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ARTICLE INFO ABSTRACT
Keywords: Bottom-up production of active pharmaceutical ingredient (API) crystal suspensions offers advantages in surface
Membrane filtration property control and operational ease over top-down methods. However, downstream separation and concen-

Downstream processing

Bottom-up production

Long-acting injectables
Pharmaceutical crystal suspensions

tration pose challenges. This proof-of-concept study explores membrane diafiltration as a comprehensive solution
for downstream processing of API crystal suspensions produced via anti-solvent crystallization. It involves
switching the residual solvent (N-methyl-2-pyrrolidone, NMP) with water, adjusting the excipient (d-
a-Tocopherol polyethylene glycol 1000 succinate, TPGS) quantity, and enhancing API loading (solid concen-
tration) in itraconazole crystal suspensions. NMP concentration was decreased from 9 wt% to below 0.05 wt% (in
compliance with European Medicine Agency guidelines), while the TPGS concentration was decreased from
0.475 wt% to 0.07 wt%. This reduced the TPGS-to-itraconazole ratio from 1:2 to less than 1:50 and raised the
itraconazole loading from 1 wt% to 35.6 wt%. Importantly, these changes did not adversely affect the itraco-
nazole crystal stability in suspension. This study presents membrane diafiltration as a one-step solution to
address downstream challenges in bottom-up API crystal suspension production. These findings contribute to
optimizing pharmaceutical manufacturing processes and hold promise for advancing the development of long-
acting API crystal suspensions via bottom-up production techniques at a commercial scale.

adherence compared to improving the inherent medical efficacy of
treatments available. WHO shares this vision (World Health Organiza-
tion, 2012). An example of such an intervention is the simplification of

Adherence is defined by the World Health Organisation (WHO) as dosing regimens using sustained-release formulations. This results in a
“the extent to which a person’s behaviour corresponds with agreed reduced dosing frequency and thus a reduced pill burden (Haddad et al.,
recommendations from a healthcare provider” (World Health Organi- 2014; Haynes et al., 2002). A long-acting injectable (LAI) suspension is
zation, 2012). When non-adherence occurs, it can negatively affect pa- an example of sustained-release formulations, which leads to prolonged
tients’ health and healthcare costs. Failure to adhere to therapy is a release of the drug over a period of time (i.e., several days to even
common, widespread phenomenon in healthcare. Mainly for chronic months) (Wilkinson et al., 2022). Among different LAI products (e.g.,
diseases, that often require long-term therapies, this problem becomes oil-based suspensions, in-situ forming gels, polymeric microspheres etc.

more pronounced (Hugtenburg et al., 2013; Haddad et al., 2014). There (Chaudhary et al., 2019), crystal suspensions of active pharmaceutical
ingredients (APIs) are of particular interest for poorly soluble, small

1. Introduction

are several factors contributing to non-adherence, such as a poor
physician-patient communication, the social context, the severity of the drug molecules which constitute 35-40 % of the pharmaceutical sub-
condition, and the complexity of the dosage regimens (Gast and Mathes, stances in the industry pipeline (Thorat and Dalvi, 2012; Stegemann
2019) et al., 2007)

Long-acting crystal suspensions are comprised of API micro-crystals

According to Haynes et al. (2002) population health could be
(usually in the size range of 1 to 20 pm (Ho et al., 2022) stabilized and

improved more substantially by spending more time on optimising
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Nomenclature

Abbreviations

API Active pharmaceutical ingredient
TPGS d-a-Tocopherol polyethylene glycol 1000 succinate
FID Flame ionisation detector

FEP Fluorinated ethylene propylene
GC Gas chromatography

LAI Long-acting injectables

NMP N-methyl-2-pyrrolidone

PSD Particle size distribution

PDA Photo diode array

PTFE Polytetrafluoroethylene

PXRD Powder x-ray diffraction

rpm Revolutions per minute

SEM Scanning electron microscopy

UPLC Ultra performance liquid chromatography

WHO World Health Organisation

Symbols

J Mass flux

Am Mass change in kg

At Time interval in hours

An Effective membrane area in m?

Dv10 Size point up to and including which 10 % of the sample is
contained on volume basis

Dv50 Size point up to and including which 50 % of the material is
contained on volume basis

Dv90 Size point up to and including which 90 % of sample is
contained on volume basis

suspended in aqueous media with the help of excipients (polymers or
surfactants). The API release in the body mainly depends on the surface
properties and dissolution kinetics of the API crystals. According to the
literature, all the marketed API crystal suspensions are produced by top-
down techniques (i.e., breaking down large crystals) such as jet milling
(Méndez Canellas et al., 2023; Nykamp et al., 2002), wet media milling
(Bhakay et al., 2011; Peltonen and Hirvonen, 2010), microfluidization
(Ganesan et al., 2018; Chogale et al., 2020) and high-pressure homog-
enization (Keck and Miiller, 2006; Sun et al., 2011). However, there are
certain downsides to the top-down technologies, e.g. risk of product
contamination due to physical abrasion of milling media (O’Brien et al.,
2021), formation of amorphous phases (Kumar and Burgess, 2014),
formation of surface or bulk crystal disorders (Iyer et al., 2023), batch to
batch variations (Heng et al., 2006), time and energy consuming process
(Chow et al., 2007) and difficult processing of less brittle APIs (Taylor
et al., 2004). Furthermore, top-down technologies necessitate either the
separation of API suspension from milling media in wet-milling or the
collection of milled powder, followed by re-suspension in dry-milling.
These processes lead to a reduction in yield, along with concerns
related to contamination and handling (Verma et al., 2021; Verma et al.,
2009). Additionally, the heat generated during milling or the elevated
temperatures associated with autoclaving can impose limitations on the
applicability of top-down approaches for thermally sensitive APIs
(Hiittenrauch et al., 1985; Gupta and Kompella, 2006).Therefore, it is
important to develop alternative technologies that can be used to
develop API crystal suspensions that are difficult to produce via top-
down technologies.

