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1. Introduction

Synthesis and preclinical evaluation of novel
L-cystine-based polyamide nanocapsules loaded
with a fixed-dose combination of thymoquinone
and doxorubicin for targeted pulmonary
anticancer drug delivery

Hadeel Fayez Banat,® Dalia Khalil Ali,® Qais Jarrar,? Esra’a Alomary® and
Eman Zmaily Dahmash (2 *3¢

Innovative synthetic biodegradable polymers containing amino acid moieties are used as pulmonary
anticancer drug delivery systems to efficiently administer drugs in a controlled manner while also
altering the physical and chemical characteristics of therapeutic molecules and the way they are
delivered to the lungs. In this study, the aim was to prepare a new polyamide based on L-cystine amino
acid loaded with a combination of thymoquinone (TQ) and doxorubicin (DOX) nanocapsules (TQ-DOX/
Cys-Py/PA NCs) to be delivered directly to the lungs. TQ-DOX/Cys-Py/PA NCs were created using a
single-step interfacial polycondensation method. The aerodynamic performance assessment shows that
the prepared TQ-DOX/Cys-Py/PA NCs were able to deliver 98.7% and 97.1% of the TQ and DOX
nominated dose, respectively. TQ and DOX with emitted doses of 2008.2 and 110.2 ug can reach the
lower parts of the respiratory system and have an aerodynamic particle size between 1 and 5 pm, which
revealed that the optimum formulation would produce a small particle size (19.89 nm) with high
entrapment efficiency (TQ: 85.4%, DOX: 99.49%) and loading efficiency (TQ: 52.2%, DOX: 15.03). The
targeted release of TQ and DOX in 0.1 M GSH-containing buffer solution demonstrated a faster onset of
action, with 50% released within the first 2 hours. In vivo studies were conducted to demonstrate the
efficacy of TQ-DOX/Cys-Py/PA NCs in enabling targeted drug delivery to the lungs for the treatment of
lung cancer. The results demonstrate exceptional lung targeting and sustained lung retention for at least
24 hours. Furthermore, the toxicity of the TQ-DOX/Cys-Py/PA NCs was assessed by quantifying the
protein carbonyl content. The results showed that the TQ-DOX/Cys-Py/PA NCs exhibited reduced
toxicity to the heart, liver, and kidney compared to free DOX and DOX/Cys-Py/PA NCs.

Pulmonary drug delivery is a favourable alternative method
of administering drugs, offering numerous advantages com-

Development of novel polymer-based drug delivery systems is
required to effectively deliver drugs in a regulated manner while
also modifying the physicochemical and pharmacokinetic proper-
ties of therapeutic molecules.' Polymer nanotechnology focuses
on reducing the toxicity of anticancer drugs and improving their
bioavailability.*™®
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pared to conventional routes.”'° It involves minimal enzymatic
exposure, has fewer systemic side effects, avoids the first-pass
metabolism impact and delivers a higher and more concen-
trated amount of medication to the site of the disease.'""*
Pulmonary drug delivery allows for direct drug access to the
lungs with minimal side effects and a rapid pharmacological
response and is considered a promising alternative strategy for
the treatment of lung cancer.">'* Pulmonary drug delivery
formulations can be composed of either the drug alone or the
drug combined with a compatible carrier. Different types of
carriers, including lipids, sugars, and polymers, are utilized for
transporting pulmonary drugs to the lungs.">™"°

Amino acids are precious building blocks that can be used to
design biodegradable or biocompatible polyamides with many
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physical features.”®* Creating novel synthetic biodegradable
polymers with amino acid moieties for use as drug delivery
systems is highly desirable.?*** Among the several categories of
polymers, polyamides prepared using amino acids possess
notable characteristics like excellent biocompatibility, gradual
degradability, and versatile physicochemical modification
capabilities.>®*® The hydrophilicity of the constituent amino
acids in the polymer affects the degradation rates of the
polymer chain.””>® Polyamides are employed in the composition
of chemotherapeutics to achieve targeted administration over a
specific period, thereby reducing drug-related side effects and
enhancing effectiveness.’**"

