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Controlling the solid-state and particle properties
of a fixed-dose combination co-amorphous
system by spray drying†

Alice Parkes, a Ahmad Ziaeeb and Emmet O’Reilly *a

Controlling the solid-state stability of co-amorphous drug delivery systems has been an ongoing chal-

lenge in the pharmaceutical field to date. The main route to stabilise co-amorphous systems is to increase

excipient load either in the co-amorphous formulation or via an additional excipient, creating a ternary

amorphous system. Increasing excipient load in a formulation can have disadvantages such as producing

large oral dosage forms. In this work, the impact of spray drying process parameters on the formation and

short-term stability of a drug–drug co-amorphous mixture in the absence of any excipients is investi-

gated. A 9-point design of experiments (DoE) was conducted to assess the impact of atomising gas

flowrate and feed flowrate on the co-amorphous formation and stability. It was found that when the

outlet temperature was fixed at 50 °C, the atomising gas flowrate had a more significant effect on the

physical stability of the co-amorphous mixture than the feed flowrate. Monitoring the stability of formu-

lations at accelerated stability conditions (40 °C per 75% relative humidity) showed that the co-amorphous

systems produced at higher atomising gas flowrates, with smaller droplet sizes and subsequent particle

sizes, exhibited a higher stability than those produced at lower atomising gas flowrates. Co-amorphous

systems produced at the higher atomising gas flowrates remained stable for the 3-month stability testing

period demonstrating that the co-amorphous physical stability can be controlled by optimising the spray

drying process. The results presented in this study have significant implications for producing co-amor-

phous drug delivery systems with a high physical stability without the addition of excipients by spray

drying.

Introduction

Controlling the stability of a metastable solid-state form of an
active pharmaceutical ingredient (API) is a recurring challenge
in the development of pharmaceuticals. Continuous manufac-
turing methods such as spray drying, provide new challenges
and opportunities to create more stable pharmaceutical
products.1,2 Undesired solid-state transformations over time,
have led to well documented pharmacological and intellectual
property issues, Ritonavir is a well-known example of this.3,4

These challenges can arise when producing products which
include an API in a metastable form. Metastable forms can
include metastable crystalline polymorphic forms or meta-
stable amorphous forms. Metastable forms of an API are gen-
erally regarded as having higher energy and are thermo-

dynamically unstable.5,6 Some of these forms are attractive as
they offer enhanced dissolution properties and solubility.7,8 In
general, newly emerging pharmaceuticals exhibit poor solubi-
lity properties9 due to their complex structures and large mole-
cular weights,10 therefore, identifying and isolating their meta-
stable polymorphs or amorphous forms is beneficial.1,11

Routes to stabilise amorphous forms include formulating
an amorphous solid dispersion (ASD),12 a co-amorphous
system,13 or formulating with mesoporous silica.14 ASDs
include a matrix-forming excipient which prevents the recrys-
tallisation of the API. This occurs due to the polymer excipient
having a high viscosity below its glass transition temperature
(Tg) or through the polymer interacting with the API.15 ASDs
however are limited by having a low drug load and the poly-
mers having potential hygroscopicity which can lead to
increased mobility of the API molecules enabling recrystalli-
sation.15,16 Moreover, as many APIs have limited solubility in
polymer carriers, large quantities of polymer can be required
resulting in high polymer to drug ratios and large final dosage
form tablet sizes.13 Mesoporous silica, on the other hand, con-
tains nano pores in which an API can be incorporated and
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stabilised in its amorphous form.17 Mesoporous silica systems
are limited, however, as only the monomolecular API layer in
contact with the silanol groups (Si–O–H) of the silica is fully
stabilised, and additional API within the pores or beyond the
monomolecular layer are likely to recrystallise.15

A co-amorphous system is another route to stabilising the
amorphous nature of a product which, in addition, can reduce
the excipient load required and provide a route to combination
therapies,18 e.g. fixed-dose combinations. A co-amorphous
system is a homogenous amorphous mixture made up of one
or more APIs and/or low-molecular weight excipients.8,19 In a
co-amorphous consisting of two APIs, as Dengale et al.
describes, both drugs essentially ‘act as an active component
and stabilising excipient’ simultaneously.20 Ternary co-amor-
phous systems include a third component to stabilise the
amorphous form of the API. The amorphous form is stabilised
by interacting with the coformer API/excipient through inter-
molecular bonding or by molecular mixing.15 A lower excipient
loading has benefits for both the route of processing by redu-
cing batch sizes and the end-user alike by producing smaller
tablets without an excess of excipients.