An alternative approach to develop API crystal suspensions is using
bottom-up technologies such as evaporative crystallization (Kakran
et al., 2014; Sarkari et al., 2002), gas anti-solvent crystallization (Long
et al., 2019; Pando et al., 2016; Padrela et al., 2017), cooling crystalli-
zation (Kleetz et al., 2018) and anti-solvent crystallization (Nandi et al.,
2023; Chan and Kwok, 2011) where crystals are built from molecular
level. Compared to top-down technologies, these approaches provide
enhanced control over crystal properties, facilitate convenient process-
ing and sterilization, and are suitable for thermally sensitive APIs.
(Thorat and Dalvi, 2012; Hugo Silva et al., 2022). Among these tech-
nologies, anti-solvent crystallization is an attractive technique as it does
not require temperature variations (compared to evaporative or cooling
precipitation) or high pressure (as gas anti-solvent crystallization), can
be implemented as continuous process and offers easy scale-up (Thorat
and Dalvi, 2012). In anti-solvent crystallization, the API is dissolved in a
solvent (where it has a high solubility) which is then mixed with a
miscible anti-solvent (where the API has a low solubility) resulting in
fast nucleation (due to high supersaturation) leading to the formation of
micro-crystals. To prevent uncontrolled crystal growth (initial as well as
secondary growth or Ostwald ripening) and other unwanted phenomena

such as agglomeration and/or poor suspendability of crystals, excipients
are used during crystallization to stabilize the crystals in suspension
within the desired size range (1 to 20 pm (Ho et al., 2022; Anjum et al.,
2024) by creating either steric hindrance or repulsive forces between the
crystals (Hugo Silva et al., 2022).

A lot of work has been done in literature to optimize the crystalli-
zation step of the bottom-up production of the API crystal suspensions.
This includes studying the performance of different mixing devices
(Zhao et al., 2007), understanding the influence of various stabilizers (or
excipients) (Tuomela et al., 2016), selecting the right solvent (Nandi
et al., 2023), evaluating impact of seeding during crystallization (Hugo
Silva et al., 2022) and optimizing process conditions the crystallization
process (Nandi et al., 2023). However, little to no efforts have been done
in literature to develop the downstream separation processes, e.g. re-
sidual solvent removal and tuning excipient concentration in the crystal
suspension. Also, the poorly water-soluble APIs (used for LAIs) show
limited solubility in most organic solvents as well and thus, drug (solid)
loading after anti-solvent crystallization is usually low due to this
limited solubility. Thus, it is not feasible to inject the API crystal sus-
pensions to the patients directly after the crystallization step very low
API (crystal) loading. High API loading is required to minimize the in-
jection volume. The API loading in commercially available LAIs is above
15 wt% (Nkanga et al., 2020) where as the API loading obtained after
anti-solvent crystallization is usually in the range 0.1 to 1 wt% (Thorat
and Dalvi, 2012).

In most literature studies in the area of anti-solvent crystallization
process for the production of pharmaceutical crystal suspensions, crys-
tals were typically separated from the suspension through methods such
as spray drying (Hu et al., 2011), filtering (Murnane et al., 2008; Chen
et al., 2018), or centrifuging (Nandi et al., 2023) and then isolated
crystals were resuspended to form aqueous suspensions with required
API (solid) loading. This process demands meticulous excipient selec-
tion. Moreover, challenges such as potential crystal agglomeration or
degradation during isolation may arise, leading to increased complexity
in the production process due to additional operational steps and a lack
of process continuity. Thus, downstream separation and concentration
process development serves as one of the major hurdles in the path of
commercialization of anti-solvent crystallization processes for the pro-
duction of API crystal suspensions.

In our previous study (Anjum et al., 2023) we presented the appli-
cation of membrane diafiltration process in solvent switching to replace
residual solvent with water after the anti-solvent crystallization process
of naproxen. A membrane diafiltration process using organic solvent
resistant nano-filtration membranes was successfully implemented for
switching ethanol (solvent) with water without compromising the sta-
bility (in terms of particle size and polymorphic form) of the naproxen
crystals in suspension. Moreover, the step-by-step process design
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guidelines were presented to implement this technology for various API
crystal systems.

Later, this process was modified to accommodate tuning of excipient
concentration during the solvent switch process by using ultrafiltration
membranes (more open pore size) instead of nanofiltration membranes.
These membranes allowed the transport of excess excipients along with
the solvent, removing 98 % of the excipient used during crystallization.
It was observed that excipient removal had no influence on the naproxen
crystal stability in suspension indicating different excipient re-
quirements during different steps of the production process of the API
crystal suspension (Anjum et al., 2024). Thus, the membrane diafiltra-
tion process offers a one-step solution to two challenges related to the
production of API crystal suspensions by anti-solvent crystallization: 1)
removal of organic solvent and replacement by water and 2) tuning/
optimizing the excipient quantities needed to control the particle size.

