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ABSTRACT	

Objective:	 Cannabidiol (CBD) is a non-psychoactive phytocannabinoid with broad therapeutic potential. However, its extremely poor aqueous 
solubility limits pharmaceutical development. This study aimed to enhance CBD solubility using binary and ternary amorphous solid dispersions 
(SDs) prepared by freeze-drying. 

Methods:	Freeze-drying conditions were optimized by screening solvent systems based on frozen-state thermal behavior. Binary SDs were prepared 
with polyvinylpyrrolidone (PVP-K30 or PVP-K90), while ternary SDs incorporated surfactants (TPGS, poloxamer 188, and poloxamer 407). 
Formulations were evaluated for solubility, dissolution, solid-state properties (DSC, FTIR), and stability. 

Results:	The optimal solvent system was 35% (v/v) tert-butyl alcohol. Binary SDs increased CBD solubility by up to 32-fold. Initial screening of 
ternary systems achieved approximately 7,000-fold enhancement, with poloxamer 407 showing the greatest effect. Further optimization yielded 
formulations (F7 and F14) with up to ~11,000-fold increased solubility and rapid dissolution. DSC confirmed complete amorphization, while FTIR 
indicated intermolecular interactions. The optimized formulations maintained amorphous characteristics and>96% CBD content after six months. 

Conclusion:	Freeze-dried ternary SDs, particularly those containing poloxamer 407, provide a robust strategy for markedly enhancing CBD solubility 
and dissolution with good stability. 
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INTRODUCTION 

Cannabidiol (CBD), a major non-psychoactive phytocannabinoids derived from hemp (Cannabis sativa L. subsp. sativa), has gained significant attention 
due to its broad pharmacological activities, including neuroprotective, anti-inflammatory, and analgesic effects [1, 2]. Clinically, CBD is approved as 
an antiepileptic agent (Epidiolex®) [3], and its therapeutic potential has led to increasing interest in pharmaceutical, nutraceutical, and cosmetic 
applications. 

Despite these advantages, CBD exhibits extremely low aqueous solubility (~ 0.0627 µg/ml [4]) and is classified as a Biopharmaceutics Classification 
System (BCS) Class II compound. This poor solubility limits its dissolution and oral bioavailability, posing a major challenge for formulation 
development. 

Various formulation strategies have been explored to overcome this limitation, particularly lipid-based systems such as nanoemulsions, 
microemulsions, and self-emulsifying drug delivery systems (SEDDS) [5-9]. While these approaches can enhance solubilization, they often involve 
complex compositions and may exhibit variability in drug absorption due to physiological factors [10]. 

Solid dispersion (SD) systems represent an alternative and effective approach for improving the solubility, dissolution, and bioavailability of poorly 
water-soluble drugs [4, 11–13]. In these systems, a hydrophobic drug is dispersed within a hydrophilic polymer matrix, enhancing dissolution through 
improved wettability, reduced particle size, and transformation to an amorphous state. However, the amorphous form is thermodynamically unstable 
and prone to recrystallization during storage [14]. 

These limitations can be mitigated through appropriate selection of carrier materials and formulation strategies [15, 16]. In particular, ternary solid 
dispersions (TSDs), which incorporate a polymer and a surfactant, have been shown to further enhance solubilization and improve physical stability 
by combining polymer-based stabilization with surfactant-mediated effects [17, 18]. 

Therefore, the present study aimed to develop and characterize binary and ternary amorphous solid dispersions of CBD using a freeze-drying 
technique to enhance solubility, dissolution, and solid-state stability. A key feature of this work is the application of frozen-state differential scanning 
calorimetry (DSC) for solvent system optimization, along with a systematic comparison of binary and ternary systems to elucidate the role of 
surfactants in enhancing CBD performance. 

MATERIALS	AND	METHODS	

Chemicals	and	reagents	

Cannabidiol (CBD; crystalline solid, 99% purity) was obtained from Salus Bioceutical (Thailand) Co., Ltd. (Chiang Mai, Thailand). Polyvinylpyrrolidone 
(PVP) with two different molecular weights—PVP-K30 (Mw  40,000 g/mol) and PVP-K90 (Mw  360,000 g/mol)-was purchased from Tokyo 
Chemical Industry Co., Ltd. (Tokyo, Japan) and used as polymeric carriers. Three surfactants, namely d-α-tocopheryl polyethylene glycol 1000 
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succinate (TPGS), poloxamer 188 (P188), and poloxamer 407 (P407), were obtained from Chanjao Longevity Co., Ltd. (Bangkok, Thailand). Ethanol 
(99.9%, AR grade), tert-butyl alcohol (t-BA, AR grade), acetonitrile (AR grade), and ultra-pure water (18 MΩ. cm) were used as solvents during 
formulation. Ammonium formate (98%, AR grade), formic acid (98%, AR grade), and acetonitrile (HPLC grade) were used for preparation of the HPLC 
mobile phase. 

