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ABSTRACT: The effectiveness of a partial least squares-
discriminant analysis coamorphous prediction model was tested
using coamorphous screening data for a promising coamorphous
former, the dimer of N-vinyl(caprolactam) (bisVCap) with a range
of active pharmaceutical ingredients. The prediction model
predicted 71% of the systems correctly. An experimental
coamorphous screen was performed with this coformer with 13
different active pharmaceutical ingredients, and the results were
compared to the predictions from the model. A total of 85% of the
systems were correctly predicted. Stability assessments of three
coamorphous systems showed that the prediction model score did
not strongly correlate with the stability of the coamorphous
material. The model performed well with small-molecule co-
formers, such as bisVCap, despite the difference in structure and properties compared to the amino-acid-based model training set.

KEYWORDS: coamorphous, partial least squares-discriminant analysis, predictive modeling, active pharmaceutical ingredients,
physical stability, bislactams

■ INTRODUCTION

The term coamorphous (COAM) system was first introduced
by Rades and co-workers in 2009 based on an amorphous
material comprising a mixture of ranitidine hydrochloride and
indomethacin, which was initially described as a “comilled
amorphous sample”.1 A COAM material is defined as a mixture
of multiple low-molecular-weight components in a single-phase
homogeneous amorphous system.2−6 The main research
interest for COAM systems is for pharmaceutical products;
therefore, at least one of the components is usually an active
pharmaceutical ingredient (API) and the other is either an
inactive coformer or another API.3,7,8 COAM materials are of
interest to the pharmaceutical industry due to the increased
stability of COAM systems compared to the amorphous solids
while retaining the dissolution advantage of an amorphous
form.9−11 The COAM systems also help overcome some of the
key issues of polymeric amorphous solid dispersions (PASDs),
including the hygroscopicity and large ratio of polymers
required to stabilize the API.12−14

The stabilization mechanisms of COAM systems include
elevated Tg compared to the pure drug, molecular-level mixing,
and intermolecular interactions.15−18 COAM systems have
been shown to be stable for long periods of time after
preparation even at increased temperatures and humidities.19,20

COAM systems are known to increase the solubility of a
crystalline API in a similar way to cocrystals by the “spring and
parachute” effect.5,21 However, in some cases, the dissolution
rate of the COAM system can be too fast, causing the solution

to become supersaturated, which results in the API
crystallizing.22,23

Previously, we have designed a partial least squares-
discriminant analysis (PLS-DA) model using a data set of
amino acids with six APIs to predict COAM formation.24 The
model identifies key parameters, including average molecular
weight, the sum of the difference between hydrogen bond
donors and acceptors for both components, the excess
enthalpy of mixing and of hydrogen bonding, and the
difference in the Hansen parameter for hydrogen bonding. In
the present work, this model has been applied to a new data set
based on a non-amino acid coformer, bisvinylcaprolactam
(bisVCap), and applied predictively24,25 in the formation of
new COAM materials based on this promising coformer,
which we have previously shown stabilizes a range of APIs in
the COAM state.26
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BisVCap is the unsaturated dimer of vinylcaprolactam and
contains two highly polar lactam carbonyl groups which act as
hydrogen bond acceptor sites.26−29 BisVCap is structurally
similar to the polymer polyvinylpyrrolidone (PVP), which
contains five-membered rings as opposed to bisVCap’s seven-
membered rings. One use of PVP is in the formation of PASDs
where it stabilizes a range of APIs in an amorphous state.30−35

BisVCap is significantly less hygroscopic compared to PVP,
with a dynamic vapor sorption (DVS) study showing that
amorphous bisVCap displays a mass increase of 1.2% when at
90% relative humidity compared to a 40% mass increase for
PVP at 80% relative humidity.26

In this work, the reliability of the prediction model based on
amino acid coformers was tested with bisVCap by applying the
model to our previous COAM screening results and then using
the model to predict COAM formation in further experimental
systems.24,26 Fourier transform infrared spectroscopy (FTIR)
was used to analyze the potential interactions between
bisVCap and each API to understand the nature of the
stabilization. A stability study of three of the resulting COAM
systems was performed at two different temperatures to
determine if the location of the combination in the PLS-DA
prediction space correlates with the stability of the system. The
representative COAM system formed from bisVCap furo-
semide was studied further to test its tolerance to increased
drug loading and humidity.

■ EXPERIMENTAL SECTION
Materials. Piroxicam was purchased from Alfa Aesar

(Massachusetts, USA). Aspirin, chloramphenicol, chlorpropa-
mide, indomethacin, ketoprofen, n-vinyl caprolactam, para-
cetamol, phenobarbital, and trifluoroacetic acid were pur-
chased from Merck (Massachusetts, USA). Hexane and
acetone were purchased from Thermo Fisher Scientific
(Massachusetts, USA). Famotidine was purchased from
Tokyo Chemical Industry (Tokyo, Japan). Flurbiprofen,
furosemide, mebendazole, and simvastatin were purchased
from Fluorochem (Derbyshire, UK). All chemicals were used
without further purification.
Analytical Methods. IR spectra were measured with a

