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A B S T R A C T

Fixed-dose combinations (FDCs) offer significant advantages to patients and the pharmaceutical industry alike
through improved dissolution profiles, synergistic effects and extended patent lifetimes. Identifying whether two
active pharmaceutical ingredients have the potential to form a drug-drug cocrystal (DDC) or interact is an
essential step in determining the most suitable type of FDC to formulate. The lack of coherent strategies to
determine if two active pharmaceutical ingredients that can be co-administered can form a cocrystal, has
significantly impacted DDC commercialisation. This review aims to accelerate the development of FDCs and
DDCs by evaluating existing experimental, knowledge-based and computational cocrystal screening methods; the
background of their development, their application in screening for cocrystals and DDCs, and their limitations
are discussed. The evaluation provided in this review will act as a guide for selecting suitable screening methods
to accelerate FDC development.

1. Introduction

1.1. Background

Fixed-dose combinations (FDCs) are a combination of two or more
active pharmaceutical ingredients in a single dosage form and are the
basis of many future prospects in the pharmaceutical industry. Medical
conditions including diabetes, cardiovascular disease and hypertension
are complex to treat and many FDCs have been found to show significant
improvements over single-drug medicines (de Cates et al., 2014; Blonde
and San Juan, 2012; Sica, 2002). FDCs are also referred to as fixed-dose
drug combinations, multicomponent drugs, multidrug formulations, and
therapeutic hybrids. There is a lack of applied knowledge surrounding
the existing tools available to screen for successful combinations of small
molecule active pharmaceutical ingredients (APIs). Currently, the
principal approach for identifying new FDCs is trial-and-error through
time consuming experimental studies. The lack of a systematic approach
leads to excessive use of both material resources and time. This is not a
sustainable approach to advance the development of FDCs or an
attractive approach for the pharmaceutical industry. The aim of this
review article is to encourage the design of novel small molecule, oral

solid FDCs with more advantageous properties than their individual
counterpart APIs. Such properties can include enhanced in vivo disso-
lution rates and solubilities or synergistic therapeutic effects. When
considered individually or in tandem, such properties can result in
reduced individual doses of each API in the FDC product in comparison
to the doses in the corresponding single-drug products. The review is
focused on identifying drug-drug cocrystal (DDC) FDCs, in particular, as
a first step in identifying the most suitable FDC dosage form. In the last
decade there have been two FDA approvals of DDCs which offered sig-
nificant benefits to patients and the pharmaceutical industry alike; one
being a novel DDC and another being a combination of two previously
approved APIs. Entresto® is used as a treatment for symptomatic heart
disease and was approved by the FDA as a new molecular entity in 2015
(Fala, 2015). Novartis were ranked the third top pharmaceutical com-
pany by sales of drugs with their second best-selling drug being the
block-buster medicine, Entresto® (Urquhart, 2022). Six years later in
2021, an NDA for Seglentis® was approved by the FDA as an oral tablet
for the treatment of pain (Almansa et al., 2017). These two DDCs were
hugely successful, due to their improved properties over their individual
counterparts highlighting the need for the discovery of more DDCs, both
novel and consisting of previously approved APIs. As the patent cliff
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approaches where many block-buster, best-selling drugs will lose mar-
keting exclusivity from 2023 to 2026 (Evaluate Pharma, 2020), formu-
lating FDCs has become even more opportune. This review provides a
comprehensive overview of DDC screening approaches with a view to
advancing FDC development.

1.2. Fixed-dose combination types

FDCs can be administered in various dosage forms, for example,
FDCs can be monolithic and formed as DDCs (Wang, 2020) that are to be
administered as tablets, capsules or injectables (Fernandez and van
Halsema, 2019). FDCs can also be formed as physical combinations of
APIs such as co-formulated, multi-layer tablets (Janczura et al., 2022),
multi-particulate, or active film-coated (Fig. 1). Whether cocrystal FDC
formulations or non-cocrystal FDC formulations have more advanta-
geous properties can be case specific (Sun, 2013). In the case of olme-
sartan medoxomil and hydrochlorothiazide a multi-layer formulation
resulted in higher dissolution rates in comparison to their cocrystal
(Abdelquader et al., 2019). In the case of isoniazid and pyrazinamide the
cocrystal formation gave higher dissolution andmembrane permeability
than the physical mixture (Liu et al., 2018). Cocrystal systems should be
considered the first step in investigating whether an API has any sig-
nificant advantage when formulated as an FDC to determine whether the
FDCs will interact, if they are chemically compatible or if they are
incompatible. Cocrystals are “a mixed crystal or crystal that contains
two different molecules” (Feltz and Kitaigorodsky, 1985; Vishweshwar
et al., 2006). DDCs are a type of cocrystal in which the coformer is an
additional API; two or more active drugs combined via non-ionic in-
teractions in a single dosage form (Desai et al., 2013). If there is a
complete transfer of protons between the two APIs in the cocrystallisa-
tion process the resulting product is a drug-drug salt (Putra et al., 2016).
DDCs consist of compatible APIs that when co-crystallised can have
higher stability and bioavailability as exhibited by the commercial
tramadol-celecoxib cocrystal (Fernández-García et al., 2020). A
co-amorphous or amorphous solid dispersion (ASD) system can also be
considered if the components are chemically compatible. A
co-amorphous is a homogenous amorphous mixture consisting of one or
more APIs and/or low-molecular weight excipients (Silva et al., 2023).
An ASD includes an amorphous API and polymer carrier whereby the
API is dispersed within the matrix-forming polymer preventing the
recrystallisation of the API (Moseson et al., 2024). Amorphous forms can
offer better solubility properties, however, they are thermodynamically
unstable and challenging to stabilise (Wang et al., 2024). If the two APIs
are chemically compatible but are unsuccessful in forming a cocrystal or
co-amorphous, a co-formulated system can be considered. Monolithic
co-formulated FDCs consist of compatible APIs that have similar

dissolution rates and that will not chemically interact (Desai et al.,
2013). These monolithic types of FDCs should be evaluated first due to
their simpler, efficient and cost-effective manufacturing process
(Fernández-García et al., 2020). If the two APIs are not compatible then
multilayer, multi-particulate and active coated systems can be investi-
gated before a bioequivalence study for the two APIs is carried out (Kim
and Weon, 2021). These types of FDCs allow for chemically incompat-
ible combinations of APIs to be combined in a single dosage form
however they require an increased number of unit processes. Table 1
highlights the advantages and disadvantages of single-drug fixed-dose
formulations and the various types of FDCs.

1.3. Drug-drug cocrystals

Approximately 40 % of newly developed drugs and 90 % of drugs in
development phase are categorised as BCS class II pharmaceuticals with
low aqueous solubility (Karimi-Jafari et al., 2018; Kalepu and Nekkanti,
2015). Alongside many techniques including, salt formation and coc-
rystal formation (Savjani et al., 2012), DDC formation is a method of
enhancing the solubility of BCS class II APIs (Wang, 2020; Leng et al.,
2022; Good and Rodríguez-Hornedo, 2009), examples include tramadol
hydrochloride and celecoxib (Almansa et al., 2017), meloxicam and
aspirin (Cheney et al., 2011), dipfluzine and benzoic acid (Lin et al.,
2014). In a cocrystal the API and coformer interact via weak hydrogen
bonds. One proposed mechanism by which cocrystal formation can
improve the solubility of APIs can be explained by the ‘spring and
parachute effect’. To improve the solubility, a metastable supersaturated
state must be achieved which is known as the ‘spring’: the more soluble
coformer will be drawn from the crystal lattice and into the aqueous
environment. The more hydrophobic API will then become supersatu-
rated and form loosely aggregated clusters (Bavishi and Borkhataria,
2016; Babu and Nangia, 2011; Bolla and Nangia, 2016). This state must
be stabilised long enough for absorption to occur before transforming
into quickly dissolving metastable crystalline forms, therefore a ‘para-
chute’, namely an excipient or additional coformer is required (Bavishi
and Borkhataria, 2016; Babu and Nangia, 2011; Liu et al., 2016; Emami
et al., 2018). Cocrystal solubility is also considered a multi-mechanism
process which depends on environmental conditions including pH and
drug solubilising agents (Kuminek et al., 2016; Machado et al., 2020;
Alhalaweh et al., 2012). Other proposed mechanisms for cocrystal for-
mation enhancing API solubility are via cocrystal dissociation, coformer
ionisation and micellar solubilisation (Kuminek et al., 2016; Huang and
Rodríguez-Hornedo, 2011; 2011; Bethune et al., 2009). As the cocrystal
dissolves into solution it dissociates into its components and the
coformer undergoes ionisation (Bethune et al., 2009). Micellar solubi-
lisation stabilises the cocrystal components that are otherwise unstable

Fig. 1. Graphic of the various types of FDC oral solid formulations.
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in aqueous environments (Kuminek et al., 2016). In DDCs, the coformer
is usually another API that can lead to improved solubility of both or one
of the APIs, for example, the meloxicam-aspirin (Cheney et al., 2011)
and the curcumin–resorcinol (Sanphui et al., 2011) FDC cocrystals. The
incorporation of two APIs in a single dosage form with improved
physiochemical properties over the individual APIs can provide signif-
icant advantages to both the end user and the pharmaceutical industry.

Cocrystals which enhance the solubility properties of an API can
subsequently increase the bioavailability of the drug enhancing its
therapeutic effect (Good and Rodríguez-Hornedo, 2009). This would
mean a patient would no longer have to ingest frequent high-dose ad-
ministrations of the drug. The formation of a more soluble cocrystal can
reduce frequent administrations which can reduce individual API side
effects preventing the need for the administration of additional tablets to
suppress adverse side effects (Kuminek et al., 2016).

1.4. New chemical entity exclusivity

The demand for FDCs has become more evident in recent years. In
2014, FDA revised their interpretation of the 5-year new chemical entity
(NCE) exclusivity for fixed-combination products (Hao et al., 2015; U.S.
FDA, 2014). Before this change, FDCs were not granted NCE exclusivity
unless both API counterparts were not previously approved. The change
redefined the NCE to describe drug substances and not drug products.
With this new definition FDCs containing a drug substance that was
previously unapproved could be granted NCE exclusivity even if it also
contained a drug substance that was approved either individually or in
another FDC. Examples of FDCs approved in between 2015 and 2024 as

a result of this change can be seen in Table 3. This change was made in
order to encourage the development of FDCs as they have become
increasingly prevalent in treating certain diseases. This change has been
monumental in FDC development as it has portrayed to industries the
importance of investing in this area. This further highlights the need for
advanced processing in FDC development. With the decline in emerging
‘block-bluster’ pharmaceuticals, FDC manufacture has become increas-
ingly attractive for pharmaceutical companies (Cuatrecasas, 2006). New
Drug Approvals of combinations of APIs that were individually previ-
ously approved may receive a reduced exclusivity period from the FDA
(3 years), however, they can still get a patent from the United States
Patent and Trademark Office during the development of the new drug
product (U.S. FDA, 2020). Table 2 outlines additional NDAs granted to
combination products in 2021 which include combinations that consist
of previously approved APIs. Both types of approval for FDC products
highlight the benefits of developing FDCs using both previously FDA
approved APIs or APIs that are not approved by the FDA.

