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Abstract: Nanodrug delivery systems have been widely reviewed for their use in several drug 

formulations to improve bioavailability, sustain effect, and decrease side effects of many can-

didate drugs. The objective of this study was to evaluate the potential of chitosan (CS)-coated 

nanosuspensions to enhance bioavailability and reduce the diarrheal side effect of diacerein 

(DCN) after oral administration. DCN nanosuspensions (DNS) were prepared by sonoprecipi-

tation technique using different stabilizers at three different concentrations. The selected DNS 

with optimum particle size (PS), polydispersity index (PDI), and Zeta potential (ZP) was coated 

with three different concentrations of CS-coated DNS (CS-DNS) and screened. In vitro dissolu-

tion was performed for the selected lyophilized formulae and compared with DCN powder in 

addition to the assessment of drug crystallinity via scanning electron microscopy, X-ray powder 

diffraction, and differential scanning calorimetry. Ex vivo drug permeability using noneverted 

rat intestine, intraluminal content, and mucoadhesion evaluation was studied for nominated 

formulae in comparison to DCN suspension. Moreover, in vivo study, pharmacokinetic 

parameters, and evaluation of diarrheal potential were conducted after oral administration of 

selected formulae. Polyvinyl pyrrolidone (PVP)-stabilized DNS showed a significant increase 

(P#0.05) in PS and PDI as the stabilizer concentration increased. PVP-stabilized DNS with 

the lowest CS concentration was protected from aggregation by lyophilization with mannitol. 

A remarked enhancement in dissolution parameters was observed in the nanocrystals’ formulae. 

Morphological examination and X-ray diffraction confirmed drug crystallinity. The intermedi-

ate permeation parameters of CS-DNS-F10, lowest rhein-to-DCN ratio in intraluminal content 

along with the highest percentage of mucoadhesive, could serve as a sustaining profile of coated 

formula. CS-DNS-F10 showed a significantly higher C
max

 of 0.74±0.15 µg/mL at a delayed T
max

 

of 3.60±0.55 hours with a relative bioavailability of 172.1% compared to DCN suspension. 

CS-coated nanosuspensions could serve as promising revenue to enhance bioavailability and 

reduce the diarrheal side effect of DCN after oral administration.

Keywords: diacerein, nanosuspension, permeability, pharmacokinetics, chitosan, side effects

Introduction
Withdrawal of post-approval drugs because of their side effects can be triggered by 

data obtained from various sources such as clinical studies, systematic reviews, and 

animal data. The removal of such products from the market can result in loss of confi-

dence in medications by the public and loss of effective compounds and loss of profit 

for drug manufacturers.1 According to the US Food and Drug Administration (FDA), 
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a drug is usually withdrawn from the market because of 

safety concerns that cannot be corrected or when its risks 

overshadow its benefits.

Diacerein (DCN) is a drug used for the treatment of 

osteoarthritis (OA) at a dosage of 50–100 mg daily in two 

divided doses; it inhibits the synthesis and activity of interleu-

kin 1-β (inflammatory mediator in OA). Being classified as a 

class II drug with low solubility and high permeability, poor 

dissolution rate and low oral bioavailability were reported.2,3 

Consequently, a large portion of unabsorbed DCN remains 

in the intestine and reaches colon where it is hydrolyzed and 

converted into rhein (active metabolite of DCN) that pos-

sesses local stimulatory effect on the intestinal motility.3,4

On November 7, 2013, the European Medicines Agency 

(EMA) restricted the use of DCN-containing medicines 

because of major concerns about the frequency and severity 

of diarrhea in OA patients. Furthermore, the EMA’s Phar-

macovigilance Risk Assessment Committee (PRAC) ques-

tioned the inadequate clinical benefits of DCN (due to its 

low bioavailability), which did not offset its risks. This report 

has vastly affected the market share of all DCN-containing 

medicines. On March 7, 2014, EMA had re-examined DCN-

containing medicines and recommended that they remain 

available but with some limitations to manage the severity of 

diarrhea. Owing to the risks associated with severe diarrhea, 

DCN is no longer advised to patients aged $65 years. It is also 

recommended that patients start treatment on half the normal 

dose and should stop taking DCN if severe diarrhea occurs.5

Improving the bioavailability of DCN by enhancing its 

aqueous solubility and dissolution velocity could have a 

valuable effect on its clinical effectiveness and may lower 

its reported side effects. In this concern, many attempts have 

been reported to enhance DCN solubility, such as formulation 

as cyclodextrin complex,6 solid dispersions,7,8 microcrystals,9 

noisomes,10 solid lipid nanoparticles,11–13 and nanocrystals.14 

To the best of our knowledge, only Singh et al13 investigated 

the effect of formulation of DCN as solid lipid nanoparticles 

to enhance its lymphatic uptake and to reduce its diarrheal 

side effect.

Surface coating of nanodrug delivery system (NDDS) 

has been used as a mean for drug targeting in cancer and 

autoimmune diseases.15,16 Surface of NDDS may be modified 

with antibodies, tumor markers, fluorescent dyes, magnetic 

materials, carbohydrates, or mucoadhesive materials.17 It was 

reported that surface coating of NDDS with mucoadhesive 

could provide additional advantages to NDDS such as 

protection against degradation,18 localization of drug at the 

absorption window,19 and sustaining drug effect.20

Chitosan (CS) is a well-known cationic biodegradable 

polymer that was reported to enhance small intestine 

permeability.21 Nanoparticles coated with the polysaccha-

ride CS have attracted a special interest for mucoadhesive 

applications, mainly, because of its ability to interact with 

the negatively charged mucosal surface and to increase the 

absorption of drugs by reorganizing tight junctions (TJ) 

between mucosal cells.22 Recently, the use of CS as surface 

coating for nanoparticle-medicated drug delivery in cancer 

was reported in many studies.23,24

The objective of this study is to evaluate the potential of 

nanoformulation and surface coating with mucoadhesive CS to 

enhance bioavailability and reduce the possible systemic and 

local diarrheal side effect of DCN after oral administration.