Instruments	

The following instruments were used in this study: a Gamma 2-16 lSC plus freeze-dryer (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am 
Harz, Germany); differential scanning calorimeters DSC1 and DSC5+(Mettler-Toledo AG, Greifensee, Switzerland); a 1260 Quat Pump VL high-
performance liquid chromatography system (Agilent Technologies, Santa Clara, CA, USA); a Spectrum 400 Fourier transform infrared spectrometer 
(PerkinElmer Inc., Waltham, MA, USA); and a DSA25 drop-shape analyzer (KRÜSS GmbH, Hamburg, Germany). 

Methods	

Optimization	of	the	preparation	process	for	CBD	solid	dispersions	

CBD solid dispersions were prepared by dissolving CBD and polymeric carriers in appropriate solvent systems, followed by solvent removal using 
freeze-drying. Selection of a solvent system capable of dissolving both CBD and PVP while remaining in a solid-state during freeze-drying was a critical 
step. 

Binary CBD solid dispersions were initially prepared using PVP-K30 or PVP-K90 as carriers, with CBD loading fixed at 20% w/w relative to the 
polymer. Three organic solvents—ethanol, acetonitrile, and tert-butyl alcohol-were evaluated at various solvent-to-water ratios (0–100% v/v). 
Solvent systems were considered suitable if they could be completely frozen after storage at-80 °C for 24 h. Selected solvent systems were further 
assessed for their ability to fully dissolve CBD and PVP prior to freeze-drying. 

Differential scanning calorimetry (DSC; Mettler-Toledo DSC 5+) was used to assess the thermal behavior of frozen CBD/PVP solutions by modifying a 
previously published technique [19]. Approximately 5–8 mg of each sample was sealed in aluminum pans to prevent solvent evaporation. Samples 
were cooled from 25 °C to-80 °C at a rate of 10 °C/min, held for 5 min, and reheated to 25 °C at 5 °C/min under a nitrogen purge of 50 ml/min. 

Preparation	of	CBD	binary	solid	dispersions	(CBD-BSDs)	

CBD-BSDs containing 20% w/w CBD were prepared using either PVP-K30 or PVP-K90. CBD and the polymer were separately dissolved in the selected 
organic solvent and ultra-pure water, respectively, to achieve the optimized solvent-to-water ratio. The two solutions were then combined and stirred 
until complete dissolution was achieved [20]. 

The resulting solutions were frozen at-80 °C and subsequently freeze-dried using a Gamma 2-16 lSC plus freeze-dryer equipped with a drying manifold 
suitable for organic solvents. The freeze-drying conditions were as follows: condenser temperature-80 °C, shelf temperature-40 °C, and chamber 
pressure 0.128 mbar (96 mTorr). The dried solid dispersions were gently ground and stored in a desiccator at room temperature until further analysis. 

Preparation	of	CBD	ternary	solid	dispersions	(CBD-TSDs)	

CBD-TSDs were prepared using a procedure similar to that of the binary systems, with the addition of a surfactant as the third component. During the 
initial surfactant screening step, the carrier system consisted of PVP and surfactant at a fixed weight ratio of 65:15, while the overall carrier-to-drug 
ratio was maintained at 4:1 (i. e., 20% CBD, 65% PVP, and 15% surfactant). Three surfactants, including TPGS, P188, and P407, were evaluated based 
on their ability to enhance CBD solubility.  

Following selection of the most suitable surfactant, formulation optimization was performed by varying the CBD content (10%, 15%, and 20% w/w) 
and the surfactant proportion (15%, 20%, and 30% w/w), with PVP comprising the remaining percentage of the formulation. All formulations were 
prepared using the optimized solvent system and freeze-drying conditions described above.  

HPLC	analysis	of	CBD		

CBD content was quantified using an Agilent 1260 Infinity II HPLC system following the method described by Jaidee et al. [21]. Chromatographic 
separation was achieved using a Phenomenex Kinetex C18 column (2.6 µm, 4.6×150 mm). The mobile phase consisted of acetonitrile and 20 mmol 
ammonium formate buffer (pH 3.6) in a 75:25 (v/v) ratio. The flow rate was set at 0.8 ml/min, the column temperature was maintained at 40 °C, and 
detection was performed at 220 nm. The injection volume was 5 µl. Calibration curves were constructed using CBD standard solutions over the 
concentration range of 2.5–50 µg/ml. All analyses were performed in triplicate. 

