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ABSTRACT: Co-processing active pharmaceutical ingredients
(APIs) with excipients is a promising particle engineering
technique to improve the API physical properties, which can lead
to more robust downstream drug product manufacturing and
improved drug product attributes. Excipients provide control over
critical API attributes like particle size and solid-state outcomes.
Eudragit E100 is a widely used polymeric excipient to modulate drug release. Being cationic, it is primarily employed as a
precipitation inhibitor to stabilize amorphous solid dispersions. In this work, we demonstrate how co-processing of E100 with
naproxen (NPX) (a model hydrophobic API) into monodisperse emulsions via droplet microfluidics followed by solidification via
solvent evaporation allows the facile fabrication of compact, monodisperse, and spherical particles with an expanded range of solid-
state outcomes spanning from amorphous to crystalline forms. Low E100 concentrations (≤26% w/w) yield crystalline
microparticles with a stable NPX polymorph distributed uniformly across the matrix at a high drug loading (∼89% w/w).
Structurally, E100 incorporation reduces the size of primary particles comprising the co-processed microparticles in comparison to
neat API microparticles made using the same technique and the as-received API powder. This reduction in primary particle size
translates into an increased internal porosity of the co-processed microparticles, with specific surface area and pore volume ∼9 times
higher than the neat API microparticles. These E100-enabled structural modifications result in faster drug release in acidic media
compared to neat API microparticles. Additionally, E100-NPX microparticles have a significantly improved flowability compared to
neat API microparticles and as-received API powder. Overall, this study demonstrates a facile microfluidics-based co-processing
method that broadly expands the range of solid-state outcomes obtainable with E100 as an excipient, with multiscale control over the
key attributes and performance of hydrophobic API-laden microparticles.
KEYWORDS: particle engineering, droplet microfluidics, pharmaceutical crystallization, solid-state tunability, drug dissolution,
powder rheology

1. INTRODUCTION
The transformation of small molecule active pharmaceutical
ingredients (APIs) into high-quality solid oral dosage forms
faces two major challenges. First, a vast majority of APIs exhibit
poor powder flow properties that restrict their processability1−4

and maximum loading in the final dosage form.5−7 Second, a
significant fraction of commercial APIs and those in discovery
pipelines are hydrophobic, which limits their oral bioavailability
in vivo.8−10 Both powder flow and bioavailability of solid API are
governed by the interplay of their critical quality attributes
including particle morphology,11−15 size,10,16 and solid-
state.3,8,17−21 Co-processing APIs with excipients is a promising
particle engineering technique to gain control over these critical
attributes and manifest superior API performance.22−26

Excipients, although non-therapeutic, play an indispensable
role in oral dosage by serving as matrices to control drug
loading,27,28 solid-state outcomes,28,29 and tune drug re-
lease.15,28 With the APIs being exposed to varied pH
conditionshighly acidic in the stomach (1−3) to physiological
values (6−7.5) in the saliva and intestinesacross the
gastrointestinal tract, the use of pH-responsive excipients to

modulate their release has gained significant traction in the last
two decades.30 Eudragit E100, belonging to a class of
polymethacrylate-based copolymers, is one such widely used
excipient with solubility in gastric fluid up to pH 5.31−33 E100 is
reportedly non-toxic32 and is utilized for modulating drug
release34−39 and taste masking31,37,38,40,41 in pharmaceutical
formulations either on its own or in combination with other
Eudragit42,43 and non-Eudragit polymers.36,44−46 The tradi-
tional utility of E100, however, has been heavily limited to
generating amorphous solid dispersions by inhibiting precip-
itation of acidic36,47−50 and basic APIs51 via drug−excipient
interactions. In this work, we demonstrate how co-processing of
E100 with naproxen (NPX) (a model hydrophobic API) via a
droplet microfluidics method allows the facile fabrication of
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compact, monodisperse, and spherical particles with an
expanded range of solid-state outcomes spanning from
amorphous to crystalline forms.
APIs in amorphous state undergo a faster release due to their

higher free energy,8,17,52 but this poses phase transformation
risks.52,53 Additionally, amorphous solid dispersions largely
show inferior flow properties.19 Therefore, crystalline phases are
generally preferred for long-term stability,52−54 better control
over the release,21,54 and flow properties3,18 by regulating the
polymorphic form. In fact, a majority of the manufactured
pharmaceutical APIs are delivered in the crystalline form.55−58

Some prior studies37,41,48,59 have reported crystalline outcomes
for co-processed E100-API particles by increasing the API
concentrations to overcome the interaction with E100.
However, these studies do not demonstrate the necessary
control over particle attributes critical for ensuring e!cient
release and robust manufacturability. For instance, a previous
study optimized E100-artemether crystalline microparticle
synthesis via a coacervation phase separation method with the
primary objective to mask the bitterness of artemether.37 The
optimized formulation additionally had an improvement in drug
release at an acidic pH but the polymorphic form, which
influences powder flow, stability, and release, was not discussed.
Moreover, the co-processing of E100 with API is generally
performed via batch methods such as spray drying and bulk
emulsification, which o"er inadequate control over particle
properties like morphology and drug loading.40,48,60 In a
previous study, E100-indinavir crystalline microparticles with
di"erent drug loads were generated via double emulsion−
solvent evaporation method, but the microparticles obtained
were polydisperse in size and irregularly shaped.41 Non-uniform
size distribution leads to inconsistencies in drug release61 and
results in poor powder flow due to mechanical interlocking.14,16
Morphologically, a spherical shape has been shown to improve
flow behavior,11,12 as also demonstrated recently by our
group.13,14
Here, we utilize a droplet microfluidics-based solvent

