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Amorphous solid dispersion (ASD) is a widely used formulation strategy for improving the apparent solubility
and oral absorption of poorly water-soluble drugs. However, established commercial ASD manufacturing pro-
cesses often generate powders with broad particle size distributions, irregular morphology and poor powder
flowability, all of which complicate downstream processing. In this work, we introduce a droplet-templated ASD
manufacturing process that combines step-emulsification co-processing of a polymer and drug with continuous
anti-solvent extraction to produce highly monodisperse ASD particles. We produce intermediate ASD drug
powder products with favorable particle attributes, including high monodispersity, improved flowability, and
compatibility with downstream tableting. In contrast with prior reports on microfluidic production, this process
allows the production of sufficient quantities of powder to enable compression into drug products (tablets). The
tablets thus produced meet stringent drug product specifications (tensile strength, extended supersaturation
dissolution profile and residual solvent below ICH limits). These results demonstrate that droplet microfluidics,
traditionally viewed as a small-scale process, can be leveraged as a promising alternative manufacturing platform
for ASDs with industrially relevant throughput for high-value pharmaceutical products.

1. Introduction solubility, Class IV drugs exhibit low bioavailability due to a combina-

tion of low solubility and permeability (Papich and Martinez, 2015). By

In recent years, there has been a surge of interest in using amorphous
forms of active pharmaceutical ingredients to overcome poor aqueous
solubility exhibited in their crystalline form (Wilson et al., 2020). The
spotlight on amorphous solid dispersions (ASDs) has intensified as
60-70% of newly manufactured drugs fall under the biopharmaceutics
classification system (BCS) Class II and IV compounds (Lugtu-Pe et al.,
2021). While Class II drugs have limited absorption due to poor

leveraging on higher free energy and lower density of amorphous sub-
stances, ASD formulations of Class II and potentially Class IV drugs can
enhance the bioavailability and therapeutic effects compared to their
crystalline counterparts (Babu and Nangia, 2011; Surampalli et al.,
2013).

Established ASD manufacturing techniques such as freeze drying,
spray drying, and jet milling are energy-intensive and often produce

* Corresponding authors at: Singapore-MIT Alliance for Research and Technology (Critical Analytics for Manufacturing Personalized-Medicine), 1 CREATE Way,

#04-13/14 Enterprise Wing, SG 138602, Singapore (P.S. Doyle).

E-mail addresses: saifkhan@nus.edu.sg (S.A. Khan), pdoyle@mit.edu (P.S. Doyle).

https://doi.org/10.1016/j.ijpharm.2026.127193

Received 13 May 2026; Received in revised form 16 June 2026; Accepted 12 July 2026

Available online 17 July 2026

0378-5173/© 2026 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0009-0009-3464-4588
https://orcid.org/0009-0009-3464-4588
https://orcid.org/0000-0002-4539-0968
https://orcid.org/0000-0002-4539-0968
https://orcid.org/0000-0002-8990-8802
https://orcid.org/0000-0002-8990-8802
https://orcid.org/0000-0003-2147-9172
https://orcid.org/0000-0003-2147-9172
mailto:saifkhan@nus.edu.sg
mailto:pdoyle@mit.edu
www.sciencedirect.com/science/journal/03785173
https://www.elsevier.com/locate/ijpharm
https://doi.org/10.1016/j.ijpharm.2026.127193
https://doi.org/10.1016/j.ijpharm.2026.127193
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpharm.2026.127193&domain=pdf

J.H. Min et al.

polydisperse particles with large size distributions that can negatively
affect dissolution and oral bioavailability (Chu et al., 2012). In addition,
these processes suffer from recrystallization which has been reported in
spray-dried materials processed under different temperatures and feed
rates (Beyer et al., 2016). Converting the resulting powders into suitable
dosage forms pose yet another challenge to the downstream processing,
often requiring additives and secondary excipients such as lubricants to
improve their physical properties for tableting (Pandi et al., 2020). Hot-
melt extrusion (HME) has emerged as a more modern approach for cost-
effective and high-throughput production of amorphous solid disper-
sions (ASDs) (Agrawal et al.,, 2015). However, the risk of thermal
degradation of heat-sensitive active pharmaceutical ingredients (APIs)
and copolymers often limit the applicability of HME. Co-precipitated
amorphous dispersion (cPAD) is another emerging technology that in-
volves mixing co-dissolved APIs and polymers with a fully miscible
antisolvent under high shear, followed by thermal annealing to achieve
excellent particle properties (Strotman and Schenck, 2021). Despite its
advantages, the heat introduced during high-shear mixing and thermal
annealing can promote crystallization of amorphous materials (Kumar
and Suryanarayanan, 2022) and many processing challenges remain in
preventing such recrystallization behavior of ASDs (Myslinska et al.,
2023). More recently, droplet microfluidics has been explored as an
alternative platform for co-processing APIs and excipients through
droplet solidification via extractive crystallization (Shikha et al., 2022;
Ngetal., 2022; Fortt et al., 2020). Although the scope of the studies does
not extend to producing amorphous compounds, the absence of thermal
treatment in the process, as well as the superior powder rheology of co-
processed materials produced may suggest a potential avenue for
droplet microfluidics in fabricating amorphous compounds with
improved powder properties.