Characterization	of	solid	dispersions	

Yield	and	CBD	content	

The percentage yield of the solid dispersions was calculated using the following equation [22]: 

Yield (%)  =  
Weight of dried solid dispersion

Total weight of CBD and carriers
x 100 

To determine CBD content, each solid dispersion was accurately weighed and dissolved in methanol to obtain a concentration of 1 mg/ml. The solution 
was stirred for 5 min, filtered, and appropriately diluted prior to HPLC analysis. CBD content was calculated as [22]: 

CBD content (%)  =  
Measured CBD content

Theoretical CBD content
 x 100 

Saturated	solubility	study	

The saturated solubility of CBD from solid dispersions was determined using a modification of a previously described method [23]. An excess amount 
of each formulation was dispersed in 6 ml of ultra-pure water (18 MΩ·cm) and stirring at 100 rpm for 24 h at 25±2 °C to ensure equilibrium. The 
suspensions were then centrifuged at 15,000 rpm for 30 min at 25 °C, and the supernatant was filtered through a 0.22 µm nylon membrane filter. The 
concentration of dissolved CBD in the filtrate was quantified by HPLC.  

Differential	scanning	calorimetry	(DSC)	analysis	
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Thermal properties and solid-state characteristics were examined using DSC (Mettler-Toledo DSC1). Approximately 2–3 mg of each sample was sealed 
in aluminum pans and heated from 25 °C to 250 °C at a rate of 10 °C/min under a nitrogen flow of 50 ml/min. Thermograms were compared with 
those of pure CBD and excipients to assess amorphization. 

Fourier	transform	infrared	(FTIR)	spectroscopy	analysis	

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy was used to investigate potential intermolecular interactions 
between CBD and carriers. ATR-FTIR spectra were recorded using a Perkin Elmer Spectrum 400 spectrophotometer. Samples included pure CBD, 
individual carriers, physical mixtures, and optimized binary and ternary solid dispersions. Spectra were collected over the range of 4000–400 cm⁻¹ 
with a resolution of 8 cm⁻¹ [24].  

Contact	angle	measurement	

Contact angle measurements were performed to evaluate wettability using a DSA25 drop-shape analyzer based on the sessile drop method [25]. 
Powder samples (150 mg) were compressed into flat discs (13 mm diameter) using a hydraulic press at a pressure of 2 tons for 15 s. After calibration, 
a 10 µl droplet of deionized water was deposited onto the disc surface. Static images were captured immediately, and contact angles were determined 
using image analysis software based on Young-Laplace fitting [26]. Measurements were conducted in triplicate at room temperature. 

In	vitro	dissolution	

In vitro dissolution studies were conducted as a comparative, non-compendial assessment by dispersing the optimized CBD solid dispersions in ultra-
pure water at concentrations of 0.1 mg/ml and 0.75 mg/ml, with continuous stirring at 100 rpm at 25±2 °C. 

The concentration of 0.1 mg/ml of formulation corresponds to approximately 10 µg/ml of CBD and was selected to represent sink conditions, defined 
as ≤ 10% of the equilibrium solubility of CBD in the dissolution medium. Based on the measured saturated solubility (~600–660 µg/ml), this condition 
satisfies commonly accepted sink criteria. 

In contrast, the 0.75 mg/ml condition (equivalent to 75 µg/ml CBD) was selected to simulate practical application scenarios, consistent with 
regulatory limits permitting CBD concentrations of up to 75 ppm (µg/ml) in food and beverage products. 

At predetermined time points (3, 5, 10, 15, 30, 60, 90, 120, and 360 min), aliquots were withdrawn, filtered, diluted as necessary, and analyzed by 
HPLC. Each experiment was performed in triplicate. 

Stability	testing	

Optimized CBD solid dispersions were subjected to long-term stability testing under ambient storage conditions. Samples were stored in tightly closed 
glass vials and placed in a desiccator with newly regenerated silica gel. The storage temperature was maintained at ambient laboratory conditions 
(30±2 °C) for 6 mo. Then, they were analyzed for chemical and physical stability. CBD content was quantified using a validated HPLC method, and 
solid-state characteristics were evaluated by DSC to monitor potential recrystallization. All measurements were performed in triplicate. 

Statistical	analysis	

Statistical analysis was performed using one-way analysis of variance (ANOVA), followed by Scheffé’s or Games-Howell’s post hoc tests, as 
appropriate. A significant level of p<0.05 was applied. Statistical analyses were performed using SPSS Statistics version 17.0 (IBM Corp., Armonk, NY, 
USA). 

RESULTS	AND	DISCUSSION	

Rationale	for	polymer	selection	

Polyvinylpyrrolidone (PVP) was selected as the carrier polymer due to its high solubility in aqueous and organic media and its compatibility with 
poorly water-soluble drugs [27]. Its hydrophilic nature improves drug wettability, while its relatively high glass transition temperature (Tg) can 
reduce molecular mobility and contribute to stabilization of the amorphous drug [11, 28, 29]. In addition, PVP is capable of forming intermolecular 
interactions, particularly hydrogen bonding, which may inhibit recrystallization and enhance solubility and dissolution [30]. 