Within this work, the itraconazole crystal suspension (another poorly
water-soluble API) was used. It was produced using the method that has
been beforehand optimized via solvent screening, solvent-to-anti-
solvent stream ratio and temperature adjustment, excipient screening
and excipient concentration optimization to produce stable itraconazole
microcrystals within the size range of 1 to 10 pm by Nandi et al. 2023
(Nandi et al., 2023). They observed that crystallization without any
excipient resulted in large, agglomerated crystals that did not suspend
well in the NMP (N-methyl-2-pyrrolidone)/water solution. d-
a-Tocopherol polyethylene glycol 1000 succinate (TPGS) was selected
out of 14 excipients and its concentration was optimized by performing
crystallization experiments with 5 different TPGS concentrations
(within 0.1 to 1 wt%) keeping all other parameters constant (Nandi
et al., 2023).

The previously developed membrane diafiltration process (Anjum
et al., 2024) was applied to the itraconazole crystal suspension for the
removal of residual NMP and tuning the amount of excipient (TPGS)
after the anti-solvent crystallization. This was done to further validate
the applicability of the membrane diafiltration process for different API
systems. Moreover, we modified the membrane diafiltration process to
address another challenge in the development of bottom-up production
of API crystal suspension i.e., the low API (solid) loading after the
crystallization process. Thus, the membrane diafiltration was adapted to
provide an integrated solution for residual solvent (NMP) removal,
excipient (TPGS) tuning and concentration of the API (itraconazole)
crystal suspension.

2. Materials and methods
2.1. Materials

All compounds were used as supplied. Itraconazole with >99 %
purity was synthesized by The Janssen Pharmaceutical Companies of
Johnson & Johnson (Geel, Belgium). D-a-Tocopherol polyethylene gly-
col 1000 succinate (TPGS) and N-methyl-2-pyrrolidone (NMP) were
purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany).
Purified water was produced using a Milli-Q® water purification system
from Merck KgaA (Darmstadt, Germany). HPLC-grade acetonitrile was
also obtained from Merck KgaA (Darmstadt, Germany). Durapore
Membrane Filters 0.45 pm, purchased from Merck Millipore (Carrigt-
wohill, Ireland), were used with the effective membrane area of 158
cm?. PTFE Membrane Disc Filters 0.45 ym with effective membrane area
of 54 cm? were obtained from Pall Corporation (Fajardo, Puerto Rico).
Compressed nitrogen (used to pressurise the membrane setups),
hydrogen 5.0, synthetic air 5.0, and helium 5.0 were obtained from
Messer Belgium NV (Zwijndrecht, Belgium).

2.2. Experimental setup

2.2.1. Anti-solvent crystallization
Anti-solvent crystallisation was performed using the setup shown in
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Fig. 1. Schematic illustration of anti-solvent crystallization setup consisting of
a Y-connector connected to a solvent bottle and an anti-solvent bottle via two
peristaltic pumps.

Fig. 1. The setup consisted of two peristaltic pumps (Masterflex, Cole-
Parmer, Illinois, USA) for transporting the solvent stream (10 wt%
itraconazole solution in NMP) and an anti-solvent stream (0.5 wt% TPGS
in water). The two streams were mixed in a 3 mm internal diameter Y-
connector, coupled by polypropylene tubing (Saint-Gobain Biopharm,
Charny, France) to the pumps. The suspension was collected in a stirred
bottle, kept in a water bath which was maintained at 25 °C temperature
with a MD basis water bath thermostat provided by Julabo, GmbH,
Seelbach, Germany.

2.2.2. Membrane didfiltration

Membrane diafiltration was employed for the elimination of residual
NMP and tuning the TPGS concentration from the suspension prepared
through anti-solvent crystallization. The configuration of the diafiltra-
tion arrangement (referred to as MD1 from here onwards) is depicted in
Fig. 2. It was adapted from our previous work (Anjum et al., 2023;
Anjum et al., 2024).

The experimental setup consisted of a dead-end membrane cell
provided by Evonik MET, Manchester, United Kingdom. This cell was
comprised of a feed tank with a maximum capacity of 250 ml, an inte-
grated suspended magnetic stirrer on the upper lid, and a membrane
holder with an active membrane area of 54 cm?. Also, the membrane cell
included a sintered stainless-steel disc serving as a support structure for
the membrane, alongside fluorinated ethylene propylene (FEP)-coated
O-rings. The membrane cell was placed on a magnetic plate (IKA RCT
Basic, IKA-Werke GmbH & Co., Germany) to induce a stirring speed of
250 revolutions per minute (rpm). The nitrogen gas pressurization of the
membrane cell was regulated through a pressure control unit, provided
by Evonik MET, Manchester, United Kingdom.

Permeate was collected in a glass bottle stationed on a high-precision
balance (manufactured by Mettler Toledo, Hessen, Germany) with an
accuracy of +£0.01 g. This balance was connected to a computer system,

Pressure gauges
and gas control
unit

High pressure regulator

Dead-end
membrane
cell

Permeate

Nitrogen cylinder
beaker = .

» Membrane
o O |

Magnetic stirrer

(=] |

Balance

Fig. 2. Experimental setup for membrane diafiltration setup (MD1) used for
purification of itraconazole crystal suspension. It was comprised of a dead-end
membrane cell with an active membrane area of 54 cm? placed on a magnetic-
stirrer plate.
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facilitating continuous acquisition of mass data through a Python script.

2.2.3. Scaled-up membrane didfiltration

The itraconazole (solid) loading was increased (via concentrating)
along with the removal of residual NMP and tuning of TPGS concen-
tration by diafiltration using a dead-end membrane cell (with parts from
Gillain & Co, Aartselaar, Belgium and Swagelok, Ohia, US) (referred to
as MD2 from here onwards). A visualisation of the setup is shown in
Fig. 3.