Spray drying is commonly used to produce amorphous
products in the pharmaceutical industry. Previous studies
have investigated controlling the stability of both amorphous
and co-amorphous formulations using spray drying. Craye
et al. investigated a route to produce a co-amorphous mixture
of simvastatin–lysine (SVS–LYS) by spray drying. To prolong
the stability of the co-amorphous mixture in this study, a sur-
factant, sodium lauryl sulfate (SLS), was added to the formu-
lation. It was found that physically mixing SLS with the
already amorphous SVS–LYS produced by milling did not
have the same stabilising affect in comparison to spray
drying SLS with SVS and LYS.21 The atomising gas flowrate
parameter, however, was not altered in this work to investi-
gate its effect on the stability of the co-amorphous mixture. A
study by Mishra et al. investigated spray drying indometha-
cin-amino acid formulations using different solvents and
ratios of solvents. The study found that each indomethacin-
amino acid combination could be spray dried to form a co-
amorphous mixture with an enhanced dissolution rate
whereas ball milling could only form one co-amorphous
mixture from the three formulations. It was demonstrated
that the spray dried co-amorphous mixture could also remain
stable for several months at room temperature and 5.4% RH.
This study, however, did not investigate the effect of spray
drying parameters on the stability of the co-amorphous
system.22 A study by Beyer et al. investigated the effects of
spray drying parameters on a drug–drug co-amorphous
system, naproxen-indomethacin. The parameters varied were
inlet temperature and feed flowrate. From the spray dried
samples, 2 out of 5 were initially co-amorphous and recrysta-
lised after 28 days.23 Each of the reviewed studies highlight
the challenges of prolonging the stability of co-amorphous
formulations. Moreover, each study overlooked investigating
the effect of the atomising gas flowrate on the stability of the
co-amorphous mixture.

In this study, the impact of spray drying parameters on the
stability of a drug–drug fixed-dose combination of carbamaze-
pine (CBZ) and chlorothiazide (CTZ) is investigated. A CBZ–
CTZ fixed-dose combination is used as a model combination
in this work and aims to provide a platform for preparing
similar co-amorphous compounds with clinical applications
using spray drying. CBZ is an anti-convulsant polymorphic API
and has five discovered polymorphs. Form III is the most
stable and only commercially available form of CBZ.24,25 CTZ
is a diuretic and an antihypertensive.26,27 It is a BCS class IV
API and has a low solubility in water and many organic sol-
vents.28 There are currently three known polymorphs of CTZ,29

including CTZ form III which was discovered recently.30 A 2 : 1
CBZ–CTZ cocrystal was identified by Aljohani et al.31 which
exhibits improved thermal stability and solubility over carba-
mazepine and chlorothiazide, consecutively.31,32 Both spray
drying of CBZ and CTZ in combination or in a co-amorphous
mixture of the two APIs has not been reported previously. In
this study CBZ and CTZ are spray dried as a model fixed-dose
combination to produce a co-amorphous system. Additionally,
the impact of two spray dryer process parameters, namely feed
flowrate and atomising gas flowrate are studied. These para-
meters were chosen as they can control the droplet sizes pro-
duced in the spray dryer which have a directly affect the con-
finement space and drying time. These factors can sub-
sequently influence the solid-state and particle size of the
product.1,33 This study aims to demonstrate the direct impact
that these spray drying parameters can have on the solid-state
and particle properties of a co-amorphous system and deter-
mine suitable parameters to stabilise the co-amorphous
mixture without the use of excipients.

Materials

Carbamazepine (Kemprotec Ltd, UK), chlorothiazide (Thermo
Fisher Scientific, USA), acetone for HPLC >99.8% (Thermo
Fisher Scientific, USA), methanol for HPLC 99.9% (Thermo
Fisher Scientific, USA), isopropyl Alcohol (IPA) for HPLC
>99.7% (Thermo Fisher Scientific, USA) and 0.45 μm PTFE
membrane filters (VWR International Ltd, Ireland).

