
Vol.:(0123456789)1 3

Journal of Pharmaceutical Innovation 
https://doi.org/10.1007/s12247-023-09752-3

ORIGINAL ARTICLE

Novel Nanoaggregates from Phoenix dactylifera (date palm) 
for Inhalational Management of Cystic Fibrosis Using Dry Powder Inhalers

Hadeel Aburass1 · Nisreen Dahshan1 · Hamad Alyami2 · Affiong Iyire3 · Eman Zmaily Dahmash4 

Accepted: 23 June 2023 
© The Author(s) 2023

Abstract
Purpose  Phoenixdactylifera extracts have shown efficacy as antioxidants and antibacterials for the treatment of lung diseases; 
however, the choice of route of administration remains a problem. The use of natural antibacterial remedies for the manage-
ment of cystic fibrosis (CF) is promising due to recurring bacterial resistance to current antibiotics. Dry powder inhalers 
(DPIs) have also been identified as a patient-friendly, noninvasive method for local delivery of drugs to the lungs. Therefore, 
this work, which is the first of its kind, aimed to formulate nanoparticles of date palm extracts as DPIs and evaluate their 
aerodynamic and antibacterial biofilm characteristics for the potential treatment of CF.
Method  Chitosan-based nanoparticles (CDN) comprising aqueous date fruit extract with increasing concentrations of chi-
tosan (0.05, 0.1, and 0.2% w/v) were prepared. The in vitro aerosolization of the formulations was studied using a next-
generation impactor (NGI), and good aerosolization profiles were achieved. The produced nanoparticles were characterized 
using FTIR and XRD to confirm physical properties and TEM and zeta sizer to confirm shape and size. The antimicrobial 
activity of CDN was evaluated using a Pseudomonas aeruginosa biofilm model cultured in an artificial sputum medium 
(ASM) mimicking cystic fibrosis conditions in the lungs.
Results  Nanoparticles containing 0.05% w/v chitosan demonstrated the highest encapsulation efficiency (55.91%) and 
delivered the highest emitted dose (98.92%) and fine particle fraction (42.62%). CDN demonstrated the first-time-ever 
reported significant 3.3 log-cycle inhibition of P. aeruginosa biofilm cultured in ASM. TEM images revealed the formation 
of spherical particles with an average size of 42.98 ± 19.19 nm. FTIR and XRD studies demonstrated the compatibility of 
the components with the presence of the characteristic features of chitosan and date powder.
Conclusions  This novel work showcases CDN as a prophylactic adjuvant for the management of cystic fibrosis using DPI.

Keywords  Cystic fibrosis · Date palm · Dry powder inhaler · Nanoparticles · Phoenix dactylifera · Pseudomonas 
aeruginosa biofilm
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ASM	� Artificial sputum medium
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NGI	� New-generation impactor
OD600	� Optical density
RD	� Respirable dose
SD	� Standard deviation

Introduction

The prevalence of cystic fibrosis (CF) is 1 in 2500, with the 
carrier frequency of CF as 1 in 28 in North American white 
populations and 1 in 84 in African Americans [1]. CF is an 
inherited disorder due to a mutation of the cystic fibrosis 
transmembrane conductance regulator (CFTR) gene that 
causes severe damage to the lungs, digestive system, and 
reproductive organs. The CFTR gene is responsible for the 
regulation of chloride ion transport across the cell mem-
brane. Defects in this gene cause unnatural movement of 
salt and water across cells and affect the cells that produce 
mucus, sweat, and digestive juices, resulting in the produc-
tion of sticky and thick secretions that block passageways, 
ducts, and tubes, especially in the lungs and pancreas [2]. 
There is no known cure for CF, and the most common com-
plications come from lung infections. Acute lung infections 
are treated with antibiotics, which may be given intrave-
nously, by inhalation, or by mouth [3]. Excessive thick 
mucus will lead to blockage of distal airways, which lim-
its pathogen clearance and host defense causing recurrent 
infections by providing a favorable environment for bacte-
rial growth. Pseudomonas aeruginosa is the main pathogen 
leading to lung infection in CF patients. Chronic infection of 
Pseudomonas aeruginosa in CF patients is associated with 
biofilm formation. The formation of biofilm highly increases 
antibiotic resistance, leading to ineffective treatments [4]. 
Managing CF entails using airway clearance therapies, anti-
inflammatory medications, and antibiotics for treatment and 
prophylaxis. Oral, intravenous (IV), and aerosolized antibi-
otic formulations are indicated for use in CF patients [3]. 
However, as the resistance of Pseudomonas aeruginosa to 
many antibiotics is emerging, the need for alternative man-
agement options is high.

Long-term use of antibiotics can improve clinical status, 
improve lung function, and improve survival. However, it 
causes adverse effects such as diarrhea, skin rashes, candidi-
asis, ototoxicity, and nephrotoxicity and leads to the emer-
gence of antibiotic resistance [5]. Despite ongoing efforts for 
developing new antibiotics, the use of antibiotic adjuvants is 
prevailing as an alternative approach to overcome bacterial 
resistance. These adjuvants have the potential to be used 
alone or in combination with commonly used antibiotics to 
reduce resistance, reduce the dose, or broaden the spectrum 
of antibiotic activity. Such strategies prolong the life span 
of available antibiotics [6, 7].

