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Purpose: Ciprofloxacin (CIP) has poor lung targeting after oral inhalation. This study 
developed optimized inhalable nanostructured lipid carriers (NLCs) for CIP to enhance 
deposition and accumulation in deeper parts of the lungs for treatment of noncystic fibrosis 
bronchiectasis (NCFB).
Methods: NLC formulations based on stearic acid and oleic acid were successfully prepared 
by hot homogenization and in vitro-characterized. CIP-NLCs were formulated into nano-
composite micro particles (NCMPs) for administration in dry powder inhalation (DPI) 
formulations by spray-drying (SD) using different ratios of chitosan (CH) as a carrier. DPI 
formulations were evaluated for drug content and in vitro deposition, and their mass median 
aerodynamic diameter (MMAD), fine particle fraction (FPF), fine particle dose (FPD), and 
emitted dose (ED) were determined.
Results: The CIP-NLCs were in the nanometric size range (102.3 ± 4.6 nm), had a low 
polydispersity index (0.267 ± 0.12), and efficient CIP encapsulation (98.75% ± 0.048%), 
in addition to a spherical and smooth shape with superior antibacterial activity. The 
in vitro drug release profile of CIP from CIP-NLCs showed 80% release in 10 h. SD of 
CIP-NLCs with different ratios of CH generated NCMPs with good yield (>65%). The 
NCMPs had a corrugated surface, but with increasing lipid:CH ratios, more spherical, 
smooth, and homogenous NCMPs were obtained. In addition, there was a significant 
change in the FPF with increasing lipid:CH ratios (P ˂  0.05). NCMP-1 (lipid:CH = 1:0.5) 
had the highest FPD (45.0 µg) and FPF (49.2%), while NCMP-3 (lipid:CH = 1:1.5) had 
the lowest FPF (37.4%). All NCMP powders had an MMAD in the optimum size range 
of 3.9–5.1 μm.
Conclusion: Novel inhalable CIP NCMP powders are a potential new approach to improved 
target ability and delivery of CIP for NCFB treatment.
Keywords: ciprofloxacin, NCFB, NLCs, NCMPs, DPI, aerosolization

Introduction
Noncystic fibrosis bronchiectasis (NCFB) is a chronic respiratory disease that 
seriously affects the patients’ quality of life.1 NCFB is characterized by permanent 
and abnormal bronchial dilation and is associated with increased morbidity and 
mortality due to airway obstruction, poor gas transfer, and chronic bronchial 
infection.2 Chronic bronchial infection damages the host’s defenses and the lung 
epithelium and can also cause a vicious cycle of infection and inflammation with 
persistent symptoms and disease progression.3 NCFB has a heterogeneous 
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respiratory pathology with many etiologies. Post infectious 
disease is commonly reported, although up to 53% of 
cases are idiopathic.1,2

Recent treatment guidelines recommend many 
approaches to NCFB management, such as airway clear-
ance, airway drug treatment (primarily with bronchodi-
lators), and long-term antibiotic use.4 However, one of 
the main therapeutic challenges is clinical management 
of chronic airway infection due to recurrent antibiotic 
resistance (especially to oral antibiotics) and the com-
mon side effects of systemically administered 
antibiotics.5 These challenges make NCFB a difficult 
disease to treat, and there is currently no approved long- 
term antibacterial therapy for NCFB.6 Therefore, there is 
a need for developing new therapies to effectively treat 
the underlying chronic infection, decreasing bronchial 
suppuration and exacerbations and preventing disease 
progression. Recently, drug delivery to the lungs via 
dry powder inhalers (DPI) represents a possible delivery 
route for the treatment of different respiratory diseases.7 

This non-injective route has many merits over other sites 
of administration because it has a large surface area, 
which contain sufficient capillary vessels for rapid 
absorption. The absorbed drug can directly reach the 
systemic circulation, bypassing the first-pass metabolism 
in the liver.8 Therefore, compared to the oral or parent-
eral drug delivery route, direct delivery of low concen-
trations of antibiotics to the lungs causes a higher 
accumulation of antibiotics at the infection site, while 
decreasing systemic exposure and the risk of toxicity and 
producing therapeutic effects with smaller drug doses.9

Dry powder inhalers (DPIs) are an attractive choice for 
pulmonary drug delivery as they have good physiochem-
ical stability, no need for reconstitution of powders, easy 
incorporation of high concentration of drug, acceptable 
pulmonary deposition through the patient’s respiration, 
and higher opportunity of particle/carrier engineering.10 