From a European perspective, it is evident that the significance of
FDC development is recognised. The European Medicines Agency (EMA)
consider an FDC as a new drug product if the two or more APIs have not
previously been combined, if there is a different quantitative composi-
tion of existing combined substances or if one of the active ingredients is
a new chemical entity (European Medicines Agency, 2017; EMA, 2017).
The European Commission states that a new FDC will be granted mar-
keting authorisation and a period of protection if it has not been pre-
viously authorised as a new medicinal product (European Commission,
2019). This supports and encourages FDC development in Europe as,
similar to the current status in the U.S., new drug products and

Table 1
A comparison between orally administered single drug formulations and FDC types with advantages and disadvantages.

Formulation Type Advantages Disadvantages

Single drug fixed dose
formulations

Simpler method of manufacture. Solubility issues, low bioavailability, higher dosages, frequent
administration.

Cocrystal fixed-dose
combination

Cocrystallisation reduces side effects due to enhancing the solubility route,
stability and subsequently the bioavailability of an API (Kumar and Nanda,
2017).

Time consuming to screen for successful cocrystals which slows down the
discovery of new and important cocrystals.
Possibility of adverse drug interactions.
APIs must have a fixed stoichiometry and similar dissolution profiles (Desai
et al., 2013; Li et al., 2023)

Co-amorphous/ASD
fixed-dose
combination

Drug-drug co-amorphous systems or ASD systems offer enhanced solubility,
stability and bioavailability (Chavan et al., 2016; Ma and Williams, 2019).

Advanced characterisation required to understand if the co-amorphous
system is formed. Difficult to stabilise amorphous systems (Ma and
Williams, 2019). Selecting excipients that will stabilise the co-amorphous
or ASD requires further time-consuming screening (Chavan et al., 2016;
Baghel et al., 2016).

Co-formulated fixed-
dose combination

Simple, cost-effective and efficient methods of formulation and
manufacture (Fernández-García et al., 2020).

Not suitable for APIs which differ in dissolution and absorption
mechanisms or if they are chemically incompatible (Kim and Weon, 2021).
Drug segregation and API interactions can also be an issue (
Fernández-García et al., 2020).

Multi-layer fixed-dose
combination

Multilayer tablets avoid the possibility of chemical incompatibility
(different dissolution or absorption profiles) (Janczura et al., 2022) and
increased the stability of the drug product e.g. using gluing pills technology
(GPT) (Abdelquader et al., 2019)
Different release profiles achieved (Abdul and Poddar, 2004)

Compressibility challenges (Abdul and Poddar, 2004) and fragmentation
tensile strength differences leading to delamination occurring (Abdul and
Poddar, 2004).

Multi-particulate fixed-
dose combinations

Exhibit more consistent release rate, better distribution. They increase
bioavailability and reduce the risk of local irritation. They can disintegrate
in aqueous media before ingesting which can enhance patient compliance.
Safety enhancement as any inconsistency in coating will only affect a small
subunit of each dose (Dey et al., 2008).

Difficult to maintain content uniformity in each individual particulate.
Increased unit processes required. Difficulty of scale up due to the number
of manufacturing processes required (Fernández-García et al., 2020).

Active film coated
fixed-dose
combinations

An active coating layer can protect the active inner core, taste masking and
control the release rate of the active. An intermediate layer can be included
if the two layers are incompatible (Kim and Weon, 2021).

The coating layer must consist of a water-soluble API that can be dissolved
in an aqueous solution (Chen, 2017). Technical challenges can include
maintaining uniform layering of the coating active and determining when
sufficient coating is achieved (Kim and Weon, 2021).
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marketing authorisation are not limited to combinations of only previ-
ously unapproved chemical entities.

1.5. Current standing of FDC development

The importance of FDC development and the impact FDCs can have
has been shown by products that are already commercial and outlined in
Table 3. The drug products outlined in Table 3 are all FDA novel drug
approvals, therefore, each of them contains at least one API that was
previously unapproved by the FDA. This demonstrates how some APIs
can have more impact when used in an FDC. In 2020, for example,
Inqovi® was approved by FDA to treat myelodysplastic syndromes
(MDS). In this FDC, cedazuridine improves the bioavailability of deci-
tabine, therefore, lower doses of decitabine are required to achieve the
same therapeutic effect. As a result, this lowers gastrointestinal toxicity
of the drug (Dhillon, 2020). Despite these improvements in FDC drug
performance, there are limited commercial FDCs available in compari-
son to single-API drugs due to FDC development limitations. Limitations
include unsuccessful combinations of active pharmaceutical ingredients
(APIs), stability and solubility issues (Wang, 2020).

Many studies in cocrystal design have looked at cocrystal formula-
tion techniques and cocrystal formation mechanisms. There has been
limited work in developing a well-defined approach to screening in
advance of FDC manufacture. Screening for suitable coformers can offer
significant timely advancements in the FDC development process. There
are many existing screening methods for forming specific cocrystals;
however, the FDC landscape is much broader incorporating more APIs
and more methods of manufacture into their development. Other recent
discussions around cocrystal screening provide a review of certain
methods but lack a complete discussion on the benefits and drawbacks of
each to advance the development of FDCs (Thipparaboina et al., 2016;
Wood et al., 2014; Kumar and Nanda, 2018; 2021, Wu et al., 2021). The
lack of a systematic approach to both screening andmanufacturing FDCs
has contributed to a slow-paced development of FDCs.

1.6. Cocrystal and DDC screening methods

Three subcategories exist within the scope of reviewing cocrystal and
DDC screening methods. The first category is experimental screening
methods. These methods were first used and are carried out in a

laboratory, combining small quantities of substances in order to deter-
mine successful combinations before upscaling the process. Although
these methods are beneficial, they do not allow for the prediction of
combining FDCs in advance of physically obtaining each of the APIs and
still use a trial-and-error approach. The second subcategory of cocrystal
screening is called knowledge-based methods in this review but can also
be found in the literature as non-computational screening methods
(Fig. 3). These methods incorporate different theories to help in pre-
dicting successful combinations of FDCs. The final subcategory of coc-
rystal screening methods discussed in this review are computational
methods (Fig. 5). Developments in computational cocrystal screening
has propelled forward with recent simultaneous advancements in
computational software. A summary of the function, advantages and
disadvantages for each method is described in Tables 4–6.

This review includes an evaluation of all relevant and available
cocrystal screening methods to the best of our knowledge with the aim of
applying them to assist in the discovery of novel DDCs. The background,
application and limitations of each method will be discussed and eval-
uated with regard to their advantages and disadvantages. Examples of
DDCs that were discovered by the screening methods are provided. For
methods which have not yet led to the discovery of DDCs, however,
examples of drug-coformer cocrystals are provided. According to their
respective patents, from the commercial DDCs discussed herein,
Seglentis® was screened using the experimental approach liquid-
assisted grinding (Salaman and Tesson, 2013), and Entresto® was
screened using solution evaporation (Feng, 2016). Knowledge-based
and computational methods are yet to be widely applied to assist and
advance the discovery of novel DDCs.

2. Experimental cocrystal screening methods

2.1. Phase diagrams and analytical characterisation tools

Phase diagrams are the basis of all solution-based experimental
cocrystal screening methods discussed herein. Binary phase diagrams
are a schematic representation of the thermodynamic relationship be-
tween two molecular entities. Phase diagrams are useful tools for
assessing the stability of interacting components to predict a successful
or unsuccessful combination. Phase solubility diagrams display the
solubilities of the API, coformer and cocrystal on a curve as a function of

Table 2
FDA Centre for Drug Evaluation and Research New Drug Application (NDA) Approvals for FDCs containing two previously approved small molecule APIs granted in
2021.

Name Components Purpose of the combination and NDA approval FDC type NDA Number/Refs.

ROSZET® Rosuvastatin and Ezetimibe To manage hypercholesterlomia and dyslipidemia. The combination allows
for patients to achieve target low-density lipoprotein cholesterol requirements
with no additional adverse effects.

Oral tablet NDA 213072 (Boutari
et al., 2021)

ZYNRELEF® Bupivacaine and Meloxicam This FDC is used as a prolonged release local anaesthetic. The combination
reduces postoperative pain and opioid consumption.

Injectable NDA 211988 (Blair,
2021)

MYFEMBREE® Relugolix, Estradiol, and
Norethindrone Acetate

To manage heavy menstrual bleeding associated with uterine fibroids (USA)
and to manage moderate to severe symptoms of uterine fibroids (EU). The
combination reduces adverse effects such as bone loss and hot flush.

Oral tablet NDA 214846 (Syed,
2022)

VIROPILTM Dolutegravir, Lamivudine, and
Tenofovir Disoproxil Fumarate

To Treat HIV-1. In combination they exhibit synergistic effects against all
subtypes of HIV-1 and certain subtypes of HIV-2.

Oral tablet NDA 212303 (1) (
Omoteso et al., 2022)

TWYNEO® Tretinoin and Benzoyl Peroxide To treat acne vulgaris. Combination product in order to improve treatment
adherence.

Topical multi-
particulate lotion

NDA 214902 (
Kontzias et al., 2023)

SEGLENTIS® Celecoxib and Tramadol
Hydrochloride

For the treatment of pain. Combination as a cocrystal to improve
pharmacokinetic properties.

Oral tablet
(cocrystal)

NDA 213426 (
Almansa et al., 2017)

ENTADFI® Tadalafil and Finasteride To treat urinary tract symptoms related to benign prostatic hyperplasia. As a
combination therapeutic it improves erectile function.

Oral capsule NDA 215423 (
Abdelazim and
Ramzy, 2022)
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Table 3
Small molecule FDCs approved by the FDA 2015 – (June) 2024. Adapted from the FDA New Drug Approvals: CDER’s New Molecular Entities (Excluding New
Therapeutic Biological Products) (U.S. FDA, 2023).

Year FDC name Components* (Year of approval) Purpose of the combination Dosage of combination & Route of
Administration

Refs.

2024 Exblifep® Cefepime (1996) | Enmetazobactam For the treatment of infections caused by multi-drug-
resistant Gram-negative bacteria. Cefepime has
activity against Gram-negative and Gram-positive
pathogens and enmetazobactam protects cefepime
from degradation by particular serine β-lactamases.
Enmetazobactam is not currently approved by the
FDA as a single-dug medication.

