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This study presents an innovative application of high-pressure homogenization (HPH) for the
synthesis of micro- and nanocrystalline pharmaceutical salts, offering a scalable and
environmentally sustainable alternative to conventional crystallization techniques. Using
ketoconazole (KTZ) and oxalic acid (OA) as a model system, salt formation was successfully
achieved through HPH processing in the presence of various stabilizers (Pharmacoat® 606,
Pluronic® F127, Soluplus®, and TPGS) at different concentrations and process temperatures.
Structural analysis by XRPD and FT-IR confirmed the formation of a new multicomponent
salt through proton transfer and hydrogen bonding, while SEM imaging revealed controlled
crystal morphology and significant particle size reduction to the submicron range. The process
demonstrated remarkable reproducibility and flexibility, allowing morphological tuning
through simple adjustments in stabilizer concentration and temperature. Dissolution studies
performed at pH 4.4 showed up to an 80% drug release within 15 minutes for HPH-processed
KTZ:OA salts, a substantial improvement over bulk KTZ. The findings establish HPH as a
versatile, solvent-free, and continuous manufacturing platform for the production of high-
purity pharmaceutical salts with superior dissolution performance, highlighting its potential to
transform solid-state drug formulation and process intensification strategies in pharmaceutical
development.

Keywords: Nanoparticles, microparticles, High Pressure Homogenization, Salts, Surfactants

1. Introduction

Nanosizing drug particles is a widely recognized strategy to improve the dissolution rate and
bioavailability of BCS class II drugs by increasing their surface area and saturation solubility
[1]. According to the Noyes—Whitney equation, enhanced solubility accelerates dissolution,
while higher drug concentration in the gastrointestinal lumen increases the concentration
gradient, promoting diffusion and absorption [2]. Nanosized formulations also require lower
excipient levels, achieving higher local drug concentrations while reducing potential excipient-
related toxicity [3]. Despite these advantages, only a limited number of nanocrystal-based
pharmaceutical products have reached the market, although further product launches are
anticipated [4]. In the United States, nanocrystal technology is featured in 85 active patents
with an additional 48 pending [5].

Another approach to increase drug solubility and hence dissolution rates especially for the
ionisable compounds. involves the formation of multicomponent products such as cocrystals
and salt [6,7]. There is a number of processing technologies that have been successfully
employed for the formation of multicomponent crystals, including solvent evaporation, slurry
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crystallization, mechanochemical processing, antisolvent preparation, extrusion, and
supercritical fluid processing [8-12].

High-pressure homogenization (HPH) has emerged as an effective method to produce
nanosized drug particles, adapted from food and biotechnology applications [5-7, 13-17]. In
this process, a fluid product is forced through a narrow nozzle under high pressure, reducing
particle size and increasing surface area and free energy. However, particles below ~30 pm are
prone to aggregation due to van der Waals and electrostatic forces, which can decrease effective
surface area and negatively impact dissolution and bioavailability [18]. Polymers are
commonly employed as stabilizers during and after HPH to prevent agglomeration, while
simultaneously enhancing solubility, wettability, and bioavailability. Stabilizer selection is
typically empirical, with generally recognized as safe (GRAS) excipients widely used [4].

In this study, ketoconazole (KTZ) and oxalic acid (OA) were selected as a model API and salt
former to produce nanosized salt crystals via HPH. Four polymers—Pharmacoat® 606
(HPMC), Pluronic® F127, Soluplus®, and TPGS—were evaluated as stabilizers. HPMC has
been shown to produce nanocrystals as small as 70-120 nm for various APIs, with its
hydrophobic segments facilitating surface adsorption and particle stabilization [19,20].
Pluronic® F127, an amphiphilic block copolymer of polypropylene oxide and polyethylene
oxide, has demonstrated superior stabilization compared to traditional homopolymers and has
been used effectively in indomethacin and itraconazole nanosuspensions [21,22]. TPGS has
broad pharmaceutical applicability and has been successfully used to produce memantine—
pamoic acid nanocrystals via HPH [20,23]. Soluplus®, a graft copolymer composed of
polyethylene glycol, polyvinyl acetate, and polyvinyl caprolactam, has been employed in
celecoxib nanoparticle formation using anti-solvent precipitation combined with HPH [24].
The KTZ:OA salt (stoichiometric ratio 1:1.1) has previously been prepared via solvent
evaporation and slurry crystallization, providing a suitable model system for nanosizing studies
[25,26].

