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Abstract: The aim of the present work was to test the ability of two non-diabetogenic 

carbohydrates to intranasally deliver the insulinotropic drug repaglinide (REP) for controlling 

blood glucose level. REP was loaded onto chitosan/alginate nanocomplexes (NCs) suitable for 

mucosal delivery and uptake. Improved stability and delivery characteristics were obtained by 

spray drying the selected NCs, yielding microparticles. A statistical experimental design was 

adopted to investigate the effects of the formulations’ variables on two critical responses: NC size 

and drug entrapment efficiency. Physicochemical characterizations of the network’s structures 

were done, and in vitro cytotoxicity and histopathological studies were conducted. The poten-

tial of the developed system to prolong the drug effect was tested on diabetic rats. The results 

showed that to attain particles suitable for nasal delivery, alginate should be used at its lowest 

level used in this study (0.6 mg/mL). A low level of chitosan (0.5 mg/mL) was needed when the 

drug was cation-loaded, while the high chitosan level (1 mg/mL) was more suitable when REP 

was anion-loaded. The best entrapment efficiency was achieved at a theoretical drug loading 

of 0.025 mg/mL. Discrete NCs could be rapidly recovered from the spray-dried microparticles. 

The cytotoxicity and histopathological studies indicated that such formulations were well toler-

ated. The antihyperglycemic activity of the nasally administered formulae was gradual but was 

significantly sustained over 24 hours, suggesting NC mucosal uptake. Nasal delivery of such dry 

powders achieved better glycemic control compared with the conventional oral tablets.

Keywords: nanocomplexes, microparticles, spray drying, nasal delivery, antidiabetic effect

Introduction
Nanocomplexes (NCs) comprising naturally occurring polysaccharides such as 

chitosan (CS) and alginate (ALG) currently receive extensive attention in mucosal 

drug-delivery applications. The spontaneous formation of CS/ALG NCs by the ionic 

gelation technique offer several advantages by allowing the production of nontoxic, 

organic solvent-free, homogenous NCs with controllable size, providing also efficient 

limited release of entrapped drugs.1

Moreover, due to their prolonged intimate contact with the mucosa, these NCs 

can effectively enhance the transport of drugs across well organized epithelial 

barriers such as nasal mucosa depending on the carrier properties.2 The reduction of 

the particle size (PS) to 100–300 nm could enhance the potential mucosal particle 

uptake.3 The ability of transiently opening the tight junctions, imparted by certain 

hydrophilic carriers, provides an additional efficient mean for nanocarrier paracellular 

transport.4 Furthermore, hydrophilic particles, by their avoidance of clearance by 

the reticuloendothelial system, will have prolonged circulation time with improved 

bioavailability at the target site.5
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During NC formation, electrostatic interactions consti-

tute the main attractive forces, but hydrogen bonding, ion 

dipole forces, and hydrophobic interactions frequently play 

a significant role in determining the ultimate structures. The 

properties of polyelectrolyte complexes are influenced not 

only by the polymer’s chemical composition, but also by 

secondary experimental conditions such as polyelectrolyte 

concentrations, mixing ratio, ionic strength, and pH.6

Achieving long-term stability of colloidal systems has 

always been a challenge. Moreover, owing to their small 

dimensions, NCs suffer from strong inter-particle adhesion 

and aggregation, difficult redispersion, and scalability with 

low reproducibility and drug-delivery efficiency.2 In this 

respect, NCs agglomerated in dry microparticles (MPs) are 

highly superior from the standpoint of improved stability and 

ease of handling, portability, and drug delivery.2 Recovery of 

NCs after delivery will confer their ultimate advantages of 

huge surface area and ability to surmount the cellular barriers 

to the delivery system.

Repaglinide (REP) is a fast-acting insulinotropic agent 

with an insulin release profile that mimics that of physiological 

glucose-stimulated insulin release. It is used in the manage-

ment of type 2 diabetes, controlling both postprandial blood 

glucose (BG) and fasting BG levels, thereby minimizing the 

risk of diabetes-associated complications.7,8 Chemically, REP 

is a carbamoyl methyl benzoic acid derivative (Figure S1). 

This amphoteric drug shows rapid absorption after oral 

administration owing to its lipophilicity (log P, 3.97).9 REP is 

currently available on the market as oral conventional tablets, 

with a short plasma half-life (1 hour) and low bioavailabil-

ity (50%) resulting from extensive first-pass metabolism.10 

Intranasal (IN) delivery of this drug would circumvent some 

of these drawbacks.11 The formulation of spray-dried MPs for 

sustained REP release has previously been demonstrated.12

The goal of this study was to encapsulate REP in  

CS/ALG NCs suitable for IN delivery. The selected NCs 

were then cospray-dried with a suitable carrier, aiming at 

achieving improved stability and delivery characteristics in 

addition to fast redispersion for subsequent NC recovery. 

