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A B S T R A C T

Levonorgestrel (LNG) is a second-generation synthetic progestogen that has been widely used in oral tablets for 
emergency contraception, intrauterine devices and transdermal implants. The main objectives of the present 
work were to evaluate LNG drug substance variability with respect to polymorphism and purity, and to inves
tigate the stability of the compound in the selected organic solvents, pharmaceutical vehicles and biorelevant 
media. Solid-state analysis of LNG samples from eleven different suppliers were conducted by different analytical 
techniques, including Fourier transform infrared (FTIR), Raman, solid-state and liquid-state nuclear magnetic 
resonance (NMR) spectroscopies, differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), 
powder X-ray diffraction (XRPD), wide-angle X-ray scattering (WAXS), small-angle X-ray scattering (SAXS) and 
scanning electron microscopy (SEM). In addition, dynamic vapour sorption (DVS) was performed to investigate 
the hygroscopicity of LNG. The comprehensive solid-state investigation of LNG from different sources showed 
only minor variations related to their thermal properties. Overall, all suppliers delivered the same polymorphic 
form of LNG and the compound displayed high physical stability under elevated temperatures and across rele
vant organic solvents, suggesting limited risks associated with polymorphic changes during processing. More
over, the equilibrium solubility was obtained in a wide range of relevant organic solvents, dissolution media and 
pharmaceutical vehicles, which would support development of new dosage forms containing LNG.

1. Introduction

Unintended or unplanned pregnancy has a significant impact on the 
social and economic conditions of families worldwide. Moreover, the 
use of birth control has contributed to the improvement in maternal 
health and reduction of infant mortality (Frost and Lindberg, 2013; 
Gipson et al., 2008). Some of the modern contraceptive methods include 
oral contraceptive tablets, rod-shaped implants, intra-uterine devices 
(IUD), subcutaneous injections and intravaginal rings (WHO, 2023). 
Nevertheless, a recent study has estimated that, among the unintended 
pregnancies reported worldwide, the sub-Saharan Africa displayed the 
highest annual averages per 1000 women aged 15–49 years, although 
large regional and country differences have been reported (Bearak et al., 
2022). For example, Bearak and co-workers reported 49 in Niger, 145 in 
Uganda and 35 in Europe and Northern America (Bearak et al., 2022). 
Low contraceptive adherence in sub-Saharan populations may be due to 

limited access to safe and effective contraceptive options that enable 
self-administration and are easily accepted by patients, particularly in 
regions with less access to health care providers (Li et al., 2022). A 
recent study reported that the most used family planning method across 
most countries in sub-Saharan Africa are injectable contraceptive for
mulations (39.4%), including intramuscular (e.g. Depo-Provera®) or 
subcutaneously administered formulations (Boadu, 2022; Jain et al., 
2004). However, as administration of an injection often involves contact 
with a health care professional, geographic and social barriers may limit 
the use of family planning services in the sub-Saharan region (Ayuk 
et al., 2022). Therefore, the development of alternative contraceptive 
methods that are safe and easily self-administered, such as subcutaneous 
injections or transdermal patches (e.g. microneedles or microarray 
patches) could be highly relevant for this particular region (Li et al., 
2022).

Norgestrel was first synthesized in the 1950s as a racemic mixture, 
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where levonorgestrel (LNG) (see Fig. 1) is the biologically active enan
tiomer, previously known as d-norgestrel (Kook et al., 2002). LNG is a 
well-known synthetic progestogen that has been used in oral tablets for 
emergency contraception (e.g. Plan B® pills) as well as in long-acting 
contraceptive methods, such as intrauterine devices (e.g. Mirena® and 
Liletta®) and subdermal implants (e.g. Norplant® and Jadelle®) (Fanse 
et al., 2022), hence it’s a well-known effective and safe compound for 
contraception. The contraceptive efficacy of LNG is based on several 
mechanisms of actions that include ovulation inhibition, decreased 
cervical mucus permeability, fallopian tube motility, and endometrial 
receptivity (Duijkers et al., 2022).

LNG has three reported polymorphs: α, β and γ, of which α and β have 
been identified as the metastable forms and γ the stable form (Cao et al., 
2017). The α form has been reported to display the fastest dissolution 
rate and the γ form the slowest (Cao et al., 2017). To the best of our 
knowledge, no comparative studies have evaluated the bioavailability or 
clinical efficacy when administering different polymorphic forms of 
LNG. For doses below 30 µg, a BSC-based biowaiver is permitted ac
cording to WHO guidance (WHO, 2026), whereas at higher doses the γ 
form may display lower bioavailability than the α form (Cao et al., 
2017).

Stability studies support formulation development and excipient 
selection, as well as the determination of the optimal manufacturing 
method, shelf life, and storage conditions for drug products (Rehman 
et al., 2020). In a recent isoconversional study of LNG, Ridichie and 
coworkers (2023), investigated the thermolysis mechanism of LNG by 
using kinetic analysis to explore how LNG decomposes under oxidative 
conditions at elevated temperatures. The results suggested that LNG has 
complex decomposition mechanisms and that specific excipients might 
display a stabilizing effect on the decomposition of LNG (Ridichie et al., 
2023). Another study conducted by Ridichie et al. (2024) investigated 
the compatibility between LNG and different pharmaceutical excipients 
in physical binary mixtures applying thermal analysis, infrared spec
troscopy, and powder X-ray diffraction (XRPD). The results showed that 
only five excipients (i.e. microcrystalline cellulose, sodium carbox
ymethyl cellulose, calcium lactate pentahydrate, α-lactose mono
hydrate, and talc) did not display chemical interactions with LNG at 
room temperature or when heated (Ridichie et al., 2024). Bao and col
leagues investigated the impact of curing conditions on the physical and 
chemical stability of LNG loaded into polydimethylsiloxane 
(PDMS)-based intrauterine devices and reported that the crystalline 
form of LNG was maintained inside the PDMS matrix and that the 
chemical stability of the API was not affected despite of a high pro
cessing temperature of 80 ∘C (Bao et al., 2018). Similar to intrauterine 
devices, other formulations such as microneedle patches also incorpo
rate LNG in the solid state. Therefore, key solid-state properties, 
including particle size, morphology, and degree of crystallinity, may be 
critical material attributes that must be characterized during the 
development of novel LNG formulations (Fanse et al., 2022). In this 
context, preformulation studies are of great importance to ensure 
informed decision-making during the drug formulation stage and to 

increase manufacturing robustness. Furthermore, material variability in 
the provided active ingredient may be a critical factor to consider during 
the drug formulation stage (Stauffer et al., 2018). The influence of 
variability would be a natural part of a regulatory file, however, such 
investigations are rarely available in the public domain. Provided that 
novel formulations containing LNG may have a considerable impact in a 
Global public health context, the main objectives of the present work 
were to evaluate LNG drug substance variability with respect to poly
morphism and purity, to investigate the polymorphic stability of the 
compound, and to determine the solubilities in the selected organic 
solvents, pharmaceutical vehicles and biorelevant media to support 
formulation developers. The analytical methods that were employed 
included thermal analysis (TGA/DSC), Attenuated Total Reflection 
Fourier Transform Infrared spectroscopy (ATR-FTIR), Raman spectros
copy, scanning electron microscopy (SEM), XRPD, WAXS, SAXS, laser 
diffraction through wet dispersion, dynamic vapor sorption (DVS) and 
solid-state and liquid-state nuclear magnetic resonance (NMR) 
spectroscopy.