A targeted drug delivery system utilising cystine amino acid
as a diamine monomer to create a nonpeptidic polyamide with
a biodegradable component due to the reduction of disulfide
bonds would be appealing. Polymers with disulfide bonds
can react with the elevated levels of glutathione inside cells
and release the drugs they carry by undergoing disulfide-thiol
exchange reactions with GSH. These polyamides were used
to regulate the release of anticancer medications due to the
increased concentration of GSH in some tumour cells compared
to normal cells.>*

Doxorubicin (DOX) is a highly effective drug for the treatment
of various hematopoietic malignancies and solid tumours. Its use
has been limited because of the low bioavailability and severe
side effects, such as irreversible cardiotoxicity, ROS production,
targeting topoisomerase IIf in cardiomyocytes, DNA damage,
therapy-related malignancy, and gonadotoxicity.**?” Due to
these limitations, new formulations containing DOX have been
developed.*®™*

Thymoquinone (TQ) is obtained from the black seed, a plant
that has shown effectiveness in the treatment of cancer. Studies
have shown that the effectiveness of the treatment is improved
when it is enclosed in a liposome that is specifically designed to
target cancer cells. Multiple studies have demonstrated that TQ
possesses the capacity to impede the progression of the tumour
cell cycle. Pharmacokinetic studies have demonstrated that TQ
exhibits a low bioavailability, a sluggish absorption rate, and a
rapid elimination rate.**™*

Co-administering TQ with other chemotherapeutic drugs
can synergistically enhance their therapeutic efficacy while
minimising their toxic effects on cells.*® The combination of
anticancer drugs TQ and DOX can minimise cytotoxicity and
simultaneously maximise efficacy. Encapsulated TQ into lipid-
polymer nanoparticles was reported to enhance its anticancer
and oral delivery efficiency. TQ nanoparticles with free DOX
were prepared to increase DOX efficiency.?” The results demon-
strate that the co-delivery of encapsulated TQ through oral
administration and free DOX could improve the anticancer
efficiency of DOX and result in a higher anticancer activity of
the encapsulated TQ nanoparticles than free TQ. In addition,
this delivery system enhances the TQ bioavailability and cellu-
lar uptake.*®>°

Several independent studies have indicated that combining
TQ and DOX anticancer drugs can have a substantial effect,
reducing the harmful effects on cells while maximising
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effectiveness. However, the potential of using polymeric nano-
capsules derived from cystine amino acid to enhance the
delivery of TQ with DOX for lung cancer treatment remains
unexplored. These newly synthesized TQ-DOX polyamide
based nanocapsules could serve as a promising drug delivery
system, potentially revolutionising lung cancer treatment. We
hypothesise that pulmonary drug administration of these poly-
meric nanocapsules of anticancer drugs TQ and DOX could
directly target the lungs, bypassing cytotoxicity and offering a
new ray of hope in the fight against lung cancer.”* >

2. Materials and methods
2.1 Materials

L-Cystine amino acid, DOX and TQ were purchased from Sigma
Chemicals Co. (Pool, UK). Chloroform, acetonitrile, trifluoroa-
cetic acid (TFA), HPLC grade water (H,0), dimethylsulphoxide
(DMSO), dimethylformamide (DMF), dithiothreitol (DTT)
and phosphate buffered saline (PBS) were supplied by Alpha
Chemika (Mumbai, India). Methanol and thionyl chloride
were supplied by Tedia high-purity solvents (Fairfield, USA).
2,6-Pyridinedicarbonyl dichloride was obtained from Thermo
Fisher Scientific (Karlsruhe, Germany). The protein carbonyl
content kit was obtained from Abcam (Cambridge, United
Kingdom).

2.2 Polyamide and TQ-DOX loaded polyamide

2.2.1 Synthesis of L-cystine based polyamide (Cys-Py/PA).
A mixture of r-cystine (1.20 g, 5 mmol) and NaOH (0.40 g,
10 mmol) was dissolved in 15 mL of distilled water in a 100 mL
round bottom flask. The reaction mixture was cooled in an ice
bath with vigorous stirring. A solution of 2,6-pyridinedicarbonyl
dichloride (1.02 g, 5 mmol) dissolved in 10 mL of chloroform
was then added to the cystine aqueous reaction mixture and
stirred for 30 minutes. Cys-Py/PA was filtered using suction
filtration with filter papers having pore sizes as small as 0.1 um,
then washed with distilled water and acetone, and then dried in
a freeze-dryer for 24 hours to remove the residual solvent.