In addition to easy to operate, portable and cost 
effective.11 DPI can be made more flexible for use with 
a wide range of active pharmaceutical components and 
diseases.12 Inhaled antibiotics for the management of 
NCFB is now recommended as a possible option for 
patients with severe infections or recurrent aggravations 
secondary to long-lasting bacterial colonization.13 The 
rationale for inhaled antibiotic treatment depends on 
improved therapeutic drug delivery at the site of infection 
which needed to improve antibiotic efficacy, with possibly 

lower systemic exposure that should lessen the risk of 
toxicity.14

Nanoparticle formulations are used in many therapeutic 
fields, especially inhalation drug delivery systems, which 
ensure drug release after pulmonary administration.15 

Nano formulations have been increasingly proposed for 
lung drug delivery applications of antibacterial,16 

antifungal,17 and antiviral drugs,18 which can be made to 
achieve appropriate morphological and aerodynamic char-
acteristics, in the form of dry powders for pulmonary 
inhalation.19

Solid lipid nanoparticles (SLNs) are lipophilic nanos-
cale aqueous suspension and have the ability to incorpo-
rate drugs as a nanosystem, SLNs have evolved as a drug 
delivery system that can be potentially used for pulmonary 
drug targeting. In addition, they are physiologically com-
patible and physio chemically stable carrier systems, pro-
tect the incorporated active compounds against 
degradation, and have a relatively low production cost.20 

Nanostructured lipid carriers (NLCs) are the second gen-
eration of SLNs. NLCs are composed of a solid lipid and 
liquid lipid blend, which leads to an imperfect matrix 
structure and less dense lipid packaging and generates 
space to incorporate drugs in the matrix. Therefore, 
NLCs have a higher drug encapsulation efficiency (EE) 
and stability during long-term storage compared to 
SLNs.21 In addition, because of inexpensive required 
materials, lipid biocompatibility, ease of manufacture, con-
trolled drug release, and stability, NLCs can overcome the 
disadvantages of other colloidal carriers. Mostly, NLCs 
predominate polymeric nanoparticles (NPs) with regard 
to safety and biocompatibility and are considered the 
least toxic NPs when administrated in vivo.22

Among specific inhalable antibiotics, ciprofloxacin 
(CIP; ciprofloxacin hydrochloride) is a broad-spectrum 
second-generation fluoroquinolone antibiotic used in oral 
and parenteral formulations. CIP has proven bactericidal 
efficacy against gram-positive and gram-negative 
bacteria.23 It is currently indicated for the treatment of 
systemic infections, including respiratory infections. 
CIP’s bactericidal activity is concentration dependent: the 
higher the peak concentration, the greater the bactericidal 
activity. Therefore, CIP is an especially suitable candidate 
for inhaled drug products where high drug concentrations 
can be achieved in the lungs.24 However, CIP has poor 
lung targeting after oral inhalation. The absorption of CIP 
from the lungs into the systemic circulation is rapid, with 
a half-life of less than 1 h in rat lungs, and is suboptimal 
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for lung delivery.25 One approach to extending the resi-
dence time of CIP in the lungs, compared to unencapsu-
lated formulations, is to encapsulate CIP in lipid 
nanoparticle CIP formulations.9

This study developed and evaluated stable DPI formu-
lations loaded with CIP-NLCs using one-step spray-drying 
(SD) for high pulmonary deposition, increasing drug accu-
mulation in deeper parts of the lungs.

Materials and Methods
Materials
CIP was kindly given as a gift sample by Spimaco 
Aldawaeia (Al-Qassim, Saudi Arabia). Stearic acid, oleic 
acid, Tween® 80, chitosan (CH), deacetylated low- 
molecular-weight chitin, and a dialysis bag (molecular 
weight cut-off 10 kDa) were purchased from Sigma- 
Aldrich (St. Louis, MO, USA). In addition, six bacterial 
species including four gram-negative (Escherichia coli 
American Type Culture Collection, ATCC 25,922 
Klebsiella ATCC 13,883, salmonella ATCC 25,566, shi-
gella ATCC 11,060 and Pseudomonas aeruginosa ATCC 
9027) and two gram-positive strains (Bacillus cereus 
ATCC 5119 and Staphylococcus aureus ATCC 25,923) 
were obtained from the ATCC (Manassas, VA, USA). 
Mueller Hinton agar Scharlau was purchased from 
Scharlab, S.L. (Barcelona, Spain), and a 5 µg CIP disk, 
CT0425B, was purchased from Oxoid Limited (UK). All 
other chemicals used were of analytical grade.

NLC Preparation
CIP-NLCs were prepared by hot homogenization, as pre-
viously described with slight modifications.26 Briefly, the 
lipid phase comprised CIP (0.1% w/v) dissolved in 
a mixture of stearic acid and oleic acid and heated at 
75°C, while a hot aqueous phase was prepared by disper-
sing Tween® 80 (1% w/v) in double-distilled water at 
75°C and then adding it to the lipid phase with high- 
speed stirring (Ultra Turrax T25, IKA, Germany) for 
6 min at 8000 rpm. Next, the pre-emulsion obtained was 
subjected to hot homogenization using a Yellow line DI25 
basic high-shear homogenizer (IKA) at 12,000 rpm and 
75°C. The formulations obtained were subjected to bath 
sonication (Bransonic, 5510E-DTH, Mexico) for 5 min at 
60 W for uniform size distribution. Blank (nonloaded) 
NLCs were prepared using the same procedure. Finally, 
the formulations were solidified by storing them for 24 h at 
4°C before further analysis.