2. Materials and methods

2.1. Materials

LNG was obtained from 11 different sources. The reported purities on 
the certificate of analysis and batch numbers are listed in Table 1.

The solvents investigated were obtained from different sources. N- 
methyl-2-pyrrolidone (NMP) 99.5% and ethyl acetate 99% were ob
tained from Thermo Scientific (Waltham, MA, USA); dimethyl sulfoxide 
(DMSO) 99.9% from Thermo Scientific (Waltham, MA, USA); deuterated 
DMSO from Sigma-Aldrich (Burlington, MA, USA); 1,4-dioxane from 
Sigma-Aldrich (Hamburg, Germany); diethylene glycol dimethyl ether 
(Diglyme) anhydrous 99,5% from Sigma-Aldrich (Burlington, MA, USA); 
tetrahydrofuran (THF) from VWR (Gdansk, Poland); dimethylforma
mide (DMF) from VWR (Darmstadt, Germany); dichloromethane (DCM) 
from VWR (Fontenay-sous-Bois, France) isopropanol and acetonitrile 
were obtained from VWR (Radnor, PA, USA); N,N-dimethylacetamide 
99% (DMA) was purchased from Acros Organics (Geel, Belgium); 
acetone and ethanol 96% from VWR (Paris, France); methanol from 
VWR (Oslo, Norway) and toluene from Sigma-Aldrich (St. Louis, MO, 
USA).

The pharmaceutical excipients and other compounds used were 
Polysorbate 80 (PS80) and Polysorbate 20 (PS20) from Sigma-Aldrich 
(St. Louis, MO, USA); Poloxamer 188 from Thermo Scientific (Kandel, 
Germany); Kolliphor EL® from Sigma-Aldrich (Hamburg, Germany); 
Kolliphor HS15® was donated by BASF (Ludwigshafen, Germany); 
Labrasol Alf® and diethylene glycol monoethyl ether (Transcutol) was a 
gift from Gattefossè (Lyon, France); Hydroxypropyl-β-cyclodextrin (HP- 
β) from TCI (Qingdao, China); Sulfobutylether-β-cyclodextrin (SP-β) 
from Sigma-Aldrich (St. Louis, MO, USA); glycerol from Sigma-Aldrich 
(Petaling Jaya, Malaysia); propylene glycol from Sigma-Aldrich (St. 

Fig. 1. Chemical structure of levonorgestrel.

Table 1 
List of investigated LNG samples obtained from different sources, batch number 
and the purity stated by the supplier.

Supplier Reported purity Batch No.

OOI Chemical (OOI) 99.8% 240,301
A2B Chem (A2B) 95% 2247,485
BOC Sciences (BOC) 99.88% B23LM02161
LGC Mikromol (Mikromol) 98.7% G1186122
MedChemExpress Europe (MCE) 99.88% 14,149
Target Mol 99,79% 115,871
Thermo Scientific (Thermo) 98% 461,100,010
Biosynth > 99% 0000,030,008
Selleck 99.9% S172705010001
MuseChem (Muse) 98% M23 × 12,085
Wuhan Fortuna Chemical (Wuhan) 99.82% 20,221,221
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Louis, MO, USA); polyethylene glycol 400 (PEG 400) from Thermo 
Scientific (Hamburg, Germany); sodium dodecyl sulfate (SDS) from 
VWR (Lutterworth, UK), cetyltrimethylammonium bromide (CTAB) 
from Thermo Scientific (Hamburg, Germany); phosphate buffered saline 
tablet from Sigma-Aldrich (St. Louis, MO, USA); 2F Powder for FaSSIF/ 
FeSSIF from Biorelevant (London, UK). Water used throughout the 
studies was obtained from an Ultrapure Water dispenser 18.2 MΩ Mil
lipore from Merck (Darmstadt, Germany).

2.2. Methods

2.2.1. NMR spectroscopy
All liquid-state NMR analyses were performed at 11.7T on a Jeol 

JNM-ECZ500R/S1 500 MHz NMR spectrometer (Kobe, Japan) equipped 
a Royal HFX probe. The samples were dissolved in deuterated DMSO and 
the 1H NMR and 13C NMR were performed with 128 and 4096 scans, 
respectively.

Solid-state NMR (ssNMR) analyses were performed at 16.4 T on a 
Bruker Avance IIIHD spectrometer (Billerica, MA, USA) equipped with a 
4 mm HXY MAS probe at a 12 kHz MAS rate. Carbon spectra (1H–13C CP) 
were acquired with 3000 scans, a relaxation delay of 2.5 s and an 
acquisition time of 50 ms. The cross polarization (CP) was optimized on 
U–13C,15N L-alanine with a 30% ramp on the 13C rf channel and Spi
nal64 was used for 1H decoupling during acquisition with and rf field 
strength of 100 kHz. Chemical shifts were calibrated indirectly through 
the adamantane peak observed to low frequency (29.5 ppm relative to 
tetramethylsilane).

2.2.2. Attenuated total reflection Fourier transform infrared spectroscopy 
(ATR-FTIR)

FTIR spectra were collected in the range of 4000 – 650 cm− 1 on an 
Agilent Cary 360 FTIR Spectrometer (Wilmington, DE, USA) with a 
Diamond-ATR module in reflectance mode. The spectra were collected 
from 32 co-added scans, with a spectral resolution of 2 cm− 1.

2.2.3. Raman spectroscopy
The solid-state Raman spectra were collected on a system consisting 

of an Ocean Optics immersion probe coupled to a B&W tek 785 nm fiber 
coupled laser and an Ocean Optics QEPro Raman spectrometer with a 
spectral resolution of 12 - 14 cm− 1 (Peabody, MA, USA). 200 mW of laser 
power was used on the sample with an integration time of 1 s.

2.2.4. Powder X-ray diffraction (XRPD)
X-ray diffractograms were collected using a Rigaku Miniflex 600 X- 

ray diffractometer (Tokyo, Japan) with a voltage of 40 kV and a current 
of 15 mA from 5 to 60◦ (2θ angles) in reflection mode, with a step size of 
0.02◦ and 5◦/min. All samples were packed on the top of glass sample 
holders with the same depth for intensity comparison. The interlayer D- 
spacing of reflections were calculated using Bragǵs law (nλ = 2dsinθ) in 
which n is the order of diffraction, λ the wavelength (Cu Kα radiation; λ 
= 1.5406 Å), θ is the diffraction angle and d the D- spacing.

