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ABSTRACT: Crystallization of active pharmaceutical ingredients (APIs) is sometimes constrained by solvent selection and
undesired solvate formation with challenging solid-form control. This study presents a crystallization and solid-form transformation
strategy that exploits, rather than avoids, a solvate intermediate to access the two commercially relevant forms of nitrofurantoin
(NIFU), anhydrate β and monohydrate II, thereby extending the known form map for this API. Solubility screening across biobased
and green solvents identified dimethyl sulfoxide (DMSO) as the only viable Class 3 solvent providing solubility ≥20 mg/mL while
generating an undesired NIFU DMSO hemisolvate. Batch and continuous antisolvent crystallization processes in a DMSO-water
system at 25 °C were studied with high yields (≥92%) supported by process analytical technology. Thermal desolvation resulted in
complete conversion to anhydrate β between 170 and 180 °C within ≤40 min without detectable degradation (HPLC). Slurry
crystallization in water between 10 and 40 °C enabled solvent-mediated phase transformation (SMPT) to monohydrate II within
≤15 min. The semiempirical Avrami−Erofeev equation fits the TGA (R2 ≥ 0.986) and Raman (R2 ≥ 0.947) data well, allowing
qualitative assessment of the temperature effect on the desolvation and SMPT processes. Both generated NIFU forms meet US
Pharmacopeia critical quality attributes. Based on the NIFU-specific work, the showcased strategy may be relevant for APIs,
exhibiting similarly solubility limitations and strong solvation propensity.
KEYWORDS: solvent-mediated phase transformation, desolvation, polymorphism, DMSO, Avrami, antisolvent crystallization

1. INTRODUCTION
The pharmaceutical industry generally prefers the thermody-
namically most stable solid form of an API to avoid the risk of
unwanted phase transformations during drug product manu-
facturing, transportation, and storage.1,2 Nevertheless, meta-
stable forms might be desirable because of enhanced
physicochemical and mechanical properties,3−5 besides circum-
venting intellectual property of a specific protected polymorph
or solvate.6 Anhydrous forms are often chosen for their greater
stability and ease of processing.7 However, hydrated forms may
be more thermodynamically stable and preferred under
conditions of sufficient water activity at a given temperature,
particularly for API salts.8−10 In contrast, solvated forms are
generally undesirable due to regulatory limits on residual
solvents, desolvation risks (e.g., agglomeration, physical
instability),11 and the need for specific storage conditions.7

Nonetheless, there are various commercially available excep-
tions, e.g., trametinib (DMSO solvate) and others.12−14

The selection of an appropriate solvent is the cornerstone of
successful API crystallization development.15 The solvent
system may influence solubility, nucleation and growth kinetics,
crystal morphology, and impurity purging as well as polymorph
control and solvation propensity. When an undesired solid form
(polymorph, solvate) is encountered with a particular solvent
system, the typical response is to avoid the solvent system and
optimize the crystallization conditions to favor the nucleation
and growth of the most stable form.15 The choice of

(anti)solvents as a means of solid-form control is further
constrained by regulatory guidelines, which favor less toxic Class
3 solvents according to FDA/ICH guidelines,16 and by the need
for sufficient solubility (typically ≥ 20 mg/mL) to allow for a
viable window of effective crystallization with acceptable yield
and productivity without excessive solvent usage.15,17,18 Yet,
commercially undesired solid forms (solvates, polymorphs) may
be used when APIs are difficult to crystallize in nonsolvated/
polymorphic forms or when higher purity can be achieved
through better impurity removal through the formation of a
different solid form.19−21 Consequently, crystallization and
purification constraints can sometimes inevitably result in the
formation of undesired polymorphs or solvates demanding
solid-form correction steps to generate the desired form.
Common approaches to obtain the desired solid form are
solvent-mediated phase transformation (SMPT) or thermal
desolvation, while conventional pH-swing crystallization may
sometimes be utilized assuming suitable pH-dependent
solubility characteristics in acceptable solvents.2,6,15,22
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Motivated by such challenges of a suitable solvent choice for
the API nitrofurantoin (NIFU), the present study reports a
crystallization and necessary solid-form transformation ap-
proach that begins with solubility screening, crystallization of
an undesired solid form (solvate) followed by a conversion into
the desired crystalline forms. NIFU is an essential medicine
(antibacterial) recognized by the World Health Organization
(WHO).23 Moreover, NIFU exhibits numerous known solid
forms: two anhydrates (α and β),24 two monohydrates (I and
II),25 and several solvates, indicating a strong propensity for
solvation in solvents such as methanol, dimethyl sulfoxide
(DMSO), dimethylformamide (DMF), and dimethylacetamide
(DMAc).26,27 The commercial NIFU drug product is made of
the two forms, anhydrate β and monohydrate II.28 Published
studies on NIFU solid-form control and correction are
fragmented, focusing only on individual steps rather than a
comprehensive approach with a focus on manufacturing. For
instance, solution crystallization of NIFU has been achieved in
acetone/water mixtures, neat water, or aqueous solutions of
weak acids (formic, acetic, propionic acid) for the preparation of
anhydrate β or monohydrate II.29−32 However, these solvent
systems exhibit unfavorable low solubility (<20 mg/mL) to be
considered for a viable crystallization process.15,17,18 Also,
dehydration of NIFUmonohydrate II into anhydrate β has been
investigated.33,34 Yet, these studies lack a cohesive process
development strategy aimed at integrating API crystallization
with the necessary solid-form correction steps. To the best of the
authors’ knowledge, articles reporting end-to-end API manu-
facturing strategies from crystallization through necessary solid-
form correction steps are very limited.

