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Introduction: Presenting poorly water-soluble drugs as nanoparticles has shown to be an 

effective technique in enhancing drug dissolution rate, intrinsic solubility, and thus oral bioavail-

ability. Nevertheless, working with nanoparticles introduces many challenges, one of which is 

their physical instability. Formulating nanoparticles into a solid dosage form may overcome 

such challenges and thus unlock the potential benefits of nanosizing. 

Methods: The current work investigates the possibility of developing a novel solid dosage form, 

with enhanced dissolution rate, whereby nanocrystals (~400 nm) of the class II Biopharmaceutical 

Classification System drug, glyburide (GBD) were fabricated through combined precipitation and 

homogenization procedures. Using a novel, but scalable, spraying technique, GBD nanocrystals 

were loaded onto commonly used tablet fillers, water-soluble lactose monohydrate (LAC), and 

water insoluble microcrystalline cellulose (MCC). Conventional tableting processes were then 

used to convert the powders generated into a tablet dosage form. 

Results: Studies of redispersibility showed considerable preservation of size characteristics of GBD 

nanocrystals during downstream processing with redispersibility indices of 105 and 118 for GBD–

LAC and GBD–MCC, respectively. Characterization by differential scanning calorimetry, powder 

X-ray diffraction, and scanning electron microscopy showed that the powders generated powders 

contained nanosized crystals of GBD which adhered to carrier surfaces. Powder flowability was 

characterized using Hausner ratio (HR) and Carr’s index (CI). GBD–LAC-loaded particles exhibited 

poor flowability with CI and HR of 37.5% and 1.60, respectively, whilst GBD–MCC particles showed 

a slightly improved flowability with CI and HR of 26.47% and 1.36, respectively. The novel tablet 

dosage form met US Pharmacopeia specifications, including drug content, hardness, and friability. 

Conclusion: Higher dissolution rates were observed from the nanocrystal-based tablets com-

pared to the microsized and commercial drug formulations. Moreover, the novel nanocrystal tablet 

dosage forms showed enhanced in vivo performance with area under the plasma concentration–

time curve in the first 24 hours values 1.97 and 2.24 times greater than that of marketed tablets.
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Introduction
Poor water solubility is a prominent challenge the pharmaceutical industry is currently 

faced with, particularly as the number of poorly water-soluble new chemical entities 

is growing.1 Oral bioavailability of drugs can be greatly hindered by low water solu-

bility and dissolution rate, thus causing a delay in therapeutic responses, lack of dose 

proportionality, individual variations, and local irritations.2–4
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In pharmaceutical research, the term nanosized is com-

monly applied to particle size ranging from a few nanometers 

to 1 µm.5 Nanonization is an attractive approach to overcom-

ing drug solubility issues,6 whereby reduction in particle size 

increases the surface area by a large fold, leading to enhanced 

dissolution rate and intrinsic solubility. This in return can 

have a positive effect on oral bioavailability of class II Bio-

pharmaceutical Classification System drugs.7,8 Furthermore, 

presenting a drug in its nanocrystal form can increase particle 

adhesiveness, causing prolonged contact to gastrointestinal 

mucosa and leading to enhanced drug absorption.9 Nano-

crystals of drugs are generally generated and presented as 

nanosuspensions, in which solid nanoparticles of the drug are 

dispersed in liquid.10 However, nanosuspensions are notori-

ous for their physical instability, as particle mobility promotes 

thermodynamic and molecular kinetic interactions11 leading 

to particle growth, alterations in crystal form, and may even 

encourage chemical degradation.12 In addition, to avoid the 

immediate physical instability, nanosuspensions are diluted 

with large volumes of solvents, making the administration 

of multiple doses impractical.13 Presenting nanocrystals in 

a conventional solid dosage form may overcome the afore 

mentioned problems and simplify drug administration.14

Lyophilization and spray drying are commonly used 

techniques to dry nanosuspensions of drugs.15 Neverthe-

less, powders generated, particularly using lyophilization, 

appear to have inadequate flowability, and therefore require 

further processing, such as granulation, or the addition of 

excipients in substantial amounts.16 In addition, the expense, 

time, and energy required by lyophilization are not favored 

in commercial-scale production.17 On the other hand, spray 

drying involves operations at relatively elevated tempera-

tures. This may lead to chemical and physical degradation of 

drugs, and is difficult to scale up.18 So far, reported studies on 

the upscaling of nanocrystallization processes and their use 

in manufacturing conventional dosage forms are limited.8,19

Glyburide (GBD), chemical name N-[4-(β-(2-methoxy-

5-chlorobenzamido)-ethyl)-benzenesulfonyl]-N-cyclohexyl-

urea,20 is a class II Biopharmaceutical Classification System 

second-generation sulfonylurea drug that is orally admin-

istered to control blood glucose levels in type II diabetic 

patients.21,22 Due to its poor aqueous solubility and dissolution 

rate, GBD shows low and erratic oral bioavailability.23 Dif-

ferent strategies were investigated and published to enhance 

the dissolution rate and bioavailability of GBD.24–27 In spite of 

these efforts, overall findings were not completely satisfac-

tory, and no GBD product which resulted from these studies 

have been commercialized.28 The aim of this research was 

to explore the feasibility of a novel spraying technique in 

developing powders of carriers loaded with nanocrystals of 

GBD suitable for the conventional tableting process, thus, 

resulting in a novel nanocrystal tablet dosage form, with 

enhanced dissolution rate and oral bioavailability.