2.2.5. Wide-angle X-ray scattering (WAXS) and small-angle X-ray 
scattering (SAXS)

WAXS and SAXS measurements were carried out using a XEUSS 3.0 
SAXS/WAXS System (Xenocs, Sassenage, France) with a CuKα X-ray 
source (λ = 0.154 nm, Xeuss 3.0 UHR Dual source Mo/Cu, Xenocs, 
Sassenage, France) and Eiger2 4 M detector (Dectris Ltd., Baden Deatt
wil, Switzerland) with slit collimation. The apparatus was operated at 50 
kV and 0.6 mA with sample to detector distance of 300 mm to access a q- 
range of 0.03–1.5 Å. Data acquisition time was 20 min. The solid-state 
detector acquires a 2D image, in which all scattering vectors (angles) 
in the described range correspond to respective pixels of the detector 
image. The exposure time was thus the same for all angles studied, as the 
scattering data was obtained simultaneously for all angles.

Samples were enclosed into 2.5 mm in diameter metal O-rings 

covered with two Kapton windows with 12.5 µm thickness. The scat
tered intensity was normalized to the incident intensity and was cor
rected for the background scattering from the empty sample holder. 
Calibration to absolute scale was used. The measurements were per
formed at ambient temperature of 20 ◦C.

2.2.6. Thermal analysis

2.2.6.1. Differential scanning calorimetry (DSC). The melting point of 
the 11 batches of LNG were analyzed using a DSC 250 from TA in
struments (New Castle, DE, USA). Samples (2–3 mg) were hermetically 
sealed in standard aluminum pans, and the samples were subjected to a 
heating/cooling cycle from 25 ◦C up to 260 ◦C with a heating rate of 10 
◦C/min under a 40 mL/min nitrogen gas flow.

2.2.6.2. Thermogravimetric analysis (TGA). The thermogravimetric 
profile of the samples was obtained using a Thermogravimetric analyzer 
TGA 4000 from Perkin Elmer (Waltham, MA, USA). The sample (~12 
mg) was added in an alumina (Al2O3) crucible and heated from 25 to 
600 ◦C on a 20 ◦C min− 1 rate. N2 was used as purge gas.

2.2.7. Dynamic vapor sorption (DVS)
Dynamic vapor sorption (DVS) experiments were performed in a 

Discovery SA from TA Instruments (New Castle, DE, USA). To investi
gate the hygroscopicity of the samples, 50–60 mg LNG were pre-dried 
before exposed to isoactivity (isohume) measurements at 75%RH (25 
◦C) and the weight gain was recorded. Each experiment was performed 
in duplicates.

2.2.8. Scanning electron microscopy (SEM)
The samples were mounted on double-sided adhesive carbon tape 

fitted on aluminum stubs. They were then gold coated using a Polaron 
SC7640 Sputter Coater manufactured by Quorum Technologies 
(Laughton, UK). Images (tiff format, 10 s, 1024 × 768) were taken using 
a Zeiss Gemini 300 Field Emission Scanning Electron Microscope 
(Oberkochen, Germany) at set magnifications (x200, x2k and x7.5k) 
using the secondary electron detector at 20 kv acceleration voltage and 
8.5 mm working distance.

2.2.9. Quantification method for solubility studies
Analysis of LNG was done with an adapted HPLC method previously 

reported (Zhao et al., 2020). In short, the mobile phase consisted of 
50:50% (v/v) of acetonitrile and pure MilliQ® water. Chromatographic 
separation was carried out using a C18 column (Xbridge 150 × 3.5 mm 
ID, 4.5 µm) fitted with a C18 guard column at 30 ◦C. The flow rate was 
set at 1 mL/min, 20 µL volume injected and UV detection wavelength set 
to 240 nm. LOD and LOQ was determined to be 48.06 ng/mL and 145.64 
ng/mL, respectively. The method was confirmed to be linear up to 5344 
ng/mL.

2.2.9.1. Equilibrium solubility of LNG. The determination of the equi
librium solubility of LNG was performed at ambient temperature in 
several organic solvents, pharmaceutical vehicles, and dissolution media 
using the shake-flask method. Saturated solutions containing LNG were 
prepared by weighing LNG into a 4 mL glass vial followed by addition of 
0.5 mL solvent. This was treated for 10 min using a Covaris S220 
Focused-ultrasonicator (Massachusetts, USA) with cycles per bust (CPB) 
set to 1000, duty factor (DF) at 50% and power intensity (PIP) at 200 W 
and then placed under rotation for a minimum of 12 h at ambient 
temperature. If all added LNG was solubilised extra compound was 
added and the procedure repeated. After equilibration the samples were 
centrifuged twice; once at 1900 g using an Eppendorf Centrifuge 5810R 
(Hørsholm, Denmark) for 10 min (22 ◦C). The supernatant was collected 
and centrifuged again using an Ole Dich microcentrifuge 157.MP (Hvi
dovre, Denmark) at 20,000 g for 10 min at 22 ◦C. Afterwards, the 
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samples were diluted in the mobile phase. Each experiment was per
formed in triplicates.

The solubility of LNG was determined in the following organic sol
vents; ethanol, acetone, methanol, isopropanol, acetonitrile, ethyl ace
tate, 1,4-dioxane, diglyme, N-methyl-2-pyrrolidone (NMP), dimethyl 
sulfoxide (DMSO), tetrahydrofuran (THF), dichloromethane (DCM), 
dimethylformamide (DMF) and N, N-dimethylacetamide (DMA). The 
tested pharmaceutical vehicles and dissolution media investigated are 
provided in Table 2.

2.2.9.2. Purity investigation. A stock solution of a European Pharmaco
peia LNG standard was prepared by dissolving 5 mg of LNG in 10 mL of 
acetonitrile. A standard calibration curve was then prepared from this 
stock solution by serial dilution in 50:50 (v/v) water/acetonitrile solu
tion over a concentration range of 268.8ng/mL to 4000 ng/mL. Eleven 
stock solutions from the different batches were prepared by accurately 
weighing and recording the amount of LNG dissolved in acetonitrile. 
Each sample was then diluted to 800 ng/mL in 50:50 (v/v) water/ 
acetonitrile. The peak area measured for each sample was divided by the 
area corresponding to 800 ng/mL of the European Pharmacopeia stan
dard to calculate the % purity.