These properties are particularly relevant for freeze-dried systems, where the Tg of the matrix plays a critical role in maintaining structural integrity 
and preventing collapse during processing and storage. 

To investigate the influence of polymer characteristics, two grades of PVP with different molecular weights, PVP-K30 and PVP-K90, were selected, as 
both have demonstrated favorable performance in solid dispersion systems [31]. This comparison enables evaluation of the impact of polymer chain 
length on molecular mobility, drug–polymer interactions, and overall formulation performance. 

Solvent	system	selection	for	freeze-drying	

Freeze-drying was selected as the solvent removal technique for preparing CBD solid dispersions due to its suitability for thermolabile compounds 
and its ability to produce highly porous matrices that enhance dissolution while minimizing drug degradation and processing losses [32]. The freezing 
behavior of the solvent system is critical, as it governs frozen-matrix formation and influences the risk of collapse during drying [33, 34].  

Solvent selection was based on two criteria: complete solubilization of CBD and polymer prior to freezing, and suitable frozen-state thermal 
properties. Ethanol, acetonitrile, and tert-butyl alcohol (t-BA) were evaluated at different compositions. A 20% (w/w) CBD/PVP-K90 formulation was 
used as a model system during solvent screening. Because PVP-K90 has the same chemical structure as PVP-K30 but lower solubility due to its higher 
molecular weight, solvent systems capable of dissolving PVP-K90 were considered suitable for PVP-K30-based formulations. 

Ethanol-based systems could be completely frozen only at concentrations up to 80% v/v, whereas acetonitrile-and t-BA-based systems remained 
frozen across all tested concentrations (fig. 1). However, complete solubilization of both CBD and PVP-K90 was achieved only at specific solvent 
compositions (fig. 2). Based on these results, solvent systems containing 45% v/v ethanol, 45% v/v acetonitrile, and 35% v/v t-BA were selected for 
frozen-state thermal analysis to support freeze-drying process optimization. 
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Fig. 1:	Physical	appearance	of	frozen	samples	prepared	using	(a)	ethanol	(EtOH),	(b)	acetonitrile	(ACN),	and	(c)	tert-butyl	alcohol	(t-BA)	
aqueous	systems	at	varying	solvent	concentrations	(0–100%	v/v)	after	freezing	at-80	°C.	The	solvent	composition	increases	from	left	to	

right	in	each	panel	

	

	

Fig. 2:	Physical	appearance	of	solutions	containing	CBD	and	PVP-K90	(20%	CBD/80%	PVP-K90)	in	(a)	ethanol	(EtOH),	(b)	acetonitrile	
(ACN),	and	(c)	tert-butyl	alcohol	(t-BA)	aqueous	systems	at	varying	solvent	concentrations	(20–100%	v/v).	The	solvent	composition	

increases	from	left	to	right	in	each	panel	

	

Thermal	analysis	of	frozen	CBD/PVP	solutions 

Differential scanning calorimetry (DSC) was employed to investigate the frozen-state behavior and identify systems with minimal phase separation. 
The ethanol-based system exhibited a single exothermic peak at approximately-57 to-58 °C, indicating a relatively uniform freezing event (fig. 3a, 
thermograms (i) and (ii)). However, upon reheating, minor endothermic transitions were observed at-54 to-56 °C and-40 to-41 °C, corresponding to 
melting of ethanol-rich and water-rich phases, respectively [19] (fig. 3b, thermograms (i) and (ii)). These features suggest partial phase separation 
during freezing, which may compromise frozen-matrix uniformity and increase the risk of structural instability during primary drying. 

Acetonitrile-based system exhibited more complex thermal behavior, with two distinct exothermic peaks during cooling and multiple endothermic 
transitions during reheating (fig. 3). This behavior indicates phase separation between acetonitrile-rich and water-rich domains [35], which is 
undesirable due to increased collapse risk and nonuniform drying. 

In contrast, the t-BA-based system exhibited single, well-defined exothermic events during cooling at higher onset temperatures (-26 to-29 °C) (fig. 
3), consistent with the relatively high freezing point of t-BA and its weaker hydrogen-bonding interactions with water [36, 37]. The corresponding 
heating curves displayed sharp endothermic peaks at approximately-8 °C, attributed to the melting of a t-BA hydrate-water complex [38]. These 
consistent single-phase thermal transitions indicate formation of a homogeneous frozen matrix with a clearly defined collapse-related temperature, 
suggesting favorable suitability for freeze-drying. 