This study successfully demonstrates an integrated crystal-
lization and solid-form transformation process strategy by
desolvation or SMPT for NIFU, utilizing experimental kinetics
evaluation to confirm its feasibility. The work belongs to a series
of the authors efforts toward the integrated manufacturing of the
API NIFU, starting with the synthesis38 and the purification by
crystallization to deliver NIFU in its commercial crystalline
forms. To aid these efforts, this article reports the crystallization
process development aimed at controlling the solid form of
NIFU, a critical quality attribute for APIs. Regulatory authorities
demand stringent control of the solid form throughout the
pharmaceutical manufacturing process.35 In this study, the
quality attributes of the produced NIFU solid forms were
compared to those reported in the US Pharmacopeia (USP)
monograph,36 including DSC, TGA, PXRD, water content, gas
chromatography. In addition, Raman spectroscopy and image-
derived total chord length distribution were utilized for in situ
monitoring of the crystallization and SMPT processes.

Thus, this work might serve as a practical strategy for handling
cases where solubility limitations may force crystallization
through an undesired solid form (solvate, polymorph) and offers
a pathway with solid-form control for APIs prone to solvation.
Though this work is focused on commercial (already purified)
NIFU, the reported strategy may also be utilized to overcome
impurity purging challenges37 by generating a commercially
undesired solid form first.38

2. EXPERIMENTAL SECTION

2.1. Materials
Nitrofurantoin (NIFU) anhydrate β (MW 238.16, assay 100.3%),
acetone, acetic acid, acetonitrile (ACN), ethanol (EtOH), ethyl acetate,
isopropanol (IPA), cyrene, dimethyl isosorbide (DMI), 2-methylte-
trahydrofuran (2-MeTHF), methanol, dimethylacetamide (DMAc),

and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich.
All solvents are from certified biorenewable sources, except acetic acid,
ACN, DMAc, ethyl acetate, and methanol, which were petro-based in
HPLC grade purity. Potassium phosphate monobasic (KH2PO4) was
sourced from Macron Fine Chemicals. Details of the suppliers, CAS
numbers, and purity are summarized in Table S1. Ultrapure water was
obtained using a Barnstead MicroPure UV/UF purification system
(Thermo Scientific). All materials were used “as received” without
further purification.

2.2. Experiments and Setups
2.2.1. Solubility Measurements. To screen for viable crystal-

lization solvents (CNIFU ≥ 20 mg/mL),15,17 the NIFU solubility was
determined using the polythermal method, a proven and validated
approach.39−43 Briefly, a suspension of a known concentration was
heated at a constant rate using an automated multiple reactor system
(Crystal16, Technobis Crystallization Systems). Suspensions were
prepared by weighing NIFU crystals and the selected solvent or solvent
mixture into 2 mL sealed glass vials (Agilent) using two analytical
balances (XS104 and MS104S, Mettler Toledo, respectively) with a
precision of ±0.1 mg. The suspensions were agitated with a magnetic
stir bar (rare earth, 8 × 3 mm, Fisherbrand) at 700 rpm while heating
from 5 to 60 °C at a rate of 0.3 °C/min. The solubility measurements
were conducted at the heating rate of 0.3 °C/min without claiming to
be optimized in this study.39−43 The temperature range for each solvent
and solvent mixture was adjusted based on their freezing and boiling
points.44 For instance, the temperature range for DMSO was modified
from 20 to 60 °C due to its freezing point of 18.5 °C.44 Acetone has a
boiling of 56 °C,46 therefore, the temperature range was changed from 5
to 50 °C. For water and aqueous acetic acid, the temperature range was
extended from 5 to 80 °C, with the upper limit aligning with a NIFU
crystallization procedure reported in the literature (no solubility data
shown).32 Assuming negligible dissolution kinetics, the saturated
temperature was defined as the point during heating when the solution
became clear and free of crystals, indicating complete dissolution.45

This clear point was monitored by light transmission using the
Crystallization Systems software (version 2.0.3.2860).46 The un-
certainty of the saturation temperature measurements is ±0.1 K.41−43

After heating and subsequent cooling, the formed crystals were
collected using a polyethylene-frit filter funnel (pore size 10 μm,
Chemglass Life Sciences), and dried employing a 60 °Coven at ambient
pressure (ADP31, Yamato Scientific) for ≤2 days. The solid-state
characterization by powder X-ray diffraction (PXRD) was conducted
after drying.
2.2.2. Crystallization Setup. Antisolvent crystallization experi-

ments were performed in both batch and continuous modes using an
EasyMax 102 Basic Plus Synthesis Workstation (Mettler Toledo)
equipped with a PTFE cover and an overhead 4-pitched-blade impeller
(45° downward pumping, 38 mm outer diameter (OD), Alloy C-22) at
300 rpm. A BlazePlatform Micro probe (Blaze900 Gen 2, Blaze
Metrics) and a Raman spectroscopy probe (Tornado HyperFlux PRO
Plus 785) were separately inserted for in situmonitoring of, e.g., particle
counts, particle size, turbidity, solid form, solution concentration.47−49

Programmable peristaltic pumps (Masterflex L/S Easy-Load II,
Thermo Scientific) were used to add the feed solution and antisolvent
as well as suspension removal. The peristaltic pumps for the feed and
antisolvent addition were equipped with 1/32” inner diameter (ID) ×
3/32” OD tubing (Masterflex Chem-Durance Bio, L/S size 13). The 60
mL working volume in the continuous crystallizer was controlled by the
position of the outlet dip tube (1/8″ ID × 1/4″ OD, Masterflex Chem-
Durance® Bio, L/S size 16) employing an intermittent withdrawal
method.50 Prior to each crystallization experiment, all peristaltic pumps
were calibrated for precise control of the feeding rates.
2.2.3. Batch Antisolvent Crystallization. To prepare a NIFU