Droplet microfluidics has gained broad popularity in recent years
due to its remarkable ability to create particles with a narrow and
consistent size distribution (Chong et al., 2015). Having exceptional
control over particle size and morphology is highly beneficial for the
pharmaceutical industry due to its effect on flowability and hence pro-
cessibility in the downstream manufacturing (Ekdahl et al.,, 2019).
Amongst many microfluidic droplet generators, T-junctions (Schneider
et al., 2011) and cross-junctions (Loo et al., 2016) are most commonly
used, which leverage the viscous shear force exerted by the continuous
phase on the dispersed phase in a single channel format. Hence, many
attempts have been made to scale this system by arraying multiple
single-channel generators in parallel to achieve the desirable throughput
(Yadavali et al., 2018). However, fluctuations in the flow rates can
broaden droplet size distributions and result in the formation of satellite
droplets (Loo et al., 2016). Planar shear devices can thus be difficult to
scale up in practice as droplet size at each junction is sensitive to the
local flow rates in the parallelized network (Wu et al., 2021).

Step-emulsification has recently emerged as a particularly attractive
route for scalable droplet generation with precise control over emulsion
size and monodispersity (Amstad et al., 2016). Unlike shear-driven
methods, step-emulsification leverages preferential wetting, in which
the strong affinity of the continuous phase for the channel walls causes a
‘pinching-off’ effect on the dispersed phase flow (Lian et al., 2019).
Droplet formation is driven by the difference in Laplace pressure when
the liquid confined in a shallow channel expands into a spherical droplet
upon entering a deeper reservoir through a step (Eggersdorfer et al.,
2018). The droplet size can therefore remain largely independent of
flow rates over a wide operating window for both dispersed and
continuous phases, as long as the dispersed phase is depleted faster from
the nozzle than it is refilled (Ofner et al., 2016). This insensitivity to flow
rate fluctuations can significantly simplify the device design and oper-
ation for industrial scale-up (Stolovicki et al., 2017).

Step emulsification devices are typically fabricated from poly-
dimethylsiloxane (PDMS) due to its rapid and cost-effective prototyping
in laboratory settings (Stolovicki et al., 2017). However, the poor
compatibility of PDMS with many organic solvents (Lee et al., 2004)
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limits its use in pharmaceutical applications. To address this issue, Ofner
et al. were the first to fabricate a step-emulsification device in glass using
photolithography followed by etching and bonding of two aligned glass
pieces (Ofner et al., 2016). Their work demonstrated the feasibility of
generating highly monodisperse droplets using pharmaceutical solvents
at throughputs of 25 mL/h, far exceeding those of single-channel de-
vices. If such high-throughput droplet generation can be coupled with a
suitable process to produce pharmaceutical products, such as ASDs, it
could enable a new paradigm for precise and compact commercial-scale
pharmaceutical manufacturing- this is indeed what we seek to demon-
strate in this study.

This paper presents an integrated process for generating mono-
disperse ASD microparticles by coupling a glass step emulsification de-
vice with a subsequent unit operation of continuous antisolvent
extraction. The novelty of the present work extends beyond the use of
microfluidics for co-processing polymeric materials with APIs, which is
a well-established approach (Sharratt et al., 2021; Shi et al., 2023).
Rather, the paper demonstrates the feasibility of an industrially relevant
and scalable microfluidics-enabled manufacturing technique that entails
continuous operation, controlled solvent extraction and improved
powder attributes for robust downstream processing. We chose Felodi-
pine (FLP) as a model API and hypromellose acetate succinate
(HPMCAS) as a model excipient in our studies. In contrast to prior
microfluidic studies, the process allows the production of sufficient
quantities of powder to subsequently enable compression into oral solid
dosage forms with suitable tensile strength, an extended supersaturation
dissolution profile, and residual DMC below the reporting limit. In this
work, we can process droplets into powders at a representative
dispersed-phase flow rate of 0.9 mL/min. The device could also be
operated at dispersed-phase flow rates up to 10 mL/min for droplet
generation, corresponding to a projected ASD solids throughput of up to
720 g/day at 5% w/v solids loading. While the higher flow-rate opera-
tion was associated with a modest increase in droplet size, as shown in
Supplementary Fig. S2, these results indicate the potential scalability of
the microfluidic droplet-generation step. Further optimization of the
downstream extraction and recovery process would be required to
translate this projected droplet-generation throughput to end-to-end
powder production.