PerkinElmer 100 FT-IR spectrometer with an μATR attach-
ment. Data was recorded at a resolution of 4 cm−1 for 8 scans
over a range of 4000−550 cm−1. X-ray powder diffraction
(XRPD) measurements were performed using an X’Pert
PANalytical PRO X-ray diffractometer (PANalytical, Almelo,
The Netherlands) or a Bruker D8 with Cu Kα radiation
(1.54187 Å), acceleration voltage and current of 45 kV and 40
mA, respectively. The samples were scanned in the reflectance
mode between 2 and 35° 2θ with a scan rate of 0.067335° 2θ/s
and a step size of 0.0262606°. The data was collected and
analyzed using the software X’Pert Data Collector (PAN-
alytical, Almelo, The Netherlands). 1H and {1H}13C solution
NMR spectra were recorded using a Varian Mercury-400
spectrometer, operating at 400 MHz for 1H and 100 MHz for
13C, chemical shifts are reported in ppm (δ) and referenced to
residual protic solvent. Elemental analysis was performed by
the University of Durham service using an Exeter CE-440
elemental analyzer. Electrospray mass spectrometry was
recorded using a TQD mass spectrometer and an Acquity
ultra-performance liquid chromatography. The Acquity photo-
diode array detector provides absorbance data from 210 to 400
nm. The sample is dissolved in methanol at 1 mg/mL. Hot
stage microscopy (HSM) was performed using an Olympus

XC50 microscope with a Linkam LTS420 heating stage.
Samples were placed onto a glass microscope slide and covered
with a thin glass cover slide. Differential scanning calorimetry
thermograms were recorded using a PerkinElmer 8500
calorimeter or a PerkinElmer DSC 4000 analyzer, calibrated
using an indium standard, with samples accurately weighed
(±0.5 mg) into standard aluminum pans. The heating rate was
10 °C min−1.

COSMOquick Calculations. COSMOquick version 1.7
(COSMOlogic GmbH & Co. KG, Leverkusen, Germany) was
used to calculate the excess enthalpy of mixing (ΔHmix) and
excess enthalpy of hydrogen bonding (ΔHhb), of the two-
component system. For each component, the following
variables were calculated μ, the pseudo-chemical potential of
the pure solute and δh, the Hansen parameter for hydrogen
bonding. The difference between the API and coformer values
were calculated and used as the variables in the PLS-DA.

Synthesis of BisVCap. N-Vinyl caprolactam (30.0 g, 216
mmol) was added to hexane (150 cm3) in a two-necked flask
with a reflux condenser under nitrogen. The sample was heated
to 50 °C to dissolve the N-vinyl caprolactam. Trifluoroacetic
acid (0.75 cm3) was added, and the reaction mixture was
heated to 60 °C for 2 h. A white precipitate appeared during
the reaction. The solid was removed via vacuum filtration and
washed with hexane (3 × 20 mL). The white precipitate was
recrystallized twice from acetone to give a white powder. Yield
10.05 g, 36.1 mmol, 33%. Elemental analysis expected for
C16H26N2O2: C, 69.03; H, 9.41; and N, 10.06. Found: C,
69.10; H, 9.39; and N, 9.99. The analysis is in agreement with
published works.29 1H NMR (400 MHz, CDCl3): δ 7.26 (dd, J
= 14.9, 1.7 Hz, 1H, vinyl NCH), 5.43 (qdd, J = 6.9, 5.0, 1.7 Hz,
1H, NCH), 5.01 (dd, J = 14.9, 5.0 Hz, 1H, vinyl CH), 3.60−
3.54 (m, 2H, CH2), 3.32−3.12 (m, 2H, CH2), 2.68−2.62 (m,
2H, CH2), 2.59−2.48 (m, 2H, CH2), 1.84−1.47 (m, 12H,
CH2), 1.27 (d, J = 6.9 Hz, 3H, CH3).

13C NMR (101 MHz,
CDCl3): δ 175.60, 174.33, 128.13, 110.28, 48.65, 45.32, 43.21,
37.51, 37.17, 30.52, 30.02, 29.54, 29.40, 27.25, 23.41, 16.78.
13C{1H} SS NMR (101 MHz): δ 174.4, 129.2, 110.1, 50.6,
42.5, 36.4, 31.8, 30.0, 28.3, 25.6, 25.0, 22.3. IR ν = 1667 (C
C), 1641 (CO), 1622 (CO) cm−1. MS (ESI) m/z: 278
(M+), mp 145 °C.

HSM Method for COAM Systems. BisVCap and each
API were individually heated at 20 °C min−1. After the sample
was fully melted, it was removed from the HSM and placed on
a freezer block to flash cool the sample and prevent
crystallization on cooling. The samples were monitored after
24 h using an optical microscope with a polarizer to determine
if crystallization had occurred. The same process was repeated
using a 1:1 molar ratio of bisVCap and API.

Comelting for COAM Systems. A 1:1 molar ratio of
bisVCap and API was heated in a vial to a few degrees above
the highest melting point out of the API or bisVCap (mp 145
°C). The mixture was held at this temperature for 10 min and
then, it was rapidly cooled by submerging the vial into dry ice
and acetone. The mixtures were then analyzed via XRPD and
FTIR to check if the sample was amorphous.

