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Abstract
Despite being discovered over five decades ago, little is still known about ivermectin. Ivermectin has several physico-
chemical properties that can result in it having poor bioavailability. In this study, polymorphic and co-crystal screening was 
used to see if such solid-state modifications can improve the oil solubility of ivermectin. Span® 60, a lipophilic non-ionic 
surfactant, was chosen as co-former. The rationale behind attempting to improve oil solubility was to use ivermectin in 
future topical and transdermal preparations to treat a range of skin conditions like scabies and head lice. Physical mixtures 
were also prepared in the same molar ratios as the co-crystal candidates, to serve as controls. Solid-state characterization 
was performed using X-ray powder diffraction (XRPD), Fourier-transform infrared spectroscopy (FTIR), differential scan-
ning calorimetry (DSC) and thermogravimetric analysis (TGA). The FTIR spectra of the co-crystal candidates showed the 
presence of Span® 60’s alkyl chain peaks, which were absent in the spectra of the physical mixtures. Due to the absence of 
single-crystal X-ray data, co-crystal formation could not be confirmed, and therefore these co-crystal candidates were referred 
to as co-processed crystalline solids. Following characterization, the solid-state forms, physical mixtures and ivermectin 
raw material were dissolved in natural penetration enhancers, i.e., avocado oil (AVO) and evening primrose oil (EPO). The 
co-processed solids showed increased oil solubility by up to 169% compared to ivermectin raw material. The results suggest 
that co-processing of ivermectin with Span® 60 can be used to increase its oil solubility and can be useful in the develop-
ment of oil-based drug formulations.

Keywords  avocado oil · co-processing · evening primrose oil · natural penetration enhancer · physical mixtures · solid-
state · Span® 60

Introduction

Avermectin was discovered by chance when microbiologist, 
Satoshi Ōmura, collected a soil sample in the woods close to 
a golf course located in Kawana, on the southeast coast of 
Honshu in Japan [1, 2]. Since the discovery of avermectins 
in the 1970s, a new class of compounds, namely endecto-
cides (named after its potent activity against endoparasites 
and ectoparasites), was crafted [1, 3, 4]. Avermectins are 
produced naturally by the fermentation of Streptomyces 
avermitilis, an actinomycetes found in soil [5]. Ivermec-
tin is a safer and more potent semisynthetic product of two 

avermectins. It is usually made up of 80% of 22,23-dihy-
droavermectin (B1a) and 20% of 22,23-dihydroavermectin 
(B1b) [6–8].

Despite being a promising antiparasitic drug, ivermectin 
has several non-ideal physico-chemical properties that can 
negatively impact its bioavailability. Firstly, the molecular 
weights of its B1a and B1b homologues are relatively large, 
at 875.1 and 861.1 g/mol, respectively [9, 10]. Ivermectin is 
also practically insoluble in water [11], with a reported aque-
ous solubility of around 4 µg/mL [12], and has a pKa of 6.5 
[13]. At a pH of 7.3 the octanol–water partition coefficient 
(log P) of ivermectin has been reported to be 3.2 [12]. Iver-
mectin is also classified as a biopharmaceutics classification 
system (BCS) class II drug [14–16].

Over the past few decades, an increasing amount of newly 
released active pharmaceutical ingredients (APIs) could 
either be classified as BCS class II or IV drugs [17]. It has 
been proposed that the decreased solubility, and permeability 
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in the case of class IV drugs, of newly released APIs can be 
linked to increases in molecular weights [18] and higher 
melting temperatures [19]. This has caused researchers to 
investigate new ways of increasing the bioavailability of 
large molecular weight APIs. Some of the techniques fre-
quently employed in this regard are polymorphism screening 
and the preparation of co-crystals [20].

Crystals are usually created by inducing a change from 
a solution to a solid state [21]. When crystallization condi-
tions are changed, the constituent molecules may pack in 
different patterns. This phenomenon is called polymorphism 
[22]. Changes in crystallization conditions include the use of 
different solvents or antisolvents, changes in stirring rates or 
the presence of impurities [23, 24]. A crystal has a melting 
point where the crystal lattice will break down because the 
constituent molecules have gained enough energy to over-
come the attracting forces that hold the crystal together. 
Therefore, a higher melting point is usually indicative of 
a stronger crystal lattice and a lower dissolution rate [25]. 
Regarding polymorphism, the most stable form usually has 
the slowest dissolution rate, while also having the highest 
melting point [26–28].

Co-crystals are neutral, single-phase crystalline materi-
als consisting of two or more molecules in stoichiometric 
ratios [21, 29]. These co-crystals can have enhanced phys-
ico-chemical properties compared to single component crys-
tals, leading to improvements in stability, solubility, bio-
availability and even the mechanical properties of APIs [21, 
29–33]. Co-crystal preparation is also a way to improve the 
physico-chemical properties of an API without altering its 
molecular structure [30].