The membrane cell had a maximum volume of 2000 ml and an active
membrane area of 158 cm?. An opening was provided in the upper lid
with a propeller paddle, which was coupled to an overhead stirrer.
Compressed nitrogen was used to pressurise this cell, and an Evonik
METCell gas control unit (Evonik, Manchester, UK) was used to manage
this pressure. Fluoroethylene propylene-coated O-rings were used to
improve the sealing of the cell. The permeate was collected in a beaker
placed on a balance (provided by Mettler Toledo, Hessen, Germany)
with an accuracy of +0.01 g. The balance was connected to a computer,
and the mass data was continuously logged with the help of a self-
written Python script.

2.3. Experimental procedures

2.3.1. Preparation of itraconazole crystal suspensions

Anti-solvent crystallization was used to prepare itraconazole crystal
suspensions where NMP and water were used as the solvent and anti-
solvent, respectively. A 10 wt% itraconazole solution in NMP (solvent
stream) and a 0.5 wt% TPGS solution in water (anti-solvent stream)
were prepared separately. The two solutions were filtered under vacuum
with 0.45 pm PTFE filters (Whatman® Gmbh, Dassel, Germany) before
crystallisation was started. The crystallization was performed using the
setup shown in Fig. 1. The solvent-to-anti-solvent streams mass ratio was
1:9. The flow rate of the solvent side was set at 44 ml/min and that of the
anti-solvent was set at 440 ml/min. The crystallization was performed at
ambient conditions. This preparation method was adopted from Nandi
et al., 2023 (Nandi et al., 2023). The resulting suspension was after-
wards kept in a water bath at 25 °C under continuous stirring with an
overhead stirrer.

2.3.2. Membrane didfiltration

The membrane diafiltration process used has been adopted from our
previously published studies (Anjum et al., 2023; Anjum et al., 2024)
except for the fact that in the present study, a PTFE membrane filter with
0.45 um cut-off was used. This was used to allow permeation of TPGS
micelles (TPGS exists as micelle in aqueous environment under given
conditions) along with NMP. Due to the TPGS micelle formation, the
permeation through nano- or ultra-filtration membranes was difficult.
Complete retention of TPGS was found when filtering a 0.5 wt% TPGS
solution in water through the ultra-filtration membrane with 20 kDa cut-

Pressure gauges
and gas control
unit

Overhead stirrer

High pressure regulator

Dead-end
membrane
cell

Permeate
beaker

== ==d> Membrane Nitrogen cylinder

(=1 [

Balance

Fig. 3. Schematic illustration of the membrane diafiltration setup for purifi-
cation and concentration (MD2). It was comprised of a dead-end membrane
with an active membrane area of 158 cm? and provided with an over-
head stirrer.
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off (approximately 0.002 pm). On contrast, the filtration of the 0.5 wt%
TPGS solution in water through 0.45 pum filter resulted in easy and
complete permeation of TPGS through the membrane along with water.

Membrane diafiltration was done in a discontinuous mode using the
setup MD1, shown in Fig. 2, at 5 bar, 25 °C and a stirring speed of 220
rpm using a suspension containing 1 wt% itraconazole, 0.475 wt% TPGS
and 9 wt% NMP in water (prepared as per the method described in
Section 2.3.1). During each stage, the cell was pressurized until the feed
was reduced to half (mass basis). After depressurization, the amount of
permeate withdrawn during pressurization was replaced by the same
amount of water for the next stage. The process was performed with a
total of 7 stages (based on the findings from the previous study (Anjum
et al., 2024).

Feed, permeate, and retentate samples were collected and analysed
for NMP and TPGS concentration via gas chromatography and ultra-
performance liquid chromatography, respectively. All crystal suspen-
sions were analysed for particle size distribution (PSD) via laser
diffraction, for the crystal polymorphic form via powder x-ray diffrac-
tion, and imaging was done via scanning electron microscopy (SEM) as
described in section 2.4.

2.3.3. Integrated separation and concentration process

The membrane diafiltration process (explained in Section 2.3.2) was
adapted to integrate separation processes (NMP and TPGS) and con-
centration process in a single unit operation. For this integrated process,
the diafiltration setup MD2 (shown in Fig. 3) was used due to the larger
capacity of the membrane cell as compared to the membrane cell in
MD1. The Durapore membrane filter having a pore size of 0.45 pm (same
as PTFE filter used in Section 2.3.2) was used in this case due to larger
diameter requirements (different brand was used due to availability
limitations but since the pore size was same as the PTFE filters used in
Section 2.3.2. and different membrane material did not influence the
performance, the membrane performance was comparable). The inte-
grated process comprised of three major steps, namely pre-
concentration, diafiltration and post-concentration, which were
completed via in total six stages of a discontinuous diafiltration (reason
for reducing the number of stages will be discussed in Section 3.1).

Fig. 4 captures the integrated process in a visual representation. The
membrane cell MD2 was fed with approximately 1600 g of the itraco-
nazole suspension prepared as described in Section 2.3.1. In the pre-
concentration step (referred to as stage O from here on), 2.5 bar pres-
sure was applied to withdraw the permeate liquid at a stirring speed of
220 rpm. The feed suspension was concentrated to reduce the water
consumption and thus also the duration of the experiment. 1000 g of
permeate was withdrawn and then the cell was depressurized. The four
subsequent stages (stages 1-4) constitute the diafiltration step. During
each of these stages, 700 g of water was added to the cell at a stirring
speed of 600 rpm and ambient pressure. High stirring speed was used
between stages to minimize fouling. The membrane cell was then closed,
pressurized to 2.5 bar and 700 g of permeate was withdrawn at 220 rpm.
It is to note here, that high stirring speed during the pressurization of the
membrane cell resulted in poor liquid permeation through the mem-
brane due to bubble formation. Hence, the stirring speed was kept low
upon pressurization as compared to when the cell was depressurized. In
the final step, i.e. post-concentration (stage 5), 700 g of water was added
at 600 rpm and ambient pressure. The cell was closed, pressurized to 2.5
bar and 1100 g of permeate was withdrawn at a stirring speed of 220
rpm to further concentrate the suspension in the feed tank. All steps
were performed at ambient temperature.