Materials and methods
Materials
DCN was supplied by Medizine Pharmaceutical Co. 

(Alexandria, Egypt); rhein was purchased from Nutragreenlife 

Biotechnology Co. (Shanxi, China). Poloxamer 188 (PLX188) 

was purchased from BASF (Ludwigshafen, Germany). 

CS (MW 100,000–300,000 Da) was purchased from Alpha 

Aeser (Ward Hill, MA, USA). Polyvinyl pyrrolidone (PVP) 

K25, sodium dodecyl sulfate (SDS), methylcellulose (MC), 

and dimethylsulfoxide (DMSO) were supplied by Al Amryia 

Pharmaceutical Co. (Alexandria, Egypt). All other reagents 

and chemicals used were of analytical grade.

Methods
Preparation of DcN nanosuspensions (DNs)
Nanosuspension formulae were prepared using sonopre-

cipitation method with slight modifications.25 Briefly, 50 mg 

of DCN was dissolved in DMSO, poured into an aqueous 

surfactant solution (50 mL) of PVP K25, PLX188, or SDS; 

each in a concentration of 0.025%, 0.05%, or 0.1% under 

stirring (IKA Labortechnik, Staufen im Breisgau, Germany) 

at 1,200 rpm in an ice bath for 30 seconds, and then a 

probe sonicator is immersed in the dispersion for 5 minutes 

at 40 kHz (Sonoplus HD 3100; BANDELIN, Berlin, 

Germany). The obtained nanosuspensions were centrifuged 

(Model 3K30; Sigma Laborzentrifugen GmbH, Osterode, 

Germany) at 16,000 rpm for 30 minutes at 4°C. Nine different 

DNS formulae were prepared, and all are listed in Table 1.

Particle size (Ps), polydispersity index (PDI), and zeta 
potential (ZP)
The PS, PDI, and ZP of the prepared DNS were measured 

using dynamic light scattering technique (Zetasizer; Malvern 
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Instruments, Malvern, UK) after suitable dilution (1:25) with 

Millipore-filtered deionized water. An aliquot of the nanosus-

pension was diluted before the measurement. Measurements 

were performed in triplicate and the results are presented as 

average value ±standard deviation (SD).

cs-coated DNs (cs-DNs)
For the preparation of CS-DNS, a method developed by 

Ramalingam et al26 was adapted. CS solution (5 mL) was 

added to freshly prepared selected DNS with continuous 

stirring (IKA Labortechnik) at 1,200 rpm for 60 minutes, and 

then the nanosuspension was centrifuged at 16,000 rpm for 

30 minutes at 4°C. Three different CS-DNS formulae were 

prepared at different CS concentrations and were analyzed 

for PS, PDI, and ZP (Table 1).

lyophilization of prepared nanosuspensions
Selected DNS and CS-DNS were lyophilized after prepara-

tion. The nanosuspensions were prefrozen using an ultracold 

freezer (Thermo Fisher Scientific, Waltham, MA, USA) 

at -80°C for 12 hours; then, the samples were freeze-dried 

using lyophilizer (Cryodos-50; Telstar, S.A., Terrassa, Spain) 

at -55°C and 90 mBar of pressure for 48 hours to yield dry 

powder. Moreover, mannitol (5%, w/v) was added into the 

dispersions prior to freezing as a cryoprotectant agent. PS, 

PDI, and ZP were examined for the lyophilized formulae 

after reconstitution, and the results were compared to those 

without cryoprotectant.

In vitro dissolution study
In vitro dissolution was performed for the selected lyophilized 

formulae (DNS-F7 and CS-DNS-F10) using an amount of drug 

equivalent to 5 mg in comparison to DCN powder. Dialysis 

bag diffusion technique was used.27 Dialysis membrane 

(Visking®, MWCO 12,000–14,000; SERVA, Heidelberg, 

Germany) was soaked in distilled water for 24 hours before 

the experiment. Samples were dispersed in 1 mL phosphate 

buffer in a dialysis bag of 5 cm length sealed hermetically and 

immersed in vials containing 15 mL sodium orthophosphate 

buffer 6.8 and were kept in a shaking water bath (Wisebath®, 

London, UK) at 37°C at 100 rpm. Samples were withdrawn 

at different time intervals up to 2 hours and replaced with an 

equal volume of dissolution medium. Samples were filtered 

and analyzed spectrophotometrically at the wavelength of 

258 nm. Dissolution profile was expressed by the percentage 

diffused at 120 minutes (PD120), mean dissolution time 

(MDT), in addition to diffusion efficiency (DE).

crystallinity assessment of nanocrystals
Differential scanning calorimetry (Dsc)
Thermal behavior of DCN powder, PVP K25, CS, physical 

mixture (PM), DNS-F7, and CS-DNS-F10 was assessed 

using the DSC analysis (PerkinElmer Inc., Waltham, MA, 

USA). Samples were sealed in an aluminum crimp cell and 

heated at a speed of 10°C/minute from 30°C to 300°C under 

nitrogen atmosphere (60 mL/minute). A control empty pan 

was subjected to the same conditions.

Powder X-ray diffraction (PXrD)
PXRD studies were investigated using an X-ray diffractome-

ter. A copper radiation source was used as anode material. 

