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Context: Diacerein (DCN) has low aqueous solubility (3.197 mg/L) and, consequently, low 

oral bioavailability (35%–56%). To increase both the solubility and dissolution rate of DCN 

while maintaining its crystalline nature, high pressure homogenization was used but with only 

a few homogenization cycles preceded by a simple bottom-up technique.

Methods: The nanosuspensions of DCN were prepared using a combined bottom-up/top-down 

technique. Different surfactants – polyvinyl alcohol, sodium deoxycholate, and sodium dodecyl 

sulfate – with different concentrations were used for the stabilization of the nanosuspensions. 

Full factorial experimental design was employed to investigate the influence of formulation 

variables on nanosuspension characteristics using Design-Expert® Software. Particle size (PS),  

zeta potential, saturation solubility, in vitro dissolution, and drug crystallinity were studied. 

Moreover, the in vivo performance of the optimized formula was assessed by bioavailability 

determination in healthy human volunteers.

Results: The concentration of surfactant had a significant effect on both the PS and polydis-

persity index values. The 1% surfactant concentration showed the lowest PS and polydispersity 

index values compared with other concentrations. Both type and concentration of surfactant had 

significant effects on the zeta potential. Formula F8 (containing 1% sodium deoxycholate) and 

Formula F12 (containing 1% sodium dodecyl sulfate) had the highest desirability values (0.952 

and 0.927, respectively). Hence, they were selected for further characterization. The saturated 

solubility and mean dissolution time, in the case of F8 and F12, were significantly higher than 

the coarse drug powder. Techniques utilized in the nanocrystals’ preparation had no effect on 

DCN crystalline state. The selected formula (F12) showed a higher bioavailability compared 

to the reference market product with relative bioavailability of 131.4%.

Conclusion: The saturation solubility, in vitro dissolution rate and relative bioavailability of 

DCN were significantly increased after nanocrystallization. Less time and power consumption 

were applied by the combination of bottom-up and top-down techniques.

Keywords: nanocrystals, high pressure homogenization, diacerein, factorial analysis, phar-

macokinetic study

Introduction
The first step in oral absorption of solid dosage forms is dissolution of drug compound 

in the gastrointestinal lumen contents. Hence, poor aqueous solubility has become the 

leading hurdle for formulation, and scientists are concerned in improving oral delivery 

of insoluble drug candidates.1–3 Various approaches have been utilized for the enhance-

ment of solubility and dissolution rate of poorly soluble drugs such as solid dispersions 

preparation,4 inclusion in cyclodextrins,5 and particle size (PS) reduction.6 Although 

these approaches improved solubility and dissolution of poorly soluble drugs, their 

commercial use is limited due to stability issues of the amorphous nature of the produced  
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drug. Nowadays, crystalline nanosuspensions (nanocrystals) 

are considered a valuable formulation for drugs that have a 

poor dissolution rate and/or aqueous solubility.3,7

Nanosuspensions consist of stabilized submicron sized crys-

talline drug particles in liquid medium, usually water.8,9 They 

can be produced either by precipitation techniques (bottom-up 

approach) or by size reduction (top-down approach).10,11

The bottom-up approaches are advantageous with respect 

to improving bioavailability through obtaining smaller PS 

(100 nm) and amorphous drug particles, thereby showing 

similarity to formulation approaches as solid dispersions. 

However, currently, no commercial application of these 

systems has yet been realized. Typical limitations of the 

bottom-up processes are the time required for processing, 

scale-up difficulties, low drug loading efficiencies and wide 

nanoparticle size distributions.12 On the other hand, the top-

down techniques have already served as the formulation basis 

for several commercial products.13

High pressure homogenization (HPH) is a simple top-down 

technique which can be used to produce nanosuspensions. It 

is a well-known process in the food, cosmetics and pharma-

ceutical industries.14,15 The PS reduction is done by repeat-

edly forcing a suspension through a very thin gap (5–20 µm)  