The formulation variables were changed according to a 

statistically designed experiment. We hypothesized that the 

spray-dried MPs will be able to deagglomerate in the nasal 

secretions, allowing the release of REP-loaded NCs. Surface 

characteristics and ability of the system to easily recover the 

NCs were investigated using scanning electron microscopy 

(SEM), time-sequential morphological examinations. Their 

potential to provide control over the BG levels following 

nasal administration to diabetic rats was tested. Cytotoxicity 

and tolerability studies on nasal mucosal tissues were also 

evaluated.

Materials and methods
Materials
CS, viscosity 9 cP was sourced from Primex Ehf (Siglufjordur, 

Iceland); sodium ALG, from Memphis (Cairo, Egypt); 

REP powder and marketed tablet (Repaglinide® 1 mg), 

from EIPICO (Ash Sharqiyah, Egypt); leucine (LEU), 

from Fluka production GmbH (Buchs, Switzerland); MTT  

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bro-

mide), HEPES buffer, fetal calf serum, gentamycin, dimethyl 

sulfoxide, sodium lauryl sulfate (SLS), and streptozotocin 

(STZ), from Sigma-Aldrich Co., St Louis, MO, USA; 

Minimum Essential Medium (MEM), from Lonza (Verviers, 

Belgium); and L-glutamine GIBCO®, from Thermo Fisher 

Scientific (Waltham, MA, USA).

Experimental design
An unreplicated two-level full factorial experimental design was 

built up to evaluate the main effects and interactions of four 

variables: concentrations of CS (A) at 0.5 and 1 mg/mL; ALG 

(B) at 0.6 and 0.8 mg/mL; REP (C) at 0.025 and 0.05 mg/mL 

of final dispersion; and drug placement (D) in solutions of ALG 

(anionic – low level) or CS (cationic – high level). The studied 

responses were NC PS and drug entrapment efficiency (EE%). 

To validate the model prediction performance, four central 

points were chosen according to the contour plots obtained at 

the minimum and maximum levels of variables C and D. Bias 

was determined by comparing actual and predicted values. 

Agreement below 30% bias was considered acceptable.13

Preparation of CS/ALG NCs in MPs
Preparation of CS/ALG NCs
CS was dissolved in an aqueous solution of 0.25% v/v acetic 

acid, filtered, and adjusted to pH 5 using 1 N NaOH solution. 

Filtered ALG solution was dripped into CS solution under 

moderate stirring at room temperature for 15 minutes to form 

plain NCs. For drug-loaded NCs, REP was dissolved in the 

least volume of 0.1 N NaOH or HCl and then mixed with either 

aqueous ALG (anion-loading) or CS (cation-loading) solu-

tions, respectively. The resultant dispersion was centrifuged on 

a 10 µL glycerol layer (15,000× g, 30 minutes, 25°C) (model 

Z216MK, Hermle Labortechnik GmbH, Wehingen, Germany). 

The sediment was resuspended in water (100 µL) then freeze 

dried and used for subsequent differential scanning calorimetry 

(DSC) and Fourier transform infrared (FT-IR) studies, while 

the supernatant was left for determination of EE%.
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Preparation of REP loaded CS/ALG NCs in MPs  
by spray drying
Selected REP-loaded CS/ALG NC dispersions were cospray-

dried with 0.1% w/v LEU using a mini spray dryer (Nano 

Spray Dryer B-290; BUCHI Labortechnik AG, Flawil, 

Switzerland) at pump rate 4%, inlet temperature 120°C, 

air flow rate 400 L/h, and aspirator rate 92%. The outlet 

temperature ranged from 76°C to 79°C. The spray-dried 

powders (SDP) were collected and stored in desiccators at 

room temperature.

NC characterization
The dynamic light scattering technique was used to determine 

the average hydrodynamic diameter, polydispersity index, 

and zeta potential of the particles in the freshly prepared dis-

persions using a Zetasizer® Nano-ZS (Malvern Instruments, 

Malvern, UK). Drug EE% was determined in the superna-

tant by ultraviolet (UV) spectrophotometry (UV-1601 PC;  

Shimadzu, Kyoto, Japan) at 243 nm. Drug EE% was calcu-

lated as follows:

	 EE total REP free REP total REP% ( ) /= −[ ] ×100 � (1)

DSC and FT-IR
DSC and FT-IR analysis were performed on REP, CS, ALG, 

their physical mixture and selected NCs as described in a 

previous work.11

NCs in MP characterization
Spray-dried powders were evaluated as described  

previously.11 The spray drying process yield values were 

calculated by gravimetry. The fixed height cone method 

was adopted for calculating the angle of repose. Water 

content was determined by thermogravimetric analysis, 

using a TGA 7 (Perkin Elmer, Waltham, MA, USA). The 

PS, expressed as volume mean diameter, was calculated 

using a laser diffraction PS analyzer (Mastersizer X; 