Rapid Solvent Evaporation for COAM Systems. The
chosen ratio of bisVCap and API was dissolved in the
minimum amount of acetone. The solvent was rapidly
removed under reduced pressure on a water bath at 60 °C.
The mixtures were then analyzed via XRPD and FTIR to check
if the sample was amorphous.
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Stability Test at Different Temperatures. COAM
samples of bisVCap with indomethacin, paracetamol, and
simvastatin in a 1:1 molar ratio were produced by rapid solvent
evaporation (RSE). The samples were either stored at ∼20 or
3 °C. The samples were characterized by XRPD and FTIR
after 1 and 2 weeks.
Varying Humidity Stability Test. A COAM sample of

bisVCap and furosemide in a 1:1 molar ratio was produced via
RSE. Five 50 mg samples were placed in a vial and stored in
five different humidity environments including 0, 11, 33, 75,
and 100% RH using relevant saturated salt solutions. The
samples were analyzed by XRPD and FTIR after 7 and 28 days.

■ RESULTS AND DISCUSSION
Testing the Model against Previous COAM Screening

Data. The results of the COAM screen of bisVCap with a

range of APIs previously published by Goodwin et al.26 were
analyzed using the amino acid-based PLS-DA COAM
formation prediction model to investigate the effectiveness of
the model with bisVCap coformers.24 The COAM data
involved 12 bisVCap API systems produced by comelting
(CM) the two components and then cooling to room
temperature. Three of the APIs used (ibuprofen, tolfenamic
acid, and ethionamide) decompose on melting; therefore,
these systems were removed from this study. Mexiletine and
metformin were also removed from the study because they are
hydrochloride salts, and the prediction model has not been
designed to consider ionic compounds. From the remaining
seven systems, the experimental results showed that three form
COAM systems while the other four do not (Table 1).
The score plot visually represents how close each system is

to the predicted crossover line between COAM and non-
COAM systems (Figure 1). The model correctly predicts 71%
of this sample set with a Fisher’s probability of 0.43.36 The two
systems incorrectly predicted are carbamazepine and cariso-
prodol, which were experimentally COAM but are predicted
not to be COAM. The FTIR spectrum of the COAM systems
of bisVCap with carbamazepine and carisoprodol suggests
reduced hydrogen bonding strength to the API carbonyl group
indicating the formation of an amorphous state because the
carbonyl peaks shift to a higher wavenumber compared to the
crystalline API. However, the bisVCap carbonyl peaks broaden
but do not shift to a lower wavenumber, indicating the
bisVCap carbonyl groups are not forming new hydrogen bonds
with the API.26 The incorrect prediction of carbamazepine and
carisoprodol could therefore indicate the model is based
around the potential formation of stabilizing intermolecular

Table 1. Results of an Experimental COAM Screen from
Goodwin et al.26 Compared to the Predicted Result Using
the Prediction Model from Chambers et al.24

API label
experimental

COAM
predicted
COAM

correctly
predicted

benzocaine BENZ N N Y
caffeine CAFF N N Y
carbamazepine CARB Y N N
carisoprodol CARI Y N N
dopamine DOPA N N Y
isoniazid ISON N N Y
valsartan VALS Y Y Y

Figure 1. PLS-DA score scatter plot of latent variables (LV) 1 and 2. The color of the markers displays the results of the previous experimental
screen26 with red markers indicating not COAM systems and green markers indicating COAM systems. Samples incorrectly predicted by the
prediction model are shown as hollow circles.24 The blue dashed line shows the predicted separation line between COAM and not COAM systems
based on the PLS-DA calculation for visualization purposes.
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bonds between the two components, which are not present in
this case.
COAM Systems Based on Unknown BisVCap API

Combinations. To determine the broader applicability of the
PLS-DA model a range of 13 additional APIs were selected
based on a range of chemical functionality and paired with
bisVCap. The PLS-DA prediction model predicts that 10 out
of these 13 combinations should form a coamorphous phase
(Table 2). To test these predictions, bisVCap was mixed in a
1:1 molar ratio with each API and melt quenched using HSM.
The mixtures were monitored for signs of recrystallization after
24 h using an optical microscope after storage at ambient
conditions (Table S1). The HSM screen showed that bisVCap

by itself recrystallizes on cooling; however, when mixed with
any of the APIs no recrystallization occurs, showing these 13
APIs prevent bisVCap crystallization. Pure famotidine,
furosemide, mebendazole, and piroxicam all undergo decom-
position when heated to near their melting point. Similar
decomposition occurs for the 1:1 mixtures of bisVCap with
famotidine, mebendazole, and piroxicam; however, the
furosemide mixture with bisVCap appears to remain
amorphous and minimal decomposition occurs on melting.
Pure aspirin, chlorpropamide, flurbiprofen, paracetamol, and
phenobarbital begin to recrystallize after 24 h; however, the
mixtures with bisVCap remain amorphous, suggesting bisVCap
can stabilize the systems in an amorphous state. Pure

Table 2. Predictions and Experimental Results of the COAM Screen of 13 APIs with bisVCapa

API label prediction (COAM value) HSM DSC (Tg/°C) CM XRPD RSE XRPD correctly predicted

aspirin ASPR Y (0.864) Y Y (−19) Y Y Y
chloramphenicol CHPL Y (0.682) Y Y (31) Y Y Y
chlorpropamide CHPD Y (0.500) Y Y (−4) Y Y Y
famotidine FAMO N (0.463) D D D N Y
flurbiprofen FLURB Y (1.096) Y Y (−5) Y Y Y
furosemide FUR Y (1.091) Y Y (35) Y Y Y
indomethacin INDO Y (1.142) Y Y (16) Y Y Y
ketoprofen KETO Y (0.833) Y Y (−5) Y Y Y
mebendazole MEB Y (0.556) D D D N N
paracetamol PARA N (0.450) Y Y (19) Y Y N
phenobarbital PHB Y (0.588) Y Y (28) Y Y Y
piroxicam PIRO N (0.443) D D D N Y
simvastatin SIM Y (0.751) Y Y (12.5) Y Y Y

aThe prediction includes the predicted COAM value. The experimental COAM screen includes the results from initial HSM screening, the Tg from
DSC, and the XRPD analysis of both CM and rapid sovlent evaporation (RSE) samples. Y indicates the samples were COAM, N indicates the
samples were not COAM, and D indicates the samples decomposed. The predicted result was also compared with the experimental results to
determine if the prediction was correct.