Avocado oil (AVO) and evening primrose oil (EPO) can 
be regarded as natural penetration enhancers with a high 
safety profile; these oils also have fatty acids leading to 
enhanced skin permeability [34–36]. Penetration enhancers 
can improve the fluidity of membrane structures, while also 
altering the skin’s protective barrier, and possibly facilitate 
the solubility of APIs within the skin [37, 38]. Essential oils 
can be used to enhance the skin penetration of both hydro-
philic and hydrophobic APIs [39, 40].

The main objective of this study was to prepare solid-
state forms of ivermectin with enhanced oil solubility, with 
the goal of using these solids in future transdermal or topi-
cal drug delivery studies. There are several reasons why 
the transdermal or topical delivery of ivermectin might be 
advantageous. For instance, to minimize the risk of a pos-
sible Mazzotti-type reaction, an immune reaction to dead 
microfilariae experienced by some patients after oral iver-
mectin administration [41]. Topical administration can also 
achieve higher localization of an API in the skin [42]. This 
can be especially beneficial in the case of ivermectin, since 
it is also a P-glycoprotein substrate, and might therefore 
act like a BCS class IV API [43, 44]. For parasites located 

deeper within the skin, topical treatment with ivermectin has 
already been shown to be more effective than oral adminis-
tration [43]. Commercially, ivermectin is available as Sool-
antra® 10 mg/g cream, for topical use.

By increasing the oil solubility, one should also be able 
to increase the drug loading capacity of micro- and nano-
particles and increase ivermectin concentrations in the oil 
phase of formulations. It was therefore decided to perform 
polymorphism and co-crystal screening studies of ivermec-
tin with a non-ionic surface-active ingredient as co-former, 
since both co-crystals and different polymorphic forms have 
been known to increase the solubility of an API [21, 45, 46].

Materials and Methods

Materials

Ivermectin 86.8% (B1a) M = 875.1 g/mol and 2.1% (B1b) 
M = 861.1 g/mol, ivermectin reference standard (Sigma-
Aldrich, MO, USA), avocado oil (AVO), evening prim-
rose oil (EPO) (DB Fine Chemicals, Johannesburg, South 
Africa) and Span® 60 (M = 430.62 g/mol) (Sigma-Aldrich, 
MO, USA) were used as received. High performance liquid 
chromatography (HPLC) grade acetonitrile and methanol 
(ACE chemicals, Johannesburg, South Africa) were used 
for HPLC analyses.

Acetone, methanol (MeOH), ethanol (EtOH), dichlo-
romethane (DCM), chloroform (CHCl3), diethyl ether, ethyl 
acetate, propanol, 2-propanol, and 1-butanol (ACE chemi-
cals, Johannesburg, South Africa) were used for polymorph 
screening. Sodium hydroxide (NaOH) and potassium dihy-
drogen phosphate (KH2PO4) were purchased from ACE 
Chemicals (Johannesburg, South Africa).

Polymorphism Screening

Supersaturated solutions of ivermectin were prepared in 
selected organic solvents. The mixtures were then covered 
with Parafilm® and stored in a cabinet until crystallization. 
The time-to-crystallization varied depending on the organic 
solvent used.

Co‑processing

The method of liquid-assisted grinding was used to prepare 
the co-crystal candidates [21]. A mixture of ivermectin 
and Span® 60 was ground in a mortar and pestle at differ-
ent molar ratios (ivermectin to Span® 60) of 3:1, 2:1 and 
1:1, while slowly adding ethanol in small amounts until the 
desired consistency was obtained. The paste-like mixture 
was then allowed to dry overnight. The dried paste was 
then ground in a mortar and pestle to produce a fine white 
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powder. Three batches of each co-crystal candidate were 
prepared and tested for similarity using differential scanning 
calorimetry (DSC), thermogravimetric analysis (TGA) and 
X-ray powder diffraction (XRPD). The powder was stored 
in a desiccator over silica.

Physical mixtures of ivermectin and Span® 60 were also 
prepared, to serve as controls. For the physical mixtures, 
ivermectin and Span® 60 were ground and weighed individ-
ually. Thereafter, the powders were added to Falcon® tubes 
and vortexed (Heidolph Reax 2000, Heidolph, Schwabach, 
Germany) for 10 s to produce the physical mixtures. Three 
batches of each physical mixture were prepared and tested 
for similarity using DSC, TGA and XRPD. The powder mix-
tures were stored in a desiccator over silica.