The diffraction pattern was performed in a step scan model 

with a voltage of 40 kV and a current of 40 mA in the range 

of 10°,2θ,40°, with a step size of 0.02°. The samples of 

DCN powder, PVP K25, CS, PM, DNS-F7, and CS-DNS-

F10 were investigated.

Table 1 composition and characterization of different DNs

Formulae Stabilizer 
type

Chitosan 
concentration (%)

Stabilizer 
concentration (%)

PS (nm) ± SD PDI ± SD ZP (mV) ± SD

DNs-F1 PlX188 0 0.025 777.3±52.21 0.516±0.09 -27.6±4.70
DNs-F2 0 0.05 503.9±14.29 0.449±0.07 -24.3±4.30
DNs-F3 0 0.1 328.6±13.18 0.349±0.03 -22.1±3.65
DNs-F4 sDs 0 0.025 902.5±15.55 0.513±0.05 -33.6±3.50
DNs-F5 0 0.05 763.4±82.78 0.648±0.08 -37.1±4.41
DNs-F6 0 0.1 499.9±9.997 0.438±0.04 -41.4±4.91
DNs-F7 PVP K25 0 0.025 137.9±4.30 0.175±0.03 -28.8±6.11
DNs-F8 0 0.05 154.9±6.70 0.199±0.01 -32.5±7.43
DNs-F9 0 0.1 288.6±10.2 0.250±0.02 -28.2±5.33
cs-DNs-F10 PVP K25 0.1 0.025 145.4±4.8 0.141±0.02 +32.3±5.20
cs-DNs-F11 0.5 0.025 189.4±6.2 0.157±0.02 +33.2±9.16
cs-DNs-F12 1 0.025 238.4±9.1 0.211±0.01 +34.4±6.02

Abbreviations: cs-DNs, chitosan-coated DNs; DNs, diacerein nanosuspension; PDI, polydispersity index; PlX188, poloxamer 188; Ps, particle size; PVP, polyvinyl 
pyrrolidone; sD, standard deviation; sDs, sodium dodecyl sulfate; ZP, zeta potential.
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scanning electron microscopy (seM)
Morphological structure of the freeze-dried DNS-F7 and 

CS-DNS-F10 was studied by SEM (100 CX; JEOL, Tokyo, 

Japan). Samples were fixed on supports and coated with gold-

palladium under an argon atmosphere using a gold sputter. 

The morphology of different formulae was examined.

ex vivo permeation
experimental animal protocol
The animal experimental protocols for ex vivo study and 

diarrhea score test were performed in accordance with the 

European Community guidelines for the use of experimental 

animals and were approved by the Animal Care and Use 

Committee, Faculty of Pharmacy, Alexandria University. 

Healthy male rats, weighing ~200–250 g, were housed in 

polypropylene cages with free access to standard laboratory 

diet and water. They were kept at 25°C±1°C and 45%–55% 

relative humidity with a 12-hour light–dark cycle. The 

animals were fasted overnight before the experiment with 

free access to water.

The noneverted sac experiments were performed based 

on the method described by Ruan et al,28 and the rats were 

anesthetized by ether inhalation. A midline abdominal inci-

sion of 4–5 cm was made, and the small intestine was sepa-

rated and washed with an oxygenated Krebs–Ringer solution 

using a syringe equipped with blunt end. The upper end of 

the duodenum and lower end of the ileum were separated 

into 12±0.5 cm long sacs having a diameter of 0.4 cm. Each 

sac was tied at one end, filled with 1 mL of 1 mg/mL of the 

tested formulae (DNS-F7 and CS-DNS-F10 in ringer at 6.8 

and DCN in 0.3% carboxymethyl cellulose (CMC) in ringer at 

6.8) via a 1 mL micropipette, and was sealed by tying the other 

end keeping effective sac length 10 cm for permeation.

Each noneverted rat intestinal sac was placed in a 25 mL 

glass beaker containing 10 mL permeation medium (mixture 

of Krebs–Ringer phosphate buffer saline pH 7.4 and isopropyl 

alcohol in the ratio of 7:3, v/v) at 37°C in a shaking water 

bath (Wisebath®) operating at 100 rpm and constantly aerated 

with oxygen (10–15 bubbles/minute) using laboratory aerator.  

At predetermined intervals (20, 40, 60, 90, and 120 minutes), 

samples of 0.5 mL were collected from outside of the sac 

and replaced with fresh medium. After filtration of samples 

through 0.22 µm Millipore syringe filter, an aliquot of 20 µL 

was injected into the high-performance liquid chromatography 

(HPLC) system. All formulae were tested in triplicates. Appar-

ent permeability (P
app

), lag time (LT), and diffusion coefficient 

(D) were the parameters used for the quantification of amount 

of drug permeated through the intestinal mucous membrane, 

which were calculated according to Bothiraja et al.29

Intraluminal perfusate and mucoadhesion
To measure the remaining amount of drug at the end of 

permeation study for the tested formulae compared to DCN 

suspension, the intestinal sacs were cut from one end and 

the intraluminal content was emptied by injecting air then 

perfused by injecting 5 mL of ringer solution, washed with 

10 mL of DMSO, and sonicated in water bath for 5 minutes. 

