and process-related factors than the other responses as
illustrated Fig. 2 (c). Under such conditions, the inclusion of multiple
model terms relative to the number of experimental runs leads to a
reduction in the adjusted R? as this metric penalizes statistically insig-
nificant contributions. Therefore, the lower adjusted R? reflects the
limited dependence of drug content on the selected independent vari-
ables rather than deficiencies in experimental execution, analytical
methodology, or model adequacy.

Factor Name

A Concentration of CFZ

B Concentration of Soluplus

C Flow rate

4] 1 2 3 4 5 6 7
Standardized Effect

Factor Name
A Concentration of CFZ
B Concentration of Soluplus
C Flow rate

0 1 2 3 4 5 6

Standardized Effect

Fig. 2. Pareto charts of standardized effect for each Response; (a): particle size, (b): PDI, (c): drug content, (d): particle size after 1 week at 4 °C. a= 0.05. Terms:
A= Concentration of CFZ in solvent phase, B= Concentration of Soluplus in antisolvent phase, C= Flow rate.
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Fig. 3. 2- way interactions of each factor together effect of factors on particle size.

3.2.2. Effect of independent factors on responses

The effect of independent factors on particle size (Z-average): The
Pareto charts are presented in Fig. 2, with the bars ordered from highest
to lowest frequency. This allows the independent factors to be displayed
in order of importance for each response, from the most significant to the
least. As can be seen in Fig. 2(a), the squared terms of drug concentration
(referring to AA), flow rate (referring to CC) and Sol concentration
(referring to BB) have a statistically significant effect on the particle size
of the nanosuspension with p values of 0.003, 0.010 and 0.011,

PDI

< 000
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M o004 - 008
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W o122 - o1

n > 016
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Flow rate 65

Concentration of Soluplus

240
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respectively. A linear interaction of drug concentration and a 2-way
interaction of drug concentration/Sol concentration (referring to AB)
have a significant effect on particle size with p values of 0.005 and
0.042, respectively.

The particle size of the nanosuspensions in the design experiments
ranged from 101.60 to 151.20 nm (Table 7). Interestingly, the nano-
suspensions with the largest particle size were found at the centre of the
independent factors as seen Fig. 3 (a, b, ¢). Similarly, a study by Hen-
riquez et al. [80] showed that nanosuspensions with the largest particle

PDI
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Fig. 4. 2- way interactions of each factor together on PDI value.
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Fig. 6. Main effect plot for particle size after 1 week at 4 °C.

size were at the centre of the factors. As shown in Fig. 2 (a), the nano-
suspension with the smallest particle size below 80 nm can be obtained
at the lowest drug concentration and the highest Sol concentration. In
other words, the increase in Sol concentration has resulted in greater
surface coverage of the nanocrystals. Furthermore, Fig. 2(c) shows that
no matter how high or low the flow rate is, it has no significant effect on
the particle size at low drug concentration, as the particle size is below
90 nm at both levels of flow rate. This can also be understood from
2-way interaction of CFZ concentration in solvent phase and flow rate
(referring to AC) in pareto chart of particle size (Fig. 2(a), since the
interaction was below the red line.

The effect of independent factors on PDI: The quadratic terms of drug
and Sol concentration, the 2-way interaction of these two terms and the
linear interaction of Sol concentration have a significant effect on PDI
with p values of 0.000, 0.002, 0.012 and 0.035 respectively (Fig. 2 (b)).
Similar to the situation with particle size, the highest PDI values were
observed at the centres of the drug and Sol concentrations (Fig. 4).

Effect of independent factors on drug content: The drug content of

the nanosuspension was significantly influenced by the only indepen-
dent factor, the drug concentration (Fig. 2(c)). RSM examination of the
curvature (Fig. 5 (a)) shows that the drug content initially increases with
increasing drug concentration in the solvent phase from 165 mg/mL to
around 200 mg/mL, but further increase in drug concentration resulted
in a decrease in drug content, probably due to particle growth,
agglomeration and deterioration of the nanosuspension structure [81].
This deterioration may be indicative of the outcome of experiment 10,
where nanosuspension with the highest drug concentration exhibited
the lowest level of unusual drug content. A higher drug ratio may have
favoured crystal growth by condensation.