2. Materials and methods
2.1. Fabrication of glass step-emulsification device

We present a method to construct the glass step-emulsification de-
vice using a borofloat 33 glass. The device is composed of two glass
chips, each measuring 150 mm x 50 mm x 3 mm, that serve as the top
and bottom pieces of the device. Photolithography was used to pattern
270 step-nozzles of width/height (w/h) ratio of 6.6 and a depth of 100
pm onto the top glass piece (Fig. 1a). Stable droplet formation is gov-
erned primarily by channel geometry and wetting-controlled droplet
breakup. Robust dripping typically requires a sufficiently large nozzle
aspect ratio, and a previous study has reported a critical w/h threshold of
approximately 2.6 for stable droplet generation (Huang et al., 2023).
While higher w/h ratios (e.g., >3.5) may facilitate more stable droplet
formation (Xu et al., 2018), excessively wide geometry may lead to
droplet formation at multiple locations along the step edge (Wu et al.,
2021). Therefore, considering both these design criteria and fabrica-
tion constraints imposed by the vendor, a w/h ratio of 6.6 was selected in
this work. Previous studies have shown that droplet size in step-
emulsification depends primarily on the channel depth and scales
approximately linearly (Schuler et al., 2015; Dangla et al., 2013);
therefore, a channel depth of 100 pm was selected to target droplets on
the order of a few hundred micrometers. These droplets would subse-
quently solidify to produce microparticles of similar order of magnitude
in size that have favorable particle attributes for downstream processing
such as flowability and bulk density. While the channel geometries can
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2.1. Fabrication of Glass Step-Emulsification Device

Top Glass Piece
(a) Lithography Layer

(b) Bottom Glass Piece
CNC Layer

Final Glass Device
(C) Lithography + CNC

Fig. 1. Glass step-emulsification device feature sizes (not drawn to scale). (a) Top and (b) bottom piece of the device. (c) Isometric view of glass chip device after

thermal bonding of the CNC and lithography layers.

be further optimized for specific applications, the present design out-
lines a canonical system used to demonstrate the feasibility of scalable
droplet generation platform. Computer numerical control (CNC)
machining was employed to embed deep channels on the bottom glass
piece at a depth of 770 pm, as shown in Fig. 1b. The two glass substrates
were subsequently thermally bonded together, after which three inlet/
outlet holes measuring 1.5 mm were drilled onto the top surface of the
chip. PEEK fittings were attached to the surface of the chip using epoxy
adhesive, which enabled PTFE tubing (outer diameter: 1.6 mm; inner
diameter: 1 mm) to be connected during the operation, as illustrated in
Fig. 1c. The fabrication processes described above were performed by
Wen Hao Microfluidics (Suzhou, China).

2.2. Treatment of the glass microfluidic device

Surface treatment of step-emulsification devices is essential to ensure
stable and reliable droplet generation. Prior to operation, the device was
treated with air plasma (Covance-1MP Plasma Machine, South Korea) at
a pressure of 0.667 Pa and a power of 150 W for 90 s to remove surface
contaminants and increase surface hydrophilicity. Following the plasma
treatment, the inner channels of the device were soaked in a 1 M sodium
hydroxide (NaOH) solution for 30 min. After flushing the channels with
deionized water to remove any residual NaOH solution, the inner
channels were soaked with the continuous phase, described in section
2.3, for 30 min prior to use.

2.3. Reagent preparation for step-emulsification

Polyvinyl alcohol (PVA, Mowiol 8-88, MW ~ 67,000 g mol-1),
dimethyl carbonate (DMC, ReagentPlus, 99%), ethyl acetate (EA,
anhydrous, 99.8%), and methyl ethyl ketone (2-butanone or MEK, ACS
reagent, 99.0%) were purchased from Sigma-Aldrich and used as
received. While the results presented in this study are based on DMC as a
model solvent, a comparative analysis of droplet generation using
pharmaceutically relevant solvents (DMC, EA, and MEK) is provided in
the Supplementary Information (Fig. S2). FLP (F9677) was purchased
from TCI and used as received. 1 kg of HPMCAS medium grade
(AQOAT®) was provided as a sample by Shin-Etsu (Japan). For this
study, all references to FLP and HPMCAS without additional qualifiers
pertain to their as-received state, unless otherwise noted. Ultrapure
water (18.3 MQ) was obtained from a Sartorius Arium Pro Ultrapure
water purifier. The dispersed phase was prepared by co-dissolving FLP
and HPMCAS at concentrations of 1% w/v and 4% w/v, respectively, in
water-saturated DMC. The resulting mixture was stirred for 1 h before

use and is referred to as 20% FLP-HPMCAS. Here, 20:80 FLP:HPMCAS
refers to 20 wt% FLP and 80 wt% HPMCAS relative to the total solid
content. The final mixture appears slightly turbid due to partially sus-
pended HPMCAS particles; although this does not affect the emulsion
generation process in the glass chip, further characterization of the DP
can be found in the Supplementary Information (Fig. S1). An aqueous
continuous phase contains 1.5% w/v of PVA as a surfactant in ultrapure
water to stabilize oil-in-water emulsions.