evaporation technique to co-process E100 with NPXa
model hydrophobic, nonsteroidal anti-inflammatory drug
into spherical, monodisperse particles with control of solid-state
phases, morphology, and internal structure, resulting in an
improved drug release and flow behavior. Microfluidics-
generated emulsions containing excipient and drug are obtained
by dissolving both components in a common volatile solvent
that is evaporated at room temperature to obtain solidified
microparticles having shape, size, and drug distribution
uniformity with high drug loadings. Notably, E100 incorpo-
ration enables both solid-state and structural control. By tuning
the E100 concentrations, we observe solid-state tunability, with
smaller E100 concentrations yielding stable crystalline forms.
Further characterizations of the crystalline microparticles of
E100-NPX reveal modifications of the inner porosity of
microparticles and the sizes of primary particles comprising
them, when compared to the NPX microparticles prepared
similarly, albeit without the excipient. Crucially, these
modifications contribute to a faster drug release from the co-
processed E100-NPX microparticles in the acidic release media
with NPX present in the crystalline form. The fine control over
particle attributes by careful combination of excipient and
microfluidics-based particle engineering results in improved
powder flow properties compared to neat NPX microparticles
and raw NPX. Overall, this study expands the utility of E100
beyond its conventional use as a precipitation inhibitor and

demonstrates the synthesis of stable crystalline microparticles of
a hydrophobic API with finely tuned particle attributes via a
simple, yet e!cient particle engineering technique, thus
broadening its utility for developing “designer” pharmaceutical
formulations.

2. EXPERIMENTAL SECTION
2.1. Materials. NPX (N8280), polyvinyl alcohol (PVA,

Mowiol 8-88, MW ∼ 67,000 g mol−1), dichloromethane (DCM
anhydrous, ≥99.8%, contains 40−150 ppm amylene as
stabilizer), sodium chloride (NaCl, ACS reagent, ≥99.0%),
and hydrochloric acid (HCl, 37%, ACS reagent) were purchased
from Sigma-Aldrich and used as received. Eudragit E100 was
procured as a gift from Evonik. Ultrapure water (18.3 MΩ) was
used from a Sartorius Arium pro ultrapure water purifier.
Fluorinated ethylene propylene (FEP) tubing (0.032″ inner
diameter) for outlet, polytetrafluoroethylene (PTFE) tubing
(0.33 mm inner diameter) to dispense the dispersed and
continuous phase, and MicroCross poly(ether ether ketone)
(PEEK) cross-junction (0.006 in. thru hole) were purchased
from Scientific Commodities Inc., GL Sciences, and IDEX
Health & Science LLC, respectively. Phosphate-bu"ered saline
(PBS, ultrapure grade) with pH 7.4 ± 0.2 was bought from
Vivantis and diluted to a 1× solution with ultrapure water for
further use.

2.2. Eudragit E100-NPX Microparticle Synthesis.
Eudragit E100 and NPX were co-dissolved in DCM at di"erent
concentration ratios of 0.125:1, 0.25:1, 0.35:1, 0.5:1, and 1:1,
which correspond to 6.25, 12.5, 17.5, 25, and 50 mg/mL of
E100, respectively, with NPX at 50 mg/mL to form the
dispersed phase, which was filtered through 0.45 μm PTFE
filters prior to use. The first numbers in the ratio are used to refer
to the E100-NPX formulations henceforth. The aqueous
continuous phase was prepared by dissolving 1.5 wt % PVA as
a surfactant to stabilize the oil-in-water emulsions in ultrapure
water and filtered using a 0.2 μm nylon filter. The dispersed
phase and continuous phase were infused into a 1/16″ PEEK
cross-junction (0.006 in. thru-hole) using Harvard apparatus
syringe pumps (Harvard PHD ULTRA 70-3007) at 40 and 200
μL/min flow rates, respectively. The emulsions generated were
collected via an FEP outlet tube in a 50mmPetri dish with 1.5 wt
% aqueous PVA solution and subjected to shaking on an orbital
shaker (BOECO OS-20) at 100 rpm for solidification via
evaporative crystallization at room temperature. Solidified E100-
NPX microparticles were washed with ultrapure water using a
cell strainer (pluriSelect) of 150 μmmesh size and dried at room
temperature (∼22 °C) under vacuum overnight before further
use. Neat NPX (50 mg/mL) and neat E100 (50 mg/mL)
microparticles were also prepared as controls in the same
manner outlined above.
Thermogravimetric analysis (TGA, Shimadzu) was used to

quantify residual moisture in the co-processed microparticles.
For this, around 5 mg of E100-NPX 0.25 microparticles was
weighed in an alumina pan followed by a scan from 30 to 600 °C
at a heating rate of 10 °C min−1. Mass loss was recorded as a
function of change in temperature. A benchtop Spinsolve
ULTRA nuclear magnetic resonance (NMR) from Magritek
operating at 60 MHz was used to quantify the residual DCM in
the vacuum-dried microparticles. For this, around 10 mg of
E100-NPX 0.25 microparticles was added to 750 μL of
deuterated chloroform (CDCl3) with 14 μL of mesitylene
(1,3,5-trimethylbenzene) used as an internal reference.
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2.3. Solid-State Outcomes and Drug−Excipient Inter-
actions. 2.3.1. Solid-State and Polymorph Characterization.
The solid-state and polymorphic outcomes of NPX in di"erent
formulations of E100-NPX microparticles and neat micro-
particles were analyzed via powder X-ray di"raction (PXRD)
and di"erential scanning calorimetry (DSC) analysis. An X-ray
di"ractometer (Bruker, D8 ADVANCE) with Cu radiation at a
wavelength of 1.54 Å operating at 40 kV, 30 mA, and at a
scanning rate of 0.78°/min over a 5−40° range of 2θ was used.
DSC thermograms were acquired in a heat−cool−heat manner
using a DSC25 apparatus (TA instruments) where around 5 mg
of particles was sealed in an aluminum pan with a pinhole and
heated from −10 to 200 °C/min at 10 °C/min in the first heat
scan. Next, the samples were equilibrated (at ∼50 °C/min) to
−10 °C to delete the existing thermal history followed by a
second heat scan from −10 to 200 °C with a 10 °C/min ramp
rate. An empty crimped pan with a pinhole was used as the
reference. Dry nitrogen at a flow rate of 50 mL/min was used as
the purge gas.
2.3.2. Drug−Excipient Interactions. The drug−excipient

