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Abstract 

DK-I-56-1 (7-methoxy-2-(4-methoxy-d3-phenyl)-2,5-dihydro-3H-pyrazolo[4,3-c]quinolin-3-

one), a recently developed deuterated pyrazoloquinolinone, has been recognized as a lead 

candidate for treatment of various neuropsychiatric disorders. During preclinical investigation of 

poorly water-soluble compounds such as DK-I-56-1, the application of nanotechnology could be 

advantageous due to improved safety and possibly increased bioavailability of nanosized 

formulation. DK-I-56-1 nanosuspensions stabilized by polysorbate 80, alone or in combination 

with poloxamers 188 i.e. 407 or d-α-tocopheryl polyethylene glycol 1000 succinate, were 

prepared using a small-scale media milling device. With particle size 208.7–250.6 nm and 

polydispersity index <0.250, selected nanodiseprsions were stable for three weeks. 

Pharmacokinetic and biodistribution studies following intraperitoneal administration of three 

types of formulation in mice indicated high plasma DK-I-56-1 levels after solution (10228.6 ± 

1037.2 ngh/ml) and nanosuspension (6770.4 ± 770.7 ngh/ml) but not suspension administration 

(966.0 ± 58.1 ngh/ml). However, distribution of DK-I-56-1 after solution was heavily influenced 

by its composition, and brain availability of nanosuspension was superior to that of solution 

formulation. In spontaneous locomotor activity test, the expected hyperlocomotor effect was 

observed after nanosuspension administration, without compromising impact of the 

vehicle/excipients used. Therefore, nanonization of drug compound assembled with proper 

                  



3 
 

selection of stabilizers may seemingly contribute further thorough testing of DK-I-56-1 

preclinical efficacy. 

Graphical  

 

 

Keywords: pyrazoloquinolinones; nanosuspension; wet ball milling; pharmacokinetics; 

biodistribution; pharmacodynamics. 

 

1. Introduction 

Novel patent-protected deuterated pyrazoloquinolinones, and especially DK-I-56-1 (7-Methoxy-

2-(4-methoxy-d3-phenyl)-2,5-dihydro-3H-pyrazolo[4,3-c]quinolin-3-one), have potential 

therapeutic use in a number of psychiatric and neurological disorders in which disbalance of 

GABAergic neurotransmission takes place (Chiou et al., 2018a; Chiou et al., 2018b; Fan et al., 

2018; Knutson et al., 2018; Vasović et al., 2019). They act as positive allosteric modulators of 

benzodiazepine-insensitive α6β2/3γ2 subtype of GABAA receptors, and null modulators at the 

benzodiazepine binding site, thus causing no undesired effects such as sedation. However, while 
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hydrogen-to-deuterium substitution on C4' in DK-I-56-1 molecule improves metabolic stability 

(Knutson et al., 2018), poor solubility still hinders its systemic administration. 

Unfavorable physicochemical characteristics of drug candidates are recognized as one of the 

main obstacles in drug discovery and development (Grohganz et al., 2014),
 
with estimation that 

approximately 75% of compounds under development are poorly water-soluble (Williams et al., 

2013). Nevertheless, development of a formulation that enables acceptable systemic exposure is 

a necessary prerequisite for early pharmacology and toxicology preclinical studies (Ayad, 2015). 

For poorly soluble substances, parenteral administration of a solution formulation is not possible 

without using high concentrations of organic solvents and/or surfactants, which increases odds of 

vehicle-related safety issues (Gao et al., 2010; Pestel et al., 2006). Furthermore, administration of 

microsuspensions, although applicable for intraperitoneal (i.p.) route of administration as a 

frequent choice in early drug discovery, usually results in low drug levels in plasma (Müller et 

al., 2001). One of the strategies to overcome these problems is substance ‘nanonization’, i.e. 

reducing particle size to sub-micron range (Kalepu and Nekkanti, 2015). 

Growing interest for nanosuspension formulation is reflected in fact that 30% of all FDA 

applications in 2017 for nanomaterial-containing drug products involved nanocrystals (Chen et 

al., 2017). Nanosuspensions, or more precisely nano-crystalline suspensions, are dispersions of 

nanocrystals with particle size bellow 1000 nm, which tends to improve physicochemical 

properties of drug substances such as saturation solubility and dissolution. However, due to large 

surface area and high surface energy, nanocrystal particles are prone to aggregate during storage, 

which can compromise both, their advantages as nanoparticulate systems and their safety (Wu et 

al., 2011). Typically, surfactants and polymers in a wide range of concentrations, as well as their 

combinations, are used for nanosuspension stabilization (Van Eerdenbrugh et al., 2008). The 
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type and concentration of stabilizers are critical formulation parameters affecting nanosuspension 

quality and stability, and as such need to be carefully examined (Chin et al., 2014; George and 

Ghosh, 2013; Van Eerdenbrugh et al., 2009; Wang et al., 2013). 

Nanosuspensions can be obtained by two main techniques – bottom-up (controlled precipitation 

or crystallization) and top-down (particle size reduction by mechanical attrition), with the latter 

ones being preferable for scaling up to industrial level (Shegokar and Müller, 2010; Müller  et 

al., 2011). Two kinds of top-down methods were introduced: wet media milling and high 

pressure homogenization. During nanonization using wet media milling techniques, energy 

generated from the collision of the drug and milling media is used for chopping the particles to a 

desired size (Liu et al., 2015). With increasing interest for nanosuspensions formulation during 

early phases of drug development, a lot of effort is put to miniaturize production process (Frank 

and Boeck, 2016; Van Eerdenbrugh et al., 2008). One of the approaches is using cell disruptor 

device, with yttrium-stabilized zirconium beads as milling media (Corrias et al., 2017).  