Infusion: 2 g cefepime | 0.5 g
enmetazobactam.

Keam (2024)

2023 - - - No small molecule FDCS were added to the list in 2023 - -
2022 RelyvrioTM Sodium Phenylbutyrate (2022) |

Taurursodiol
To treat Amyotrophic lateral sclerosis (ALS) is a
rapidly progressive, fatal neurodegenerative motor
neuron disease. The combination reduces neuronal
death in persons with ALS by simultaneously
mitigating endoplasmic reticulum stress and
mitochondrial dysfunction. Taurursodiol is not
currently approved by the FDA as a single-dug
medication. Relyvrio has since been discontinued.

Oral suspension: 3 g Sodium
Phenylbutyrate | 1 g Taurursodiol

Paganoni et al.
(2020)

2021 Lybalvi® Samidorphan |Olanzapine (2009) This FDC treats schizophrenia. The purpose of the
combination is to reduce the risk of weight gain.
Olanzapine is an antiphsycotic and samidorphan is an
opiod antagonist. The individual components of the
FDC are chemically incompatible and, therefore, a
multi-layer release tablet was formulated.
Samidorphan is not currently approved by the FDA as
a single-dug medication.

Solid oral dosage form (Muli-layer
immediate release oral tablets)
5 mg olanzapine | 10 mg
samidorphan
10 mg olanzapine | 10 mg
samidorphan
15 mg olanzapine | 10 mg
samidorphan
20 mg olanzapine | 10 mg
samidorphan

Paik (2021)

​ Nextstellis® Estetrol | Drospirenone (2001) This FDC is a combination oral contraceptive. The
purpose of this combination is to reduce thrombotic
risk. Estetrol is plant-synthesised oestrogen and
drospirenone is a progestin. In combination the
hormones prevent ovulation. Due to estetrol having
weaker oegstorgen-related effects it can provide a
lower risk of blood clotting than other oral
contraceptives. Estetrol is not currently approved by
the FDA as a single-dug medication.

Solid oral dosage form (tablet):
3 mg Drospirenone | 14.2 mg estetrol

Lee and Syed
(2022)

​ Azstarys® Serdexmethylphenidate |
Dexmethylphenidate (2005)

To treat attention deficit disorder.
Serdexmethylphenidate is a prodrug of
dexymethylphenidate. Dexymethylphenidate
increases levels of dopamine and norepinephrine in
the central nervous system. Serdexmethylphenidate
improves the drug delivery and absorption
mechanism of dexymethylphenidate.
Serdexmethylphenidate is not currently approved by
the FDA as a single-dug medication.

Solid oral dosage form (capsules):
26.1 mg Serdexmethylphenidate |
5.2 mg Dexmethylphenidate
39.2 mg Serdexmethylphenidate |
7.8 mg Dexmethylphenidate
52.3 mg Serdexmethylphenidate |
10.4 mg Dexmethylphenidate

Faraone (2018)

2020 Inqovi® Decitabine (2006)|Cedazuridine To treat myelodysplastic syndromes (MDS).
Cedazuirdine improves the bioavailability of
decitabine. Lower doses of decitabine are required
when used in combination with cedazuridine as a
result, this lowers gastrointestinal toxicity.
Cedazuridine is not currently approved by the FDA as
a single-dug medication.

Solid oral dosage form (tablet):
35mg Decitabine | 100mg
Cedazuridine

Dhillon (2020)

2019 RecarbrioTM Imipenem (1985) | Cilastatin
(1985) |Relebactam

To treat patients with lung infections/pneumonia,
blood infections and aerobic Gram-negative bacteria.
It is an antibiotic medication. Imipenem kills bacteria.
Cilastin prevents the breakdown of impenem,
allowing it work for longer. Relebactam blocks beta-
lactamase enzymes in the bacteria which break down
impenem. Imipenem, cilastatin and relebactam are
not currently approved by the FDA as a single-dug
medications. Imipenem and cilastatin were previously
approved by the FDA in 1985 as the combination
product Primaxin.

Injectable:
500mg Imipenem | 500mg Cilastatin
| 250mg Relebactam

Heo (2021)

2018 Akynzeo® Fosnetupitant | Palonosetron
(2003)

To treat nassea for longer periods of time in after
chemotherapy. Fosnetupitant and palonosetron both
work by blocking different receptors which induce
nasuea. Fosnetupitant is not currently approved by
the FDA as a single-dug medication.

Injectable (lyphillized powder
reconstituted)
235mg Fosnetupitant | 0.5mg
Palonosetron
300mg Fosnetupitant | 0.5mg
Palonosetron (Multi-particulate
capsules approved in 2015)

Raedler (2015)

​ Symdeko® Tezacaftor | Ivacaftor (2012) This combination is used to treat cystic fibrosis.
Tezacaftor enhances the overall cystic fibrosis
transmembrane conductance regulator function,

Solid oral dosage form (tablet)
100mg tezacaftor/150mg Ivacaftor |
150mg Ivacaftor

Rowe et al.
(2017)

(continued on next page)
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Table 3 (continued )

Year FDC name Components* (Year of approval) Purpose of the combination Dosage of combination & Route of
Administration

Refs.

while ivacaftor functions by ensuring the opening of
the chloride channels. In combination tezacaftor can
perform more effectively. Tezacaftor is not currently
approved by the FDA as a single-dug medication.

50mg tezacaftor/75mg Ivacaftor |
75mg Ivacaftor

​ Biktarvy® Bictegravir | Emtricitabine (2004) |
Tenofovir Alafenamide (2016)

To treat HIV-1. Bictegravir inhibits an enzyme which
prevents the the integration of HIV-1 into the patient’s
DNA. Emtricitabine forms a metabolite which inhibis
the activity of HIV reverse transcriptase. Tenofovir
Alafenamide works as a prodrug. Bictegravir is not
currently approved by the FDA as a single-dug
medication.

Solid oral dosage form (tablet)
50mg Bictegravir | 200mg
Emtricitabine | 25mg Tenofovir
Alafenamide

Deeks (2018)

2017 Vabomere® Meropenem (1983) |Vaborbactam This FDC is used to treat cUTIs. Meropenem is a
carbapenem antibacterial agent that functions by
preventing bacterial cell-wall synthesis. Vaborbactam
is a boronic acid beta-lactamase inhibitor.
Vaborbactam has no antibacterial activity but it
prevents beta-lactamases from hydrolyzing
meropenem allowing the meropenem to carry out its
function effectively. Vaborbactam is not currently
approved by the FDA as a single-dug medication.

Injectable
4 g administered over 3 h
intravenous (IV) infusion every 8 h

Lee et al. (2019)

​ Mavyret® Glecaprevir | Pibrentasvir To prevent hepatitus C in patients with HCV genotype
1, 2, 3, 4, 5, or 6. Glecaprevir and pibrentasvir are
both HCV inhibitors but in combination allow for
sustained suppression of the virus. Due to the
combination lower dosages of each are used reducing
the liklihood of a patient building a tolerance or
developing antiviral resistance. Glecaprevir and
pibrentasvir are not currently approved by the FDA as
a single-dug medications.

Solid oral dosage form (tablet)
100mg Glecaprevir | 40mg
Pibrentasvir

Massengill
(2023)

​ Vosevi® Sofosbuvir (2013) | Velpatasvir
(2016) | Voxilaprevir

To prevent hepatitus C frommultiplying. Sofosbuvir is
an NS5B polymerase inhibitor, a nucleotide-based
prodrug, velpatasvir is an NS5A inhibitor which
contributes toward inhibiting viral replication and
voxilaprevir is an NS3/4A protease inhibitor. This
combination allows for the cleavage of three different
hepatitus C proteins simultaneously. Velpatasvir and
voxilaprevir are not currently approved by the FDA as
a single-dug medications. Sofosbuvir and velpatasvir
were approved by the FDA under the brand name
Epclusa in 2016.

Solid oral dosage form (tablet)
400mg Sofosbuvir | 100mg
Velpatasvir | 100mg Voxilaprevir

Besandre and Liu
(2018)

2016 Epclusa® Sofosbuvir (2013) | Velpatasvir This FDC is used to prevent hepatitus C from
multiplying. Sofosbuvir is an NS5B polymerase
inhibitor, a nucleotide-based prodrug, velpatasvir is
an NS5A inhibitor which contributes toward
inhibiting viral replication. Velpatasvir is not
currently approved by the FDA as a single-dug
medication.

Solid oral dosage form (tablet)
400 mg Sofosbuvir | 100 mg
Velpatasvir

Brainard and
McHutchison
(2019)

​ Zepatier® Elbasvir | Grazoprevir Elbasvir is an inhibitor of the HCV nonstructural
protein 5A and grazoprevir is a reversible competitive
inhibitor of the HCV nonstructural protein 3/4A
protease. These drugs work in combination to prevent
hepatitus C from multiplying. Elbasvir and
grazoprevir are not currently approved by the FDA as
a single-dug medications.

Solid oral dosage form (tablet)
50mg Elbasvir | 100mg Grazoprevir

Robertson and
Barr (2019)

2015 Genvoya® Elvitegravir (2014) | Cobicistat
(2014) | Emtricitabine (2003) |
Tenofovir Alafenamide

This FDC is administered for the treatment of HIV-1
infection. Cobicistat reduces the action of liver
enzymes that break down antiviral APIs. The other
three APIs, elvitegravir, emtricitabine and tenofovir
alafenamide, prevent HIV from multiplying.
Tenofovir alafenamide was approved by the FDA as a
single-drug medication in 2016 after the approval of
the FDC, Genvoya.

Solid oral dosage form (tablet)
150mg Elvitegravir | 150mg
Cobicistat | 200mg Emtricitabine |
10mg Tenofovir alafenamide

Angione et al.
(2018)

​ Lonsurf® Trifluridine (1980 – topical) |
Tipiracil

This combination is administered to treat colorectal
cancer and gastric cancer. Trifluridine is a nucleoside
analog that inhibits DNA synthesis and cellular
proliferation. Tipiracil inihibits thymidine
phosphorylase which breaks down trifluridine;
therefore, the combination enhances the overall
performance of tipiracil. Tipiracil is not currently
approved by the FDA as a single-dug medication.