Effect of independent factors on the particle size after 1 week at 4 °C:
Significant linear effects of CFZ and Sol concentrations on particle size
over time were clearly seen, with p-values of 0.001 and 0.005, respec-
tively (Fig. 2 (d)). At higher drug concentrations, an increase in particle
size was observed in the first instance, followed by a slight decrease in
particle size. A decreasing trend in particle size was observed with
increasing Sol concentration (Fig. 6). This can be explained by the fact
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Fig. 7. Optimization plot of CFZ nanosuspension produced by microfluidic
nanoprecipitation.

Table 9
Predicted and observed values of CQAs of CFZ nanosuspension.
Responses
Particle size PDI Drug Part. size after 1 week at
(nm) Content (%) 4 °C (Stability)
Predicted 90.26 0.10 92.30 81.76
Observed 89.52 + 0.12 + 92.49 +0.03 87.33 + 2.02
3.30 0.01

that a higher concentration of polymer can cover the drug nanocrystals
more easily than a lower concentration of polymer [77].

The effect of room temperature on the physical stability of CFZ
nanosuspensions prepared by the DoE method was also investigated.
The particle size and PDI values were much higher than those stored at
4 °C (Fig. S1). This could be evidence that the ambient temperature
stimulates particle growth and Ostwald ripening due to increased drug
solubility and increased diffusion to the particle boundary layer.
Furthermore, as the temperature increases, the viscosity of the water
decreases, leading to triggered particle growth due to increased molec-
ular transport rates and particle collisions [82]. In light of the afore-
mentioned observation and the effect of temperature, it can be posited
that the conversion of drug nanocrystals in colloidal dispersion into a
solid form offers optimal stability throughout the shelf life.

3.3. Optimization and validation for desired Canagliflozin
nanosuspension

The relationship of independent factors with the responses has been
demonstrated on empirical models, and in this section, an optimization
study has conducted to obtain nanosuspension with desired CQAs. The
aim was to develop a CFZ nanosuspension with a particle size of less
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Fig. 8. Saturation solubility of pure CFZ in different media and optimal
nanosuspension.

than 100 nm, minimum PDI, highest drug content and stability at least
for 1 week. The settings of the independent factors are determined by
the optimisation strategy, which uses empirical models to help achieve
the predefined CQAs. The optimisation plot (Fig. 7) shows the optimal
levels of the independent factors and the predicted responses of the
CQAs with high desirability (0.99). The proposed levels of formulation
components and process parameters were used to compare predicted
and observed responses and ultimately validate the DOE approach for
the production of optimised nanosuspensions.

As can be seen in Table 9, the agreement between the results of
predicted and observed responses indicates that DOE is a reliable
approach to achieve the predefined CQAs of CFZ nanosuspensions pre-
pared by microfluidic nanoprecipitation.

3.4. Characterization of optimal nanosuspension and its solidified forms

The measurements of solubility studies and drug content of the
nanosuspension were conducted with a validated assay method of CFZ.
The linearity range was between 5 and 60 pg/mL, and the limit of
detection (LOD) and limit of quantification (LOQ) were calculated as
1.086 pg/mL and 3.296 ug/mL, respectively. The calibration curve
(Figure S1), together with the regression equation and coefficient, for
the assay method of CFZ, and the accuracy and percent recovery
(Table S2) were presented in the supplementary material.

The particle size, PDI value, drug content (%), and stability
(measured as the particle size after one week of storage at 4 °C), were
determined using the previously described methods. The corresponding
results are presented in Table 9.

3.4.1. Saturation solubility

Nanocrystal technology is an effective way of improving saturation
solubility owing to the increase in particle curvature and the resultant
dissolution pressure, as given by the Kelvin equation [83]. The solubility
of CFZ in the dispersion medium without surfactant was 0.008 mg/mL,
while the solubility in the medium containing surfactant was
1.159 mg/mL (Fig. 8). Sol increased the solubility of API due to the
associated surface-active properties. The solubility of CFZ in nano-
suspension in nanocrystalline form was found to be 1.758 times better
than that of pure CFZ in the dispersion medium containing Sol at the
same concentration as optimized nanosuspension. The findings indi-
cated that the use of nanocrystal technology facilitated the improved
solubility of drug particles in comparison to the use of surfactants.