Methodology
Materials
GBD was kindly provided from Amriya Pharmaceutical 

Industries, Alexandria, Egypt. Poloxamer 188 was sup-

plied by Spectrum Chemicals (New Brunswick, NJ, USA). 

Dimethyl sulfoxide (DMSO) was obtained from Fisher 

 Scientific, Loughborough, UK. Microcrystalline cellulose 

(MCC; MCC PH 101) was purchased from FMC, Cork, 

Ireland. D-lactose monohydrate was obtained from Sigma-

Aldrich Chemie GmbH, Steinheim, Germany. Polyvinylpyr-

ridone (polyplasdone XL10) was obtained from Ashland 

Specialty Ingredients (Wilmington, DE, USA). Colloidal 

silicon dioxide (Aerosil 200) was provided from Evonik 

Degussa AG (Essen, Germany). Other materials were of 

pharmaceutical grade and were used as supplied.

Nanosizing
A GBD nanosized suspension was obtained through an 

adapted published bottom-up/top-down procedure,29 where 

5 mL of 0.4 g/mL solution of GBD in DMSO was introduced 

into an aqueous phase (45 mL deionized water contain-

ing poloxamer 188, 0.5%, w/v) at a rate of 0.5 mL/minute 

using a syringe needle (0.5 mm diameter) under sonication 

(Ultrasons-HD; JP Selecta, Barcelona, Spain) at 25°C. The 

resultant GBD dispersion was centrifuged for 30 minutes 

to separate solid GBD particles. Residues of DMSO were 

removed by washing in deionized water and recentrifuga-

tion. Half a gram of the carefully collected GBD particles 

was suspended into 40 mL of an aqueous solution of polox-

amer 188. This was then homogenized using Ultra-Turrax 

T25 Digital Homogenizer (IKA–Werke, Staufen, Germany) 

at 10,000 rpm for 2 minutes. Following this, the obtained 

suspension was subjected to high-pressure homogenization 

(HPH) (Avestin C-5, Avestin Inc., Ottawa, Canada). First, the 

dispersion initially homogenized for two cycles performed 

at 100, 500, and 1,000 bar. Then, the GBD dispersion was 

homogenized at 1,500 bar until obtaining a drug nanosus-

pension of a constant particle size. Monitoring of particle 

size was performed by analyzing samples every 10 minutes.

size characterization
The mean size distribution of the GBD nanosuspension was 

characterized using dynamic light scattering by Microtrac 

S3500 (Microtrac Inc., Montgomeryville, PA, USA). After 

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1895

ali et al

dilution in deionized water, nanosupension samples were used 

for size measurement three times for 120 seconds at 25°C.

Solidification
GBD nanocrystals were solidified via adsorption on lactose 

monohydrate and/or MCC PH 101. This process was per-

formed using a setting that simulates a top-driven single pot 

high-shear mixing machine coupled with a spray system 

(see Figure 1). Fifty-five milliliters of poloxamer-stabilized 

GBD nanosuspensions (12.5 mg/mL) were sprayed via a Glatt 

Midi fluid bed system nozzle (Glatt, Binzen, Germany) onto 

50 g of preheated (40°C–45°C) powder bed of fillers. Spray-

ing was optimized to keep the adsorption process continuous 

to avoid any significant lump formation. The experiment 

setting consisted of a pyrex container heated to the required 

temperature using a hot plate (MS-H-Pro, SCILOGEX, Berlin, 

CT, USA) and an external digital thermometer to monitor the 

bed’s temperature. Powder mixing was performed using a 

propeller (RW 20, IKA®–Werke GmbH & Co. KG, Staufen, 

Germany) fitted to the pyrex container. GBD nanosuspensions 

were sprayed onto the powder bed at a flow rate of 0.5 mL/

minute and atomizing pressure of 0.2–0.3 MPa using a 0.1 

mm (diameter) spraying nozzle fixed ~3 cm above the powder 

bed, designed to generate a spray pattern that covers the pow-

der bed with minimal loss. After complete spraying, mixing 

was continued, at the specified temperature range, for ~10 

minutes to dry the powder bed, targeting a moisture content 

of 0.5%–1%. This was then verified using a halogen moisture 

analyzer (Mettler Toledo HB43-S, Greifensee, Switzerland). 