DSC analysis demonstrated that t-BA-based systems produced the most stable frozen matrix. Visual inspection of the freeze-dried products supported 
these findings (fig. 4), with t-BA-based formulations yielding well-formed, sponge-like cakes, whereas ethanol-and acetonitrile-based systems 
exhibited partial collapse or surface drug separation. 
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(a)	

 

(b)	

Fig. 3:	DSC	thermograms	of	(i)	20%	CBD/80%	PVP-K30	in	45%	ethanol,	(ii)	20%	CBD/80%	PVP-K90	in	45%	ethanol,	(iii)	20%	CBD/80%	
PVP-K30	in	45%	acetonitrile,	(iv)	20%	CBD/80%	PVP-K90	in	45%	acetonitrile,	(v)	20%	CBD/80%	PVP-K30	in	35%	tert-butyl	alcohol,	and	
(vi)	20%	CBD/80%	PVP-K90	in	35%	tert-butyl	alcohol	during	(a)	the	cooling	process	(from	25	°C	to-80	°C	at	a	rate	of	10	°C/min)	and	(b)	

the	heating	process	(from-80	°C	to	25	°C	at	a	rate	of	5	°C/min)	

	

	

Fig. 4:	Appearance	of	freeze-dried	products	prepared	from	binary	solid	dispersions	containing	20%	CBD	and	80%	polymer	(PVP-K30	or	
PVP-K90)	using	different	solvent	systems:	(a)	45%	ethanol,	(b)	45%	acetonitrile,	and	(c)	35%	tert-butyl	alcohol.	Corresponding	

formulations	with	PVP-K30	and	PVP-K90	are	shown	for	each	solvent	condition	

	

CBD	binary	and	ternary	solid	dispersions	

Yield	and	CBD	content	

All formulations exhibited high yield and drug content, indicating efficient processing and minimal drug loss (table 1). The incorporation of surfactants 
did not adversely affect CBD content, confirming good compatibility between CBD and the excipients. 
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Table	1:	Percentage	yield,	CBD	content,	and	saturated	solubility	of	CBD	solid	dispersions	prepared	during	the	initial	screening	stage,	
including	(a)	the	binary	systems	and	(b)	the	ternary	systems	with	various	types	of	surfactants,	using	35%	(v/v)	tert-butyl	alcohol	(t-BA)	

as	the	solvent	

Formulations	 %	Yield	 CBD	content	 Solubility	of	CBD	(µg/ml)	 Fold	increase		
Pure	CBD	 - - 0.06 -	
(a)	Binary	system	
20%CBD/80%PVP-K30  97.14±1.70 97.62±3.87 1.27±0.45a 21.24 
20%CBD/80%PVP-K90  95.23±1.61 97.19±2.14 1.94±0.16a 32.38 
(b)	Ternary	system	with	various	surfactants	
20%CBD/65%PVP-K30/15%TPGS 97.37±0.29 94.66±1.49 12.06±1.63b 200.92 
20%CBD/65%PVP-K30/15%P188  99.01±0.33 98.67±1.34 12.79±1.87b 213.14 
20%CBD/65%PVP-K30/15%P407† 99.30±0.25 99.41±4.22 390.60±20.90c 6,510.08 
20%CBD/65%PVP-K90/15%TPGS  98.22±0.38 98.91±1.93 20.54±2.89b 342.34 
20%CBD/65%PVP-K90/15%P188 99.09±0.26 99.06±0.76 13.72±0.56b 228.66 
20%CBD/65%PVP-K90/15%P407† 99.68±0.65 98.56±1.35 419.31±8.15c 6,988.46 

Note: Results are presented as mean±SD. Sample size was n = 3 for all formulations unless otherwise indicated; formulations marked with † were 
analyzed with n = 4. Means not sharing a letter differ significantly (p<0.05, Games–Howell test, 95% confidence interval). Fold increase was calculated 
relative to pure CBD solubility in Milli-Q water (0.0627 µg/ml) [4]. 

 

Solubility	enhancement	

CBD concentrations were quantified using a validated HPLC method in accordance with ICH Q2 guidelines [39]. The calibration curve demonstrated 
excellent linearity over the concentration range of 2.5–50 µg/ml (r² = 0.9999). The limits of detection (LOD) and quantification (LOQ) were 0.08 µg/ml 
and 2.41 µg/ml, respectively. 

Binary solid dispersions markedly improved CBD solubility compared with crystalline CBD (table 1). This enhancement is attributable to 
amorphization of CBD and improved wettability imparted by the hydrophilic polymer matrix [40]. These findings are consistent with previous reports 
on PVP-based CBD solid dispersions [4, 41]. 

Further enhancement was observed in ternary systems, particularly those containing poloxamer 407, which showed the strongest solubilization effect 
during the initial screening stage (table 1). The effect is primarily attributed to micellar solubilization and reduction of interfacial tension, which 
facilitate improved drug–water interactions [28]. 