Malvern Instruments Ltd) after suspending 2–3 mg of each 

powder in isopropanol. Drug content was evaluated by 

treating SDP with concentrated HCl solution to discharge 

the drug from NCs. After proper dilution, the drug content 

was determined by UV spectrophotometry at 243 nm, and 

the drug incorporation efficiency in the MPs was calculated 

by comparing the actual with the theoretical drug-loading 

values. In vitro REP release studies were performed by 

adding a suitable amount of SDP (equivalent to 1 mg REP) 

to 10 mL of phosphate buffered saline (PBS, pH 6.8) in 

tubes shaken at 30 rpm maintained at 37°C±0.5°C.11,14  

At specified time intervals, samples were removed and 

replaced with fresh PBS. The samples were centrifuged, 

properly diluted as required, and analyzed spectrophoto-

metrically to determine the concentration of REP. In vitro 

release profiles were analyzed using different kinetic models 

(zero order, first order, and Higuchi’s model), and the release 

mechanism using Korsmeyer-Peppas model.15

Morphological examination
Transmission electron microscopy (TEM)
Fresh NCs were observed using high resolution TEM (Jeol, 

Tokyo, Japan) operating at 200 kV. Time-sequential TEM 

images of recovered NC formulae, after suspending the 

MPS in PBS (pH 6.8) at different time intervals, were also 

carried out.

Atomic force microscopy (AFM)
Fresh and recovered NCs were visualized using Dimension 

3,100 Scanning Probe Microscope (Veeco Instruments, Santa 

Barbara, CA, USA), equipped with NanoScope III controller 

as described elsewhere.16 Topographical images were plane-

flattened and analyzed by the computer software Nanoscope 

Software version 7.3 or SPIP version 3.3.6.

SEM
Morphological characteristics of NCs in MPs were examined 

by SEM (Zeiss, Jena, Germany).

Suitability for nasal delivery
Ex vivo mucoadhesive strength determination
Mucoadhesion studies of NCs in MPs were carried out on 

freshly excised sheep nasal mucosa obtained from the local 

slaughterhouse using a texture analyzer (TAXT plus; Stable 

Micro Systems Ltd, Godalming, UK) as previously explained 

elsewhere.17 Peak detachment force (N) was calculated using 

Texture Exponent software.

Insufflator dose reproducibility
A quantitative assay was used to test the dose reproducibility 

of the monodose nasal insufflator (MIAT S.p.A., Milan, Italy) 

at two doses (5 and 10 mg). Accurately weighed amounts of 

selected SDP were filled into No 3 capsules and placed in the 

insufflator. The rubber bulb was squeezed to allow the SDP 

to be sprayed. After each puff, for a total of three puffs, the 

amount of delivered SDP was determined using weight differ-

ence by weighing the capsule before and after each actuation, 

and the fraction of delivered dose was calculated.18
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Cytotoxicity evaluation by MTT assay
Cytotoxicity of selected formulations was determined by 

MTT assay on Calu-3 cells. Cells were grown in MEM 

medium supplemented with 10% heat-inactivated fetal calf 

serum, 1% L-glutamine, HEPES buffer, and 50 µg/mL 

gentamycin. All cells were maintained at 37°C in a humidi-

fied atmosphere (95% relative humidity) with 5% v/v CO
2
 

(Humid CO
2
 incubator, SHEL LAB model 2,406; Sheldon 

Manufacturing Inc., Cornelius, OR, USA), and the test was 

performed as described elsewhere.19 SLS, REP powder, and 

blanks of the selected formulae were used as controls.

In vivo pharmacodynamic study
Animal handling and drug administration
For all animal studies, the experimental procedures con-

formed to the guidelines of the Ethical Committee of the 

Faculty of Pharmacy, Ain-Shams University on the use of 

animals. Rats were fed a normal diet and water ad libitum 

in a constant temperature environment of 25°C, and a period 

of 7 days was allowed for acclimatization of rats. Forty-two 

male Wistar albino rats weighing between 180 and 220 g 

were randomly divided into seven groups, each consisting 

of six rats. Induction of diabetes was performed in rats from 

groups 2–7.

Induction of diabetes using STZ
STZ, prepared in cold 0.01 M citrate buffer of pH 4.5, was 

administered intraperitoneally at a dose of 60 mg/kg.20 Blood 

samples were checked 72 hours post-administration using 

one touch glucometer (One Touch®, Select®; Life Scan Inc., 

Fremont, CA, USA). Rats with BG values 250 mg/dL were 

considered diabetic and were included in the experiment.21

Drug administration
REP was administered in a dose of 0.3 mg/kg according to 

the following scheme:10

•	 Group 1 (normal non-diabetic control) received IN normal 

saline. All subsequent groups consisted of diabetic rats.

•	 Group 2 (diabetic control group) received IN normal 

saline.

•	 Group 3 received a suspension of REP marketed tablet 

orally.

•	 Group 4–7 received formulae F2, F9, blank F2, and  

blank F9, respectively intranasally.

REP marketed tablet was first ground into a fine powder 

which was suspended in normal saline containing 0.2% w/v of 

carboxymethyl cellulose and was given by gavage. For nasal 

administration of saline, the conscious rats were held from the 

back in slanted position, and 30 µL of saline was administered 

in the nostrils using a micropipette (10–100 µL) attached with 

low-density polyethylene tube having 0.1 mm internal diameter. 