The mass data of the permeate was logged by connecting a laptop to
the balance and the mass flux was determined from mass change over
time using the following equation:

Mass flux = J = Am [kg/(m*h)] @

An At

where, Am is the mass change in kg, At is the time interval in hours
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1600 g of Feed
suspension
¥
MD2 MD2 Stage 0
6_00 rpm 220 rpm Pre-concentration
Ambient pressure 2.5 bar pressure step
¥
1000 g of permeate
collected
700 g of water ‘
¥
MD2 MD2 Repeated 4 times
600 rpm 220 rpm Stage 1 to 4
Ambient pressure 2.5 bar pressure Diafiltration step
¥
700 g of permeate
collected
700 g of water I
¥
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600 pm 220 rpm Post-concentration
Ambient pressure 2.5 bar pressure step
¥
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collected

Fig. 4. Visual representation of different steps of integrated process with the
amount of feed (or water) added, the permeate withdrawn, stirring speed and
pressure conditions.

(h) and A, is the effective membrane area in m?.

The retentate was collected and stored at 25 °C in a Memmert
IPP260ecoplus Peltier-cooled incubator (Memmert, Schwabach, Ger-
many). Feed and retentate samples were analyzed for PSD, polymorphic
form, itraconazole and TPGS concentration. Permeate, retentate and
feed samples were also analyzed for NMP concentration.

2.4. Analysis

2.4.1. Particle size distribution (PSD)

The PSD of crystals was investigated using laser diffractometry via
Mastersizer 3000, HydroMV provided by Malvern Instruments (Mal-
vern, United Kingdom). For the measurement, water was used as
dispersion media maintained under stirred conditions at 1500 rpm.
Measurements were done via single optical measurement path using
both red and blue light wavelength. Refractive index for the crystals was
1.61 and that for the dispersion media was 1.33. Samples from the
suspension (after resuspension via shaking) were added to the
measuring tank until the obscuration was between 10 and 15 %. After-
wards, the particle size was determined.

2.4.2. Polymorphic form of crystals

Powder X-ray diffraction (PXRD) was used to determine the poly-
morphic form of itraconazole in the suspensions. Before PXRD, the
samples were dried in a Heraeus Vacutherm VT 6060 M drying chamber
(Hanau, Germany) at 60 °C under vacuum for 48 h. Subsequently,
samples were prepared on ‘zero background’ holders and ran on an Aeris
benchtop powder diffractometer of Malvern Panalytical (Malvern, UK)
using non-monochromated Cu Ko radiation. The voltage was 40 kV and
the current 15 mA. The measurements cover the range of 4 to 50° 26,
with a 0.02° step size.

2.4.3. NMP concentration
Gas chromatography (GC) with flame ionisation detection (FID) was
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used to determine the concentrations of NMP. An Agilent 7890/6890
(Agilent Technologies, Santa Clara, US) with a Rxi 624 Sil MS column
(Bad Homburg vor der Hohe, Germany) was used. Helium 5.0 with a
flow of 1.0 ml/min was used as the carrier gas. A combination of
hydrogen (5.0) and synthetic air (5.0) was used as detector gas. After
programming the oven temperature 20 gradient, the samples were run
for 10 min. All samples were filtered through 0.45 pm PTFE Acrodisc™
syringe filters, purchased from Pall Corporation (Fajardo, Puerto Rico).

2.4.4. TPGS concentration

The concentration of TPGS in the feed, permeate, and retentate
suspensions was determined using an Acquity ultra-high performance
liquid chromatography (UPLC) system with a photodiode array (PDA)
detector purchased from Waters (Milford, USA). The stationary phase
consisted of an Ethylene Bridged Hybrid (BEH) C18 column with a
particle size of 1.7 pm. The mobile phase consisted of 40 % acetonitrile
and 60 % purified water (volume basis). Isocratic elution was applied
during the experiments. The flow rate was set at 0.5 ml/min and the
temperature at 45 °C. Per sample, 1.0 pl was injected into the column
and ran for 6 min. UV-measurements happened at 220 nm. The quan-
tification limit of this method was 0.01 wt% TPGS.

The sample preparation was divided into two strategies. The feed
samples were filtered through 0.45 pm PTFE Acrodisc™ syringe filters,
purchased from Pall Corporation (Fajardo, Puerto Rico). The concen-
trated samples were diluted with NMP until the mixture became clear. A
different sample preparation strategy was followed for the concentrated
samples to avoid a high TPGS retention. Otherwise, the increased risk of
dense cake formation on the filter could misrepresent the actual amount
of TPGS in the suspensions. The permeate samples were injected without
any preparation.

2.4.5. Itraconazole concentration

To determine the concentration of itraconazole in the suspensions, a
gravimetric analysis was performed. After weighing, the samples were
placed in a Heraeus Vacutherm VT 6060 M drying chamber (Hanau,
Germany) at 60 °C under a vacuum for 48 h. Afterwards, the samples
were reweighed to determine the weight percentage of itraconazole.
This was corrected to account for TPGS present by subtracting the
concentration of TPGS measured via the method described in Section
2.4.4.