2.2.10. Stability of delivered polymorphic form in slurry experiments
The stability of LNG in several solvents was investigated by prepar

ing slurries in DMF, THF, NMP and DMSO at 22, 30, 37 and 60 ◦C. 
Additionally, slurries were prepared in ethyl acetate, diglyme, diglyme: 
water 95:5 (v/v) and DCM at room temperature. After 2 days, the 
slurries were filtered, and the recovered solids were collected and ana
lysed by XRPD.

2.2.11. Amorphization investigation
To investigate if the samples could be partially amorphous, a film- 

casting method was performed as an attempt to obtain amorphous 
LNG. Briefly, 26 mg of LNG was dissolved in 3 mL of DCM. The solution 
was pipetted onto glass slides at different temperatures (22 ◦C to 175 ◦C) 
and a film was formed. Subsequently, the samples were stored in a 
desiccator at ambient temperature, connected to a vacuum pump, and 
analysed by XRPD. The diffraction patterns were compared with the 
pure reference batch used for solubility determination.

2.2.12. Laser diffraction analysis
The particle size distribution of pure LNG was determined by laser 

diffraction using a Mastersizer 3000+ Ultra (Malvern Panalytical Ltd, 

Malvern, UK) equipped with a Hydro medium-volume wet dispersion 
unit. Measurements were conducted at ambient temperature with a 
stirring rate of 1750 rpm. Ultrapure water obtained from a Milli-Q® SQ- 
240 system (Merck, Darmstadt, Germany) was used as the dispersant. 
Suspensions were prepared by dispersing 50 mg of LNG in 1 mL 3% (w/ 
v) poloxamer 188 solution, followed by rotation for 15 min to ensure 
wetting of the LNG particles. Measurement parameters were set to a 
refractive index of 1.571 and an absorption index of 0.01 for LNG, while 
a refractive index of 1.33 was applied for the dispersant. The lower limit 
of obscuration was set to 2% and the higher limit was set to 12%. To 
minimize agglomeration in the wet dispersion unit, samples were sub
jected to ultrasonication for 45 s, followed by 30 min of stirring in the 
wet dispersion unit prior to measurement. Each suspension was 
measured five times. Calculations of the particle size distribution were 
performed by the Mastersizer Xplorer (v5.30) software using the Mie 
theory and calculated as volume-based diameters e.g. Dv10, Dv50, and 
Dv90.

3. Results and discussion

3.1. Solid-state analysis of LNG

According to current knowledge, LNG is polymorphic and can exist 
in different crystalline forms, based upon a polymorphic investigation of 
LNG reported by Cao and co-workers (2017). Form γ is reported to be the 
thermodynamically stable polymorphic form of LNG at ambient tem
perature, while the α and β forms are the metastable forms (Cao et al., 
2017). This conclusion was based on exposure of the three forms to 
elevated temperature (60 ◦C), high humidity (92.5%), light exposure 
(4500 lx) for 10 days, combined with placement of the three crystal 
forms under pressures of 19.6, 39.2, and 78.4 kN. Under these stress 
conditions, Cao and coworkers (2017) reported that the γ-form was the 
stable crystal form, whereas the α and β-forms were metastable and 
transformed into the γ-form under these conditions.

Cao and coworkers (2017) reported that the IR spectra of the α and β 
forms overlap and hence cannot be distinguished by IR spectroscopy, 
whereas the γ form should show an additional peak at 1046 cm− 1 near 
the 1065 cm− 1 and a broader band at 3300 cm− 1 (Cao et al., 2017). The 
crystal form of the LNG samples from different suppliers obtained for the 
present study were therefore investigated by ATR-FTIR and Raman 
spectroscopy and the obtained spectra are presented in Fig. 2 and Fig. 3, 
respectively.

The IR spectra of the different LNG batches were superimposable (see 
Fig. 2), with no shifting in the absorption bands and presented similar
ities with the α and β forms previously reported by Cao et al. (2017). The 
O–H stretching vibrational modes, ν(O–H), were detected as a broad 
band at 3332 cm− 1 and only one band at 1064 cm− 1 was observed. The 
latter was assigned to the stretching vibrations of the bond formed be
tween carbon and the oxygen from the hydroxyl group, ν(C–O). 
Furthermore, the stretching vibrations of the C–H bonds, ν(C–H) are 

Table 2 
List of pharmaceutical vehicles and dissolution media in which the thermody
namic solubility of levonorgestrel was investigated.

Media Concentration (% w/v)

HCl (pH = 1.2) ​
50 mM Acetate buffer (pH =4.5) ​
50 mM PBS (pH = 7) ​
FaSSIF/ FeSSIF ​
Transcutol® ​
NaCl 0.9%
Sucrose 10%
PEG 400 30 and 100%
Propylene glycol 30 and 100%
Glycerol 30 and 100%
Hydroxypropyl-β-cyclodextrin (HP-β) 5, 10 and 20%
Sulfobutylether-β-cyclodextrin (SP-β) 5, 10 and 20%
Kolliphor HS15 5, 10 and 20%
Sodium dodecyl sulfate (SDS) 0.5, 1, 2, 3 and 5%
Cetyltrimethylammonium bromide (CTAB) 0.5, 1, 2, 3 and 5%
Polysorbate 20 0.5, 1, 2, 3, 5 and 10%
Polysorbate 80 0.5, 1, 2, 3, 5 and 10%
Polyoxyethylene 23 lauryl ether (Brij 35®) 0.5, 1, 2, 3, 5 and 10%
Caprylcaproyl polyoxyl-8glycerides (Labrasol Alf®) 0.5, 1, 2, 3, 5 and 10%
Kolliphor EL® (Cremophor EL®) 0.5, 1, 2, 3, 5, 10 and 20%

Fig. 2. Overlay of the ATR-FTIR curves for the different LNG batches. No sig
nificant difference was observed in the absorption bands.
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detected as a band at 3258 cm− 1, while the bands in the spectral region 
of 2926 - 2850 cm− 1 are due to the asymmetric C–H stretching vibra
tions in the cycloalkanes, ν(C–H). Finally, the C = O stretching vibra
tions, ν(C = O), were determined by an intense band at 1645 cm− 1. 
Ridichie and coworkers also reported characteristic LNG bands at 3342 
cm− 1, 3267 cm− 1, 1651 cm− 1 and 1067 cm− 1 that were assigned to 
ν(O–H), ν(C–H), ν(C = O) and ν(C–O) modes, respectively (Ridichie 
et al., 2024, 2023).