2.4. Synthesis of ASD particles

To ensure continuous droplet generation, both the disperse and
continuous phases were pumped using peristaltic pumps (Lead Fluid BT
100S-1, China) instead of using batch-wise syringe pumps. L/S 14 pre-
cision pump tubing from VWR was used to pump liquids from the re-
agent reservoirs, while PTFE tubing (ID: 1.0 mm and OD: 1.6 mm)
connected the pump tubing to the fittings on the glass device. The
dispersed and continuous phases were infused at a flowrate of 0.9 and
4.5 mL/min, respectively, unless otherwise specified. The emulsification
process was monitored using a high-speed camera (Ametek Phantom
C110, USA) to ensure monodisperse droplet formation in the dripping
regime. The generated emulsion droplets were transported via a PTFE
outlet tube into a custom glass column (SG Labware Pte Ltd, Singapore)
with a dimension of 15 x 70 cm (diameter x height). The column enables
complete antisolvent extraction of the droplets while gravity assists
particle settling. Homogenous mixing within the column was main-
tained by using a digital overhead stirrer (VOS 40, VWR), operating at a
mild stirring speed of 30 rpm with an anchor-blade stirrer shaft. Initially,
2.5 L of ultra-pure water was added to the column. During operation,
ultra-pure water was continuously pumped into the glass column at a
flowrate of 15.5 mL/min to maintain a steady-state solvent concentra-
tion of 7% v/v within the column to drive antisolvent extraction. The
suspension of fully solidified FLP-HPMCAS microparticles was collected
at the bottom of the glass column and subsequently washed with ul-
trapure water and dried overnight under vacuum at room temperature
(~25 °C) prior to further characterization.

2.5. Solid-state outcome and particle characterisation

To confirm that 20% FLP-HPMCAS microparticles are amorphous,
powder X-ray diffraction (PXRD) and differential scanning calorimetry
(DSC) were performed to detect any signs of crystallinity.

The PXRD analysis was performed with a diffractometer (Bruker D8
Advanced, USA) that used Cu radiation with a wavelength of 1.54 108,
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operated at a voltage of 40 kV, current of 30 mA, and scanning rate of
0.78°/min over a 20 range of 5 — 40°. Modulated differential scanning
calorimetry (mDSC) was performed using a DSC25 apparatus (TA In-
struments, USA). Approximately 5 mg of sample was sealed in a Tzero
aluminum hermetic pan with a pinhole, and an empty pan of the same
type was used as the reference. The sample was first equilibrated at
20 °C, followed by temperature modulation with an amplitude of +
0.32 °C and a period of 60 s. After an isothermal hold for 10 min, the
sample was heated from 20 to 200 °C at an underlying heating rate of
2 °C/min under a dry nitrogen purge at 50 mL/min. The glass transition
temperature was determined from the reversing heat-flow signal. A
reference was established using an empty crimped pan with a pinhole,
and dry nitrogen with a flowrate of 50 mL/min was used as the purge
gas. Particle morphology was examined using field-emission scanning
electron microscopy (FESEM; JEOL JSM-7610F Plus, USA) operating at
5 kV. FESEM samples were prepared on conventional AISI 316 L stain-
less steel electron microscopy stubs using carbon tape and sputter-
coated with ~ 10 nm of platinum for resolution enhancement. Particle
size distributions were measured using a Mastersizer 3000E (Malvern
Panalytical, Netherlands) with a non-spherical model. Particles were
added until obscuration was between 1-5%. A stirring speed of 2000
rpm was used. Refractive indices of 1.3 were used for HPMCAS and 20%
FLP-HPMCAS, respectively, and 1.6 was used for FLP.

2.6. Powder rheology characterization

Bulk density was measured to assess the amount of powder that can
be loaded into a confined volume, such as the hopper of a tablet press.
Raw FLP and 20% FLP-HPMCAS powders were loaded into a pre-tared 5
mL graduated cylinder up to the 5 mL mark, and the mass was recorded
using an analytical weighing scale (Mettler Toledo, UK). Power flow
properties relevant to solid dosage forms were also evaluated using
shear cell tests with an FT4 powder rheometer (Freeman Technology,
UK). Powders were loaded into a 1 mL cylindrical shear cell and
conditioned prior to testing. The powder bed was then pre-consolidated
at a normal stress (6) of 3 kPa using a vented piston to mimic pharma-
ceutical processes where most operations are carried out below 6 kPa
(Clancy, 2017). Incipient shear stresses for flow were determined at
normal stresses of 1, 1.25, 1.5, 1.75, and 2 kPa with a bladed shear head.
The inbuilt FT4 analysis software was used to plot a yield locus based on
the recorded values of shear stress and normal stress.

2.7. Tabletability of ASD particles

A simple tablet formulation was prepared to demonstrate the po-
tential of the ASD powders produced for marketable solid dosage forms.
Each tablet contained 17 wt% ASD powder, 81 wt% Microcrystalline
Cellulose (MCC; PH102 Avicel from Sigma-Aldrich) and 2 wt% Cro-
spovidone (Kollidon CL, BASF, Germany), all of which were used as
received. MCC served as the filler, while crospovidon acted as a tablet
disintegrant to aid burst release of amorphous FLP. Tablets weighing
150 mg each, corresponding to 5 mg FLP per tablet, were produced using
a compaction simulator (Styl’One, Medelpharm, France) fitted with an
8 mm flat-face punches and die set (Natoli Engineering, USA).
Compression was carried out at predetermined pressures using a
compression speed of 60 mm/s, followed by tablet ejection at an ejection
speed of 90 mm/s. The tablet tensile strength was calculated based on
the tablet hardness measured using a hardness tester (TBF1000, Copley
Scientific, UK), tablet diameter and thickness.