The perfusates were filtered, and an aliquot of 20 µL was 

injected into the HPLC system. The percentage of mucoadhe-

sion was calculated using the following equation:30

 

(Total drug dose) Amount  after 120 min

Amount i

− (
+

permeated

nn perfusate)

(Total drug dose Amount permeated after 120 m− iin)
×100

 

hPlc of DcN and rhein
A validated stability-indicting HPLC method31 was used for 

the quantification of amounts of DCN permeated as rhein 

through the noneverted gut sac and amounts of DCN/rhein 

in the perfusate of the intestinal lumen after predetermined 

intervals. Calibration curves of DCN and rhein in the per-

meation medium (mixture of Krebs–Ringer phosphate buf-

fer saline, pH 7.4, and isopropyl alcohol in the ratio of 7:3, 

v/v) and in the intestinal lumen washing medium (1:1 ringer 

to DMSO) over the concentration range of 1–50 µg/mL 

(Figure S1) were obtained.

In vivo study
experimental animal protocol
The animal experimental protocols for in vivo study and 

diarrhea score test were performed in accordance with the 

European Community guidelines for the use of experimental 

animals and were approved by the Animal Care and Use 

Committee, Faculty of Pharmacy, Alexandria University.

The study was done using male Wister albino rats 

(200±20 g). The study protocol followed institutional guide-

lines for the use of laboratory animals. Before initiation of the 

experiment, the animals were fasted for 10 hours with free 

access to water. Eighteen male rats were randomly divided 

into three groups (n=6), each group received a single oral dose 

of DNS-F7, CS-DNS-F10, or DCN with equivalent amount 

to 15 mg/kg body weight of animals.12,32 Blood samples 

(0.5 mL) were obtained from the retro-orbital plexus of rats 

and were drawn into EDTA tubes at intervals of 0.33, 0.66, 1, 

1.5, 2, 3, 4, 6, 8, and 24 hours. The animals were sacrificed by 

an overdose of diethyl ether at the end of the experiment.

Preparation of plasma samples
Blood samples were centrifuged at 5,000 rpm for 10 min-

utes, 200 µL of plasma was mixed with 20 µL of 10% acetic 
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acid for converting rhein into a nondissociating form.33 

Then, 200 µL of acetonitrile was added, and the samples 

were vortexed (Vortex Mixer VM-300; Gemmy Industrial 

Corporation, Taipei, Taiwan) for 1 minute and sonicated in 

water bath for 5 minutes for the extraction of rhein. Samples 

were then centrifuged in a cooling centrifuge (Model 3K-30; 

Sigma Laboratory; Germany) at 10,000 rpm for 10 minutes 

at -20°C, and the supernatant was separated, filtered with 

0.22 µm syringe filter, and injected in the HPLC system.

A validated stability-indicating HPLC methodology 

developed by Hamrapurkar et al31 for the determination of 

rhein was utilized with slight modification. The HPLC instru-

ment (Agilent 1260 Series high-performance liquid chro-

matography; Agilent Technologies, Santa Clara, CA, USA) 

with a reversed-phase C18 column (150 cm × 4.6 mm; PS 

=3.5 µm) was equipped with a security guard ULTRA car-

tridges HPLC C18 (4.6 mm) (Phenomenex, Torrance, CA, 

USA). The best separation was achieved by the mobile phase 

of 50:50 (v/v) of water (pH adjusted to 2.9 with orthophos-

phoric acid):acetonitrile, at a flow rate of 1.0 mL/minute. The 

detection wavelength was set at 258 nm. A loop of 100 µL 

volume was used, and the samples were manually injected. 

Calibration curve of C concentration in plasma was plotted 

for quantification purpose. The linearity range of the method 

was 0.25–10 µg/mL, with a correlation coefficient (R2) of 

0.9995. Intra- and interday precisions were represented by 

percentage of relative SD, which ranged from 1.2% to 3.85% 

and from 1.1% to 4.53%, respectively, and accuracy of the 

method, demonstrated by percentage of recovery, ranged 

from 98.25% to 101.54% and from 98.68% to 102.07%, 

respectively.

Pharmacokinetic study
Pharmacokinetic analysis of the data was performed using 

PKSolver, an add-in program for Microsoft excel.34 The 

area under the plasma concentration–time profile (AUC
0–t

 

and AUC
0–inf

) was calculated using the linear trapezoidal 

method. The elimination half-life (t
1/2

) was computed 

from the slope of the elimination phase of the log plasma 

concentration-time points plotted using the least square 

method. The maximum plasma concentration (C
max

) and 

the time to reach C
max

 (T
max

) were determined. Data were 

expressed as the mean ± SD.

Diarrhea score test
Twenty-five male Wister albino rats weighing 200±20 g were 

randomly divided into five groups (n=5) and housed in the 

experiment household for a week before the experiment, 

and rats showing any diarrheal signs were excluded. All the 

animals were placed individually in separate cages along with 

standard diet pellets and water ad libitum for a week before 

starting the experiment for adaptation. Then, white sheets 

of paper were placed under the bottom of each cage for the 

observation of number, consistency, and collection of fecal 

droppings. Observations were done every 24 hours for five 

successive days. The five groups were treated orally with 

normal saline (negative control), DNS-F7, CS-DNS-F10, 

DCN, or rhein dispersed in 0.3% CMC (as positive control) 

with an equivalent amount to 50 mg/kg once daily for five 

successive days. The parameters observed include diarrhea 

score and percent inhibition (PI) in diarrhea. A numerical 

score from 1 to 3 based on stool consistency was assigned 

for normal, semisolid, and watery stools, respectively.35 PI 

was calculated as follows:36

 
PI

Mean defecation (DCN group

Tested formula group

Mean de
=

− )

ffecation of DCN group
×100

 

statistical analysis
Analysis of variance was conducted using the SPSS version 

20.0 software (IBM Corporation, Armonk, NY, USA). 

A P-value of #0.05 was considered to be statistically 

significant.