at extremely high velocity.10,12,14 The main disadvantage of 

HPH is that the thin gap can be blocked during operation if  

the drug is not micronized before processing.16 To avoid 

 blocking of the homogenization gap, it is recommended to per-

form pre-milling. Typical sequence for pre-milling is two cycles 

at 100 bar, two cycles at 200 bar, two cycles at 500 bar, and two 

cycles at 1,000 bar.17 Other disadvantages of HPH include the 

high number of homogenization cycles, high energy input and 

the possibility of product contamination due to the metal ions  

coming off from the wall of the homogenizer.18

Diacerein (DCN) – 4,5-diacetoxy-9,10- dioxo-9,10-

dihydroanthracene-2-carboxylic acid – is a chondroprotective 

agent used for osteoarthritis treatment.19–21 It is the diacety-

lated derivative of rhein, a molecule with an anthraquinone 

ring, which is the active metabolite of DCN.22 DCN is 

 classified as Biopharmaceutics Classification System class II  

with low solubility and high permeability.23 DCN is spar-

ingly soluble in water (3.197 mg/L), which results in a poor 

dissolution rate and, consequently, low oral bioavailability 

(35%–56%).24,25 Hence, increasing the aqueous solubility of 

DCN should result in increased bioavailability.21,26

In this manuscript, the disadvantages of the HPH process 

were significantly reduced through the avoidance of the 

pre-milling cycles and the efficient reduction of the number 

of homogenization cycles. By using a simple bottom-up 

technique before the HPH process, the number of cycles was 

significantly reduced from 20 to only five cycles at 1,000 bar 

with no pre-milling. Different surfactants with different con-

centrations, such as polyvinyl alcohol (PVA), sodium deoxy-

cholate (SDC), and sodium dodecyl sulfate (SDS), were used 

for the stabilization of the nanosuspensions of DCN, a poorly 

soluble model drug. The PS, saturation solubility, in vitro dis-

solution, and drug crystallinity were studied. Moreover, the in 

vivo performance of the optimized formula was assessed by 

bioavailability determination in healthy human volunteers.

Materials and methods
Materials
DCN was a gift from Eva Pharma, Cairo, Egypt. The SDS 

was provided by Hercules, Wilmington, DE, USA. The 

SDC was purchased from BASF, Florham Park, NJ, USA; 

di methyl sulfoxide was supplied by Thermo Fisher Scien-

tific, Waltham, MA, USA. The PVA, with an average MW  

of approximately 25,000, sucrose, and mannitol were pur-

chased from Sigma-Aldrich Co., St Louis, MO, USA. All 

other chemicals and solvents were of an analytical grade and 

used without further purification.

Methods
Preparation of nanosuspensions
Nanosuspension formulas were prepared using a combined 

bottom-up/top-down technique.27 Briefly, DCN (50 mg) was 

dissolved in 6 mL dimethyl sulfoxide. The solution was then 

poured into an aqueous surfactant solution (50 mL) of either 

PVA, SDC, or SDS; each was in a concentration of 0.1%, 

0.25%, 0.5%, or 1%. This was performed in the presence 

of ultrasonication at 40 kHz for 2 minutes (probe sonicator, 

 Hielscher Ultrasonics GmbH, Teltow, Germany). The formed 

dispersion was homogenized using a high pressure homog-

enizer  (Stansted SPCH-10; Stansted Fluid Power Ltd, Harlow, 

UK) for five cycles at 1,000 bar. The obtained nanosuspensions 

were centrifuged at 15,000 rpm for 60 minutes at 4°C. Then,  

the collected nanoparticles were washed with distilled water and 

centrifuged again at the same conditions. Finally, the washed 

nanoparticles were dispersed in the same surfactant solution  

used during its preparation to be stabilized during storage.

statistical design of the study
Full factorial experimental design was employed to 

investigate the influence of formulation variables on 

 nanosuspension properties using Design-Expert® 7 Soft-

ware (Stat-Ease Inc., Minneapolis, MN, USA). As shown in 

Table 1, two independent variables were evaluated, which 

were type (X
1
) and concentration (X

2
) of the surfactant.  

The particle size (Y
1
: PS), polydispersity index (Y

2
: PDI), 
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and zeta potential (Y
3
: ZP) were selected as the dependent 

variables. The composition of the prepared nanosuspensions 

formulas is shown in Table 2. Desirability was calculated for 

selection of the optimized formulas, which were subjected 

for further investigations.

Ps, PDI, and ZP
The PS, PDI, and ZP of the prepared DCN nanosuspensions 

were measured by photon correlation spectroscopy (PCS) using 

a Zetasizer Nano ZS-90 instrument (Malvern Instruments, 

Malvern, UK). An aliquot of the nanosuspension was diluted 

before the measurement. Measurements were performed in 

triplicate using 90° scattering angle at 25°C. The displayed 

results are the average value ± the standard deviation.

lyophilization of prepared nanosuspensions
To study the saturation solubility and dissolution rate, the 

selected nanosuspension formulas were lyophilized after 

preparation. First, the nanosuspensions were poured into 

glass flasks and prefrozen using an ultracold Revco freezer 

(Thermo Scientific) at -80°C for 12 hours; then, the samples 

were freeze-dried using a Flexi-DryTM MP Freeze Dryer (SP 

Scientific, Stone Ridge, New York, USA) at -90°C and 380 

mT of pressure for 48 hours to yield dry nanoparticles powder. 