TPGS forms micelles with a hydrophobic tocopherol succinate core and a hydrophilic polyethylene glycol shell, while P188 and P407 form with 
polypropylene oxide (PPO) cores and polyethylene oxide (PEO) coronas above their critical micelle concentration (CMC) [42, 43]. Du Noüy ring 
tensiometry (supplementary fig. S1 and table S1) showed that P407 had the lowest CMC, followed by TPGS and P188, indicating more efficient micelle 
formation at lower concentrations. This property likely contributes to the superior solubilization performance of P407, consistent with previous 
reports [44, 45]. 

Effect	of	formulation	ratios	on	solubility	

Formulation composition significantly influenced solubility performance (table 2). Systems containing PVP-K90 consistently exhibited higher 
solubility than those containing PVP-K30, likely due to stronger drug–polymer interactions and enhanced molecular immobilization. 

Increasing surfactant content improved solubility up to an optimal level, confirming the synergistic effect between polymer and surfactant. However, 
excessive surfactant did not result in proportional improvement. This behavior may be attributed to excessive surfactant disrupting the polymer–
drug interaction network within the solid dispersion matrix. Elevated surfactant concentrations may weaken matrix integrity, alter local viscosity, 
and affect micelle packing behavior, thereby reducing stabilization of the amorphous drug and promoting partial phase separation. 

Reducing drug loading further enhanced solubility, likely due to improved molecular dispersion within the carrier matrix. Formulations F7 and F14 
were identified as optimal systems. 

 

Table	2:	Saturated	solubility	and	fold	enhancement	of	CBD	in	optimized	ternary	solid	dispersion	formulations	(CBD-TSD;	F1–F14)	with	
varying	ratios	of	cannabidiol	(CBD),	polyvinylpyrrolidone	(PVP),	and	poloxamer	407	(P407),	measured	in	aqueous	solution	

Code	 Formulations	 Drug/carrier	ratio	
CBD:	PVP:	P407	

Solubility	of	CBD		
(µg/ml)	

Fold	increase		

CBD-TSD	products	with	PVP-K30	
F1 20%CBD/65%PVP-K30/15%P407 20: 65: 15 390.60±20.90c,d,e  6,510.08 
F2 20%CBD/60%PVP-K30/20%P407 20: 60: 20 622.58±18.55g 10,376.39 
F3 20%CBD/50%PVP-K30/30%P407 20: 50: 30 224.75±20.38a 3,745.80 
F4 15%CBD/55%PVP-K30/30%P407† 15: 55: 30 438.49±12.96e,f 7,308.14 
F5 10%CBD/75%PVP-K30/15%P407 10: 75: 15 197.51±9.23a 3,291.78 
F6 10%CBD/70%PVP-K30/20%P407† 10: 70: 20 321.09±21.52b,c 5,351.42 
F7 10%CBD/60%PVP-K30/30%P407‡ 10: 60: 30 606.21±15.20g 10,103.46 
CBD-TSD	products	with	PVP-K90	
F8 20%CBD/65%PVP-K90/15%P407 20: 65: 15 419.31±8.15d,e 6,988.46 
F9 20%CBD/60%PVP-K90/20%P407 20: 60: 20 632.45±8.37g 10,540.91 
F10 20%CBD/50%PVP-K90/30%P407 20: 50: 30 353.10±25.19c,d  5,884.99 
F11 15%CBD/55%PVP-K90/30%P407† 15: 55: 30 506.11±24.57f 8,435.18 
F12 10%CBD/75%PVP-K90/15%P407 10: 75: 15 252.68±21.38a,b 4,211.31 
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F13 10%CBD/70%PVP-K90/20%P407† 10: 70: 20 414.09±36.10d,e  6,901.47 
F14 10%CBD/60%PVP-K90/30%P407‡ 10: 60: 30 660.46±16.86g 11,007.74 

Note: Results are presented as mean±SD. Sample size was n = 4 for all formulations unless otherwise indicated. Formulations marked with † were 
analyzed with n = 3, and those marked with ‡ were analyzed with n = 5. Means not sharing a letter differ significantly (p<0.05, Scheffé’s test, 95% 
confidence interval). Fold increase was calculated relative to pure CBD solubility in Milli-Q water (0.0627 µg/ml) [4]. 

 

Amorphization	assessment	of	the	optimized	formulations	by	DSC	

DSC analysis confirmed the absence of the characteristic melting peak of crystalline CBD in the optimized formulations (fig. 5), indicating complete 
amorphization and effective molecular dispersion. This behavior can be attributed to the combined effects of PVP as a crystallization inhibitor and 
P407 as a molecular dispersant, which together stabilize CBD in an amorphous state by restricting molecular mobility and preventing recrystallization 
[11]. 