2.4.6. Imaging

The suspension was dripped on a carbon tape and air-dried. Once
dried, the samples were coated with gold and images was performed.
Crystal images were obtained using Phenom PRO benchtop scanning
electron microscope (SEM) provided by Phenomworld BV., (Oregon,
USA) at 10500x magnification and 10 kV-image.

3. Results and discussion
3.1. Didfiltration process to tune TPGS concentration after crystallization

The itraconazole suspension containing 1 wt% itraconazole, 0.475
wt% TPGS and 9 wt% NMP in water was prepared using the method
described in Section 2.3.1. Based on the itraconazole and TPGS con-
centrations in the suspension, the TPGS-to-itraconazole mass ratio was
1:2.1. In our previous study (Anjum et al., 2024), it was observed that
the amount of excipient required during the crystallization (via Y-
connector as used in this study) was higher than required afterwards to
maintain the stability of crystals. Thus, excess excipient can be removed
after crystallization. Thus, a 7-stage discontinuous membrane diafiltra-
tion process (as described in Section 2.3.2) was employed to determine
and tune the amount of TPGS required to maintain stability of itraco-
nazole crystal suspensions during storage. The diafiltration process
reduced the NMP concentration from 9.00 wt% to 0.02 wt%. This is
below the permissible residual solvent limit (i.e. 0.05 wt%) as per the
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guidelines of European medicine agency (EMA) (European Medicines
Agency, 2021).

Moreover, the TPGS concentration was decreased from 0.476 wt% to
below the quantification limit of the analytical method (Section 2.4.4), i.
e. 0.01 wt%. This reduced the TPGS-to-itraconazole mass ratio from
1:2.1 to less than 1:137. This indicates that most of the TPGS (required
during crystallization) was removed during the diafiltration and the
obtained TPGS-to-itraconazole mass ratio was much lower than that in
the feed suspension. The concentrations of the itraconazole suspension
before (feed) and after (retentate) the membrane diafiltration along with
the concentrations of TPGS and NMP in the permeates of the different
stages are shown in Table 1.

To evaluate the influence of the removal of NMP and TPGS on the
stability of itraconazole crystals in suspension, the suspension was
stored at 25 °C and PSD was determined at different time intervals
(Fig. 5).

Fig. 5 shows that the particle size before (Feed) and after the dia-
filtration (Retentate Day 1) was similar except a small deviation towards
the lower particle size (less than 1 pm) which can be neglected. How-
ever, on Day 7, a significant increase in Dv90 of the crystals in retentate
suspension was observed (value increased from 17 pm to 26 pm). Af-
terwards, the particle size remained stable as indicated by the Fig. 5
(PSD of the retentate was the same on Day 7 and Day 270). To further
investigate the cause of increased particle size after Day 1, SEM images
of the crystals in feed, crystals in retentate on Day 1 and crystals in
retentate on Day 270 were analysed (Fig. 6).

SEM images indicate no crystal growth; thus, agglomeration could be
the cause of the increase in Dv90 after certain time of storage after the
diafiltration. Amphiphilic compounds like TPGS not only anchor on the
surface of the crystals through their hydrophobic segment but also form
a hydrophilic barrier around the crystals through solvation of their hy-
drophilic segment in the aqueous environment (Tavares Luiz et al.,
2021). This barrier plays a prime role in preventing agglomeration of
crystals by hindering the crystal-crystal interaction. It is important to
note that TPGS is water soluble in the given concentration and the hy-
drophilic barrier formed via solvation exists in dynamic equilibrium
(Rudd et al., 2020; Rabinow, 2004). Thus, after diafiltration, the
removal of excess TPGS may have impacted the equilibrium resulting in
the agglomeration of some crystals (PSD observed on Day 7). Once the
equilibrium was re-established, no further agglomeration was observed
and the particle size remained stable. The polymorphic form of the
crystals also remained unchanged before and after the diafiltration
indicated by Fig. 7. For feed and retentate samples, the PXRD peaks at
8.8°, 10.9°, 14.5°, 16.7°, 17.6°, 18°, 19.4°, 20.4°, 21.2°, 22.5°, 23.5°,
25.5° and 27.2° coincide well with the reference form 1 which was the
starting material used in this study as indicated by Fig. 7.

The influence of TPGS removal on the itraconazole crystals observed
in this study was similar to the influence observed in case of naproxen
crystals in our previous study (Anjum et al., 2024). The TPGS concen-
tration in the final suspension can be easily adjusted by reducing the
number of diafiltration stages (see Table 1). Therefore, there is the
possibility to adjust the diafiltration process to achieve the optimum

Table 1
Composition of feed, retentate and permeates of the 7-stage membrane diafil-
tration process.

Stream NMP/wt%  TPGS/wt%  Itraconazole/wt%  Water/wt%
Feed 9.00 0.475 1 89.525
Permeate stage 0 9.02 0.392 - -

Permeate stage 1 4.34 0.158 - -

Permeate stage 2 1.87 0.096 - -

Permeate stage 3 0.84 0.045 - -

Permeate stage 4 0.40 0.022 - -

Permeate stage 5 0.14 0.010 - -

Permeate stage 6 0.08 < 0.010 - -
Retentate 0.02 < 0.010 1.37 98.60
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Fig. 5. Particle size distribution of itraconazole crystal suspension before
(Feed) and after 7-stage membrane diafiltration (Retentate Day 1). Also, par-
ticle size distribution of retentate after 7 and 270 days of storage. The details of
the compositions are provided in Table 1.

concentration of TPGS required to maintain stability during storage.
The drug load in the suspension after the diafiltration was only 1.37
wt% (Table 1), which was very low making it unsuitable for patients.
Thus, another challenge was to concentrate the suspension without
compromising the stability of the crystals. Thus, the diafiltration process
was combined with the concentration process in the following section
where the diafiltration stages were reduced from 7 to 6 to adjust the
TPGS concentration (thereby avoiding agglomeration) and concentra-
tion steps were added to increase the drug load in the final suspension.