Dried powders were then passed through a 500 µm sieve to 

break any agglomerates that may have formed in the process. 

Resulting powders were then stored at room temperature for 

further processing.

Redispersibility
Redispersion of the solidified GBD nanosized particles was 

evaluated by calculating the redispersibility index (RDI). RDI 

is determined as (RDI = D/D
0
 ×100), where D is the mean 

particle size of the sample powder (after redispersion), while 

D
0
 is the mean particle size of the original nanosuspension of 

drug alone (ie, before solidification). Thus, RDI values close 

to 100% indicate dried powders to have been completely 

redispersed, generating nanosized particles of similar sizes 

as produced initially.30,31

Redispersion was characterized by dispersing 50 mg of 

the GBD-loaded powders into 10 mL of deionized water 

followed by a gentle shake. Particle size measurements were 

then performed following the abovedescribed method (size 

characterization). Results were compared to particle size 

of the original nanosuspension of drug alone. Suspensions 

containing the insoluble carrier (MCC) in addition to the 

drug were also compared to a drug-free suspension of treated 

MCC particles as a control sample.

solid state characterization
Morphology
A field emission scanning electron microscope (FESEM; 

LEO 1530170, Carl Zeiss SMT Inc., Oberkochen, Germany) 

was used for assessment of particle morphology. Samples 

of the generated solidified powders were taken and sputter 

coated with carbon to improve conductivity during FESEM 

processing.

Powder X-ray diffractometry (PXRD)
Shimadzu XRD 6000 diffractometer (Shimadzu Corporation, 

Kyoto, Japan) was applied to generate PXRD of raw unpro-

cessed GBD, MCC, lactose monohydrate, and GBD-loaded 

Figure 1 Schematic diagram of the downstream solidification process.
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powders. Diffraction patterns were recorded over an angular 

range of 10°–60° 2θ using a graphite monochromator and a 

copper radiation source (λ=1.5418 Å) with a scanning speed 

of 0.04°/minute.

Differential scanning calorimetry (DSC)
Thermal characterization was performed, using a Netsch 

DSC (Netsch F3 Maia®, Selb, Germany) with a cooling 

unit over a temperature range of 0°C–250°C. The DSC cell 

was purged with 50 cm3/minute of dry nitrogen gas, and 

the cooling unit was purged with 150 cm3/minute of dry 

nitrogen gas. The DSC cell was calibrated using indium 

and following manufacturer’s guidelines. The study was 

conducted on unprocessed GBD, MCC, lactose monohy-

drate, and GBD-loaded powders. Samples were analyzed in 

pin-holed aluminum hermetic pans. Experimental conditions 

followed an equilibration at 0°C for 5 minutes, followed by a 

ramp to 250°C at a rate of 10°C/minute. Sample size ranged 

between 3 and 8 mg.

Flow characterization
Bulk and tapped density tests were evaluated in  triplicates 

using an automatic tapper (Erweka, Heusenstamm, 

 Germany). Accurately weighed amounts of the MCC, 

lactose, and GBD-loaded carriers were placed in a 100 mL 

graduated cylinder. Volumes were measured before and after 

tapping for 500 times. Bulk (ρT) and tapped density (ρT) 

were calculated by dividing sample weight (g) by the volume 

occupied (mL). Based on the bulk and tapped densities, 

Carr’s compressibility index (CI) and Hausner ratio (HR) 

were calculated using the following equations:

 
CI =

−
×

ρ ρ
ρ

T B

T
100

 
(1)

 
HR = ×

ρ
ρ

T

T
100

 
(2)

Preparation of tablet formulations
Based on preliminary trials, the drug-loaded powders 

(GBD–MCC and GBD–LAC) were blended with the 

disintegrant (polyplasdone XL10), colloidal silicon dioxide, 

and magnesium stearate (see Table 1).32–34 The powder mix-

tures were then compressed using a single-punch machine 

(Erweka) equipped with 8 mm biconvex punch to produce 

tablets of average weight 200±5 mg. Tablet hardness was 

adjusted to achieve a tablet friability of .1% and a disintegra-

tion time of .1 minute, thus resembling the reference commer-

cial product (GBD–COM) Semi Daonil™. Formulations of 

unprocessed micronized GBD particles (GBD–MCC–MIC and 

GBD–LAC–MIC) were prepared similarly using raw micron-

ized GBD suspensions instead of GBD nanosuspensions.

Tablet characterization
Samples taken from the start, middle, and end of each batch 

of formulated tablets were evaluated for hardness, disintegra-

tion, and friability. Hardness was evaluated using a hardness 

tester (Erweka GmbH, Heusentamm, Germany). Friability 

was determined as a percentage weight loss of tablets (n=10), 

using a Pharma Test friabilator (Pharma Test, Hainburg, 

Germany), with a total of 300 rotations. Disintegration of the 

GBD tablets (n=6) was analyzed in water at 37°C. Tablets 

were observed until complete disintegration.35

Formulated tablets were also tested for GBD content 

by crushing four randomly selected tablets. Following this, 

methanol was used to extract the drug from 200 mg of the 

crushed tablet powder. After filtering the resultant suspen-

sion, a HPLC assay (please see quantification procedures in 

section “Bioavailability”) was used to determine the content 

of GBD. The test was repeated on three different samples 

generating an average and an SD of n=3.