Solid oral dosage form (tablet)
15mg Trifluridine | 6.14mg Tipiracil
20 mg Trifluridine | 8.19mg Tipiracil

Kish and Uppal
(2016)

​ Entresto® Sacubitril | Valsartan (2005) Sacubitril reduces blood pressure. Valsartan is an
angiotensin II receptor blocker. Valsartan functions in
this combination by inhibiting the active metabolite
of the prodrug sacubitril allowing it to perform

Solid oral dosage form (tablet)
cocrystal
24mg Sacubitril | 26mg Valsartan
49mg Sacubitril | 51mg Valsartan
97mg Sacubitril | 103mg Valsartan

Fala (2015),
Zhang et al.
(2021)

(continued on next page)
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concentration (Childs et al., 2008). Ternary phase diagrams assess three
components, the API, coformer and solvent. The corners of the trian-
gular diagram represent pure components of the API, the coformer and
the solvent. The area of the triangle represents all possible compositions
of the three components (Malamatari et al., 2017). Ternary phase dia-
grams can be used for assessing the formation of cocrystals through their
solubility (Chadwick et al., 2009) and subsequently the relative stabil-
ities of cocrystals in solution. Based on this method, the more stable
compounds are less soluble (Veith, 2021). The example phase solubility
diagram in Fig. 2 shows the regions in which the solid API, solid coc-
rystal (CC), coformer (CF), liquid phase (L) and deliquescence relative
saturation (DRS) (the formation of a liquid phase from a crystalline
phase at a particular RS relative saturation (RS) of an organic solvent)
are present. Ternary phase diagrams are constructed by calculating the
solubility curves of the API, coformer and cocrystal (Malamatari et al.,
2017).

The desired region to obtain the cocrystal is the ‘CC + L’ region in
which the solid form can be separated more easily from the liquid form.
Understanding cocrystal phase behaviour is essential for formulating
cocrystals and DDCs (Malamatari et al., 2017). Analytical characteri-
sation is required in combination with all experimental cocrystal
screening methods to monitor and confirm the formation of cocrystals or
DDCs. Common tools used are x-ray diffraction (XRD), powder x-ray
diffraction (PXRD), electron diffraction (ED), Fourier-transform infrared

(FTIR) spectroscopy, and differential scanning calorimetry (DSC)
(Kumar Bandaru et al., 2021), which can also be used as a screening
method (Saganowska and Wesolowski, 2018).

2.2. Solution crystallisation

2.2.1. Background
The most commonly used method to determine cocrystal formation

is by solution evaporation . The basis of this method is that solvent is
being removed from the system and simultaneously the concentration of
the system increases (Buddhadev and Garala, 2021). The system be-
comes supersaturated and subsequently, nucleation and crystal growth
occurs (Myerson, 2002). Cooling crystallisation and antisolvent crys-
tallisation are preferred for larger scale industrial crystallisation as the
crystallisation conditions can be controlled (Malamatari et al., 2017).
Cooling crystallisation is a method that works on the basis that materials
get less soluble at lower temperatures and, therefore, cooling the solu-
tion causes the system to become supersaturated and initiates crystal-
lisation (Myerson, 2002). Antisolvent crystallisation works by the
materials having a different solubility in two miscible solvents. The
cocrystal components are dissolved in the solvent in which they are
more soluble until it is saturated. Then the solvent in which they have a
low solubility, the antisolvent, is added causing the solution to become
supersaturated and crystallisation occurs (Saha et al., 2023).

Table 3 (continued )

Year FDC name Components* (Year of approval) Purpose of the combination Dosage of combination & Route of
Administration

Refs.

effectivelty. Sacubitril is not currently approved by
the FDA as a single-dug medication.

​ Orkambi® Lumacaftor | Ivacaftor (2012) This FDC is used to treat cystic fibrosis. Ivacaftor
enhances the chloride channel activity. In
combination, lumacaftor significantly enhances the
functional activity of a cystic fibrosis transmembrane
conductance regulator in pre-clinical studies of
primary bronchial cell cultures and rectal biopsy-
derived organoids. Lumacaftor is not currently
approved by the FDA as a single-dug medication.

Solid oral dosage form (tablet)
75mg Lumacaftor | 94mg Ivacaftor
100mg Lumacaftor | 125mg Ivacaftor
150 mg Lumacaftor | 188mg
Ivacaftor

Molinski et al.
(2017)

​ Avycaz® Ceftazidime (1985) | Avibactam This FDC is administered for the treatment of cUTIs.
Ceftazidime is an antibacterial API. Avibactam is a
non–beta-lactam beta-lactamase inhibitor that
inactivates several beta-lactamases and prevents the
degredation of ceftazidime. The combination allows
for a longer half life ceftazidime, overall increasing its
efficiency. Avibactam is not currently approved by the
FDA as a single-dug medication.

Infusion
2000mg Ceftazidime | 500mg
Avibactam for 2 h every 8 h

Mosley et al.
(2016)

* Molecular structures available in the Supplementary Information (Table S1).

Table 4
Summary of the function, advantages and disadvantages of experimental cocrystal/DDC screening methods.

Method Function Advantages Disadvantages

Solution Crystallisation A solution becomes supersaturated by means of evaporation,
cooling or using an anti-solvent. Subsequently, the possibility
of cocrystallisation is determined.

Full recovery of input
materials.

Trial-and-error approach, Slow solvent evaporation
rates can lead to longer screening times. Solvent waste
produced.

Cocktail Method Solution including API and coformer in a solvent. The
components must both be soluble in the chosen solvent.

Quick sample preparation. Trial-and-error approach, experiments must be
repeated multiple times.

Mechanochemical
Methods

Mechanical force can be applied using a hand-held pestle and
mortar or a mixer mill. For solvent drop grinding, the
components must both be soluble in the chosen solvent.

Small samples are required. Trial-and-error approach. Limited recovery of
material.

Slurry Solid particles suspended in a solvent to form stable cocrystals. APIs and coformers with
incompatible solubility can
be screened.

Trial-and-error approach, time-consuming due to
selecting a suitable solvent.

Hot Stage Microscopy Observation of crystals in melting region of the combining API
and coformer.

No sample preparation. Trial-and-error approach, APIs must have similar
melting temperatures.

DSC Melting temperatures determine if a combination is feasible. Small amount of sample
required. No sample
preparation required.

Trial-and-error, polymorphic samples can complicate
interpretation of shifted melting endotherms.

Saturation
Temperature
Technique

Saturation temperature determines if a combination is feasible. Quick sample preparation. Trial-and-error, this method cannot confirm if a
combination is feasible but merely act as a guide,
many factors can influence saturation temperature.
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2.2.2. Application & limitations
The amount of solvent and the solubility of the API and coformer in

the solvent can influence the ability of the coformers to form a cocrystal
using the solution evaporation method (Haskins and Zaworotko, 2021).
Cocrystals which have been prepared using this screening method
include carbamazepine-succinic Acid (Fuliaş et al., 2015)
sulfamethazine-theophylline (Lu and Rohani, 2010) and
ibuprofen-nicotinamide (Yuliandra et al., 2018). An advantage of this
method is that a full recovery of input materials can be achieved. The
method can be limited as slow solvent evaporation rates can lead to
longer screening times. As the scale of the experiments increase, solvent
waste also increases which is both harmful for the environment and
costly to recover and dispose of. The production of solvent waste can
also come with safety hazards and health risks, therefore solvent use
should be minimised where possible (Haskins and Zaworotko, 2021;
Constable et al., 2007).

2.3. Cocktail method

2.3.1. Background
The cocktail cocrystal grinding method was outlined by Yamamoto

et al. (2012). The cocktail cocrystal grinding screening method is an
approach in which an API is grinded with a variety of coformers with the
same functional group that form synthons with the API (see Section 3.1).
The method both identifies whether cocrystal formation is possible and
which coformer has the strongest interaction.

2.3.2. Application & limitations
Using this method, approximately 20 mg of powder consisting of API

and coformers are milled with 20 μL of n-heptane using a ball mill
(Yamamoto et al., 2012). This method can be more advantageous than
solution cocrystal screening methods as a cocrystal can be determined
before screening for a solvent in which both are soluble. For example,
previously known cocrystals including carbamazepine-fumaric acid,
piroxicam-benzoic acid and piroxicam-succinic acid were formed using
the Cocktail Method. In addition, novel cocrystals including
carbamazepine-urea, piroxicam-citric acid and spironolactone-benzoic
acid were discovered using this method (Yamamoto et al., 2012). To
predict DDC combinations, this method has a simple preparation,
however, the results may not always be clear due to having a variety of
substances present which could mask a combination during analysis or a
successful cocrystal could be masked by a cocrystal combination with a
higher affinity. Two APIs may have a higher affinity for one another but
may not have as beneficial a therapeutic effect as a masked combination.

2.4. Mechanochemical methods

2.4.1. Background
Mechanochemical cocrystal screening methods include solvent drop

grinding, also called liquid assisted grinding and kneading (Haskins and
Zaworotko, 2021), and neat grinding. In each of these methods two
components are combined by grinding small quantities of an API and a
coformer using a pestle and mortar. Mechanochemical methods can also
be carried out by using a mixer mill. Neat grinding can lead to the for-
mation of cocrystals by several potential mechanisms: molecular diffu-
sion, eutectic formation and amorphous phase formation. The selected
grinding conditions can, therefore, cause changes in each of these
mechanisms. All mechanisms include an intermediate phase with an
enhanced mobility or higher energy of the reactant molecules (Frǐsčić
and Jones, 2009). It is reported that the formation of an amorphous
intermediate is the most likely mechanism (Hasa and Jones, 2017). For
liquid assisted grinding, it has been reported that the mechanism is more
complex, however, it is not clear how the addition of liquid makes it a
more efficient method than neat grinding for cocrystal formation. It has
been proposed that in some cases, the liquid can have a physical role or
in other cases it can facilitate molecular diffusion (Hasa and Jones,

2017; Frǐsčić et al., 2009).

2.4.2. Application & limitations
In liquid assisted grinding a solvent is added to act as a catalyst in

forming the cocrystal (Delori et al., 2012). In comparison to using a
hand-held pestle and mortar, a mixer mill operates at much higher and
consistent frequencies (Delori et al., 2012). Mixer mills can also be
referred to as ball mills as small metal balls are placed in the mill to add
additional mechanical force subsequently reducing the size of the par-
ticles. The aspirin-methylnicotinate, the ibuprofen-nicotinamide and the
4-aminobenzoic acid-amifampridine DDCs have been formed using
mechanochemical methods (Leng et al., 2022). Since 2009, some more
recent advances in mechanochemistry include the introduction of
methods such as variable amount liquid assisted grinding (VALAG), ion
liquid assisted grinding (ILAG), polymer assisted grinding (POLAG) and
variable temperature grinding (VATEG) (Hasa and Jones, 2017). VATEG
uses different temperatures to assess the possibility of cocrystal forma-
tion, for example elevating the temperature of the milling process
accelerated the formation of the cocrystal. VALAG is a method in which
all milling parameters such as frequency, time and API amount are kept
constant while the solvent amount is varied. Using the VALAG method
for the caffeine-L-tartaric acid cocrystal highlighted that the yield was
dependent on the liquid quantity added (Hasa and Jones, 2017; Frǐsčić
et al., 2009). ILAG uses salts to increase the reactivity of an API by
changing its polymorphic form, POLAG uses Poly(ethylene glycol) (PEG)
catalysts to alter the polymorphic form. For example, the
caffeine-anthranilic acid cocrystal was formed with a different poly-
morphic form using POLAG than it was using neat grinding (Hasa and
Jones, 2017). This method is beneficial due to small amounts of APIs
being required. Limitations of mechanochemical methods include
limited recovery of product from the milling jars. Limitations of LAG
include the APIs being too soluble or too insoluble in the chosen solvent
(Delori et al., 2012). Stoichiometric mixtures also need to be prepared in
order to get conclusive results.