 

	

Fig. 5:	Differential	scanning	calorimetry	(DSC)	thermograms	of	(i)	pure	CBD,	(ii)	PVP-K30,	(iii)	PVP-K90,	and	(iv)	poloxamer	407	(P407),	
along	with	ternary	solid	dispersion	formulations:	(v)	F7	(10%	CBD/60%	PVP-K30/30%	P407)	and	(vi)	F14	(10%	CBD/60%	PVP-K90/30%	

P407).	Thermograms	of	stability	samples	after	six	months	of	storage	are	also	shown:	(vii)	F7	after	6	mo	and	(viii)	F14	after	6	mo	

	

FTIR	analysis	

FTIR spectroscopy indicated intermolecular interactions between CBD and formulation components, primarily through hydrogen bonding, which 
contributes to stabilization of the amorphous form. 

Pure CBD exhibited characteristic absorption bands at 2922 cm⁻¹ (CH₃/CH₂ stretching), 1213 cm⁻¹ (C–O stretching), and a broad O–H stretching 
region between 3406 and 3517 cm⁻¹ corresponding to free and hydrogen-bonded hydroxyl groups (fig. 6). PVP-K30 and PVP-K90 displayed 
prominent carbonyl (C=O) stretching peaks at approximately 1655 and 1660 cm⁻¹, respectively, while P407 showed characteristic CH₂ stretching at 
~2880 cm⁻¹ and C–O–C stretching at ~1096 cm⁻¹. 

In both binary and ternary solid dispersions, the O–H stretching band of CBD (3517 cm⁻¹) was disappeared, whereas it remained in physical mixtures. 
This disappearance indicates the hydrogen bonding between CBD and excipients. 

Additionally, slight shifts in the PVP carbonyl stretching band were observed, with peaks shifting to approximately 1653 cm-1 in PVP-K30 systems and 
1650–1651 cm-1 in PVP-K90 systems. These shifts suggest the formation of hydrogen bonding interactions between CBD and PVP, with the greater 
shift in PVP-K90-based formulations indicating stronger interactions. This is consistent with the enhanced solubility and stability observed for these 
systems. 

Although each pyrrolidone unit in PVP contains both carbonyl and nitrogen functionalities, steric hindrance limits the accessibility of the nitrogen 
atom, making the carbonyl group the primary hydrogen bond acceptor [46]. Furthermore, no distinct absorption band was observed in the region 
around 2070 cm⁻¹ in either pure CBD or the solid dispersions, indicating that no additional interactions or structural changes associated with this 
region were evident under the present conditions. These findings support the role of hydrogen bonding between CBD and polymeric carriers in 
stabilizing the amorphous form and contributing to the improved solubility of the developed solid dispersions, in agreement with previous reports 
[47]. 
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Fig. 6:	FTIR	spectra	of	raw	materials	(pure	CBD,	PVP-K30,	PVP-K90,	and	P407)	and	CBD	solid	dispersions.	Binary	systems	include	20%	
CBD/80%	PVP-K30	and	20%	CBD/80%	PVP-K90,	while	ternary	systems	include	F7	(10%	CBD/60%	PVP-K30/30%	P407)	and	F14	(10%	

CBD/60%	PVP-K90/30%	P407).	Solid	lines	represent	solid	dispersions,	and	dashed	lines	represent	corresponding	physical	mixtures	
(PM)	

	

Contact	angle	

Contact angle measurements were performed to assess wettability, as lower values indicate improved water penetration and dissolution. 

Pure CBD exhibited the highest contact angle, reflecting poor wettability (table 3). Incorporation of PVP in binary formulations significantly reduced 
contact angles due to its hydrophilic nature, with further reduction observed upon addition of P407 in ternary systems, likely due to decreased 
interfacial tension. 

Reducing CBD content from 20% to 10% further improved wettability, while formulations containing PVP-K30 showed slightly lower contact angles 
than those with PVP-K90, suggesting a minor effect of polymer molecular weight. 

Although the optimized ternary formulations showed markedly improved wettability compared with pure CBD, the measured values indicate that the 
system remains moderately hydrophobic. This observation suggests that while incorporation of hydrophilic polymers and surfactants significantly 
improves surface wettability, the intrinsic hydrophobic nature of CBD still influences to the overall surface characteristics of the formulation. 

 

Table	3:	The	contact	angle	of	water	on	pure	CBD	and	the	prepared	formulations	in	a	binary	system	and	four	formulations	with	various	
CBD	content	in	the	ternary	systems	containing	30%P407	with	PVP-K90	or	PVP-K30	

Formulations	 Contact	angle	(°)		
1	s	 3	s	 5	s	

Pure CBD 107.67±0.55 105.77±0.55 105.37±0.57 
20%CBD/80%PVP-K90 90.97±0.67 88.33±1.37 87.27±0.65 
20%CBD/50%PVP-K90/30%P407 71.87±0.47 70.10±0.14 69.35±0.35 
15%CBD/55%PVP-K90/30%P407 62.20±0.35 61.17±0.40 60.30±0.26 
10%CBD/60%PVP-K90/30%P407 53.53±0.25 52.17±0.35 50.90±0.10 
10%CBD/60%PVP-K30/30%P407 41.73±0.21 40.43±0.15 39.47±0.21 

Note: Results are presented as mean±SD. Sample size was n = 3 for all formulations. 