The single dose monopowder insufflator (MIAT S.p.A.) was 

used for dosing NCs in MP powders to groups 4–7. A short 

polyethylene tube was connected to the open end of the device 

using an adhesive tape. The powders were filled in No 3 cap-

sules, and the tip of the prefilled insufflators was gently placed 

into the rat nostril. The pump was pressed allowing the powders 

to be aerosolized and delivered to the nasal cavity.

Blood sampling
Blood samples, obtained from the retro orbital sinuses of rats 

at zero time and at fixed time points (0.25, 0.5, 1, 2, 4, 6, 8, 

and 24 hours) were immediately placed on the glucostrips, 

and BG levels were determined using the glucometer.

Pharmacodynamic analysis
BG concentration of each rat, before treatment administration, 

was taken as the baseline level, and the antihyperglycemic 

activity of different treatments in terms of percentage change 

from baseline BG level and percentage reduction of BG level 

at different time points post-treatment were calculated and 

plotted versus time.

The following parameters were obtained: T
min

, time 

point of minimum glucose level (hours); and C
min

, minimum 

glucose level as percentage of baseline level. Both T
min

 and 

C
min

 were taken directly from the observed glucose level 

versus time profiles.

The area under the effect versus time curve (AUEC) val-

ues of different groups were calculated from the beginning 

(t
0
) to the end of the observation time for oral tablet (t

8 h
) and 

for nasal formulae (t
24 h

) from appropriate graphs using the 

linear trapezoidal method. The total decrease in BG level 

(TD%) was calculated using the following equation:22

	 TD AUECc AUECs AUECc% ( ) /= −[ ] × 100 � (2)

where AUECc is AUEC after IN administration of normal 

saline to diabetic rats (control diabetic) and AUECs is AUEC 

of other formulations administered orally or intranasally.

Tolerability and toxicity study  
(histopathological study)
Nasal histopathological examinations were carried out 

using male Wistar albino rats weighing 180–220  g. The 

animals received once-daily nasal administration of plain 

or REP-loaded NCs in MPs for 7 days using the insufflator.  
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For comparison, the control group received normal saline 

intranasally. Rats were then sacrificed, and their nasal mucosa 

from the bottom of the inferior meatus was dissected. The tis-

sues were prepared, examined, and photographed using light 

microscope (Axiostar Plus, Zeiss) as previously described 

elsewhere.23

Statistical analysis
Data are expressed as mean of three or six determinations ± 

standard deviation or standard error. The complete setup of 

the 24 full factorial design statistical and factorial analysis 

were performed using Design-Expert® version 8.0.7.1 

(Stat-Ease, Inc., Minneapolis, MN, USA). AUEC values 

were calculated using Graph Pad Prism software program 

(version 5.01; GraphPad Software Incorporated, La Jolla, 

CA, USA). Comparison of the mean values was performed 

using either Student’s t-test or ANOVA (analysis of vari-

ance) using GraphPad Instat software program. Statistical 

significance was set at P-value 0.05.

Results and discussion
In the present study, spray-dried REP-loaded NCs in MPs 

were prepared. A 24 full factorial experiment was designed 

to evaluate the effect of formulation variables on NC charac-

teristics, and 16 formulae were prepared as shown in Table 

1. NCs, prepared by the ionic gelation of CS with ALG, 

showing optimum size and EE% were mixed with LEU and 

then spray-dried.

NC characterization and data analysis
Table 1 shows that the EE% and PS varied greatly among the 

formulae, with values ranging from 34.04% to 85.87% and 

from 236 to 418 nm, respectively. The polydispersity index 

lay between 0.31 and 0.59. Positive zeta potential values 

ranging from +26.9 to +31.8 were recorded and attributed 

to CS surface free amino groups helping in mucosal adhe-

sion and possible enhanced paracellular transport. The fitted 

model for the four dependent variables was the two-factor 

interaction (2FI) model (P0.0001). Variable coefficients 

and significance are shown in Table 2. High model accuracy 

values (R2) of 0.8705 and 0.7936 were found with PS and 

EE%, respectively. A good agreement between experimen-

tal and predicted responses was observed, with estimated 

biases between 11.96% and 18.66% for PS and 4.86% and 

13.09% for EE% (Tables S1 and S2). The obtained values 

were considered acceptable.13

Table 2 shows that increasing A and B had positive effects 

on both responses (P0.05). REP-loaded NCs were formed 

from the electrostatic interaction between the two ionic poly-

saccharides: negative carboxylic groups of ALG and positive 

amine groups of CS.24 The increased viscosity imparted 

by increasing either of the polysaccharide’s concentration 

resulted in larger particles with a probability of a greater 

cross-linking density engulfing more drug.25 Shifting from 

anion to cation-loading did not have any significant effect 

on PS (P0.05) but significantly enhanced EE% (P0.05). 