2.5. Slurry

2.5.1. Background
The slurry cocrystal screening method is used for predicting a suc-

cessful cocrystallisation of an API and coformer with incompatible sol-
ubilities (Pawar et al., 2021). This approach was first put forward as a
cocrystal screening method by Zhang et al. (2007) If the activity of a
coformer in a slurry with a drug is higher than the critical activity of the
coformer then cocrystal formation is more stable than the drug existing
as individual crystals of its components. On the contrary, if the critical
activity of a coformer is greater than the activity of the coformer in the
slurry then the drug is more stable as individual crystals of its compo-
nents. The activity value is a value between 0 and 1 where the drug and
cocrystal have the same thermodynamic stability.

2.5.2. Application & limitations
A slurry is formed by suspending an API and coformer in a small

amount of solvent (Malamatari et al., 2017; Haskins and Zaworotko,
2021). When a slurry is formed consisting of both the API and coformer
the activity is higher than the critical activity of both components. If it is
feasible for the combining substances to form a cocrystal, the stable
cocrystal form will nucleate by solution mediated transformation
(Zhang et al., 2007). As the cocrystal nucleates and grows the individual
crystals of its components dissolve. For this method, the stoichiometric
ratio does not need to be accurate (Pawar et al., 2021). An advantage of
using this screening method is that the most stable cocrystal form is
obtained (Gu et al., 2001). DDCs including indomethacin-nicotinamide,
indomethacin-lactamide and indomethacin-benzamide were discovered
using this screening technique (Kojima et al., 2010). A 1:1 cocrystal of
stanolone and mestanolone was also formed using this method (Takata
et al., 2008). This method can be limited as it requires time-consuming
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sample preparation due to selecting a suitable solvent. As a result, this
method also requires using many solvents leading to the production of
more solvent waste.

2.6. Hot stage microscopy

2.6.1. Background
Screening using hot stage microscopy (HSM) is based on the Kofler

contact method. Kofler and Kofler (1952) explained the screening
approach in 1952 and the approach has been used widely in cocrystal
since then.

2.6.2. Application & limitations
In this method, an API and coformer are placed adjacently and

heated to their melting temperatures under a microscope, if crystals are
observed forming at the interface between the melted API and coformer,
cocrystallisation is possible (Kumar et al., 2020). For example, DDCs
including flurbiprofen-nicotinamide, paracetamol-nicotinamide and
fenbufen-nicotinamide have been formed using the HSM method (Berry
et al., 2008). More DDC examples include codeine-cyclopentobarbital
(Gelbrich et al., 2023) and theophylline-nicotinamide (Kumar et al.,
2020; Lu and Rohani, 2009). The lamotrigine-phthalimide, lamo-
trigine-caffeine and the lamotrigine-isophthaldehyde DDCs were ob-
tained using a combination of the HSM method and Differential
Scanning Calorimetry (Lekšić et al., 2012). These methods are
commonly used as complementary tools. This method can give a lot of
information about the thermal nature of the APIs and can indicate the
formation of a DDC while using a small amount of API. This method
requires both APIs to have similar melting temperatures so that one does
not degrade before the melting temperature of the other API.

2.7. Differential scanning calorimetry

2.7.1. Background
Differential Scanning Calorimetry (DSC) cocrystal screening was first

used for this purpose by Lu et al. Cocrystal formation can happen from
the eutectic melt of the drug and the coformer. Lu et al. (2008) proposed
that in systems that can form eutectics, heating the materials past the
eutectic temperature can facilitate the formation of a cocrystal.

2.7.2. Application & limitations
For this screening approach, a small quantity of an API and a

coformer in solid form are placed in a DSC crucible. As the crucible is
heated, both substances melt and their melting endotherms are
observed. As the cooling cycle is implemented, if a crystallisation peak
that is not characteristic to either individual API is identified, it is
possible this peak represents the formation of a cocrystal (Saganowska
andWesolowski, 2018; Lu et al., 2008). If a cocrystal or DDC is identified
to have a melting point lower than the individual components, it is likely
to have improved dissolution properties (Perlovich, 2021). A novel DDC
and cocrystal that are reported to have been discovered using this
method include sulfamethazine-nicotinamide and carbamazepine
-galactic acid, respectively (Lu et al., 2008). However, this may not be
applicable for polymorphic APIs that are highly temperature sensitive,
such as carbamazepine, as they can recrystallise into another poly-
morphic form with a different melting endotherm. If one API de-
composes at a temperature lower than the melting temperature of the
other API, DSC cannot be used as a screening method. A further limi-
tation is that the formation of a cocrystal must be confirmed by other
methods of analysis due to ambiguous DSC results. Heat modulated
powder x-ray diffraction, for example, can be used to screen the for-
mation of DDCs, while ambient temperature powder X-ray could be used
for monitoring the stability of DDCs after formation at specific
conditions.

2.8. Saturation temperature technique

2.8.1. Background
The solubility of a stable cocrystal is lower than the combination of

its individual components as the solubility represents the free energy of
formation of the cocrystal (Malamatari et al., 2017). Ter Horst et al.
(2009) introduced the saturation temperature technique as a cocrystal
screening method. The authors explained that if a solution of an API and
coformer has the ability to co-crystallise, the saturation temperature
should be higher than a reference temperature by more than 10 ◦C.

2.8.2. Application & limitations
This method involves the initial preparation of the solution of an API

and coformer, measuring the temperature at which the individual
components are soluble to determine the concentration region to screen
for cocrystal formation. The saturation temperature of the solution is
then determined using laboratory equipment, for example, the Crystal16
by Technobis Crystallisation Systems was used in the study by Ter Horst
et al. (2009). At a certain temperature, the reference temperature T, the
solution is positioned within the cocrystal formation region of the phase
diagram. The solution will have a saturation temperature Ts. If Ts is
greater than the starting temperature, the temperature of the solution
containing the cocrystal components at the initiation of the experiment,
by 10 ◦C or more, then cocrystal formation is likely. This is due to the
solubility of a cocrystal that is more stable than its individual compo-
nents being lower than the solubility of its individual components.
Cocrystals that have been identified using this method include
carbamazepine-isonicotinamide and the novel cocrystals carbamaze-
pine 2-nitrobenzamide and carbamazepine-benzamide (Ter Horst et al.,
2009). In terms of limitations, in order to for the method to be accurate,
saturation temperature measurements across a range of compositions
must be determined which can be time-consuming to prepare.

Experimental screening is currently widely used to screen for coc-
rystals; however, these methods are carried out in a trial-and-error
manner. The following sections outline methods which can be applied
to inform and narrow down broad experimental screening studies.

3. Knowledge-based cocrystal screening methods

3.1. Synthon engineering

3.1.1. Background
In 1967 the term “synthon” was coined in organic synthetic chem-

istry by Corey (1967) to represent a simpler outlook on synthetic com-
ponents. It was defined as ‘structural units within a molecule which are
related to possible synthetic operations’. In 1995, Desiraju introduced
the supramolecular synthon to crystal engineering (Desiraju, 1995). The
author described the crystal structure as a network of nodes and node
connections. As an example, CH and CN can be considered as nodes and
the hydrogen bond connecting them acts as the node connection. As a
result, the HCN molecule is considered to be a supramolecular synthon,
a building block for a successful combination. If this hydrogen bond
exists between an API and a coformer, they will be considered a suc-
cessful combination as this synthon is known for containing a strong H
bond (Grabowski, 2016).

3.1.2. Application & limitations
The goal of crystal engineering is to recognise and design synthons

that are robust enough to be exchanged from one network structure to
another. These interchanging functional groups can enhance the pre-
dictability of combinations (Desiraju, 1995). This method works on the
principle of molecular similarity being favoured for cocrystal formation.
By tailoring the molecular packing arrangement of a molecule in a
crystal i.e. exchanging synthons, a structure can be created that com-
pliments the coformer crystal arrangement allowing for a successful
combination. For cocrystal formation to occur the energetic driving
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force must favour the formation of a heterodimer over a homodimer.
Synthons are ranked based on their energy differences and, therefore,
the most suitable interaction between two molecules can be predicted
(Thipparaboina et al., 2016). For example, data from Cambridge
Structure Database (CSD) shows that 48.5 % of crystal structures contain
the acid-pyridine hetero-synthon, however, only 4.1 % have the acid
homo-synthon therefore it can be predicted that an acid-pyridine bond
would be more favourable than an acid-acid bond under similar condi-
tions (Bolla et al., 2022; Almarsson and Zaworotko, 2004). This ability
to statistically predict the formation of heterosynthons between two
molecules leads higher chance of forming new molecular entities. The
OH—O synthon is the strongest followed by the NH—O synthon due to
hydrogen bonding (Dunitz and Gavezzotti, 2012). The
olanzapine-hydroquinone cocrystal was identified using the synthon
approach (Nanubolu and Ravikumar, 2017). To date, however, this
screening method is only applicable for simple molecules (De Vries
et al., 2016). Limitations in the predictability of synthons include
structural interference (Banerjee et al., 2006), and when a solvent is
present in the crystal lattice (Corpinot and Bucar, 2018). The method is
also limited for polymorphic APIs as polymorphism is influenced by
differences in thermodynamic and kinetic properties which are not
taken into account by synthon engineering (Corpinot and Bucar, 2018).

3.2. Hydrogen bond propensity

3.2.1. Background
Etter introduced hydrogen bond propensity as a prediction tool in

1991 by investigating the potential for functional groups to exhibit
consistent selectivity patterns in the solid state (Etter, 1991). The study
systematically analysed the use of hydrogen bonding in crystal struc-
tures found in CSD. This analysis was performed to look at
hydrogen-bond favourability of certain functional groups. Hydrogen
bond propensity (HBP) is now a tool in CSD Mercury for predicting the
tendency of a hydrogen bond to form between two molecules (Sarkar
et al., 2020). Since the most likely interaction to combine an API and
coformer is hydrogen bonding this method is used to predict the for-
mation of a cocrystal.