Date fruits (Phoenix dactylifera L.) contain carbohy-
drates, salts, minerals, dietary fibers, vitamins, fatty acids, 
and amino acids [8]. Ferulic, p-coumaric, flavonoids, sinapic 
acids, and procyanidins contribute to the antioxidant activity 
of date fruit [9–12]. Research findings indicated that date 
fruit consists of 13 flavonoid glycosides of quercetin, api-
genin, and luteolin. Constituents of dates such as flavonoids 
and phenolics have an important role in cancer control via 
the regulation of key genetic pathways that demonstrated 
no side effects [13]. Recently, Badawi [14] investigated the 
antioxidant and antibacterial properties of nanoparticles 
prepared from date seeds and reported approximately 100-
fold and 1.2-fold increases, respectively, in the antioxidant 
and antibacterial properties of the nanoparticles compared 
with the date seed extracts. The transcription factors LOX 
and NF-kB play a critical role in cancer, diabetes, inflam-
mation, infection, and other diseases. Regulation of these 
factors is a significant process in the prevention of different 
diseases. Flavonoids and phenols, which are constituents of 
date fruit, act as anti-inflammatory and antibacterial agents 
[15]. Furthermore, previous studies have reported the effi-
cacy of date sap for the treatment of lung injuries. After 
application to a murine model of pulmonary fibrosis, results 
demonstrated that date sap can attenuate bleomycin-induced 
lung fibrosis due to its richness in phenolic compounds, 
vitamins, anti-oxidative, and anti-fibrotic effects [16, 17]. 
Dry powder inhalers (DPIs) are an ideal delivery choice to 
reduce adverse effects since they act locally by delivering 
antibiotics or other drugs directly to the lungs and reaching 
infected airways, therefore allowing effective treatment of 
lung infections. In addition to that, DPIs enhance patient 
adherence to the medication [5]. Therefore, the aim of this 
study was to develop nanoparticles made from date fruit 
extract with chitosan polymer using an ionotropic gelation 
technique, deliver these to the lungs using a dry powder 
inhaler, and assess the antimicrobial activity against Pseu-
domonas aeruginosa as a potential antibiotic adjuvant for 
the management of CF. The produced nanoparticles were 
further characterized for their physical properties using 
X-ray diffraction (XRD), Fourier transform infrared (FTIR), 
transmission electron microscopy (TEM), and zeta sizer.

Materials and Methods

Materials

Zahidi date powder was donated by Woods pur Farms 
(CA, USA). Magnesium citrate (CAS 7779-25-1) was 
purchased from Sinopharm Chemical Reagent Co. Ltd., 
(Mainland, China). Glycerin (CAS 56-81-5), glycine (CAS 
56-40-6), and l-cysteine (CAS 52-90-4) were obtained 
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from Guangdong Guanghua Chemical Factory Co. Ltd. 
(Guangdong, China). DNA from fish sperm (CAS 100403-
24-5), cellulase (CAS 9012-54-8), chitosan (low molecular 
weight (LMW)) (CAS 9012-76-4), and mucin from the por-
cine stomach (type II) (CAS 84082-64-4) were purchased 
from Sigma Aldrich (Steinheim, Germany). Essential 
amino acids (l-histidine (CAS 71-00-1), l-isoleucine (CAS 
73-32-5), l-leucine (CAS 61-90-5), l-lysine (CAS 56-87-
1), l-methionine (CAS 63-68-3), l-phenylalanine (CAS 
63-91-2), l-threonine (CAS 72–19-5), l-tryptophan (CAS 
73–22-3), and l-valine (CAS 72-18-4), as well as nones-
sential amino acids (l-alanine (CAS 56-41-7), l-arginine 
(CAS 74-79-3), l-asparagine (CAS 70-47-3), l-aspartic 
acid (CAS 56-84-8), l-cysteine (CAS 52-90-4), l-glutamine 
(CAS 56-85-9), l-glycine (CAS 56-40-6), l-proline (CAS 
147-85-3), l-serine (CAS 56-45-1), and l-tyrosine (CAS 
60-18-4)), were purchased from Sigma Aldrich (USA). 
Tris (hydroxymethyl) aminomethane (CAS 77-86-1) and 
diethylenetriamine penta-acetic acid (CAS 67-43-6) were 
purchased from SD Fine-Chem Limited (Mumbai, India). 
Potassium hydroxide (KOH) (CAS 1310-58-3), potassium 
chloride (KCl) (CAS 7447-40-7), and sodium chloride 
(NaCl) (CAS 7440-23-5) were obtained from AZ Chemi-
cals, Inc. (ON, Canada). Egg yolk emulsion, nutrient agar, 
and nutrient broth were purchased from Biolab (Budapest, 
Hungary). Hard gelatin capsules size 3 were donated from 
Pharmacare (Amman, Jordan). Acetic acid (CAS 64-19-7) 
was purchased from Labchem (NJ, USA) and acetone (CAS 
67-64-1) was obtained from Alpha Chemika (India).

Preparation of Chitosan Date Extract Nanoparticles

Chitosan-based nanoparticles (CDN) were prepared using 
the method described by Badawi [14] with modifications. 
The ionotropic gelation technique was employed to pro-
duce nanoaggregates as an alternative to the carrier-based 
formulation for the delivery of dry powder inhaler formu-
lation. This technique is optimum for the encapsulation 
of extracts, using chitosan nanoparticles to encapsulate 
the date fruit extract [14]. Initially, chitosan polymer was 
dissolved in acetic acid to produce various concentra-
tions (0.2 g (F1), 0.1 g (F2), and 0.05 g (F3) in 50 mL 
of 1% (v/v) acetic acid). The viscosity of these solutions 
was determined for 10 min using an Ubbelohde glass 
capillary viscometer Rheotek, Poulten Selfe & Lee Ltd. 
(Essex, England) with the temperature set at 20 °C. The 
chitosan solution was then placed on a magnetic stirrer at 
100 rpm for 24 h at room temperature. After that, the pH 
was adjusted to 5 using 1 N NaOH. The date fruit extract 
was prepared by weighing 10 g of the date fruit powder 
and marinating it in 100 mL of distilled water for 48–72 h 
at room temperature. After adding the chitosan solution 