Methods
Solubility screening

Solubility screening was performed on both APIs, carbamaze-
pine and chlorothiazide, in methanol, acetone and IPA. API
was added to 10 ml of solvent in a sample jar until the solu-
tion was saturated. The sample jar was then placed in the
Polar Bear Plus (PBP) heating and stirring platform
(Cambridge Reactor Design Ltd, UK) at 25 °C for 24 hours.
Once the undissolved solute material settled at the bottom of
the jars taken from the PBP, an aliquot was taken and dis-
pensed through a 0.45 μm PTFE membrane filter into a clean,
dry sample jar (‘wet sample’). The jar was placed in an oven set
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at 50 °C for 24 hours. After the jar was removed from the oven
it was re-weighed (‘dry sample’) (see solubility calculation in
ESI†).

Spray drying

A B-290 Mini Spray Dryer coupled with the Büchi Inert Loop
B-295 (Büchi Labortechnik AG, Switzerland) was used in this
investigation. A closed loop was set up as an organic solvent,
acetone, was used. A two fluid nozzle was used and the experi-
ments were conducted using 10 mg mL−1 of a 2 : 1 molar ratio
of carbamazepine and chlorothiazide in acetone. The conden-
ser temperature was fixed at −20 °C. The aspirator was set at
100% (35.0 m3 h−1). The inlet temperature was adjusted to
keep the outlet temperature fixed at 50 °C. The only variables
in this study were the atomising gas flowrate and feed flowrate.
The range of the process parameters were determined through
preliminary screening runs with acceptable final yield.

Design of experiments

A design of experiments (DoE) was used to investigate the
impact of process parameters on the stability of the formulated
co-amorphous mixture. A JMP® Pro 17 custom DoE module
(JMP® Pro, UK) was used to design a set of experiments
varying atomising gas flowrate (246–742 L h−1) and feed flow-
rate (0.9–2.1 ml min−1). Fig. 1 and Table S1 (ESI†) show the
experimental design matrix of points 1–9, namely Run 1–
Run 9.

Powder X-Ray diffraction (PXRD)

An Empyrean diffractometer (Malvern Panalytical, UK) was
used in this study. The diffractometer was used in reflection
mode with Cu Kα radiation (λ = 1.5406 Å) at room temperature.

The tube voltage was set at 45 kV and current was set at 40 mA.
Samples were lightly pressed on a silicon zero-background disc
before analysis.

Thermogravimetric analysis (TGA)

A TGA 4000 (PerkinElmer, USA) was used to carry out TGA ana-
lysis. Approximately 3 mg of the sample was weighed into the
crucible. The sample was heated past the point of degradation
at a heating rate of 10 °C min−1 under nitrogen gas.

Differential scanning calorimetry (DSC)

A DSC 214 Polyma (NETZSCH, Germany) was used to perform
DSC analysis on each of the samples. Approximately 3 mg of
sample was loaded into the hermetically sealed aluminium
pan. Samples were heated at 10 °C min−1 under the nitrogen
flow rate of 30 ml min−1. The DSC thermograms were
measured from 35–190 °C.

Scanning electron microscopy (SEM)

A Hitachi SU-70 Scanning Electron Microscope (Hitachi,
Japan) was used to obtain the SEM images in this study. An
accelerating voltage of 5 kV was applied. A small amount of
the powder was placed onto adhesive carbon tape previously
attached to a cylindrical aluminium 15 mm SEM stub. The
samples were coated with gold using an Emitech K550
(Emitech, United Kingdom) sputter coater at 20 mA for 90 s.

Particle size analysis

The ImageJ java-based image processing program was used to
analyse the average particle size from the SEM images. To
determine the particle number distribution (Dn) for each
sample, the diameter of 100 particles was measured.

Stability testing

An Amebis U062 temperature-controlled cabinet was used to
store samples for stability analysis. The stability conditions
were set at ICH standard accelerated stability at 40 °C per 75%
relative humidity (RH).34 A saturated solution of sodium chlor-
ide was used to obtain 75% RH.35 Samples were assessed at
Day 0, Day 30, Day 60 and Day 90. The solid-state stability of
the co-amorphous compounds at each timepoint was analysed
by PXRD and SEM.