3.2.2. Application & limitations
In this method the propensity of the API-API, coformer-coformer and

API-coformer is calculated. If the highest bond propensity on a scale of
0-1 is found between an API and coformer, a successful combination is
likely (Sarkar et al., 2020). If the highest propensity was calculated
between a reactant and solvent, this either indicated high probability of
the reactants crystallising out as solvates or there was an incorporation

of solvent molecules into a cocrystal lattice (Delori et al., 2013). This
method can distinguish between coformers likely to form interactions
with an API. The differences in propensities are ranked for an API with
different coformers and the highest propensity differences predict suc-
cessful cocrystal combinations (Galek et al., 2007). Examples of coc-
rystals successfully predicted using this screening method include
nevirapine-oxalic acid, diclofenac-3-hydroxypyridine and nevira
pine-malonic acid (Sarkar and Aakeröy, 2020). HBP calculations are
limited in that it is unable to predict the combination of two functional
groups that do not contain hydrogen bond functionality (Mapp et al.,
2017). Predictability can be limited in some cases due to a cocrystal;
forming without direct interaction between reactants or a cocrystal may
not form due to difference in solubility of the components (Delori et al.,
2013). This method could not be used as a stand-alone method of pre-
diction for DDC formation as it can be limited for more diverse com-
pounds with larger molecular weights. These types of compounds can
exhibit steric hindrance which may reduce hydrogen bond tendency. As
DDCs are a combination of two APIs which are larger than simple
molecules predictions may be less accurate; therefore, HBP calculations
may only be useful as a guide in DDC screening and may not be as ac-
curate as it performs for simple molecules (Delori et al., 2013; Sarkar
et al., 2019).

3.3. Fabian’s method: molecular complimentary

3.3.1. Background
Fabian’s method is based on polarity and shape descriptors that can

be used to predict the possible coformers of cocrystals (Sarkar et al.,
2019). Fábián (2009) analysed a number of organic crystal structures in
the CSD via statistical analysis. Further calculations were carried out to
determine their molecular descriptors, their physiochemical and struc-
tural properties. Themolecular descriptors were calculated using several
programming software packages. Fabian concluded that the descriptor
which displayed the highest correlation to cocrystal formation was
fractional polar volumes (FPVs) indicating that cocrystal formation is
more likely for APIs and coformers with similar polarity. FPV is the
fraction of the molecular volume that belongs to polar atoms; nitrogen,
oxygen and sulphur atoms as well as hydrogen atoms bonded to them
(Kumar and Nanda, 2018). The study also found that molecules with a
similar molecular shape were more likely to successfully combine to
form a cocrystal (Fábián, 2009).

3.3.2. Application & limitations
Cocrystals identified using this method include theophylline-maleic

acid, theobromine-oxalic acid and theophylline-malonic acid (Fábián

Table 5
Summary of the function, advantages and disadvantages of knowledge-based cocrystal/DDC screening methods.

Method Function Advantages Disadvantages

Synthon
Engineering

Interchange synthons to enhance packing
arrangement and predictability.

Predict combinations by API structure
without the need to obtain costly materials.

Applies to only simple molecules. Auxiliary interactions
and other hydrogen bond donors and acceptors are not
accounted for. No quantisation.

Hydrogen Bond
Propensity

The propensities between the API-API, coformer-
coformer and API-coformer are calculated. The API-
coformer propensity must be the greatest for a
combination to occur.

The likelihood of an API combining with a list
of coformers can be quantified and ranked.
No materials are used in this method.

The molecule must include hydrogen bonding. Limited
for more diverse compounds with larger molecular
weights due to stearic hindrance.

Fabian’s
Method

Shape and polarity govern a successful cocrystal
formation.

Materials do not need to be acquired for this
method.

This method can only include C, H, N, O, S, P, F, Cl, Br,
or I atoms.

pKa Method The difference in pka between the API and coformer
is calculated to determine whether a cocrystal or a
salt is more likely to form.

Quick and easy method to apply. There is prediction uncertainty between 0 and 3 pKa.

Hammett
Constants

If the Hammett constants of the API and coformer
are of opposite sign, they are more likely to combine.

Quick and easy method to apply. Only functional groups connected to the meta or para
position of the aromatic ring are considered.

Hansen
solubility
parameters

Calculation of three parameters which make up the
Hansen solubility space. The closer an API and
coformer are in this space, the more alike their
solubility.

This method acts as a guide to both
determine whether the components will
dissolve in the same solvent and which
solvent is most suitable.

Parameters are difficult to measure. Other factors that
affect dissolution are not accounted for. This method
will not predict whether a combination will be
successful but acts as a guide to obtain a successful
combination.
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and Frǐsčić, 2011).The study conducted by Fabian was limited to or-
dered organic crystal structures which contained at least one carbon
atomwith the remaining atoms being C, H, N, O, S, P, F, Cl, Br, or I atoms
(Fábián, 2009). Only APIs with the aforementioned atoms could be used
in DDC screening. As a result, this method may not be a suitable method
for predicting the combination of all DDCs.

3.4. pKa method

3.4.1. Background
The pKa rule is widely used in prediction of salt formation and can be

a useful tool in DDC screening (Stahl and Wermuth, 2002). It can help in
reducing the number of potential coformers being considered for
acid-base cocrystals. Ka is the acid dissociation equilibrium reaction
constant (Seybold and Shields, 2015). pKa values can be calculated
using the calculation outlined in Eq. (1).

pKa = − log10(Ka)
ΔpKa = pKa[protonated base] − pKa[acid]

(1)

3.4.2. Application & limitations
The rule states that if the difference in pka values between an API and

a coformer, or another API in the case of DDCs, is between 0 and 3, it is
assumed that the acid-base complex will form either a solvate or a
cocrystal (Kumar and Nanda, 2018). Above a pka value of 3 salt for-
mation is likely to occur (Cruz-Cabeza, 2012). Below a pka value of
0 will result in the formation of a cocrystal (Thipparaboina et al., 2016;
Bhogala et al., 2005). Using this cocrystal screening method, two novel
cocrystals were identified: tenoxicam-p-aminosalicylic acid,tenoxicam-
3,5-dinitrobenzoic acid (Xie et al., 2022), and 1H, 1’ H-5,5’-bitetrazole -
2-methyl-5-aminotetrazole (Ren et al., 2021). The p-aminobenzoic acid
and sulfamethazine cocrystal was also identified using this method (Lu
et al., 2011). One of the major limitations of this method is the uncer-
tainty about the formation of a cocrystal or a solvate at Δpka between
0 and 3 (Shattock et al., 2008). Cruz-Cabeza et al. devised a linear
relationship between -1 ≤ ΔpKa ≤ 4 to show that each increase in one
pKa increases the likelihood of proton transfer which can help explain
the uncertainty in this region (Cruz-Cabeza, 2012). Therefore, this
method can be used to reduce the number of potential coformers,
however, it cannot be used as a stand-alone method for DDC screening.

3.5. Hammett constants

3.5.1. Background
Screening for the successful formation of acid-acid cocrystals can be

aided using Hammett constants. Hammett constants quantify the
electron-withdrawing and electron-donating effects of a functional
group relative to the benzoic acid functional group (Seaton et al., 2010).
This method is closely related to the pKa method as large differences in
the electron-withdrawing effect of two components is proportional to
large differences in pKa values (Chadwick et al., 2009; Sarma et al.,
2011). This means that large differences in electron-withdrawing ability
can also indicate the formation of a salt (Brittain, 2010).

3.5.2. Application & limitations
Combining fragments with Hammett constants of opposite sign are

found to predict a highly likely cocrystal formation (Brittain, 2010). As
the difference in Hammett constants increases it is explained through
the increase in dimer binding energies indicating a successful interaction
(Seaton, 2011). Dimers are molecules that are made up of two identical
simpler molecules and dimer binding energy is the difference between
the total energy for the dimer and the sum of the total energy of the two
individual monomers (Scholz et al., 2005). As this difference increases
further salt formation is more likely than the formation of a cocrystal.
Examples of cocrystals that were highlighted using this screening
approach are 3,5-diaminobenzoic acid-dinitrobenzoic acid, 4-amino3--
methylbenzoic acid-3-nitrobenzoic acid and 4-amino3-methylbanzoic
acid-4-cyanobenzoic acid (Seaton et al., 2010). Limitations include the
fact that packing forces may also play a role in determining the suc-
cessful formation of DDCs, a factor that is not considered in this specific
screening method. Moreover, Hammett constants are only defined for
functional groups connected to an aromatic ring in either the meta or
para position; the ortho position substituents are not defined and
aliphatic compounds are not included (Seaton, 2011).

3.6. Hansen solubility parameters

3.6.1. Background
Hildebrand and Scott introduced the concept of solubility parame-

ters (Hildebrand and Scott, 1964). They proposed that materials would
be miscible if they have a similar solubility parameter (Mohammad
et al., 2011). Solubility is a function of crystal lattice energy and sol-
vation energy (polarity). In 1967 Charles M. Hansen introduced the
Hansen solubility parameters (HSPs) in his PhD thesis (Hansen, 1967).
The initial purpose of this invention was to predict whether a solute
would dissolve in a chosen solvent to form a solution.

3.6.2. Application & limitations
The parameters that make up the HSPs are the dispersion force

parameter, δd, the dipolar intermolecular force parameter, δp, and the

Table 6
Summary of the function, advantages and disadvantages of computational cocrystal/DDC screening methods.

Method Function Advantages Disadvantages

DFT & Surface
Mapping

Visually highlights the areas where there is a high
probability of locating electrons and where
intermolecular interactions will occur.

This method can give information on the
preferred orientation of the combining API
structures.

Limited accuracy as the potential surface maximum
and minimum values are for molecules in the
ground state only.

COSMO-RS Excess free energy/ enthalpy is used to predict the
formation of a cocrystal.

This method can also be used for solubility
screening and solvate formation.

Does not take lattice packing effects into account.

Molecular
Dynamics

Gain knowledge of the motion of atoms at a specified
temperature.

Molecular dynamic trajectories can predict
adhesive and cohesive bonding.

Based on the assumption that two interacting
components with the ability to form a hydrogen
bond only will likely form a cocrystal.

Gibbs Free
Energy

If ΔG0
f (CC)<5kJ/mol the formation of a cocrystal is

feasible..
Gibbs free energy can predict the relative
stability of a predicted combination as the lower
the Gibbs free energy the more stable a
combination is predicted to be.

All possible polymorphic outcomes would have to
be considered in the calculations.

Lattice Energy
Landscapes &
CSP

Based on the principal that if an API and a coformer
have large lattice energies, they are less likely to
combine.