Although IR spectroscopy has been proposed as a suitable technique 
for distinguishing the stable form from the metastable forms, the Raman 
spectra of α, β and γ forms have been reported to overlap completely 
(Cao et al., 2017). Hence, as expected, the Raman spectra of the different 
LNG batches (see Fig. 3) were identical, as it can be seen by the char
acteristic bands at 2097 cm− 1 (symmetric -C–––C stretching modes, 
ν(C–––C)) and 1659 cm− 1 (-C = C stretching modes, ν(C = C)). Further
more, the bands in the spectral region of 1455–1388 cm− 1 also over
lapped and were attributed to the -CH3 bending modes, δ(C–H) of LNG. 
The results indicated that the same crystal form was present in all 
investigated batches in the present study as no significant band shifting 
or peak broadening were observed, in accordance with previous reports 
(Fanse et al., 2021). Additionally, the sharp and well-defined peaks of 
LNG vibrational modes provided a strong indication of a high degree of 
crystallinity.

In addition to the IR and Raman spectra obtained for the batches 

obtained from different suppliers, the compounds were also investigated 
by XRPD (see Fig. 4), a technique that has also been reported to be 
capable of distinguishing the three reported polymorphic LNG forms 
(Cao et al., 2017). The X-ray powder diffraction patterns obtained in the 
present study showed intense reflections, indicating a high crystallinity 
character with no significant differences observed in the Bragg peaks for 
the different LNG samples.

Additional SAXS/WAXS measurements (see Fig. 5) were performed, 
confirming the matching phase purity across the different batches, as 
suggested by the XRPD results. Comparing the position of the most 
intense XRPD peaks from the OOI batch with the Bragg peaks assigned to 
the γ form by Cao and coworkers (see Supporting Information, Table S1) 
suggested that the polymorphic form present across the different LNG 
batches was the form denoted as the γ form by Cao et al. (2017). 
However, these results were in contrast with the data obtained by 
ATR-FTIR, in which the different LNG batches did not exhibit an addi
tional peak at 1046 cm− 1 near the 1065 cm− 1 and a broader band at 
3300 cm− 1 characteristic of the γ form (Cao et al., 2017).

Cao and coworkers (2017) characterized the three existing crystal 
forms of LNG using DSC and reported a single sharp endothermic peak 
(melting point, Tm) which was detected in all three crystal forms, con
firming the absence of solvent or water of crystallization. An endo
thermic peak at 239.2 ◦C was reported for the stable form, γ, while the 
two metastable forms, α and β, were reported to have endothermic peaks 
at 238.1 ◦C and 239.4 ◦C, respectively. However, the DSC method could 
not be used as a discriminative method since the difference between the 
melting points of forms β and γ was <1 ◦C (Cao et al., 2017). The melting 
temperatures and heat of fusion of the different LNG batches were 
determined by DSC in the present study (see Table 3) and the DSC 
thermograms are reported in the Supporting Information (see Fig. S1 – 
S10). Only one endothermic peak was identified in each LNG sample, 
with values in the range of 237.8 to 241.4 ◦C in accordance with the 
temperature range previously reported in the literature for LNG (Bao 
et al., 2018; Cao et al., 2017; Ridichie et al., 2023). Initially, the samples 
from Mikromol, Target Mol and A2B had the lowest melting points 
compared to the other batches. For that reason, a second run was per
formed and only Target Mol and Mikromol remained with the lowest Tm. 
The presence of impurities and the influence of particle size could 
potentially explain differences in melting points between samples, 
which will be discussed below for the two batches.

A close investigation of the DSC thermograms suggested that the 
melting of LNG could be concurrent with its decomposition. The 
enthalpy of fusion obtained from the integration of the melting peak 
therefore seemed to correspond to both the energy required to melt the 

Fig. 3. Overlay of the Raman spectra of the LNG powder obtained from the different suppliers. No significant shift was observed in the vibrational modes of the 
different LNG batches.

Fig. 4. Diffraction patterns of the LNG powder obtained from the different 
suppliers. No significant difference was observed.
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compound as well as the energy associated with its decomposition.
Overall, the thermogravimetric (TGA) profiles of the different LNG 

batches displayed two major decomposition events, except for the batch 

from Muse (see Fig. 6). The sample from Muse was the only batch that 
displayed three major decompositions in the TGA run (see Fig. 7). Par
ticle size, presence of impurities and crystal habit are generally the main 
factors affecting the kinetics of phase transitions (Giron, 1995). In this 
work, the thermogravimetric curves of LNG presented differences that 
most likely can be explained by the differences in the content of impu
rities, residual solvent, and particle size distribution of the sample, 
which will be discussed further below. Since the mass losses were 
detected above 235 ◦C, the differences in the thermogravimetric profiles 
cannot be attributed to the presence of water or residual solvent from the 
crystallization. Moreover, no mass loss below 100 ◦C was observed in the 
thermogravimetric profile of the LNG samples, confirming the DSC re
sults, which suggested that the samples did not contain water adsorbed 
within the surface of the drug particles.

The TGA results from the present study also showed thermal stability 
up to 190 ◦C for most of the LNG samples, including the batch from 
Muse. The considerable thermal stability observed for all the LNG 
samples can be attributed to its conjugated and saturated scaffold and 
the grafted moieties (i.e. ketone and hydroxyl) that can form intermo
lecular H-bonds, stabilizing the crystal lattice (Ridichie et al., 2023).

The detail description of the decomposition events of the samples 
from OOI and Muse are reported in Table 4. In the first degradation step, 
LNG lost 26.5 and 34.5 wt % for the OOI and Muse batch, respectively, 
displaying considerable increase in mass loss as temperature increased. 
The TGA data obtained from the Muse batch was in accordance with the 
findings reported by Ridichie and coworkers (2024), in which LNG 
displayed thermal stability up to 185 ◦C and decomposition process 
characterized by three events (Ridichie et al., 2024). However, Ridichie 
et al. also reported that, in the first decomposition, LNG lost more than 
half of its mass (Ridichie et al., 2024). With the exception of the Muse 
sample, the present findings were in accordance with the previous work 

Fig. 5. SAXS (a) and WAXS (b) measurements of 10 different batches of LNG.

Table 3 
DSC parameters from the different LNG batches.

Batch First run Second run

Peak onset Enthalpy Peak onset Enthalpy

​ [ ◦C] [J/g] [ ◦C] [J/g]
OOI 240.0 131.5 240.4 115.4
Target Mol 237.8 116.4 238.6 123.8
Mikromol 238.9 143.0 239.3 101.5
A2B 239.9 113.5 240.5 144.9
BOC 241.4 138.7 ​ ​
Thermo 241.1 132.5 ​ ​
Muse 240.6 121.4 ​ ​
MCE 240.3 125.5 ​ ​
Selleck 240.3 125.1 ​ ​
Biosynth 240.1 125.9 ​ ​

Fig. 6. Thermogravimetric profile of the different LNG batches. All samples 
display two decomposition events, while the Muse batch is the only one that 
shows three events.

Fig. 7. Thermogravimetric profile of the OOI sample (red) and the Muse 
sample (violet).
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conducted by Ridichie et al. (2023), in which the thermal profile of LNG 
exhibited a two-step degradation process, characterized by a consider
able increase in mass loss with the temperature evolution (Ridichie 
et al., 2023).