Results and discussion
Sonoprecipitation technique was chosen for the preparation 

of nanosuspension due to the impact of ultrasonic waves 

on the mixing process and the nucleation rate; it provided 

sufficient micromixing at molecular level of mixture, which 

results in a rapid uniform distribution of solvents through 

the antisolvent beside the mesomixing provided by simple 

stirring for 30 seconds before sonication.25

Many preliminary trials were carried out to select opti-

mum formulation and processing parameters influencing 

PS and PDI. These parameters include effect of antisolvent 

temperature, rate of the addition of solvent and antisolvent, 

order of addition, sonication time, and amplitude. Based 

on these preliminary trials, the formulation process has 

been tailored.

Measurement of Ps, PDI, and ZP
Although several articles have discussed nanosuspensions, 

they lack a systematic understanding of stabilizer selec-

tion and nanosuspension stability; there are no systematic 

empirical or theoretical guidelines for stabilizer selection 

and optimization.37
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The most common approaches of stabilization are steric 

and/or electrostatic techniques. Steric stabilization is achieved 

by adsorbing polymers onto the drug particle surface, whereas 

electrostatic stabilization is obtained by adsorbing charged 

molecules, both ionic surfactants and charged polymers, onto 

the particle surface. Based on that rationale, three stabilizers 

of different natures were used at three different concentra-

tions (0.025%, 0.05%, and 0.1%) for formula optimization 

and characterization, such as a steric polymeric stabilizer 

(PVP K25), a nonionic surfactant stabilizer (PLX188), and 

an anionic surfactant stabilizer (SDS).

Results of the PS analysis are listed in Table 1. For 

PLX188- and SDS-stabilized formulae, a significant decrease 

in PS and PDI (P#0.05) was observed as the stabilizer con-

centration increased, which can be explained based on their 

surface activity. As concentration increases, their influence 

on surface tension increases and energetic conditions are 

favorable with a maximum contact between the organic and 

aqueous phase,38 which could be translated into a decreased 

PS. Moreover, micelle formation at high PLX188 and SDS 

concentrations hinders their use, since they may solubilize 

the drug particles rather than stabilizing them.

For PVP K25-stabilized particles, a significant increase 

(P#0.05) in PS and PDI was observed as the stabilizer 

concentration increased, which could be attributed to high 

affinity of PVP K25 to the hydrophobic surface of DCN 

particles that increase crystal growth reflected into large PS.39 

Another possible factor is PVP K25’s viscosity-imparting 

property, where an increase in the aqueous phase viscosity 

decreases the impact of shear stress applied to the system; 

this may decrease the extent of size reduction.40

The values of ZP ranged from -22.1±3.65 to -37.1±4.41, 

which may be related to the intrinsic charge due to the ion-

ization of DCN at pH of the dispersion medium (pH =4.88, 

whereas the pK
a
 of DCN is 2.98). High ZP values indicate 

the physical stability of the prepared nanosuspensions with 

the low probability of aggregation and crystal growth.41

Based on the results of PS, PDI, and ZP, DNS-F7 was 

selected to be coated with different concentrations of CS 

and was screened for PS, PDI, and ZP to optimize the best 

formula for further studies.

cs-DNs
As listed in Table 1, an increase in PS and PDI of DNS-F7 

was observed with increasing CS concentration, which may 

be ascribed to the accumulation of CS multilayers in the 

anchoring pattern of DCN nanoparticles that consequently 

increase the stagnant hydrated layer formed around the 

nanoparticles.42 This can also be confirmed by monitoring 

ZP of different coated formulae. ZP at the negatively charged 

surface of uncoated DNS-F7 was -28.8±6.11 mV, and after 

deposition of positively charged CS molecules, it ranged 

from +32.3±5.20 to +34.4±6.02 mV. This plateau in ZP 

values suggested a complete saturation of CS-DNS surface 

with the adsorbed positively charged CS.43 CS-DNS-F10 

was selected as our nominated coated formula along with 

uncoated DNS-F7 for further studies.

lyophilization of prepared 
nanosuspensions
Lyophilization was done to stabilize the prepared nanosus-

pensions and to prevent their crystal growth. The selected 

lyophilized formulae (DNS-F7 and CS-DNS-F10) were 

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

and presence of 5% mannitol as a cryoprotectant.

Without mannitol, it was obvious from Figure 1 that 

there was a significant increase in both PS and PDI values 

for the two examined formulae (P,0.05). Instead, mannitol 

Figure 1 effect of lyophilization on the particle size (A) and polydispersity index (B) of formulae DNs-F7 and cs-DNs-F10 with and without mannitol.
Abbreviations: cs-DNs, chitosan-coated DNs; DNs, diacerein nanosuspension.
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protected the nanoparticles of DNS-F7 and CS-DNS-F10 

from aggregation as the PS and PDI values were not signifi-

cantly different from those before lyophilization (P.0.05). 

The lyophilized formulae using mannitol as cryoprotectant 

were used for other study experiments.

In vitro dissolution study
Since the process of transportation of drug molecules from 

formulae inside the dialysis bag to the recipient compartment 

through the dialysis membrane represents two processes such 

as drug dissolution and drug molecules diffusion; hence, the 

dialysis membrane method can be used to compare the dissolu-

tion of different DCN formulae. Sodium orthophosphate buffer 

(pH =6.8) was selected so that sink condition is guaranteed.

DCN dispersion showed a relatively slow diffusion rate 

(61.64% only was diffused after 120 minutes, PD120), as 

shown in Figure 2. In contrast, a remarked enhancement 

in dissolution was observed in the nanocrystals’ formulae 

(DNS-F7 and CS-DNS-F10); they exhibited 98.63% and 

78.45% diffusion rates at the same time, respectively. The 

intermediate profile of CS-DNS-F10 along with expected 

mucoadhesive CS effect could serve as a sustaining effect of 

the coated nanocrystal formula.