Equilibrium Oil Solubility

An excess amount of ivermectin, the physical mixtures and 
the co-crystal candidates were suspended in AVO and EPO, 
respectively. It was determined that 1 g of powder and 5 mL 
of oil per Falcon® tube were sufficient to ensure oversatu-
rated conditions. The Falcon® tubes were then vortexed for 
1 min and submerged in a water bath at 32 ± 2°C, fixed to 
a rotating axis (54 rpm) for 24 h. After 24 h, the Falcon® 
tubes were removed from the water bath and centrifuged at 
1057 rcf (3000 rpm) for 5 min in an Eppendorf 5804 R cen-
trifuge (Merck, Johannesburg, SA). The supernatant (iver-
mectin containing solution) was extracted using a syringe 
and filtered through a 0.45 μm Millipore® polyvinylidene 
difluoride (PVDF) membrane, whereafter 1 mL of this solu-
tion was diluted to 25 mL using ethanol and analyzed by 
HPLC. Six samples (n = 6) of ivermectin, each physical mix-
ture and co-crystal candidate, from different batches, were 
analyzed in each oil.

Thermal Analysis

Differential scanning calorimetry (DSC) was performed 
using a Mettler DSC 3 + (Mettler Toledo, Greifensee, Swit-
zerland). The instrument was calibrated using zinc and 
indium standards. Sample powders of between 4 and 6 mg 
were accurately weighed into 40-μL aluminum pans. The 
pans were crimped and pinned before heating from 30 to 
200°C with a heating rate of 10°C per min. Nitrogen gas 
flow was set to 20 mL/min. The thermograms were ana-
lyzed using Mettler STARe Default DB V14.00 software 
(V16.30a).

Thermogravimetric analysis (TGA) was performed 
using a Mettler DTG 3 + (Mettler Toledo, Greifensee, Swit-
zerland). Calibration was done by using indium and zinc 
standards. Aluminum pans (100 μL) were used with sample 
powders of 4–6 mg. A nitrogen gas flow of 20 mL/min was 
used for all samples with a heating rate of 10°C per min over 

a temperature range of 30 to 200°C. All thermograms were 
analyzed using Mettler STARe Default DB V14.00 software 
(V16.30a).

High Performance Liquid Chromatography (HPLC)

A Nexera-I LC-2040C 3D Plus (Shimadzu, Kyoto, Japan) 
equipped with a prominence communications bus module, 
degasser, liquid chromatograph, auto sampler, diode array 
detector and column oven was used to analyze all samples. 
A USP method [11] was subjected to in-house validation. A 
Venusil XBP C18(2) 4.6 × 250 mm, 5 μm (Agela Technolo-
gies, Ca, USA) column was used. The mobile phase was 
water:MeOH (13:87). The flow rate was set at 1.8000 mL/
min with the column oven temperature set at 40°C. A stock 
solution was prepared with an ivermectin concentration of 
4250.34 µg/mL in octanol. A series of seven dilutions were 
prepared within the range of 179.27–3400.27 µg/mL. Each 
dilution was injected five times; all samples were first diluted 
in ethanol before analyzing. The retention time was 35 min 
(confirmed using the reference standard) with the theoretical 
limit of detection (LOD) and limit of quantification (LOQ) 
being 71.863 µg/mL and 217.768 µg/mL, respectively. The 
calibration curve was linear, R2 = 0.9993.

X‑ray Powder Diffraction (XRPD)

XRPD analyses were performed using PANalytical Empyrean 
diffractometer (PANalytical, Almelo, Netherlands). The pow-
der samples were ground in a mortar and pestle before being 
placed on a sample holder and flattened before analyzing. 
Data collector version 4.1 (4.1.0.25) was used to scan the sam-
ples. The measurement conditions were: target, Cu; voltage, 
40 kV; current, 30 mA; divergence slit, 2.0 mm; antiscatter 
slit, 0.6 mm; detector slit, 0.2 mm; monochromator; scanning 
speed, 2°/min (step size, 0.025°; step time, 1.0 s). HighScore 
Plus version 3.0e (3.0.5) was used to examine the data.

Fourier‑transform Infrared Spectroscopy (FTIR)

All samples were examined using a Shimadzu IR Tracer-100 
spectrophotometer (Shimadzu, Kyoto, Japan). The samples 
were placed on a QATR 10 accessory and scanned 64 times 
over a range of 400 − 4000 cm−1. The data was then pro-
cessed using LabSolutions version 1.108.