Results & discussion
Solubility screening

Solubility screening was carried out for carbamazepine and
chlorothiazide using several solvents: methanol, acetone and
IPA. Methanol, acetone and IPA are classified as green sol-
vents and are selected as preferred solvents by industry
leaders such as Pfizer and Sanofi.36 These solvents are also
preferred green solvents for spray drying.37,38 The results are
displayed in Table 1. It was decided that for this investigation
a green solvent would be used and chlorothiazide had the
highest solubility in acetone. Acetone was, therefore, chosen

Fig. 1 Schematic of DoE design matrix produced by JMP Pro for Runs
1–9.
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as the solvent; both chlorothiazide and carbamazepine have a
solubility of 10 mg ml−1 and 11 mg ml−1 in acetone,
consecutively.

The impact of process parameters on the yield

The 9 samples were spray dried at random and the results
from each run are displayed in Table 2. The atomising gas
flowrate was varied from 357 L h−1 to 742 L h−1, where lower
atomising gas flowrates resulted in no product collecting. The
feed flowrate was varied from 0.9 ml min−1 to 2.1 ml min−1,
higher feed flowrates also resulted in no product collecting.
The yield obtained ranged from 25.6% to 86.2%, from the
results obtained it can be observed that higher atomising gas
flowrates resulted in higher yields. The reason for this is
explained further in the particle properties section.

The results were input into JMP® Pro to produce the
contour plot displayed in Fig. 2[A]. The contour plot is colour
coded to show at which feed flowrates and atomising gas flow-
rates low yield (red) and high yields (green) can be obtained.
The plot shows that feed flowrate has a minor influence on the
yield within the ranges that were trialled, however, the atomis-
ing gas flowrate has a more significant effect. The prediction
profiles displayed in Fig. 2[B]–[D] are based on the data
reported herein and can be used to predict the yield for runs
performed using different atomising gas flowrate or feed flow-
rate parameters within the limits of the DoE and subject to
validation. The profile in Fig. 2[D], for example, shows that
when the atomising gas flowrate is set at 742 L h−1 and the
feed flowrate is set at 2.1 ml min−1 then the predicted yield is
76.1%, as obtained in this work. The prediction profiler
further emphasises the trend in the contour plot showing that
atomising gas flowrate has a more significant effect on yield.
The prediction profiler shows that there was a 12% difference
between using a feed flowrate of 0.9 ml min−1 and a feed flow-
rate of 2.1 ml min−1 when atomising gas flowrate was fixed. In

Table 1 Solubility screening for chlorothiazide and carbamazepine

Solubility averages

Solvent Solvent ratio Chlorothiazide Carbamazepine

Methanol Pure 0.003 g ml−1 0.075 g ml−1

Acetone Pure 0 ̲.0̲1̲0 ̲ g̲ m̲l̲−1 0̲.0 ̲1̲1̲ g ̲ m̲l̲−1

IPA Pure 0.0007 g ml−1 0.009 g ml−1

Table 2 Spray drying results for Runs 1–9

Run
no.

Feed
(ml min−1)

Atomising
gas (L h−1)

Inlet
T (°C)

Outlet
T (°C) Yield (%)

1 0.9 742 65 49–50 °C 861.6 mg/1000 mg
86.2%

2 2.1 742 65 49–50 °C 811.5 mg/1000 mg
81.2%

3 1.5 601 65 48–49 °C 664.8 mg/1000 mg
66.5%

4 0.9 601 65 49–51 °C 772.4 mg/1000 mg
77.2%

5 0.9 473 65 49–51 °C 350.1 mg/1000 mg
35.0%

6 1.5 742 65 49–50 °C 774.0 mg/1000 mg
77.4%

7 2.1 601 65 48–49 °C 551.9 mg/1000 mg
55.2%

8 2.1 473 65 48–50 °C 210.7 mg/1000 mg
25.6%

9 1.5 473 65 50–51 °C 295.5 mg/1000 mg
31.0%

Fig. 2 [A] Contour plot for yield based on Runs 1–9 [B]–[D] Prediction profile to predict yield at selected atomising gas and feed flowrates (red)
including standard deviation values (blue).
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contrast there was a 51% difference between using an atomis-
ing gas flowrate of 357 L h−1 and 742 L h−1 when feed flowrate
is fixed.