CIP Quantification by HPLC
CIP was quantified using high-performance liquid chro-
matography (HPLC), as previously described with some 
modifications and validation.27 Briefly, we coupled 
a Waters Breeze2TM HPLC system (Waters Corporation, 
Milford, MA, USA) with an automated sampling system 
(WatersTM 2695 Plus Autosampler; Waters Corporation) 
at 4°C and a photodiode array detector (WatersTM 2998; 
Waters Corporation). We also used a C18 column with 
a guard cartridge (C18) at 25°C. The software used was 
Breeze2 (WaterTM). The mobile phase was a mixture of 
25 mM phosphate buffer (pH 2.4) and acetonitrile 
(70%:30% v/v) at a flow rate of 1 mL/min and a UV 
detection wavelength of 290 nm. The method was linear 
over a concentration range of 0.5–25 µg/mL, and the 
modified method was precise and accurate with a limit of 
detection and a limit of quantitation of 0.3 and 1.1 µg/mL, 
respectively.

CIP-NLC Characterization
Measurement of Particle Size, Polydispersity Index, 
and Zeta Potential
The intensity mean particle size (PS), polydispersity index 
(PDI), and zeta potential (ZP) of CIP-NLCs were determined 
using dynamic light scattering (DLS; Zetasizer Nano ZS; 
Malvern Instruments, UK). CIP-NLC dispersions were sui-
tably diluted with double-distilled water at room temperature 
(RT). All measurements were performed in triplicate.

Morphology
We observed the shape of CIP-NLC dispersions using 
transmission electron microscopy (TEM; JEM 1400; 
JEOL Ltd., Peabody, MA, USA). Briefly, CIP-NLCs dis-
persions were diluted with double-distilled water and fixed 
on a carbon-coated copper grid, which was allowed to dry. 
Next, the dispersions were scanned and photographed.

Determination of Encapsulation Efficiency and 
Loading Capacity
The encapsulation efficiency (EE) and Loading Capacity 
(LC) of CIP in the NLCs were indirectly determined by 
measuring the concentration of free CIP in the aqueous 
phase, according to Pignatello et al28 and analyzed by 
above mentioned HPLC method (CIP Quantification by 
HPLC). The EE was estimated using Eq. 1:

EE% ¼ Wtotal � Wfreeð Þ=Wtotalð Þ � 100 (1) 

While the loading capacity (LC%) capacity is calculated 
using Eq. 2:
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LC% ¼ Wtotal � Wfreeð Þ=Wlipid
� �

� 100 (2) 

where Wtotal is the total weight of the drug added, Wfree is 
the weight of un-encapsulated free drug and Wlipid is total 
weight of lipid in the formulation. All samples were ana-
lyzed in triplicate.

In vitro Drug Release Analysis
In vitro drug release experiments were performed using 
the Franz diffusion cell. Briefly, CIP-NLCs were evaluated 
using a dialysis membrane that had been previously 
soaked for 24 h in a release medium. Phosphate-buffered 
saline (PBS; pH 7.4) was used as the receptor medium. 
The samples were placed in the donor compartment of the 
Franz diffusion cell. During the experiments, the buffer 
solution in the receptor side was maintained at 37°C ± 
0.5°C. At predetermined time intervals and with continu-
ous stirring, samples were withdrawn from the receiver 
compartment and replaced by the same volume of fresh 
PBS to maintain the sink condition.

Next, we analyzed the samples using HPLC. At the end 
of the experiment, we determined the kinetic parameters 
for in vitro data in order to determine the best-fit kinetic 
model (zero, first, or Higuchi order) to estimate the CIP 
release mechanism from CIP-NLCs; the best correlation 
coefficient (r) value represented the best release 
mechanism.

Antimicrobial Activity
We performed an antimicrobial sensitivity test of CIP- 
NLCs using the disk diffusion method.29 Both gram- 
negative and gram-positive strains were used. First, we 
isolated the colony of organisms on selective media for 
24 h. Next, we cultured the colony in nutrient broth for 
24 h and then adjusted the optical density to McFarland 
turbidity. Subsequently, we prepared Mueller–Hinton agar 
for testing the sensitivity and then applied the new for-
mulation CIP-NLCs in disks. We used a 5 µg CIP disk as 
the positive (+ve) control and blank (empty) NLCs as the 
negative (-ve) control. Finally, after 24 h incubation, we 
measured the growth inhibition zones around the disks. 
The spray dried powders were tested using the same 
method against E. coli and Pseudomonas aeruginosa.