Octanol‑buffer Partition Coefficient (log P)

Equal parts of octanol and buffer (PBS pH 7.4) were 
measured and allowed to mix for 24 h. This allowed the 
phases to become saturated with each other before start-
ing the experiment. The mixture of octanol and buffer was 
then left to separate in a separating funnel. Roughly 2.0 h 
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was required for the phases to be properly separated. An 
oversaturated amount of ivermectin (1 g) was weighed in 
a Falcon® tube, whereafter 5 mL of the buffer phase was 
added and submerged in a water bath (32 ± 2°C) fixed to 
a rotating axis (54 rpm) for 45 min. The octanol phase, 
5 mL, was added to the Falcon® tube and placed back in 
the water bath for 2.5 h. The Falcon® tubes were then cen-
trifuged with an Eppendorf 5804 R centrifuge for 5 min at 
2057 rcf (3000 rpm). The bottom phase in the Falcon® tube 
was the buffer phase. The buffer phase was undiluted and 
filtered before analyzing on the HPLC. The top (octanol) 
phase was diluted 1 mL to 100 mL with ethanol. The diluted 
octanol was filtered before HPLC analyses. The experiment 
was done in triplicate and repeated with the different molar 
ratios of ivermectin:Span® 60 in 3:1, 2:1 and a 1:1.

Preparation of Structures for Molecular Docking

The IVM crystal surface representations were constructed 
using Mercury CSD 2023.3.1 [47] and single crystal data of 

refcode BIFYOF found in the Cambridge Crystallographic 
Data Centre (CCDC). Crystal surfaces were constructed 
along the a, b and c axes of the unit cell. BIFYOF was cho-
sen for this study because of the similarities between its cal-
culated powder diffraction pattern (Fig. S1 in supplementary 
information) and the experimental diffractograms obtained 
in this study (Figs. 1 and 2). The different surface represen-
tations were then saved in.pdb format for further processing.

The chemical structure of Span® 60 was downloaded 
from PubChem in SDF format and converted to.pdb format 
using PyMOL [48].

Processing of Structures for Molecular Docking

The crystal surfaces (receptors) and Span® 60 (ligand) were 
processed using MGLTools-1.5.7 (The Scripps Research 
Institute, La Jolla, CA, USA) prior to docking. The molecu-
lar structure of Span® 60 was read using the “Ligand” but-
ton, its torsion root detected, and saved in PDBQT format. 
The crystal surfaces were opened individually, and polar 

Fig.1   XRPD diffractograms of ivermectin raw material and the crystals obtained from recrystallization in chloroform, ethanol, and methanol, 
respectively

Fig. 2   XRPD diffractograms of ivermectin raw material (RM), co-crystal candidates (CC), physical mixtures (PM) and Span® 60
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hydrogens were added. The surfaces were chosen as mac-
romolecules and saved in PDBQT format. Blind docking 
was performed to allow the software to calculate the most 
energetically favorable binding locations for Span® 60 on 
the crystal surfaces. This was done by drawing grid boxes to 
completely cover each crystal surface. The grid box dimen-
sions and centers were then used in the config files of each 
surface’s molecular docking run.

Molecular Docking

Molecular docking was performed using AutoDock Vina 1.2 
(The Scripps Research Institute, La Jolla, CA, USA) [49]. 
The binding affinities of the nine best models can be found 
in Table S1 (Supplementary information). Molecular inter-
actions of the different binding models were analyzed using 
MGLTools-1.5.7.

Statistical Analyses

To statistically evaluate the solubility enhancements of the 
proposed co-crystal candidates over their respective physical 
mixtures and ivermectin raw material, pair-wise compari-
sons were performed. Since the sample sizes were relatively 
small (n = 6), pair-wise Mann–Whitney U tests were per-
formed with Bonferroni adjustments of the p values. All 
statistical analyses were done using Python 3.9 [50] and the 
Statsmodels library [51]. Data storage and handling from 
Excel were performed using the Pandas library [52], while 
vectorized computations were performed using the NumPy 
library [53]. Figures were created using the Matplotlib [54] 
and Seaborn [55] libraries.

Results and Discussion

The first step in attempting to find a solid-state form of iver-
mectin with enhanced oil solubility was to perform a poly-
morphism screening. XRPD diffractograms of the crystals 
obtained from recrystallization are presented in Fig. 1. The 
peak positions on the diffractograms of the crystals obtained 
from chloroform and methanol were similar to those of 
ivermectin raw material. Although the diffractogram of 
the crystals obtained from ethanol appeared to be differ-
ent, closer inspection revealed that the raw material’s peaks 
were still present but shifted to the right. This could simply 
be due to a denser molecular packing within these crystals. 
The results of the polymorphism screening therefore sug-
gest that, under the conditions in our laboratory, new poly-
morphs of ivermectin could not be prepared. This inability 
to obtain new polymorphs can possibly be explained by the 
results presented by Shubin et al. [56], in a recent paper 
where they prepared solvates of ivermectin with ethanol, 