The impact of process parameters on the particle properties

SEM images in Fig. 3 show the morphology of each of the
spray dried samples, Runs 1–9. The morphology of the par-
ticles in each sample are spheres with smooth surfaces
showing that the drying conditions were similar in each case.
This morphology is beneficial for downstream processing;
smoother particles have better flowability and compaction pro-
perties due to reduced frictional forces.39 Although the
samples have a similar morphology, their particle sizes differ.

The particle size of each sample was analysed from the SEM
images and are displayed in Table 3. For all samples the Dn50
ranges from ∼4 μm to 7 μm. A contour plot of the Dn50 par-
ticle sizes is displayed in Fig. 4[A] where larger particle sizes
are represented in red and smaller particle sizes are rep-
resented in green.

It is advantageous to know the trends in spray dried particle
size to be able to predict a desired particle size for downstream
processing. The results also show that the highest atomising
gas flowrate produced the smallest particle sizes which can
explain why higher yields were also obtained. Smaller, lighter
particles have a greater chance of reaching the sample collec-
tion vessel than larger, heavier, semi-dry particles that stick to
the drying chamber and other glassware components rather
than being collected at the sample collection point. Sticking
was observed for the runs producing larger particles, Runs 5, 8
and 9, as a light layer of material deposited on the drying
chamber and cyclone. The contour plot shows that the feed

flowrate has a minor influence on the particle sizes obtained
whereas the atomising gas flowrate has a much more signifi-
cant effect. The prediction profiles in Fig. 4[B] shows how
using the results obtained it can be predicted that if an atomis-
ing gas flowrate of 357 L h−1 and a feed flowrate of 0.9 ml
min−1 is used, a particle size of 6.5 μm can be achieved. Fig. 4
[C] and [D] show two more examples of selecting different ato-
mising gas and feed flowrates to predict particle size. Using
this predictor, a desired particle size for the spray dried
sample can be manufactured.

The impact of process parameters on the solid-state

The PXRD diffractograms in Fig. 5 represent each of the spray
dried samples. The absence of any crystalline peaks in the
diffractograms confirms the formation of a co-amorphous
mixture regardless of the process parameters.

The DSC thermogram in Fig. 6 shows the thermogram for
each of the spray dried samples. In contrast to the diffracto-
grams, there are differences in the thermograms for the
samples. This suggests that some of the samples have a

Fig. 3 [A]–[I] SEM images at two magnifications of Runs 1–9 at Day 0.

Table 3 Particle size analysis results for Runs 1–9

[Run #] Dn10 (μm), Dn50 (μm), Dn90 (μm)

1.891, 4.590, 9.445 1.896, 5.205, 12.225 2.359, 5.395, 11.372

2.754, 6.841, 12.092 2.434, 6.988, 13.096 2.486, 5.99, 12.564

2.949, 6.584, 14.701 2.570, 5.692, 12.162 2.868, 6.535, 15.039

Paper RSC Pharmaceutics

106 | RSC Pharm., 2025, 2, 102–113 © 2025 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
6/

20
25

 9
:3

6:
48

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4pm00257a


portion of crystallinity present that is too low to be detectable
by PXRD. For Run 5, Run 8 and Run 9, there is an endothermic
peak present at 156 °C with an onset at 152 °C. For Run 3, Run

4 and Run 7 there is a smaller endothermic peak present at
the same temperature and a glass transition temperature (Tg)
mid-point at ∼100 °C (Fig. 6). The Tg for carbamazepine is

Fig. 4 [A] Contour plot for Dn50 particle size based on Runs 1–9 [B]–[D] Prediction profile to predict particle size (red) at selected atomising gas
and feed flowrates.