Spray Drying of CIP-NLCs
We used SD to prepare NCMPs with different ratios of CH. 
Briefly, we dispersed a CIP-NLC sample in CH solution at 
different lipid:CH ratios (1:0.5, 1:1, and 1:1.5 w/w), mixed 
them for 5 min at 25°C, and spray-dried the mixture using 

a Büchi B-290 mini spray dryer (Büchi Labortechnik, 
Flawil, Switzerland) with a 0.7 mm nozzle orifice. The 
feed rate was 10%, aspirator capacity 100%, atomizing air 
flow 400 L/h, inlet temperature 90°C, and outlet temperature 
~30–35°C. We detached dry NCMPs powders from the air 
stream via a cyclone (Büchi Labortechnik) and stored them 
in a desiccator at RT until further analysis.

Spray-Dried CIP-NLC Characterization
Dry Powder Yield
The NCMP powder yield was calculated as the percentage 
mass of the predictable total powder yield as follows:30

Yield %ð Þ ¼ Wsd=Wtð Þ � 100 (3) 

Where Wsd is the weight of dry powder after spray drying and 
Wt is the weight of total dry mass used for the preparation.

Dry Powder Drug Content
We dispersed ~10 mg of spray-dried NCMP powders into 
a suitable volume of PBS (pH 7.4), followed by sonication 
for 5 min. Next, we added ethanol and then filtered the 
sample through a 0.22 µm membrane filter. Finally, we 
used HPLC to determine the CIP content.

Dry Powder Morphology and Size
The morphology of NCMP powders was examined using 
scanning electron microscopy (SEM; JSM-6060LV; JEOL 
Ltd., Japan). Briefly, we fixed a layer of NCMP powders 
on carbon adhesive tape on a stub. Next, the layer was 
sputter-covered with platinum under an argon atmosphere 
at 180 mA for 1 min using a JEC-3000FC auto fine coater 
(JEOL Ltd., Japan). Finally, the NCMP powders were 
randomly photographed by scanning of the stub.

Antimicrobial Activity
The spray dried powders were tested using the same 
method as in 2.4.5 section, against E. coli and 
Pseudomonas aeruginosa.

In vitro Aerosolization
We evaluated the aerosolization of the spray-dried NCMP 
powders using the Next Generation ImpactorTM (NGI) con-
nected to a Copley HCP5 pump (Copley Scientific, UK). In 
accordance with the aerosol specifications given in the United 
States Pharmacopoeia (USP) Chapter 601,31 we loaded the 
NCMP powders into a hydroxypropyl methylcellulose cap-
sule (size 3). Each capsule contained 12.5 mg of NCMP 
powder, which equaled 5 mg of CIP. Next, the samples were 
placed in a Cyclohaler® (Teva Pharmaceutical Industries, 
Israel) and run for 4 s at a flow rate of 60 L/min. Each plate 
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of the NGI was coated with a methanolic solution of 1% 
Tween® 80, and the powder deposited in each plate was 
collected by rinsing with a known volume of distilled water.

The CIP content was quantified using HPLC, as men-
tioned before. The emitted fraction, the fine particle dose 
(FPD), the fine particle fraction (FPF) and mass median 
aerodynamic diameter (MMAD) were determined. FPD 
refers to the dose reaching the target site which is deter-
mined as the sum of powder deposited in NGI stages and 
MOC with aerodynamic diameters less than 5 μm. FPF 
express as a fraction of the emitted dose with an MMAD 
of ˂ 5 µm, deposited deep in the lungs. MMAD is the 
mass median aerodynamic diameter and determined using 
online software (MMAD calculator.com).32 All experi-
ments were carried out in triplicate (n = 3).

Statistical Analysis
We used one-way analysis of variance (ANOVA) (SPSS 
Statistics; IBM Corporation, Armonk, NY, USA) to ana-
lyze data. P < 0.05 was considered a statistically signifi-
cant difference between the set of formulations.

Results and Discussion
Rationale Behind Components and 
Formulations
In this study, we selected NLC components on the basis of 
their purpose: controlling CIP release. As previously men-
tioned, NLCs act as a controlled drug release system, but 
their components largely affect their behavior. We produced 
blank and CIP-loaded NLCs using hot homogenization. 
Stearic acid, a long-chain fatty acid, was selected as the 
solid lipid because it is biocompatible, safe, and suitable 
for drug delivery.33 In addition, the release rate and EE 
depend on the stearic acid concentration.34 Oleic acid was 
selected as the liquid lipid based on CIP solubility and slow 
dissolution. In addition, higher oleic acid content decreases 
the viscosity inside NLCs and, therefore, the surface tension, 

forming smaller NLC particles with a smoother surface.35 

CIP also has amine and carboxylic acid functional groups, 
which interact with oleic acid by forming ionic chemical 
interactions and hydrogen bonds, respectively. Therefore, 
higher drug loading is expected by the use of oleic acid.36