Overall, HPH combined with appropriate polymer stabilizers offers a versatile and scalable
approach to produce stable nanosized pharmaceutical salts, enhancing dissolution, solubility,
and ultimately bioavailability.

2. Materials and methods
2.1 Materials

Ketoconazole (KTZ), oxalic acid (OA), Pluronic® F-127, and D-a-tocopheryl polyethylene
glycol 1000 succinate (TPGS) were purchased by Sigma-Aldric, UK. Soluplus® (Polyvinyl
caprolactame- polyvinyl acetate-polyethylene glycol graft) was kindly donated by BASF
(Germany). Reagents of HPLC grade such as methanol and acetonitrile were purchased from
Fisher Chemicals (Loughborough, UK). The solids and solvents were used as received without
further purification.

2.2 High-pressure homogenisation

High pressure homogenization was employed for the processing of the drug and salt former
solutions for the synthesis of the salts. Specifically, physical mixtures (1 g) of KTZ and OA
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(stoichiometric ratio 1:1.1) were dissolved in a solvent mixture (2% w/v) of acetone and
methanol (1:1) and then homogenised in 50 mL of the aqueous phase (with or without the
stabilizers). The role of various polymers as stabilisers was investigated; for this purpose,
0.25% and 0.50% (w/v) of polymers were added to the aqueous phase and stirred for 30 min
until were fully dissolved (Table 1). After the addition of polymer, the resulting clear solution
was rapidly transferred and homogenised in a MicroDebee laboratory homogeniser (South
Easton, MA, USA) at 15000 psi for a predetermined time at room temperature. The
homogenization process was repeated for selected formulations this time by applying
temperatures of 40 °C for the same period (Table 2). At the end of the homogenisation process,
the samples were subjected to vacuum filtration using a borosilate Buchner kit (Millipore
XX1004700) with PTFE (polytetrafluoroethylene) filters (0.1 pm) to remove the
aqueous/organic solutions. The process was applied for another 10 min to dry the cocrystals.
The filtrate was dried overnight at 50 °C and stored for further analysis.

Table 1: Different formulations of KTZ and oxalic acid with various polymers and
surfactants.

Exp. No Stabilizers Amount | Temp. | Drug/former: stabilizer ratio
wiv%) | (°C)
1 Pharmacoat 606 0.25 25.0 4:1
2 Pharmacoat 606 0.50 25.0 3:1
3 Pluronic F127 0.25 25.0 4:1
4 Pluronic F127 0.50 25.0 3:1
5 Soluplus 0.25 25.0 4:1
6 Soluplus 0.50 25.0 3:1
7 TPGS 0.25 25.0 4:1
8 TPGS 0.50 25.0 3:1

Table 2: Different formulations of KTZ and OA with various polymers and surfactants.
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at 40 °C

Exp. | Stabilizers | Amount | Temperature Drug/former: Hansen solubility
No stabilizer ratio parameter
(W/v%) (°O)
(6, MPal?2)

9 Pharmacoat 0.5 40 3:1 27.8

606
10 Pluronic 0.5 40 3:1 21.0

F127
11 Soluplus 0.5 40 3:1 20.7
12 TPGS 0.5 40 3:1 23.8

SKTZ: 254 1\/IP211/2
2.3. Differential scanning calorimetry (DSC)

Bulk compounds, physical mixture (PM) of API and coformer and collected solid products
from three different processing by HPH were analysed using a DSC (Mettler Toledo 823e,
Greifensee, Switzerland). All the samples were accurately weighed (2 to 4 mg) and placed into
aluminium pans and transferred to the sample holder. Samples were then heated over the
required temperature range (depending on their melting point), starting from 0°C or 25°C up
to 300°C at a scan rate of 10 °C/min under an atmosphere of nitrogen gas using a flow of 50
mL/min. STARe software was used to analyse the data obtained from the samples.