Fig. 5 PXRD diffractograms of Runs 1–9 at Day 0 and the starting materials, CBZ Initial and CTZ Initial.
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between 52–61 °C40 and a Tg has not been reported for pure
CTZ as its amorphous form is highly unstable.41 For Run 1,
Run 2 and Run 6 there is no endothermic peak present
suggesting that these samples are fully amorphous with a Tg
mid-point at ∼100 °C (Fig. 6). The three samples with larger
endotherms were produced at the lowest atomising gas flow-
rate whereas the three samples with no endotherm were pro-
duced at the highest atomising gas flowrate. This shows that
the lower atomising gas flowrate produced larger droplet sizes
which have longer drying times allowing for small crystals to
form. In contrast, the higher atomising gas flowrate produced
smaller droplets which dried rapidly and did not allow enough
time for molecular rearrangement and crystallisation. The
endotherm corresponds to the melting temperature of the
CBZ-CTZ cocrystal at 155.75 °C.31 This confirms that there is a
small presence of the cocrystal in the samples produced at
lower atomising gas flowrates that is detectable by DSC ana-
lysis but not PXRD analysis. The melting temperature of the
initial form of CBZ before spray drying is 190 °C; there is no
onset for the melting endotherm present in any of the spray
dried sample thermograms.1 The melting temperature for
CTZ, the stable polymorphic form I, is 344.45 °C;31 however,
the thermograms were measured up to 190 °C before CBZ
decomposition occurred. After CBZ decomposes, this can
affect the CTZ composition and solid-state in the samples.

The TGA thermogram in Fig. 7 shows a residual solvent
content being removed as well as the subsequent deposition of
CBZ and CTZ. The TGA thermograms of the starting materials,
CBZ Initial and CTZ Initial, are displayed in Fig. S1.† Table S2†
shows the percentage of weight loss at different temperature
ranges. The weight loss between 50 °C and 150 °C is due to
residual solvent loss as acetone evaporates at its boiling point,
56 °C.42 The residual solvent loss is 4.8–5.5% for all samples.
The solvent loss can also be observed in the magnified DSC

thermograms in Fig. 6. The weight loss between 150 °C and
300 °C is due to the deposition of CBZ which occurs between
215.5–225 °C.40 The weight loss between 300 °C and 450 °C is
due to the decomposition of CTZ which occurs as it begins to
melt at its melting temperature 358.6 °C. There is no signifi-
cant difference in the weight loss occurrences in the TGA
results for each of the spray dried samples (Table S2†).

Stability testing

The PXRD and SEM results after one month at accelerated
stability conditions are shown in Fig. 8. The diffractograms in
Fig. 8[A] show that after one month at accelerated stability con-
ditions some of the samples begin to crystallise. The diffracto-
grams for Run 5, Run 8 and Run 9 have all slightly crystallised
as shown by characteristic peaks of the cocrystal forming:
6.56°, 9.25°, 17.49°, 26.31°, 27.28° (Fig S2†). Run 5 also has
additional peaks present at 8.94° and 12.32° which correspond
to the dihydrate form of carbamazepine. Run 3, Run 4 and
Run 7 are beginning to crystallise with only some characteristic
peaks of the cocrystal present. Run 1, Run 2 and Run 6 all
remain fully amorphous without any crystalline peaks present
in their diffractograms. This shows the impact of the atomis-
ing gas flowrate, and subsequent droplet size, on the purity
and subsequent stability of the co-amorphous mixture formed.
Only the samples produced at the highest atomising gas flow-
rate remain unchanged and fully amorphous after 30 days.
This is likely due to the smaller droplets produced at higher
atomising gas flowrates drying faster and not allowing enough
time for crystallisation to occur. The SEM images show Run 1
(Fig. 8[A]) and Run 5 (Fig. 8[B]) after 30 days at accelerated
stability conditions, 40 °C per 75% RH. The morphology of
Run 1 has not changed; however, the morphology of Run 5 has
changed as it has started to crystallise. Fine needles and prism
shaped crystals can be observed around the original spherical

Fig. 6 DSC thermograms of Runs 1–9 at Day 0 and the initial forms of CBZ and CTZ before spray drying, CBZ initial and CTZ initial. Magnified sec-
tions are included to show the residual solvent and glass transition thermal events.

Paper RSC Pharmaceutics

108 | RSC Pharm., 2025, 2, 102–113 © 2025 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
6/

20
25

 9
:3

6:
48

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4pm00257a


morphology. The only spray drying parameter that was
changed between Run 1 and Run 5 was the atomising gas flow-
rate as these samples were both spray dried at the same feed
flowrate of 0.9 ml min−1.