2.8. Drug loading and tablet dissolution

Drug loading of the FLP-HPMCAS microparticles was measured by
dissolving 5 mg of microparticles in 5 mL ethanol (ACS reagent,
>99.5%) under 30 min of sonication. The resulting solution was filtered
through a 0.22 pm PTFE filter and diluted with ethanol prior to analysis.
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FLP concentration was measured using a Cary 60 UV-visible spectro-
photometer and a calibration curve was constructed with known con-
centrations of FLP in ethanol at a 364 nm wavelength. In vitro dissolution
testing was performed on tablets consisting of ASD microparticles using
USP 2 dissolution apparatus (paddle) (Caleva 9ST Dissolution Tester,
Germany). The dissolution was carried out in 900 mL phosphate buffer
(pH 7.4) maintained at 37 °C with a paddle speed of 100 rpm. Aliquots
were withdrawn at predetermined time interval, and FLP concentration
in the dissolution medium was determined using high-performance
liquid chromatography (HPLC). The mobile phase consisted of aceto-
nitrile: methanol: buffer in a ratio of 2: 1: 2, eluted at 1 mL/min. The
buffer was prepared by adding 8 mL of 1 M phosphoric acid to a solution
of 6.9 g monobasic sodium phosphate and diluted with water to 1 L. A
reversed-phase C-18 column (ACE Generix, 5 pum, 4.6 mm x 150 mm,
Advanced Chromatography Technologies, UK) was used as the station-
ary phase and maintained at 40 °C. A 20 uL sample was injected into the
column for each run and FLP detected at 254 nm. The crystalline solu-
bility of FLP in pH 7.4 phosphate buffer was determined by equilibrating
excess crystalline FLP in the buffer at 37 °C, followed by filtration and
HPLC quantification of the dissolved FLP concentration.

3. Results and discussion

3.1. High-throughput production of ASD particles in a continuous anti-
solvent extraction column

Fig. 2 illustrates the integrated platform for continuous production of
ASD microparticles, combining step-emulsification with downstream
antisolvent extraction. The process configuration (Fig. 2a) consists of
four independently controlled flow streams that enable continuous de-
livery of the dispersed, continuous, extraction and harvesting phases.
Highly monodisperse oil-in-water (O/W) droplets are generated within
the glass step-emulsification device as show in Fig. 2b, with the corre-
sponding phase compositions and operating flowrates summarized in
Fig. 2c.

The glass chip device includes a central deep channel (870 pm) for
the dispersed phase and two parallel deep channels located at the ends
for the continuous phase. The central channel symmetrically branches
into a series of shallow channels (100 pm tall) with wedge-shaped
nozzles on both sides, through which the dispersed phase flows into
the distal deep channels carrying the continuous phase. With appro-
priate surface treatment, the hydrophilicity of the glass surfaces is
enhanced, promoting preferential wetting by the continuous phase
(Eggersdorfer et al., 2018) and enabling stable droplet generation.
Under suitable combinations of dispersed and continuous phase flow-
rates, the system operates in a dripping regime to produce highly
monodisperse droplets. While a canonical system is presented in this
paper, an analysis of operation at different flowrates using various
pharmaceutical solvents can be found in the Supplementary Information
(82).

The dispersed phase contains co-dissolved FLP and HPMCAS in
water-saturated DMC at 5% w/v solid loading/saturated DMC, while the
continuous phase contains 1.5% w/v PVA/ultrapure water with 10% v/
v DMC/ultrapure water. FLP was chosen as a model API due to its low
solubility in its crystalline form, and HPMCAS was chosen as a model
excipient due to the presence of acetyl and succinyl moieties (Butreddy,
2022) with effective precipitation inhibitor properties. This makes
HPMCAS an ideal excipient to form amorphous compounds to demon-
strate inhibition of recrystallization in dissolution, thereby extending
the period of supersaturation (Nguyen et al., 2016) While the glass chip
has versatile compatibility with different solvents, dimethyl carbonate
(DMC) was chosen as a non-toxic green solvent with good miscibility
with water for co-dissolving drugs and excipients (Pyo et al., 2017).

Since water is miscible in DMC at 3.3% v/v (Pyo et al., 2017),
extraction can occur in reverse at the DMC-water interface. PVA pre-
cipitation in the form of films at the interface has been observed, which



J.H. Min et al.

(a)

Disporss
Phase
R s chi |
E=d tIIIIIIII_IIIIIl[II -
) RTINS
""h.