2.4. Powder X-ray diffraction (PXRD)

PXRD data of all the bulk samples, PM and final products prepared by HPH processing were
collected using a D8 Advanced X-ray diffractometer (Bruker, Germany). A Cu anode powered
at 40 kV and 40 mA, a primary 4° Soller slit and a secondary 2.5° Soller slit, and a 0.2 mm exit
slit was selected for all experiments. The samples were rotated at 15 RPM (rotation per minute)
with a step size set at 0.02 °20 and the counting time set at 0.2 sec per step. Few milligrams of
dried solids were placed on a sample holder and diffractograms were collected at a range of 2-
55 °20 scale. A primary Gobel mirror was used for the parallel beam and the removal of Cu
KB. EVA phase analysis (Bruker, Germany) software was used to analyse the data and
compare the peak positions.
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2.5 Cambridge structural database (CSD) search

All searches were carried out in the Cambridge structural database (CSD, Cambridge
Crystallographic Data Centre). The search for ketoconazole cocrystals and salt was done by
typing ketoconazole in compound name option in the access structure site. There were only
two hits, which were not cocrystal/salt. Based on the published work of Martin et al. (2013)
yielded four CIF files: ketoconazole cocrystals with fumaric (YINWAYV), succinic (YINWEZ),
and adipic (YINWID) acids, and ketoconazole oxalate salt (YINVUO). These were used in
PXRD analysis with TOPAS to assess cocrystal and salt formation.

2.6. FTIR spectroscopy analysis

ATR-FTIR spectroscopy was performed for both the API and conformer, as well as for the
solids obtained from the process using HPH, with a PerkinElmer Spectrum Two (UK) equipped
with a ZnSe crystal. The ATR crystal, pressure plate, and tip were thoroughly cleaned before
each background and sample scan to avoid cross-contamination. A small amount of sample
was placed directly onto the crystal, and contact was ensured by adjusting the applied force
using the metal tip. Spectra were collected over the range of 400—4000 cm™ at a resolution of
4 cm™, with four scans averaged per spectrum.

2.7 Scanning electron microscopy (SEM)

The morphology of ketoconazole, oxalic acid, and the HPH processed products was examined
using a SEM (Hitachi SU8030, Japan), operated at an accelerating voltage of 1 kV in
backscattering mode. A small amount of each sample was mounted onto an aluminium stub
using conductive adhesive and coated with a thin layer of chromium for approximately 3
minutes to enhance surface conductivity. Micrographs were acquired at various magnifications
to evaluate and compare the morphological features of the samples.

2.8 In-vitro dissolution studies

Dissolution studies were conducted using a USP paddle apparatus method by employing a
Varian 705 DS dissolution paddle apparatus (Varian Inc., North Carolina, US). Acetate buffer,
pH 4.4 (glacial acetic acid and anhydrous sodium trihydrate) was used as dissolution media,
the temperature was maintained at 37.5 £1 °C and the rotation speed of the shaft was set to 100
RPM. 100 mg of bulk KTZ and the equivalent amount of jet dispensed powder was placed into
the apparatus containing 900 mL buffer. 5 mL of the sample was withdrawn from the apparatus
after 15 minutes and it was replaced by 5 mL of buffer immediately. This process was repeated
at different time intervals: 15, 30, 60, 90 and 120 minutes. The collected samples were then
filtered and analysed by Agilent Technology 1200 series HPLC (Agilent Technologies,
Cheadle, UK) using a Hichrom S50DS2 - 4889, (4.6 mm x 150 mm) column and a freshly
prepared mobile phase consisting of methanol: water: triethylamine (80:20:0.02% v/v). The
analysis was performed at a mobile phase flow rate of 1 mL/min on 20 pl sample at 240 nm.
Collected data was analysed and integrated using Chemstation®.

2.9 Statistical analysis
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Statistical analysis was performed for in-vitro dissolution performances of the synthesized salts
using the Two-way ANOVA, and statistical significance was set at p <0.05 using Fusion One
software (DoE Fusion One TM, California, United States).