3.4.2. SEM analysis. SEM was used to assess the morphology of CFZ
nanocrystals following electrospraying and freeze-drying processes.
Fig. 9 presents SEM images of electrosprayed samples at various mag-
nifications (200 um to 2 pm), while Fig. 10 shows corresponding images
of freeze-dried samples (20 um to 1 um). For comparison, SEM images of
pure CFZ are provided in the supplementary material (Fig. S2).

The electrosprayed nanocrystals appeared more uniformly dispersed
and exhibited a predominantly spherical morphology. This may be
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Fig. 10. SEM images of frieze dried nanocrystals scaled at a) 20 um, b) 10 pym, ¢) 2 pm, d) 1 pm.

attributed to the slower solvent evaporation characteristic of electro-
spraying, allowing adequate time for nanocrystal diffusion from the
surface toward the particle core. According to the Peclet number model,
when the solvent evaporation rate is lower than the solute diffusion rate
(Pe < 1), more uniform and spherical particles are likely to form [84,
85].

In contrast, the freeze-dried samples showed signs of structural
collapse and agglomeration, with irregularly shaped particles. This
deterioration is likely a result of thermal stress encountered during the
freezing and secondary drying steps of the freeze-drying process, which
can reduce interparticle distance and disrupt steric stabilization. These
observations indicate that both the drying method and the choice of
excipients (e.g., PVP K30 and mannitol) significantly influence the
morphology of the final nanocrystals [36]. The electrosprayed
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formulations, which incorporated both excipients, exhibited superior
particle uniformity compared to the freeze-dried samples prepared with
mannitol alone.

Fig. 10 clearly demonstrates the deterioration in the structure of the
particles, ultimately the agglomeration of the system and irregular shape
and view. Freeze drying process involves thermal stress, as a conse-
quence of freezing and secondary drying steps [37]. Under the influence
of these thermal stresses, termination of the interparticle distance and
loss of steric stabilisation can be observed.

The SEM analysis clearly demonstrates that the morphology of the
nanocrystals is dependent on the drying method and excipients (i.e. PVP
K30 and mannitol) employed in each process. The electrosprayed
nanocrystals produced using PVP K30 and mannitol exhibited greater
uniformity in size and morphology compared to the freeze-dried
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nanocrystals containing mannitol. Furthermore, the freeze-drying pro- measurement of this freeze-dried nanosuspension through DLS, a higher
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attributed to a freeze-concentrated phase forms as the solution con-
centrates. While mannitol, used as a cryoprotectant, undergoes crys-
tallization, PVP-K30 does not form a crystalline structure; instead, it
concentrates in the non-freezing (liquid) phase. This can lead to a het-
erogeneous microstructure and phase separation. In these heteroge-
neous structures, nanocrystals can exhibit size increase after aggregation
and redispersion by being compressed in changing environments or
assembling in the polymer-rich amorphous phase [86].

Finally, the hydrated particle sizes measured after resuspending the
samples in deionised water provide confirmation of the SEM images. The
nanosuspension subjected to electrospray drying returned to its original
particle size, while the nanosuspension subjected to freeze-drying
reached micrometre dimensions (Fig. S4 and Fig. S5 in supplementary
material).

3.4.3. Analysis of solid-state characteristics

DSC was employed to evaluate the thermal behavior and crystallinity
of various CFZ samples, including pure CFZ hemihydrate, Sol, physical
mixtures (PMs), and dried nanocrystals produced via freeze-drying and
electrospraying (Fig. 11). The DSC thermogram of CFZ hemihydrate
exhibited a sharp endothermic peak at 104.40 °C, consistent with its
known melting point, indicating a crystalline structure. Sol displayed a
thermal event at 75.64 °C, corresponding to its glass transition tem-
perature (Tg), which aligns with its amorphous nature [87]. The phys-
ical mixtures showed two characteristic peaks: one corresponding to CFZ
and another for mannitol at 166.51 °C (Figs. 11b and 11c). Notably, in
both dried nanocrystal formulations, the CFZ melting peak was absent,
suggesting a transition from crystalline to amorphous form during pro-
cessing. This transformation is consistent with previous studies report-
ing that nanoprecipitation, particularly under high supersaturation, can
lead to amorphization of poorly water-soluble drugs [23,88,89].