Submicron particle size makes nanosuspensions suitable for both systemic routes of 

administration – oral and parenteral (Shegokar and Müller, 2010). In preclinical studies in 

rodents, intraperitoneal route of administration is commonly applied, due to safe use of relatively 

large volumes (Turner et al., 2011), and less strict limitations regarding particle size than for 

intravenous administration (Shekunov et al., 2007). Thus, nanosuspension formulation could be 

considered as a promising tool to overcome unfavorable DK-I-56-1 physicochemical properties 

in preclinical investigation. Therefore, we aimed to develop nanosuspensions of DK-I-56-1, with 

satisfactory stability intended for preclinical studies, using small scale wet ball milling technique. 

Comprehensive physicochemical characterization, including particle size measurements and 

solid-state investigation, was carried out in order to analyze their suitability for parenteral 
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administration and check for possible changes of DK-I-56-1 crystallinity during milling. Finally, 

developed nanosuspensions were examined in vivo on mice subjected to pharmacokinetic and 

behavioral studies, to elucidate the feasibility of this type of drug formulation for appropriate 

preclinical evaluation.  
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2. Materials and Methods 

2.1.Materials 

DK-I-56-1 was synthesized at the Department of Chemistry and Biochemistry, University of 

Wisconsin—Milwaukee, USA (Knutson et al., 2018). The following other materials were used: 

medium chain triglycerides, propylene glycol (Fagron GmbH & KG, Germany), soybean oil 

(Lipoid Purified Soybean Oil 700, Lipoid GmbH, Germany), castor oil, fish oil, isopropanol, 

benzyl alcohol, polysorbate 80, poloxamer 188, d-α-tocopheryl polyethylene glycol 1000 

succinate (Sigma-Aldrich Laborchemikalien GmbH, Germany), methanol, ethanol, dimethyl 

sulfoxide (Fisher scientific, UK), poloxamer 407, Cremophor EL (BASF Ludwigshafen, 

Germany), glycerol, ≥98% (Carl Roth GmbH, Germany). Fresh ultrapure water was supplied 

from a TKA GenPure system (TKA Wasseranfbereitungssysteme GmbH, Germany). 

2.2.Solubility study 

Solubility of DK-I-56-1 in selected solvents was examined by shake-flask method. Excess 

amount of DK-I-56-1 was added to: water; medium chain triglycerides; soybean oil; castor oil; 

fish oil; isopropanol; methanol; ethanol, 70% v/v; dimethyl sulfoxide (DMSO) and benzyl 

alcohol, as well as stabilizer solutions (0.2%, 0.1% and 0.05% polysorbate 80, 0.05% poloxamer 

188, 0.05% poloxamer 407 and 0.05% d-α-tocopheryl polyethylene glycol 1000 succinate 

(TPGS)). After mixing the samples on vortex during 24 h at the temperature 25 ± 2 °C, they were 

centrifuged (1000 × g, 10 min, 25 °C) on MiniSpin
®

 plus centrifuge (Eppendorf, Germany), 

diluted in isopropanol and analyzed using LC-MS/MS method. 

2.3.Nanosuspension preparation 
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Nanocrystal dispersions were prepared by modified wet ball milling technique. DK-I-56-1 (0.2% 

w/w) was dispersed in aqueous stabilizer solution and homogenized on rotor stator homogenizer 

IKA Ultra-Turrax
®

 T25 digital (IKAR-Werke GmbH & Company KG) for 5 min at 10000 rpm. 

For nanosuspensions stabilized by polysorbate 80 alone (formulations NS1, NS2 and NS3), its 

concentration was 25%, 50% and 100%, respectively, relative to DK-I-56-1 concentration. In 

nanosuspensions stabilized by combination of polysorbate 80 and poloxamer 407, poloxamer 

188 or TPGS (NS4, NS5 and NS6, respectively), total surfactant concentration was 50% of DK-

I-56-1 concentration (polysorbate 80: second stabilizer 1:1). The dispersion was then separated 

to 2-ml tubes containing 60% v/v 0.1-0.2 mm yttrium stabilized zirconium beads (SiLibeads
®

 

Typ ZY-S, Sigmund Lindner, Germany) and shaken for 1 h using a beads-milling cell disruptor 

equipment (Disruptor Genie, Scientific Industries, USA). Afterwards, obtained portions of 

nanosuspension were separated from beads and gathered in glass bottles. Suspension (S2) with 

same composition as NS2 (physical mixture) was prepared on magnetic stirrer (RH basic 2 

IKAMAGR Magnetic Stirrer; IKAR -Werke GmbH & Company KG) at 25 °C. This suspension 

was used for DSC, XRPD and dissolution studies. Formulations were stored in crimped glass 

bottles at 25 ± 2 °C for three weeks.  

2.4.Particle size measurements 

The mean particle size (intensity weighted mean diameter, z-ave) and particle size distribution 

(PDI) of nanosuspensions were determined by dynamic light scattering (DLS) using a Zetasizer 

Nano ZS90 (Malvern Instruments Ltd., Worcestershire, UK). Before measurements, samples 

were diluted with ultrapure water 1:100 (v/v). Measurements were performed at predetermined 

time intervals (1h, 1 and 21 days after preparation), and each measurement was done in 

triplicates with results presented as mean ± S.D. Laser diffractometry (LD) was used as 
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additional method for particle sizing. Measurements were performed using the mastersizer 

instrument (Malvern Mastersizer 3000 equipped with a Hydro EV dispersion cell, Malvern, 

Instruments Ltd., UK). Measurements were performed in 200 ml purified water as dispersant 

medium, with stirring speed of 2000 rpm. For calculating particle size, a refractive index of 1.4 

was used. Results were expressed as D(v, 0.1), D(v, 0.5) and D(v, 0.9) values (10%, 50% or 90% 

of the particle volume below a particular size, respectively). For statistical analysis, one-way 

ANOVA with Tukey HSD as post hoc was used, with P<0.05 as statistically significant. 

2.5.Atomic force microscopy 

Surface topography and profiles of the selected nanosuspension (NS2) were observed using 

NTEGRA prima atomic force microscope (NT-MDT). 10 μl of undiluted or diluted (1:100 v/v) 

NS2 was placed on the circular mica substrate (Highest Grade V1 AFM Mica Discs, Ted Pella 

Inc., Redding, California, USA) and dried in vacuum dryer for 30 min at 25 °C. Measurements 

were carried out in air using intermittent-contact AFM mode. For this purpose, NT-MDT 

NSGO1 silicon cantilevers (N-type, Antimony doped, Au reflective coating) were used. Nominal 

force constant of these cantilevers is 5.1 N/m. During the measurements cantilever driving 

frequency was around 150 kHz. Both topography and “error signal” AFM images were taken, 

and later analyzed using the software Image Analysis 2.2.0 (NT-MDT). 