dropwise, 50 mL of the filtered extract with 120 mg of 
the cross-linker, sodium chloride. The solution was kept 
at room temperature for 24 h with continuous stirring at 
110 rpm. Next, the solution was centrifuged using a Het-
tich Universal 30 RF centrifuge device (Germany) at a 
speed of 11,000 rpm for 30 min, with the removal of any 
residual acetic acid. The precipitate was placed in the oven 
at 30 °C to dry for 24 h. Upon drying, the powder was 
ground using a mortar and pestle, and then the powder was 
sieved using a sieve with an aperture size of 32 µm. The 
powder was kept in an airtight container until required.

Physicochemical Characterization

Hydrodynamic Particle Size Analysis

The mean hydrodynamic particle size, polydispersity index 
(PDA), and zeta potential of chitosan powder, palm date fruit 
powder, and the produced CDN were determined using the 
Malvern Zetasizer Nano ZS90 (Malvern Instrument, UK). 
A small quantity (~ 5 mg) of each sample was suspended 
in 10 mL of distilled water and a bath sonicated for 30 s to 
break agglomerates. The temperature was set to 25 °C, and 
each sample was measured in triplicate.

Fourier Transform Infrared Spectroscopy

FTIR spectra of date powder, chitosan, and CDN samples 
were recorded using a Perkin Elmer FTIR spectrometer 
(OH, USA). The Spectrum 10 software was employed for 
the analysis of the produced spectra. Prior to measurement, 
a few milligrams of the sample were placed on the laser lens. 
For each sample, the FTIR spectral scans were recorded to 
cover a range of 500–4000 cm−1 with a resolution of 2 cm−1.

Transmission Electron Microscopy

To enhance understanding of the morphological composition 
of the nanoparticles, the CDN sample was analyzed using 
a transmission electron microscope (JEOL-JEM-2100F, 
Japan) and a high-resolution TEM (HR-TEM) attached with 
selected area electron diffraction. A small amount of powder 
was suspended in water, and TEM analyses were acquired 
by adding almost 5 μL of the CDN suspension onto a copper 
grid and drying for 10 h at room temperature. The experi-
ments were run at an accelerating voltage of 200 kV with-
out any further modification or coating of the sample. The 
ImageJ software (Fiji) version 1.53t was used to calculate 
the particle size of the produced nanoparticles.
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X‑ray Diffraction

XRD analysis for the CDN was conducted using an X-ray 
diffractometer model D8 Phaser from Bruker AXS (Ger-
many). The processing conditions were as follows: X-ray 
generator set at 30  kV and 10  mA using Co tube with 
LYNXEYE detector. The diffractions were recorded over a 
(2θ) range from 4 to 50° at a rate of 0.02° 2θ s−1. The Topas 
software (Bruker, AXS) was employed to generate and ana-
lyze the produced diffraction peaks.

Encapsulation Efficiency

To calculate the encapsulation efficiency (EE) of CDN, the 
following procedure was used. Firstly, the mixture contain-
ing the CDN was centrifuged at 11,000 rpm for 30 min. The 
supernatant was separated from the pellets at the end of 
the centrifugation. Secondly, the amount of the free com-
pounds in the supernatant was measured based on measuring 
the absorbance by UV-spectrophotometry at lambda max 
350 nm. The encapsulation efficiency of date powder was 
calculated according to Eq. (1).

Assessment of Aerodynamic Performance of the CDN Using 
the New‑Generation Impactor

The developed formulation was filled into size 3 hard gelatin 
capsules and tested using a new-generation impactor (NGI; 
Copley Scientific Limited, Nottingham, UK). For each run, 6 
capsules of 20 mg each were used. The Aerolizer® was used 
as the actuation device. Trays of NGI were treated with 1% 
glycerin in an acetone solution and left to dry. The purpose 
of conditioning is to prevent particles from bouncing back. 
Tray weights were measured before and after each actuation. 
The formulations were run at a flow rate of 60 ± 5 L/min to 
produce a pressure drop of 4 kPa. The pre-separator was 
filled with 15 mL of distilled water. Each actuation was run 
over 4 s. Results were used to assess the aerodynamic param-
eters such as fine particle fraction (FPF), respirable dose 
(RD), emitted dose (ED), and mass median aerodynamic 
diameter (MMAD). RD was defined as the total mass of the 
particles that settled on the NGI trays from trays 2 to 7. The 
mass of the particle was measured by weighing each tray 
before and after performing the NGI. The calculations were 
based on 6 capsules per batch, and each capsule contained 
20 mg of the CDN—fit the aerosolized. The FPF of the 
emitted dose (FPF-ED) was calculated by dividing the RD 
by the emitted dose, whereas the FPF of the nominal dose 
(FPF-ND) was calculated based on the RD divided by the 

(1)EE% =
Total amount of date extract − Total amount of free date extract

Total amount of date extract
× 100

theoretical (nominal) dose. The emitted dose was calculated 
based on the cumulative content obtained from the induc-
tion tube, pre-separator, and trays 1 to 8. The calculations 
of MMAD were according to the USP method < 601 > [18]. 
Using a flow rate of 60 L/min, the MMAD was calculated 
based on previous work [19]. All results were generated in 
triplicates and reported as mean ± SD.