3.2. Integrated separation and concentration process

The suspension prepared via anti-solvent crystallization (Section
2.3.1) was fed to the membrane diafiltration setup MD2 explained in
Section 2.2.3 and the integrated 6-stage process was performed as per
the method described in Section 2.3.3. The solvent switching was suc-
cessfully achieved as the concentration of NMP reduced from 8 wt%
(feed) to less than 0.05 wt% (retentate) as per the guidelines of EMA
(European Medicines Agency, 2021). The diafiltration process resulted
in removal of 96 % of added TPGS and the drug loading was increased
from 1 wt% to around 35 wt%. The resulting TPGS-to-itraconazole mass
ratio was 1:50, which is almost 2 times higher than that observed in
Section 3.1 (i.e. 1:137) but significantly lower than the feed suspension
(i.e. 1:2.1). The composition of the suspension before and after the 3-
step (and 6 stages) membrane process (refer to Fig. 4 for detailed
outline of the process) is summarised in Table 2.

The flux profiles obtained during the diafiltration experiment
(described in Section 2.3.3) are shown in Fig. 8.

The flux profiles obtained in this experiment show a sudden drop in
the flux for all stages. The sudden drop could result from cake formation
(as suspension was being pushed towards the membrane) resulting in a
lower permeation of the liquid (that consisted of water, NMP and dis-
solved TPGS) (Anjum et al., 2023; Sheth et al., 2003). The cake forma-
tion can be reduced by increasing the stirring speed however, a very
high stirring speed during permeate withdrawal resulted in excessive
bubble formation (excessive gas bubbles were observed in the permeate
line when rpm was increased) making permeation more difficult. Thus,
stirring speed was optimized to maximize flux without excessive
bubbling. Moreover, for stage 0 and stage 5, the sudden drop in flux was
followed by a much slower decrease. This slowly decreasing flux could
be attributed to increasing API (solid) concentration as well as fouling
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Fig. 6. SEM images of itraconazole crystals in feed suspension (left), retentate suspension on Day 1 (middle) and retentate suspension on Day 270 (right).
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Fig. 7. PXRD pattern of itraconazole crystals before (feed) and after (retentate)

the diafiltration experiments. The PXRD pattern of as received itraconazole
crystals (form 1) are shown for reference.

Table 2

Composition of itraconazole suspension before (feed) and after (retentate) the
integrated separation and concentration process and also the concentration of
NMP and TPGS in the permeate from each stage.

Stream NMP/wt% TPGS/wt% Itraconazole/wt% Water/wt%
Feed 8.16 0.30 1.1 90.44
Permeate stage 0 8.26 0.28 - -

Permeate stage 1 3.49 0.12 - -

Permeate stage 2 1.52 0.06 - -

Permeate stage 3 0.57 0.03 - -

Permeate stage 4 0.25 0.02 - -

Permeate stage 5 0.10 0.01 - -

Retentate <0.05 0.73 35.6 63.62

building up on the membrane surface due to longer permeation time as
compared to other stages. The fouling was reduced by providing higher
mixing when the MD2 was depressurized to add water between the
stages.

It is to note here that the primary objective of this study was not to
optimize the membrane process or to evaluate the membrane perfor-
mance, but to evaluate the influence of downstream processing on the
stability of the itraconazole crystals in suspension. This was done by
evaluating the PSD and polymorphic form of crystals before and after
the integrated process. The PSD is shown in Fig. 9.

The suspension remained stable over time as indicated by the Fig. 9.
The removal of TPGS did not have an impact on the stability of the
crystals in this case as compared to the 7-stage diafiltration process
explained in Section 3.1 (slight deviation in the PSD arises from loss of
some large crystals in the cake). The SEM images (Fig. 10) are aligned
with this observation indicating no crystal breakage or growth.

The crystal suspension obtained was also analysed for the poly-
morphic form of the crystals via X-ray diffraction and PXRD patterns are
provided in Fig. 11.

It can be seen from the Fig. 11 that polymorphic form of the crystals
remained unchanged during the diafiltration process as the peaks at
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Fig. 8. Mass flux (permeate) profiles during the integrated separation and
concentration process. Different curves represent the flux profiles during
different stages of the diafiltration process. The corresponding stage number
isindicated on each curve.
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Fig. 9. PSD of itraconazole crystals in suspension. The green curve represents
the PSD of the feed suspension on Day 1 of the diafiltration, the black curve
represents the PSD of the retentate on Day 1 of the diafiltration and the grey
curve represents the PSD of the retentate on Day 60.
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Itraconazole crystals in feed suspension

International Journal of Pharmaceutics 654 (2024) 123977

Fig. 10. SEM images of itraconazole crystals in feed suspension (left) and retentate suspension (right).
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Fig. 11. PXRD patterns for itraconazole crystals in suspension.