Additionally, sucrose or mannitol (2% weight/volume) was 

added into the dispersions prior to freezing as a cryoprotectant 

agent. PS and PDI were analyzed for the lyophilized formu-

las after reconstitution, and the results were compared to 

those without cryoprotectant. Statistical analysis of data was 

performed using the software SPSS 19.0 (IBM Corporation, 

Armonk, NY, USA) applying a one-way analysis of variance 

test followed by post hoc multiple comparisons using Fisher’s 

least significant difference test, and the results were consid-

ered significantly different when P-values were 0.05.

Determination of saturated solubility
The saturation solubilities of coarse DCN powder and from 

the selected nanocrystal formulas were determined by add-

ing an excess amount of the powder in a vial containing 

5 mL Sorenson’s phosphate buffer (pH 6.8). Shaking was 

performed using a thermostatically controlled shaking water 

bath (Precision Scientific Inc., Chicago, IL, USA) at 37°C 

until equilibrium (48 hours). Samples were taken and filtered 

using a 0.1 µm membrane filter (Whatman Inc., Clifton, NJ, 

USA).28 The filtrate was analyzed spectrophotometrically at 

the predetermined λ
max

 (258 nm) using a disposable microcu-

vette.24 The experiment was conducted in triplicate for each 

formula and the mean values ± standard deviation were 

calculated. Statistical analysis of data was performed using 

the software SPSS 19.0 (IBM Corporation).

In vitro dissolution study
In vitro dissolution was performed for the selected lyo-

philized formulas, using an amount of drug equivalent to 50 

Table 1 Full factorial design used for optimization of the nanosus-
pensions formulas

Factors (independent variables) Levels

-2 -1 0 1 2

X1: Type of surfactant – PVa sDc sDs –
X2: concentration of surfactant (% w/v) 0.1 0.25 – 0. 5 1

Responses (dependent variables) Constraints

Y1: Ps (nm) minimize
Y2: PDI minimize
Y3: ZP (mV) maximize

Abbreviations: w/v, weight/volume; PVa, polyvinyl alcohol; sDc, sodium deoxy-
cholate; sDs, sodium dodecyl sulfate; Ps, particle size; PDI, polydispersity index;  
ZP, zeta potential.

Table 2 experimental runs, independent variables, and measured responses of full factorial design for nanosuspension formulas

Formulas X1: type of  
surfactant

X2: concentration  
of surfactant (%)

Y1: PS (nm) Y2: PDI Y3: ZP (mV)

F1 PVa 0.1 813.6±4.39 0.677±0.04 -14.00±1.30
F2 0.25 512.0±5.02 0.499±0.01 -18.30±0.84
F3 0.5 493.7±3.27 0.420±0.03 -18.40±1.13
F4 1 308.8±2.55 0.344±0.02 -15.30±0.99

F5 sDc 0.1 780.0±5.59 0.753±0.06 -38.30±2.57
F6 0.25 542.0±3.71 0.415±0.3 -40.80±3.07
F7 0.5 411.0±2.69 0.333±0.01 -41.70±2.84
F8 1 403.6±4.28 0.318±0.02 -43.60±4.29
F9 sDs 0.1 674.4±1.44 0.580±0.03 -36.20±1.58

F10 0.25 528.0±3.06 0.514±0.04 -41.80±3.11
F11 0.5 500.1±2.33 0.317±0.03 -44.70±3.75
F12 1 374.0±1.95 0.312±0.01 -44.20±4.16

Abbreviations: PVa, polyvinyl alcohol; Ps, particle size; PDI, polydispersity index; ZP, zeta potential; sDc, sodium deoxycholate; sDs, sodium dodecyl sulfate.
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mg, in comparison with the coarse drug powder. This was 

done using United States Pharmacopeia II dissolution appara-

tus (SR8-PLUS; Hanson Research Corporation,  Chatsworth, 

CA, USA) containing 900 mL Sorenson’s phosphate buffer 

pH 6.8 as dissolution medium at 37°C and stirred at 50 rpm. 