2.6.Zeta potential measurements 

The particle surface charge of selected nanosuspensions was determined using Zetasizer Nano 

ZS90 (Malvern Instruments Ltd., UK). Zeta potential (ZP) measurements were performed at 25 

°C after dilution in ultrapure water 1:100 (v/v), the conductivity of which was adjusted to 50 
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µS/cm by sodium chloride. Measurements were performed in triplicates and results are expressed 

as mean ± S.D. 

2.7.Physical state evaluation 

2.7.1. Sample preparation 

Samples were prepared in a similar way to the procedure described by Ali et al. (2011). 

Nanosuspension and suspension formulations were centrifuged on MiniSpin
®

 plus centrifuge 

(Eppendorf, Germany) at 1000 × g for 10 min, and after supernatant removal dried for 24 h at 25 

°C in vacuum drying oven VT 6025 (Thermo Heraeus, Fisher Scientific, UK).  

2.7.2. Differential scanning calorimetry (DSC) 

Samples (around 2 mg) were measured in aluminum pans and heated 25 - 350 °C with heating 

rate of 10 °C/min under nitrogen flow 50 ml/min. Measurements were performed on DSC 1 

(Mettler-Toledo AG, Analytical, Switzerland), and results were normalized to sample weight and 

evaluated by STAR
®

 SW 12.10 software. 

2.7.3. X-ray powder diffraction analysis (XRPD) 

Measurements were conducted on Rigaku Smartlab X-ray Diffractometer in θ-θ geometry (the 

sample in horizontal position) in parafocusing Bragg-Brentano geometry using D/teX Ultra 250 

strip detector in 1D standard mode with CuKα1,2 radiation source (U = 40 kV and I = 30 mA). 

The XRPD patterns were collected in 3-40° 2θ range, with step of 0.01°, and data collection 

speed of 3 °/min. The low background single crystal silicon sample holder was used to minimize 

the background. 

2.8.Dissolution study 
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Dissolution studies were performed by reverse dialysis bag method with 6 time points sampling 

(5 min, 15 min, 30 min, 1 h, 2 h and 3 h). Mixture of water (pH 5.5) and isopropanol 90:10 (v/v) 

was used as dissolution medium. Dialysis bags (cellulose membrane, MW cut-off 12000, Sigma 

Aldrich Chemie GmbH, Germany) filled with 5 ml of dissolution medium were immersed in 200 

ml of the same medium in which 2 ml of the nanosuspension formulation (NS2, NS4, NS5 or 

NS6) or suspension (S2, S4, S5 or S6) was added. For the dissolution of pure DK-I-56-1, 4 mg of 

substance powder was added. Experiments were performed at 37 ± 2 °C under constant stirring 

(ES-20 orbital shaker-incubator, Biosan SIA, Latvia). The dialysis bag content was sampled in 

appropriate intervals and analyzed by LC-MS/MS. Measurements were done in triplicates. For 

formulation comparison, univariate ANOVA was applied, with P <0.05 considered as 

statistically significant. 

2.9.In vivo pharmacokinetic and biodistribution studies 

2.9.1. Formulations for pharmacokinetic and biodistribution studies 

For in vivo studies, nanosuspension (NS2-P), solution (SOL) and suspension (SUSP) with 2 

mg/ml DK-I-56-1 were used. Tonicity of NS2-G, nanosuspension stabilized by polysorbate 80, 

was adjusted by 2.5% glycerol and checked by osmometer (Osmometer Model 3320, Advanced 

Instruments, Inc., SAD, Advanced
®

). This formulation was characterized in terms of particle size 

and polydispersity index. Solution (SOL) with the same concentration of DK-I-56-1 was 

prepared by dissolving the ligand in mixture of 20% dimethyl-sulfoxide, 20% Cremophor EL 

and 60% saline (Fan et al., 2018). For the suspension (SUSP) formulation, DK-I-56-1 was mixed 

with vehicle containing 1% polysorbate 80, 14% propylene glycol, and 85% water, and vortexed 

for several minutes (Knutson et al., 2018).  

2.9.2.  Animals and dosing 
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Male C57BL/6 mice weighing 23-33 g were housed three to four animals per cage, on a 12 h 

light/dark period (light on at 6:00 a.m). The temperature in the animal room was maintained at 

22 ± 1 °C, with the relative humidity 40%–70%, and the illumination 120 lx. The pelleted food 

and tap water were provided ad libitum throughout the experiment. The study was conducted 

according to the National Institutes of Health Animal Care and Use Committee guidelines, and 

was approved by the Ethical Committee on Animal Experimentation of the University of 

Belgrade – Faculty of Pharmacy, Serbia. Experimental animals were divided in three groups – 

NS2-G, SOL and SUSP, each containing 18 animals (for each formulation, three animals were 

used per time point). All formulations were administered i.p. in a volume of 2 ml/kg to obtain a 

dose of 10 mg/kg. The treatments were well tolerated, without signs of local irritation. 