3. Results and discussion
3.1. HPH for nanocrystal salt synthesis

The formulation of poorly water-soluble active pharmaceutical ingredients (APIs) remains a
major challenge in modern drug development. Among various nanonization technologies,
nanocrystal production has emerged as an effective strategy to enhance dissolution rate,
saturation solubility, and oral bioavailability. High-Pressure Homogenization operates via
intense shear and cavitation forces under pressures up to 2000 bar, reducing coarse drug
suspensions to nanoscale dimensions. It is a solvent-free, scalable, and industry-preferred top-
down process that produces highly stable nanosuspensions with narrow particle size
distribution (typically 100-500 nm). Its reproducibility and compatibility with aqueous
stabilizers make it particularly suited for continuous manufacturing and regulatory compliance.

There are also other bottom-up precipitation approaches enable fine control over nucleation
and crystal growth, producing particles as small as 50400 nm. However, solvent—antisolvent
systems complicate scale-up and solvent removal. Sonocrystallization for example combines
acoustic cavitation and supersaturation control, providing a versatile laboratory-scale method
for screening polymorphs and co-crystals, though limited by batch processing and energy
efficiency.

Among those technologies, HPH is a preferred approach due to its robust scalability,
environmental friendliness, and ability to integrate salt formation and particle size reduction
within a single process step. It has demonstrated success in generating nanocrystals of drugs
such as ketoconazole, fenofibrate, and itraconazole, leading to significantly improved
dissolution and bioavailability [27-29]. Overall, while all four methods offer distinct benefits,
HPH remains the most versatile and industrially adaptable nanocrystal production platform for
poorly soluble pharmaceuticals. Hence we introduce for first time the use of HPH for the
synthesis of salt nanocrystals by using KTZ:0A as model drug-former pair. The key processing
parameters were the applied pressure and temperature of the homogenizer that were considered
[30] for the salt synthesis and particle engineering. In addition, the aqueous/organic phase ratio
was another critical material attribute which was kept at 25:1 based on previous work [31].

3.2 Solid state analysis

DSC analysis was performed to investigate the thermal events occurred in the bulk solid and
freshly made cocrystals made by HPH process. Fig. 1a, illustrates the obtained thermograms
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Pharmacoat®, Pluronic® 127, Soluplus® and TPGS at 25°C and c) 0.50% (w/v)
concentrations of Pharmacoat®, Pluronic® 127, Soluplus® and TPGS at 40°C

where KTZ presented a sharp endothermic melting point at 150 °C while for OA it was detected
at 192 °C respectively. The synthesized cocrystal of KTZ OA (1:1.1) produced through the
HPH process revealed a unique single endothermic peak at 197 °C.

From Fig. S1 it is obvious that no other endothermic event was noticed the melting peak of the
HPH processed materials was different to those of the parent materials, suggesting the
formation of a new crystalline structure. The comparison with the previously reported KTZ:0A
salt data from Martin et al. (2013), KTZ OA (1:1.1) showed a very similar melting point with
an endothermic peak at 198 °C which confirmed the formation of KTZ oxalate salt via HPH
[25]. Similarly, DSC analysis was carried out for the samples where stabilisers (Pharmacoat,
Pluronic, Soluplus and TPGS were dissolved in the aqueous phase which was used for the HPH
process. Notably, the thermal behaviour of the newly formed crystals was similar to initially
HPH processed KTZ:OA, in the absence of any stabiliser. As shown in Fig. 1 all stabilisers
resulted in the formation of oxolate salt with sharp endothermic peaks at 197 °C. As shown in
Table 2 the stabilizers presented similar solubility parameter (6) to bulk KTZ and hence the Ad
was <7 [32-35]. However, the DSC analysis showed that the stabilisers have no effect on the
KTZ solubilisation for concentrations varying from 0.25-0.50% and eventually in the purity of
the synthesised cocrystals. As previously mentioned HPH processing was also performed at
40°C to investigate the effect of stabilisers at elevated temperatures. Similarly, the utilization
of higher processing temperatures in combination with the applied pressure during the HPH
process did not affect the formation of the oxolate salts where sharp melting endotherms
appeared at the same temperature.