Dissolution samples were withdrawn at 2, 4, 6, 8, 10, 15, 

20, 30, 45, and 60 minutes, with replacement of an equal 

volume of dissolution medium. The samples were filtered 

and analyzed by ultraviolet spectrophotometry as mentioned 

earlier. All samples were analyzed in triplicate. Release rate 

was expressed by the mean dissolution time (MDT), which 

was calculated from the equation:

  
*

1
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MDT
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∆
=
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∑
∑

 [1]

where j is the sample number, n is the number of dissolution 

samples, t*
j
 is the time at midpoint between t and t

j-1
, and ΔM

j
 is 

the additional amount of drug dissolved between t and t
j-1

.29

Also, the similarity factor (f
2
) was calculated for multiple 

comparisons between the obtained release profiles utilizing 

the following equation:
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where, n is the sampling number, R and T are the percent 

dissolved of the reference and test products, respectively at 

each time point j.29

assessment of crystallinity  
of nanocrystals
Differential scanning calorimetry (Dsc)
Samples of approximately 5 mg were weighed and analyzed 

in hermetically sealed aluminum pans. DSC was performed 

using a DSC822e Mettler-Toledo differential scanning 

calorimeter (Mettler-Toledo International Inc.,  Columbus, 

OH, USA). Samples were heated at a scanning rate  

of 10°C/minute between 25°C–300°C, using nitrogen as a 

blanket gas.30,31 An empty aluminum pan was used as stan-

dard reference.

Powder X-ray diffractometry (PXrD)
PXRD studies were conducted using an X-ray diffractometer 

(MD-10 mini diffractometer, MTI Corporation, Richmond, 

CA, USA) using Cu K2α rays (λ =1.54056 Å) with a voltage 

of 25 kV and a current of 30 mA, in a flat plate θ/2θ geometry, 

over the 2θ ranges 14°–75°. A 60 mg sample was placed in 

the sample holder groove and packed tightly.32

scanning electron microscopy
The surface characteristics of the selected formula were 

observed using a scanning electron microscope (JXA-840; 

JEOL, Tokyo, Japan). The samples were gold-coated under 

vacuum and then examined.

Pharmacokinetics study in healthy 
subjects
study design and subjects
A single-dose, two-period randomized cross-over design 

was adopted under fasting conditions. Six healthy adult male 

volunteers participated in this comparative study: their mean 

age was 22.8±3.4 years; the mean body weight 80.3±6.9 kg; 

and mean height, 174.25±7.4 cm. The volunteers had given 

their written consent after the purpose of the study was fully 

explained. The volunteers were instructed to refrain from tak-

ing any drug for 2 weeks before and during the study period. 

The study was performed according to the revised Declaration 

of Helsinki for biomedical research involving humans, as well 

as the rules of good clinical practices.33,34 The study protocol 

was reviewed and approved by the institutional review board 

of the Genuine Research Center, Cairo, Egypt.

The volunteers were hospitalized at 9 pm and had a 

standard dinner in the clinical site. After an overnight fast 

(10 hours), subjects were given a single oral dose of the 

commercial product, DCN 50 mg capsules (EVA Pharma), 

or the optimized formula with equivalent amount to  

50 mg drug, which was accurately weighed and filled in 

hard gelatin capsules. Approximately 6 mL blood samples 

for rhein (the active metabolite of DCN) analysis were 

drawn into evacuated heparinized glass tubes through an 

indwelling cannula at 0.0, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 

3.0, 4.0, 6.0, 8.0, 10.0, 12.0, and 24.0 hours after dos-

ing. Blood samples were centrifuged at 3,500 rpm for 10 

minutes at 4°C; plasma was transferred directly into 5 mL 

plastic tubes and stored frozen at -20°C, pending drug 

analysis. After a washing-out period of 7 days, the study 

was repeated adopting the same procedure to complete the 

crossover design.

sample preparation
All frozen human plasma samples were thawed at ambi-

ent temperature. The human plasma samples (0.5 mL) 

were placed in 5 mL glass tubes, and 100 µL of fenoterol  

as internal standard (IS, 5 µg/mL) solution in acetonitrile 

was added to each and vortexed. Then, 1 mL acetonitrile was 
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added; samples were then vortexed for 2 minutes. The tubes 

were then centrifuged for 10 minutes at 4,000 rpm (1,790 g).  

The upper organic phases were then transferred to the 

autosampler vials where 20 µL was injected into the liquid 

chromatography-tandem mass spectrometry (LC-MS/MS).

A sensitive, selective, and accurate LC-MS/MS method 

was developed and validated before the study for determina-

tion of rhein (the active DCN metabolite) concentrations in 

human plasma. Fenoterol (IS) stock solution was prepared by 

dissolving 10 mg in methanol and serially diluted with mobile 

phase to give a final working concentration of 5 µg/mL.  