solution of 20 mg/mL, 800 mg of “as-received” NIFU and 40 mL of
DMSO were added to a 100 mL glass vessel, temperature-controlled at
25 °C with a stirring rate of 300 rpm. Upon complete dissolution,
confirmed by particle counts using the Blaze probe,49 20 mL of water
(antisolvent) was added at 0.25 mL/min using a peristaltic pump
(detailed above). The progress of the 2 h crystallization (desupersatu-
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ration) was monitored by tracing both solid and liquid phases using in
situ Blaze and Raman probes detailed above.51,52 Specifically, the Blaze
probe allowed monitoring particle counts and image-derived chord
length distribution based on ∼580 images captured every 10 s during
the crystallization.53 The Raman probe with settings of 500 ms/
exposure for 5 exposures collected every 20 s enabled both tracking the
onset of solid form generation and its transformation as well as the
solution concentration utilizing univariate data analysis.54 In addition to
in situ PAT monitoring, every 3−15 min aliquots (∼0.2−0.5 mL) were
withdrawn utilizing a syringe and immediately filtered through a PTFE
(hydrophilic) syringe filter (pore size 0.2 μm, diameter 13mm, Thermo
Scientific). The filtrate was diluted to a target concentration and
analyzed employing a USP HPLC method to measure the NIFU
concentration in the mother liquor.36 To satisfy the material demand
for offline solid phase characterization used in this study, additional
slurry samples of ∼1.5 mL were drawn at similar intervals and filtered
using a polyethylene-frit filter funnel (pore size 10 μm, Chemglass Life
Sciences). The recovered crystals (unwashed) were dried at 60 °C
under ambient pressure at least overnight before solid-state character-
ization was conducted. Upon reaching equilibrium (after ∼2 h) the
batch crystallization was stopped and the entire slurry was transferred
(∼50 mL) and filtered under reduced pressure (Büchner funnel:
diameter 90 mm; filter paper: pore size 5 μm, grade 413, VWR).
Thereafter, the crystals were washed with ethanol (30 mL at ambient
temperature ∼22 ± 1 °C, about three times the cake volume55,56) and
dried at 60 °C (detailed above) before conducting solid-state
characterization. The NIFU yield loss due to washing was estimated
to be negligible (<4%) based on the low solubility of NIFU in ethanol of
<1 mg/mL at ambient temperature (∼22 ± 1 °C) measured in this
study (Table S2).
2.2.4. Continuous Antisolvent Crystallization. The startup

phase began with a batch antisolvent crystallization at 25 °C as detailed
above. Thereafter, the crystallization was held for ∼10 min before
initiating the continuous operation by starting the peristaltic pumps for
the feed (0.5 mL/min), antisolvent (0.25 mL/min), and intermittent
slurry withdrawal57,58 (every 8 min) resulting in a residence time of 80
min. A manually operated Büchner funnel (detailed above) was used to
continuously collect the withdrawn slurry.18,59 The filter cake was
washed every residence time with 30 mL of ethanol to remove residual
mother liquor. The washed crystals were then dried at 60 °C for ≥1 day
before further solid-state characterization. The filter paper was replaced
after every residence time.18

2.2.5. Thermal Desolvation. The thermal desolvation was studied
utilizing a thermogravimetric analysis (TGA Q5000, TA Instruments).
The method was adapted from the literature reporting the dehydration
of NIFU monohydrate II.17,60 Briefly, about 15 mg of NIFU DMSO
hemisolvate solids (obtained by the above-mentioned antisolvent
crystallization) were placed in a platinum pan. The samples (ambient
temperature) were heated at 10 °C/min from 30 °C (without
equilibration time) to the targeted set temperatures ranging from 120
to 200 °C and then held for 2 h under a nitrogen purge of 25 mL/min.
Upon completing the 2 h holding time, the samples were swiftly cooled
to ambient temperature within ∼30 min and collected for further solid-
state characterization. In addition, preliminary experiments were
conducted in an oven under reduced pressure, detailed in Section S6.
2.2.6. Solvent-Mediated Phase Transformation (SMPT). Batch

SMPT crystallization experiments were conducted in the crystallizer
setup detailed above. Briefly, a total of 80 mL of water was added to a
100 mL EasyMax glass vessel and heated under agitation at 300 rpm to
the preset temperatures studied (10, 25, 40 °C). Once the water
reached the set temperature (measured inside the crystallizer), 2 g of
NIFU DMSO hemisolvate solids (obtained by the above-detailed
antisolvent crystallization) were added yielding a slurry concentration
of 25 mg/mL. The SMPT crystallization process was monitored using
in situ (Blaze and Raman probes) and offline (HPLC, PXRD)
techniques. Slurry sampling was conducted every 3−15 min as detailed
above. After 1 h of SMPT crystallization, the entire crystallizer content
was filtered. The retained crystals were washed and dried as detailed
above prior to the solid-state characterization. As a side note, a higher
working volume of 80 mL was used for the SMPT crystallization

compared to the 60 mL used in batch and continuous antisolvent
crystallization. This approach ensured the collection of sufficient
amounts of NIFU crystals needed for the offline solid-state analysis
during the frequent slurry sampling.
2.2.7. Transformation Kinetics. The experimental kinetic data of

the desolvation and SMPT processes were correlated using the
semiempirical Avrami−Erofeev equation (eq 1)9,61−64 by utilizing the
data of the TGA and normalized Raman intensity, respectively:

= kt1 exp( )n (1)

where α is the extent of transformation, k the rate constant (min−1), t
the time (min), and n the Avrami exponent referring to the
dimensionality of crystal growth.61−63