 

In	vitro	dissolution	of	optimized	formulations	

In vitro dissolution studies were performed to compare the dissolution performance of the optimized ternary solid dispersions with crystalline CBD. 
Dissolution profiles of pure CBD and formulations F7 and F14 were assessed at CBD-equivalent concentrations of approximately 10 and 75 µg/ml 
(corresponding to 0.1 and 0.75 mg/ml of CBD-TSD powder), as shown in fig. 7. 

The lower concentration (0.1 mg/ml) represented sink conditions, corresponding to ≤10% of the equilibrium solubility of CBD, ~606–660 µg/ml), 
ensuring dissolution was not solubility-limited. The higher concentration (0.75 mg/ml) was selected to reflect application-relevant conditions, 
consistent with regulatory limits for CBD in beverage products [48]. Due to the extremely low aqueous solubility of crystalline CBD, true sink 
conditions could not be achieved for the pure drug. Therefore, its dissolution behavior was evaluated under non-sink conditions for comparison. 
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Pure CBD exhibited negligible dissolution, consistent with its hydrophobic nature and poor wettability. In contrast, both F7 and F14 demonstrated 
rapid and markedly enhanced dissolution under all conditions, attributable to amorphization, improved wettability, and surfactant-mediated 
solubilization. 

Under sink conditions, both formulations exhibited rapid initial dissolution, with more than half of the drug released within the first few minutes, 
followed by a gradual plateau. At the higher concentration, near-complete dissolution was achieved and maintained throughout the study. These 
results indicate that the optimized ternary systems provide efficient dissolution across both ideal and application-relevant conditions. 

A slight difference in early-stage dissolution was observed, with F14 (PVP-K90) showing marginally slower initial release than F7 (PVP-K30). This 
behavior is likely due to the higher molecular weight and viscosity of PVP-K90, which may retard diffusion. Nevertheless, both formulations achieved 
substantial and sustained dissolution enhancement, confirming the effectiveness of the ternary solid dispersion system. 

 

	

Fig. 7:	Dissolution	profiles	of	pure	CBD	powder	and	optimized	ternary	solid	dispersions:	F7	(10%	CBD/60%	PVP-K30/30%	P407)	and	F14	
(10%	CBD/60%	PVP-K90/30%	P407)	in	ultra-pure	water.	F7	is	shown	in	grey	and	F14	in	blue.	Dashed	lines	represent	dissolution	at	0.1	

mg/ml,	while	solid	lines	represent	0.75	mg/ml.	Pure	CBD	is	shown	as	a	solid	red	line.	The	inset	highlights	the	initial	dissolution	stage	

	

Solid-state	stability	of	optimized	CBD	solid	dispersions	

Long-term stability of the optimized freeze-dried formulations was evaluated over six months to assess maintenance of the amorphous state and 
chemical integrity of CBD. Since the intended storage condition for the developed formulation is refrigerated, storage at ambient temperature (30±2 
°C) represents a thermally stressed condition relative to the recommended storage temperature, although the samples were maintained in a 
desiccator to control moisture exposure. 

DSC thermograms of F7 (PVP-K30) and F14 (PVP-K90) showed no evidence of recrystallization, throughout the study period (fig. 5(vii), 5(viii)), 
confirming preservation of the amorphous structure. This stability is attributed to the formation of a homogeneous amorphous matrix during freeze-
drying, which reduces molecular mobility and suppresses recrystallization. 

F14 exhibited slightly greater stability than F7, likely due to stronger drug–polymer interactions and enhanced molecular immobilization associated 
with the higher molecular weight and Tg of PVP-K90 [47]. Additionally, both formulations retained more than 90% of their initial CBD content after 
six months, indicating good chemical stability. 

CONCLUSION	

Freeze-dried cannabidiol (CBD) solid dispersions were successfully developed using binary and ternary systems. Optimization of the solvent system 
identified 35% (v/v) tert-butyl alcohol as suitable for producing a homogeneous matrix during freeze-drying. 

Ternary formulations containing polyvinylpyrrolidone and poloxamer 407 significantly enhanced solubility and dissolution compared with binary 
systems, with F14 (PVP-K90) showing superior overall performance. The optimized formulation achieved up to ~11,000-fold improvement in 
apparent solubility and exhibited complete amorphization, improved wettability, and maintained physical and chemical stability over six months. 

These findings demonstrate that freeze-dried ternary solid dispersions provide an effective strategy for improving the solubility, dissolution, and 
stability of CBD. This approach may also be applicable to other poorly water-soluble drugs and support the development of pharmaceutical and related 
products. 
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