A Shimadzu Prominence (Shimadzu Scientific Instruments, 

Columbia, MD, USA) series LC system equipped with degas-

ser (DGU-20A3), solvent delivery unit (LC-20AB) with an 

autosampler (SIL-20 AC) was used to inject 20 µL aliquots 

of the processed samples on a Luna C
18

 (Phenomenex Inc., 

Torrance, CA, USA) 50×4.6 mm, 5 µm PS. The guard column 

was a Phenomenex C
18

 5×4.0 mm, 5 µm PS. All analysis was 

carried out at room temperature.

The isocratic mobile phase consisted of acetonitrile and 

(0.02 M) ammonium acetate buffer (7:3 volume:volume) 

and 0.1% formic acid, which was delivered at a flow rate 

of 0.50 mL/minute into the mass spectrometer’s electro-

spray ionization chamber. Quantitation was achieved by 

MS/MS detection in the negative ion mode using a MDS 

Sciex (Ontario, Canada) API-3200 mass spectrometer, 

equipped with a turbo ion spray interface at 400°C. The 

ion spray voltage was set at -4,400 V. The common para-

meters, namely curtain gas, nebulizer gas, collision gas, 

and auxiliary gas were set at 25 psi, 20 psi, 11 psi, and 30 

psi, respectively. The compound parameters of declustering 

potential, collision energy, entrance potential and collision 

exit potential were -45 V, -32 V, -6 V, -4 V for rhein  

and -60 V, -50 V, -12 V, and -3.5 V for fenoterol (IS), 

respectively. Detection of the ions was performed in the 

multiple reaction monitoring mode, monitoring the transition 

of the m/z 282.9 precursor ion to the m/z 238.9 for rhein and 

m/z 302.0 precursor ion to the m/z 139.0 for IS. Quadrupoles 

Q1 and Q3 were set on unit resolution. The analytical data 

were processed by Analyst® Software Version 1.5 (Applied 

Biosystems product line of Thermo Fisher Scientific).

Pharmacokinetic and statistical analysis
Plasma concentration-time data of rhein was analyzed for 

each subject by noncompartmental pharmacokinetic mod-

els using Kinetica® software version 4.4.1 (Thermo Fisher 

Scientific Inc.). The peak plasma concentrations (C
max

) and 

the time of their occurrence (T
max

) were directly obtained 

from the concentration-time data. The area under the plasma 

concentration-time curve (AUC) from time zero to the last 

measured concentration (AUC
0-t

) was calculated according 

to the linear trapezoidal rule. The terminal elimination rate  

constant (λ
z
) was calculated by linear regression of the ter-

minal portion of the natural logarithm of the concentration, 

ln (Cp), and the elimination half-life was calculated.

Results and discussion
Ps, PDI, and ZP
The prepared nanosuspensions formulas had PS values 

ranging from 308.8–813.6 nm. The effects of type (X
1
) and 

concentration (X
2
) of surfactant on the PS are demonstrated 

in Figure 1A. Factorial analysis of variance showed a sig-

nificant effect for concentration of surfactant (X
1
) on the 

PS (P=0.0009). The 1% surfactant concentration showed 

the lowest PS compared with the other concentrations. This 

could be explained by the decrease in surface tension by 

increasing the surfactant concentration, which facilitates 

the size reduction and stabilizes the formed nanoparticles 

with inhibition of aggregation.35 Moreover, PDI was sig-

nificantly decreased by increasing the concentration of 

surfactant (P=0.0015). The lowest PDI value was observed 

in the presence of 1% surfactant, as shown in Figure 1B. 

These results are consistent with the previous observations 

of Zambaux et al who demonstrated that increasing the 

surfactant concentration leads to a significant decrease in 

the nanoparticles size and PDI.36 On the other hand, the 

PS and PDI of the prepared nanosuspensions formulas 

were not affected by the type of surfactant (P=0.9251 and 

P=0.4831, respectively).

High ZP values indicate the physical stability of the pre-

pared nanosuspensions with low probability of aggregation 

and crystal growth.37 Figure 1C shows the ZP values of the 

prepared nanosuspension formulas. Since the values of the 

ZP of all the samples prepared in our study were negative, 

their changes will be discussed in terms of their absolute 

values to avoid confusion.9,38

Both type and concentration of surfactant had significant 

effects on the ZP (P0.0001 and P=0.0375, respectively). 

SDC and SDS containing formulas showed significantly 

higher values, when compared to those containing PVA, 

especially at the highest surfactant concentration (1%). 