Biological Characterization

Assessment of Biological Activity of CDN and Date  
Fruit Extract

For the assessment of the biological activity, the mini-
mum inhibitory concentration (MIC) and minimum bac-
tericidal activity of the CDN and ethanolic date extracts 
were tested. The effect of Pseudomonas aeruginosa bio-
film cultured in an artificial sputum medium (ASM) that 
resembles cystic fibrosis sputum was evaluated. ASM 
was prepared following the method by Kirchner et al. [20] 
(Table 1). For the preparation of date fruit extract, 10 g 

of date powder was soaked in 100 mL of ethanol for 48 h 
at room temperature, then the extract was centrifuged at 
11,000 rpm for 20 min (Hettich Universal 30 RF, Ger-
many) and filtered to obtain a clear solution. The solution 
was placed to dry in a water bath at 50 °C until the etha-
nol was completely evaporated. The residue was stored 
at − 20 °C in an amber-colored bottle until use.

MIC and MBC Test for CDN and Date Fruit Extract

Overnight culture of Pseudomonas aeruginosa (ATCC 
15692) in nutrient agar plates at 37  °C was adjusted 
in nutrient broth to match 0.5 McFarland. Solutions of 
CDN and 100% ethanolic date extract are first diluted to 
the proper concentration using nutrient broth, and then 
serial half dilutions of 100 µL are made in 96-well plates 
using nutrient broth. The concentrations of 100% etha-
nolic extract from 366 to 15 mg/mL and concentrations 
of CDN from 18 to 0.75 mg/mL were tested. The bacte-
rial suspension was added to each well in 10 µL volumes 
(ca. 1.5 × 106 CFU). The MIC was considered the lowest 
concentration with no visible Pseudomonas aeruginosa 
growth or turbidity, and the minimum biocidal concen-
tration was considered the lowest concentration with no 
growth. Each test was repeated three times.
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Biofilm Formation

Biofilm culture on ASM was prepared according to the 
procedure described by Kirchner et  al. [20]. The day 
before the experiment, Pseudomonas aeruginosa was 
cultured in nutrient agar plates and incubated overnight at 
37 °C. Eighty milligrams of either CDN (F3) or date etha-
nolic extract was added to 6 mL of sterile ASM to obtain 
a final concentration of 13 mg/mL in each solution (solu-
tions A and B). Furthermore, 12 mg of chitosan powder 
was added to 6 mL of sterile ASM to produce 2 mg/mL 
of chitosan solution (solution C). Moreover, an additional 
ASM alone was considered a control (solution D). In a 
24-well plate, 1.8 mL of each solution (A, B, C, and D) 
was added to three wells (3 replicates each). The overnight 
culture of Pseudomonas aeruginosa was diluted in nutrient 
broth to an optical density (OD600) of 0.1 ± 0.02 Au/cm. 
The ASM (solutions A, B, C, and D) was inoculated with 
18 µL of the bacterial suspension in all wells, while the 
negative control contained ASM only. Finally, the 24-well 
plate was secured with laboratory parafilm and incubated 
in a shaker incubator for 48 h at 37 °C while shaking at 
75 rpm (Lab Shaker Incubator model: IN-666 (Gemmyco 
Taipei, Taiwan)). After incubation, 100 μL of 100 mg/mL 
cellulase (diluted in 0.05 M citrate buffer) was added to all 
wells to disrupt the bacterial biofilms, and the plate was 
incubated at 37 °C for 1 h while shaking at 150 rpm. Man-
ual pipetting of the biofilms was then done to ensure dis-
ruption. The ASM-containing wells were serially diluted, 
and 100 µL of each dilution was cultured on nutrient agar 

plates and incubated overnight at 37 °C. Colonies were 
counted from the plates to determine the CFU/mL. Log-
transformed bacterial counts (CFU/mL) were evaluated.

Statistical Analysis

All experiments carried out in replicates were reported as 
mean ± standard deviation (SD). Where needed, one-way or 
two-way ANOVA as well as Tukey post-test were reported 
using Minitab v. 18 statistical pack. The level of significance 
was set at 0.05. For NGI experiments, 6 capsules were used 
from each batch.

Results and Discussion

Physicochemical Characterization of Formulated CDN

Three formulations were prepared, and the produced CDN 
resulted in a fine and fluffy powder. Chitosan is a polymer 
that requires an acidic environment to dissolve; therefore, 
a 1% v/v acetic acid solution was used. Acetic acid is the 
most widely used solvent, and its concentration depends 
on the molecular weight of chitosan [21]—LMW chitosan 
was used. Acidic solutions result in the protonation of the 
amine group of chitosan and hence increase solubility [22]. 
However, the acidic solvent type alters the properties of 
the polymer [23]. Studies showed that using acetic acid 
solvent reduced the water vapor uptake when compared to 
lactic acid-based solvents, which is favorable for inhalation 

Table 1   Summary of materials and processing conditions for the development of ASM

Ser no. Material/process Quantity Medium/volume Conditions

1. Fresh sperm DNA 4 g Sterile water/250 mL Dissolved slowly for 24 h at room 
temperature (solution 1)

2. Porcine stomach mucin (type II) 5 g Sterile water/250 mL Dissolved slowly at room 
temperature (solution 2)

3. All amino acids (excluding 
l-tyrosine and l-cysteine)

250 mg from each amino acid Sterile water/100 mL Dissolved slowly at room 
temperature (solution 3)

4. l-cysteine 250 mg 0.5 M KOH/25 mL Dissolved slowly at room 
temperature (solution 4)