In this study, we also analyzed the effects of the Tween® 

80 concentration (0.25–1.25% w/v), keeping the lipid con-
centration constant (1.5% w/v), at 12,000 rpm homogeniza-
tion speed (Table 1). Increasing the Tween® 80 concentration 
from 0.25% to 1% w/v in blank NLCs significantly 
decreased the PS from 368.5 ± 9.7 to 102.3 ± 4.6 nm, but 
there was no significant decrease with an additional increase 
in the Tween® 80 concentration. These results showed that 
increasing the surfactant concentration significantly affects 
the particle size, which could be due to a significant decrease 
in surface tension and surface-free energy during homoge-
nization because of high-shear conditions.37

The PS and PDI decreased from 342.5 ± 7.1 to 102.3 ± 
4.6 nm and from 0.521 ± 0.15 to 0.267 ± 0.12, respec-
tively, with increasing homogenization speed (10,000 to 
12,000 rpm). The increase in the PS because of an increase 
in the kinetic energy of particles leads to agglomeration.38 

However, there was no significant change in the ZP. In 
addition, increasing the homogenization speed to more 
than 12,000 rpm resulted in blackening of the formulation 
and precipitation. In addition, it was difficult to control the 
process because of froth and air bubble formation. 
Therefore, we selected 12,000 rpm as the optimal homo-
genization speed for NLC preparation.

In a dry powder formulation, a carrier excipient plays an 
important role owing to the small amount of drug in the final 
formulation and in delivering the drug into its target of 
pulmonary macrophages. Drug particles should exhibit an 
aerodynamic diameter (MMAD) smaller than 5 µm. MMAD 
about 1–5 µm is required for targeting deposition to the 
small airways. Therefore, for effective pulmonary deposi-
tion, the powders must include particles 1–5 µm in diameter. 

Table 1 Effect of Different Tween® 80 Concentrations on Particle Size, Polydispersity Index and Zeta Potential of Blank NLC (Mean ±SD, n=3)

Composition (%w/v) NLC-0.25 NLC-0.5 NLC-1 NLC-1.25

Stearic acid 3 3 3 3
Oleic acid 1 1 1 1

Tween® 80 0.5 1 1.5 2

Water Up to 50 mL Up to 50 mL Up to 50 mL Up to 50 mL
PS (nm) 342.5 ± 7.1 224 0.6 ± 8.2 102.3 ± 4.6 106 ± 3.5

PDI 0.521 ± 0.72 0.41 ± 0.43 0.267 ± 0.12 0.289 ± 0.11

ZP (mV) −28.5 ± 1.5 −29.6 ± 0.7 −31.4 ± 1.3 −27.1 ± 1.7
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Also, most DPI formulations use carriers to improve in vitro 
and in vivo aerosolization performances. The carriers should 
be non-toxic, facilitate drug preparation and administration, 
protect the drug from degradation, and help steady drug 
release.39 The carrier presents bulk to the DPIs, which ease 
the handling, dispensing, and actuation of the targeted ther-
apeutic agent, which is very crucial for low dose DPIs.40

In this study, a chitosan, deacetylated low-molecular- 
weight chitin, was chosen as a carrier. Chitosan is 
a biodegradable natural polymer with an excellent potential 
for pharmaceutical applications owing to its non-toxicity, 
biocompatibility, mucoadhesive properties and high charge 
density.41 At present different evidence support the usage of 
chitosan as a carrier to deliver active ingredients deep inside 
the lungs from a dry powder inhaler.42,43 Therefore, CIP dry 
powder prepared using chitosan as a carrier was expected to 
show improved drug release in lower airways and the alveo-
lar regions of the lung.

CIP-NLC Characterization
Size and ZP
We characterized the obtained CIP-NLCs with regard to 
their PS and PDI. The PS of NLCs was 102.3 ± 4.6 nm, 
which confirmed the nanometric range of all formula-
tions tested. The PDI was less than 0.267 ± 0.12, indi-
cating homogeneity of particle distribution, typical of 
monodispersed systems.36 The ZP determines the sur-
face charge of NLCs, which significantly affects their 
stability through electrostatic repulsion, which, in turn, 
inhibits their aggregation. All formulations tested 
showed a significant negative charge. The ZP was – 
18.3 ± 0.153 for CIP-NLCs and –22.7 ± 0.45 for 
blank NLCs.

Morphology
Figure 1 shows the TEM image of CIP-NLCs. The CIP-NLCs 
were uniformly spherical in shape with a smooth surface, and 
their size was homogenous. They were less than 100 nm in 
size, which was in agreement with DLS measurements.