This might be attributed to the negative charge carried by 

these anionic surfactants compared to the nonionic sur-

factant, PVA.35 These results are in agreement with that 

demonstrated by Han et al who observed that lecithin or 

SDC, as anionic surfactants, yielded a higher ZP than that 

produced in the presence of nonionic surfactants like tween 

or poloxamer 188.39
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analysis of factorial design
The factorial design was used for planning and analysis of 

experimental trials. The used design was a full 31⋅41 facto-

rial design with statistical analysis through Design-Expert® 

Software (Stat-Ease, Inc.). Adequate precision measured the 

signal-to-noise ratio to ensure that the model can be used 

to navigate the design space.40 A ratio greater than 4 (the 

desirable value) was observed in all responses, as shown in 

Table 3. On the other hand, predicted R2 was calculated as a 

measure of how good the model predicts a response value.41,42 

The adjusted R2 and predicted R2 should be within approxi-

mately 0.20 of each other to be in reasonable  agreement.43 

If they are not, there might be a problem with either the 

data or the model. It is worthy to note that the predicted R2 

values were in a reasonable agreement with the adjusted R2 

in all responses.

For the selection of the optimum formula, it was almost 

impossible to achieve all the desired responses simultane-

ously because interference may occur.44 The optimum condi-

tion reached in one response may have an opposite impact 

on another response. Fortunately, the desirability function 

combines all the responses into one variable to predict the 

optimum levels for the studied factors.45 So, desirability was 

calculated to select the optimized formulas with the least 

PS, PDI, and the highest ZP (as absolute value). The high-

est desirability values were 0.952 and 0.927 for formulas F8 

(containing 1% SDC) and F12 (containing 1% SDS), respec-

tively, as shown in Figure 1D. Hence, these two formulas 

were selected for further investigations.

lyophilization of prepared 
nanosuspensions
Lyophilization was performed to stabilize the prepared 

nanosuspensions and to prevent their crystal growth.46 The 

selected lyophilized formulas (F8 and F12) were tested for 

their PS and PDI, after reconstitution, in the absence and 

presence of cryoprotectant (mannitol or sucrose). This was 

done to select the most suitable cryoprotectant that could 

prevent the aggregation of nanoparticles after lyophilization. 

Without cryoprotectant, it was evident from Figure 2 that 

Figure 1 response 3D plots for the effect of type (X1) and concentration (X2) of surfactant on the Ps (A), PDI (B), ZP (C), and desirability (D) of diacerein nanosuspension 
formulas.
Abbreviations: Ps, particle size; sDs, sodium dodecyl sulfate; sDc, sodium deoxycholate; PVa, polyvinyl alcohol; PDI, polydispersity index; ZP, zeta potential.
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Table 3 Output data of the full factorial design for the nanosus-
pensions’ formulas

Responses PS (nm) PDI ZP (mV)

Minimum 308.8±2.55 0.312±0.01 -44.70±3.75
Maximum 813.6±4.39 0.753±0.06 -14.00±1.30
ratio 2.63 2.41 3.23
Transformation None None None
Model linear linear linear
analysis Polynomial Polynomial Polynomial
adequate precision 9.99 9.43 23.77
adjusted R2 0.8633 0.8403 0.9789
Predicted R2 0.7018 0.6517 0.9539
Significant factors X2 X2 X1 and X2

Abbreviations: Ps, particle size; PDI, polydispersity index; ZP, zeta potential; sDc, 
sodium deoxycholate; sDs, sodium dodecyl sulfate.
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there was a significant increase in both PS and PDI values 

for the two investigated formulas (P0.001).

Moreover, it could be observed that mannitol protected 

the nanoparticles of F12 (containing SDS) from aggregation 

as the PS and PDI values were not significantly different from 

those before lyophilization (P=0.078 and P=0.144, respec-

tively). On the other hand, sucrose was more suitable than 

mannitol for protecting the nanoparticles of F8 (containing 

SDC) as shown by the nonsignificant difference in PS and 

PDI before and after lyophilization (P=0.051 and P=0.136, 

respectively).

Determination of saturated solubility
The saturated solubility in the case of F8 and F12 was 

1.53-fold and 2.23-fold higher than the coarse drug pow-

der, respectively, as shown in Table 4. The smaller PS and 

the higher surface area of the nanoparticles are associated 

with high potential energy, which resulted in an increase in 

 solubility.47 F12 (containing SDS) showed also a signifi-

cantly higher saturated solubility than F8 (containing SDC) 