Figure 2. PLS-DA score scatter plot of LV 1 and 2. The color of the markers displays the results of the experimental screen with red markers
indicating not COAM systems and green markers indicating COAM systems. Samples incorrectly predicted by the prediction model are shown as
hollow circles.24 The blue dashed line shows the predicted separation line systems based on the PLS-DA calculation for visualization purposes.
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chloramphenicol, indomethacin, ketoprofen, and simvastatin
remain amorphous after 24 h, and mixtures of these APIs with
bisVCap are also amorphous suggesting the interactions
between API and bisVCap are preventing the bisVCap from
recrystallizing.
The combination of bisVCap and the 13 APIs was

investigated using both CM and rapid solvent evaporation
(RSE) to allow further analysis by XRPD and FTIR (Figure

S3, Table 2). The two methods CM and RSE were selected to
help cover a larger experimental space and to remove any
issues caused by the decomposition of samples during CM or
difficulty dissolving the samples in some solvents for RSE. Ball
milling was not used because bisVCap has a low glass
transition temperature (Tg) and milling above the Tg usually
leads to polymorphic transformation instead of amorphiza-
tion.37,38 The XRPD patterns (Figure S2, Table 2) for the RSE

Figure 3. XRPD traces of COAM samples of bisVCap with (a) indomethacin, (b) simvastatin, and (c) paracetamol. The initial COAM samples
made by RSE are shown in black. The XRPD traces are shown after 2 weeks when stored at both 20 °C (red) and 3 °C (blue).
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samples show the same results as observed in the HSM screen
with the 10 systems that did not decompose producing COAM
systems using both CM and RSE. The three systems that
decomposed via HSM (famotidine, mebendazole, and
piroxicam) did not produce a COAM system by RSE.
The 10 systems found to be amorphous by HSM and XRPD

were analyzed as physical mixtures, produced by gently
grinding the two components together with a spatula, by
DSC to determine the Tg and check for decomposition (Figure
S1, Table 2). All of the DSC traces display the API and
bisVCap melting in the first heating cycle, no recrystallization
during a cooling cycle and a clear glass transition in the second
heating cycle. Each of the 10 systems only display a single Tg
confirming the samples as COAM and not a mix of two
amorphous materials. Comparing the experimental results with
the predictions of the model shows that 11 of the 13 samples
were correctly predicted (Table 2). The overall prediction
success is therefore 85% suggesting the model is good at

predicting bisVCap COAM systems, which is surprising given
the chemically different natures of the amino acid coformers
used in the training data set compared to bisVCap. While
amino acids have good hydrogen bond donor and acceptor
groups, bisVCap has only very weak hydrogen bond donor
capability.29 The PLS-DA score scatter plot shows that the two
incorrectly predicted systems paracetamol and mebendazole
are close to the prediction separation line (Figure 2).
Mebendazole in particular decomposes during CM and is
poorly soluble in acetone during RSE and hence, alternative
COAM preparation methods may prove successful.

Stabilizing Interactions in COAM Systems. FTIR
spectroscopy was used to understand the interactions in the
COAM systems (Figure S3). The carbonyl stretching bands for
solid bisVCap occur at 1622 and 1640 cm−1 and its X-ray
crystal structure demonstrates that they do not form any strong
hydrogen bonding interactions.29 In all the non-COAM
systems (Table 2), the position of the bisVCap carbonyl

Figure 4. XRPD traces of COAM samples of bisVCap with (a) simvastatin and (b) paracetamol. The XRPD traces are shown after 1 week when
stored at ∼20 °C (black) and 3 °C (red).
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bands are unchanged suggesting no new interactions are
occurring; however, in all the COAM systems, the bisVCap
carbonyl peaks shift to a lower wavenumber and broaden
implying that the bisVCap carbonyl groups are forming
stronger hydrogen bonds causing the weakening of the C
O bond.15,39,40 The FTIR spectra of the COAM systems show
clear changes in the APIs bands as well indicating the
disruption of the hydrogen bonding structure of the parent
single component phase. The FTIR data suggest bisVCap
stabilizes the COAM system by acting as a hydrogen bond
acceptor with the APIs containing hydrogen bond donor
groups.
Stability Study at Different Temperatures. The

stability of three of the experimentally generated COAM
systems (Table 2) was tested to determine if the predicted
COAM PLS-DA score correlates with the stability of the