2.3. Characterizations
2.3.1. Powder X-ray Diffraction (PXRD). PXRD was conducted

using a PANalytical X’Pert Pro MPD diffractometer equipped with a
CuKα radiation source (λ = 1.5419 Å) and a nickel filter. The
instrument was operated at 45 kV and 20 mA, utilizing an X’Celerator
RTMS detector in a scanning mode. Samples of ∼10−15 mg were
required for the diffractometer configuration employed in this study to
ensure adequate sample thickness. Diffractograms were collected over a
2θ range of 4−41° with a step size of 0.0167° and a scan rate of 59.69 s/
step at ambient conditions.
2.3.2. Thermogravimetric Analysis (TGA). Thermographs were

recorded employing a TGA Q5000 (TA Instruments) calibrated with
calcium oxalate monohydrate standard. Samples of ∼5−10 mg were
placed in a platinum pan and heated from 30 to 240 °C at a rate of 10
°C/min under a nitrogen purge of 25 mL/min. For as-received NIFU,
the temperature was extended from 30 to 300 °C to validate the
decomposition temperature reported in the literature.24 The data,
measured in duplicate, were analyzed with TA Universal Analysis
software (version 4.5A).
2.3.3. Differential Scanning Calorimetry (DSC). DSC thermo-

grams were determined using a DSC Q2000 (TA Instruments)
equipped with an autosampler and an RC40 single-stage refrigeration
unit. The instrument was calibrated with an indium standard (Tm =
429.62 K and ΔHfus = 28.8 J/g). An analytical balance (XS104, Mettler
Toledo) with a precision of ± 0.1 mg was employed to weigh samples
(∼5 mg) into hermetically sealed aluminum pans (Tzero, TA
Instruments) with a pinhole, which is the preferred method when
studying solvates.40,65−67 The samples were heated to 240 °C at a rate of
10 °C/min (temperature accuracy ±0.1 °C) under a nitrogen purge of
50 mL/min. Similar to TGA, the temperature range for as-received
NIFU was adjusted from 30 to 300 °C to validate the decomposition.24

DSC measurements were performed as single runs and analyzed using
the TA Universal Analysis 2000 software (version 4.5A) to determine
the melting point, Tm (peak value), and decomposition temperature
(peak value).
2.3.4. High-Performance Liquid Chromatography (HPLC). An

Agilent 1260 Infinity HPLC system equipped with a photodiode array
(PDA) detector was used to determine the NIFU concentration in
solution and the purity of NIFU crystals after desolvation. In this study,
the column type, mobile phase, and wavelength of analysis were
selected to match those reported in the USP monograph for NIFU.36

Briefly, a Pursuit C18 column (300 × 3.9 mm, particle size 10 μm,
Agilent) was used. Themobile phase consisted of an aqueous potassium
phosphate buffer and acetonitrile (88/12 v/v) for isocratic elution at a
flow rate of 1.4 mL/min at ambient temperature (∼22 ± 1 °C) for 20
min. The buffer solution was prepared by dissolving 6.8 g of monobasic
potassium phosphate in 500 mL of water and adding ∼30 mL of 1 N
sodium hydroxide (aq.) to adjust to a pH of 7 before diluting with water
to 1 L. The injection volume was 5 μL and the UV detector wavelength
was set to 254 nm.36 No other USP-related tests were conducted on the
samples nor suitability tests or comparisons with USP standards. The
success criterion for purity was solely based on meeting the USP assay
specification for commercial (purified) NIFU and individual impurities
were not considered.17,18,36

2.3.5. Particle Size Analysis. A particle size analyzer (Mastersizer
2000, Malvern Panalytical) equipped with a Hydro 2000 μP dispersion
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unit was employed to measure offline the volume-weighted particle size
distribution (PSD) of the collected crystals. Briefly, ∼10 mg of dried
NIFU crystals were dispensed in neat IPA, an antisolvent that does not
cause polymorphic phase transformation or yield solvate formation as
determined in this work (Figure S1). The dispersions were measured
with a laser obscuration between 10 and 20% achieved by a pump speed
of 2500 rpm and an ultrasonics level of 20% set in the Mastersizer 2000
software (version 5.60). The PSD results were averaged in triplicate
with a 10 s delay between each measurement.
2.3.6. Gas Chromatography (GC). An Agilent 7890A GC system

equipped with an autosampler (Model 7693, Agilent), a flame
ionization detector (FID), and a HP-5MS column (30 m × 250 μm
× 0.25 μm, Agilent) was used to determine the residual content of
DMSO. The GCmethod was adopted from the literature.68 Prior to the
injection, ∼2 mg of NIFU solid samples (“as-received”, as well as

DMSO hemisolvate, monohydrate II, and anhydrate β prepared in this
study) were visually dissolved in 1 mL of acetone at room temperature,
followed by a polish filtration15 using PTFE syringe filters (pore size 0.2
μm, diameter 13 mm, Thermo Scientific) to remove possible solids
(≥0.2 μm) prior to injection.15 For the GC analysis, 1 μL of the filtered
solution was injected with a split ratio of 10:1.68 Briefly, the ratio means
that for every 11 parts of the sample entering the injector, 10 parts are
vented, and only 1 part goes into the GC column for analysis. The inlet
temperature for the injection port was temperature-controlled at 280
°C to ensure the sample is rapidly vaporized and enters the GC column
in the gas phase.69 The oven temperature housing the column was
programmed to increase from 50 to 280 °C at 10 °C/min, followed by a
6 min hold at 280 °C, with a total run time of 29 min. This gradual
increase in the oven temperature helps to separate the various
components of the sample.69

Figure 1. Surface plots of (a) the solubility of NIFU DMSO hemisolvate in the binary solvent system (DMSO + water) correlated utilizing the
modified Apelblat equation39,41,43 and (b) the theoretical yield ([(c− c*)/c] × 100%)76 for an antisolvent crystallization process (feed concentration c
= 20 mg/mL) as a function of temperature and antisolvent (water) content. Gray shaded horizontal plane represents 90% yield.
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3. RESULTS AND DISCUSSION