Dissolution
Dissolution tests were performed using the United States 

Pharmacopeia paddle method and United States  Pharmacopeia 

Table 1 composition of gBD tablets

Component Formulations (mg)

GBD–MCC–MIC GBD–MCC–NANO GBD–LAC–MIC GBD–LAC–NANO

gBD 2.5 2.5 2.5 2.5
Mcc 185.6 185.6 – –
Lactose monohydrate – – 185.6 185.6
Poloxamer 188 0.5 0.5 0.5 0.5
Polyplasdone XL10 10 10 10 10
aerosil 200 0.4 0.4 0.4 0.4
Magnesium stearate 1 1 1 1

Abbreviations: GBD, glyburide; GBD–LAC–NANO, formulation of GBD nanocrystals and lactose; GBD–MCC–NANO, formulation of GBD nanocrystals and 
microcrystalline cellulose; LAC, lactose monohydrate; MCC, microcrystalline cellulose; MIC, micronized drug.
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apparatus I (Pharma Test), whereby formulated tablets were 

introduced into 900 mL of phosphate buffer dissolution 

medium (pH 6.8 and 37°C), a commonly used medium to 

discriminate between formulations of GBD.36,37 Paddles were 

set to rotate at 75 rpm. Samples of 5 mL were withdrawn 

at predetermined time intervals of 10, 20, 30, 45, 60, and 

120 minutes and substituted with equal volumes of fresh 

medium. Withdrawn samples were filtered through a 0.2 µm 

filter (Millipore, Cork, Ireland) and quantified for GBD con-

tents using a HPLC assay (please see quantification procedures 

in section “Bioavailability”). Dissolution experiments were 

conducted in triplicates, and an average value was calculated.

Bioavailability
animals and samples collection
Procedures were approved by the Ethics Committee of Taibah 

University prior to the commencement of the study. In vivo 

tests were performed in the Medical Research Institute at 

Alexandria University in agreement with the guidelines for 

care and use of laboratory animals published in the Guide for 

the Care and Use of Laboratory Animals, 8th edition, National 

Academies Press, Washington, DC, USA. Male Sprague Daw-

ley rats (250±20 g) were randomly divided into three groups 

(n=5 for each group). For adaptation, experimental rats were 

kept for 5 days in the animal house before conducting experi-

ments. Rats were fed a standard rat diet with free access to 

tap water and kept under constant environmental conditions 

(22°C±3°C, 50%±5% relative humidity, light/dark cycle of 

12 hours).38 Rats were put through an overnight fasting phase 

prior to the study. Tablets were dispersed in 1 mL of deion-

ized water (10 mg of GBD per 1 kg of body weight) and were 

given to rats by oral gavage, using blunt intragastric tubing to 

ensure administration of accurate dose; this was followed by 

an additional 0.5 mL of deionized water for washing purposes.

Group I of Sprague Dawley rats received the commercial 

GBD formulation, while groups II and III received GBD–

MCC–NANO (formulation of GBD nanocrystals and micro-

crystalline cellulose) and GBD–LAC–NANO (formulation 

of GBD nanocrystals and lactose), respectively. At time 

intervals 0.5, 1, 2, 4, 8, 12, and 24 hours, blood samples 

were collected in heparinized Eppendorf tubes. Samples were 

centrifuged instantly at 13,000 rpm for 10 minutes and stored 

at -20°C until required for HPLC analysis.

Processing and quantification
Precipitation of plasma protein was performed through addition 

of acetonitrile (0.5 mL) to the plasma samples, which was vor-

texed for 1 minute followed by centrifugation at 5,000 rpm for 

5 minutes. Supernatant was then carefully transferred into a new 

Eppendorf tube of which 20 µL was used in a validated HPLC 

assay for GBD quantification. This was performed using a Shi-

madzu Prominence HPLC System (Shimadzu, Kyoto, Japan) 

equipped with a diode array detector (SPD-M20A).38 Calibration 

curve was  performed using rat plasma in the concentration range 

10–400 ng/mL. Gliclazide was used as an internal standard. 

A mobile phase, consisting of filtered and degassed mixture 

of 0.05 M phosphate buffer (pH 3.5): acetonitrile (40:60% 

v/v), was pumped at an isocratic flow rate of 1 mL/minute. 

The chromatographic separation was accomplished utilizing 

a reverse phase Hypersil™ BDS C
18

 Column (4.6×150 mm, 5 

µm, Thermo Fisher Scientific, Waltham, MA, USA). Readings 

were recorded by measuring ultraviolet absorbance at 228 nm.