(P0.001). This could be attributed to the higher hydrophilic-

lipophilic balance (HLB) value of SDS (40) when compared 

with SDC (16).35 This higher HLB value might result in 

higher solubilization efficiency.48

In vitro dissolution study
The coarse drug powder showed a relatively slow dissolu-

tion rate, as 81.37% only was dissolved during the release 

time (1 hour), as shown in Figure 3. On the other hand, the 

nanocrystals’ formulas (F8 and F12) exhibited complete and 

very rapid dissolution. MDT was equal to 13.65 minutes in 

the case of the coarse drug powder. Formula F8 showed a sig-

nificant decrease in the MDT to be 4.14 minutes (P0.001); 

further decrease also was observed in the case of F12  

(1.26 minutes), which was significantly different with both 

the drug powder and F8 (P0.001). The f2 was calculated 

to compare the dissolution profiles of the coarse drug pow-

der with the two formulas F8 and F12, and it was found to 

be 22.70 and 15.51, respectively. Being lower than 50, this 

could indicate the presence of a significant difference in the 

release profiles.29 Besides, F12 had a significantly higher 

dissolution rate than F8 with f2 equal to 38.82. This might 

be due to the higher HLB value of SDS compared to SDC 

as mentioned earlier.

The increased surface area described by the Noyes–

Whitney equation3,49 and the higher surface-to-volume ratio 
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Figure 2 effect of lyophilization on the Ps (A) and PDI (B) of formulas F8 and F12 
in the presence and absence of cryoprotectant.
Abbreviations: Ps, particle size; PDI, polydispersity index.

Table 4 saturated solubility of selected nanocrystals’ formulas, 
compared to coarse drug powder

Formulas Saturated solubility  
(µg/mL)

Folds Significance

coarse drug powder 535.25±10.83 – –
F8 (sDc) 819.40±12.09 1.53 P0.001
F12 (sDs) 1192.59±15.25 2.23 P0.001

Abbreviations: sDc, sodium deoxycholate; sDs, sodium dodecyl sulfate.
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Figure 3 Dissolution profile of DCN from nanocrystal formulas, F8 and F12, in 
comparison with the coarse drug powder, in phosphate buffer (ph 6.5).
Abbreviation: DcN, diacerein.
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enabled hydration over a larger surface area and, conse-

quently, resulted in increased drug dissolution.50 Moreover, 

the increase in the dissolution rate caused due to PS reduction 

can be explained by the decrease in diffusion layer thickness. 

According to the Prandtl boundary layer equation for flow 

passing a flat surface, the hydrodynamic boundary layer 

thickness (h
H
) can be expressed as follows:

 h
H
 = k (L1/2/V1/2) (3)

where L is the length of the surface in the direction of flow, k 

denotes a constant, and V is the relative velocity of the flowing 

liquid against the flat surface. It is believed that a difference 

in particle diameter could correspond to a difference in the 

parameter L.51 Bisrat and Nyström have shown that, for solids 

dispersed in a liquid medium under agitation, a decrease in 

PS probably leads to a decrease in both L and V.52 The net 

effect is reduced h
H
.53 This decrease in diffusional thickness 

h leads to an increase in the concentration gradient (Cs-Ct)/h,  

which consequently increases the dissolution rate.1

assessment of crystallinity  
of nanocrystals
From the previous results, it was observed that the formula 

F12 (containing SDS) had significantly higher saturated 

solubility and dissolution rate than the formula F8 (containing 

SDC). Hence, formula F12 was selected to be characterized 

by DSC and PXRD.

Dsc
DSC was performed to explore the physical changes that 

occurred in the drug after processing into nanocrystals.  

It appears from Figure 4 that the drug has a sharp endother-

mic peak at 254.09°C, indicating its crystallinity. Such a 

finding coincides with that obtained by Aggarwal and Singh 

who studied the thermogram of DCN.21 Moreover, the SDS 

thermogram had endothermic peaks at 105.43°C, 168.52°C, 

202.25°C, and 277.56°C. Mannitol had a single characteristic 

endothermic peak at 167.70°C. The drug characteristic peak 

disappeared in the thermograms of both physical mixture and  

F12. This might be referred to the dilution effect of the 

drug with the excipients, especially in the presence of a 

wide shoulder for the SDS that might cover the drug peak. 

 Furthermore, there is a possibility for decrease or disappear-

ance of the drug crystallinity.1 Finally, these findings denoted 

that DSC was not a discriminative tool for explaining the 

changes that occurred in drug crystals during preparation.