5. l-tyrosine 250 mg Sterile water/25 mL Dissolved slowly at room 
temperature (solution 5)

6. Diethylenetriaminepentaacetic acid 
(DTPA), NaCl, and KCl

5.9 mg/5 g/2.2 g Sterile water/100 mL Dissolved slowly at room 
temperature (solution 6)

7. Combine solutions 1–6 into 1 
L bottle then add egg yolk 
emulsion

5 mL Add sterile water 
to make a total of 
850 mL

Mix at room temperature

8. pH adjustment Quantity sufficient from the buffer 1 M Tris buffer (pH 8.5) Adjust to pH 6.9
9. Adjust total solution volume Up to 1 L Sterile water
10. Filtration sterilization Syringe filter 0.20 μm
11. Storage at 4 °C in the dark Stable for 4 weeks
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formulations [23, 24]. Also, reports demonstrated that chi-
tosan-based materials using acetic acid produced formula-
tions with higher rigidity, antibacterial activity, and a lower 
tendency to deform in comparison with samples prepared 
using lactic acid solvent [23].

FTIR and XRD Analysis

FTIR spectra of chitosan powder as can be seen from 
Fig. 1a showed all characteristic bands for polysaccha-
rides. A strong band around 3300 cm−1 corresponds to 
N–H stretching, O–H stretching, and the intramolecular 

hydrogen bonds. Whereas the absorption bands at around 
2866  cm−1 are attributed to C–H stretching [25]. The 
troughs at 1645 cm−1 and 1315 cm−1 indicate the pres-
ence of N-acetyl groups (stretching of the C = O and C–N 
of the amide group, respectively). Additional characteristic 
troughs at 1120 cm−1 can be attributed to the asymmetric 
stretching of the C–O–C, while two additional bands at 
1064 and 1026 cm−1 correspond to C–O stretching. The 
results of this work are in concordance with other reported 
results [26–28].

FTIR analysis of crude palm date fruit powder showed 
troughs and peaks that represent either stretching, bend-
ing, or vibration of specific bonds. Figure 1b depicts a 
wide trough at around 3306 cm−1, which is assigned to 
hydroxyl group O–H stretching. This has been reported 
to correspond to cellulose and water content [29]. The 
characteristic trough noted at 2913 cm−1 was attributed to 
C–H stretching vibrations, whereas troughs at 1612 and 
1015 cm−1 were assigned to carbonyl (C = O) and C–OH 
stretching, respectively. Such results tally with results 
obtained from Farhadi and colleagues [30]. The FTIR 
spectra of the physical mix of chitosan and date fruit pow-
ders can be seen in Fig. 1c. Apparently, there is an over-
lap between bands; however, some characteristic bands 
for either chitosan and or date fruit could be seen in the 
physical blend. Furthermore, the FTIR spectra of the CDN 
formulations F1, F2, and F3 (Fig. 1d–f) demonstrated a 
similar pattern to that of the date powder, with a slight 
reduction in the trough within the range of 2900 cm−1. 
The change is related to the percentage of chitosan used 
and the amount of entrapped date fruit extract. Overall, 
no change in date composition upon inclusion in the CDN 
was observed.

X-ray diffraction studies of date palm fruit powder 
(Fig. 2a) demonstrated the crystalline nature of its content, 
owing to the sharp peaks at 2θ = 11.78°, 13.2°, 18.92°, 
19.42°, 22.14°, 24.86°, 31.06°, and 32.02°. This is the first 
report of XRD for date powder or extracts in the litera-
ture. XRD of chitosan powder (Fig. 2b) demonstrated the 
amorphous nature of chitosan with a wide peak at 2θ = 20° 
and a sharp peak at 20°, which is in line with the reported 
results in the literature [31–34]. The physical mixture of 
chitosan and date fruit powder, as can be seen in Fig. 2c, 
showed the characteristic diffraction of dates fruit powder 
and chitosan. Furthermore, chitosan containing date fruit 
extract for the three formulations can be seen in Fig. 2d–f. 
The three XRD patterns showed similar trends with broad 
peaks at 2θ = 10° and 2θ = 20°, related to chitosan [31]. 
However, lower chitosan concentrations as in F2 and F3 
showed a sharp peak at around 2θ of 26° and could repre-
sent the crystalline component of date extract. In conclu-
sion, as expected, the CDN retained the key characteristic 
features of chitosan material.

Fig. 1   FTIR spectra of (a) chitosan powder, (b) date palm fruit pow-
der, (c) chitosan:date fruit powder physical mixture, (d) F1, e (F2), 
and (f) F3 over the wavenumber range from 450 to 4000 cm−1
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Particle Size and Surface Properties

Particle size and surface charge (zeta potential) analyses 
using the zeta sizer (Table 2) showed that raw materials 
(chitosan, palm date fruit powder, and the physical mix of 
both) presented as aggregated powders with large mean 
hydrodynamic particle size exceeding 1.15 µm, 1.01 µm, 
and 0.921 µm, respectively. The presence of aggregates and 
uneven size distribution was due to the high PDI for the 
three samples. However, the CDN nanoparticles exhibited a 
nanosize range between 98 and 156 nm, which is within the 
optimal range for drug delivery [35]. The average diameter 
of CDN was slightly higher (one-way ANOVA, p = 0.148) in 
formulations with higher chitosan content (F1: 0.2%), which 
agrees with other findings [36, 37]. Furthermore, the zeta 
potential values were measured for all the samples, and the 
chitosan particles displayed a positive value (+ 15.87 mV) 
that is attributed to the positively charged-NH3

+ functional 
groups on chitosan’s molecular chain [38]. Additionally, 
date palm fruit powder displayed a negative charge, which is 
thought to be due to the presence of negatively charged func-
tional groups within the material. The addition of date fruit 
extract to chitosan during the entrapment process caused a 
reduction in the particles’ negative charge, which could be 
attributed to the presence of the positively and negatively 
charged particles of chitosan and date fruit extract, respec-
tively. The change of zeta potential was significant among 
CDN formulations (one-way ANOVA, p = 0.000), which is 
related to the amount of chitosan and the entrapment effi-
ciency of the final formulation.