Furthermore, the bulk materials and products obtained by HPH were also analysed by PXRD
to identify variations in the diffraction patterns. The obtained data were compared with
previously reported results from the Cambridge Structural Database (CSD) using TOPAS
software. The degree of correspondence between the newly acquired crystal data and the CSD
reference data was evaluated through Rietveld refinement performed with TOPAS V4.2.
Although visual agreement of the crystalline peaks is important for assessing the quality of fit,
it is generally accepted that a refinement is satisfactory when the weighted profile R factor
(Rwp) is within approximately three times the expected R factor (Rexp) [36]. The principal
diffraction peaks for KTZ were observed at 20 values of 7.28°, 9.50°, 10.69°, 11.96°, 16.13°,
17.50°, 20.01°, and 27.65° (Table 2). The salt former, OA, exhibited diffraction peaks at
16.09°, 19.03°, 20.11°, 26.24°, and 31.57° 20.

As presented in Fig. 2a, distinct and well-defined crystalline profiles were obtained for the
KTZ :OA salts following HPH processing. For the synthesized salt characteristic peaks
observed at 20 values of 8.75°, 10.81°, 11.95°, 13.27°, 17.72°, 18.50°, 19.89°, 20.42°, and
28.14°. The diffraction peaks recorded for the formed oxalate differed significantly from those
of the bulk KTZ and OA crystals, confirming the formation of a new crystalline phase.
Furthermore, comparison of the obtained KTZ :0OA diffractograms with the reference data
reported in the Cambridge Structural Database (CSD) by Martin et al. [25] revealed close
agreement in peak positioning. This correspondence was further verified through Rietveld
refinement, where the weighted profile R factor (Rwp) was found to be within twice the
expected R factor (Rexp) (Fig. S2, supplementary), indicating an excellent fit between the
experimental and simulated data. Similarly, X-ray powder diffraction (XRPD) analysis was
carried out on the HPH-processed samples prepared in the presence of stabilizers at
concentrations of 0.25% and 0.5% (Fig. 2b, c¢). The obtained diffractograms displayed identical
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diffraction patterns, with consistent peak intensities and positions at the same 260 values,
irrespective of the stabilizer concentration used. Moreover, as shown in Fig. 2d, the samples
processed with 0.5% stabilizer at elevated HPH temperatures (40 °C) exhibited diffraction
profiles comparable to those obtained under standard conditions. These findings indicate that
neither the concentration of stabilizers nor moderate increases in processing temperature
significantly influenced the crystalline structure or phase purity of the HPH-derived salts,
suggesting high process reproducibility and structural stability of the resulting solid forms.
Overall, the XRPD analysis confirmed the successful formation of KTZ :OA salts via HPH,
with the resulting crystalline solids exhibiting high phase purity and structural uniformity
approaching 100%.
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3.3 FTIR spectroscopy analysis

Fourier-transform infrared (FT-IR) spectra of bulk ketoconazole (KTZ), oxalic acid (OA), their
physical mixture (PM), and the KTZ:OA salt obtained via HPH processing were collected to
investigate possible molecular interactions between KTZ and OA. Comparison of the spectra
between bulk materials and the synthesized salt was performed to confirm proton transfer
between the salt former and the drug. As shown in Fig. 3, KTZ exhibited a characteristic broad
N-H stretching vibration at 3125 cm™', while absorption bands at 1644 and 1370 cm™
corresponded to carbonyl (C=0) stretching and C=C stretching of the aromatic ring,
respectively [37-42]

OA, containing two carboxylic acid (COOH) groups, showed typical vibrational modes
including O—H stretching, C=0 stretching, C—O stretching, and both in-plane and out-of-plane
O—H deformation vibrations. The O—H stretching band appeared in the 32002700 cm™ region,
with a prominent peak at 1670 cm™ attributed to C=O stretching, and the C-O stretching
vibration identified at 1150 cm™ [43, 44].