3.1. Solvent Screening

The solubility measurements were conducted to identify a
suitable solvent or solvent mixture possessing NIFU solubility
≥20 mg/mL for a viable crystallization process,15,17 aiding the
development of an integrated advanced API manufacturing
platform.18,38 Based on the screening experiments conducted in
this study, NIFU anhydrate β (as-received) exhibited limited
solubility (≤14.1 mg/mL at 72 °C; ≤2.1 mg/mL at 30 °C) in
various Class 3 solvents, recommended for NIFU crystallization
processes,26,31,70 including acetone, cyrene, dimethyl isosorbide,
ethanol, ethyl acetate, isopropanol, methanol, 2-methyltetrahy-
drofuran, water, and aqueous acetic acid. Details for the
solubility data are provided in Section S3. Briefly, from all
solvents published and tested in this study, only DMAc and
DMSO exhibited a target solubility of ≥ 20 mg/mL (Figure
S3a). Though DMAc offers relatively high solubility (≥30 mg/
mL at 25 °C), it is a less favorable Class 2 solvent for API
crystallization71 due to a residual concentration limit of ≤ 1090
ppm16 while also forming an undesired NIFU DMAc solvate
(Figure S5).26 Therefore, DMSO was selected as the
crystallization solvent because it is a Class 3 solvent72 offering
a viable solubility of 46.5 mg/mL at 25 °C (Figure S3a).
However, DMSO also yielded an undesired NIFU DMSO
hemisolvate (Figure S5),27 necessitating additional solid-form
correction steps15 to obtain one of the two commercial crystal
forms (anhydrate β and monohydrate II). Since NIFU
anhydrate β is the metastable solid form in DMSO, it exhibited
an apparent solubility of ∼112 mg/mL at 20 °C, measured
employing the polythermal method.41 This value is significantly
higher than the solubility for the stable form in DMSO, NIFU
DMSO hemisolvate.27 Noticeably, upon adding NIFU anhy-
drate β to DMSO at 25 °C, the solids visually dissolved in vials
with known suspension concentration of ≥ 70 mg/mL within
∼5 min. Once the solids visually dissolved, the yielding solution
concentration exceeded the solubility of NIFU DMSO hemi-
solvate (46.5 mg/mL measured in this study, Figure 1a). As a
result, yellowish NIFU DMSO hemisolvate crystallized quickly
within 30 min via the solvent-mediated phase transformation
mechanism: dissolution of the metastable form, followed by
nucleation and growth of the stable form.73−75

A known challenge in employing neat DMSO is its relatively
high freezing point of 18.5 °C,46 typically resulting in

unfavorable low yield (≤90%) when sole cooling crystallization
is applied18 due to the API’s remaining solubility close to
DMSO’s freezing point. For NIFU the remaining solubility is
∼41 mg/mL at 20 °C (Figure S3a). To overcome the remaining
solubility, antisolvent (water) crystallization was employed.15

The data for solubility and theoretical yield are illustrated in
Figure 1. To the authors’ knowledge, no solubility data of NIFU
DMSO hemisolvate in the binary DMSO-water solvent system
has been reported to date.

Figure 1a exhibits a decreasing solubility of NIFU DMSO
hemisolvate with increasing antisolvent content and decreasing
temperature without freezing the binary DMSO/water solvent
mixture below 18.5 °C,44 allowing to obtain a theoretical yield of
>90% (Figure 1b) across a broad temperature range. At low
antisolvent content (<20 v/v%), the NIFU DMSO hemisolvate
solubility shows strong temperature dependence. Above 20 v/v
%, the solubility becomes predominantly governed by the
antisolvent content (Figure 1a).
3.2. Solid Form Characterization of NIFU DMSO
Hemisolvate
The NIFU solid form obtained through recrystallization from
DMSO in this study was characterized by PXRD, TGA, and
DSC (Figure 2).

The PXRD diffractogram confirmed the formation of the
known NIFUDMSO hemisolvate (Figure 2a).27 The slight shift
of the experimental data compared to the simulated diffracto-
gram (refcode: AKEMEJ)27 can be explained by the difference
in the temperatures at which the diffractograms were recorded
(∼22 ± 1 °C versus −24 °C).27,78 In addition, the absence of
PXRD peaks other than those matching the simulated
diffractogram of the DMSO hemisolvate27 (Figures 2a and
S5c) suggests that within the detection limit of the employed
PXRD instrument, only NIFUDMSO hemisolvate crystals were
obtained.65 It needs to be stated that the focus in this work was
limited to phase identification and qualitative structural
comparison. A comprehensive crystal structure analysis of
NIFU and the transformation pathways reported below was
beyond the scope of this study.

The DSC thermogram (Figure 2b) revealed a splitting
endothermic peak between 210 and 230 °C, suggesting a
complex desolvation mechanism reported in the literature,79

confirmed by TGA data (Figure 2b). The weight loss of 14.4% at
200 °C aligns well with the theoretical value of 14.1% for the
desolvation of a DMSO hemisolvate based on the NIFU and

Figure 2. (a) Powder X-ray diffractogram of NIFU recrystallized from DMSO in this study (top, black, measured at ambient temperature 22 ± 1 °C)
and the simulated diffractogram of NIFUDMSO hemisolvate (bottom, red, measured at −24 °C, refcode: AKEMEJ)27 obtained from the Cambridge
Structural Database.77 (b) TGA and DSC thermograms of NIFU DMSO hemisolvate prepared in this study.
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DMSO molecular weights (238.16 and 78.13 g/mol, respec-
tively).79 Upon further heating, the thermal events at peak
temperatures of 271 and 288 °C correspond to the melting and
subsequent complete decomposition (TGA) of NIFU anhy-
drate β, respectively, as characterized in this study (Figure S2)
and reported in the literature.79

3.3. Batch Antisolvent Crystallization

Based on preliminary screening experiments (Section S4), it was
opted for an isothermal antisolvent crystallization operated at 25
°C because of the low temperature sensitivity at increasing
antisolvent content (Figure 1). In addition, the isothermal
operation will lower the carbon footprint of the process by
eliminating the need for energy-intensive heating followed by
cooling to below ambient temperature.80,81 The environmental
benefits of using DMSO as the solvent and water as an
antisolvent are also significant, as they are considered green
solvents.15,76,82,83 Without claiming an optimized process, a
desupersaturation curve of NIFU DMSO hemisolvate anti-
solvent crystallization using the water addition rate of 0.25 mL/
min was studied to estimate the residence time needed for the
continuous antisolvent crystallization (Figure 3).