MDT was 62.71 minutes in the case of DCN powder. 

Formula CS-DNS-F10 showed an insignificant decrease in 

the MDT of 57.47 minutes (P.0.05); further decrease was 

also observed in the case of DNS-F7 (36.19 minutes), which 

was significantly different from both the drug powder and 

CS-DNS-F10 (P,0.001). It was reported that the dissolution 

rate of a drug crystal is proportional to the available surface 

area for dissolution and PS reduction in addition to the thick-

ness of the diffusion layer.44

DE is another parameter used to express dissolution 

profile between different formulae; it is the area under the 

diffusion curve up to certain time, t, expressed as a percentage 

of the area of the rectangle described by 100% diffusion in 

the same time.45

DNS-F7 and CS-DNS-F10 showed 1.6- and 1.2-fold 

increase in DE than that in DCN dispersion, respectively, 

which ensure the enhancement of the dissolution efficiency 

of DCN-NS and CS-DCN-NS over crude DCN powder due 

to size reduction.

crystallinity assessment of nanocrystals
Dsc
As shown in Figure 3, DCN has a sharp endothermic peak 

at 256°C, indicating its crystallinity. Such a finding agrees 

Figure 2 Diffusion profile (A) and dissolution parameters (B) for DcN suspension, DNs-F7, and cs-DNs-F10 in orthophosphate buffer at ph 6.8 (n=3).
Abbreviations: CS-DNS, chitosan-coated DNS; DCN, diacerein; DNS, DCN nanosuspension; MDT, mean dissolution time; %DE, % diffusion efficiency; %PD120, percent 
diffused in 120 minutes.

°
Figure 3 Dsc of DNs-F7 and cs-DNs-F10.
Abbreviations: cs-DNs, chitosan-coated DNs; DcN, diacerein; Dsc, differential 
scanning calorimetry; DNs, DcN nanosuspension; PM, physical mixture; PVP, 
polyvinyl pyrrolidone.
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with that obtained by previous studies on DCN.8,13 Moreover, 

no endothermic peak was detected in the thermograms of 

CS and PVP K25. The drug characteristic peak was slightly 

shifted at lower intensity in the thermograms of PM and 

both formulae confirming the drug crystallinity. This might 

be attributed to the dilution effect of the drug with the 

excipients as previously reported.14 Finally, DSC was not a 

discriminative tool for explaining the changes that occurred 

in drug crystals during preparation, and further study using 

XRD is needed.

PXrD
X-ray diffraction was carried out to analyze the internal crys-

talline structure of DCN powder, DNS-F7, and CS-DNS-F10 

and investigate the effect of formulation and surface coat-

ing on original crystalline structure. As shown in Figure 4, 

DCN powder had characteristic diffraction peaks at 10.51, 

17.43, and 27.92°. Instead, PVP K25 and CS do not have any 

overlapping peaks with DCN diffractogram.

It was remarkable that the drug characteristic peaks were 

reserved but with weakened intensities in PM, DNS-F7, and 

CS-DNS-F10, which may be attributed to the dilution effect 

of excipients used rather than decreased or lack of crystal-

linity of the drug.14 This result confirmed that the sonopre-

cipitation had no effect on the DCN crystalline state, and the 

improved dissolution rate was due to size reduction rather 

than the formation of the amorphous form.

seM
SEM of lyophilized DNS-F7 and CS-DNS-F10 is shown in 

Figure 4. The investigated formulae possessed crystalline 

particles in the nanorange of almost uniformly distributed 

PS, which led to the rapid penetration of water with dissolu-

tion enhancement.

ex vivo permeation
Calibration curves of both DCN and rhein were obtained 

in both permeation medium (mixture of Krebs–Ringer 

phosphate buffer saline, pH 7.4, and isopropyl alcohol in 

the ratio of 7:3, v/v) and washing medium used in intestine 

rinsing (1:1 ringer in DMSO). A linear relationship over the 

concentration range of 1–50 µg/mL was observed with the 

correlation coefficient of 0.9998 and 0.999 in Krebs–Ringer 

phosphate buffer and 0.9997 and 0.9998 in 1:1 ringer to 

DMSO for DCN and rhein, respectively.

Ex vivo intestinal permeation by noneverted rat gut sacs 

can be used to determine the transport of various compounds 

from intestine, such as sugars, amino acids, and drugs, and 

evaluate the performance of novel drug delivery systems 

with high reliability and reproducibility.46

To provide a sink condition for permeation and taking into 

consideration the effect of solvent on the intestine viability, 

a mixture of Krebs–Ringer phosphate buffer saline, pH 7.4, 

and isopropyl alcohol in the ratio of 7:3 (v/v) was chosen in 

accordance with previous reports.47

It was noticed that all permeated drug was measured 

as rhein, which agreed with previous reports that DCN 

is completely converted into rhein before reaching the 

circulation.48

As shown in Figure 5, the cumulative amounts perme-

ated after 120 minutes were 450.48±10.51, 108.28±1.06, and 

97.83±6.53 µg for DNS-F7, CS-DNS-F10, and DCN suspen-

sion, respectively. Although there are too many reports sug-

gesting that CS has a permeation enhancement effect21 either 

θ

Figure 4 Powder X-ray powder diffraction (A) and scanning electron microscopy (B) of DNs-F7 and cs-DNs-F10.
Abbreviations: cs-DNs, chitosan-coated DNs; DcN, diacerein; DNs, DcN nanosuspension; PM, physical mixture; PVP, polyvinyl pyrrolidone.
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due to its effect on the TJ of the epithelial cells of intestine 

or by its mucoadhesive effect that keeps the drug molecules 

in intimate contact with the epithelial cells at the absorption 

site, Cs-DCN-NS did not show additional enhancement in 

DCN permeation through the intestinal wall. It was obvious 

that there is no significant difference (P.0.05) in amount 

permeated between coated nanocrystals (CS-DNS-F10) and 

DCN dispersion, which could be referred to the shielding 

effect of CS coat around the formed nanoparticle in the 

permeation medium.