Pharmacokinetic analysis
The maximum plasma drug concentration (C

max
) and the 

time (t
max

) taken to reach C
max

 was observed and recorded 

from plasma concentration data for each rat. The area under 

the plasma concentration–time curve in the first 24 hours 

(AUC
0–24 hours

) was calculated using the trapezoidal rule. Per-

cent relative bioavailability (F) was calculated by dividing 

AUC
test

/AUC
reference

. One-way ANOVA was performed using 

SPSS 16 Statistics software (SPSS Inc., Chicago, IL, USA). 

P-value ,0.05 was considered as statistically significant.

Results and discussion
Nanosizing
To prepare pharmaceutical nanosuspensions, the choice of 

type and level of stabilizer(s) was crucial. The amount of 

selected stabilizing agent(s) should be sufficient for complete 

surface coverage of the generated nanosized particles to 

accomplish stabilization against particle agglomeration. In 

the current study, the nonionic steric stabilizer, poloxamer 

188, was used because of its wide range of compatibility with 

various compounds irrespective of their charge. Structurally, 

poloxamer is composed of amphiphilic block copolymers 

containing hydrophilic poly(ethylene oxide) (PEO) and 

hydrophobic poly(propylene oxide) (PPO).39 This polymer 

folds for attachment onto the hydrophobic surface of the drug 

using its PPO group, whereas the PEO tails provide a thick 

steric layer, which stabilizes the nanosized suspension.40 In the 

current study, SEM analysis showed unprocessed GBD as 

irregularly shaped microsized particles (Figure 2). Size char-

acterization was confirmed by photon correlation  spectroscopy 

analysis where the D
50

 of raw GBD particles was found to 

be 5 µm (Figure 3A). To generate nanosuspension, the raw 

particles were initially precipitated then subjected to HPH as 
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described in the experimental part. The initial precipitation 

stage decreased the number of homogenization cycles needed 

for GBD nanonization markedly. The precipitation step 

decreased the size of raw GBD particles to 2.5 µm (Figure 3B). 

Moreover, the initial precipitation process helps facilitate the 

particle size reduction of the top-down stage by increasing 

friability and defects in drug crystals.29,41 The generated GBD 

crystals were effectively comminuted into the submicron 

sizes (D
50

 of 400 nm, Figure 3C) within five homogenization 

cycles at 1,500 bar. Homogenization for longer periods was 

not effective for further particle size reduction as the mean 

particle size showed very little change after the fifth cycle.

Solidification
Instability of nanosuspension is a big challenge due to Ostwald 

ripening and particle aggregation. Solidification enhances 

stability and converts nanosuspensions to more convenient 

solid forms such as tablets without affecting the benefits gained 

from nanonization. A downstream processing procedure of 

spraying the generated nanosuspensions on hot solid powder 

beds was used to solidify drug particles in this study. Despite 

the advantage of being a single-step process (when compared 

with freeze drying), scalability remains a challenge with such a 

downstream process. SEM micrographs of MCC, lactose, and 

GBD-loaded carriers are presented in Figure 4. MCC appeared 

as large sized elongated particles, with an approximate length 

of 50 µm and width of 20 µm (Figure 4A), with an apparently 

smooth surface. In Figure 4B, lactose showed a mix of small 

and large particles of polyhedral shapes and smooth surfaces 

with a number of larger aggregated particles. Upon larger 

magnification of GBD-loaded carriers, nanosized particles 

were found embedded onto the surface of carrier particles 

(arrows in Figure 4E and F). However, such particles were not 

clearly noticed on the surface of the pure powders of the carri-

ers (Figure 4C and D). These findings indicated adherence of 

GBD nanosized particles onto the surface of carrier particles.

Redispersibility
Aggregation of the drug nanoparticles is reported to 

profoundly impact the characteristics of the products. 

If irreversible aggregation takes place, the benefits of large 

surface area of the original nanosized particles on drug 

dissolution and bioavailability will diminish. Figure 5 

shows the particle size distribution of GBD nanosuspensions 

generated after redispersion from the solidified powders. 

Redispersion from GBD–LAC particles showed a single size 

distribution peak with D
50

 (value indicating that 50% of the 

particles are less than this size) of 419 nm, and no interference 

was detected by the water-soluble lactose (Figure 5A). How-

ever, two distinct peaks were notable in particle size distribu-

tion of GBD–MCC (Figure 5B). The first peak at 5.99 µm 

was most probably linked to the smallest terminal portion 

of MCC particles. This assumption was later confirmed by 

analyzing a suspension of plain MCC using the same device 

where a similarly located peak of D
50

 equal to 5.99 µm was 

observed (Figure 5C). The second distinct size distribution 

peak in the GBD–MCC graph was noticed in the submicron 

range with D
50

 of 470 nm; this was clearly attributed to the 

GBD nanosized particles. Generally, the small RDI values 

(105 and 118 for GBD–LAC and GBD–MCC, respectively) 

denoted greater redispersibility of the GBD-loaded powders. 