The results after the samples were placed under accelerated
stability conditions for 60 days are shown in Fig. 9. The diffrac-
tograms of the spray dried samples show a similar trend to the
results after 30 days on stability. The crystalline peaks present

in Run 5, Run 8 and Run 9 are more intense after 60 days. Run
5 has characteristic peaks of the CBZCTZ cocrystal31 present at
6.66°, 9.33°, 17.50°, 22.51°26.42°, 27.33°, CBZ form III43

present at 13.09°, 15.25° and 24.77°, CBZ dihydrate form44

present at 8.84° and 12.24° and CTZ form I29 present at 14.42°,
19.44°, 20.44°, 21.80° and 26.58° (Fig S2†). Run 8 and Run
9 have characteristic peaks of the CBZCTZ cocrystal and CTZ
form I present, it is not clear if characteristic crystalline peaks

Fig. 8 After storage at 40 °C/75% RH [A] PXRD diffractograms of Runs 1–9 at Day 30 [B] SEM image of Run 1 at Day 30 [C] SEM image of Run 5 at
Day 30.

Fig. 7 TGA thermograms of Runs 1–9 at Day 0.
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of CBZ form III are also present. It can also be observed that
the dihydrate form of carbamazepine can also be identified in
Run 8 and Run 9 after 60 days. This shows that, for these
samples, the cocrystal and both individual APIs begin to crys-
tallise. The spray drying process rapidly isolates particles
which may have led to the formation of certain particles which
retained a homogeneous mixture of the two APIs and co-crys-
tallised over time, whereas phase separation may have
occurred in other particles over time leading to them crystallis-
ing into the individual APIs. Some particles may have become
hydrated during storage leading to the formation of the dihy-
drate form of CBZ. The crystalline peaks present in Run 3, Run

4 and Run 7 have not changed significantly since day 30. The
diffractograms for Run 1, Run 2 and Run 6 all remain
unchanged and non-crystalline showing that the particles pro-
duced from smaller droplets did not have enough time to crys-
tallise. The SEM images of Run 1 (Fig. 9[A]) and Run 5 (Fig. 9
[B]) again show the contrast between the samples produced at
different atomising gas flowrates. The morphology of Run 1
remains as smooth spherical particles whereas the mor-
phology of Run 5 shows needle like crystals emerging from the
spherical particles as a transformation takes place.

The results after storing the samples at accelerated stability
conditions for 90 days are displayed in Fig. 10. The PXRD diffr-

Fig. 9 After storage at 40 °C/75% RH [A] PXRD diffractograms of Runs 1–9 at Day 60 [B] SEM image of Run 1 at Day 60 [C] SEM image of Run 5 at
day 60.

Fig. 10 After storage at 40 °C/75% RH [A] PXRD diffractograms of Runs 1–9 at Day 90 [B] SEM image of Run 1 at Day 90 [C] SEM image of Run 5 at
Day 90.
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actograms (Fig. 10[A]) show that all crystalline peaks present in
Run 5, Run 8 and Run 9 appear to be more intense. It can be
observed that after 90 days, the dihydrate form of CBZ is no
longer present at 8.84° and 12.24° in Run 3 and its character-
istic peaks in Run 9 are less intense. This indicates that over
time, under the accelerated storage conditions, the dihydrate
form of CBZ present in the samples is transforming into the
stable form III.45 The peaks present for Run 3, Run 4 and Run
7 do not appear as intense, even after 90 days. For Run 1, Run
2 and Run 6 the samples appear to remain amorphous with
no characteristic crystalline peaks present. The SEM image of
Run 1 (Fig. 10[B]) shows that the morphology of the sample
remains smooth and spherical, however, there is a trace of
small needle shaped particles observed. This indicates the
possible initiation of the sample transforming to a crystalline
phase due to phase separation occurring at the high humidity
condition. Water increases the molecular mobility of the API
which can allow for crystallisation to occur.5 In contrast, the
SEM image of Run 5 (Fig. 10[C]) shows that the spherical
shaped particles are transforming to needles. As these needles
are as a result of a combination of the cocrystal, and each API
crystallising simultaneously, multiple crystal habits with
different orientations are forming. The only difference
between Run 1 and Run 5 causing this significant change in
amorphous form stability is the atomising gas flowrate set in
the spray dryer.