COAM product. The three systems selected were bisVCap
with paracetamol, simvastatin, and indomethacin, with
corresponding COAM values of 0.450, 0.751, and 1.142.
Therefore, if the COAM score is an indication of stability, it
would be expected that the COAM material formed from
bisVCap and indomethacin would be the most stable and the
one with paracetamol the least stable. These three COAM
materials were produced by RSE and stored in sealed vials at
both 20 and 3 °C and analyzed after 2 weeks by XRPD and
FTIR spectroscopy. The XRPD (Figure 3) and FTIR (Figure
S4) data shows that the indomethacin material remains
COAM after 2 weeks; however, both simvastatin and
paracetamol have recrystallized. The XRPD pattern of the
recrystallized COAM simvastatin bisVCap system after 2
weeks at both temperatures (Figure 3b) showed the
crystallization of bisVCap and the formation of the form I
polymorph of simvastatin, which is the thermodynamically
stable polymorph above 0 °C.41,42 A similar process was
observed for the paracetamol bisVCap system (Figure 3c) with
the system separately recrystallizing into bisVCap and the form
I polymorph of paracetamol, which is the thermodynamically
stable form at the tested conditions.43,44 The XRPD patterns
for the samples stored at 20 °C showed complete conversion,
while some amorphous content remained in each of the
samples stored at 3 °C. The formation of the thermodynami-
cally stable polymorph of the simvastatin and paracetamol
suggests bisVCap only slows the crystallization rate but does
not affect the crystallization process. The apparent greater
stability of the indomethacin COAM phase correlates with the
higher COAM score from the PLS-DA model.
A second stability experiment with a shorter timescale was

carried out with bisVCap simvastatin and paracetamol COAM
phases. The two systems were produced by RSE and samples
were stored for 1 week at both 20 and 3 °C. The resulting
samples were analyzed by XRPD (Figure 4) and FTIR (Figure
S5). The XRPD pattern shows the simvastatin COAM material
stored at 20 °C crystallizes into bisVCap and the form I
polymorph of simvastatin; however, the sample stored at 3 °C
proved to be a mixture of crystalline bisVCap and amorphous
material indicating that it is the coformer that crystallizes first
rather than both components simultaneously. In the system

Figure 5. XRPD diffractograms of bisVCap with furosemide after RSE in a 1:1 (black), 1:2 (red), 1:3 (blue), and 1:4 ratio (green). Pure form II
furosemide after RSE is shown in purple.

Figure 6. FTIR spectra for the increased ratio study of bisVCap and
furosemide showing the carbonyl and alcohol region. The spectra
display pure bisVCap (black) and pure furosemide (red). The
bisVCap furosemide systems were made by RSE at different ratios
with 1:1 in blue, 1:2 in green, 1:3 in purple, and 1:4 in light brown.
The furosemide systems which underwent RSE is also shown in cyan.
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with paracetamol, no recrystallization had occurred after 1
week at 3 °C and only slight recrystallization had occurred for
the sample stored at 20 °C. The paracetamol COAM system is,
therefore, assumed to be more kinetically stable than the
simvastatin COAM system, which is the opposite of the
prediction based on the COAM values, suggesting that the
PLS-DA score has limited use in predicting stability order.
Increasing the Ratio of Furosemide to BisVCap. The

COAM system formed from furosemide and bisVCap has the
highest Tg (Table 2) and occurs as a free-flowing light-yellow
powder, whereas the other systems are in the form of viscous
pastes. The COAM system produced in the screening
experiments has a 1:1 molar ratio of bisVCap to furosemide.
However, COAM systems have been shown to form with
increased ratios of API to a coformer and it is of interest to
know how much API loading the COAM phase can tolerate.45

Therefore, the preparation of the COAM phase using RSE was
repeated using 1:2, 1:3, and 1:4 ratios of bisVCap to
furosemide. The RSE process was also repeated with a sample
of furosemide in the absence of coformer to determine if the

bisVCap is necessary to make the system amorphous. The
systems were analyzed by XRPD and FTIR to determine the
crystallinity and solid form of the resulting products due to the
speed of the results obtained allowing the results to capture
any unstable coamorphous states. The XRPD data (Figure 5)
shows the bisVCap furosemide systems prepared by RSE
remain amorphous up to a 1:2 ratio. The higher ratio samples
undergo recrystallization into the form II polymorph of
furosemide, which is the polymorph usually formed from
evaporation under reduced pressure of a furosemide acetone
solution.46 The FTIR spectra (Figure 6) of all of the samples
show that the bisVCap does not recrystallize as the carbonyl
peaks do not return to the original position. The peaks in the
XRPD diffractogram of the 1:4 ratio sample can all be assigned
to form II furosemide. Therefore, the 1:2 ratio seems to be the
API loading limit before crystallization begins. The 1:3
material displayed a significant amorphous halo suggesting a
mixture of COAM material and excess crystalline furosemide.

Stability Study on BisVCap and Furosemide at
Different Humidities. To understand the effect of humidity

Figure 7. XRPD traces of a COAM bisVCap furosemide material made by RSE. The initial system is shown in black. The system was stored for 7
day at 0% RH (red), 11% RH (green), 33% RH (blue), 75% RH (cyan), and 100% RH (pink).