γ-valerolactone (GVL) and methyl tert-butyl ether (MTBE). 
Their single crystal X-ray diffraction (SXRD) data showed 
that the structural conformation of ivermectin was largely 
retained in all three solvates. This general conformation of 
ivermectin was also consistent with that of an ivermectin 
acetone-CHCl3 solvate, BIFYOF, which had previously been 
deposited on the Cambridge Crystallographic Data Centre 
(CCDC), and with the structure generated from density func-
tion theory (DFT) calculations [56]. Shubin et al. further 
found that that the different solvents mainly determined 
the space groups, and crystal structures, of their solvates, 
while the crystal frameworks were stabilized by interactions 
between neighboring ivermectin molecules. This preference 
of ivermectin to take on a general conformation can limit the 
number of packing options ivermectin has inside the crystal 
lattice and can explain the difficulty in obtaining new poly-
morphs encountered in this study.

During the equilibrium solubility studies it was observed 
that ivermectin raw material, and its recrystallization prod-
ucts, were poorly “wettable” in AVO and EPO, i.e., it either 
floated on top of the oils or remained at the bottom of the 
Falcon® tubes in dry clumps. It was therefore decided to 
attempt to address the wettability problem, as this might also 
improve the oil solubility of ivermectin. Since one of the 
study’s requirements was that the final product be a solid, it 
was decided to attempt to prepare co-crystals of ivermectin 
with a suitable co-former. The co-former had to be able to 
address the wettability problem and be freely soluble in oils. 
Therefore, Span® 60 was chosen since it is a solid at room 
temperature, is a non-ionic surfactant and is lipophilic.

XRPD diffractograms of the co-crystal candidates, physi-
cal mixtures and individual components are presented in 
Fig. 2. The diffractograms of the co-crystal candidates were 
very similar to those of their respective physical mixtures. 
However, small differences could still be observed, e.g., at 
9.6 and 17.7°2θ there were peaks visible in the physical 
mixtures that could not be found in the co-crystal candidates. 
These peaks were also not present in ivermectin raw mate-
rial. Apart from these differences, the diffractograms of the 
co-crystal candidates and their respective physical mixtures 
were very similar. It should be noted here that Span® 60 is 
not crystalline, as is evident by its diffuse halo in Fig. 2. This 
suggests that the peak positions were mostly influenced by 
the crystal packing of ivermectin, an observation that was 
consistent with the previously mentioned findings by Shubin 
et al. regarding the dominant role of neighboring ivermectin 
molecules in stabilizing the crystal structure [56]. It is pos-
sible that the intermolecular interactions between ivermectin 
and Span® 60, in both the co-crystal candidates and physical 
mixtures, were not only very similar, but also very limited. 
To investigate this, FTIR spectra of ivermectin raw material, 
Span® 60, the co-crystal candidates and physical mixtures 
were compared to each other.
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The FTIR spectra are presented in Fig. 3. Like the XRPD 
diffractograms, the FTIR spectra of the physical mixtures 
and co-crystal candidates were almost similar. Considering 
the chemical structures of ivermectin and Span® 60, the lack 
of traditional hydrogen bond acceptors is immediately appar-
ent, with both compounds exhibiting only one carbonyl oxy-
gen. However, both ivermectin and Span® 60 have several 
hydroxyl groups. Therefore, the hydroxyl (–OH) band region 
of the FTIR spectra is of particular interest. In this region 
(3250–3500  cm−1) the spectra of the physical mixtures 
and co-crystal candidates correspond to that of ivermectin 
raw material (IVM RM). However, the broad –OH peak of 
Span® 60 is no longer visible in the physical mixtures and 
co-crystal candidates, suggesting that all of Span® 60’s –OH 
groups underwent interactions with ivermectin, while iver-
mectin’s –OH groups remained unchanged. The difference 
between the spectra of the co-crystal candidates and physi-
cal mixtures can be found in the alkyl chain band region 
(2800–2950 cm−1). In this region, the peaks of the physical 
mixtures were again identical to that of IVM RM. However, 
for the co-crystal candidates, this region corresponded to the 
peaks of Span® 60’s alkyl chain (highlighted in Fig. 3), with 
some ivermectin alkyl peaks appearing in the 3:1 ratio co-
crystal candidate (which contains one molecule Span® 60 

for every three ivermectin molecules). The results therefore 
suggest that, while the intermolecular interactions between 
ivermectin and Span® 60 in the co-crystal candidates and 
physical mixtures were strikingly similar, there was a differ-
ence between these solids. The complete absence of Span® 
60’s functional groups in the physical mixtures suggests that 
it was completely dispersed between the ivermectin crystals 
(powder). However, in the co-crystal candidates, the Span® 
60 molecules were orientated in such a way that their alkyl 
chains were “freer” (could absorb IR radiation and stretch 
more readily), while the hydrophilic “heads” of the mol-
ecules underwent interactions with ivermectin. This small 
difference in intermolecular interactions could explain why 
the XRPD diffractograms were also mostly similar. Since a 
co-crystal should be a homogeneous (single-phase) system, 
this was tested using thermal analyses.