The next step was to assess the EE of the nanoparticles 
as an indication of their carrier efficiency, and thus, their 
ability to deliver higher doses to the respiratory system (see 
Table 3). The EE increased with a reduction in chitosan 
concentration. F1 with a chitosan concentration of 0.05% 
w/v, produced the highest entrapment efficiency of 55.91% 
(p = 0.000). Several researchers reported an increase in 
entrapment efficiency upon the reduction of chitosan con-
centration [39, 40]. This could be attributed to the lower 
viscosity of the medium of F3 (4.52 cP), which is associated 

Fig. 2   XRD pattern of the (a) date palm fruit powder, (b) chitosan 
powder, (c) chitosan:palm fruit powder physical mix, (d) F1, (e) F2, 
and (f) F3

Table 2   Particle size analysis 
(particle size, polydispersity 
index (PDI), and zeta potential) 
of chitosan powder, date palm 
fruit powder, physical mix, 
and the CDN (F1, F2, and F3) 
(mean ± SD, n = 3)

Material Particle size (nm) PDI Zeta potential (mV)
Mean ± SD, n = 3 Mean ± SD, n = 3 Mean ± SD, n = 3

Chitosan powder 1150.25 ± 98.77 0.838 ± 0.054 15.87 ± 0.713
Date palm fruit powder 1005.55 ± 453.03 0.711 ± 0.212  − 18.07 ± 0.819
Chitosan:date powder physi-

cal mix
921.25 ± 210.95 0.665 ± 0.076  − 14.058 ± 0.423

F1 156.18 ± 32.95 0.341 ± 0.101  − 3.093 ± 0.211
F2 135.66 ± 39.88 0.295 ± 0.174  − 6.227 ± 0.389
F3 98.76 ± 18.21 0.305 ± 0.099  − 10.357 ± 0.305
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with a low chitosan concentration. This might enable a 
reduction in liquid phase resistance against dispersion and 
the formation of nanoparticles. Several studies also reported 
the effect of chitosan solution viscosity on entrapment effi-
ciency [41, 42]. The change in encapsulation was most pro-
found at higher chitosan concentrations. Similar results were 
reported by Vandenberg et al. [42].

In Vitro Evaluation of the Aerodynamic Properties 
of the CDN Using NGI

Date fruit has many pharmacological properties, including 
antioxidant, anti-inflammatory, and antimicrobial properties. 
In general, the quantity of drug that is delivered to the tar-
geted site of action is fundamental in the biological response 
and pharmacodynamic effect. Therefore, CDN should reach 
the lower parts of the lungs to produce the expected action. 
Therefore, this part of the study aimed at determining the 
efficiency of the formulation employing FPF, which is the 
most commonly used parameter to assess the in vitro aerody-
namic properties of the formulations. The targeted FPF was 
more than 20%, and the desired ED was more than 60% in 
all formulations. Such targets were based on average results 
reported for marketed dry powder inhalers [43].

Figure 3 highlights the key aerodynamic parameters, 
namely, %ED, %FPF of the ED (%FPF-ED), RD, and %FPF 

of the nominated dose (FPF-ND). The results revealed that 
the CDN generated FPF-ED ranging from 21.50 to 42.56%, 
which exceeded the targeted range for the three formula-
tions. From Fig. 3, F3 demonstrated significantly higher 
values of FPF-ND, FPF-ED, and RD (one-way ANOVA, 
p < 0.05). The results suggest that lower chitosan content 
resulted in less dense particles and hence better aerodynamic 
performance.

“The percentage of the nominal dose that is emitted from 
the dosage unit (capsule) upon actuation is expressed as the 
ED” [44]. From Fig. 3, there was no significant difference 
in ED among formulation (F1–F3) (94.5, 80.41, and 98.91, 
respectively) (one-way ANOVA, p = 0.098). Nevertheless, it 
was noted that F3 showed the lowest variation between runs 
as can be seen from the low magnitude of the error bars. 
Such results were expected as the light and fluffy produced 
from the three batches would support the pulmonary deliv-
ery of the formulations.

The second parameter was FPF-ED, which represents 
“the percentage of the emitted dose that can deposit into 
the lower region of the respiratory system (mainly alveoli) 
and has an aerodynamic particle size that ranges between 1 
and 5 µm” [45, 46]. F3 had the highest FPF-ED of 42.56%, 
and the difference among formulations was statistically sig-
nificant (one-way ANOVA, p = 0.042). In general, larger 
FPF may result in higher systemic availability of CDN [47]. 
Moreover, the results of FPF-ND had a good representation 
of the amount within the nominated dose that is deposited 
into the lower part of the lungs. FPF-ND in the three formu-
lations showed a significant difference among formulations 
(one-way ANOVA, p = 0.040). All three formulations pro-
duced FPF-ND above the anticipated target of 20%; how-
ever, F3 was superior at 42.6%.