£ - ; [r

o

lE
TR L

afel il
(© Composition Flowrate |
50 mgimL of Solute
(FLP:HPMCAS =
Dp 20780 wt.9%) 0.9 mL/min
dissolved in VWater
Saturated DMC
1.5 wi % PVA wilh
P towmome | ASTmUM
EP Litrapure Water 155 mL.frmn
Final Particla L
HP baalon 20.5 rnurmn

International Journal of Pharmaceutics 702 (2026) 127193

Extracting
(EP)

Fig. 2. Emulsion droplet generation and continuous antisolvent extraction. (a) The setup is comprised of 4 peristaltic pumps, a step-emulsification glass chip, and a
glass extraction column (length = 70 cm and diameter = 7.5 cm) with an overhead stirrer at 30 rpm. (b) Generation of emulsion droplet inside a glass chip (c)
Table of different compositions and flowrates for 4 flow phases. (d-g) Evolution of emulsion droplets along the extraction column at every 10 cm interval down from
the exit nozzle. Images were captured using a high-speed camera. (h) Fully extracted particles in suspension were imaged using brightfield microscopy.

we hypothesized to arise from water migration from PVA solution into
droplets of the dispersed phase, leading to high local PVA concentra-
tions. To prevent PVA precipitation during the emulsification process,
both the dispersed and continuous phases were mutually saturated; thus,
for the combination of DMC and 3% PVA in water, DMC is saturated
with water, and vice versa, to maintain equilibrium during the emulsi-
fication process.

The extraction column of 7.5 cm in diameter and 70 cm in length
initially contains 2.5 L of ultrapure water, which is subsequently
replenished by the dispersed and the continuous phase during the
operation. The extraction phase is infused to maintain the steady-state
solvent concentration of 7% v/v inside the glass column and the rate
of particle collection is fixed to maintain the liquid level 10 cm from the
top for steady-state operation. With 20% overhead height for safety, the
emulsion droplets are introduced at a depth of 15 cm from the top of the
glass column, with a typical residence time of 3 min before they reach
the bottom. The injection height is sufficient to ensure complete
extraction and solidification of the emulsion droplets through the
steady-state solvent-antisolvent concentration gradient as well as the

convection induced by an overhead stirrer run at 30 rpm and gravity.
The evolution of emulsion droplets along the column height is captured
in Fig. 2d-g, after collecting the emulsion droplets at different column
heights and subsequent immediate imaging using a high-speed camera.
The top-down images of the emulsion droplets highlight the gradual
droplet shrinkage and solidification that eventually yield buckled par-
ticles at the bottom of the extraction column. The buckling of emulsion
droplets under falling anti-solvent extraction has also been observed by
Remigijus et al. who proposed that anisotropic droplet shrinkage due to
convection causes semisolids to buckle during the extraction window
(Vasiliauskas et al., 2015). Further investigation and optimization can
be conducted for this extraction process about the column geometry,
residence time, and the solvent-antisolvent concentration gradient in-
side the glass column; we leave these studies to a future contribution.

3.2. Microparticle morphology and monodispersity

ASD microparticles were observed using FESEM after isolation and
drying, as shown in Fig. 3. Fig. 3a and 3b show highly monodisperse
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Fig. 3. FESEM images and particle size distribution of ASD particles. (a-c) FESEM image of FLP-HPMCAS microparticles at 35, 85, and 450X magnification. (d)
Particle size distribution (volume density vs. size) of FLP-HPMCAS microparticles measured using laser diffraction in suspension.

particles in bulk, demonstrating excellent control over particle size and
morphology, which is typically challenging to achieve with conven-
tional powders that are often polydisperse and exhibit poor powder
rheology. Fig. 3c not only depicts a buckled morphology of co-processed
ASD microparticles but also demonstrates no visible crystalline growth
of FLP on the HPMCAS surface, which provides additional evidence for
the amorphous characterization presented in the next section. An
excellent size distribution of ASD microparticles is further supported by
the static light scattering measurement result shown in Fig. 3d, which
illustrates the volume density of suspended microparticles across a wide
size range. The average particle diameter (d50) was found to be 163 pm
and the 90th (d90) and 10th (d10) percentile of the distribution were
found to be 195 and 137 pm respectively. The span value, defined as
(d90-d10)/d50 is used to quantify the breadth of the particle size dis-
tribution, with a threshold value of 1, beyond which particles are
regarded as polydisperse (Wan et al., 2021). While raw powders indeed
show span values greater than 1, our co-processed ASD microparticles
have a span value of 0.35, indicating remarkable monodispersity. In
addition, the co-processed ASD microparticles exhibited a bulk density
of 0.313 g/mL, which is notably higher than those of ASDs produced by
various methods documented in the existing literature, with bulk den-
sities of 0.194 g/mL (Honick et al., 2020) and 0.230 g/mL (Frank et al.,
2022) with the d10 of 2.7 and 9.9 um, d50 of 10.9 and 27.8 um and d90
of 30.9 and 61.0 um respectively. The span values for each sample are
2.59 and 1.84, indicating substantial polydispersity in the samples and
far exceeding that of the monodisperse control we have with a span of
0.35 through the microfluidic enabled process. Such an increase in bulk
density can be attributed to the improvement in particle morphology
conducive to random-close packing and will be beneficial in pharma-
ceutical manufacturing due to its significant influence on flow, packing,
and powder processing. The flow factor of raw FLP using a shear cell
measurement was deduced as 3.3, whereas the flow factor of co-
processed microparticles was measured as 4.8. As per powder flow
classification in the literature (Schulze, 2014), FLP is classified as a
‘cohesive’ powder, whereas the co-processed microparticle is classified
as ‘easy flowing’, and hence more favorable to the downstream
manufacturing process. Key particle attributes are summarized in the

Supplementary Information S9.