The results from the purity assessment determined using HPLC sug
gested high purity for Target Mol and Mikromol samples (see Table 5), 
indicating that the small variation in melting point observed in the DSC 
results might be associated with differences in particle size, instead of 
the presence of impurities. The Muse sample displayed a lower experi
mental purity compared with the OOI batch which, in principle, could 
explain the differences between the thermogravimetric profiles of the 
Muse and the OOI. However, the batches from A2B, MCE, and BOC also 
displayed lower purity values and still displayed two decomposition 
events. Therefore, the different decomposition profile of the sample 
from Muse was most likely due to the influence of the particle size or 
presence of residual solvents.

To confirm the high purity results obtained experimentally by HPLC 
and to better understand the differences in the thermal properties 
observed for some of the LNG batches, A2B, Mikromol, OOI, Target Mol 
and Wuhan batches were selected for further liquid-state NMR analysis. 
The 13C NMR spectra of the different samples seemed to be identical. As 
expected, 20 distinct signals were detected in each spectrum, with the 
last signal (i.e. 40 ppm) most likely being overlapped by the DMSO 
signal (see Supporting Information. Fig. S11). In the 1H NMR spectra, 
integrals added up to the expected 28 H atoms (see Supporting Infor
mation. Fig. S12 – S17). The signal at 5.7 ppm was attributed to the 
alkene proton, 5.3 ppm corresponded to the OH proton that was visible, 
since the solvent used was DMSO, and the signal at 3.33 ppm was 
attributed to the acetylenic proton. The intense signal at 3.35 ppm was 
correlated to the water in DMSO and the residual DMSO‑d5 signal was 
observed at 2.50 ppm. Finally, the signals below 2.5 ppm corresponded 
to all the aliphatic protons, with the methyl group of the side chain 
clearly visible as a triplet at 0.92 ppm. The assignments were in accor
dance with previously reported 1H NMR data of LNG with CDCl3 as the 
solvent (ChemicalBook, 2017). Some changes in chemical shift were 
observed, most notably for the acetylenic proton but those might be 
explained by the OH proton exchanges with CDCl3 which disappears in 
the spectrum. Overall, no detectable differences were observed between 

the liquid state NMR data of A2B, Mikromol, OOI, Target Mol and 
Wuhan batches. Moreover, all the samples displayed high purity with no 
detectable signals other than the ones from LNG.

The ssNMR spectra of the LNG batches from OOI, A2B and Target 
Mol are reported in the Supporting Information (Figures S18 and S19). 
The ssNMR spectrum of the sample from Target Mol displayed a 
broadening of the methyl peak line (see Fig. S20) and a shoulder on the 
aldehyde/ketone peak (see Fig. S21), while all the other peaks from the 
tested samples completely overlapped. Often, NMR line widths can be 
correlated with magnetic susceptibility (Nelson et al., 2006). However, 
the other peaks of the sample from Target Mol did not show a similar 
trend to the methyl peak, suggesting that it was unlikely a case of sus
ceptibility broadening. The same logic can be applied to the size of the 
single crystal domains from the different batches. It is known that the 
presence of crystal defects contributes to changes in the apparent 
domain size of the crystal, which might also be correlated with the NMR 
line width (Nelson et al., 2006). Nevertheless, one should expect that a 
sample with reduced crystal quality would display changes in the line 
width of all peaks, and not just the methyl peak. Therefore, the differ
ences in the ssNMR spectrum of the Target Mol sample, compared to the 
other samples from OOI and A2B, could be potentially associated with 
the presence of another crystalline.

Intrinsic physical properties of a drug compound such as hygro
scopicity can be directly related to the drug stability and processability 
(Byrn et al., 2010). Therefore, knowing how much moisture the drug 
compound acquires at a given RH is needed to design specific formu
lation and packaging to ensure the stability of the finished product when 
shipped or stored at different environmental conditions (Bharate and 
Vishwakarma, 2013). The DVS curves can provide relevant information 
about the hygroscopic nature of solid species. It is often used to inves
tigate hydrate formation and the water-absorption behaviour of the 
crystal forms. The DVS curves of the different LNG batches subjected to a 
constant 75% RH showed a small mass change (%) as a function of the 
time provided in the Supporting Information (see Fig. S20 – S25). The 
results suggested that the LNG batches are nonhygroscopic with 
<0.012% w/w weight gain observed across all investigated batches. 
According to the European Pharmacopeia, a compound is considered 
slightly hygroscopic if it shows <2% mass gain when stored at 25 ◦C for 
24 h at 80% RH (Niazi, 2019), as was observed for LNG samples in the 
present study. Therefore, the compound can be described as 
non-hygroscopic. For that reason, the investigation of the dehydration 
and the hydration behaviour by the conventional vapor 
sorption-desorption isothermal cycles were not further conducted.

Particle size distribution of LNG drug particles is another factor that 
may be affected by API source variation. For instance, LNG particles in 
microneedle patches remain in the solid state, and therefore the particle 
size may have impact on product performance, particularly the disso
lution rates (Bao et al., 2020). To investigate the particle size distribu
tion of some of the supplied batches, a wet dispersion analyses were 
performed on LNG batches from A2B, Biosynth, Mikromol, OOI, and 
Wuhan when dispersed in 3% (w/v) poloxamer 188. The particle size 
distribution data for the LNG batches were not provided by the sup
pliers, with exception of the batch from Wuhan. The results reported in 
Fig. 8. and Table 6 display the particle size distributions for the different 
batches.

Initial measurements exhibited a bimodal distribution, with the 
primary volume fraction observed in the smaller size range of approxi
mately 5–8 µm, and a secondary, but smaller volume fraction at around 
70–100 µm. The presence of large particles was not observed in the SEM 
images, see supporting information (Figure S26 and S27). Despite a 
large difference in the number of particles analysed by the two methods, 
this could suggest that the larger particles detected by laser diffraction 
were possibly a result of agglomeration occurring during the addition of 
the sample to the wet dispersion unit as the sample was diluted in the 
wet dispersion unit. Therefore, the particles may not be sufficiently 
wetted by the stabilizer resulting in attraction forces between the 

Table 4 
Detail description of the temperature intervals in which a weight loss was 
observed for the Muse and OOI samples.

Muse OOI

Temperature Interval ( 
◦C)

Weight loss 
(%)

Temperature Interval ( 
◦C)

Weight loss 
(%)

245.5 - 346.5 26.5 250 - 397.5 34.5
346.5 - 427.5 55.5 397.5 - 580 59.8
427.5 - 580 14.3 - -
Residue 3.7 Residue 5.7

Table 5 
Purity values obtained experimentally using HPLC.