Figure 3 also presents the RD for the three formulations. 
F3 showed the highest RD (6.75 mg) per actuation fol-
lowed by F2 (4.01 mg) and F1 (3.62 mg) per actuation. This 

Table 3   Viscosity and encapsulation efficiency (EE) of CDN using 
various concentrations of chitosan (mean ± SD, n = 3)

Sample no. Chitosan% 
(w/v)

Viscosity (cP) EE% p value

F1 0.2 21.78 ± 4.57 21.66 ± 1.04 0.000
F2 0.1 10.05 ± 3.99 46.01 ± 1.23
F3 0.05 4.52 ± 0.54 55.91 ± 0.70

Fig. 3   Summary of the in vitro 
aerodynamic performance of 
CDN using NGI. Each capsule 
contained 20 mg of the CDN. 
F1: 0.2% w/v chitosan, F2: 0.1% 
w/v chitosan, F3: 0.05% w/v 
chitosan. Results are presented 
as mean ± SD, n = 3. ED, 
%Emitted dose; FPF-ED, fine 
particle fraction from emitted 
dose; FPF-ND, fine particle 
fraction from nominated dose; 
RD, respirable dose
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difference was significant (one-way ANOVA, p = 0.040). 
The reduction in RD is attributed to the lower chitosan 
concentration resulting in less dense particles and hence 
enhanced deposition of the nanoparticles at the lower parts 
of the lungs. Previous research reported that the concentra-
tion of the chitosan solution plays a crucial role in affecting 
the particle size [37].

The MMAD results for F1–F3 are shown in Table 4. The 
MMAD results for CDN showed a statistically significant 
variation among formulations (one-way ANOVA, p = 0.000), 
ranging from 1.31 to 1.46 µm. The reduction of chitosan 
concentration resulted in lower particle size, and such results 
are in line with the aerodynamic parameters of the three 
formulations. Lower chitosan concentrations resulted in 
higher EE, ED, FPF, and RD. Furthermore, an examination 
of the geometric standard deviation (GSD) indicated that 
the three formulations produced particles with similar par-
ticle size distribution (GSD) (one-way ANOVA, p = 0.427). 
These results exhibited a potential strategy to deliver date 
fruit powder extract to the lower parts of the respiratory 
system. The CDN produced after freeze-drying generated 
nanoaggregates within the favorable aerodynamic particle 
size range of 1–5 µm. Once the aggregates are deposited into 
the alveoli region within the respiratory system, they tend to 
disperse into their primary nanosized particles, which will 
delay the fast clearance process and therefore have the poten-
tial for extended local effect [48].

Figure 4 illustrates the detailed distribution of particles 
through every stage in the NGI for F1–F3. It is divided into 

three sections; the first represents the extrathoracic deposi-
tion. This part involves particles that are larger than 8 µm, 
which will deposit into the upper parts of the respiratory 
system. The second part is pulmonary, which produces opti-
mal pulmonary deposition (cutoff size of 1–5 µm). The third 
section represents the extrapulmonary (smaller particles that 
will not enter the respiratory system) and extrathoracic with 
particles exceeding 8 µm (particles deposited at the mouth-
piece, induction tube, and stage 1). From the graph, F3 
showed the lowest extrathoracic deposition while having the 
highest percentage of pulmonary deposition. Interestingly, 
the three formulations had limited extrapulmonary deposi-
tion. Furthermore, Fig. 5 shows the deposition of CDN in 
the stages of the NGI device. As can be noted from the graph 
(Fig. 4), deposition was mainly concentrated on trays 2–5.

The development of nanoaggregates is a key approach in 
pulmonary drug delivery. The aerodynamic performance of 
the developed CDN revealed the ability of the particles to 
produce micronized aerodynamic particles that can deposit 
on the lower parts of the respiratory system. The developed 
particles (formulation F3) were further assessed using TEM. 
Figure 6A, B highlights the agglomerated particles with an 
almost spherical shape. A closer look at the particles, as can 
be seen in Fig. 6C, D, reveals smooth surfaces with pores. 
Porous material supports the aerodynamic performance of 
the particles and, hence, effective pulmonary drug delivery. 
A study by Gharse and Fiegel [49] reported the enhanced 
aerodynamic properties of porous materials, which enable 
even larger particles to deposit deeper into the lung due to 
their low density when compared with less porous mate-
rials [49]. The particle size of the produced nanoparticles 
was measured using the ImageJ software (Fig. S1), which 
demonstrated an average particle size of 42.98 ± 19.19 nm 
(n = 42). However, it was noted that the exact particle diam-
eter of the CDN as calculated from the TEM images using 
the ImageJ software was lower than the hydrodynamic 
diameter that was obtained using the zeta sizer for F3. 

Table 4   MMAD and GSD of the three CDN formulations

Formulation MMAD (µm) GSD

F1 1.46 ± 0.09 0.073 ± 0.01
F2 1.39 ± 0.11 0.070 ± 0.009
F3 1.31 ± 0.13 0.068 ± 0.011

Fig. 4   In vitro comparison of 
the aerodynamic particle size 
distribution of the three formu-
lations demonstrating the lung 
deposition of CDN using NGI 
set at a flow rate of 60 L/min
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This discrepancy has been previously reported by various 
research findings, as the diffraction laser technique esti-
mates the average diameter of the particles, including the 

hydration layer that surrounds the particles’ outer surface, 
while the TEM image shows the exact diameter of the pro-
duced NPs [35, 50]. Furthermore, this difference also could 

Fig. 6   Morphological characterization of CDN (F3) using TEM. Arrows highlight the pores within the surface of the particles (with increasing 
magnifications A, B, C, and D, respectively)

Fig. 5   Deposition of the chitosan date nanoparticles onto the NGI apparatus highlights the brown powder from trays 1 to 7 (labeled from left to right)
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be attributed to the formation of aggregates in the nanosus-
pension that increased the mean size.