2.9.3.  Plasma and tissue sampling processing 

At predetermined time intervals (5 min, 20 min, 1 h, 4 h, 16 h and 36 h) animals were 

anesthetized by ketamine hydrochloride (90 mg/kg, 10% Ketamidor, Richter Pharma AG, Wels, 

Austria), and samples of blood (collected via cardiac puncture in heparinized syringes), liver, 

kidney and brain were taken. Plasma was obtained after centrifugation for 10 min at 1000 × g 

(MiniSpin® plus centrifuge, Eppendorf, Germany). Tissue samples were weighted and 

homogenized in 1.25 ml (liver and brain) or 1 ml (kidney) of methanol via ultrasonic probe (70% 

amplitude 2 x 20 s for brain, 80% amplitude 3 x 20 s for liver and kidney). Supernatants were 

separated after centrifugation for 20 min at 3400 × g (MiniSpin® plus centrifuge, Eppendorf, 

Germany). The obtained plasma and supernatants were further processed with solid phase 

extraction (Oasis HLB cartridges, Waters Corporation, Milford, Massachusetts). Cartridges were 

preconditioned with methanol and water, loaded with samples and the internal standard solution, 

and DK-I-56-1 was eluted by 1 ml of methanol for 1 min. DK-I-56-1 concentration in obtained 
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eluates was analyzed by LC-MS/MS. Pharmacokinetic parameters were calculated using “PK 

Functions for Microsoft Excel” (https://www.pharmpk.com/soft.html) and expressed as mean ± 

S.E.M. Statistical analysis was done using IBM SPSS Statistics software (v.25); for results with 

normal distribution, one-way ANOVA with Turkey HSD as post hoc was used, while for results 

without normal distribution, Kruskal-Wallis test was used. In both cases, P < 0.05 was 

considered as statistically significant. 

2.10. In vivo pharmacodynamic study 

Spontaneous locomotor activity (SLA) assay was carried out on experimentally naïve 9-11 

weeks old male C57BL/6 mice weighing 20-26 g. The behavior was analyzed by ANY–maze 

Video Tracking System (Stoelting Co, Wood Dale, IL, USA). NS2-G, placebo (PLA) or saline 

(SAL) formulations were administered i.p. in a volume of 5 ml/kg to obtain a dose of 10 mg/kg. 

Activity of single rats in a clear Plexiglas chamber (40 × 25 × 35 cm) under dim red light (20 lx) 

was recorded for a total of 90 min, without any acclimatization period (Knutson et al., 2018).
 
The 

parameters analyzed were total distance travelled (m) and total time immobile (s). Immobility 

sensitivity was set to 65% (percentage of the animal which has to remain in the same place for 

the animal to be considered immobile). All data are expressed as mean ± S.E.M. The parameters 

were assessed by a one-way ANOVA, with treatment as between subject factor, with exception 

of the 15-min bins data, subjected to two-way repeated measures ANOVA (SigmaPlot 12.0, 

Chicago, USA). Post hoc comparisons, where applicable, were performed using SNK test. 

2.11. Analytical methods 

Concentration of DK-I-56-1 was determined using liquid chromatography – tandem mass 

spectrometry (LC-MS/MS) method. The analysis was performed on UHPLC chromatograph 
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ACELLA (Thermo Fisher Scientific Inc., Madison, WI, USA), coupled to a triple quadrupole 

mass spectrometer TSQ Quantum Access MAX (Thermo Fisher Scientific Inc., Madison, WI, 

USA) with heated electrospray ionization (HESI) interface. The column was XTerra MS C18 

(150 mm x 2.1 mm, 3.5 µm particle size). Mobile phase was acetonitrile/0.1% formic acid = 

50:50 (v/v), flow rate was 0.3 ml/min, column temperature was set to 35 ºC and injection volume 

was 10 µl. DK-I-56-1 and internal standard (for in vivo studies) were detected and quantified in 

positive HESI mode (m/z = 325.3-307.2 and m/z = 327.8-320.9, respectively).  
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3. Results and discussion 

3.1.Solubility study 

Deuterated pyrazoloquinolinone ligand, DK-I-56-1 (Figure 1), with logP 2.06 and molecular 

weight 325.14, was investigated as a lead compound for various neuropsychiatric disorders 

(Knutson et al., 2018). The coarse powder of DK-I-56-1 was yellow, with particles varying in 

shape and size (D(v, 0.1) 17.2 ± 2.1 μm, D(v, 0.5) 130.0 ± 61.6 μm and D(v, 0.9) 757.0 ± 389.0 

μm). The solubility study showed that DK-I-56-1 is practically insoluble in investigated solvents, 

except in DMSO (Table 1). Although in preclinical studies DMSO can be used for parenteral 

administration in concentrations up to 20%, safety issues for a DMSO-based formulation would 

still be a serious concern (Williams et al., 2013), having in mind its low maximum allowable 

limit established by FDA (1998). Among several insoluble drug delivery strategies (Kalepu and 

Nekkanti, 2015), nanonization seemed to be most appropriate to physicochemical properties of 

DK-I-56-1, such as poor solubility in water, high molecular weight and high melting point of 

312.52 °C (cf. Van Eerdenbrugh et al., 2008). 

The solubility of DK-I-56-1 was examined in solutions of the stabilizers in the same 

concentration as that used in nanosuspensions (Table S1). As expected, stabilizers that were used 

in concentrations below their critical micelle concentration (CMC) – poloxamer 188 and 

poloxamer 407 (Kabanov et al., 2002; Deng et al., 2010), did not alter DK-I-56-1 solubility in 

water. On the other hand, TPGS and polysorbate 80 enhanced DK-I-56-1 solubility due to 

phenomena of micellar solubilization (Zhang et al., 2012), while the solubility in different 

polysorbate 80 dispersions was enhanced as the surfactant concentration increased. 

3.2.Physicochemical characterization and stability study 

3.2.1. Particle size analysis, zeta potential measurements and stability study 
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Nanosuspensions of DK-I-56-1 stabilized by different steric stabilizers and their combinations 

were prepared by small scale media milling technique similar to protocol explained by Corrias et 

al. (2017). Parenteral route of administration limits number of stabilizers that can be used, so 

typical non-ionic stabilizers such as polysorbate 80 and poloxamers were chosen. Although 

TPGS has not been approved for parenteral administration yet, their frequent uses as a stabilizer 

in nanosuspensions and growing interest for exploring its use in this route of administration 

(Ahire et al., 2018) were the reasons for investigating its stabilizing potential in this research. In 

formulations stabilized by polysorbate 80 alone (NS1, NS2 and NS3), stabilizer concentration 

increase led to initial nanocrystal size decrease (Figure 2), which was an expected finding (Van 

Eerdenbrugh et al., 2009). However, one day after preparation, an extensive agglomeration 

occurred in NS1 and NS3 formulations, while z-ave remained around 200 nm in NS2 (Figure 2). 