interaction was assessed using the attenuated total reflection
(ATR) method by VERTEX 70 Fourier transform infrared
(FTIR) spectroscopy (Bruker). Neat NPX, neat E100, and
E100-NPX microparticles were placed on the sample stage, and
spectra were recorded from 4000 to 500 cm−1 with 32 scans
averaged at a resolution of 4 cm−1.
2.4. Macro and Microscale Characterization of Co-

Processed Microparticles. 2.4.1. Uniformity of Size, Shape,
and Loading Characterization. A field emission scanning
electron microscope (FESEM, JEOL JSM-7610F Plus)
operating at 5 kV accelerating voltage was used to characterize
the morphology of raw NPX and microfluidics-generated neat
NPX and E100-NPX microparticles. Samples were prepared on
the conventional scanning electron microscopy stubs with the
carbon tape, and some of them were manually cross-sectioned
followed by sputter-coating with ∼10 nm of platinum.
Bright-field microscopy (Olympus CKX41 coupled with

Olympus cellSens entry imaging system) images were acquired
to measure the size and size distribution of raw NPX, neat NPX
microparticles, and E100-NPX microparticles with and without
E100. Sizes of more than 100 microparticles were calculated via
ImageJ and plotted as a histogram. The polydispersity index
(PDI) was calculated as the square of the ratio of standard
deviation to the mean. The particle sizes of raw NPX (as-
received from Sigma) were determined using the “regionprops”
function of MATLAB (MathWorks) after Otsu thresholding to
obtain particle area, major (crystal length), and minor axis
(crystal width). The area of each particle was transformed to the
area-equivalent diameter and plotted as a histogram.
To gauge the sizes of primary particles comprising the

microparticles, neat NPX and E100-NPX 0.25 microparticles
were disintegrated by sonicating (Elmasonic S 60 H) them for 1
min in ultrapure water at 1 mg/mL. A small amount of solution
with dispersed primary crystals was carefully pipetted out and
imaged using a glass flow cell (channel dimensions: 200 μm
deep, 3 cm long, 1 mm wide) immediately using a bright-field
microscope to avoid changes in initial crystal size due to
agglomeration or Ostwald ripening. The acquired images were
analyzed for the size and size distribution of primary particles
following the same method as described above for raw NPX
particles.
Drug distribution uniformity within a particle was analyzed by

Raman mapping (Renishaw inVia confocal Raman spectrom-

eter) for E100-NPX 0.25 microparticles. The spectra were
recorded with a 532 nm laser excitation using 1200 g/mm
grating at 50× magnification with 10 s acquisition time and two
accumulations. Raman point-by-point mapping sized 220 × 220
μm was performed in both x and y directions for the surface and
at a confocal depth of ∼100 μm with a resolution of 2 μm per
point. Data processing was carried out using the in-built
windows-based Raman Environment (WiRE) software version
5.2.

2.4.2. Specific Surface Area and Pore Volume. The specific
surface area and pore volume were measured for microparticles
with and without excipient using a Micromeritics 3Flex
instrument with nitrogen at −196 °C after degassing the
samples for 16 h at room temperature. Data processing was
performed using the in-built 3Flex software version 5.02.
Brunauer−Emmett−Teller (BET) specific surface area was
deduced from the adsorption isotherm using the multipoint
technique in the relative pressure range of 0.05−0.3, and total
pore volume was obtained from single-point desorption at a
relative pressure of 0.95.

2.5. Drug Loading and In Vitro Drug Release.
2.5.1. Drug Loading. Drug loading was performed in triplicates
by sonicating 2−3mg of co-processed E100-NPXmicroparticles
in 2 mL of isopropyl alcohol (IPA, ≥99.7%, AnalaR
NORMAPUR ACS, VWR) for 30 min. The solution was
filtered by a 0.22 μm PTFE filter and diluted with IPA before
measuring the drug concentration using the Cary 60 UV−visible
spectrophotometer. For quantification, a calibration curve was
prepared with the known concentrations of NPX in IPA at a 272
nm wavelength.