DSC thermograms of the different solids tested in this 
study are presented in Fig. 4. Span® 60 is a non-ionic sur-
factant with a phase-transition temperature (Tc) of around 
54°C (Fig. 4a). Since the endothermal event associated with 
this phase transition is the result of a conformation change 
in the surfactant’s alkyl chain [57–59], it is reasonable to 
assume that this endothermal event will be present in all the 
thermograms of solids containing Span® 60. From Fig. 4, 

Fig. 3   FTIR spectra of a ivermectin raw material and Span® 60, b the 1:1, c 2:1 and d 3:1 ivermectin:Span® 60 molar ratio physical mixtures 
(PM) and co-crystal candidates (CC)
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it is observed that this was indeed the case. A correlation 
with the FTIR data, which suggested that Span® 60’s alkyl 
chains were freer in the co-crystal candidates than in the 
physical mixtures, can be seen in Fig. 4, with consistently 
larger alkyl chain conformation change enthalpies (areas 
under the curve) for the co-crystal candidates compared to 
their physical mixture counterparts. Apart from the alkyl 
chains’ conformation change, all the co-crystal candidates 
displayed only one melting point, while the physical mix-
tures presented with two. Details on the melting points can 
be found in Table I.

The data in Table I suggests that the melting points of 
the co-crystal candidates, and first melting points of the 
physical mixtures, were all well below that of ivermectin 
raw material. For the physical mixtures, the second melt-
ing points were also below the melting point of ivermectin. 
Except for the 1:1 molar ratio physical mixture and co-crys-
tal candidate, all the co-crystal candidates displayed melting 
points more than 10 °C below the first melting points of the 
physical mixtures. Usually, one would expect a co-crystal’s 
melting point to lie between the melting points of the API 
and co-former. However, since Span® 60 is not crystalline 
(Fig. 2) and does not have a melting point in the traditional 
sense, this co-crystal behavior could not be confirmed. It 
was observed though that the melting points of the co-crys-
tal candidates increased, i.e., moved closer to the melting 
point of ivermectin raw material, with an increase in the 
amount of ivermectin molecules present. This observation 
at least corresponds to the melting point behavior expected 
from co-crystals. However, in the absence of SXRD data, 

the preparation of co-crystals could not be confirmed, and 
therefore the co-crystal candidates will be referred to as co-
processed crystalline solids.

Collating the XRPD, FTIR and DSC data, possible 
explanations for the observations can again be found in the 
work presented by Shubin et al. Combining their findings 
regarding the conformation of ivermectin and its dominant 
role in stabilizing the crystals’ structures, Shubin et al. con-
cluded that monoclinic ivermectin crystals were examples 
of host–guest type systems [56]. This was a direct result 
of ivermectin’s inability to pack efficiently, because of the 
crown-formation its molecular structure adopted, leaving 
voids inside the crystals. Orthorhombic ivermectin crystals 
also displayed voids in their crystal structures, albeit larger 
than those in the monoclinic crystals. The volumes of these 
voids were found to be 82 and 221 Å3, and 552 Å3 for the 
monoclinic and orthorhombic crystals, respectively. There-
fore, molecules can fit into these voids if they are the cor-
rect size [56]. It is possible that co-processing of ivermectin 
with Span® 60, using the liquid-assisted grinding technique, 
resulted in the hydrophilic heads of the Span® 60 molecules 
filling the cavities these voids would leave on the surface of 
the ivermectin crystals.

To investigate this hypothesis, blind molecular docking 
studies were performed using Span® 60 as ligand and the 
surfaces of an IVM crystal (CCDC refcode BIFYOF) as 
receptors. The binding affinities of the different models, and 
figures of the intermolecular interactions, can be found in 
the supplementary information. For all the proposed inter-
action models the highest binding affinities were observed 

Fig. 4   DSC thermograms of a ivermectin raw material (RM) and Span® 60, b the 1:1, c 2:1 and d 3:1 ivermectin:Span® 60 molar ratio physical 
mixtures (PM) and co-crystal candidates (CC)
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where interactions took place between the hydrophilic head 
of Span® 60 and IVM. Most of the interactions were close 
contact interactions, i.e., atoms closer than the sum of their 
van der Waals radii. However, some hydrogen bonding inter-
actions were also observed, as presented here in Fig. 5. The 
proposed model in Fig. 5 is in line with the observations 
made previously concerning the FTIR spectrum and thermal 
analysis data. The model presented in Fig. 5, as well as the 
other models in the supplementary information, suggests 
that it is possible for Span® 60 to fill cavities on the surface 
of IVM crystals. Since this does not change the underlying 

crystal structure, but rather “coats” it, these type of surface 
interactions could explain why the characteristic peaks of 
IVM were still visible in the XRPD diffractograms of the 
co-processed solids.