Upon antisolvent (water) addition, the NIFU concentration
slowly decreases with increasing water content up to ∼30 v/v%
(Figure 3).84,85 In this study, supersaturation was defined as the
concentration ratio *

c
c
, where c is the concentration of the

solution and c* is the concentration at saturation (Figure 1a).86

When reaching ∼15 mg/mL at ∼30 v/v% water content, NIFU
DMSO hemisolvate nucleated from the supersaturated solution

= *( )S 8.1C
C

,15 causing a sudden concentration drop starting
at ∼45 min. This nucleation event was also detected by an
increase in the solution turbidity (Blaze Metrics probe). The
mother liquor concentration desupersaturated and approached
equilibrium at ∼0.8 mg/mL after ∼90 min (Figure 3) with an
experimentally determined yield of 95% that matched the
solubility and theoretical value of 96%, respectively (Figure 1).
This assessment is supported by the plateaued turbidity (Figure
3), indicating the end point of the batch crystallization
process.87,88

3.4. Continuous Antisolvent Crystallization

After determining viable crystallization conditions for NIFU
DMSO hemisolvate (detailed above), a proof-of-concept
continuous antisolvent crystallization with 80 min residence
time was conducted, utilizing the batch process as the startup
phase.89,90 The key process metrics (NIFU concentration, yield,
median chord length [d50], chord length distribution) stabilized
after about three residence times, indicating the process reached
steady state quickly (Figure 4). At steady state, the d50 for the
well-defined prismatic NIFU DMSO hemisolvate crystals with a
unimodal cube-weighted chord length distribution was 208 ±
2.6 μm achieved with a yield of 92 ± 0.4% averaged over four
residence times. The mother liquor concentration of 0.9 ± 0.1
mg/mL is very close to the solubility (Figure 1). Offline PXRD
diffractograms of crystals collected at steady state confirmed the
formation of NIFU DMSO hemisolvate (Figure S7). Notably,
the continuous antisolvent crystallization maintained the crystal
quality and process stability over an extended operation of 6
residence times without fouling and clogging of the crystallizer
walls and transfer lines.
3.5. Solid-Form Correction Processes

Since NIFU DMSO hemisolvate is not one of the two
commercial forms used for drug formulation (anhydrate β and
monohydrate II),28 two possible solid-form correction steps
were explored for feasibility: (1) temperature-induced phase
transformation91 into NIFU anhydrate β via desolvation and (2)

Figure 3. Results of batch antisolvent crystallization of NIFU DMSO
hemisolvate: HPLC measured NIFU mother liquor concentration
(black squares), experimentally determined yield (red circles),
calculated antisolvent (water) volume fraction based on 0.25 mL/
min feed rate (blue line), and slurry turbidity measured in situ using the
Blaze probe (green line). Dashed black line represents the calculated
theoretical NIFU solution concentration without crystallization,
assuming dilution caused by antisolvent addition.84,85 Gray area
indicates when equilibrium was reached (c* ∼ 0.8 mg/mL, Figure 1).

Figure 4. Experimental results of continuous antisolvent crystallization of NIFU DMSO hemisolvate: (a) Evolution of cube-weighted median chord
length [d50] (blue, left y-axis), solute concentration (black, right y-axis; monitored after one residence time), and yield (red, right y-axis). Gray area
represents the startup phase (90min) of the continuous experiment. (b) Representative in situmicroscopy image of NIFUDMSOhemisolvate crystals
at steady state. (c) Image-derived cube-weighted chord length distribution at steady state (after 6 residence times, thus, 570 min).
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solvent-mediated phase transformation (SMPT)22 into NIFU
monohydrate II via slurry crystallization in water.
3.5.1. Desolvation by Heating. It is a common practice in

the pharmaceutical industry to achieve a desired solid form by
dehydration or desolvation through heating in a drying
process.55,91 Traditionally such drying operations are conducted
in large-scale batch equipment under vacuum at moderate
temperatures (e.g., 50−60 °C).11,91 Employing the Clausius−
Clapeyron relation (eqs S1 and S2), the reduced pressure
required to remove DMSO at e.g., 50 °C suggested a reduced
pressure of ∼0.3 bar to generate the commercial NIFU
anhydrate β by desolvation of NIFU DMSO hemisolvate.
Though the setup available for this study was unable to achieve
this low pressure, preliminary experiments at ∼0.55 bar and 80
°C yielded an incomplete desolvation after 20 h. Further details
are provided in S6.2 in the Supporting Information.

Yet, motivated by these promising results the feasibility of
NIFUDMSO hemisolvate desolvation was evaluated at elevated
temperatures. The thermal analysis conducted in this work
(Figures 2b and S2) suggests the possibility of desolvation
because of NIFU’s relatively high melting point (271 °C) and
thermal stability. Therefore, desolvation studies of NIFU
DMSO hemisolvate were conducted by heating samples to
different temperatures (120−200 °C) and held for 2 h using a
TGA (Figure 5a).