Thereby, NS1 and NS3 were excluded from further experiments. Drug particles interact with 

stabilizer molecules during milling, which results in their adsorption on particle surface. It is 

advisable to use stabilizers in concentrations bellow their critical micelle concentration (CMC), 

in order to avoid micelles formation. In concentrations well above CMC, micelles begin to 

compete for particle surface adsorption, so the total surfactant coverage begins to decrease (Deng 

et al., 2010). This could be the reason for instabilities observed in formulation NS3. Thereby, 

NS1 and NS3 were excluded from further experiments. 

Further formulation studies investigated efficacy of other surfactant agents in combination with 

polysorbate 80. As mentioned above, poloxamer Poloxamer 188 and poloxamer 407 were used 

in concentrations bellow CMC at 25 °C (Kabanov et al., 2002), while TPGS was used in 

concentration above CMC (Zhang et al., 2012). DLS results suggest that these steric stabilizers 

readily adsorb on particle surface, and thus enhance stability of nanocrystal particles. Addition of 
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another steric stabilizer in NS1 formulation contributed to better stabilization of nanocrystals, 

which resulted in particle size preservation over time (Figure 2). Laser diffraction measurements 

confirmed submicron size of nanosuspensions NS2, NS4, NS5 and NS6, with D(v, 0.9) well 

below 1 μm (Table S12), making these formulations safe for parenteral administration (Wang et 

al., 2017). Mean hydrodynamic diameter of selected formulations changed slightly over three 

weeksthis period, without significant changes in PDI (F(1,4) = 0.604, P = 0.480) (Figure 2). 

With narrow particle size distribution, solubility differences of particles with different size were 

kept at minimum, which alongside with poor solubility in water of DK-I-56-1 prevented Ostwald 

ripening (Wang et al., 2013). However, particle growth over time is inevitable problem of 

nanosuspensions, so their stability was usually restricted to short periods of two weeks (Sharma 

et al., 2011), one month (Pardeike et al., 2010) or six weeks at 25 °C (Dolenc et al., 2009). As 

additional stability indicator, zeta potential of selected nanosuspensions was measured (Table 

S12). The values around -20 mV are considered as markers of good stability for nanosuspensions 

stabilized by non-ionic stabilizers. As mere zeta potential is insufficient for stability evaluation 

(Bhattacharjee, 2016), its combined analysis with particle sizing indicated that selected 

nanosuspensions show good short term stability, adequate for formulations intended for 

preclinical studies (Merisko-Liversidge and Liversidge, 2011).  

3.2.2. Atomic force microscopy (AFM) 

For non-spherical particles, DLS provide hydrodynamic radius of a hypothetical hard sphere 

moving at the same speed as aspherical nanoparticle in dispersion (Bhattacharjee, 2016), which 

is important for the interpretation of results. For example, in case of nanorods, two peaks on DLS 

intensity diagram could be attributed to longitudinal and transverse size, respectively (Pan et al., 

2007). In case of such particles, microscopic analysis for particle sizing could be beneficial. As 
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AFM provides precise information on particle size and shape with high nano-range resolution, it 

was applied in order to get more insight into particle morphology. Clear visualization of single 

nanocrystal particle in undiluted sample was difficult, probably due to aggregation during sample 

preparation (Figure S1). On the other side, single particles as well as aggregates formed during 

water evaporation could be observed in AFM images taken from diluted NS2 sample (Figure 3a, 

3b and 3d) (Figure 3). The particle marked on Figure 3c Particles with ellipsoid shape had 

dimensions of around 190 nm (width), 400 nm (length) and 35 nm (height) (Figure 3e). When 

comparing to z-ave 249.6 ± 3.4 nm, particle size shifting could be attributed to their non-

spherical shape. Considering that low resolution of DLS hinders distinguishing longitudinal and 

transverse size in this case, it could be concluded that the obtained results from AFM were in 

good agreement with DLS measurements.  

3.2.3. Physical state evaluation 

Wet ball milling as a high energy process could produce disorders or cleavage of crystal lattice 

of the drug substance at the weakest sites, or even induce amorphisation (Steckel et al., 2003; 

Wang et al., 2017). Maintaining drug crystallinity in nanosuspensions is beneficial for their 

stability, because differences in solubility can induce crystal growth in systems containing 

mixture of amorphous and crystal form (Chin et al., 2014; Wang et al., 2013). Therefore, 

existence of possible crystal lattice defects, polymorphic transition and/or amorphisation of the 

drug in nanosuspensions must be assessed. As it could be concluded from DSC studies (Figure 

4), DK-I-56-1 has a high melting point at 312.52 °C. On DSC curves of samples prepared from 

suspension and nanosuspension, a sharp melting peak at temperatures from 311.38 to 312.80 °C 

was visible (Figure 4). Because of defects in crystal lattice formed during formulation 

preparation, the melting point of a drug could be shifted (Yang et al., 2014). However, the 
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observed minimal differences in peak temperatures could be explained by normal variability in 

measurement, and should not be seen as a sign of change of polymorphic form of DK-I-56-1. 

Powder X-ray diffraction measurements were performed in order to deepen the analysis of 

physical state of DK-I-56-1 in formulations. Higher baseline in XRPD patterns from nanocrystal 

samples was probably caused by existence of amorphous layer of polysorbate 80 on dried 

samples (Ali et al., 2011). Sharp peaks at 2-theta 4.73; 5.46; 9.87; 16.95 and 17.66° visible on 

diffractogram of DK-I-56-1, were present on PRXD patterns of suspension and nanosuspension 

samples (Figure 5). These peaks can be used as a confirmation of retained crystal structure of 

DK-I-56-1 in investigated samples. Broadening of the peaks in nanosuspension samples 

compared to physical mixture (suspension) and coarse drug samples can be characterized as a 

consequence of particle size reduction, i.e. existence of nanocrystalline phase (Bates et al., 

2006). Interestingly, two close peaks in diffractogram of unprocessed drug at 2-theta 6.09 and 

6.38° (Figure 5a) cannot be observed in nanocrystal samples. The disappearance of the 

mentioned peaks could be explained by dilution effect (Huang et al., 2013),
 
together with effect 

of particle size reduction (Bates et al., 2006), This statement could be supported by XRPD 

pattern of physical mixture (S2), where only a broad peak with very small intensity can be 

detected at 6.38° (Figure 5b). It was possible that diffraction line broadens further due to 

nanonization, and eventually sinks below baseline. Difficulties in analyzing results from XRPD 

measurements arise from lack of the literature data on the crystal form of DK-I-56-1 or possible 

polymorphism. However, results from DSC and XRPD measurements undoubtedly confirmed 

that DK-I-56-1 remained in crystal state after nanonization. 