Moreover, it influenced A and B effects, giving AD and BD 

Table 1 Matrix design and NC characterization

Formula 
number

Matrix design* NC characterization

A B C D PS, nm PI EE% ζ,a mV

F1 −1 −1 −1 −1 311.5±2.06 0.47 46.40±2.11 26.9±1.79
F2 1 −1 −1 −1 299.0±9.62 0.51 85.87±1.00 27.0±1.59
F3 −1 1 −1 −1 321.6±0.35 0.41 47.91±3.19 27.5±2.79
F4 1 1 −1 −1 392.9±32.95 0.55 59.31±1.15 30.5±2.62
F5 −1 −1 1 −1 295.4±13.18 0.52 50.99±1.10 28.1±1.12
F6 1 −1 1 −1 375.1±3.32 0.42 43.92±1.00 27.6±2.57
F7 −1 1 1 −1 314.5±12.03 0.59 42.24±2.04 29.8±0.94
F8 1 1 1 −1 399.4±48.64 0.46 84.7±2.72 28.5±0.89
F9 −1 −1 −1 1 236.8±3.66 0.31 68.24±3.00 30.9±1.50
F10 1 −1 −1 1 293.1±0.42 0.42 34.04±7.95 29.8±1.20
F11 −1 1 −1 1 369.2±6.19 0.50 65.54±1.13 29.8±0.77
F12 1 1 −1 1 382.3±6.37 0.54 85.12±1.31 31.8±1.00
F13 −1 −1 1 1 293.4±0.35 0.35 55.63±0.68 29.1±1.77
F14 1 −1 1 1 321.6±8.05 0.44 44.18±1.86 30.1±0.80
F15 −1 1 1 1 403.3±5.75 0.37 76.91±1.42 30.0±1.03
F16 1 1 1 1 418.1±15.03 0.51 72.11±2.49 30.4±5.05

Notes: *−1 denotes low variable level and 1 denotes high variable level; azeta potential. A, chitosan concentration; B, alginate concentration; C, repaglinide concentration; 
D, drug placement.
Abbreviations: EE%, entrapment efficiency percentage; NC, nanocomplex; PI, polydispersity index; PS, particle size.
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significant interactions on both PS and EE% (P0.05) as 

shown in Figures 1 and S2. The increase in PS caused by 

increasing ALG concentration was significantly higher in 

cation-loading than in anion-loading; the opposite was seen 

with increasing CS concentration. Moreover, the enhanced 

anion-loaded REP incorporation inside the NC matrices 

could probably be due to increasing CS concentration and 

viscosity. In case of cation-loading, the increase in CS 

solution viscosity might have hindered REP encapsulation, 

contributing to decreased REP entrapment. The latter case 

was more pronounced in the less compact complex formed 

at low ALG level as previously reported in the literature.26 

Relating these findings with those obtained with PS, it could 

be concluded that the effects of BD and AD interactions 

on PS might also be due to increased and decreased REP 

incorporation, respectively.

Finally, the drug concentration (C) positively affected 

the PS (P0.05). Due to the amphoteric nature of REP, 

it acquired either a negative or positive charge in ALG 

and CS solutions. It can therefore either interfere with the 

polysaccharides complexation or become entrapped in the 

NCs, resulting in larger particles.27 Its non-significant effect 

on the EE% precludes the latter alternative. However, it 

had a synergistic effect with factor B (ALG concentration), 

resulting in enhanced EE% at high level of both factors (BC 

interaction).

From the previous results, F2 and F9, prepared by 

anion- and cation-loading respectively, were selected for 

further investigations as they had small PS (in the range of 

200–300 nm) to allow mucosal uptake with relatively high 

EE% (85.87% and 68.24%, respectively).

DSC and FT-IR
As shown in Figure S3, DSC thermogram of REP:CS:ALG 

physical mixture was a simple superposition of peaks of the 

individual components. The determined peaks for the indi-

vidual components in the mixture were in accordance with 

those reported in the literature.28–30 REP’s typical melting point 

was absent in all NC thermograms (Figure S3, traces E and F),  

irrespective of the type of loading, indicating that the drug was 

present as molecular dispersion in the polymer matrix. Simi-

larly, the FT-IR spectrum of CS:ALG:REP physical mixture 

(Figure S4) corresponded to the superposition of the IR spectra 

of the individual components found to be in accordance with 

those previously reported in literature, indicating the absence 

of interactions between the formulation components.29,31,32

In the spectrum of blank CS/ALG NCs (Figure S4, 

trace C), ALG peaks were slightly shifted to lower 

Table 2 Estimated regression coefficients for measured responses

Term NC particle size REP EE%

Coefficient F-value Coefficient F-value

Intercept 339.03 – 60.90 –
A 21.11 46.83a 3.71 6.66a

B 36.09 136.90a 7.01 23.8a

C 13.27 18.51a −1.27 0.78
D 0.69 0.05 3.00 4.37a

AB 1.84 0.36 4.86 11.44a

AC 5.11 2.75 −0.98 0.46
AD −7.07 5.25a −6.61 21.19a

BC −4.59 2.21 3.67 6.52a

BD 17.41 31.85a 5.76 16.09a

CD 6.13 3.95 1.35 0.88
R2 0.8705 0.7936
Notes: aSignificant at P0.05; R, represents model accuracy. A, chitosan concentration; 
B, alginate concentration; C, repaglinide concentration; D, drug placement.
Abbreviations: EE%, entrapment efficiency percentage; NC, nanocomplex; REP, 
repaglinide.
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Figure 1 Three-dimensional response surface plot for particle size analysis, showing AD and BD interactions.
Abbreviations: ALG, alginate; CS, chitosan; PS, particle size; REP, repaglinide; conc, concentration.
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frequencies (from 1,616.8 to 1,606.7 cm−1 and from 1,420.0 