Table 2 shows different permeation parameters used for 

the quantification of amount of drug permeated through the 

intestinal mucous membrane. DNS-F7 has the highest P
app

 

and diffusion coefficient (D) with the shortest LT compared 

to other tested formulae. The intermediate permeation 

parameters of CS-DNS-F10 along with expected mucoad-

hesive CS effect could serve as a sustaining profile of coated 

nanocrystal formula.

Intraluminal perfusate and mucoadhesion
The perfusion medium used to wash the intestinal lumen at 

the end of experiment was analyzed. It was quite valuable to 

find that the nonpermeated DCN was not totally converted 

to its active metabolite rhein, and the total amount found 

in the analyzed perfusate was 257±35.6, 268.4±15.6, and 

746.03±45.2 µg for DNS-F7, CS-DNS-F10, and DCN sus-

pension, respectively, as shown in Figure 5.

In general, DCN dispersion showed statistically (P,0.05) 

significant higher rhein amounts (468.63 µg out of 746.03 µg) 

over all other formulae; similarly, DNS-F7 also showed 

high rhein-to-DCN ratio (199.26 µg out of 257 µg), which 

can be attributed to large surface area of the nanoparticulate 

DCN formula that facilitates the degradation process, but the 

absolute amount of rhein remained is still lower than that of 

DCN dispersion due to the enhanced permeation of DNS-F7 

over DCN suspension. Regarding CS-DNS-F10, it showed 

the lowest rhein-to-DCN ratio (123.31 µg out of 268.4 µg), 

which may be ascribed to the shielding effect of CS in the 

permeation medium around the unabsorbed DCN particles 

that may have a potential effect in lowering the diarrheal 

side effect of DCN.

Cumulative amounts retained in tissue were calculated 

by subtracting the summation of amount permeated and 

perfusate from initial drug added; CS-DNS-F10 showed the 

highest amount retained (623.44 µg) followed by DNS-F7 

(293.26 µg) and DCN suspension (156.14 µg).

Figure 5 Permeation profile (A) and different permeation parameters (B) of DcN suspension, DNs-F7, and cs-DNs-F10 through noneverted rat intestine in the mixture 
of Krebs–ringer phosphate buffer saline ph 7.4 and isopropyl alcohol (7:3, v/v) at 37°c for 2 hours (n=3).
Abbreviations: cs-DNs, chitosan-coated DNs; DcN, diacerein; DNs, DcN nanosuspension.

Table 2 Permeation parameters of DcN suspension, DNs-F7, and cs-DNs-F10

Tested formulae F ± SD (µg/minute) Papp ± SD (cm/minute) LT ± SD (minute) D ± SD (cm2/minute)

DcN suspension 274.23±26.57 17.47±1.69 2.40±0.224 0.437±0.042
DNs-F7 1,063.67±24.88 67.75±1.58 0.62±0.015 1.694±0.040
cs-DNs-F10 337.49±5.96 21.50±0.38 1.94±0.035 0.537±0.009

Notes: F is permeation flux is the slope of linear portion of the graph obtained by plotting the cumulative amount (µg) of rhein permeated through the noneverted rat 
intestinal sac versus time (minutes). Papp is the apparent permeability coefficient; LT and D (diffusion coefficient) were calculated according to Bothiraja et al.29

Abbreviations: cs-DNs, chitosan-coated DNs; DcN, diacerein; DNs, DcN nanosuspension; lT, lag time; sD, standard deviation.
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To examine the mucoadhesive properties of nanoparticles 

and CS-coated nanoparticles compared to DCN suspension, 

the equation adapted by Goto et al30 was used. Both DNS-F7 

and CS-DNS-F10 showed a statistically significant (P,0.05) 

difference compared to DCN suspension. The percentage of 

mucoadhesion was 53.2, 69.89, and 17.31 for DNS-F7, CS-

DNS-F10, and DCN suspension, respectively.

The oral administration of nanoparticle suspensions leads 

to mucoadhesion of a significant fraction of the particles; 

clearly, part of the particles is captured by the mucus gel 

layer, while the remaining particles undergo unmodified 

transit.49 It is expected that CS-DNS-F10 would show addi-

tional mucoadhesive properties in the acidic medium in the 

stomach and the upper part of intestine due to the deposition 

of positive charge of CS in acidic medium, which in turn 

may affect the total drug bioavailability; at the same time, 

the particles that would not adhere will go through the alka-

line medium of intestine, where CS will precipitate on the 

surface of particles providing a shield preventing unabsorbed 

DCN from hydrolysis into rhein that is responsible for the 

diarrheal side effect.32

In vivo study
Under chromatographical conditions applied, rhein showed 

a sharp and symmetrical peak with minimum tailing. No 

interfering peaks from endogenous substances present in 

plasma were detected in the chromatogram. The standard 

curve was linear over the calibration range of 0.2–10 µg/mL 

with correlation coefficient =0.999.