3.3.Dissolution studies 
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Particle size reduction changes dissolution rate of the drug, according to Noyes-Whitney 

equation (Dolenc et al., 2009; Yang et al., 2014). However, a major obstacle for dissolution 

studies of nanosuspensions is separation of undissolved particles from the dissolved drug (Chen 

et al., 2017). Therefore, using dialysis bag method as a separation technique could be 

advantageous. Dissolution profiles of pure DK-I-56-1, nanosuspensions (NS2, NS4, NS5 and 

NS6) and corresponding physical mixtures (S2, S4, S5 and S6) of nanosuspension (NS2) and 

suspension (S2) with same composition are shown in Figure S2. Dissolution of DK-I-56-1 in 

physical mixtures was only slightly influenced by excipients when compared to the dissolution 

of DK-I-56-1 alone. Similar findings could be found for aripiprazole (Xu et al., 2012), 

herpetrione (Guo et al., 2013), fenofibrate (Yang et al., 2014) and ritonavir (Karakucuk et al., 

2019). On the other hand, nanonization increased the dissolution rate in NS2, NS5 and NS6 

(Figure S2a, S2c and S2d), but not NS4 when compared to physical mixture. It is possible that 

nanocrystals in NS4 aggregated upon dilution at 37 °C, which resulted in similar dissolution 

profiles of nanosuspension and corresponding suspension (Figure S2b). Indeed, Deng et al. 

observed in one of the formulations of paclitaxel nanocrystals (stabilized by poloxamer 407) that 

particle size increased after dilution and incubation at 37 °C. They explained their finding by 

inhibition of surfactant adsorption on nanocrystal surface at higher temperatures, making the 

crystals prone to aggregate (Deng et al., 2010). Of all investigated nanosuspensions, the 

nanonization influence on dissolution rate was the most pronounced in case of NS2. However, 

despite a significant twofold increase of dissolution rate of nanosuspension NS2, it was still 

limited by very poor solubility (Ganta et al., 2009; Yang et al., 2014), with around 63% of DK-I-

56-1 dissolved in 3 h. Nevertheless, the observed dissolution rate differences could be 

undoubtedly associated with smaller particle size. 
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3.4.In vivo pharmacokinetic and biodistribution studies 

Pharmacokinetic study was performed in order to evaluate in vivo fate of nanosuspension after 

i.p. administration in mice mice at a well-tolerated dose (Knutson et al., 2018, Vasović et al., 

2018),  and investigate its suitability for preclinical pharmacokinetic studies. In line with general 

recommendation for parenteral preparations to keep qualitative and quantitative composition as 

simple as possible, nanosuspension stabilized by polysorbate 80 alone was chosen for in vivo 

experiments, with addition of glycerol as tonicity adjuster. After preparation, nanosuspension 

formulation (NS2-G) was with z-ave of 273.3 ± 2.2 nm and PDI of 0.263 ± 0.017. Formulation 

was considered as suitable for parenteral administration with low polysorbate 80 concentration, 

small particle size and osmolality 289 mOsm/kg. SOL formulation was yellow, with no 

separation of phases, while SUSP formulation was easily re-dispersed into homogenous 

suspension by manual shaking and applying ultrasound before administration (Figure S3). 

However, particle size distribution of suspension was broad, with D(v, 0.1) 1.40 ± 0.01 µm, D(v, 

0.5) 12.97 ± 0.58 µm and D(v, 0.9) 87.33 ± 2.63 µm.  

Three formulations of DK-I-56-1 (NS2-G, SOL and SUSP) were administered i.p. and their 

pharmacokinetic profiles as well as biodistribution of DK-I-56-1 were analyzed. Generally, 

clearance of the drugs from the peritoneal cavity is driven by the diffusion into surrounding 

tissues, after which the drug is carried away by capillary blood or lymph, metabolized by tissue 

enzymes or bound to tissue proteins, resulting in relatively fast drug absorption (Claassen, 1994). 

Area under the curve values (AUC0-36), reflecting availability calculated from plasma 

concentration-time curves, were significantly different for three formulations (F(2,6) = 39.280, P 

< 0.001). After administration, highest plasma concentrations of DK-I-56-1 were achieved after 
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SOL, which was followed by NS2-G and SUSP, respectively, and the same trend was observed 

for plasma AUC0-36 values (Figure 6a). Probably, Cremophor EL and DMSO increased the 

absorption rate, thus enabling higher plasma levels after SOL administration (Buggins et al., 

2007). Considering high quantities of excipients used in SOL formulation (molar ratio of DK-I-

56-1/DMSO/Cremophor EL was 1/413/236), it could be assumed that they can have an impact 

on DK-I-56-1 distribution as well. Cremophor EL is widely used solubilizer in parenteral 

formulations for numerous poorly soluble drugs, but it may exert a range of biological effects, 

including changes in drug disposition (Gelderblom et al., 2001). It was stated that Cremophor 

EL, by changing drug-protein interactions, influences paclitaxel and doxorubicin distribution 

(Badary et al., 1998; Sykes et al., 1994). This could be an important factor in DK-I-56-1 

pharmacokinetics as well, because its free fraction was reported to be low (0.194) (Knutson et 

al., 2018). Brain availability after SOL administration was not higher than after NS2-G and 

SUSP (H(2) = 0.622, P = 0.733), despite superior plasma levels (Figure 6b). In high 

concentrations, DMSO can act as a blood brain barrier opener, allowing higher drug passage to 

the brain, although literature data is not consistent in this matter (Buggins et al., 2007)  

(Broadwell et al., 1982). However, in this research only 3.12 ± 0.38% of total AUC0-36 (sum of 

AUC0-36 in four investigated compartments) reached the brain after SOL, and this brain portion 

of DK-I-56-1 was similar as in case of other two formulations (3.79 ± 1.48% and 3.48 ± 2.21%, 

for NS2-G and SUSP, respectively), indicating absence of the suggested effect of DMSO. 