PXrD
X-ray diffraction was utilized to analyze the inner crystalline 

structure of the coarse drug powder, SDS, mannitol, physi-

cal mixture and the formula (F12). DCN had characteristic 

diffraction peaks at 5.27°, 10.51°, 17.43°, and 27.92°, as 

shown in Figure 5. On the other hand, SDS had no overlap-

ping peaks with the drug diffractogram, while mannitol had 

an overlapping peak with drug at 10.45°. Moreover, it was 

noticed that the drug characteristic peaks were reserved but 

with diminished intensities in both the physical mixture and 

the formula F12. This might be due to the dilution effect 

of excipient used rather than decreased or lack of drug 

crystallinity.54,55 This result confirmed that the HPH had no 

effect on the DCN crystalline state, and the enhancement of 

dissolution rate was due to the reduction of PS and not the 

appearance of amorphous form. Furthermore, maintenance 

of the initial crystalline state is advantageous for long-term 

stability.56

seM
The scanning electron micrographs of the selected formula 

(F12) are shown in Figure 6A. It is clear that the investigated 

lyophilized matrix possessed a highly porous nature, which 

led to the rapid penetration of water resulting in rapid drug 

dissolution. Upon further magnification, as in Figure 6B, 

lyophilized particles occurred in the form of rods with smooth 

and uniform surfaces.

Pharmacokinetics study in healthy subjects
All volunteers fully completed the study. No adverse 

reactions were reported by any of the subjects. The liq-

uid  chromatography–mass spectrometry assay has a 

good linearity from 0.02–4.80 µg/mL with acceptable  
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Figure 4 Dsc chromatograms of the drug (A), sDs (B), mannitol (C), physical 
mixture (D), and formula F12 (E).
Abbreviations: Dsc, differential scanning calorimetry; sDs, sodium dodecyl 
sulfate.
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Figure 5 X-ray diffractograms of the drug (A), sDs (B), mannitol (C), physical 
mixture (D) and formula F12 (E).
Abbreviation: sDs, sodium dodecyl sulfate.

Figure 7 linear presentation for rhein mean plasma concentration after single-
dose administration of treatment a (DcN, 50 mg capsule) and treatment B (capsule 
containing lyophilized formula F12).
Abbreviation: DcN, diacerein.
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interday accuracy ranged from 96.2%–103.1%, while the 

interday precision ranged from 4.1%–8.7%. The accuracy of 

freeze and thaw stability ranged from 85.6%–92.7%, while 

its precision ranged from 3.8%–7.7%.

The rhein mean plasma concentration-time profiles fol-

lowing single oral dose administration of DCN commercial 

product and F12 lyophilized formula to six healthy human 

volunteers are shown in Figure 7. Corresponding pharma-

cokinetic parameters are summarized in Table 5.

After oral administration, DCN entirely metabolized into 

rhein before entering the systemic blood and was rapidly 

absorbed. The F12 lyophilized capsules reached a  significantly 

higher C
max

 of 3.8±0.5 µg/mL at a T
max

 of 1.2±0.7 hours, while 

the commercial product reached a C
max

 of 2.0±0.6 µg/mL at 

a T
max

 of 1.7±0.6 hours. In parallel with the C
max

, the mean 

AUC values after oral administration of F12 lyophilized 

formula showed significantly higher values compared to 

the commercial DCN capsules of 10.8±1.1 µg⋅hour/mL and 

8.2±1.5 µg⋅hour/mL, respectively, which resulted in a relative 

bioavailability of 131.4%. However, there was no significant 

difference (P0.001) in the rate of drug absorption from the 

two treatments in terms of T
max

. In addition the elimination 

half-life (t
1/2

) and the elimination rate constant (K
e
) showed 

no significant differences between the two treatments.

DCN is classified as Biopharmaceutics Classification 

System class II with high permeability and low solubility, as 

previously mentioned.23 The poor dissolution characteristic of 

DCN has long been a problem to the pharmaceutical industry, 

and it still remains so, because the dissolution rate is the rate-

limiting step in the absorption of a drug from a solid dosage 

form. Increasing DCN’s saturated solubility and dissolution 

rate resulted in a higher extent of absorption and an improve-

ment in the total drug exposure in the treated subjects.

A

B

Figure 6 scanning electron micrographs of the lyophilized formula F12 with 
different magnifications.
Note: Magnification; (A) ×1,500 and (B) ×3,000.

within- and between-day reproducibility. The lower limit of 

rhein quantification in plasma was 0.02 µg/mL. The intra-

day accuracy of the method ranged from 95.4%–104.0% 

(data not shown) while the intraday precision calculated as 

coefficient of variation % ranged from 3.7%–12.4%. The 
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Conclusion
Combined bottom-up/top-down technique could be con-

sidered as a promising approach for nanocrystallization of 

poorly soluble drugs. The nanocrystals of DCN were suc-

cessfully prepared by HPH using only five cycles at 1,000 

bar after a simple bottom-up step. The saturation solubility 

and in vitro dissolution rate of the DCN nanocrystals were 

significantly increased compared to coarse drug powder. 

Moreover, the relative bioavailability of the optimized 

formula was found to be 131.4%, compared to the DCN 

market product.
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