Thermogravimetric analysis showed that both ivermectin 
and Span® 60 had average mass losses of about 4.5% (4.64 
and 4.46%, respectively). For the 1:1 molar ratio, the average 
mass losses of both the physical mixture and co-processed 
solids were 6% (5.9983% and 6.0036%, respectively). Simi-
larly, for the 2:1 ratio physical mixture and co-processed 
solids the average mass losses were 9% (9.0971% and 
8.9593%, respectively). The same was true for the 3:1 molar 
ratio physical mixture and co-processed solids, which had 
an average mass loss of 7% (6.7884% and 7.2234%, respec-
tively). The thermogravimetric results therefore suggest that 
mass loss was independent of solid-state form but varied 
based on the molar ratios of the constituent molecules.

In this study, the measured log P value of ivermectin was 
3.001 ± 0.012 (n = 3), which was comparable to the literature 
value of 3.2 [12]. The measured log P values of the physical 
mixtures and co-processed solids are presented in Table II. 
The results showed that for the 1:1 and 2:1 molar ratios, 
the log P values of the physical mixtures and co-processed 
solids, respectively, were close to one another. For the 3:1 
molar ratio, the log P value of the co-processed solids was 
higher than that of the physical mixture. For the co-pro-
cessed solids, the log P values increased with an increase in 
the amount of ivermectin molecules present.

Results of the equilibrium (24 h) oil solubility studies in 
AVO and EPO are presented in Table III. The physical mix-
tures and co-processed solids all displayed improvements in 
solubility compared to ivermectin raw material. The statis-
tical analysis of the solubility studies showed that the dif-
ferences in AVO solubility between the raw material and 
2:1 and 3:1 physical mixtures were not significant (Fig. 6). 
However, in EPO all the physical mixtures and co-processed 
solids showed significant improvements in solubility over 
the raw material. The largest improvement in AVO solubility 
was seen with the 1:1 molar ratio co-processed solids, while 
the largest improvement in EPO solubility was seen with 
the 2:1 co-processed solids (Table III). Statistical analysis 
also showed that, in AVO, the 1:1 molar ratio co-processed 
solids’ solubility differed significantly from all the other 
groups, with the exception of the 2:1 co-processed solids 
(Fig. 6), while in EPO the 2:1 co-processed solids’ solubility 
differed from that of most groups, with the exceptions being 
the 3:1 co-processed solids and 3:1 physical mixture (Fig. 7).

Fig. 5   Molecular docking results showing a Span® 60 molecule with 
its hydrophilic head embedded in a cavity on the simulated surface of 
an IVM crystal. Close contact interactions are shown as spheres and 
hydrogen bonds as dotted lines

Table I   Phase Transition and Melting Point Data for Ivermectin, Span® 
60, Physical Mixtures (PM) and Co-crystal Candidates (CC) Tested

Span® 60 phase 
transition (°C)

Melting point 
1 (°C)

Melting 
point 2 
(°C)

Ivermectin - 161.33 -
Span® 60 55.17 - -
PM 1:1 54.36 123.06 153.74
CC 1:1 54.13 125.83 -
PM 2:1 53.76 141.02 154.36
CC 2:1 54.06 127.37 -
PM 3:1 53.77 141.69 154.02
CC 3:1 52.74 131.33 -

Table II   Log P Values of the 
Physical Mixtures (PM) and 
Co-Crystal Candidates (CC) in 
Different Molar Ratios

1:1 2:1 3:1

PM CC PM CC PM CC

2.84 ± 0.07 2.87 ± 0.07 3.16 ± 0.08 3.02 ± 0.13 3.08 ± 0.06 3.34 ± 0.04
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The solubility results therefore suggest that, in both AVO 
and EPO, at least one co-processed solid displayed a sig-
nificant improvement in oil solubility compared to the raw 
material and the physical mixtures, with the only exception 
being the 3:1 physical mixture in EPO.

In recent years, several studies have attempted to improve 
the solubility of ivermectin, either through hydroxypropyl-β-
cyclodextrin (HP-β-CD) complexation [59], or the prepara-
tion of nanocrystals [42, 44]. However, these studies were 
focused on improving the aqueous solubility of ivermectin. 
To the best of the authors’ knowledge, this study represents 
the first attempt to improve the oil solubility of ivermec-
tin. The results presented here showed that, in AVO the 1:1 
molar ratio co-processed solid was able to improve ivermec-
tin’s solubility by 66%, and in EPO the 2:1 co-processed 
solid improved ivermectin’s solubility by 169%.