The minor changes observed in particle size after redispersion 

suggested slight aggregation of particles; this may be due 

to the secondary attraction of GBD particles. These results 

confirm that size characteristics of GBD nanosuspension are 

considerably preserved during downstream layering process.

Crystallinity assessment
The PXRD patterns of GBD, MCC, lactose, and GBD-loaded 

carriers were depicted in Figure 6. In accordance with recorded 

data, GBD displayed characteristic diffraction peaks at 2θ 

values of 10.8°, 11.5°, 19.2°, 19.6°, 21.6° and 23.7°.42 The 

PXRD of anhydrous lactose showed sharp diffraction peaks at 

2θ of 11.30°, 18.38°, 21.62°, and 24.02°, indicating a highly 

crystalline compound,43 whereas MCC PH 101 showed a 

characteristic peak at diffraction angle of 2θ at 22.0°. The 

GBD–MCC or GBD–lactose PXRDs were very similar to their 

corresponding plain carriers and none of characteristic diffrac-

tion peaks of GBD can be clearly recorded. This might be due 

°

Figure 2 seM micrograph of unprocessed gBD particles.
Abbreviations: GBD, glyburide; SEM, scanning electron microscopy.
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Figure 3 Size distribution of GBD particles. (A) Unprocessed GBD. (B) GBD after precipitation. (C) GBD after HPH.
Abbreviations: GBD, glyburide; HPH, high-pressure homogenization.
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to the dilution effect of drug in used carriers. Furthermore, 

there is a possibility for a decrease in crystallinity to take place 

during the manufacturing process. Further assessment by DSC 

analysis was required to explain alterations in drug crystallin-

ity during the processing steps.

DSC thermograms of raw GBD, GBD-loaded carriers, 

and blank carriers are shown in Figure 7. In accordance to a 

previously reported analysis, the DSC thermogram of raw GBD 

exhibited a single sharp endothermic melting peak at 177°C 

indicating crystallinity of the drug.20 DSC thermogram of MCC 

PH101 showed a shallow broad endotherm in the scanned 

region between 60°C and 145°C, which corresponds to loss of 

adsorbed moisture.44 In GBD-loaded MCC, the GBD melting 

peak was detected slightly earlier to the unprocessed, 166.7°C. 

Such a slight shift is attributed to particle size reduction.29,45 Due 

to the presence of water molecules in lactose monohydrate crys-

tals, a dehydration endothermic peak at 148°C was observed. 

Following this, an endothermic melting peak at 217°C was 

observed. These observations were in close agreement with 

published studies.46,47 The GBD melting peak was also observed 

in the GBD-loaded lactose thermogram, simultaneously with 

the characteristic peaks of lactose monohydrate. In conclusion, 

°
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Figure 4 SEM micrographs of (A) MCC, (B) lactose, (C) MCC at a larger magnification, (D) lactose at a larger magnification, (E) GBD–MCC, and (F) GBD–lactose 
particles.
Note: scales in A, B, C, D, E, and F are 50, 40, 10, 10, 2, and 2 μm, respectively.
Abbreviations: GBD, glyburide; MCC, microcrystalline cellulose; SEM, scanning electron microscopy.
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Figure 5 Size distribution after redispersion. (A) GBD–lactose. (B) GBD–MCC. (C) MCC alone.
Abbreviations: GBD, glyburide; MCC, microcrystalline cellulose.
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DSC results confirmed the crystalline state of GBD after nan-

onization and solidification processes.

Flowability
The extra cohesion displayed by very fine particles has 

hindered powder flowability and thus challenged their 

industrial applicability. However, loading such particles onto 

carriers could enhance, to a certain degree, the flow of solidi-

fied nanosized particles and simplify further manufacturing. 

In this study, flowability of the loaded carrier powders was 

characterized using HR and CI. As shown in Table 2, lac-

tose particles exhibited poor flow property with CI and HR 

of 37.5% and 1.60, respectively. Whereas MCC particles 

showed a slightly improved flowability with CI and HR of 

26.47% and 1.36, respectively. The difference in particle size 

between lactose and MCC is expected to be the main cause 

of variation of their flowability patterns. In the case of GBD-

loaded carriers, the lower values of CI and HR have shown 

powder flow improvement (see Table 2). The enhanced flow-

ability of GBD-loaded carriers was a result of the granulating 

effect, which has occurred during the downstream processing. 

Powder flowability could be enhanced further by proper selec-

tion of an additional glidant in the optimized formulations.