Additionally, according to elimination half-life, DK-I-56-1 retained in brain for a longer time 

when administered as nanosuspension, compared to solution (Figure 6b). AUC0-36 values in liver 

and kidney were not significantly different (F(2,6) = 0.332, P = 0.730 and H(2) = 0.356, P = 

0.837, respectively) between three formulations, and concentration profiles after NS2-G and 
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SOL were similar (Figure 6c and Figure 6d). Actually, higher percentage of total AUC0-36 

remained in blood after SOL (19.52 ± 1.11%, compared to 11.83 ± 4.75% and 1.43 ± 0.48% after 

NS2-G and SUSP, respectively), while the calculated tissue percentages were similar for all three 

formulations (around 3% in brain, 40% in liver and 50% in kidney). This confirms a suggestion 

that influence of Cremophor EL on distribution may be profound only in central blood 

compartment (Gelderblom et al., 2001). Interestingly, total AUC0-36 in plasma and organs after 

SOL was substantially lower than after NS2-G and SUSP (52368.97 ± 4502.09; 75459.86 ± 

26699.73 and 86880.56 ± 29533.80 ng·h/ml, respectively), indicating that SOL formulation gave 

rise to an enhanced elimination from the body. Some reports state nephrotoxicity of DMSO and 

Cremophor EL, with tubular cells necrosis and oliguria (Jacob and Herschler, 1986; Pestel et al., 

2006; Buggins et al., 2007), which could contribute to non-physiological handling of DK-I-56-1 

from SOL. Therefore, a simplistic formulation of NS2-G, without any organic solvent and with 

low surfactant concentration, may be thought of as a major advantage over SOL formulation, 

through obviating erratic pharmacokinetic behavior and toxicity caused by excipients.  

A smaller particle size of nanosuspension, and therefore an increased surface area available for 

dissolution, was the most probable reason for faster absorption and higher systemic exposure of 

DK-I-56-1 after nanosuspension when compared to suspension administration (Sigfridsson et al., 

2010; Sigfridsson et al., 2013). This was supported by results from in vitro dissolution studies 

(Figure S2). Similarly, in the research of Sigfridsson et al. AUC and Cmax of the novel substances 

AC88 and BA99 were about twice as high for the animals receiving nanosuspensions compared 

to the ones receiving microsuspensions via intraperitoneal administration (Sigfridsson et al., 

2013). On the other hand, brain AUC0-36 after NS2-G and SUSP were similar (P = 0.733). 

However, concentration profile in brain after SUSP administration showed bimodal distribution 
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with the concentration drop after 1h (Figure 6b), and the same behavior of this formulation could 

be noticed in liver and kidney as well (Figure 6c and Figure 6d). The explanation of this 

phenomenon could be found in formation of DK-I-56-1 depot at the site of administration due to 

small quantities of liquid available for dissolution, resulting in erratic absorption and distribution, 

as observed in case of intramuscular and subcutaneous injections (Zuidema et al., 1994). Because 

of bimodal distribution, and despite high tissue AUC values, DK-I-56-1 concentration in brain 

after suspension administration was smaller than after other two treatments in most time points, 

which could compromise its efficacy. Main advantage of NS2-G over SUSP would therefore be 

a smaller drug particle size and narrower particle size distribution, leading to a reliable 

bioavailability and more regular pharmacokinetics, which is important in preclinical studies of 

drug candidates with poor solubility. 

3.5.In vivo pharmacodynamic study 

Studies of motor activity can explain the effect of the administered drug substance on 

experimental animals’ behavior, and they represent one of the fundamental approaches during 

investigation of psychopharmacological drugs (Savić et al., 2006). Spontaneous locomotor 

activity (SLA) test is one of behavioral tests used by our group for examining drugs’ activity on 

GABAA receptors (Savić et al., 2010; Savić et al., 2008). The term ‘spontaneous locomotor 

activity’ is referred to a group of unconditioned tests in which parameters of motion are 

followed. Based on their influence on locomotor activity in rodents, many psychotropic 

substances are defined as stimulant or depressant (Geyer, 1990). Hyperlocomotion after DK-I-

56-1 administration in rats was already reported by Knutson et al. (2018). Specific mechanism of 

this action has not been fully explained yet, which requires further efforts to identify the 

underlying biological substrate. However, nanoemulsion used as the carrier of DK-I-56-1 in the 
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cited research also exhibited a mild behavioral activity, possibly due to its complex composition, 

which complicated interpretation of results. Therefore, SLA Spontaneous locomotor activity 

(SLA) analysis was performed in order to assess use of nanosuspensions in pharmacodynamic 

characterization of DK-I-56-1, especially regarding potential influence of delivery system on the 

obtained results. Statistical analysis showed a significant effect of NS2-G treatment on total 

distance travelled during 90 min of monitoring (F(2,29) = 7.126, P = 0.003). As shown on Figure 

7a, the hyperlocomotor effect of DK-I-56-1 in NS2-G was significant compared to placebo, as 

well as to saline control, while no significant differences were noticed between placebo and 

saline (P = 0.289). These findings proved that observed hyperlocomotion effect was a 

consequence of DK-I-56-1 activity only, without any contribution of the used vehicle. Combined 

electrophysiological and pharmacokinetic results presented in Knutson et al. (2018)
 
suggest that 

the free (unbound) brain concentration of DK-I-56-1 in the range close to 100 nM is sufficiently 

high to mediate the pharmacological effect. Hence, the performed spontaneous locomotor 

activity test in mice confirmed results from pharmacokinetic studies of delivering effective 

concentration of DK-I-56-1 to the brain by i.p. administered nanosuspension as advanced 

formulation technique. Present results also showed that hyperlocomotor effect of DK-I-56-1 was 

more profound during the last 45 min of experiment (F(2,145) = 7.126, P = 0.003; F(5,145) = 