2.5.2. Drug Release. In vitro drug release was performed in
triplicates for neat NPX microparticles and E100-NPX 0.125,
0.25, and 0.35 crystalline microparticles in release media with
pH 7.4 and 1.2. For pH 7.4, 10× PBS from Vivantis was diluted
to 1× using ultrapure water. Microparticles with and without
excipient were added to 80 mL of 1× PBS and stirred on an
orbital shaker (PSU-10i, Biosan) at 200 rpm at 37 °C. The mass
of neat NPX and E100-NPX microparticles with di"erent
concentrations of E100 was added such that the final NPX
concentration in the release media was ∼40 μg/mL.
For pH 1.2, simulated gastric fluid (SGF) without enzyme was

prepared by dissolving 2 g of NaCl in 900 mL of ultrapure
water.62,63 The pH was adjusted to 1.2 using 37% HCl, and the
final volume was made up to 1000 mL. Before conducting the
release study, the solubility of NPX at pH 1.2 was evaluated. The
as-received raw NPX (∼10 mg) was added to 10 mL of SGF and
magnetically stirred at 1000 rpm for 2 days at 37 °C followed by
2 days of standing to achieve equilibrium. The solution was
filtered through a 0.45 μm nylon filter, and UV−visible spectra
were recorded at 272 nm. NPX solubility in SGF at 37 °C was
quantified based on the calibration curve of NPX in SGF at 272
nm. For the release study, the mass of neat NPX and E100-NPX
microparticles was added such that the final NPX concentration
in SGF was ∼6 μg/mL. The higher volume of SGF (pH 1.2)
release media compared to PBS (pH 7.4) is due to the poor
solubility of NPX in acidic media. Stirring speed and
temperature were maintained at 200 rpm and 37 °C,
respectively. For all the release studies, 1 mL of release media
was carefully pipetted out at predetermined time intervals to
measure the apparent free drug using a Cary 60 UV−visible
spectrophotometer, and 1 mL of fresh media was added to
maintain the sink conditions. Cumulative drug release
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percentage was quantified based on the calibration curve of NPX
in the respective release medium at 272 nm.
2.6. Powder Flow Characterization. Powder flow

behavior was compared for unprocessed raw NPX and
microfluidics-generated neat NPX and E100-NPX 0.25 micro-
particles. The three di"erent powder types were subjected to a
shear cell test using an FT4 rheometer from Freeman
Technology. Powders were added in a 1 mL shear cell module
and conditioned before applying pre-consolidation normal
stress of 3 kPa with a 24 mm flat-surface vented piston.
Incipient shear stresses for yielding were obtained as a function
of normal stresses of 1, 1.25, 1.5, 1.75, and 2 kPa using a 24 mm
bladed shear head. The incipient failure points and pre-shear
points were plotted against their corresponding normal stress,
and a yield locus was obtained using the inbuilt FT4 analysis
software. Measurements for each powder sample were
performed in triplicates, and shear stress data were fitted using
OriginPro 2019.

3. RESULTS AND DISCUSSION
3.1. Co-Processing of E100-NPX Microparticles Using

Droplet Microfluidics. Eudragit E100 is composed of
dimethylaminoethyl methacrylate, butyl methacrylate, and
methyl methacrylate at a molar ratio of 2:1:1 with cationic
property at lower pH values, owing to the presence of tertiary
amine groups (Figure 1a).32,33,64,65 On the other hand, NPX is a

hydrophobic BCS class II API,66 that exists in the anionic form at
higher pH values due to the deprotonation of carboxyl groups
(Figure 1a).29,64 E100 and NPX were co-dissolved in DCM as
the dispersed phase and confined into droplets using 1.5 wt %
aqueous PVA as the continuous phase, as shown schematically in
Figure 1b. The droplets were routed for collection as a
monolayer in a Petri dish filled with a 5 mm film of 1.5 wt %
aqueous PVA. After collection, the Petri dish was transferred to
an orbital shaker operating at 100 rpm at room temperature.
During shaking, DCM evaporates from the droplets due to its
high volatility, owing to high vapor pressure leading to
supersaturation and subsequent solidification via polymer
vitrification and/or drug crystallization marked by the trans-

formation of translucent droplets into opaque white solids. The
ensemble of droplets did not coalesce during collection and
shaking.
The solidified microparticles were washed using ultrapure

water and vacuumdried before further use. Using this protocol, a
range of E100-NPX microparticles with varying E100 to NPX
concentration ratios0.125, 0.25, 0.35, 0.5, and 1 along with
neat NPX and neat E100 microparticles were prepared. Residual
moisture in the dried E100-NPX 0.25 microparticles was found
to be 2.5% (w/w) using TGA (Figure S1a, Supporting
Information). Residual DCM in the dried E100-NPX 0.25
microparticles was quantified to be 0.04 wt% using protonNMR
(Figure S1b,c, Supporting Information). Considering the
median average daily dose of NPX as 1000 mg/day,67 the
residual DCM amount in themicroparticles corresponded to 0.4
mg/day, which is 15 times lower than the ICH’s permissible
daily exposure limit of 6 mg/day for DCM.68

3.2. Tunability of Solid-State Outcomes. Obtaining the
correct solid-state outcome is essential for the successful
manufacturing of the drug product in the required dosage
form with desired therapeutic e!cacy. Solid-state outcomes
were evaluated using PXRD and DSC. PXRD spectra showed
crystalline peaks for neat NPX and E100-NPX 0.125, 0.25, and
0.35 microparticles (Figure 2a) that consistently correspond to
NPX form I, with characteristic peaks at 6.6, 12.7, 19, 20.4, 22.6,
23.7, 27.4, 27.8, and 28.6°, which is reportedly one of the most
stable and preferred forms of NPX.66 For neat E100 and E100-
NPX 0.5 and 1 microparticles, no such peaks were observed,
indicating an amorphous state of NPX.
Thermal analysis performed using DSC in a heat-cool-heat