Based on Figure 5, complete desolvation of NIFU DMSO
hemisolvate (weight loss of 14.4%) was achieved between 170
and 180 °C within 40 min without signs of decomposition.
Using the USP assay method,36 HPLC data of the sample
desolvated at 180 °C confirmed the absence of decomposition
products (Figure S10). In Figure 5b for T ≥ 190 °C, the weight
loss continued to increase beyond 14.4% at 130 min, suggesting
the onset of thermal decomposition. Below 170 °C, the
transformation was significantly slower and incomplete within
the time of 130 min studied in this work (Figure 5a). However,
PXRD diffractograms confirmed that at least all samples treated
at ≥160 °C were completely desolvated into the commercial
NIFU anhydrate β24 (Figure S11). While the sample at T = 160
°C revealed a weight loss of only 14% (Figure 5b), slightly less
than the experimental and theoretical values of 14.4% and
14.1%,79 respectively, in combination with the PXRD results
(Figure S11) it was considered desolvated. Moreover, Figure 5
indicates that the recrystallization process already starts at 120

°C, as indicated by the weight loss and the appearance of
characteristic peaks of NIFU anhydrate β (Figure S11),
suggesting that complete transformation might be achievable
for T < 160 °C with desolvation times >120 min.

One might argue that upon solvent removal (e.g., by
desolvation of a solvate), the crystal structure may collapse
yielding an amorphous solid1 due to changes in the molecular
conformation and lattice constants.79 The PXRD diffractograms
(Figure S11) demonstrated that the desolvated NIFU DMSO
hemisolvate samples remained crystalline similar to “as-
received” NIFU anhydrate β even without the DMSO molecule
(0.5 mol) in the crystal structure. This assessment is made
within the detection limit of the PXRD instrument used in this
study and supported by the known transformation mecha-
nism.79 For mere visualization purposes in this study, the crystal
structures documented in the literature have been regenerated
(Figure S12).92 Conversion of the NIFU DMSO hemisolvate27

to the anhydrate β form24 involves removal of solvent-filled
channels (Figure S13) and a conformational change in NIFU,
evidenced by a different torsion angle between the heterocyclic
rings (Figure S12). This supports a reconstructive trans-
formation rather than a simple packing rearrangement (Figure
S14).79 Details are provided in Section S6.1.

To further quantify the measured desolvation level, the extent
of transformation, α, was calculated from the observed weight
loss (ΔW) relative to the total experimental weight loss (ΔWt =
14.4%) based on the TGA weight-loss data (Figure 5a) using eq
2:93

= W W/ t (2)

where ΔW is the observed weight loss (%) at a given time, and
ΔWt the experimental total weight loss for complete desolvation
(14.4%, Figure 5). The data are illustrated in Figure 6, revealing
a logarithmic characteristic of the desolvation process. The
Avrami−Erofeev equation (eq 1)9,61−64 has been recommended
for such desolvation/dehydration behavior. Correlating the
experimental kinetic data using the Avrami−Erofeev equation
allows to interpolate the extent of transformation within the
selected time range impacted by the desolvation temper-
ature.61−64,94,95 The Avrami−Erofeev equation (Figure 6, R2

≥ 0.986) yielded rate constants (k) of 0.120, 0.059, and 0.040
min−1 and Avrami exponents (n) of 0.84, 1.66, and 2.56 at 160,

Figure 5. (a) Isothermal TGA thermograms of NIFU DMSO hemisolvate at temperatures ranging from 120 to 200 °C. Gray area represents the
heating period of ≤17min from 30 °C to the target temperatures at a heating rate of 10 °C/min. Dashed horizontal line corresponds to an experimental
weight loss of 14.4% by desolvation, which is close to the theoretical value of 14.1%.79 (b) Weight loss as a function of desolvation temperature. Red
area indicates decomposition, as it exceeds the experimental desolvation weight loss of 14.4% for NIFU DMSO hemisolvate.
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170, and 180 °C, respectively. These values are summarized in
Table S5.

Typically, n∼ 1 corresponds to one-dimensional (needlelike)
growth or interface-controlled processes; n ∼ 2 indicates two-
dimensional plate-like growth; and n ∼ 3 suggests three-
dimensional, diffusion-controlled crystallite growth.93,96 The
increase of n with temperature (Table S5) is consistent with a

transition from lower-dimensional to more three-dimensional,
diffusion-controlled growth (n > 2.5) at 180 °C.93,96 This trend
suggests that mass transfer effects (diffusion or solvent removal)
become increasingly relevant with rising temperature.93,96

Consequently, these results suggest that desolvating the
NIFU DMSO hemisolvate during a potential drying step
following a continuous crystallization process is experimentally
feasible for the preparation of the desired crystalline NIFU
anhydrate β.28 Due to the absence of a solvent and thus solubility
losses, the yield is assumed to be 100% (excluding the removed
DMSO fraction).91

3.5.2. Solvent-Mediated Phase Transformation by
Slurry Crystallization. Another common practice to obtain a
desired solid form is solvent-mediated phase transformation
(SMPT).15,22 In this study, slurry crystallization of NIFU
DMSO hemisolvate in water was conducted. The use of Blaze
and Raman probes (separately immersed) enabled the in situ
monitoring of the SMPT from prismatic-shaped NIFU DMSO
hemisolvate to needle-shaped NIFU monohydrate II79 (Figures
7 and S17). In this work it was found that the Raman bands at
270 and 840 cm−1 correspond to the disappearing hemisolvate
and the forming monohydrate II, respectively (Figure S19), as
confirmed by offline PXRD (Figure S18). Further details are
provided in Section S7.1.

The in situ Raman spectra (Figures 7 and S20−21) revealed a
rapid transformation within ≤15 min for all three temperatures,
suggesting that offline PXRD was not viable to track the fast

Figure 6. Desolvation kinetics of NIFU DMSO hemisolvate into
anhydrate β at 160 °C (black), 170 °C (red), and 180 °C (blue). Solid
lines were calculated from the experimental TGA data (Figure 5).
Dashed lines represent the fitted curves using the Avrami−Erofeev
equation (eq 1)9,61−64 with R2 ≥ 0.986.