The lattice energy of a crystal predicts the
stability of the crystal.

Kinetic factors are not considered. Deals with
potential energies at 0K and not free energies.

Machine
Learning

Combining available binary cocrystal data from CSD
with a large set of invalid combinations of coformers
can train artificial neutral networks to predict
cocrystal formation.

This method could potentially highlight
properties governing interactions that have
previously been overlooked.

The size of the data set limits the prediction
performance; a large database is required for more
accurate predictions which can be more
computationally costly.
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hydrogen bond parameter, δh. The three parameters make up the space
coordinates of the Hansen Space using the HSP software. The closer that
two molecules are within this space, the smaller their interaction radius
(R0), the more alike their solubilities are and, therefore, the more likely
they are to dissolve in one another to form a solution (Hansen, 2007;
Salem et al., 2019). This method was applied in cocrystal screening to
predict the miscibility of an API and a coformer, if the solubility
parameter is below a certain value for a particular API (e.g. 7 MPa0.5 for
carbamazepine) then cocrystal formation is likely (Mohammad et al.,
2011) For example, the piroxicam-azelaic acid and
nicotinamide-carbamazepine cocrystals and DDC, respectively, were
predicted using this method (Salem et al., 2019). The main limitation of
this method is the temperature dependency of the parameters. More-
over, these parameters are difficult to measure which leads to increased
inaccuracy. Other factors that can affect solubility but are not accounted
for in the HSPs include molecular size and shape (Wu et al., 2021).

Knowledge-based screening methods are not predictive; however,
they are useful as a complementary technique to both experimental and
computational methods.

4. Computational cocrystal screening methods

4.1. Density functional theory and surface mapping

4.1.1. Background
Density functional theory (DFT) can be used for locating regions of

Fig. 2. Ternary phase solubility diagrams for cocrystal screening demon-
strating the regions in which the solid API, solid cocrystal (CC) and liquid phase
(L) are present. The orange dashed lines represent the metastable solubility
lines of the API and the CF. The eutectic point is marked by the star. The blue
dotted lines represent the iso RS-lines for the DRS for CC/API, CC/CF and API/
CF. Sources: [A] (Veith, 2021) Reprinted (adapted) with permission from Veith,
H., et al., Cocrystal Screening by Vapor Sorption of Organic Solvents. Crystal
Growth & Design, 2021. Copyright 2021 American Chemical Society.

Fig. 3. Knowledge-based methods schematic with permissions from Tsutsumi et al. (2019) (HSP) and images (Fabian’s method) created with BioRender.com.
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high electron density and low electron density to predict successful
combinations of regions of molecules with opposite charge densities
(Dash and Thakur, 2021). DFT involves using quantum physics to
approximate the exchange correlation functional of the Schrödinger
equation (Bartolotti and Flurchick, 2007). This approach is applied in
Molecular Electrostatic Potential Surface (MEPS) mapping (Politzer and
Murray, 2015). In 1991, hydrogen bonding propensity, mentioned in
Section 3.2, was related to MEPS (Murray et al., 1991; Murray and
Politzer, 1991): Musumeci et al. (2011) developed a method for esti-
mating the free energy of formation of a single point hydrogen bond
contact based on gas phase MEPS. The method of applying MEPS to a
molecule is to model polar interaction sites on the molecular surface.
The location of the interacting sites can then be calculated in the gas
phase (Grecu et al., 2014).

4.1.2. Application & limitations
MEP corresponds to the potential energy of a proton approaching the

vicinity of a molecule. In cocrystal screening, MEPS are applied to an API
molecule and a coformer molecule. Regions of high and low electron
density are visualised across the two molecules. A defined energy be-
tween the interacting site-binding energy, ΔEsite− pair, can be ranked
with the difference in energy between other coformers with the same
API to determine the most suitable combination to investigate experi-
mentally (Politzer and Murray, 2015; Mehta et al., 2018; Barbas et al.,
2018). A study conducted by Dash et al. states that a difference in energy
less than 0 KJ/mol is considered as a potential coformer for a particular
API. This method was found to be ~54 % accurate in their investigation
of 41 potential coformers showing there is still improvements to be
made before this method can be relied on independently. In the study,
three new zaltoprofen cocrystals and two new ibuprofen cocrystals were
reported. The novel cocrystals discovered using MEPS include zalto-
profen-4,4′-bipyridine, zaltoprofen-caffeine and ibuprofen-piperazine
(Dash and Thakur, 2021). Electrostatic potentials are also used to pre-
dict the type of bond that will occur between two molecules. They serve
as models in cocrystal screening for visualising and predicting hydrogen
bonding and halogen bonding (Politzer and Murray, 2015; Musumeci
et al., 2011; Aakeröy et al., 2014). Politzer et al. predicted the formation
of hydrogen bonds between 3,5-dinitrobenzoic acid and 4-aminobenzoic
acid and the hydrogen bonding predicted in this study was also found to
occur experimentally (Politzer and Murray, 2015). The MEPs screening
method currently has limited accuracy as the potential surface
maximum and minimum values are for molecules in the ground state
only. This neglects polarisation and interactions between other portions
of the molecule. MEPS is also limited due to computational capacity;
accuracy can be increased by limiting the number of interaction site
pairs in the calculation (Mehta et al., 2018).

4.2. Conductor-like screening model for real solvents (COSMO-RS)

4.2.1. Background
The conductor-like screening model (COSMO) is a quantum chemical

dielectric continuum solvation model and was developed in 1993 (Klamt
and Schüürmann, 1993). The purpose of the COSMO method was to
devise a method for modelling chemistry in the liquid phase. In contrast
to COSMO, the conductor-like screening model for real solvents (COS-
MO-RS) method differentiates between molecules that have the same
dielectric constant and non-negligible dipole moment (Loschen and
Klamt, 2015). COSMO-RS is a screening tool based on thermodynamic
quantum chemistry and was introduced by A. Klamt in 1995 (Klamt,
1995). A combination of charge density calculated using DFT, and sta-
tistical thermodynamics are used in COSMO-RS to screen for suitable
solvents and coformers. COSMO-RS is not only used for solubility
screening and solvate formation predictions but also for cocrystal
screening.

4.2.2. Application & limitations
A sigma profile of multiple interacting surface segments of a mole-

cule is produced using DFT. A sigma profile is the probability distribu-
tion of a molecular surface segment having a certain charge density
(Mullins et al., 2006). Interaction sites are located where there is high
charge density. The intermolecular interactions taken into account by
COSMO-RS are van der Waals, hydrogen bonding and electrostatic in-
teractions (Loschen and Klamt, 2016). COSMO-RS screening can be
understood through the schematic in Fig. 4 which outlines the thermo-
dynamic cycle.

A ranking system composed of experimentally successful cocrystal
combinations, above a certain enthalpy value, and unsuccessful, below a
certain enthalpy value, is used to determine whether cocrystal formation
is likely. Loschen et al. suggest enthalpy of mixing which was stated to
be the equivalent to the excess enthalpy is the most influential compo-
nent and therefore acts as an excellent guide alone (Loschen and Klamt,
2016). Roca-Paixão et al. (2019) suggest, however, that a combination
of both of excess enthalpy and entropy of melting leads to a more ac-
curate prediction as opposed to the excess enthalpy alone (Wichmann
et al., 2019). Examples of cocrystals identified using this method include
itraconazole-tartaric acid, itraconazole-fumaric acid and
itraconazole-succinic acid (Abramov et al., 2012). In the same way this
method is applied in cocrystal screening, it can also be applied to two
APIs in DDC screening. Limitations of the COSMO-RS method include
not taking lattice packing effects into account. Isomers have very similar
excess enthalpy values as their surface interaction sites are similar
(Abramov et al., 2012). Therefore, the method cannot differentiate be-
tween polymorphs of the same API. Nonetheless, it will still reduce the
number of potential coformers that can form a cocrystal with the chosen
API. Neglecting ΔGfus, however, may also cause some experimental
deviations (Loschen and Klamt, 2016).

4.3. Molecular dynamics

4.3.1. Background
Molecular Dynamics (MD) was developed in the 1950s inspired by

Monte Carlo simulations (Metropolis et al., 1953; Rosenbluth and
Rosenbluth, 1954). Monte Carlo simulations work on the principle of
random sampling large data sets to determine the likelihood of a certain
outcome. Alder et al. outlined limitations in using the Monte Carlo
method for molecular applications and outline how molecular dynam-
ical methods can advance this phenomenon (Alder and Wainwright,
1959). MD was developed to reduce high-order differential equations to
manageable calculations and to solve macroscopic thermodynamic
properties.

4.3.2. Application & limitations
MD works on the principle of each atom being a point mass with a

fixed initial energy, velocity and position that is subject to forces from
other atoms in the force field. MD predicts the trajectory of the atom
over time (Hollingsworth and Dror, 2018). The interatomic forces are

Fig. 4. Schematic of cocrystal prediction using the conductor-like screening
model for real solvents. ‘A’ and ‘B’ are the two components forming a cocrystal
‘AB’. ‘m’ and ‘n’ represent the number of moles of each component. ΔGfus(T) is
the free energy of fusion for bringing a subcooled liquid into the solid state at
room temperature. ΔGmix is the Gibbs free energy for the hypothetical process
of mixing the liquid components A and B into a cocrystal. ΔG∘

cc is the Gibb free
energy of formation of the cocrystal. Source: (Loschen and Klamt, 2016).

A. Parkes et al. European Journal of Pharmaceutical Sciences 203 (2024) 106931 

13 



calculated across a gradient to simplify the individual forces being
exerted from each atom on one another because of their distance from
the atom (George et al., 2022). Subsequently, the atom’s trajectory can
be calculated and the motions of a random sample of atoms in the system
can be predicted (Hollingsworth and Dror, 2018). If the kinetic prop-
erties of the atoms are known, the thermodynamic properties such as
temperature and pressure can be predicted (Hou et al., 2020). To know
the motion of atoms at a specified temperature can be advantageous in
predicting the formation of an DDC or cocrystal. In a 2019 study the
trajectory output from MD simulation was used to evaluate hydrogen
bond propensity (Barua et al., 2019). The use of MD to develop a pro-
tocol for the prediction of cocrystal-based hydrogen bonding tendency
was found to be approximately 60 % accurate. Cocrystal formation
predicted in this study using MD include meloxicam-benzoic Acid,
nitazoxanide-succinic acid and itraconazole-fumaric acid (Barua et al.,
2019). The prediction theory introduced by Barua et al. (2019) is based
on the assumption that two interacting components with the ability to
form a hydrogen bond will likely form a cocrystal. Cocrystals, however,
could also interact by halogen bonding or pi-pi stacking. There have
been advancements made in MD software to incorporate halogen
bonding (Remsing and Klein, 2019) and pi-pi stacking (Wei and Luo,
2022), however, this is yet to be applied to cocrystal screening.