3.3. ASD solid state outcome

While SEM images provide visual evidence of no crystalline FLP on
the co-processed microparticles, further characterization using PXRD
and DSC was conducted to confirm their amorphous nature. This is
especially important for drugs with low solubility to improve their
therapeutic efficacy (Arshad et al., 2021). Modulated differential scan-
ning calorimetry (mDSC) was used to identify the glass transition tem-
perature of the drug-excipient microparticles. As shown in Fig. 4a, raw
FLP exhibits a strong melting endotherm at 149 °C, indicating its crys-
talline nature; however, no melting endotherm was observed for co-
processed microparticles. A glass transition temperature (Tg) of
approximately 75 °C was observed in the reversing heat-flow signal,
supporting the formation of an amorphous drug-polymer dispersion.
Residual moisture in the dried 20:80 FLP microparticles was measured
by Karl Fischer titration and found to be 0.76 + 0.10 wt% based on four
replicate measurements. While residual water can plasticize HPMCAS
and influence the measured Tg, the relatively low residual moisture
content is expected to contribute only modestly to the Ty depression
based on prior literature (Patel et al., 2022). PXRD analysis further
supports these findings. As shown in Fig. 4b, raw FLP exhibit distinct
crystalline peaks corresponding to the polymorphic Form I (Guo et al.,
2020). In contrast, 20% FLP-HPMCAS microparticles showed no
detectable crystalline FLP peaks within the sensitivity of the PXRD
method. Prior literature indicates that conventional solid-state tech-
niques such as PXRD and DSC typically have crystallinity detection
limits on the order of 1-5 wt% in ASDs (S’ Ari et al., 2021). Because no
separate sensitivity study was conducted in this work, we acknowledge
that trace levels of crystallinity below the method sensitivity cannot be
excluded. Nevertheless, the combined PXRD and mDSC results strongly
support an amorphous solid-state outcome for the processed micropar-
ticles. In addition, a residual solvent analysis was performed on the dried
20% FLP-HPMCAS microparticles using an Agilent 6890 headspace gas
chromatograph. In all triplicate samples the residual dimethyl carbonate
was found below the device reporting limit of 0.05% (w/w). In all
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Fig. 4. Solid-state characterization for raw FLP and FLP-HPMCAS (20:80) (a) Normalized DSC thermograms, adjusted to emphasize curve shapes, revealing the
presence and absence of exothermic and endothermic peaks in the microparticles. Glass transition Temperature was observed at 75 °C for FLP-HPMCAS (20:80) (b)
PXRD spectra of 20% FLP-HPMCAS microparticles, demonstrating amorphous nature evidenced by the absence of crystalline peaks as compared to raw crystal-

line FLP.

triplicate samples, residual DMC was below the method reporting limit
of 0.05% w/w. Although DMC is not specifically listed in ICH Q3C(R9),
this reporting limit is ten-fold lower than the general 0.5% w/w con-
centration threshold applied to Class 3 residual solvents (I.G.F.R.S. Q3C
(R9), 2024).

3.4. Tabletting — tensile strength and dissolution

To evaluate downstream processibility, co-processed ASD micro-
particles were compressed into tablets and their mechanical and disso-
lution properties were assessed. Based on recommended dosing
guidelines for FLP (2.5-10 mg) (Whelton et al., 2017), a target dosage of
5 mg per tablet was chosen. Industrial-grade microcrystalline cellulose
(MCC, Avicel-PH102) was chosen as a secondary filler, as it is known for

its excellent binding property (Albers et al., 2006); and Kollidon CL was
chosen as a super disintegrant (Nazmi et al., 2013) to supplement tablet
disintegration for amorphous solid dispersions to deliver their ther-
apeutical effect. The tablet formulation used here was designed as a
simple proof-of-concept formulation to demonstrate incorporation of
the co-processed FLP microparticles into an oral solid dosage form.
Fig. 5a demonstrates that intact tablets can be formed even at a rela-
tively low compaction pressure of 50 MPa, without common tablet de-
fects such as capping or lamination. Fig. 5b provides visual evidence of
both ASD microparticles and MCC filler are discernibly close to their
original shapes at a low compaction pressure of 50 MPa. However, at a
higher compaction pressure of 300 MPa in Fig. 5(c and d), MCC seemed
to have undergone considerable plastic deformation with enhanced
interparticle bonding that resulted in a densified powder bed structure.

V0N

Fig. 5. FESEM images of FLP-HPMCAS microparticles in tablet formulation with respective compaction pressure annotated on each image (a) Image of final tablet
formulation with 5 mg FLP dosage, balanced with 81 wt% MCC and 2 wt% Kollidon. (b) FESEM image of the cross-section of the ASD tablet compacted at 50 MPa. (c)
FESEM image of the ASD tablet compacted at 300 MPa (top-down view) (d) Cross-sectional FESEM image of an ASD tablet compacted at 300 MPa with the direction

of compaction represented in red arrows.
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While ASD microparticles also show signs of plastic deformation
perpendicular to the direction of the compaction force, they remained
discernible within the compact and underwent limited morphological
deformation after compression. This suggests that the microparticles can
be incorporated into the tablet matrix without complete collapse of their
particle morphology. However, further studies using different tablet
formulations would be required to isolate the intrinsic contribution of
the ASD microparticles to tablet mechanical properties, which is beyond
the scope of the present study.