The rhein mean plasma concentration–time curve after 

oral administration of DNS-F7, CS-DNS-F10, and DCN 

suspension to rats in a dose corresponding to 15 mg/kg are 

shown in Figure 6, and the corresponding pharmacokinetics 

parameters are listed in Table 3.

After oral administration, DCN metabolized into rhein 

before entering the systemic circulation; DNS-F7 reached a 

significantly (P,0.05) higher C
max

 of 1.46±0.87 µg/mL at the 

T
max

 of 0.3±0.27 hours, while DCN suspension reached a C
max

 

of 0.537±0.14 µg/mL at the T
max

 of 1.7±0.27 hours, and the 

mean AUC values of DNS-F7 showed significantly (P,0.05) 

higher values compared to DCN suspension of 5.14±1.2 and 

4.44±0.67 µg hour/mL, respectively, which resulted in a rela-

tive bioavailability of 115.8%. Concerning CS-DNS-F10, 

it showed a significant higher C
max

 of 0.74±0.15 µg/mL at 

a delayed T
max

 of 3.60±0.55 hours with a relative bioavail-

ability of 172.1% compared to DCN suspension. The slight 

increase in C
max

 along with the delayed T
max

 could serve as 

promising revenue to avoid the high peaking level of rhein 

in plasma that may be responsible for the systemic diarrheal 

side effect of DCN after oral administration.

Diarrhea score test
Since DCN has a property to cause diarrhea as a side effect 

that is attributed to the hydrolysis of the unabsorbed portion 

of DCN into rhein.50 Therefore, diarrhea score test was car-

ried out to investigate the effect of the prepared formulae in 

minimizing diarrhea.

As shown in Figure 7, high diarrhea scores were recorded 

for both DCN and rhein with no significant difference 

(P.0.05). Nanosizing of DCN in DNS-F7 also showed 

a high diarrheal score comparable to that of DCN, but at 

lower extent, this may be explained by the large surface area 

of nanoparticles due to the enhanced absorption due to the 

improvement in dissolution and permeation of the formula 

which agreed with dissolution and ex vivo permeation stud-

ies. In contrast, CS-DNS-F10 did not show any statistically 

significant difference (P.0.05) with the control group that 

received saline solution, which reinforces our hypothesis that 

CS coating of DCN nanosuspension could be advantageous 

in minimizing the diarrheal side effect of our candidate drug 

Figure 6 Plasma concentration–time curve of DcN suspension, DNs-F7, and 
cs-DNs-F10 after oral dose of 15 g/kg of rat for 24 hours (n=5).
Abbreviations: cs-DNs, chitosan-coated DNs; DcN, diacerein; DNs, DcN 
nanosuspension.

Table 3 Pharmacokinetic parameters of rhein after oral adminis-
tration of DNs-F7, cs-DNs-F10, and DcN suspension to rats, in 
a dose corresponding to 15 mg/kg

Pharmacokinetic 
parameters

Mean ± SD

DCN suspension DNS-F7 CS-DNS-F10

Cmax (µg/ml) 0.54±0.14 1.46±0.87 0.74±0.15
Tmax (hours) 1.70±0.27 0.30±0.25 3.60±0.55

aUc24 (µg hour/ml) 4.44±0.67 5.14±1.21 7.64±1.78
aUc∞ (µg hour/ml) 5.55±0.69 7.95±1.61 9.71±1.31

Abbreviations: cs-DNs, chitosan-coated DNs; DcN, diacerein; DNs, DcN 
nanosuspension; sD, standard deviation; Cmax, peak plasma concentrations; Tmax, time 
to reach peak plasma concentrations; aUc24, area under the plasma concentration–
time curve.
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by preventing unabsorbed DCN from converting into rhein 

that is responsible for the diarrheal side effect.

To measure the extent of diarrhea inhibition by the tested 

formulae compared to the side effect of DCN dispersion 

expressed as diarrhea score, PI was calculated. DNS-F7 

showed a PI range from 5.78% to 18.79%, whereas CS-DNS-

F10 showed a higher PI range from 23.23% to 57.01%, which 

is another evidence for the above suggestion.

Conclusion
In the current study, nanocrystallization was developed to 

enhance bioavailability and decrease the side effects of DCN 

after oral administration. Formulations were successfully 

achieved through simple sonoprecipitation technique and 

further coated with mucoadhesive CS polymer. PVP-

stabilized DNS with the lowest CS concentration provided 

optimum PS, PDI with modulated release of DCN, and 

intermediate permeation along with reasonable pharmacoki-

netic parameters, and diarrheal score percent could serve as 

a promising strategy to enhance bioavailability and reduce 

the diarrheal side effect of DCN after oral administration. 

Improvement of bioavailability through NDDSs could 

support the recommendations of EMA’s PRAC in starting 

DCN treatment with half the normal dose, which subse-

quently decrease the systemic side effect of absorbed rhein 

in plasma. Furthermore, the local GIT irritation due to the 

degradation of unabsorbed DCN could be minimized by 

surface coating of DCN nanosuspension, which could be 

advantageous in decreasing the diarrheal side effect of DCN 

by preventing unabsorbed DCN from converting into rhein 

that is responsible for the diarrheal side effect.
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Supplementary material

Figure S1 (A and B) hPlc calibration curves of DcN and rhein in permeation medium (mixture of Krebs–ringer phosphate buffered saline ph 7.4 and isopropyl alcohol 
in the ratio of 7:3, v/v) (n=3) and (C and D) hPlc calibration curves of DcN and rhein in washing medium (1:1 ringer in DMsO) (n=3).
Abbreviations: DcN, diacerein; DMsO, dimethylsulfoxide; hPlc, high-performance liquid chromatography; rh, rhein.
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