4.4. Gibbs free energy

4.4.1. Background
If the free energy of the cocrystal is more stable than the individual

components, a cocrystal is more likely to form (Taylor and Day, 2018).
Gibbs free energy is a sum of enthalpy and entropy terms which depend
on intermolecular forces. For this reason, Perlovich stated that Gibbs
free energy of formation plays a significant role in predicting the for-
mation of a cocrystal. Gibbs free energy of cocrystal formation can be
calculated using Eq. (2), where ΔG298

f (CC) is Gibbs free energy of coc-
rystal formation, ΔG298

sub (CC) is the sublimation Gibbs energy of the
cocrystal and ΔG298

sub (PM) is the sublimation free energy of the physical
mixture (Perlovich, 2017; 2020).

ΔG298
f (CC) = ΔG298

sub (CC) − ΔG298
sub (PM) (2)

Surov et al. proposed that is the standard Gibbs free energy change
for the formation of a cocrystal, ΔG0

f , can also be calculated from the
intrinsic solubility parameters of an API, S0API, a coformer, S0CF and the
solubility product of the cocrystal Ksp (Eq. (3)).

Fig. 5. Computational screening methods schematic with permission from Allan et al. (2021) (lattice energy landscapes) (Gautam et al., 2021) (Gibb’s free energy)
(Mao et al., 2023) (molecular dynamics) (Diedenhofen and Klamt, 2010) (COSMO-RS).
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ΔG0
f (CC) = − RT ln

(
S0APIS0CF
Ksp

)

(3)

4.4.2. Application & limitations
If the calculated Gibbs free energy of formation of a cocrystal is

negative a cocrystal or FDC will form spontaneously (Surov et al., 2019).
Considering all polymorphs, if ΔG298

f (CC) < 5kJ/mol the formation of a
cocrystal is feasible (Dash and Thakur, 2021). The lower Gibbs free
energy the more stable the predicted combination and the more likely it
will form a cocrystal or DDC. Predicted cocrystals using this method
include salicylic acid-benzamide (Elbagerma et al., 2010), succinic
acid-urea (Alhalaweh et al., 2010) and carbamazepine-malonic acid
(Perlovich, 2020; Limwikrant et al., 2012). Limitations include that
different polymorphic forms of the same API will have different Gibbs
free energies. To use Gibbs free energies as a prediction method, all
possible polymorphic outcomes would have to be considered in the
calculations. Gibbs free energy is also only based on thermodynamics
and it does not consider the kinetics of cocrystal formation.

4.5. Lattice energy landscapes & crystal structure prediction

4.5.1. Background
Lattice energy is the intermolecular energy contribution of a coc-

rystal, the energy required to break up a crystal lattice (Khalaji et al.,
2021). The lattice energy, Elatt, is a sum of the intermolecular potential,
Uinter, and the change in intramolecular energy, ΔEintra (Eq. (4)). The
intermolecular potential is the sum of pairwise electrostatic and
repulsion-dispersion values. The difference in intramolecular energy is
from the change in molecular conformation from the gas phase and
calculated using DFT (Habgood et al., 2010). Crystal Structure Predic-
tion (CSP) can enhance these calculations as they can predict the
structure and thermodynamic stability of cocrystals which allows for a
comparison of the energies of the various packing arrangements
(Karamertzanis et al., 2009; Chan et al., 2013).

4.5.2. Application & limitations
If an API and a coformer have large lattice energies, they are less

likely to combine. If the force of attraction between the atoms in the API
crystal lattice is higher than with atoms of the coformer, they are also
theoretically less likely to combine (Chan et al., 2013).

Elatt = Uinter + ΔEintra (4)

Issa et al. calculated the lattice energies of successful caffeine coc-
rystals to be within 5kJ/mol of the sum of their components. Success-
fully predicted cocrystals included caffeine-oxalic acid, caffeine-malonic
acid and caffeine-glutaric acid (Issa et al., 2009). Limitations of using
this as a prediction method include kinetic factors not being taken into
account (Karamertzanis et al., 2009; Issa et al., 2009; Desiraju, 2002). It
also has limited accuracy due calculations corresponding to 0K as
opposed to ambient or crystallization temperature (Habgood et al.,
2010; Issa et al., 2009). These calculations can also be costly to perform.

4.6. Machine learning

4.6.1. Background
Machine learning is an area that has rapidly advanced in recent

years. Recently, it has been employed as a cocrystal screening method
using various algorithms. For cocrystal screening, Artificial Neural
Networks (ANN) has been used for clustering data into groups based on
similar metrics for coformer screening (Devogelaer et al., 2020).
Combining available binary cocrystal data from CSD with a large set of
invalid combinations of coformers it becomes possible to train the
neutral networks for the prediction of cocrystal formation. ANNs are
commonly used for applications including image recognition, language
recognition and automatic control (Wu and Feng, 2018). Recently the

method has been applied to pharmaceutical API and coformers
(Devogelaer et al., 2020). This approach could potentially point out
properties governing interactions that have previously been overlooked.

4.6.2. Application & limitations
An ensemble of artificial neural networks can be trained to predict

successful cocrystal combinations. ANN models process input values
through networks consisting of synapses. The weight of each synapse is
adjusted until it is close to the trained data values. Using data from the
CSD, to represent the functionalities and size/shape of the cocrystal
components, they were converted to fingerprint vectors and molecular
graphs were used as inputs. By combining data available in the CSD and
invalid combinations of APIs and coformers a trend can be established
for future predictions (Devogelaer et al., 2020). Due to its correlation
with the Cambridge structural database, predictions will have greater
accuracy as more crystal structures enter the database. High accuracies
have been documented for this method so far, around 80 % accuracy for
APIs that have not been found in cocrystals in the CSD previously
(Devogelaer et al., 2020). For example, the drug-drug cocrystal
ketoprofen-carbamazepine was identified using this method
(Devogelaer et al., 2020). As well as screening for cocrystals, ANN
models are also used to predict the solid-state properties of cocrystals
(Rama Krishna et al., 2018; Gamidi and Rasmuson, 2020). Limitations
include the fact that the stoichiometry of a cocrystal or DDC cannot be
determined but is found experimentally (Devogelaer et al., 2020).
Properties of some cocrystals may not be uniform enough to be identi-
fied using this method. More data needs to be generated for ANNs to be
accurate. The size of the data set limits the prediction performance; a
large database including both positive and negative results is required
for more accurate predictions.

5. Conclusions and future prospectives

This review aims to contribute towards advancing the development
of FDCS by creating a comprehensive evaluation of all existing cocrys-
tal/DDC screening methods, to the best of our knowledge, which can
help in predicting the successful formation of an FDC. A general sum-
mary of the advantages and disadvantages of each category of screening
methods is outlined in Table 7. From the discussion of each method
herein, it is evident that the future direction of screening is moving from
a trial-and-error experimental approach to incorporating predictive
computational methods into the screening process. Over time as these
computational methods become more accurate and validated by
experimental findings, the cocrystal screening process will become more
efficient. Recent advances in artificial intelligence has also opened up
more possibilities for the future of cocrystal screening (Zhu et al., 2024).

Experimental-based methods are required in cocrystal screening;
however, in combination with knowledge-based and computational
methods, they can be guided; broad experimental screening can be
narrowed down. From the cocrystal screening methods discussed herein,
it is evident knowledge-based methods cannot be used as stand-alone
prediction methods in FDC screening due to being limited to simple
molecules. Knowledge-based methods can reduce the number of

Table 7
Summary of the advantages and disadvantages of each category of cocrystal/
DDC screening methods.

Category Advantages Disadvantages

Experimental
Screening

Successful
combinations can be
confirmed.

Trial-and-error-approach, material
waste.

Knowledge-based
Screening

No material required. Cannot be relied on as an
independent method of screening.
Limited to simple molecules.

Computational
Screening

No material required. Currently cannot be relied on as an
independent method of screening.
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potential coformers to an extent, however, not to the same extent as
computational methods. The computational approaches discussed have
shown potential to predict successful combinations of APIs with greater
efficiency while incorporating more APIs into the screening process. The
potential capacity of these computational screening methods will
continue to advance with the simultaneous development of faster, larger
and less-costly calculations.

As computational screening methods are continually developing, it is
necessary to still use them in combination with experimental and
knowledge-based screening methods so that successful DDCs will not be
overlooked. There are many routes to formulating cocrystals and they
fall under two categories: solution-based and solid-based cocrystal
preparation techniques. When screening for successful DDCs it is
important to take into account the properties that are taken into account
in the preparation method. In order to formulate a DDC using a partic-
ular method, the screening technique must complement the preparation
route. Complementary screening techniques associated with different
methods of preparation are suggested in Fig. 6. The suggestions of
complementary techniques are proposed due to each method incorpo-
rating similar properties, however, with more research in this area, a
systematic approach to formulating DDCs could be identified. This
preliminary outline and information gathered in this review can be
utilised to accelerate the discovery of more vital DDCs and advance DDC
development.

With advancements in computational screening as well as comple-
mentary experimental and knowledge-based screening the number of
DDCs in development will increase. It will also create a more sustainable
process in discovering DDCs with reduced waste and solvent usage in
some cases. Highlighting the importance of development in this area is
important as exhibited by the success of two aforementioned DDCs,
Entresto® and Seglentis®. The benefits and success afforded from these
DDCs for both patients with heart disease and chronic pain will expec-
tantly encourage the discovery of more DDCs. The extension of

exclusivity periods on combinations of two previously marketed APIs by
the FDA will also be the driving force of DDC discovery in the phar-
maceutical sector.

A one-fits-all approach will not apply to screening all APIs and,
therefore, this review has provided an outline for DDC discovery with
the tools currently available. The methods have been outlined with a
discussion around how they have been applied in cocrystal identifica-
tion and how they can be advantageous as well as limited for the dis-
covery of DDCs. Their limitations can be minimised with the use of
complementary methods of screening from each of the categories out-
lined as well as being complementary to the method of DDC preparation.
In the near future, with both the large number of APIs in development
exhibiting low aqueous solubility and the patent cliff approaching for
pharmaceutical companies, DDC development will afford far-reaching
advantages. Accurate and complementary screening approaches can
be applied in widespread screening of off patent drugs or drugs that are
yet to reach the market with a view to forming DCCs. This can bring
about new intellectual property for pharmaceutical companies as well as
bring more medicines with improved functions to patients.
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Almarsson, Ö., Zaworotko, M.J., 2004. Crystal engineering of the composition of
pharmaceutical phases. Do pharmaceutical co-crystals represent a new path to
improved medicines? Chem. Commun. (17), 1889–1896.
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