Figure 8. XRPD traces of a COAM bisVCap furosemide system made via RSE. The initial system is shown in black. The system was stored for 28
days at 0% RH (red), 11% RH (green), 33% RH (blue), 75% RH (cyan), and 100% RH (pink).
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on the bisVCap COAM systems a 1:1 mixture of bisVCap and
furosemide was prepared by RSE and stored in five different
humidity environments (0, 11, 33, 75, and 100%). The systems
were analyzed by XRPD and FTIR after seven days and 28
days to see the effect of the different humidity environments.47

The initial XRPD data (Figure 7) shows the system is
amorphous. After 7 days the material stored at 0, 11, and 33%
RH remained unchanged by XRPD (Figure 7) and FTIR
(Figure S6), and the material retained the appearance of a free
flowing powder. The material stored at 75% RH appears to
remain amorphous by both FTIR (Figure S6) and XRPD
(Figure 7); however, the material changed from a powder to a
glass-like film. No recrystallization was observed by polarized
optical microscopy indicating the system remain amorphous
even after absorption of water. The material stored at 100%
RH turned into a thick paste and started to recrystallize as
shown by XRPD with small Bragg peaks observed correspond-
ing to the form I polymorph of furosemide which is the
thermodynamically stable form under ambient conditions
however, the FTIR spectrum remained unchanged suggesting
only a small amount of the sample has recrystallized.48

After storage for 28 days in the five different humidity
environments, the materials stored at 0 to 75% RH remained
unchanged with no indications of recrystallization by FTIR
(Figure S7) or XRPD (Figure 8). The material stored at 100%
RH underwent significant crystallization as observed by FTIR
with the appearance of sharper peaks in the 3200−3500 cm−1

region corresponding to the N−H stretching bands and XRPD
displaying Bragg peaks matching the form I polymorph as well
as some remaining amorphous halo.48 Overall, it appears the
1:1 bisVCap furosemide system remains stable up to 75% RH.

■ CONCLUSIONS
In conclusion, the PLS-DA prediction model was tested against
the results of a previously published COAM screening of
bisVCap with a range of APIs, successfully predicting five out
of seven systems. The model was then used to predict the
outcomes of COAM screening of bisVCap with 13 further
APIs expected to form both COAM and non-COAM systems.
Each of the mixtures was experimentally prepared by both CM
and rapid solvent evaporation. The PLS-DA model successfully
predicted the outcome in 11 of the 13 systems. The FTIR data
indicates that bisVCap stabilizes the COAM systems by the
formation of hydrogen bonds with the two carbonyl groups
disrupting the intermolecular hydrogen bonding in the pure
API.
The stability of three COAM systems of bisVCap with

indomethacin, paracetamol, and simvastatin was analyzed at
two different storage temperatures to determine if the
prediction model COAM score correlates with the stability
of the COAM phases. The stability assessment showed that
indomethacin was the most stable agreeing with the model;
however, the paracetamol system proved more stable than
simvastatin suggesting the prediction model score is not
strongly correlated with stability.
The stability of the COAM system as a function of API

loading showed that up to a 2:1 ratio of API to bisVCap
remains amorphous, with crystallization of the API thereafter.
This may be because of two hydrogen bond acceptor carbonyl
groups on the coformer. A variable humidity study showed that
the 1:1 bisVCap furosemide system remains stable for at least
28 days when stored at 75% RH. The bisVCap coformer is a
remarkably effective way of stabilizing coamorphous phases

with a range of APIs and in 85% of cases the formation of a
COAM phase is successfully predicted by the PLS-DA model
despite the very different systems used to train it.
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(18) Turek, M.; Rózẏcka-Sokołowska, E.; Koprowski, M.; Marciniak,
B.; Bałczewski, P. Role of Hydrogen Bonds in Formation of Co-
amorphous Valsartan/Nicotinamide Compositions of High Solubility
and Durability with Anti-hypertension and Anti-COVID-19 Potential.
Mol. Pharm. 2021, 18, 1970−1984.
(19) Liu, J.; Rades, T.; Grohganz, H. The influence of moisture on
the storage stability of co-amorphous systems. Int. J. Pharm. 2021,
605, 120802.
(20) Pacułt, J.; Rams-Baron, M.; Chmiel, K.; Jurkiewicz, K.; Antosik,
A.; Szafraniec, J.; Kurek, M.; Jachowicz, R.; Paluch, M. How can we
improve the physical stability of co-amorphous system containing
flutamide and bicalutamide? The case of ternary amorphous solid
dispersions. Eur. J. Pharm. Sci. 2021, 159, 105697.
(21) Bavishi, D. D.; Borkhataria, C. H. Spring and parachute: How
cocrystals enhance solubility. Prog. Cryst. Growth Charact. Mater.
2016, 62, 1−8.
(22) Wu, W.; Löbmann, K.; Schnitzkewitz, J.; Knuhtsen, A.;
Pedersen, D. S.; Rades, T.; Grohganz, H. Dipeptides as co-formers
in co-amorphous systems. Eur. J. Pharm. Biopharm. 2019, 134, 68−76.
(23) Liu, J.; Grohganz, H.; Rades, T. Influence of polymer addition
on the amorphization, dissolution and physical stability of co-
amorphous systems. Int. J. Pharm. 2020, 588, 119768.
(24) Chambers, L. I.; Grohganz, H.; Palmelund, H.; Löbmann, K.;
Rades, T.; Musa, O. M.; Steed, J. W. Predictive identification of co-
formers in co-amorphous systems. Eur. J. Pharm. Sci. 2021, 157,
105636.
(25) Kasten, G.; Löbmann, K.; Grohganz, H.; Rades, T. Co-former
selection for co-amorphous drug-amino acid formulations. Int. J.
Pharm. 2019, 557, 366−373.
(26) Goodwin, M. J.; Musa, O. M.; Berry, D. J.; Steed, J. W. Small-
Molecule Povidone Analogues in Coamorphous Pharmaceutical
Phases. Cryst. Growth Des. 2018, 18, 701−709.
(27) Perrin, A.; Goodwin, M. J.; Musa, O. M.; Berry, D. J.; Corner,
P.; Edkins, K.; Yufit, D. S.; Steed, J. W. Hydration Behavior of