1748 ria
A e
A
1670 €—
3200-2700 1150
K W
1644
3400 3000 2600 2200 1800 1400 1000 600
cm!
—_— KTZ OA KTZ OA PM KTZ OA salt

Fig. 3: FTIR spectroscopic analysis of bulk materials and KTZ-OA salt produced by HPH.

In the FT-IR spectrum of the HPH synthesised KTZ:OA salt the C=O stretching band of KTZ
shifted to 1624 cm™, accompanied by the emergence of a new peak at 1748 cm™. These shifts
in vibrational frequencies for both KTZ and OA are indicative of supramolecular heterosynthon
formation within the multicomponent salt. Additionally, the disappearance of the broad O-H
stretching band of OA suggests the formation of hydrogen bonds in the KTZ:OA salt [39-41].
Similar results were obtained for the salts synthesized in the presence of stabilizers (data not
shown).
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3.4 Morphology and particle size studies

Nanocrystals were characterized using a combination of imaging and non-imaging techniques,
with SEM selected for crystal size and morphology analysis due to precipitation issues
observed during light scattering measurements [45—47]. Bulk KTZ and HPH-synthesized KTZ-
OA salts were compared, revealing that the salts formed irregular block- or rod-shaped crystals,
with sizes ranging from 1 to 8 um. A clear crystal lattice was observed in the KTZ-OA salts,
absent in bulk KTZ (Fig. 4b).

The effects of stabilizers on crystal morphology and size were evaluated using Pharmacoat®
606, Pluronic® F127, Soluplus®, and TPGS. Pharmacoat® 606 (Fig. 4, C, D) produced thin,
elongated rod-shaped crystals (nm to 4-10 um), while Pluronic® F127 (Fig. 4, E, F) yielded
prismatic, elongated crystals with parallel flat faces, with particle sizes reduced to 0.3—2 pm.
Increasing Pluronic® F127 concentration [48] decreased crystal size further (Fig. 4, E, F).
Soluplus® resulted in irregular morphologies combining thin rods and larger blocks (2—8 pm),
showing minimal effect from concentration (Fig. 4, G, H)). TPGS stabilized slightly smaller
prismatic crystals with elongated shapes, ranging from nm to 1-4 pm (Fig. 4, L, J). Overall,
higher stabilizer concentrations produced smaller, more uniform crystals, consistent with prior
reports emphasizing the need for optimized stabilizer levels to prevent aggregation or Ostwald
ripening [49]. A 0.5% (w/v) stabilizer concentration was therefore selected for further studies.

The impact of increasing HPH temperature from 25 °C to 40 °C was also examined.
Pharmacoat® 606 (Fig. 5A) produced longer rod-shaped crystals with minimal deformation,
while Soluplus® (Fig. 5B) and TPGS (Fig. 5C) yielded smaller, block-shaped crystals in the
nano- to micrometer range. Pluronic® F127 generated predominantly 0.3—0.6 pm short
prismatic crystals with minimal deformation (Fig. 5D).
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Fig. 4: SEM images of bulk KTZ (A) and KTZ/OA HPH crystals without stabiliser (B), KTZ
OA — Pharmacoat® 606; 0.25% (C) and 0.5% (D); KTZ OA- Pluronic® F127; 0.25% (E) and
0.5% (F); KTZ OA- Soluplus®; 0.25% (G) and 0.5% (H); KTZ OA- TPGS; 0.25% (I) and
0.50% (J).
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During HPH, crystal agglomeration depends on activation energy, which stabilizers increase
through steric and electrostatic mechanisms. Long-chain polymers create a physical barrier,
whereas charged polymers reduce surface charge, both limiting aggregation [50, 51]. Particle
size reduction was consistent across homogenization cycles and applied pressure [52]. Unlike
previous reports of Pluronic® F127 destabilization at higher temperatures [53], the high-
pressure environment likely inhibited micelle formation. The stabilizers were introduced at the
beginning of the process, further supporting effective crystal size stabilization.
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Fig. 5: SEM images of KTZ OA salt produced by HPH process with Pharmacoat® (A),
Soluplus® (B), TPGS (C) and Pluronic® F127 (D) at 40 °C.