The impact of optimising spray drying process parameters for
co-amorphous systems

The stability results presented herein show a trend is emerging
between the atomising gas flowrate and co-amorphous purity.
As the atomising gas flowrate increases, the co-amorphous
purity increases. The feed flowrate does not have a significant
effect. This can be explained in terms of droplet size and sub-
sequent drying time. A low atomising gas flowrate will produce
larger droplets in the spray drying process which require more
time for solvent evaporation and particle drying. As a result,
there is more time for nucleation to occur to initiate the crys-
tallisation process. It is likely that in this case, when the ato-
mising gas flowrate was set at 357 L h−1 that some nuclei
began to form during the spray drying process which sub-
sequently seeded the transformation of portions of the
samples over time. Alternatively, over time phase separation of
the two APIs can occur due to environmental factors such as
exposure to high humidity.5,8,46,47 In contrast, at high atomis-
ing gas flowrates smaller droplets are produced which require
less time for solvent evaporation. The shorter time for drying
reduces the chance for nucleation to occur. This can explain
how the co-amorphous particles isolated at 742 L h−1 had a
high purity and prolonged stability. The smaller droplet size
could also act as a confinement space preventing particle reor-
ganisation and crystallisation.1

The greatest challenge when producing amorphous or co-
amorphous products is producing pure, non-crystalline pro-
ducts and prolonging their stability. In most cases it is the
addition of excipients that is recommended to prolong their

stability, such as polymer matrices and mesoporous silica.16

Particle coating with a surfactant could also help prolong the
stability of the co-amorphous mixture.21 If a co-amorphous
system demonstrates poor stability generally the first protocol
is to increase excipient load in order to stabilise the amor-
phous form. This can be unfavourable as the volume of excipi-
ent an end user should be ingesting should be the minimum
quantity required in order for the active ingredient to perform
effectively. This study demonstrates how optimising a spray
drying process can produce co-amorphous products of higher
purity which can prolong their stability. Increasing the atomis-
ing gas flowrate can produce high purity co-amorphous pro-
ducts without the use of additives or excipients. Additionally,
the amorphous form of CTZ is not stable and is prone to rapid
crystallisation,41 however, as demonstrated, it can be stabilised
in a co-amorphous formulation by choosing the right spray
drying conditions. The addition of a small quantity of polymer
to form a ternary co-amorphous mixture has also demon-
strated potential in preventing phase separation over time and
prolonging the stability of a co-amorphous mixture.48

As well as optimising the spray drying parameters to
prolong stability of amorphous products, the study also pro-
vides a guide to predicting and controlling the particle size
and yield of a co-amorphous mixture by spray drying. By
increasing the atomising gas flowrate small particle sizes can
be obtained, whereas increasing the atomising gas flowrate
can produce larger particles. Smaller particles can be ben-
eficial in terms of having a higher surface area with positive
implications for the dissolution49 whereas larger particles can
have more desirable compaction and flowability properties.50

Increasing the atomising gas flowrate can also increase the
yield of the co-amorphous mixture by spray drying. Overall, the
feed flowrate, in this case, did not show any significant effect
on the co-amorphous purity, the particle size or the yield.

Conclusion

Spray drying parameters can have a direct impact on the solid-
state and particle properties of the sample produced. The
PXRD results initially showed the complete transformation of
the mixture of CBZ and CTZ to a co-amorphous system at all
spray drying conditions while DSC results revealed the pres-
ence of a minor crystalline phase identified as the cocrystal in
some samples produced at lower atomising gas flowrates. The
accelerated stability study showed the effect of altering the ato-
mising gas flowrate on the stability of the co-amorphous
system produced; for samples produced at lower atomising gas
flowrates, the samples recrystallised over time to a mixture of
the cocrystal and individual APIs. On the other hand, increas-
ing the atomising gas flowrate reduced the droplet sizes,
which increased the amorphous purity, yield and produced
smaller particle sizes of the co-amorphous system. This study
shows the potential of spray drying as a technique for produ-
cing and controlling the stability of co-amorphous systems by
controlling the solid-state properties using the process para-
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meters such as atomising gas flowrate. These findings have
significant implications for co-amorphous product manufac-
turing whereby controlling process parameters to stabilise co-
amorphous systems can prevent the need for adding high exci-
pient load to stabilise the co-amorphous system.
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