manner further ascertained the solid-state outcomes. The DSC
data for melting temperatures from the first and second heat
scans and glass-transition temperatures (Tgs) from the second
heat scans are compiled in Table 1. Neat NPX microparticles
had a sharp melting peak at 157 °C in the first heat scan (Figure
2c), which is close to the previously reported melting point for
form I of NPX.66 The drug then recrystallizes from the melt
during the cooling cycle marked by the appearance of an upward
exothermic peak (data not shown), owing to its high
crystallization ability followed by a downward endothermic
melting peak again at 157 °C in the second heat cycle (Figure
2d).64,69,70 With the addition of E100, formulations with smaller
E100 concentrations, E100-NPX 0.125, 0.25, and 0.35, showed
melting peaks attesting the crystallinity of NPX. However, the
endotherms were relatively broader with reduced melting points
at 155, 149, and 140 °C observed for E100-NPX 0.125, 0.25, and
0.35, respectively.While drug recrystallization from themelts for
E100-NPX 0.125 and 0.25microparticles occurred in the second
heat scan instead of the cooling cycle, no recrystallization event
was observed for E100-NPX 0.35 microparticles. In contrast, no
melting peak was recorded for formulations with higher E100
concentrations (E100-NPX 0.5 and 1), indicating the trans-
formation of NPX to an amorphous state. These changes in the
solid-state, melting profiles, and recrystallization ability of NPX
in the presence of E100 suggested high miscibility of drug and
polymer likely due to their intermolecular interac-
tions.27,28,36,40,48,70,71 Additionally, the glass-transition temper-
atures (Tgs) obtained from the second heat scans revealed a
reduction for all the E100-NPX microparticles compared to that
of neat E100 particles (Tg, 47 °C) likely due to NPX acting as a
plasticizer. These experimentally obtained Tgs from the second
heat scan of DSC were found to be higher than the Tg values
predicted by the Gordon−Taylor equation further emphasizing

Figure 1. (a) Chemical structures of Eudragit E100 terpolymer (x:
dimethylaminoethyl methacrylate, y: butyl methacrylate, and z: methyl
methacrylate at a molar ratio of 2:1:1 distributed randomly along the
copolymer chain) and NPX (b) scheme outlining the steps of co-
processing E100 with NPX using droplet microfluidics.
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the drug−excipient interactions (see Section S2, Supporting
Information for details). Appearance of single Tgs for all the
E100-NPX formulations and their positive deviations from the
predicted Tgs (from Gordon−Taylor equation) suggest drug-
excipientmiscibility with no phase separation, as also reported in
previous studies.40,50,64,72 However, smaller domains (less than
30 nm) with more than one phase are di!cult to detect using
DSC, necessitating the use of other techniques to ascertain the
existence of a single phase.64,73−75

Based on the normalized melting enthalpies of the first heat
scan of DSC endotherms, percent crystallinity was calculated for
E100-NPX 0.125, 0.25, and 0.35 microparticles as reported
earlier76

H

H w
% crystallinity 100m

m (100%)

1

1

=
◊

◊
(1)

where Hm1
and Hm (100%)1

are the normalized melting
enthalpies (J/g, normalized to total sample mass) of the co-

Figure 2. Solid-state outcomes and drug−polymer interactions for neat NPX, E100-NPX 0.125, 0.25, 0.35, 0.5, and 1 and neat E100 microparticles
(top to bottom) via (a) PXRD spectra show crystallinity of NPX in neat NPX and E100-NPX 0.125, 0.25, and 0.35 microparticles with characteristic
peaksmarked in black circles corresponding to form I of NPX. (b) ATR−FTIR spectra with peaks at 2770 and 2820 cm−1 representing non-protonated
dimethylamine groups of pure Eudragit E100, and the peak at 1682 cm−1, representing hydrogen-bonded carbonyl groups. DSC thermograms of (c)
first and (d) second heat scans, where Tmd1

and Tmd2
are melting temperatures (downward peaks) from the first and second heat scans, Tg (circles) is

glass-transition temperature from the second heat scan, and Tcc is the cold-crystallization temperature (upward peaks) from cooling (neat NPX) or
second heat scan (E100-NPX 0.125 and 0.25). The melting point of NPX at 157 °C corresponds to form I of NPX.

Table 1. Summary of Thermal Events (Melting Temperatures from First (Tmd1
) and Second (Tmd2

) Scans, Normalized Melting
Enthalpy from First Heat Scan (Hm1), Glass-Transition Temperature (Tg) from Second Heat Scan, and Cold Crystallization
Temperature (Tcc) from DSC Heat-Cool-Heat Scan for Di!erent E100-NPX Formulations

formulations
E100

(mg/mL)
NPX

(mg/mL) Tmd1
(°C)

Hm1
(J/g) Tg (°C) Tcc (°C) Tmd2

(°C) % crystallinity
neat NPX (100% NPX) 0 50 157.3 140 96.5 (cooling) 157.4 100
E100-NPX 0.125 (11% E100−89% NPX) 6.25 50 155.5 77.5 10.9 69.5(second heat) 145.2 62
E100-NPX 0.25 (20% E100−80% NPX) 12.5 50 149.3 39.6 20.5 101.1(second heat) 141.9 35
E100-NPX 0.35 (26% E100−74% NPX) 17.5 50 140.4 20.8 26.6 20
E100-NPX 0.5 (33% E100−67% NPX) 25 50 34.87
E100-NPX 1 (50% E100−50% NPX) 50 50 34.55
neat E100 (100% E100) 50 0 47.45
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processed E100-NPX microparticles and neat NPX (100%
crystalline) microparticles from the DSC thermograms of first
heat scans, respectively, and w is the actual weight fraction of
NPX in the co-processed microparticles. For neat NPX
microparticles, the normalized melting enthalpy was found to
be 140 J/g which was the same as that observed for raw NPX (as
received from Sigma). Hence, the value of melting enthalpy for
neat NPX microparticles was chosen as the reference for 100%
crystalline material. The normalized melting enthalpies for
E100-NPX 0.125, 0.25, and 0.35 obtained from the first heat
scans were found to be 77.5, 39.6, and 21 J/g, respectively
(Table 1). Based on the actual NPX weight fraction in these co-
processedmicroparticles, the degree of crystallinity was found to
be 62, 35, and 20%, respectively. The remaining amount of NPX
in the co-processed microparticles is present in the amorphous
form and stabilized by E100 via drug−excipient interactions.
To confirm the E100-NPX interaction, ATR−FTIR spec-