3.5. In-vitro dissolution studies

The dissolution behaviour of KTZ:0A salts homogenized with four different stabilizers at 40
°C was evaluated against bulk KTZ over a 120 min period to assess the impact of nanosizing
and salt formation on dissolution performance. KTZ is known to exhibit pH-dependent
solubility as weak base, dissolving readily in acidic environments (1-3) but demonstrating
limited solubility under neutral and alkaline conditions [54, 55]. The dissolution rates in the
pH range of 1-3, where no significant differences were observed between the parent compound
and its salt forms. Therefore, dissolution studies were conducted at pH 4.4 to better differentiate
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the performance of the synthesized KTZ salts. Similar trends, with slightly lower dissolution
rates, were also observed at pH 6.8 (unpublished data).

As shown in Fig. 6, all KTZ:0A salts co-processed with 0.5% (w/v) stabilizers exhibited a
markedly faster dissolution rate compared with the parent compound. Bulk KTZ showed
sluggish dissolution, reaching only 47% after 30 min and not exceeding 72% after 120 min. In
contrast, the KTZ:OA salts displayed rapid dissolution within the first 15 min, achieving
between 72% and 80% release.

The enhanced dissolution performance of the KTZ:OA salts can be attributed to a combination
of factors, including reduced particle size, increased surface area, and improved wettability
resulting from stabilizer adsorption during the high-pressure homogenization process.
Moreover, the formation of the KTZ:OA salt likely modified the crystal lattice energy,
contributing to improved solubility relative to the bulk drug. Interestingly, the nature of the
stabilizer had minimal influence on the dissolution kinetics, suggesting that once a critical
stabilizer concentration was reached, further improvements were dominated by intrinsic
properties of the salt form rather than interfacial effects. Similar dissolution profiles were
obtained for the KTZ:OA salts prepared with 0.25% (w/v) stabilizers (data not shown),
indicating that both concentrations provided sufficient stabilization and surface modification
to achieve enhanced drug release.
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Fig. 6: Release profile of bulk KTZ and KTZ:OA salts co-processed with Pharmacoat®,
Soluplus® , TPGS and Pluronic® F127 using HPH (the bars represent the STDV for the three
different dissolution runs that was carried out for each sample).

The KTZ-OA salt samples were stored under long-term stability conditions (25 °C/65% RH)
and analysed by XRPD after 6 and 12 months; the results are summarised in Table 3. Rietveld
refinement indicated that the crystalline purity remained unchanged at both time points and
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was comparable to that of the as-prepared sample. The 12-month stability evaluation
demonstrated no significant alteration in the crystal behaviour of the salts produced via HPH
processing when stored at 25 °C/65% RH. Nevertheless, a comprehensive stability study
conducted under appropriate ICH-recommended conditions is required to further confirm these
findings.

Table 3: Comparison of KTZ:OA salt purity for as-made, and under 6 and 12-months storage
stability.

Sample Cocrystal purity (%)
6M 25°C/65% RH 12M 25°C/65% RH
KTZ: OA 99.9 99.9
KTZ: OA:Pharmacoat® 99.9 99.9
KTZ: OA:Soluplus® 99.9 99.9
KTZ: OA : Pluronic® 99.9 99.9
KTZ: OA:TPGS 99.9 99.9

4. Conclusions

The work demonstrates, for the first time, the feasibility of high-pressure homogenization as a
direct synthesis route for pharmaceutical salts in the micro- to nanoscale range. This process
integrates particle size reduction, salt formation, and stabilization in a single, solvent-free step,
representing a significant advancement over traditional solid-state and solution-based
crystallization methods. The ability to modulate crystal morphology and purity through simple
control of processing parameters and stabilizer selection underscores the technique’s
formulation adaptability and scalability. The superior dissolution performance of the KTZ:0A
salts further confirms the potential of HPH-derived materials to enhance the bioavailability of
poorly soluble drugs. Collectively, these results position HPH as a next-generation platform
for nanocrystal and salt engineering, enabling greener and more efficient pharmaceutical
manufacturing.
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