Tablet characteristics
Another advantage offered by solid carriers is the improved 

flowability of drug-loaded powders. Nanoparticles alone are 

well known for their enhanced adhesiveness. However, mix-

ing nanoparticles with carriers is expected to enhance their 

flowability. Finally formed GBD-loaded powders showed 

residual moisture content ,2.5%, which demonstrates that 

water in the drug suspensions was mostly removed during the 

solidification processes. The resultant GBD-loaded powders 

were blended with selected excipients and further processed 

into tablet solid dosage forms (Table 1). As mentioned, the 

ionic steric stabilizer poloxamer 188 was used, because of 

its compatibility with other ingredients, irrespective of their 

charge. Produced tablets were evaluated for hardness, fri-

ability, drug content, and disintegration time (see Table 3). 

Results show all parameters to be within pharmacopoeial 

limits. All tested tablets showed friability values ,1% and 

hardness ranging between 4 and 6 kg/cm2.

θ
Figure 6 Powder X-ray diffraction patterns of GBD, MCC, lactose, and GBD-loaded carriers.
Abbreviations: GBD, glyburide; MCC, microcrystalline cellulose.

°

Figure 7 Dsc characterization of gBD, plain carriers, and gBD-loaded carriers.
Abbreviations: DSC, differential scanning calorimetry; GBD, glyburide; MCC, 
microcrystalline cellulose.

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1903

ali et al

Dissolution
One of the main challenges during processing into solid 

dosage forms is to preserve the favorable characteristics of 

the generated nanosized particles. Drug nanocrystals should 

retain their initial properties with minimal aggregation upon 

release from the solidified formulations.48 Accordingly, 

maintaining a high degree of dispersibility in solution by 

suitable dispersing agents (eg, surfactants, sugars, and/or 

disintegrants) is a crucial factor for efficient utilization of 

nanoparticles in tablets.49 Figure 8 demonstrates the in vitro 

dissolution profiles of different GBD formulations in com-

parison to unprocessed GBD powder. In general, GBD 

showed higher dissolution rates with the water-soluble lac-

tose carrier compared to those formulated with MCC-based 

powders. Higher dissolution rates were also observed by 

GBD nanocrystals formulations (GBD–MCC–NANO and 

GBD–LAC–NANO) relative to micro-based formulations 

(GBD–MCC–MIC and GBD–LAC–MIC). During the first 

10 minutes of dissolution, 56% was dissolved from GBD–

LAC–NANO compared to 33% from GBD–LAC–MIC. On 

the other hand, the percentages dissolved within 10 minutes 

were 34% and 19% for GBD–MCC–NANO and GBD–

MCC–MIC, respectively. The crystallinity assessment studies 

verified preservation of the GBD crystalline state after pro-

cessing and the enhancement of dissolution rate was mostly 

due to the reduction of GBD particles rather than generating 

the drug in its amorphous state. Rapid dissolution is an evi-

dent benefit in drug therapy, while maintenance of the initial 

crystalline state is also an advantage for long-term stability.

Bioavailability
The plasma drug concentration–time curves after oral 

administration of GBD formulations to experimental rats are 

presented in Figure 9. Pharmacokinetic parameters including 

maximum peak concentration of the drug in plasma (C
max

), 

the time to reach maximum concentration (t
max

), and AUC 

for tested  formulations were shown in Table 4. C
max

 values 

for GBD–MCC–NANO and GBD–LAC–NANO were 

2.03±0.06 and 2.21±0.18 µg/mL, respectively. Both of 

these values were significantly higher (P,0.05) than that 

of GBD–COM, 0.39±0.10. The absorption rate (T
max

) was 

2 hours for GBD–COM; however, it was reached at 1 hour 

in the case of GBD–MCC–NANO and GBD–LAC–NANO. 

Results of C
max

 and T
max

 confirmed fast absorption of GBD 

into blood, following rapid dissolution in the gastrointestinal 

tract. AUC
0–24 hours

 values of GBD were 4.58±0.62, 9.05±0.41, 

and 10.27±0.50 for GBD–COM, GBD–MCC–NANO, and 

GBD–LAC–NANO, respectively. Correspondingly, the 

relative bioavailability values were 100.00%, 197.60%, and 

224.23% confirming enhancement of GBD bioavailability. 

Here, nanosized drug particles are supposed to  dissolve 

faster in gastrointestinal tract (GIT) than large GBD coun-

terparts. In addition, small-sized particle of 300 nm dis-

played superior transport by enterocytes and M cells and 

systemic biodistribution than larger-sized particle sizes, 600 

and 1,000 nm.50 Interestingly, detectable amounts of GBD 

were recorded after 24 hours for GBD nanoformulations. 