Entrapment Efficiency
The entrapment efficiency and loading capacity of CIP- 
NLCs were 98.75% ± 0.048% and 13.34 ± 1.92%, respec-
tively. The type of lipid used for the preparation of lipid NPs 
has a significant impact on the encapsulation efficiency and 
drug loading capacity of the formulations. Gamal A. Shazly 
found that Cip solid lipid NPs containing stearic acid 
showed the highest EE values of 73.94% with emulsifica-
tion-sonication method.44 Also, Dharmendra Jain et al 
obtained an EE of 38.71%±2.38% to 8.66%±1.64% for 
SLN formulations by using microemulsion technique.45 

Moreover, the liquid lipid content of oleic acid can trap 
high amounts of a drug and can decrease drug crystalliza-
tion. The use of liquid oil in NLC formulations limits the 
lipid matrix recrystallization and forms amorphous or imper-
fect crystalline structures, which provide more space to 
incorporate drugs (an increase in the EE) and also decrease 
drug explosion or leakage during storage. In addition, the 
presence of a surfactant (Tween® 80) in NLC formulations 
could improve the drug loading capacity of CIP. High drug 
content also means a high accepted drug content, which 
indicates high stability and ensures a residual concentration 
of the nano-loaded drug that shows acceptable activity.46

In vitro Drug Release
In vitro CIP release from the CIP-NLCs in PBS buffer (pH 
7.4) was analyzed using the Franz diffusion cell. Figure 2 
shows the release profiles of CIP from CIP-NLCs and free 

Figure 1 Transmission electron microscopy images of nanoparticles loaded with ciprofloxacin (CLP-NLC) at 8000 and 150,000× magnification power.
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CIP over time. As shown, 95.8% ± 6.23% of free CIP was 
released within 4 h, while only ~48% ± 4.67% of CIP was 
released from CIP-NLCs after the same period, indicating 
prolonged drug release. Initially, CIP was rapidly released 
from CIP-NLCs (34.22% ± 6.56% in the first 2 h) and then 
gradually slowed. The initial rapid release might be due to the 
presence of some amount of drug on the surface of the NLCs. 
In addition, the drug release corresponds to the core of the 
solid lipid in the NLCs.

The CIP-NLCs released 37.34% ± 2.08% of CIP over 2 
h, and the release was sustained for 10 h, probably because 
the dispersed drug can only be released slowly from lipid 
matrices through dissolution and diffusion (Figure 2).47 Table 
2 shows the release data kinetics for the CIP-NLCs prepared. 
We found a better fit to the Higuchi diffusion model. The data 
were analyzed for confirmation of the relative validity of the 
diffusion model using the equation given by Korsmeyer 
et al.38 The calculated n value was more than 0.43 and less 
than 1, indicating anomalous (non-Fickian) transport prob-
ably because the diffusion refers to a combination of both 
diffusion- and erosion-controlled drug releases.48

Antimicrobial Activity of CIP-NLCs
We performed an antimicrobial sensitivity test on Mueller– 
Hinton agar using the Kirby–Bauer disk diffusion method 
according to standard operational procedures.49 The antimi-
crobial agent tested was 5 µg of CIP (+ve control), and CIP- 
NLCs which showed growth inhibition zones (Figure 3). 
While there is no inhibition zone with the blank NLCs 
which were free of CIP (-ve control). As expected, the CIP- 
NLCs resulted in larger zones of inhibition and more pro-
longed inhibitory effects than +ve control (Figure 3A). The 
CIP-NLCs increasingly inhibited bacterial growth for both 
gram-negative and gram-positive strains. Also, 
a comparison of the diameters of growth inhibition zones 
showed that CIP-NLC induced growth inhibition was lower 
in Staphylococcus aureus and Bacillus sp. compared to other 
samples (Figure 3A). This was probably because CIP is 
more strongly effective on gram-negative than on gram- 
positive bacteria.50 Moreover, we observed growth inhibi-
tion in the first 30 of the experiment for CIP-NLCs, which 
increased with an increase in the amount of CIP diffused 
from formulations. The delay in antimicrobial effect was 
likely due to early limitations in dissolution of CIP and its 
diffusion from the formulations. These results showed that 
CIP inhibits bacterial growth for a longer period compared 
to free CIP and blank NLCs and that CIP-NLCs have super-
ior antibacterial activity compared to free CIP. The explana-
tions for these results could be owing to the lipophilic nature 
of NLCs that enhance the cellular entering of CIP into the 
bacterial membrane and the nano size of the particles. 

Figure 2 In vitro release of free ciprofloxacin and nanostructured lipid carriers loaded with ciprofloxacin (CIP-NLC) in phosphate buffer saline (PBS) PH 7.4 at 37°C.