Figure 7.Representative in situRaman spectra of the SMPT of NIFUDMSOhemisolvate to monohydrate II during slurry crystallization in water at 10
°C. The insets present zoom-in views of the spectral regions of 200−400, 800−1000, and 830−855 cm−1. The intensity for the Raman shifts at 270 and
840 cm−1 represent the disappearance of NIFU DMSO hemisolvate and the formation of monohydrate II, respectively. In situ Raman spectra for 25
and 40 °C are provided in Figures S20 and S21.
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SMPT progress considering its time-consuming sampling and
sample preparation requirements.97 To further assess the SMPT
process, these Raman spectra (Figure S21) were utilized to
extract the SMPT kinetics (Figure 8) revealing a logarithmic
characteristic.14,75,98 Details are provided in Section S7.2.

Generally, it can be stated that both the induction time and
total time for the SMPT decrease with increasing temperature
(Figure S22b). It is known that increasing the temperature
lowers the solid−liquid interfacial tension and enhances

solubility, thereby promoting faster dissolution of themetastable
form and, thus, facilitating the nucleation of the stable form.74,99

Figure 8 illustrates the fitting of the Avrami−Erofeev equation
(eq 1) to the Raman data (Figures 7 and S20−S21) of the SMPT
process100,101 yielding k = 0.21, 0.46, and 0.61 min−1 at 10, 25,
and 40 °C, respectively. The relatively low Avrami exponents (n
< 1, Table S5) indicate that the SMPT process proceeds via a
one-dimensional, interface-controlled growth mechanism with
swift nucleation of the needlelike monohydrate II crystals
(Figure S17).93,96 Consequently, the SMPT process of NIFU
DMSO hemisolvate is a fast and viable approach with a yield of
≥92% of NIFU monohydrate II due to the low solubility of
NIFU between 10 and 40 °C of ≤0.75 mg/mL (Figure S3b).
3.6. Form Map, Quality Attributes, and Process
Performance

Figure 9 summarizes the reported transformation pathways of
different NIFU anhydrous, hydrated, and solvated forms
extracted from the literature (black arrows) and in this study
(red arrows).24,26,27,102−104 Particularly, to the authors’ knowl-
edge, the transformation of NIFU DMSO hemisolvate to either
anhydrate β by thermal desolvation or monohydrate II by slurry
crystallization in water is detailed for the first time.

GC analysis verified that both NIFU anhydrate β and
monohydrate II generated under the desolvation and slurry
crystallization conditions employed in this study did not contain
residual DMSO within the detection limit of the GC instrument
(<0.5%, Figure S23). Table 1 summarizes the yield of each
process and the key product quality attributes for each solid form
generation and transformation pathway in comparison with the
USP acceptance criteria for the API NIFU.36 Commercially
purified (as-received) NIFU was used as the starting material,

Figure 8. SMPT kinetics of NIFU DMSO hemisolvate into
monohydrate II fitted using the Avrami−Erofeev equation (eq
1)61−64 Data points (Figure S22a) indicate normalized Raman intensity
at 270 cm−1 corresponding to the disappearance of NIFU DMSO
hemisolvate during slurry crystallization at 10 (black), 25 (red), and 40
°C (blue). Solid lines represent the fitted curves with R2 ≥ 0.947.

Figure 9. Form map of NIFU anhydrous, hydrated, and solvated forms. The transformation pathways (arrows) of the different solid forms are
extracted from the literature (black)24,26,27,102−104 and reported in this study (red). For the drying (desolvation) pathway (red dashed arrow), this
study reports for the first time detailed temperature conditions and kinetic information, yielding a possible process with no detection of decomposition
products (HPLC36). FPh-Big·HCl = 1-(4-fluorophenyl)biguanide HCl, 2,6-DAP = 2,6-diaminopyridine, NM = nitromethane, additives = BIS-TRIS,
PVC, PAN, PEO = poly(ethylene oxide).
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and the analytical deliverable of this study was defined as
meeting the USP specifications using USP-certified standards.
Comprehensive impurity profiling, including targeted screening
for possible trace genotoxic impurities, was beyond the scope of
this work. Such analysis should be conducted in future efforts,
should the proposed strategy be considered for implementation.

Without claiming optimized crystallization and solid-form
correction processes, the approach reported in this study using
as-received (purified) NIFU met the required solid form and
residual-solvent specifications. The achieved material yields
(batch antisolvent crystallization ∼ 95%, continuous antisolvent
crystallization ∼ 92%, desolvation assumed ∼ 100%, and SMPT
∼ 92%) were obtained while maintaining stable process
operation and crystal quality.

4. CONCLUSIONS
While most API crystallization studies focus on avoiding the
formation of undesired solvates, this work demonstrates how
such a solvate may be deliberately exploited to achieve a
favorable crystallization platform for NIFU. Two solid-form
correction operations provided access to the commercial
crystalline forms under laboratory conditions: anhydrate β and
monohydrate II via thermal desolvation and slurry crystal-
lization in water, respectively. Pending further research, both
processes could be considered for postcrystallization treatment
steps: filtration, washing, and drying. In addition to the relatively
high product yields of these steps (≥92%), both the anhydrate β
and monohydrate II forms meet the USP acceptance criteria for
NIFU.

The experimental data of the transformation processes fitted
the semiempirical Avrami−Erofeev model providing a qual-
itative assessment of the temperature-dependent kinetics (≤15
min). In the slurry crystallization for SMPT, the use of PAT for
in situ monitoring enabled robust process tracing supporting
further implementation studies.

Ultimately, this study presents a workflow for NIFU with
possible relevance to other APIs exhibiting solubility and purity
purging limitations or upstream process conditions not favoring
the generation of the desired crystalline solid form. This proof-
of-concept study might be used as a rationale for further
investigations. For instance, determining the critical water
activity and composition of the desolvation and SMPT
processes, desolvation in continuous drying equipment, impact
of solid-form correction processes on formulation properties of
NIFU and technoeconomic analysis to evaluate the feasibility,
economic and environmental impact of the presented
approaches.
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