Polylactam Clathrate Hydrate Inhibitors and Their Small-Molecule
Model Compounds. Cryst. Growth Des. 2017, 17, 3236−3249.
(28) Perrin, A.; Goodwin, M. J.; Musa, O. M.; Yufit, D. S.; Steed, J.
W. Boric acid co-crystals in guar gelation. CrystEngComm 2017, 19,
7125−7131.
(29) Davenport, J. R.; Musa, O. M.; Paterson, M. J.; Piepenbrock,
M.-O. M.; Fucke, K.; Steed, J. W. A simple chemical model for
clathrate hydrate inhibition by polyvinylcaprolactam. Chem. Commun.
2011, 47, 9891−9893.
(30) Baghel, S.; Cathcart, H.; O’Reilly, N. J. Polymeric Amorphous
Solid Dispersions: A Review of Amorphization, Crystallization,
Stabilization, Solid-State Characterization, and Aqueous Solubilization
of Biopharmaceutical Classification System Class II Drugs. J. Pharm.
Sci. 2016, 105, 2527−2544.
(31) Mitrabhanu, M.; Apte, S. S.; Pavani, A.; Appadwedula, V. S.
Solid Dispersions and Supersaturable Drug Delivery System: A Brief
Review. Indo Am. J. Pharm. 2018, 5, 5494−5507.
(32) Rumondor, A. C. F.; Ivanisevic, I.; Bates, S.; Alonzo, D. E.;
Taylor, L. S. Evaluation of Drug-Polymer Miscibility in Amorphous
Solid Dispersion Systems. Pharm. Res. 2009, 26, 2523−2534.
(33) Rumondor, A. C. F.; Marsac, P. J.; Stanford, L. A.; Taylor, L. S.
Phase behavior of poly(vinylpyrrolidone) containing amorphous solid
dispersions in the presence of moisture. Mol. Pharm. 2009, 6, 1492−
1505.
(34) Sethia, S.; Squillante, E. Solid dispersion of carbamazepine in
PVP K30 by conventional solvent evaporation and supercritical
methods. Int. J. Pharm. 2004, 272, 1−10.
(35) Newman, A.; Nagapudi, K.; Wenslow, R. Amorphous solid
dispersions: a robust platform to address bioavailability challenges.
Ther. Delivery 2015, 6, 247−261.
(36) Sprent, P. Fisher Exact Test. In International Encyclopedia of
Statistical Science; Lovric, M., Ed.; Springer Berlin Heidelberg: Berlin,
Heidelberg, 2011; pp 524−525.
(37) Willart, J. F.; Descamps, M. Solid State Amorphization of
Pharmaceuticals. Mol. Pharm. 2008, 5, 905−920.
(38) Descamps, M.; Willart, J. F.; Dudognon, E.; Caron, V.
Transformation of Pharmaceutical Compounds upon Milling and
Comilling: The Role of Tg. J. Pharm. Sci. 2007, 96, 1398−1407.
(39) Heinz, A.; Gordon, K.; McGoverin, C.; Rades, T.; Strachan, C.
Understanding the solid-state forms of fenofibrate − A spectroscopic
and computational study. Eur. J. Pharm. Biopharm. 2009, 71, 100−
108.
(40) Heinz, A.; Strachan, C. J.; Gordon, K. C.; Rades, T. Analysis of
solid-state transformations of pharmaceutical compounds using
vibrational spectroscopy. J. Pharm. Pharmacol. 2009, 61, 971−988.
(41) Cejka, J.; Kratochvil, B.; Cisarova, I.; Jegorov, A. Simvastatin.
Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 2003, 59, o428−
o430.
(42) Tan, N. Y.; Zeitler, J. A. Probing Phase Transitions in
Simvastatin with Terahertz Time-Domain Spectroscopy. Mol.
Pharmaceutics 2015, 12, 810−815.
(43) Espeau, P.; Céolin, R.; Tamarit, J. L.; Perrin, M. A.; Gauchi, J.
P.; Leveiller, F. Polymorphism of paracetamol: relative stabilities of
the monoclinic and orthorhombic phases inferred from topological
pressure-temperature and temperature-volume phase diagrams. J.
Pharm. Sci. 2005, 94, 524−539.
(44) Haisa, M.; Kashino, S.; Kawai, R.; Maeda, H. The Monoclinic
Form of p-Hydroxyacetanilide. Acta Crystallogr., Sect. B: Struct.
Crystallogr. Cryst. Chem. 1976, 32, 1283−1285.
(45) Wu, W.; Ueda, H.; Löbmann, K.; Rades, T.; Grohganz, H.
Organic acids as co-formers for co-amorphous systems − Influence of
variation in molar ratio on the physicochemical properties of the co-
amorphous systems. Eur. J. Pharm. Biopharm. 2018, 131, 25−32.
(46) Garnero, C.; Chattah, A. K.; Longhi, M. Supramolecular
complexes of maltodextrin and furosemide polymorphs: a new
approach for delivery systems. Carbohydr. Polym. 2013, 94, 292−300.
(47) Greenspan, L. Humidity fixed points of binary saturated
aqueous solutions. J. Res. Natl. Bur. Stand., Sect. A 1977, 81, 89−96.