Table 2 Release Kinetic Data of the Investigated Nanoparticles 
Loaded with Ciprofloxacin (CIP-NLC)

Formula 
Code

Zero- 
Order 

Model r

First- 
Order 
Model

Higuchi 
Diffusion 
Model r

Peppas Model

r N

CIP-NLC 0.9718 0.7556 0.9958 0.8153 0.6153
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Enhancing the effectiveness of CIP loaded into nanoparticles 
is reported in many studies.51,52 These findings are attributed 
to several issues, including: helped penetration of antibiotic 
into the bacterial cells, improved drug delivery to its site of 
action, and the higher stability of the encapsulated drug into 
the NPs. These proposed mechanisms of enhancement were 
confirmed by the lack of any antimicrobial activity of blank 
formulations, which was in agreement with the conclusions 
of other studies.53,54

Characterization of Spray-Dried 
CIP-NLCs
Drug Content and Yield
Since CIP-NLCs have an average size of 102.3 ± 4.6 nm, 
they cannot be delivered directly via inhalation because most 

of the inhaled drug will be exhaled and little will be depos-
ited deep in the lungs.55 Therefore, in this study, we for-
mulated CIP-NLCs into NCMPs to be administrated as DPI 
formulations. The drug content of NCMPs was relatively 
high (92–95.2%), and the spray-dried NCMP powder yield 
was 64.5–78.3% (Table 3). The lowest yield (64.50% ± 
3.58%) was obtained for NCMP-3 (at lipid:CH = 1:1.5 w/ 
w), and the maximum yield (78.3% ± 3.5%) was obtained 
for NCMP-1 (at lipid:CH = 1:0.5 w/w). The CH ratio 
affected the production yield, with an increasing ratio of 
CH resulting in a decreased yield (Table 3), which can be 
attributed to some of the liquid droplets attaching to the 
inside wall of the drying chamber and cyclone of the spray 
dryer. The concentration of carriers was found to play 
a crucial role for the yield and drying efficiency.56 Though 

Figure 3 Zone of inhibition of ciprofloxacin on different microbial strains. +ve: control (5 µg of CIP), -ve: blank or non-loaded NLCs. (A) Ciprofloxacin loaded 
nanostructured lipid carrier (CIP-NLC), (B) spray dried CIP-NLC with different chitosan: lipid ratios (C1: NCMP1, C2: NCMP2, C3 NCMP3).
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the product yield could be improved by increasing the spray 
capacity, making the samples at high concentration became 
tricky as a consequence of some problems as sticking 
occurred so that particle collection became hard and as 
a result, product yield might decrease contrary to be 
predicted.57 This was described previously by Learoyd 
et al, with powders spray dried using 30% v/v aqueous 
ethanol formulations of terbutaline sulfate as a model drug, 
chitosan as a drug release modifier and leucine as an aero-
solization enhancer.58 The yield decreases with a gradual 
increase in the lipid:CH ratio because of powder adherence 
to the chamber wall due to some of the liquid droplets 
attaching to the inside wall of the drying compartment and 
the spray dryer cyclone.48 Also, the yield of the biodegrad-
able CH microspheres containing vancomycin hydrochlor-
ide, prepared by SD with different ratios of CH is quite low 
because of powder adherence to the chamber wall and 
decreased cyclone productivity for fine powder collection.59

Morphology
SEM images of NCMPs (Figure 4) show that the NCMPs 
were spherical with a corrugated surface. An increase in 
the lipid:CH ratio produces smoother and more spherical 
NCMPs because of the fast internal evaporation of dro-
plets. Because of the faster water evaporation from the 
droplets throughout the SD process, and later after the 
water completely evaporates, the surface layer collapses, 
leading to a wrinkled structure.60 Increasing the lipid:CH 
ratio increases the viscosity of the fed solution, leading to 
slower evaporation. CH microspheres produced by SD 
using a low-viscosity CH solution have a ridged surface 
(a little wrinkled), but those produced using a high- 
viscosity CH solution have a smooth surface.61 The 
wrinkled or Corrugated surface of the spray-dried powder 
has many advantages, such as decreased aggregation by 
decreasing the cohesiveness and increasing the dispersi-
bility, resulting in enhanced lung deposition.62

Antimicrobial Activity of Spray Dried Powder
In our study, we investigated the antimicrobial activities 
of the CIP-NLCs after spray drying using different 

ratios of low-molecular-weight chitosan (NCMP1, 
NCMP 2, and NCMP3). Figure 3B shows the plates 
with zones of inhibition, of Pseudomonas aeruginosa 
and E. Coli, around the medicated discs after 24 hours 
of incubation at 37°C. Interestingly, the results revealed 
that there is no statistically significant difference (p > 
0.05) between the antimicrobial activity of CIP-NLCs 
and the spray dried powders. This is in contrast to the 
earlier reports which stated that the antibacterial activity 
of CIP-loaded chitosan NPs were more pronounced on 
Gram -ve and Gram +ve bacteria, the concept of 
increased efficacy of drugs functionalized with nontoxic 
carriers.63,64 An additional explanation for our observa-
tions will need to be further investigated. Moreover, the 
antibacterial activity of chitosan NPs is influenced by 
various intrinsic and extrinsic factors, related to mole-
cular weight, degree of deacetylation concentration, pH, 
and test organism.65 Bharathala et al who reported that 
use of medium molecular weight chitosan with 85% 
degree of deacetylation, at physiological pH exhibited 
limited antibacterial efficacy in all strains of gram -ve 
and gram + ve bacteria.66