Batch Expected puritya Experimental purityb

A2B 95% 96.2%
Biosynth > 99% 99.1%
BOC 99.88% 95.5%
MCE 99.88% 96.9%
Mikromol 98.7% 100.2%
Muse 98% 96.9%
OOI 99.8% 102.3%
Selleck 99.9% 97.8%
Target Mol 99.79% 102.5%
Thermo 98% 97.3%
Wuhan 99.82% 100.6%

a Information provided by the suppliers without details on the analytical 
procedures applied.

b Calculated relative to a PhEur standard.
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particles. The software fit was also evaluated, as an incorrect refractive 
index or absorption index could have influenced the results. However, 
the fit was found to be satisfactory with weighted residuals and residuals 
of approximately 0.5%. The software evaluates the goodness-of-fit based 
on residuals and weighted residuals preferably below 1% depending on 
particle sizes and the distribution width. To minimize agglomeration, 
samples were subjected to stirring in the wet dispersion unit 30 min 
prior to measurement, which reduced the secondary peak associated 
with the larger particles, while the primary peak remained unchanged, 
suggesting that it did not affect the amount of LNG being solubilized. To 
further break up the agglomerates, ultrasonication of 45 s was applied 
prior to the 30 min of stirring. Ultrasonication resulted in additional 
reduction of the secondary peak but did not shift or reduce the primary 
peak. These findings confirm that the primary peak associated with the 
smaller particles remained intact, while the larger particles originated 
from reversible agglomerates from the sample preparation or as an 
artifact of the measurement method.

To better understand the differences obtained in the thermal analysis 
and to confirm the measured particle size distribution obtained by laser 
diffraction, the morphology of the selected batches, namely A2B, OOI, 
Mikromol, Muse, Target Mol and Wuhan, were investigated with scan
ning electron microscopy and the SEM micrographs are provided in the 
Supporting Information (see Fig. S1 and Fig. S2). Interestingly, unlike 
the present findings, another study reported neat, micronized LNG 
particles from a different supplier with a flake-like shape and a broad 
particle size distribution determined by image analysis 
(Farahmandghavi et al., 2019). Overall, there was no indication of sig
nificant differences in terms of morphology for most of the samples 
tested. Nonetheless, the samples from Target Mol and Mikromol dis
played slightly smaller particle sizes, which could explain the differ
ences in melting points compared to the other batches. Collectively, 
these results suggest that there is a small risk of receiving different 
polymorphic forms of LNG independent of the supplier, indicating a low 
solid-state risk associated with changes in the source of the API.

3.2. Investigation of polymorphic stability

Investigating the polymorphic behaviour of a drug is an important 

part of the preformulation stage. Solubility, dissolution rate, stability, 
hygroscopicity and solid-state reactivity are some of the physicochem
ical properties affected by polymorphism. However, the biggest impact 
is often associated to the bioavailability, especially is the case of 
dissolution-limited absorption mechanisms (Giron, 1995). For that 
reason, rapid polymorphic screening process is often performed to 
identify all possible crystal forms, including solvates, hydrates, and 
select the stable form that can be formulated into a desired dosage form 
(Byrn et al., 2010). A polymorphic screen of LNG was previously con
ducted by Cao and co-workers (2017), who reported three different 
polymorphic forms, as mentioned above. In the present work, an 
attempt was made to reproduce these three forms based on the experi
mental procedures described by Cao et al. (2017). However, in all cases, 
only the γ-form was observed, as confirmed by the XRPD diffractogram. 
The corresponding IR spectra matched that shown in Fig. 2 but lacked 
the additional peak at 1046 cm− 1 reported by Cao et al. (2017) for the 
γ-form. It was not clear why the work by Cao and co-workers (2017)
could not be reproduced, however, as the focus of the present work was 
to investigate the stability of the supplied γ-form, the LNG sample from 
OOI was selected for slurry experiments in a variety of solvents 
commonly used in polymer-based pharmaceutical formulations to assess 
potential polymorphic conversions. The XRPD analysis showed that no 
physical transformations occurred after stirring LNG in NMP, DMF THF 
and DMSO at different temperatures, see Fig. 9. Similar experiments 
were also conducted with the LNG liberated according to the procedures 
described by Cao et al. (2017) and similar data was observed (data not 
shown).

Identical diffractograms were also obtained for the products of the 
slurry experiments conducted in ethyl acetate, diglyme, diglyme: water 
(95:5) w/w and DCM, at room temperature (see Fig. 10). The absence of 
solvate formation has been attributed to a weaker solvent-solute affinity 
relative to the solute-solute and solvent-solvent affinities (Boothroyd 
et al., 2018). Accordingly, the XRPD results obtained from the slurry 
products prepared in the selected solvents suggested a weak affinity 
between LNG and the organic solvents, confirming the compound’s 
pronounced physical stability, as previously indicated by the thermal 
analysis. The investigations with the elevated temperature suggest that 
pharmaceutical processing with a slurry of LNG in the investigated 
solvent most likely would not induce any solid form conversion.

Amorphous forms may be obtained by solvent-based methods, 
melting or grinding, with the solvent-based methods being the most 
widely used (Byrn et al., 2010). In this present worked, a solvent-based 
method was performed by dissolving LNG in DCM (b.p. = 39.6 ◦C) and 
melt-casted to form thin films on a pre-heated glass slide at different 
temperatures (22 – 175 ◦C). After being dried under vacuum, the sam
ples were analysed with XRPD measurements. Despite the fast solvent 
evaporation rate, it was not possible to induce amorphization and no 
broad diffraction pattern (halo) was observed with the increase in the 
temperature. The X-ray diffraction patterns (see Fig. 11) indicated a 

Fig. 8. Particle size distributions of LNG from Mikromol, Wuhan, A2B, OOI, and Biosynth dispersed in 3% (w/v) poloxamer 188. (A) Samples subjected to stirring 
and ultrasonication. (B) Samples measured immediately after addition to the Mastersizer.

Table 6 
Particle sizes from A2B, Biosynth, Mikromol, OOI, and Wuhan batches.

Batch D (10) [µm] D (50) [µm] D (90) [µm] D (99) [µm] Span

A2B 2.77 7.32 14.3 20.5 1.579
Biosynth 3.22 7.28 13.5 18.5 1.414
Mikromol 2.41 5.78 11.2 16.1 1.515
OOI 2.64 6.86 13.8 20.9 1.630
Wuhan 2.59 6.93 13.5 18.7 1.569
Wuhan 0.9 a 2.0 a 7.0 a 16 a ​

a Declared by the supplier.
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strong tendency of LNG to remain in the crystalline form and the same 
diffraction patterns observed as the starting material, making it difficult 
to obtain a 100% amorphous LNG sample.