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.2c00357
Mol. Pharmaceutics 2022, 19, 2651−2661

2660

https://doi.org/10.1016/s1773-2247(13)50057-8
https://doi.org/10.1016/s1773-2247(13)50057-8
https://doi.org/10.3390/pharmaceutics10030098
https://doi.org/10.3390/pharmaceutics10030098
https://doi.org/10.3390/pharmaceutics10030098
https://doi.org/10.3390/pharmaceutics10030098
https://doi.org/10.1016/j.ijpharm.2018.07.063
https://doi.org/10.1016/j.ijpharm.2018.07.063
https://doi.org/10.1002/jps.22074
https://doi.org/10.1002/jps.22074
https://doi.org/10.1002/jps.22074
https://doi.org/10.1016/j.drudis.2007.09.005
https://doi.org/10.1016/j.drudis.2007.09.005
https://doi.org/10.1021/js980403l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/js980403l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/js980403l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ejpb.2013.03.026
https://doi.org/10.1016/j.ejpb.2013.03.026
https://doi.org/10.1016/j.ejpb.2012.02.004
https://doi.org/10.1016/j.ejpb.2012.02.004
https://doi.org/10.1016/j.ejpb.2012.02.004
https://doi.org/10.1016/j.ejps.2014.05.015
https://doi.org/10.1016/j.ejps.2014.05.015
https://doi.org/10.1016/j.ejps.2014.05.015
https://doi.org/10.1016/j.ejps.2014.05.015
https://doi.org/10.1021/acs.molpharmaceut.0c01096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.0c01096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.0c01096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijpharm.2021.120802
https://doi.org/10.1016/j.ijpharm.2021.120802
https://doi.org/10.1016/j.ejps.2020.105697
https://doi.org/10.1016/j.ejps.2020.105697
https://doi.org/10.1016/j.ejps.2020.105697
https://doi.org/10.1016/j.ejps.2020.105697
https://doi.org/10.1016/j.pcrysgrow.2016.07.001
https://doi.org/10.1016/j.pcrysgrow.2016.07.001
https://doi.org/10.1016/j.ejpb.2018.11.016
https://doi.org/10.1016/j.ejpb.2018.11.016
https://doi.org/10.1016/j.ijpharm.2020.119768
https://doi.org/10.1016/j.ijpharm.2020.119768
https://doi.org/10.1016/j.ijpharm.2020.119768
https://doi.org/10.1016/j.ejps.2020.105636
https://doi.org/10.1016/j.ejps.2020.105636
https://doi.org/10.1016/j.ijpharm.2018.12.036
https://doi.org/10.1016/j.ijpharm.2018.12.036
https://doi.org/10.1021/acs.cgd.7b01062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.7b01062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.7b01062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.7b00221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.7b00221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.7b00221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c7ce01858d
https://doi.org/10.1039/c1cc13556b
https://doi.org/10.1039/c1cc13556b
https://doi.org/10.1016/j.xphs.2015.10.008
https://doi.org/10.1016/j.xphs.2015.10.008
https://doi.org/10.1016/j.xphs.2015.10.008
https://doi.org/10.1016/j.xphs.2015.10.008
https://doi.org/10.1007/s11095-009-9970-7
https://doi.org/10.1007/s11095-009-9970-7
https://doi.org/10.1021/mp900050c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp900050c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijpharm.2003.11.025
https://doi.org/10.1016/j.ijpharm.2003.11.025
https://doi.org/10.1016/j.ijpharm.2003.11.025
https://doi.org/10.4155/tde.14.101
https://doi.org/10.4155/tde.14.101
https://doi.org/10.1021/mp800092t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp800092t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jps.20939
https://doi.org/10.1002/jps.20939
https://doi.org/10.1016/j.ejpb.2008.05.030
https://doi.org/10.1016/j.ejpb.2008.05.030
https://doi.org/10.1211/jpp/61.08.0001
https://doi.org/10.1211/jpp/61.08.0001
https://doi.org/10.1211/jpp/61.08.0001
https://doi.org/10.1002/chin.200350218
https://doi.org/10.1021/mp500649q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp500649q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jps.20261
https://doi.org/10.1002/jps.20261
https://doi.org/10.1002/jps.20261
https://doi.org/10.1107/s0567740876012223
https://doi.org/10.1107/s0567740876012223
https://doi.org/10.1016/j.ejpb.2018.07.016
https://doi.org/10.1016/j.ejpb.2018.07.016
https://doi.org/10.1016/j.ejpb.2018.07.016
https://doi.org/10.1016/j.carbpol.2013.01.055
https://doi.org/10.1016/j.carbpol.2013.01.055
https://doi.org/10.1016/j.carbpol.2013.01.055
https://doi.org/10.6028/jres.081a.011
https://doi.org/10.6028/jres.081a.011
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.2c00357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(48) Babu, N. J.; Cherukuvada, S.; Thakuria, R.; Nangia, A.
Conformational and Synthon Polymorphism in Furosemide (Lasix).
Cryst. Growth Des. 2010, 10, 1979−1989.

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.2c00357
Mol. Pharmaceutics 2022, 19, 2651−2661

2661

https://doi.org/10.1021/cg100098z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.2c00357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