2.2.2 Synthesis of r-cystine based polyamide loaded with
TQ and DOX nanocapsules (TQ-DOX/Cys-Py/PA NCs). A mixture
of L-cystine (1.20 g, 5 mmol), NaOH (0.40 g, 10 mmol), and DOX
(25 mg) was dissolved in 15 mL of distilled water in a 100 mL
round bottom flask. The reaction mixture was cooled in an
ice bath with vigorous stirring. A solution containing 2,6-
pyridinedicarbonyl dichloride (1.02 g, 5 mmol) and TQ
(200 mg) dissolved in 10 mL of chloroform was then added to
the cystine aqueous solution and stirred for 30 minutes. The
TQ-DOX/Cys-Py/PA nanocapsules were filtered using suction
filtration with filter papers having pore sizes as small as
0.1 um and washed with distilled water and then dried in a
freeze-dryer for 24 hours to remove the residual solvent. Other
formulas were also investigated, the one with 25 mg of DOX
(DOX/Cys-Py/PA) NCs and the other with 200 mg of TQ (TQ/Cys-
Py/PA) NCs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3 High performance liquid chromatography (HPLC) for the
quantification of TQ and DOX

The Dionex Ultimate 3000 HPLC was used for concurrent
quantitative analysis of TQ and DOX, and an appropriate
method was developed for each drug. The provided system
uses a gradient pump, UV detector set at 250 nm (TQ) and
550 nm (DOX), and Fortis C18 analytical column (Fortis Tech-
nologies Ltd C18, 250 x 4.6 mm). The mobile phase consisted
of acetonitrile:0.1% TFA in water (85:15 v/v). The temperature
of the sample was set at 27 °C. The sample injection volume
was 10 pL with a flow rate of 0.8 mL min~". The run time was
12 minutes. In terms of specificity, accuracy, precision, and
linearity, as well as limits of detection and quantification, the
HPLC technique was validated according to ICH guidelines.>®
For the calibration curve, samples were prepared in acetonitrile
and serial dilutions were made using the same solvent.

2.4 Characterisation of the polyamide and TQ-DOX loaded
polyamides

2.4.1 Solubility test. The solubility test was performed by
dissolving 10 mg of Cys-Py/PA and TQ-DOX/Cys-Py/PA NCs in
5 mL of various solvents (water, methanol, ethanol, chloroform,
acetone, diethyl ether, DMSO, DFA, and acetonitrile) at 25 °C.
Then the apparent solubility was visually evaluated.

2.4.2 Entrapment efficiency (EE) and drug loading capacity
(DLC). After filtration of the prepared nanoparticles, 10 micro-
liters of a known volume filtrate were injected into the HPLC
equipment to calculate the EE% for TQ and DOX in the
TQ-DOX/Cys-Py/PA NCs using eqn (1).

_ Drug, — Drug; «

EE (%) Drug
t

100 (1)
where Drug, is the total amount of TQ or DOX that was added to
the formula and Drugy is the total amount of TQ or DOX that
were present in the filtrate and were not encapsulated during
the polymerisation process.

As for DLC, 10 mg of TQ-DOX/Cys-Py/PA NCs was dissolved
in 10 mL of DMSO and 10 puL were injected into an HPLC using
the same method to calculate the DLC% of TQ and DOX in TQ-
DOX/Cys-Py/PA NCs. The DLC was determined using eqn (2).

Weight of the drug in NCs
DLC (%) =
(%) Weight of the NCs

x 100 (2)

2.4.3 Fourier transform infrared (FTIR) spectroscopy
analysis. A PerkinElmer FTIR spectrometer (OH, USA) was
utilised to record FTIR spectra of the polymer using Spectrum
10 software. The test was done by putting a few milligrams of
the sample into the sample holder above a laser lens and
secured with an appropriate adapter. The FTIR spectral scans
for each sample were performed using attenuated FTIR spectro-
scopy with a resolution of 2 cm ' spanning the range of
450-4000 cm ™.