to 1,412.8  cm−1) after complexation with CS. CS amide 

peaks were also converted into a singlet band at 1,606 cm−1,  

while the hydroxyl group peak, with the broad absorbance 

at 3,366.3  cm−1, remained almost at the same position 

in the formed NCs. Traces F and G of Figure S4 show 

that the characteristic N-H stretching vibration peak of 

REP 3,307.5 cm−1 disappeared together with many other 

drug characteristic peaks in REP-loaded CS/ALG NCs, 

indicating the presence of a strong interaction between 

REP and NC matrix. Moreover, a shift to a higher wave 

number (+13 cm−1) was observed for the CS and ALG 

hydroxyl group (OH) peaks in anion loaded REP NCs (F2).  

In contrast, NCs containing a low level of cation-loaded REP 

(F9) showed a higher OH shift, amounting to (+48 cm−1).  

A stronger drug–NC interaction could be assumed in 

cation-loading than in anion-loading, justifying the higher 

EE% seen in the latter case. The cross-linked matrix will 

have different degrees of interaction resulting from inter-

molecular hydrogen and ionic bonding between REP and 

CS and leading to networks with dissimilar properties 

participating in different drug EE% values and eventually 

release profiles.

Spray-dried NCs in MPs characterization
The powders obtained after spray drying with LEU (formulae 

F2 and F9) had high yields (~93%) low moisture content 

(not more than 3%) and good powder flow with a respective 

angle of repose of 38.28° and 39.63°, confirming LEU posi-

tive effect.33,34 Although both powders had respective narrow 

span values 1.91 and 1.7, F2 showed significantly larger size 

than F9: volume mean diameter of 2.8 and 1.26 µm, respec-

tively (P0.05), suggesting suitability for nasal delivery.35 

REP was highly incorporated in the SDP, with respective 

incorporation efficiencies of 93.19% and 94.36%. Sustained 

REP release after 6 hours, amounting of 61.47% and 68.62%, 

respectively, from F2 and F9, was found with non-significant 

difference between them (P0.05) (see profiles in Figure 2).  

A Higuchi model was found to describe REP-release kinet-

ics, exhibiting n values of 0.495 (Fickian) and 0.879 (non-

Fickian) for F2 and F9, respectively.

Morphological examination
Representative SEM image of F2 (Figure 3A) shows 

agglomerated MPs, each measuring on average less than 

5 µm. Although, they appeared as clusters, they were not 

fused or entangled, as confirmed by the PS analysis. The 

presence of LEU prevented fusion and sintering between 

adjacent MPs.36 It is to be noted that the freshly prepared 

NCs of F2 show solid spherical particles, as revealed from 

TEM (Figure S5). These NCs appeared aggregated in 

AFM (Figure 4A) due to CS nature.37 Figures 3B and S6 

show time sequential TEM imaging of the recovered NCs, 

revealing discrete non-disintegrated NCs. This observation 

is also demonstrated by AFM (Figure 4B), and represents 

an added benefit for LEU. However, in contrast to F2, after 

4 hours in PBS, F9 particles became irregular and lost their 

spherical shape (Figure S6). The dense network seen in F2 

resulting from its higher CS content could justify the Fick-

ian release mechanism. However, the relaxed matrix and 

the low CS concentration of F9 explained its non-Fickian 

release mechanism.
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Figure 2 Release profiles of REP from NCs in MPs of F2 and F9 in phosphate buffered saline (pH 6.8) at 37°C.
Notes: Each point represents mean ± SD; n=3.
Abbreviations: MP, microparticle; NC, nanocomplex; REP, repaglinide; SD, standard deviation.
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Suitability for nasal delivery
Ex vivo mucoadhesive strength determination
The peak detachment force of F2 was found to be significantly 

higher than that of F9 (P0.05) (Figure S7), probably due to 

its higher CS content. In spite of the lower detachment force 

of REP-loaded NCs in MPs compared with the blank ones, 

a literature review revealed that the obtained values were 

comparable to those obtained in previous studies confirming 

the mucoadhesive properties of the prepared MPs.17,38

Insufflator dose reproducibility
The relationship between the loaded dose and the fraction 

of emitted dose expressed as a percentage was examined 

in capsules containing increasing amounts of SDP (5 and 

10 mg). It was found that more than 98% of the dose was 

delivered from the device, with no significant difference 

(P0.05) in percentage of dose delivered after three puffs 

for 5 and 10 mg loadings (data not shown). 