As shown in Fig. 6a, tablet tensile strength increases with compres-
sion pressure up to 200 MPa, beyond which it plateaus. This could be
attributed to MCC’s property to readily undergo plastic deformation
(Hentzschel et al., 2011) since it comprises the bulk of the tablet mass.
Therefore, the tensile strength results should not be interpreted as the
intrinsic tabletability of the ASD microparticles alone; rather, these re-
sults demonstrate that the co-processed FLP microparticles can be
incorporated into a conventional MCC-based tablet formulation, which
can sufficiently satisfy the industrial standard for tablet tensile strength
between 1.7 and 2 MPa (Sabri et al., 2018). In vitro dissolution testing of
the compacted tablets is shown in Fig. 6b. The dissolution experiment
was conducted under non-sink conditions with respect to crystalline
FLP. Based on the crystalline FLP solubility of 0.0008 mg/mL, a disso-
lution volume of 900 mL, and an FLP dose of 5 mg per tablet, the sink
index was calculated as 0.144. These non-sink conditions were selected
to enable evaluation of apparent supersaturation generation and main-
tenance from the ASD tablet formulation, instead of measuring complete
drug release under highly dilute sink conditions. Raw FLP tablets, which
were prepared with the same total tablet mass, FLP dose, and excipient
composition as the ASD tablets, exhibit slow and gradual dissolution
profile due to their low aqueous solubility in its crystalline form
(Kanaujia et al., 2015) with the solubility limit of 0.8y g/mL. In contrast,
ASD tablets containing co-processed FLP microparticles displayed an
initial burst release, reaching an apparent supersaturation concentration
of approximately 2.5 pg/mL that was maintained over the measured
dissolution period. This behavior can be interpreted within the spring-
and-parachute framework commonly used to describe ASD dissolution,
where rapid release from the amorphous formulation generates tran-
sient supersaturation and the polymer helps maintain the supersaturated
state by inhibiting drug precipitation and/or crystallization (Hiew et al.,
2021).. Because the amorphous solubility and LLPS onset concentration
of FLP were not directly measured, the observed concentration is re-
ported as an apparent supersaturation level under the present non-sink
dissolution conditions, rather than being assigned to the amorphous
solubility limit or definitive formation of a drug-rich phase. In contrast,
raw FLP tablets exhibited slower and more gradual dissolution because
crystalline FLP is limited by its low aqueous solubility and crystal
dissolution kinetics. These results demonstrate that the co-processed FLP
microparticles retain enhanced dissolution performance even after
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incorporation into a tablet formulation, while long-term storage stability
remains an important subject for future study.

4. Conclusion

This study introduces an advanced alternative to the traditional
methods employed for ASD production in the pharmaceutical sector.
The end-to-end process presented in this study enables the fabrication of
ASD microparticles through solvent-templated droplet microfluidics
using step emulsification. This platform yields monodisperse droplets
from various industrially-relevant solvent systems; a model solvent
dimethyl carbonate was demonstrated in this paper to produce amor-
phous FLP using HPMCAS as a co-excipient. The work also demonstrates
a successful implementation of the continuous extraction column to
seamlessly extract the emulsion droplets through gravitational settling.
The analogous nature of the extraction column to many industrial
equipment eases the potential adaption and scale-up. By avoiding fine
formation through precise particle engineering and designing an
extraction process using anti-solvent in which both the drug and
excipient exhibit negligible solubility, the process intrinsically mini-
mizes mass loss during the production. This contrasts with particles
produced by conventional ASD manufacturing methods such as spray
drying, which can exhibit broad particle-size distributions, irregular
morphology, low bulk density, and poor powder flowability, often
requiring additional downstream processing to improve handling and
tableting performance. Although a full end-to-end industrial-scale
filtration and drying process is beyond the scope of this work, we expect
that integrating our demonstrated approach with standard industrial
downstream operations could achieve higher steady-state yields than
conventional methods. From an environmental sustainability perspec-
tive, the present process benefits from the use of dimethyl carbonate as a
model solvent, which has been described as a greener alternative to
several conventional organic solvents, and from the use of water as the
antisolvent. However, the overall sustainability of the platform will
depend strongly on solvent and antisolvent recovery at larger scale. A
full life-cycle assessment, including solvent recovery efficiency and
waste generation will be important for future scale-up. In addition, we
showcase end-to-end characterization from powder to final oral dosage
form, which clearly demonstrate that our highly monodispersed ASD
microparticles exhibit robust performance even in the final dosage form.
The dissolution profile of ASD tablets shows a promising outcome to
improve the bioavailability of many poorly soluble drugs. Overall, our
results highlight the potential to bridge the gap between microfluidic
precision and practical pharmaceutical manufacturing.
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