2.4.4 Nuclear magnetic resonance (NMR) spectroscopy
analysis. For the "H-NMR and "*C-NMR measurements, tetramethyl-
silane (TMS) was used as an internal standard. The "H NMR was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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carried out at 500 MHz while the ">*C NMR was conducted at
125 MHz to analyse the polymer using a Bruker Avance DPX
NMR spectrometer (Bruker DPX-500) from Massachusetts, USA.

2.4.5 Transmission electron microscopy (TEM). The TEM
image of Cys-Pyr PA was captured using an FEI Morgagni 268D
TEM (Hillsboro, OR, USA). The process involved preparing a
suspension of the sample (around 0.05 mg mL™") using deio-
nised water as a suspending medium. Then, about 10 pL of the
prepared suspension was placed on a copper grid and left for a
few minutes to allow the nanoparticles to settle on the grid.
Then, the excess solvent was removed using filter paper and the
sample was placed in a TEM for imaging. Images were then
processed using Image J software (Fiji).

2.4.6 Differential scanning calorimetry (DSC) analysis. The
DSC analysis of the TQ, DOX, Cys-Py/PA, and TQ-DOX/Cys-Py/
PA NCs was carried out using a DSC 25-TA instrument (DSC25,
TA instruments Trios V5.6.0.75). About 3-5 mg of the sample
was placed in an aluminium pan and subjected to heating
at a rate of 10 °C min~ "' using nitrogen gas at a flow rate of
50 mL min'. Scans were run from 25 to 300 °C.

2.4.7 Thermogravimetric analysis (TGA). The thermal sta-
bility of the polymer alone and with the added active ingredi-
ents was investigated using TGA. Samples (a few milligrams)
of Cys-Py/PA and TQ-DOX/Cys-Py/PA NCs were analysed using
TGA, where the samples were loaded into TGA pans and
analysed under a nitrogen atmosphere using a TGA instrument
(TGA550, TA instruments Trios V5.6.0.75). The analysis
involved monitoring weight changes while heating from 25 to
400 °C at a heating rate of 10 °C min™".

2.4.8 Analysis of the particle size, polydispersity index
(PDI), and zeta potential. The mean hydrodynamic diameter,
PDI, and zeta potential of TQ, DOX, Cys-Py/PA, TQ/Cys-Py/PA
NCs, DOX/Cys-Py/PA NCs and TQ-DOX/Cys-Py/PA NCs were
determined at 25 °C using a Zetasizer Nano ZS90 instrument,
Malvern Instruments (Worcestershire, UK). Before the analysis,
a few milligrams of the samples were diluted with deionised
water and subjected to sonication for 30 seconds at medium
amplitude (60 Hz) without heat to break aggregates. The analysis
was conducted in triplicate, and the results were presented as
mean =+ standard deviation (SD).

2.4.9 X-ray diffraction (XRD) analysis. The XRD analysis
was performed to investigate the crystalline nature and struc-
tural properties of Cys-Py/PA and TQ-DOX/Cys-Py/PA NCs. The
experiments were conducted using a Bruker-AXS D8 X-ray
diffractometer (Sheffield, UK). The samples were placed in the
instrument’s sample holder, and X-ray scans were conducted
over a specified range of diffraction angles (from 5° to 60°
2-Theta). The obtained diffraction patterns were analysed to
identify the crystallinity of the samples.

2.5 Invitro study

2.5.1 In vitro aerodynamic aerosolization of the TQ-DOX/
Cys-Py/PA NCs. The next-generation impactor NGI (Copley
Scientific Limited Model 170, UK) was used to assess the
invitro deposition of TQ and DOX and the aerodynamic particle
size distribution. Setting the pump flow rate to 60 L min~*
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resulted in a flow rate of 4 litres for almost four seconds. Six
capsules manually filled with 14 mg of the TQ-DOX/Cys-Py/PA
NCs and placed in an Aerolizer™ device were used to assess TQ
and DOX aerosolisation performance. The formula used in
each capsule is expected to contain 2 mg and 7 mg of DOX
and TQ respectively. Each test included six capsules to ensure
accurate quantification of the APIs. After the actuation of the
six capsules, the device was opened, and TQ and DOX content
in each tray was obtained by dissolving the content of each tray
in 10 mL of DMSO. The trays were then placed in the sonication
bath set at medium altitude without heating for 10 minutes to
aid the dissolution of the two drugs. After that, the liquid in the
8 trays, as well as the pre-separator, and the induction tube
were transferred into a volumetric flask, and the volume was
adjusted with DMSO. Samples were filtered using syringe
membrane filters (0.45 um) and then analysed using the
validated HPLC method.