Cytotoxicity evaluation by MTT assay
As shown in Figure 5, MTT assay performed on Calu 3 cells 

reveals that cell viabilities obtained with REP and the selected 

formulae at all tested concentrations were significantly higher 

than those obtained with the positive control (SLS) (P0.05). 

REP was found to be safe up to a concentration of 500 µg/mL,  

while F2 and F9 were safe up to a concentration of  

250 µg/mL, as confirmed by the high cell viabilities ranging 

from 90.32%–100%. It was only at a particle concentration 
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Figure 4 Atomic force microscopy images of CS/ALG NCs of F2 (A) freshly prepared and (B) recovered from NCs in MPs.
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Figure 3 (A) Scanning electron microscopy image of CS/ALG NCs in MPs of F2 and (B) transmission electron microscopy image of recovered CS/ALG NCs of F2 after  
1 hour in phosphate buffered saline.
Abbreviations: ALG, alginate; CS, chitosan; MP, microparticle; NC, nanocomplex.
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Figure 6 Percentage reduction in blood glucose levels after administration of oral/nasal REP formulae in rats. 
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Abbreviations: REP, repaglinide; SE, standard error.

of 2,000 µg/mL that the cytotoxicity of F2 was significantly 

higher than both F9 and REP (P0.05), probably due to its 

higher CS content. Similar to previous works, blank formu-

lae showed higher toxicity values than their drug-loaded 

counterparts.39 

In vivo pharmacodynamic study
BG levels expressed as percentage from basal levels and the 

percentage reduction of BG after administration of different 

treatments versus time curves are presented in Figures S8 

and 6, respectively. A 25% reduction of the BG level was 
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considered a significant anti-hyperglycemic effect, as pre-

viously reported.40 Group 1 rats showed normal BG levels 

throughout the study, indicating that the animals were not 

stressed by the administration and blood-sampling proce-

dures. On the other hand, extended high BG levels followed 

IN administration of normal saline (group 2) and blank dry 

powders (groups 6 and 7). It is worthy to note that BG levels 

did not increase after administration of the blank MPs. Thus, 

the non-diabetogenic nature of the selected carbohydrate 

polymers was evidenced, confirming their suitability as REP 

carriers. Following administration of REP marketed tablet, 

BG level gradually declined, showing a significant reduc-

tion at 2 hours, reaching maximum reduction at 4 hours, 

and remaining constant until 6 hours post-administration. 

Decrease below the significance level (25% reduction) 

was seen 8 hours post-drug administration. The calculated 

AUEC
0–8

 was found to be 24,574 mg·h/dL, and the achieved 

total reduction of BG (TD%) was 47.56% within 8 hours. On 

the contrary, IN administration of F2 and F9 dry powders 

A B

C

Figure 7 Light photomicrograph of rat epithelium treated with (A) normal saline, (B) NCs in MPs of F2, and (C) NCs in MPs of F9.
Notes: Magnification ×64.
Abbreviations: MP, microparticle; NC, nanocomplex; m, mucosa; no, nasal opening.

resulted in clear long-lasting significant BG level reduction of 

47.33% and 38.00% 24 hours post-treatment administration. 

F9 showed a faster onset of lowering BG (0.5 hours) compared 

with F2 (2 hours), probably due to its higher content of drug 

non-entrapped in the NCs and left to provide the immediate 

anti-hyperglycemic effect. After 2 hours, F9 effect reached 

a plateau, and then the decrease in BG level rose to reach its 

maximum reduction value of 65% (C
min 

=35%) at 6 hours. 

This sudden change can be explained by the loose distorted 

nature of the matrix seen during NCs recovery. On the other 

hand, a more prolonged duration of BG level reduction was 

seen with non-distorted F2. Besides, higher drug EE% in the 

NCs may have participated to the slower release. The study 

showed also that both drug nasal powders had slower absorp-

tion rate with T
min

 of 6 hours, compared with 4 hours only for 

the marketed tablet. In addition, non-significantly different 

AUEC and TD% calculated over 24 hours were noticed for  

F2 and F9, with respective values of 68,767.67 and 70,012.67 

for AUEC and 46.08% and 47.34% for TD% (P0.05).
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The observed sustained physiologic response to the dry 

powders could be explained in terms of several mechanisms. 

Firstly, the amount of free unassociated REP was respon-

sible for the immediate hypoglycemic effect. Secondly, the 

mucoadhesive nature of the powders increased the nasal 

retention avoiding oral absorption and first-pass effect which 

follow oral administration.10 Moreover, due to the ability of 

CS amino group to transiently open the tight junctions, it 

was possible for the accumulated small NCs to pass to the 

systemic circulation, enhancing the drug bioavailability, 

reflected as a decrease in BG level. Thirdly, the possibility 

of the intracellular delivery of the associated REP from the 

recovered NCs in the nasal epithelial cells could be respon-

sible for the sustainment of the hypoglycemic effect, to more 

than 24 hours. Previous literature confirmed the presence 

of similar CS NCs inside the nasal epithelium following 

their IN administration to conscious rats.41 Thus, we could 

expect that one-third of the oral REP dose was only required 

to provide equivalent hypoglycemic efficacy of the nasally 

administered dry powders. However, further investigations 

are needed to illustrate the role of the nanosized complexes 

in mediating the biological effect and their interaction with 

the nasal epithelium.