troscopy measurements were performed for neat microparticles
and E100-NPX microparticles (Figure 2b). For neat E100
microparticles, peaks appearing at 2770 and 2820 cm−1 were
assigned to the non-protonated dimethylamine groups and were
found to disappear with the addition of NPX signifying their
protonation. Markedly, the peak at 1682 cm−1 assigned to the
hydrogen-bonded carbonyl groups in neat NPX microparticles
was observed to be reducing in intensity for E100-NPX 0.125,
0.25, and 0.35 microparticles, indicating their deprotonation to
participate in the ionic interaction with the protonated tertiary
amines of E100. With further increase in E100 concentrations
for E100-NPX 0.5 and 1 microparticles, the peak at 1682 cm−1

disappeared entirely, due to the extensive interaction between
E100 and NPX leading to complete amorphization of NPX in
these formulations. These findings are in accordance with the
solid-state outcomes observed via PXRD and DSC data and
previously reported studies on the interaction of Eudragit E100
with NPX and other anionic APIs.29,60,64,77−80 There is also a
possibility of ester groups of E100 being involved in the ionic

interaction, as reported earlier by Ueda et al.64 However, this
could not be established due to the presence of an overlapping
peak of free carbonyl groups of NPX at 1725 cm−1. After
screening the solid-state outcomes, further characterizations of
attributes and performances were conducted for crystalline
E100-NPX microparticles.

3.3. Structure, Size, and Drug Distribution Uniformity
for Crystalline Microparticles. Shape, size distribution, and
drug distribution uniformity are highly desired to ensure
consistency of release and powder flowability of the drug
particles.27,81 Batch methods to co-process APIs with E100
excipient o"er coarse control over particle morphology, yielding
irregularly shaped agglomerates with broad size distributions
and non-uniform loading of hydrophobic APIs.41 Visually, our
droplet microfluidics-based particle engineering method yielded
microparticles that are distinct spheres, compared to the fine raw
NPX powder (Figure 3, top panel). Under FESEM imaging, the
microfluidics-processed neat NPX microparticles and E100-
NPX crystalline microparticles appeared uniformly spherical,
while raw NPX particles were irregularly shaped with plate-like
morphology (Figure 3, middle panel). The particle size
distribution for all the samples was analyzed using bright-field
microscopy imaging (Figure S3, Section S3, Supporting
Information) and plotted as histograms (Figure 3, bottom
panel). Raw NPX powder had the smallest particle size (9 ± 10
μm) and highest PDI (1.291) following a Poisson distribution.
In contrast, all the microfluidics-generated particles displayed a
normal size distribution with similar average particle sizes
ranging from ∼230 to 240 μm with significantly reduced PDI
values of 0.011, 0.006, 0.008, and 0.009 for neat NPX and E100-
NPX 0.125, 0.25, and 0.35 microparticles, respectively. The size
and shape uniformity of the processed microparticles is
attributed to the monodispersity of the emulsions generated
using droplet microfluidics.
To ascertain the drug loading uniformity within a particle,

spatial drug distribution was evaluated using confocal Raman

Figure 3. Macroscale camera images (top panel), FESEM images (middle panel), and particle size distributions (bottom panel) of raw NPX, neat
NPX, E100-NPX 0.125, E100-NPX 0.25, and E100-NPX 0.35 microparticles (from left to right).
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mapping for E100-NPX 0.25 microparticles as a proof-of-
concept. First, Raman spectra for neat microparticles were
recorded using a 532 nm excitation laser, and Raman shifts at
600 and 742 cm−1 were identified specific to E10082 and NPX,83
respectively (Figure S4a, Section S3, Supporting Information).
These peaks were found to be present both at the surface and the
confocal depth of ∼100 μm for E100-NPX 0.25 microparticles.
The peak for E100 was weaker likely due to its small amount
(20%) in E100-NPX 0.25 microparticles compared to that of
neat E100 microparticles. Mapping was then performed in a
point-by-point manner, and x−y maps were constructed using
the intensity ratio of drug to polymer that highlighted uniform
drug distribution both at the surface and the confocal depth of
∼100 μm for E100-NPX 0.25 microparticles (Figure S4b,
Section S3, Supporting Information).
3.4. Probing Particle Microstructure. In addition to the

overall particle properties, attributes at the sub-particle level
influence the powder rheology and drug release.1 When
crystallized in the presence of foreign substances like excipients,
the nucleation kinetics of an API often get modulated, leading to
changes in their final crystal size.84 Additionally, particle
engineering methods using solvent removal through the
polymeric matrix have been shown to create porous internal
structures.15,27,85 For overcoming the poor solubility of
hydrophobic APIs, a porous matrix is highly preferred as it
facilitates faster ingression of release media.1,86−88 Having a
smaller size of the primary particles is desirable to further
accelerate the release through more surface area in contact with
the release media.10 On the other hand, di"erences in crystal
habits influence the contact area and friction between the
particles which a"ects flowability.14,89 Therefore, we inves-
tigated the primary particles and porosity of microfluidics-
generated microparticles with and without E100.
FESEM images at higher magnifications highlighted bigger,