7.4°, 8.9°, 14.3°, 17.8°, 20.1°, 22° and 32.3° coincides. It is confirmed
from literature that the patterns correspond to the form 2 of itraconazole
(Zhang et al., 2017). In this case, the polymorphic form was different as
compared to what was obtained in the case of Section 3.1. The Itraco-
nazole suspensions were prepared in batches. The batch used for the
study discussed in Section 3.1 resulted in form 1 itraconazole (same as
starting material) and the batch used for study discussed in Section 3.2
resulted in form 2. However, since in either case, the forms remain stable
during the diafiltration process and over time, the difference in the
polymorphic form did not impact the objective of the paper. Moreover,
the focus of the paper was to investigate whether the membrane process
influences the crystal forms so difference in polymorphic forms was not
a concern as long as it remained stable. Thus, we can conclude that the 6-
stage diafiltration process designed within this work, provides an inte-
grated solution that not only offers the solvent-switching of NMP to
water but also allow tuning the concentration of TPGS and increases the
loading of itraconazole (solid concentration) after crystallization
without compromising the stability of the crystals.

3.3. Decision tree to implement the integrated separation and
concentration process on various systems

Fig. 12 shows a decision tree for implementing the integrated sepa-
ration and concentration process (described in Section 3.2) to different
API crystal suspension systems. Following the decision tree, a compre-
hensive experimental framework can be developed to adapt the mem-
brane diafiltration process to various API crystal systems.

We assume that a stable API crystal suspension has been produced
via anti-solvent crystallization and requires downstream processing
before it can be administered to patients. The first step of this process
design would be to select a suitable membrane that is stable (does not
dissolve or disintegrate) in the solvent/anti-solvent mixture. Then one
proceeds with the filtration of the API crystal suspension to evaluate the

retention and influence of the excipient used in the filtration process.

If the excipient is retained, one can assume that it is bound to the
crystals (or is bigger in size than the membrane pore size) and can
proceed with the membrane diafiltration without testing the stability of
the API crystals in terms of particle size and polymorphic form. How-
ever, in case the excipient is not retained, there are two possibilities: (1)
excipient was in excess and only the extra was lost during filtration or
(2) excipient stabilizing the crystals was lost during the filtration and
this loss can affect the stability of the crystals in suspension. Then, it is
important to perform the stability analysis (in terms of particle size and
polymorphic form) of the crystals in suspension. If the crystals are not
stable in suspension after the loss of the excipient during the filtration
step, different excipient/stabilizers can be explored or a membrane that
can retain the excipient along with the crystals can be used. Alterna-
tively, if the crystal stability in suspension is preserved, the membrane
diafiltration process (described in Section 3.2) can be performed on the
API crystal suspension to allow solvent exchange, tune excipient con-
centration and achieve required API (solid) loading. The number of
stages for the diafiltration process can be adjusted based on the residual
solvent requirements or concentration of excipient required to maintain
the stability of the crystals in suspension.

Moreover, after the integrated separation and concentration (via
membrane diafiltration) process, it is also important to perform crystal
stability tests (for particle size, polymorphic form). If the stability is
compromised during the process, the number of stages of the diafiltra-
tion process can be adjusted, or different excipient systems can be
explored for anti-solvent crystallization process. If the stability of the
crystals in suspension is retained during the process, one can proceed
with the process optimization and scale-up studies.

4. Conclusion

In this work, LAI suspension of itraconazole was prepared via anti-
solvent crystallization using NMP as the solvent, water as the anti-
solvent and TPGS as excipient. The solvent-to-anti-solvent stream ratio
was 1:9, itraconazole-to-TPGS ratio was 1:2.1 and itraconazole (solid)
concentration was 1 wt% in the suspension generated via anti-solvent
crystallization. A membrane diafiltration process has been designed to
allow NMP switching with water, tuning the amount of TPGS, and
concentration of the itraconazole (solid content) suspension down-
stream to crystallization. The membrane diafiltration process comprised
of three steps, namely pre-concentration, diafiltration and post-
concentration.

The membrane diafiltration process offers an integrated separation
approach in which the NMP concentration was reduced from 9 wt% to
less than 0.05 wt%, itraconazole (solid) concentration was increased
from 1 wt% to 35.6 wt% and TPGS-to-itraconazole ratio was reduced
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Fig. 12. Decision tree for application of membrane-based diafiltration process to various LAI suspension systems.

from 1:2.1 to 1:50 in a single unit operation without product isolation.
Importantly, no impact on the stability of API crystals in suspension was
observed over time. Thus, the designed membrane diafiltration process
offers a solution where all the downstream processing of API crystal
suspensions generated via bottom-up production process (anti-solvent
crystallization) can be done in a single unit operation. The designed
process offer flexibility in terms of adjusting the final composition of the
suspension by adding/removing the number of stages in the diafiltration
process. Also, depending on the size of the crystals and excipients used,
membranes with different pore sizes and materials can be used to allow
effective removal/retention of the component of interest. Moreover, the
experimental framework presented in this work can be used to imple-
ment the integrated membrane process for different API systems. A de-
cision tree has been presented to facilitate the experimental design for
implementing the membrane diafiltration process to various API crystal
suspensions.

The designed process can bring bottom-up production of long-acting
crystal suspensions one step closer to industrial realization. Anti-solvent
crystallization coupled with the proposed membrane diafiltration pro-
cess has the potential to offer continuous manufacturing of long-acting

suspensions. The coupling of particle formation and downstream pro-
cessing without intermediate product isolation facilitates sterile pro-
cessing conditions. Liquid feed streams can be sterilized via filtration
and the rest of the process is completely closed with no risk of in-process
contaminations. A detailed feasibility and optimization study is required
to achieve commercialization of the suggested continuous bottom-up
manufacturing of LAI suspensions and the work done in this study can
serve as the stepping stone in this journey.
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