Tolerability and toxicity studies 
(histopathological studies)
The photomicrographs (Figures 7 and S9) showed normal 

histological structure of the nasal mucosa and underlying 

cartilage. None of the severe signs, such as appearance of 

necrosis, sloughing of epithelial cells, or hemorrhage were 

detected in any of the nasal mucosa of rats receiving either 

normal saline or selected blank and REP-loaded formulae. 

Intranasal REP-loaded NCs in MP dry powders were safe 

and well tolerated on the nasal mucosa.

Conclusion
Dry powder MPs containing selected REP-loaded NCs were 

successfully prepared and optimized in terms of NC size and 

EE% using experimental design. Due to its amphoteric char-

acter, the drug ionization in the different pH values strongly 

affected its EE% and NC size. The density of the polymeric 

matrix and the nature of bonds affecting drug behavior in 

different systems were scrutinized by DSC, FT-IR, and 

sequential TEM for recovered particles. In vitro and in vivo 

experiments assessed safety and tolerability of the chosen for-

mulae. Finally, a proven BG lowering effect in rats suggests 

the potential usefulness of REP IN powders as a controlled 

delivery system for the management of diabetes, superseding 

the conventionally used oral tablets. Such potential results 

encourage planning for future works to give evidence of the 

suspected mucosal particles uptake.
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Figure S1 Chemical structure of repaglinide.

CH3

H3C
H

O

O

O

OH

CH3H
N

N

Figure S2 Three-dimensional response surface plot for EE% analysis showing AD and BD interactions.
Abbreviations: ALG, alginate; CS, chitosan; EE%, entrapment efficiency percentage; REP, repaglinide; conc, concentration.
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Table S1 Check point analysis for particle size model adequacy evaluation

A B C D Actual value, nm (± SD) Predicted value, nm Bias, %

0 0 −1 −1 405.6±7.23 329.88 18.66
0 0 −1 1 372.1±5.66 319.53 14.12
0 0 1 −1 397.9±5.09 342.77 13.85
0 0 1 1 403.6±13.58 355.32 11.96

Notes: -1 denotes low variable level, 0 denotes the central point between the low and high variable levels, and 1 denotes high variable level. A, chitosan concentration;  
B, alginate concentration; C, repaglinide concentration; D, drug placement.
Abbreviation: SD, standard deviation.

Table S2 Check point analysis for EE% model adequacy evaluation

A B C D Actual value, % (± SD) Predicted value, % Bias, %

0 0 −1 −1 53.28±2.13 60.05 12.70
0 0 −1 1 60.77±4.78 63.72 4.86
0 0 1 −1 61.01±1.29 54.61 10.48
0 0 1 1 57.67±2.34 65.22 13.09

Notes: -1 denotes low variable level, 0 denotes the central point between the low and high variable levels, and 1 denotes high variable level. A, chitosan concentration; B, 
alginate concentration; C, repaglinide concentration; D, drug placement.
Abbreviations: EE%, entrapment efficiency percentage; SD, standard deviation.
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Figure S3 Differential scanning calorimetry thermograms of (A) CS, (B) ALG, (C) REP, (D) REP:CS:ALG physical mixture 1:1:1, (E) F2, and (F) F9.
Note: The arrow denotes the direction of endothermic transition.
Abbreviations: ALG, alginate; CS, chitosan; REP, repaglinide; Endo, endothermic.
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Figure S5 Transmission electron microscopy image of CS/ALG NCs.
Abbreviations: ALG, alginate; CS, chitosan; NC, nanocomplex.

Figure S4 Fourier transform infrared spectra of (A) CS, (B) ALG, (C) blank NCs, (D) REP, (E) REP:CS:ALG physical mixture 1:1:1, (F) F2, and (G) F9.
Abbreviations: ALG, alginate; CS, chitosan; NC, nanocomplex; REP, repaglinide.
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Figure S6 Transmission electron microscopy images of recovered CS/ALG NCs of (A) F9 after 1 hour, (B) F2 after 4 hours, and (C) F9 after 4 hours.
Abbreviations: ALG, alginate; CS, chitosan; NC, nanocomplex.
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Figure S7 Mucoadhesion detachment force of selected NCs in MPs.
Notes: Each point represents mean ± SE, n=3; *indicates significant difference between F9 and Blank F9; **indicates significant difference between F2 and F9.
Abbreviations: MP, microparticle; NC, nanocomplex; SE, standard error.
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Figure S8 Percentage change of blood glucose levels after administration of oral/nasal REP formulae.
Notes: Each point represents mean ± SE; n=6.
Abbreviations: REP, repaglinide; SE, standard error.

BA

Figure S9 Light photomicrographs of rat epithelium treated with (A) blank NCs in MPs of F2 and (B) blank NCs in MPs of F9.
Note: Magnification ×64.
Abbreviations: MP, microparticle; NC, nanocomplex; m, mucosa; no, nasal opening.
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