lath-like primary particles on the surface as well as in the cross-
sections of the neat NPX microparticles (Figure 4). In
comparison, E100-NPX 0.125, 0.25, and 0.35 microparticles

comprised of primary particles with smaller sizes. Furthermore,
primary particles obtained post-sonication for neat NPX
microparticles had a larger area equivalent diameter (6 ± 5
μm) and aspect ratio (4 ± 5) compared to those for E100-NPX
0.25 microparticles (area equivalent diameter, 2 ± 1 μm; aspect
ratio, 1.6 ± 0.5) (Figure S5, Section S4, Supporting
Information). This reduction in the size of the primary particles
for E100-NPX microparticles could be attributed to the
presence of E100, which likely enhances the nucleation rate by
reducing the nucleation free-energy barrier, thereby yielding
smaller-sized crystals.84
BET analysis further showed that E100 incorporation

increased the overall internal porosity with E100-NPX 0.25
microparticles having both specific surface area (6.61 m2/g) and
pore volume (8.93 × 10−3 cm3/g) ∼9 times higher compared to
the neat NPX microparticles (specific surface area, 0.77 m2/g
and pore volume, 0.96 × 10−3 cm3/g) (Figure S6, Section S4,
Supporting Information).

3.5. Performance Characterization: Drug Loading, In
Vitro Release, and Powder Flow. After characterizing the
polymorphic and structural attributes of the API in the
microparticles at the particle and primary particle levels, we
studied the performance of the co-processed E100-NPX
microparticles in terms of the drug loading, in vitro release,
and powder flow.

3.5.1. Drug Loading.Drug loading and entrapment e!ciency
were analyzed for E100-NPX 0.125, 0.25, and 0.35 micro-
particles using eqs 2 and 3, based on the NPX calibration curve
in IPA at 272 nm. Notably, E100 did not interfere with the drug
measurement at the specified wavelength.90

% drug loading
mass of drug in particles
total mass of particles

100= ◊
(2)

% entrapment efficiency
mass of drug in particles
initial mass of drug added

100= ◊
(3)

Figure 4. FESEM images of primary particles on the particle surface and in the cross-sections shown at various magnifications for neat NPX, E100-
NPX 0.125, E100-NPX 0.25, and E100-NPX 0.35 microparticles, in columns from left to right.
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Experimental drug loading across the triplicates was
calculated to be ∼89, 80, and 74% for E100-NPX 0.125, 0.25,
and 0.35, respectively, which is similar to their theoretical
loading (Table S1, Section S5, Supporting Information). Based
on the initial mass of the NPX used, the entrapment e!ciency
was calculated to be ∼100%. The poor NPX solubility in
aqueous 1.5 wt % PVA, used to generate and collect the
emulsions, likely prevents API loss during DCM di"usion,
thereby leading to e!cient drug loadings in E100-NPX
microparticles prepared via microfluidics-based evaporative
solidification.
3.5.2. In Vitro Drug Release. Drug release studies were

conducted to evaluate the impact of E100 excipient on the
release of NPX, as compared to neat NPX microparticles at pH
1.2 (SGF) and pH 7.4 (PBS) resembling gastric and neutral pH,
respectively (Figure 5). The percentage of NPX released was

calculated by the cumulative drugmass released normalized with
the actual drugmass present in the weighed neat NPX and E100-
NPXmicroparticles. Dissolution kinetics extracted from the plot
of the logarithm of cumulative drug remaining percent as a
function of time are plotted as insets in Figure 5, and the values
are summarized in Table S2, Supporting Information.
At pH 7.4, neat NPX microparticles showed fastest release

(Figure 5a) with complete dissolution by 30 min, owing to the
high solubility (∼1 mg/mL) of NPX at this pH.91 E100-NPX

0.125 microparticles had a similar release profile as that of neat
NPX microparticles, likely because of the small amount of E100
(11%) and the smaller sizes of primary particles. Further
increase in the excipient amount of the microparticles led to a
reduction in drug release rates, with E100-NPX 0.35 (26%
E100) microparticles showing the slowest release which was
completed after 1 h. This delay in release with increasing
excipient concentration is due to the insolubility of E100
polymer at pH > 5.37 The undissolved remnants of E100-NPX
microparticles after 2 h of release were retrieved by filtration
through a 40 μm strainer, washed thrice with ultrapure water to
remove the release media, and vacuum dried prior to
characterization for the remaining drug after release. FESEM
imaging and PXRD spectra revealed the absence of NPX
crystals, denoting complete drug release despite the presence of
insoluble E100 matrix corroborating the observations of the
UV−visible spectrophotometry-based release study (Figure S7,
Section S5, Supporting Information).
NPX solubility estimated at equilibrium in SGF (pH 1.2) at