These investigations indicate that the crystalline stability of LNG in 
the γ-form was very high and that processing suspensions of the com
pound in different organic solvents, as well as exposure to elevated 
temperatures, does not induce polymorphic transformation. 

Pharmaceutical processing therefore appears to present a low risk with 
respect to solid-stage changes.

Fig. 9. XRPD of the LNG products obtained from the slurry experiments in a) NMP b) DMSO c) DMF and d) THF at 22 ◦C, 30 ◦C, 37 ◦C and 60 ◦C. The results show 
identical diffractograms, indicating that no polymorphic conversion occurred.

Fig. 10. XRPD of the products obtained from the slurry experiments of LNG 
conducted in different solvents at room temperature. The diffractograms 
overlap, indicating that no polymorphic conversion occurred.

Fig. 11. XRPD of the dried LNG obtained from a melt-casting method per
formed in DCM at different temperatures. The lack of a halo in the diffracto
gram indicates the strong tendency of LNG to remain in the crystalline state.
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3.3. Solubility of LNG in organic solvents, pharmaceutical vehicles and 
dissolution media

Solubility testing of the stable polymorphic form is essential in 
reaching proper decision making in the formulation development stage 
(Byrn et al., 2010). Conventional solubilization techniques include 
cyclodextrin inclusion and the use of surfactants and cosolvents. The 
type and concentration of surfactants can determine the solubilizing 
ability, but also toxicity. For instance, cationic surfactants present 
higher toxicity while nonionic surfactants are the least toxic. Another 
widely used solubilization approach is the addition of cosolvents, which 
are often water-miscible organic solvents such as ethanol, propylene 
glycol, DMSO and PEG, with a solubilization mechanism based on 
decreasing the solvents mixture polarity to enhance its compatibility 
with a nonpolar solute (Xie et al., 2024). In summary, pharmaceutical 
vehicles and organic solvents are often used to solubilize LNG for 
formulation development purposes, as well as pharmacokinetic and 
drug release research. For instance, release media containing 20% v/v of 
ethanol, isopropanol or THF have been used in accelerated in vitro drug 
release studies from intrauterine systems (Bao et al., 2019). Other sol
vents such as DCM can be used as organic phase in 
microemulsion-evaporation techniques to increase drug loading in 
nanoparticles containing LNG, while ethyl acetate mixed with ethanol 
was found to significantly enhance LNG flux and skin permeability 
relative to saline solution (Catz and Friend, 1990; Farahmandghavi 
et al., 2019). Finally, solvents such as DMF, DMSO, THF and 1,4- 
dioxane have been widely used in microneedle manufacturing (Kang 
et al., 2022; Yavuz et al., 2020).

The LNG solubility data in a variety of organic solvents are reported 
in Table 7, while the LNG concentration in different pharmaceutical 
vehicles and dissolution media is reported in Table 8.

The equilibration method used in the present study included an 
initial treatment by focused ultrasound to reduce particle size (Zulbeari 
and Holm, 2024) and thereby enhance the dissolution process. 
Following this, samples were left to equilibrate for at least 12 h in the 
presence of excess crystalline LNG in the vial to allow time for the system 
to reach equilibrium. The data presented above, indicating the high 
stability of the solid form of LNG, supported that the likelihood of this 
protocol inducing amorphization and thereby supersaturation was low.

In the presence of organic solvents, the results indicated that LNG 
exhibited the highest solubility in NMP, followed by DMA, DMSO, and 
DMF, in comparison with the other organic solvents evaluated.

Interestingly, the solubility of LNG in other solvents, such as 1,4- 
Dioxane, THF, and their mixtures, -with or without water- showed 
similar results, suggesting that these solvents could potentially be used 

to dissolve biodegradable polymers (e.g., poly (lactic-co-glycolic acid), 
PLA) for microneedle fabrication.

Since LNG is a very poorly water-soluble compound, the results in 
aqueous media without the presence of solubility enhancers were below 
the limit of detection of the equipment (LOD = 48.06 ng/mL). Therefore, 
slurry experiments performed in 50 mM Acetate buffer (pH = 4,5), 50 
mM PBS (pH = 7), HCl solution (pH = 1.2) and the results for the 
stressed stability studies did not produce any relevant data. In fact, to 
investigate the dissolution rate and solubility of the three polymorphic 
forms of LNG in aqueous media, Cao and coworkers performed the 
measurements in 1% PS80 (Cao et al., 2017).

When comparing the solubility of different pharmaceutical vehicles 
at 100% w/v, the highest LNG concentration was achieved in Trans
cutol® followed by PEG 400. Among the surfactants tested within the 
0.5 – 5% w/v range, LNG displayed considerable higher solubility in 
ionic surfactants, especially CTAB, relative to nonionic surfactants. The 
solubility of LNG in aqueous systems containing non-ionic surfactants (i. 
e. Brij 35®, Kolliphor EL®, Labrasol Alf®, PS20 and PS80), was highest 
in 10% Brij 35®, with a direct correlation between surfactant concen
tration and LNG solubility.

Overall, the LNG solubility data suggested that cyclodextrins are the 
most efficient solubility enhancers, particularly sulfobutylether- 
β-cyclodextrin. Moreover, a previous pharmacokinetic study of LNG in 
rats and minipigs demonstrated that parenteral formulations prepared 
with 10% hydroxypropyl-β-cyclodextrin in normal saline ensured drug 
stability and suitability for various parenteral routes (intravenous bolus 
or infusion, subcutaneous, and intradermal) (Ko et al., 2022). Therefore, 
this current work expands the database of LNG solubility values under 
varying conditions that might improve predictive drug loading and 
release profiles of novel formulations containing LNG.

4. Conclusions

Levonorgestrel (LNG) is a poorly water-soluble compound with 
limited polymorphic diversity. Although several preformulation studies 
have been conducted on LNG, a lack of comprehensive data regarding its 
solubility and physical stability in various solvents, pharmaceutical 
vehicles, and dissolution media remains. To address this, a thorough 
solid-state investigation of LNG from multiple sources was carried out to 
evaluate the potential impact of source variability. Spectroscopic anal
ysis (i.e. FT-IR and Raman) and X-ray diffraction measurements indi
cated that all LNG samples exhibit pronounced crystallinity and 
consistent phase purity across all batches. Notably, the absence of 
polymorphic transitions following slurry experiments in various sol
vents indicates high physical stability of the compound, which was 
further confirmed by thermal analysis. Further, the analysis of LNG 
obtained from multiple suppliers generally provided consistent solid- 
state properties across the suppliers, which significantly would derisk 
development work made with LNG in different laboratories using the 
compound from different sources.

The solubility data of LNG reported in this study covered a range of 
pharmaceutical vehicles, organic solvents, and dissolution media, each 
employed to enhance LNG solubilization for formulation development, 
and to support pharmacokinetic studies and drug release investigations.
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