Aerosolization
The NGI is used for the determination of the aerodynamic 
particle size distribution of the dose released from dry 
powder inhalers using compendial methods. It can classify 
particles based upon their size which is beneficial in pre-
dicting in vivo deposition of particles. Therefore, the 
therapeutic efficacy of DPIs is determined by their aero-
dynamic properties. The MMAD is one of the important 
issues that control deposition of particles in the different 
stages of the NGI and consequently in the lung airways.67 

The amount of CIP from each formulation in each stage of 
NGI device was analyzed by HPLC system. In vitro lung 
modeling with the NGI results in FPD, FPF, and MMAD 
of the NCMP powders (Table 3) that have been defined in 
the Methods section. The MMAD should be not >5 µm to 
pass into the smaller bronchial airways if peripheral 
deposition is essential.68 All the NCMP powders had 

Table 3 The % Yield, Drug Content, Fine Particle Dose (FPD), Percentage Fine Particle Fraction (FPF), and Mass Median Aerodynamic 
Diameter (MMAD) of NCMPs (Mean ± S.D., n=3)

Formula Ratio (Lipid:CH) Yield (%) Drug Content (%) FPD (µg) FPF (%) MMAD (µm)

NCMP-1 1: 0.5 78.77 ± 3.16 95.2 ± 5.9 45.0 ± 4.2 49.2 ± 5.8 3.90 ± 0.1

NCMP-2 1: 1 72.16 ± 2.33 91.4 ± 4.7 38.7 ± 5.2 42.7 ± 7.5 4.83 ± 0.8

NCMP-3 1: 1.5 64.50 ± 3.58 92.8 ± 6.2 36.4 ± 4.6 37.5 ± 4.6 5.10 ± 0.7
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high MMAD values which are in the optimal size range of 
3.9–5.1 μm. The FPD and FPF of the NCMP powders 
indicated the amount and fraction of CIP particles reach-
ing the lower part of the airways. Comparing all formula-
tions, NCMP-1 (at lipid: CH ratio of 1:0.5) had the highest 
% FPF and FPD values, 49.2% and 45.0 µg of CIP, 
respectively. On the other side, NCMP-3 (at lipid: CH 
ratio of 1:1.5) has the lowest FPF % and FPD, 37.5% 
and 36.4 µg of CIP, respectively, because of its more 
corrugated surface. Increasing the lipid:CH ratio in the 
formulations caused a significant change in the FPF (P ˂ 
0.05). In addition, about 50% (FPF) was deposited mostly 
in respirable airways (1–5 um), delivering a 45µg dose 
(FPD), that is, 45 µg of the drug delivered by the drug 
delivery system, which contained 100 µg of the drug, was 
deposited at the target site. Higher FPF and MMAD 

values could be the result of the aggregation of particles, 
friction, or interlocking between the particles, which 
might not disaggregate upon aspiration. The FPF identi-
fied the efficiency of drug deposition in the lower airways. 
NCMP-1 had the highest FPF and FPD, indicating that it 
is effective in delivering the maximum amount of CIP to 
the lower respiratory tract. The reason is the correlation 
between the FPD and the FPF. Therefore, when the FPF 
increases, the expected amount of CIP delivered to the 
target site also increases. All NCMP powders prepared 
had a suitable MMAD in the optimum size range of 
3.9–5.1 μm, indicating the suitability of the NCMP pow-
ders for targeting the deeper parts of the lungs as stated by 
different groups of researchers.69,70 The MMAD showed 
effective delivery of NCMPs with CIP to the deeper parts 
of the lungs.

Figure 4 SEM photographs of liposomes spray dried in the presence of different ratios of chitosan (w/w). (A) NCMP1 at lipid:CH ratio of 1:0.5, (B) NCMP2 at lipid:CH 
ratio 1:1, (C) NCMP3 at lipid:CH ratio of 1:1.5. Pictures were taken at 4000× and 25,000× magnifications.
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Conclusions
This study developed optimized, inhalable NLCs for CIP for 
NCFB treatment. The optimized CIP-NLCs showed good 
physical stability, as indicated by the ZP, high entrapment 
efficiency and controlled drug release properties. The inhal-
able CIP NCMP powders are a potential new approach to 
improved target ability and delivery of CIP for NCFB treat-
ment, indicating deep lung deposition. Overall, CIP-NLCs in 
DPI formulations have the potential to be a strong therapeutic 
choice for NCFB patients with chronic pathogenic infection.
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