A possible explanation for why the co-processed solids out-
performed the physical mixtures can be found in our hypoth-
esis that co-processing resulted in Span® 60’s hydrophilic 
head groups to occupy cavities on the surface of the ivermec-
tin crystals, effectively coating the crystals with Span® 60. 
These structures could result in better oil “wettability” than 
that obtained from normal powder mixtures, leading to better 

solubility. However, this hypothesis will first need to be thor-
oughly investigated, and will be left as a future prospect.

Conclusion

This study attempted to improve the oil solubility of iver-
mectin through solid-state modifications. The rationale 
behind attempting to improve oil solubility was to investigate 
techniques that can be used to increase drug loading in lipid-
based dosage forms and possibly micro- and/or nanoparticles 
prepared from oil-in-water emulsions. The initial polymorph 
screening proved inconclusive, and the resulting crystals could 
not improve ivermectin’s solubility in AVO and EPO. During 
the initial equilibrium solubility studies, it was observed that 
ivermectin was poorly wettable in AVO and EPO, with the 
powder remaining either on top of or below the oils in dry 
clumps. Attempts were made to prepare co-crystals of iver-
mectin with a lipid-soluble non-ionic surfactant as co-former, 
to address the wettability issues and possibly improve oil solu-
bility. For this study, Span® 60 was chosen as co-former.

The XRPD and FTIR results showed only small differ-
ences between the co-crystal candidates and their physical 

Table III   Equilibrium Solubility Values (Mean ± std) of Ivermectin Raw Material, Physical Mixtures (PM) and Co-Crystal Candidates (CC) in 
AVO and EPO (n = 6 in Each Oil)

Solubility Ivermectin 1:1 2:1 3:1

PM CC PM CC PM CC

AVO 307.5 ± 47.55 445.51 ± 43.68 509.72 ± 51.53 362.57 ± 60.25 464.27 ± 9.82 349.20 ± 11.59 426.09 ± 10.46
EPO 228.06 ± 31.23 429.78 ± 76.29 478.39 ± 9.65 380.88 ± 44.79 612.72 ± 137.95 473.21 ± 89.95 421.53 ± 122.57

Fig. 6   Boxplots and statistical significance indicators of IVM’s solu-
bility in avocado oil (AVO). The groups consist of IVM raw mate-
rial (RM), co-crystal candidates (CC) and physical mixtures (PM) 
in different molar ratios. For the significance indicators, * indicates 
significant differences (p ≤ 0.05) and ** indicates very significant dif-
ferences (p ≤ 0.01)

Fig. 7   Boxplots and statistical significance indicators of IVM’s solu-
bility in evening primrose oil (EPO). The groups consist of IVM raw 
material (RM), co-crystal candidates (CC) and physical mixtures 
(PM) in different molar ratios. For the significance indicators, * indi-
cates significant differences (p ≤ 0.05) and ** indicates very signifi-
cant differences (p ≤ 0.01)
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mixture counterparts. However, the FTIR spectra of the co-
crystal candidates showed the presence of Span® 60’s alkyl 
chain peaks, which were absent in the spectra of the physical 
mixtures. This suggested that co-processing of ivermectin and 
Span® 60 using the liquid-assisted grinding technique resulted 
in crystalline solids where the alkyl chains of Span® 60 had 
more freedom compared to the physical mixtures. The DSC 
thermograms suggested that the co-crystal candidates were 
homogenous (single-phase) systems compared to the physi-
cal mixtures, since, apart from the initial endotherms resulting 
from conformation changes in Span® 60’s alkyl chains, the co-
crystal candidates presented with only one melting endotherm, 
while the physical mixtures all displayed two melting endo-
therms. Apart from the 1:1 co-crystal, the melting points of 
the co-crystal candidates were all lower than the lowest melt-
ing points of the physical mixtures. However, without SXRD 
data, the successful preparation of co-crystals could not be 
confirmed. Therefore, the co-crystal candidates should rather 
be referred to as co-processed crystalline solids.

The presence of Span® 60 improved the solubility of iver-
mectin in EPO and AVO, as it was able to address the wetta-
bility issue. The co-processed solids were able to improve the 
solubility of ivermectin even beyond that obtained from the 
physical mixtures, with the 1:1 molar ratio co-processed solid 
improving ivermectin’s solubility by 66% in AVO, and the 2:1 
co-processed solid improving ivermectin’s solubility by 169% 
in EPO. Therefore, these co-processed solids represent a prom-
ising solid-state modification that can be used in future studies 
to increase ivermectin loading in oil-based dosage forms.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1208/​s12249-​024-​02783-0.
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