37 °C by UV−visible spectrophotometry was found to be 22.91
± 1.19 μg/mL, close to the previously reported solubility of ∼27
μg/mL.92 The low solubility is because NPX is a weakly acidic
(pKa ∼ 4.2) API.29 Interestingly, the E100-NPX microparticles
showed ∼60−80% faster release compared to neat NPX
microparticles in the first 15 min of release at pH 1.2 (Figure
5b). Complete dissolution for all E100-NPX microparticles was
achieved within 8 h. The improvement in drug release from
E100-NPX microparticles at pH 1.2 could be due to a
combination of factors. First, E100 is soluble at pH 1.2 due to
the protonation of tertiary amine groups promoting matrix
dissolution. Second, as discussed in Section 3.4, incorporation of
E100 increases the internal porosity and reduces the primary
particle sizes, resulting in an increased influx of release media
and subsequent faster drug solubilization. The initial release
profiles for all the microparticles determined for the first 20 min
of the release in pH 7.4 and 4 h of release in pH 1.2 followed first-
order release kinetics (Figure 5a,b, insets) where the release rate
is dependent on the undissolved drug mass. The release profiles
of E100-NPX microparticles were further compared with neat
NPX using FDA recommended di"erence ( f1) and similarity
( f 2) factors (see Section S5, Supporting Information for
details). The current in vitro setup at sink conditions enabled
us to independently understand the potential impact of E100
excipient on drug release tunability of NPX and matrix
dissolution of co-processed microparticles via modifications at
the sub-particle level and di"erence in solubility of E100 at acidic
and neutral pH values. Notably, when subjected to non-sink
conditions (lower volume of pH 1.2, at room temperature),
E100-NPX 0.25 microparticles still showed a faster release
compared to that of neat NPX microparticles (see Section S5,
Supporting Information for details). With these findings, a two-
stage dissolution study with bio-relevant release volumes and
time scales can be planned in future work.

3.5.3. Powder Rheology. Powder flowability is a major
concern in pharmaceutical manufacturing because for a poorly
flowing powder, it would be di!cult to have a consistent powder
dispensation, which in turn would a"ect the content uniformity
of the tablet. Compared to the unprocessed, raw NPX (as-
received from Sigma), neat NPX and E100-NPX 0.25
microparticles flowed much better when rotated in a glass vial
(see Video S1, Supporting Information). Flow behavior across
the three powder samples was further investigated using powder
flow rheometry to acquire incipient failure or yield points as a

Figure 5. In vitro drug release profiles for neat NPX (blue curves) and
E100-NPX 0.125 (brown curves), 0.25 (green curves), and 0.35
(orange curves) microparticles at (a) pH 7.4 and (b) pH 1.2 with the
insets showing their first-order release kinetics. The curves in the release
profiles do not represent the first-order fits and are drawn to serve as a
visual guide to the eyes. Error bars correspond to standard deviations
for triplicates for each group. M0 is the initial mass of NPX in the
microparticles, and M is the released mass at di"erent time points.
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function of applied normal stress with pre-consolidation stress of
3 kPa. Data points were fitted to a linear equation followed by
greater and smaller Mohr’s circle fitting to obtain several
flowability parameters including powder cohesion, unconfined
yield stress, major principal stress, and flow factor. Figure 6

depicts the plot for the incipient shear stress of powder flow as a
function of the applied normal stress for each of the three
powder samples, and the inset table summarizes the flowability
metrics. Raw NPX with a cohesion value of 0.7 kPa and a flow
factor of 2.9 was the most cohesive and least flowable.
Comparatively, microfluidics-generated neat NPX particles
had a reduction in the cohesion value (0.29 kPa), and a
significant increase in the flow factor to 6.6, putting them in the
“easy-flowing” category.93 With excipient addition, co-processed
E100-NPX 0.25 microparticles were the least cohesive
(cohesion value, 0.12 kPa) and were classified as “free-flowing”
powders with the highest flow factor of 18.6.
With the same polymorphic forms of NPX in all the three

powder samples, the significant di"erences in their powder flow
behavior were attributed to the di"erences in their morphology,
size, and composition. As shown in Figure 3, raw NPX particles
have plate-like morphology, smallest particle size, and highest
PDI encouraging higher particle−particle contact and inter-
locking that subsequently leads to cohesiveness and poor
flowability. In comparison, the interparticle contact area is
reduced for the particles produced via droplet microfluidics due
to their spherical shape and narrow size distribution which gets
translated into their lower cohesion values and better flowability.
Between the two microfluidics-generated particles, E100-NPX
0.25 microparticles are less cohesive and more flowable which
could be due to the possibly weakened interparticle interaction
strength in the presence of E100 in microparticles, as also
discussed previously by our group.14 These structural and
compositional di"erences lead to a substantial improvement in
the flowability of E100-NPX microparticles. Further detailed
studies on the compaction and tabletability of these co-

processed microparticles are the subjects of ongoing inves-
tigations.

4. CONCLUSIONS
This work presents an expanded use of Eudragit E100 (a
cationic, pH-dependent excipient) to co-process a hydrophobic
API into compact microparticles having a tunable solid-state and
controlled particle attributes across multiple length scales. While
E100 is cationic and soluble at low pH values, the model API
NPX is anionic and shows poor solubility at low pH values. Co-
processing of E100 with NPX is performed via droplet
microfluidics that generates spherical and monodisperse micro-
particles with homogeneous spatial drug distribution. The solid-
state outcome can be rationally tuned from amorphous at high
E100 concentrations to crystalline at lower E100 concentrations.
The detailed characterization of the crystalline E100-NPX
microparticles reveals reduction in size of primary particles and
enhancement of inner porosity due to E100. Owing to these
E100-mediated structural changes and the solubility of E100 at
lower pH values, the co-processed E100-NPX microparticles
show faster drug release in acidic media despite the crystalline
state of the API, thereby overcoming the poor NPX solubility at
low pH. The morphological and compositional modifications
make E100-NPX microparticles the least cohesive and with the
highest flow factor elucidating their improved flowability
compared to both raw NPX and neat NPX microparticles. To
conclude, with rational particle engineering using droplet
microfluidics, E100 was shown to improve the physical
properties of the API without being used at a high concentration.
We envision that our findings will provoke further studies to
explore the application of E100, and other Eudragit polymers,
for co-processing API into crystalline forms for use in oral solid
dosage forms.
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