92.474, P < 0.001, vs. PLA and SAL, respectively) (Figure 7b), suggesting that it was not 

predominantly based on influences on habituation/stress reaction to novelty. During the test, an 

animal gets habituated to the enclosure, which decreases the exploratory drive and the emitted 

behavior may rather reflect general, spontaneous locomotor activity (Kelley, 1993). When 

animals are exposed to the new environment, they exhibit curiosity and fear, which act as 

exploratory drive. However, after habituation, this exploratory drive decreases, and the emitted 
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behavior may rather reflect a general, spontaneous locomotor activity (Savić et al., 2006). This 

was particularly evident for the total time immobile (Figure S4a) which is recognized as a more 

robust parameter than total distance travelled. This parameter is of specific interest in cases when 

animal stops changing its location, but continuous to move parts of its body (example: head 

motions). Total time immobile was affected in the same manner as total distance travelled 

(F(2,29) = 11.887, p<0.001), and differences between NS2-G and other two treatments were 

more pronounced in the second half of the experiment (F(2,145) = 11.885, P < 0.001; F(5,145) = 

74.265, P < 0.001; F(10,145) = 2.938, P = 0.002, vs. PLA, SAL and interaction time x treatment, 

respectively; Figure S4b). Hence, preservation of hyperlocomotion, that was observed after 

habituation in animals treated with NS2-G, represented a clear evidence of the DK-I-56-1 action 

solely. 

 

4. Conclusion 

Four formulations of nanosuspensions of DK-I-56-1 with desirable physicochemical 

characteristics and short-term stability appropriate for formulations for preclinical studies were 

developed. Their small particle size and narrow size distribution made them suitable for 

parenteral administration. Crystalline state of DK-I-56-1 was not affected by preparation method, 

which excludes potential stability issues regarding its solid state. Pharmacokinetic study 

emphasized advantages of nanosuspension over solution and suspension. Low surfactant 

concentration and absence of organic solvents reduced the risk of potential influence of 

excipients on DK-I-56-1 pharmacokinetics, and small particle size led to an optimized balance of 

brain-to-plasma bioavailability after nanosuspension administration. Moreover, behavioral study 

confirmed that nanosuspensions could deliver DK-I-56-1 to brain in pharmacologically effective 
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concentration. Based on the lack of behavioral activity of placebo formulation, nanosuspension 

might serve as an applicable delivery strategy for pharmacodynamic investigation of poorly 

water-soluble substances of the pyrazoloquinolinone chemotype, such as DK-I-56-1. 
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Tables 

Table 1. Solubility of DK-I-56-1 in selected excipients (mean ± S.D, n=3). 

Solvent Solubility (mg/ml) 

Water (pH 5.2) 0.0063 ± 0.0007 

Isopropanol  1.0347 ± 0.0230  

Methanol  0.7957 ± 0.1206 

Ethanol, 70% v/v  1.1574 ± 0.0564 

Dimethyl sulfoxide 137.9516 ± 2.8977 

Medium chain triglycerides 0.0987 ± 0.0053 

Soybean oil 0.0392 ± 0.0010 

Castor oil 0.5379 ± 0.0516 

Fish oil 0.0255 ± 0.0010 

Benzyl alcohol  7.7999 ± 0.6036 
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Figure captions 

 

 

Figure 1. The chemical structure of DK-I-56-1. 
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Figure 2. Mean hydrodynamic diameter (z-ave) and polydispersity index (PDI) of prepared 

nanosuspensions (NS1-NS6); ND – not determined. P < 0.05, z-ave: NS1 - 1 h vs. 1 day; NS2 – 

1 h vs. 1 day, 1 h vs. 21 days, 1 day – 21 days; NS3 - 1 h vs. 1 day; NS4 - 1 h vs. 1 day, 1 h vs. 

21 days; NS6 - 1 h vs. 21 days; PDI: NS3 - 1 h vs. 1 day. 
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Figure 3. AFM images of diluted NS2 sample: (a) error signal of 5 × 5 µm area of the sample; 

(b) 2D topography of 5 × 5 µm area of the sample; (c) 2D topography of 2 × 2 µm area of the 

sample with the marked line along which the profile was obtained; (d) 3D topography of 2 × 2 

µm area of the sample; and (e) height profile of the selected particle. 
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Figure 4. DSC thermogram of unprocessed DK-I-56-1, suspension (S2) and selected 

nanosuspension formulations (NS2, NS4, NS5 and NS6). 

 

 

Figure 5. XRPD patterns of unprocessed (a) DK-I-56-1, (b) suspension (S2) and (c) selected 

nanosuspension formulations (NS2, NS4, NS5 and NS6). 
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Figure 6. Pharmacokinetic profiles and calculated parameters of nanosuspension (NS2-G), 

suspension (SUSP) and solution (SOL) in (a) plasma, (b) brain, (c) liver and (d) kidney after 

intraperitoneal administration in mice (n = 3 per time point) at dose of 10 mg/kg. Cmax – 

maximum concentration; tmax – time of maximum concentration; AUC0-36 – area under the 

concentration versus time curve from zero to last measurable time point; t1/2 - terminal 

elimination half-life. 
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Figure 7. Effects of nanosuspension (NS2-G) on (a) total distance travelled and (b) distance 

travelled in mice. Data are presented as mean ± S.E.M. Post hoc significant differences are as 

follows: *, ** and ***, P < 0.05; P < 0.01 and P < 0.001 vs. PLA; +, ++ and +++, P < 0.05; P < 

0.01 and P < 0.001 vs. SAL; SAL- saline, PLA – placebo. 

 

 

 

 

                  