Previous studies reported that small nanoparticles could 

penetrate deeper into the gastrointestinal mucous gel layer 

Table 3 Tablet characterization

Parameters GBD–MCC–MIC GBD–MCC–NANO GBD–LAC–MIC GBD–LAC–NANO

Hardness (kg/cm2), mean ± sD 5.6±0.80 5.8±0.53 5.7±0.48 5.9±0.42
Disintegration time (seconds) ,10 ,10 ,10 ,10

Friability %, mean ± sD 0.298±0.005 0.340±0.027 0.280±0.019 0.335±0.022

Assay %, mean ± sD 95.2±2.5 95.4±3.8 96.1±2.7 95.3±1.8

Abbreviations: GBD, glyburide; GBD–LAC–NANO, formulation of GBD nanocrystals and lactose; GBD–MCC–NANO, formulation of GBD nanocrystals and 
microcrystalline cellulose; LAC, lactose monohydrate; MCC, microcrystalline cellulose; MIC, micronized drug.

Table 2 Powder flowability characteristics

Powder Lactose, mean ± SD GBD–lactose, mean ± SD MCC, mean ± SD GBD–MCC, mean ± SD

Bulk density (g/cm3) 0.42±0.063 0.50±0.050 0.29±0.003 0.32±0.007
Tapped density (g/cm3) 0.66±0.045 0.71±0.03 0.40±0.016 0.38±0.006
hausner ratio 1.60±0.147 1.43±0.141 1.36±0.063 1.10±0.017
carr’s index 37.50±1.178 30.00±1.440 26.47±1.475 9.67±1.364

Abbreviations: GBD, glyburide; MCC, microcrystalline cellulose.
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in rats and sustain the drug in the body for a longer time.36,51 

Overall findings of bioavailability studies confirmed the suc-

cess of the nanosizing-solidification technique to improve 

bioavailability of GBD. Particle size reduction together 

with distribution of nanosized particles on the carriers was 

effective to increase the surface area for dissolution enhance-

ment and thereby improving the bioavailability of poor water-

soluble drugs. However, aggregation of nanoparticles in GIT 

may occur and thus result in a decreased effective surface area. 

Stabilizers are also beneficial for in vivo pharmacokinetic 

behaviors of nanosized drugs. Ionic stabilizers may not be 

sufficient to stabilize drug nanocrystals alone, as they may 

induce aggregation and agglomeration of drug crystals when 

passing through the gastrointestinal tract, experiencing the 

different pH levels.52 In the current study, presence of polox-

amer, a nonionic stabilizer, minimizes particle aggregation 

and enhances wettability and facilitates the GBD dissolution 

process. Furthermore, nanoparticles were proven to pos-

sess higher adhesiveness to absorption tissues in the GIT. 

An increase in adhesion surface area between nanoparticles 

and intestinal epithelium of villi provides a direct contact with 

the absorbing membranes of the gut and immediate release of 

drug, which makes it readily available at absorption sites.53

Conclusion
In this study, spraying of nanosuspension onto hot powder 

beds was examined to generate solid systems of nanosized par-

ticles. This technique was successfully employed to incorpo-

rate nanoparticles of glyburide into solid tablet formulations. 

Figure 8 Comparative dissolution profiles of different GBD formulations. (A) GBD–lactose. (B) GBD–MCC.
Abbreviations: COM, commercial formulation; GBD, glyburide; GBD–LAC–NANO, formulation of GBD nanocrystals and lactose; GBD–MCC–NANO, formulation of 
GBD nanocrystals and microcrystalline cellulose; LAC, lactose monohydrate; MCC, microcrystalline cellulose; MIC, micronized drug; RAW, unprocessed drug.

Figure 9 Plasma concentration of gBD vs time curve after oral administration.
Abbreviations: COM, commercial formulation; GBD, glyburide; GBD–LAC–
NANO, formulation of GBD nanocrystals and lactose; GBD–MCC–NANO, 
formulation of GBD nanocrystals and microcrystalline cellulose; LAC, lactose 
monohydrate; MCC, microcrystalline cellulose.

Table 4 Pharmacokinetic parameters of gBD formulations after 
oral administration

Pharmacokinetic 
parameters

GBD–COM GBD–MCC–
NANO

GBD–LAC–
NANO

Cmax (µg/mL) 0.39±0.10 2.03±0.06 2.21±0.18
Tmax (hours) 2±0.00 1±0.00 1±0.00
AUC0–24 h 
(µg hours/mL)

4.58±0.62 9.05±0.41 10.27±0.50

F % 100.00 197.60 224.23

Abbreviations: AUC0–24 h, area under the plasma concentration–time curve in the 
first 24 h; COM, commercial formulation; GBD, glyburide; GBD–LAC–NANO, 
formulation of GBD nanocrystals and lactose; GBD–MCC–NANO, formulation 
of GBD nanocrystals and microcrystalline cellulose; LAC, lactose monohydrate; 
MCC, microcrystalline cellulose.
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Although it is a fast, single-step process when compared to 

the commonly used lyopholization procedures, scalability as 

a downstream process needs further examinations. Tablets 

obtained with nanoglyburide-loaded tablets showed faster 

dissolution and improved bioavailability, reflected by greater 

AUC values, when compared to a commercial formulation.
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