Furthermore, mannitol polymorphism was evident in the freeze-
dried nanocrystals (Fig. 11b). An endothermic peak at 156.08 °C was
followed by an exothermic event and a second endothermic peak at
166.14 °C, which may indicate the presence of metastable &-mannitol
transforming into its more stable a- or p-forms upon heating [90]. In
contrast, electrosprayed samples (Fig. 11c) exhibited only a single
mannitol peak, suggesting limited or no polymorphic transformation
under the electrospraying conditions.

PXRD was conducted to examine the crystallinity of CFZ formula-
tions and support findings from DSC (Fig. 12). The pure CFZ sample
exhibited intense, well-defined diffraction peaks at 26 values of 11.13 °,
13.25°, 15.75°, 17.55°, 19.01 °, 20.53 °, 21.27 °, 22.81 °, 23.63 °,
25.35 °, and 26.99 °, confirming its crystalline structure. These results
are consistent with previously reported PXRD patterns for CFZ [91]. As
expected, Sol displayed a broad halo pattern, indicative of its amorphous
character [92]. The physical mixtures maintained the primary CFZ
diffraction peaks but with diminished intensity, reflecting a reduction in
CFZ content due to dilution with excipients (Figs. 12a-c). In contrast,
both freeze-dried and electrosprayed nanocrystal formulations
(Figs. 12b and 12c) exhibited the absence of characteristic CFZ peaks,
with PXRD patterns transitioning to diffuse halos. This loss of crystal-
linity further supports the inference from DSC that CFZ underwent a
crystalline-to-amorphous transition during nanoprecipitation and sub-
sequent drying.

4. Conclusion

This study demonstrated that drug nanocrystals below 100 nm can
be easily produced by means of the combined application of microfluidic
nanoprecipitation and QbD methods. The optimal nanosuspension
showed a mean particle size and PDI of 89.52 + 3.30 nm and 0.12 +
0.01, respectively instead of 90.26 nm and 0.10 for the predicted value
by QbD. The predicted drug content (%) and particle size after 1 week at
4 °C (in terms of stability) were 92.3 %, 87.33 + 2.02 nm, respectively,
while the observed values were 92.49 % and 81.76 nm. These results
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suggest that the predicted and observed results of the CQAs (responses)
were mainly correlated, demonstrating that the QbD roadmap is a reli-
able and reproducible approach. It is also noteworthy that as a result of
the optimisation study, the nanosuspension production flow rate
increased to 75 mL/min. This finding can be considered promising in
terms of scalability, but of course the residual solvent problem inherent
in the antisolvent precipitation technique should be taken into account.
As a result of the optimisation study, a CFZ nanosuspension with stable,
repeatable, cost-effective and narrow particle size distribution was
prepared which showed a 1.76-fold higher solubility than pure CFZ in
dispersion media with Sol, whereas it showed 254.74-fold higher solu-
bility than in distilled water. The optimised CFZ nanosuspension was
converted into a solid form by freeze-drying and electrospraying for
maximum stability. The SEM images in this study have also contributed
to the literature on electrospraying as a solidification technique for
nanosystems, as the particles dried by this method were spherical and
more uniform than those dried by freeze-drying. However, the industrial
applicability of electrospraying needs to be improved, due to the low
flow rate (0.2 mL/min.) resulting from the aqueous nature of the
nanosuspension. This improved saturation solubility is expected to in-
crease the dissolution rate, bioavailability and reduce the daily dose, as
these parameters are related, as stated in the Noyes-Whitney equation,
the Kelvin equation and as shown in numerous literatures. Further
studies are required to investigate the reconstitution and stability of
dried CFZ nanocrystals under different physiological conditions, ulti-
mately to convert them into a final dosage form and then to investigate
the relationship between particle size and bioavailability.
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