Biological Characterization

Assessment of the Biological Activity of CDN and Extract

The next set of investigations focused on assessing the bio-
logical activity of the produced CDN. As discussed earlier, 
Pseudomonas aeruginosa is the main bacterium in cystic 
fibrosis. Hence, this part of the work assessed the antibacte-
rial activity of CDN formulations using the Pseudomonas 
aeruginosa biofilm model cultured in ASM that mimics con-
ditions in cystic fibrosis. Furthermore, the ethanolic extract 
was prepared and assessed to identify if different extracts 
showed antibacterial effects as well.

MIC and MBC of Ethanolic Date Extract and CDN

MIC and MBC results showed the superior effect of CDN 
in comparison to 100% ethanolic extract (Table 5). Such 
results are in accordance with reports on the superiority of 
nanoparticles [30].

Evaluation of Biofilm Inhibition

The activity of CDN against Pseudomonas aeruginosa 
biofilm, which is more resistant than the planktonic 
form, was evaluated. The thick mucus in the lungs of 
cystic fibrosis patients is a suitable condition for bacte-
rial growth. Moreover, evaluation of the activity in condi-
tions resembling CF mucus is of vital importance as the 
phenotypic characteristics of P. aeruginosa biofilm are 
related to nutritional conditions [4]. Date extract activity 
against P. aeruginosa has been previously reported [51, 
52]. However, no inhibitory activity against P. aeruginosa 
biofilm grown in ASM-mimicking conditions in CF lungs 
has been assessed before. Therefore, this part of the work 
focused on assessing the ability of CDN and date ethanolic 
extract to inhibit biofilm formation in a model mimicking 
condition in CF by utilizing ASM as a culture medium for 
biofilm formation.

Date fruit ethanolic extract failed to inhibit biofilm 
formation (Fig. 7). Chitosan showed biofilm inhibitory 

activity for almost one log cycle. Whereas CDN resulted 
in a significant 3-log cycle reduction of the bacterial load. 
Knowing that cystic fibrosis patients will certainly have 
biofilms [3], this formulation could be introduced as a 
prophylactic treatment to prevent biofilm formation in CF 
patients or used as an antibiotic adjuvant in the manage-
ment of CF.

Several studies reported the antibacterial effect of date 
fruit extracts against other organisms such as Escherichia 
coli, Staphylococcus aureus, Streptococcus pyogenes, and 
Pseudomonas aeruginosa [53–55]. Furthermore, AlFaris 
[12] reported the powerful antioxidant activity of date fruit 
extract due to the presence of phenolic compounds. The 
anti-inflammatory, antioxidant, and antibacterial activities 
of palm date fruit extract were also reported in several 
publications [11, 30, 55–57]. This provides the potential 
for investigating the effect of a developed CDN on other 
respiratory conditions.

Following the interesting results from formulated CDN, 
future studies need to investigate the release pattern of 
the produced nanoparticles and conduct in vivo studies 
to evaluate the effectiveness of such formulations; along 
with the scalability and cost-effectiveness of the approach. 
Further research could explore the long-term safety and 
efficacy of the treatment, as well as potential side effects 
and patient adherence to inhalation therapy.

Conclusions

Cystic fibrosis is a disorder that causes severe damage to 
the respiratory system. The disease causes excessive pro-
duction of mucus, sweat, and digestive juices, resulting in 
the production of sticky and thick secretions that block pas-
sageways, ducts, and tubes, especially in the lungs. Long-
term concerns pertinent to cystic fibrosis include difficulty 

Table 5   MIC and MBC results of 100% date ethanolic extract and 
CDN

Test 100% date ethanolic extract 
concentration (mg/mL)

CDN (mg/
mL)

P value

MIC 91.5 4.5  < 0.05
MBC 183 18  < 0.05

Fig. 7   The effect of CDN (13.3  mg/mL) and the ethanolic date 
extract (13.3 mg/mL) and chitosan (2 mg/mL) on Pseudomonas aer-
uginosa biofilm grown in ASM after 48 h (mean ± SD, n = 3)
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breathing, coughing up mucus, and the buildup of mucus 
in the lungs, which facilitates bacterial growth and causes 
infections, particularly with Pseudomonas aeruginosa. 
Therefore, this research developed nanoparticulate DPI for-
mulations containing dried date fruit extract as a potential 
candidate for the management of cystic fibrosis. There are 
many effective compounds in date fruit that demonstrate 
an antibacterial effect. Chitosan-based nanoparticles were 
prepared and assessed for their aerodynamic performance. 
Results revealed that low-chitosan nanoparticles (0.05% 
w/v) had the highest EE of 56% and delivered the highest 
FPF-ND (42.63%). The CDN was 3 × more effective than 
the extract, against P. aeruginosa biofilm formation. On the 
other hand, NGI studies revealed that the appropriate amount 
of prepared CDN that produced the inhibition effect on bio-
films could be successfully delivered to the lungs and act 
locally at the target site where bronchial bacterial biofilms 
form. This is the first time XRD and P. aeruginosa bio-
film inhibition data have been reported for date fruit extract 
nanoparticles. The result of this work suggests that date fruit 
extract can be employed as an adjuvant for the management 
of chronic conditions such as CF via targeted pulmonary 
delivery with reduced systemic exposure. Further applica-
tions of this work will involve in vivo and then clinical inves-
tigations to evaluate its suitability in clinical practice for the 
management of CF and other respiratory conditions.
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