The results obtained from the NGI analysis were used to
calculate the main aerodynamic performance parameters of the
formula. The cumulative quantity of TQ or DOX collected from
the induction tube, the pre-separator, trays 1-7 and the final
micro-orifice collector (MOC) were used to calculate the emitted
dose (ED%), as can be seen from eqn (3). ED is a true
representation of the efficiency of the formulation to be dis-
charged from the capsules. The next parameter is the respirable
dosage (RD), which is the representation of the total amount of
the formula that can reach the lower parts of the respiratory
system, which is within the size range of 1-5 pm and is the sum
of drug content from trays 2 to 7. The last aerodynamic
parameters are the fine particle fraction of the emitted dose
(FPFgp) and the fine particle fraction of the theoretical dose
(FPFyp). These two parameters were calculated using eqn (4)
and (5) respectively.

Cumulative drug content

ED = 1
(%) Theoretical drug content x 100 (3)

FPFep, (%) — % % 100 )
FPFrp (%) = % % 100 5)

2.5.2 Release study. The release of TQ and DOX from the
TQ-DOX/Cys-Py/PA NCs was investigated using the dialysis
membrane method, which is described in the literature.’” 10
mg of the TQ-DOX/Cys-Py/PA NCs was weighed and redispersed
in 5 mL of PBS (pH 7.4). The release of DOX and TQ (TQ-DOX/
Cys-Py/PA) nanocapsules at pH 7.4, the condition that mimics
the lung environment, facilitates the identification of the
optimal physicochemical properties. They were then placed in
dialysis bags (Sigma-Aldrich, Pool, UK) [molecular weight cut-
off of 14 000-16 000 Da]. The bags were suspended in 30 mL of
PBS in beakers and kept in a shaking water bath at 37 °C and
100 rpm covered. 1 mL was withdrawn from the beaker at 0.5, 1,
2,3,4,5,6,7,8,9,10, 12, 14, 16, 20 and 24 h. The TQ and DOX
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API content was quantified using the validated HPLC method.
Fresh PBS was added after each withdrawal to maintain the
sink conditions. Another 10 mg of the TQ-DOX/Cys-Py/PA NCs
was also prepared and was dispersed in PBS that contained
0.1 M glutathione (GSH) and the same procedure was carried
out. The experiment was performed in triplicate and results
were calculated as mean % release +SD.

2.6 In vivo studies

2.6.1 Animal husbandry. In this experiment, 72 Swiss
albino male mice were used with an average weight of 25-
30 g. The mice were kept in a well-ventilated room under
suitable and controlled environmental conditions (22-25 °C,
67-77% humidity, and 12/12-hour dark/light cycle). The animal
handling procedures followed the Institutional Animal Care
and Use Committee guidelines. The Scientific Research Ethics
Committee approved the animal use of Isra University (4-18/
2022/2023).

2.6.2 Invivo aerodynamic distribution study. In this study,
48 male mice were randomly divided into eight groups (n = 6
mice per group) and treated with 17 mg of the inhaled (TQ-
DOX/Cys-Py/PA) NCs containing 2.5 mg of DOX and 9 mg of TQ
using a dry powder insufflator.”” Each mouse of each group was
exposed to 3 puffs of TQ-DOX/Cys-Py/PA NCs using the dry
powder insufflator, and the mice were sacrificed at 0, 0.5, 1, 2,
4, 8,16, and 24 hours. Then, the mice were sacrificed by cervical
dislocation, and the lungs were collected and weighed. Each
lung was flushed with distilled water and then homogenised
using a homogeniser with 3 mL of PBS and then centrifuged at
a speed of 12 000 rpm for 30 minutes; the supernatant was kept
in the refrigerator at —80 °C for later analysis.

For the quantification of DOX and TQ, 75 pL of diluted
perchloric acid solution, in a ratio of 1.195 to 100 mL distilled
water, was added to 300 pL of the supernatant to destroy any
remaining lung tissue and centrifuged for 10 min at a speed of
12000 rpm and then the sample was diluted with 0.5 mL of
acetonitrile. The sample was filtered and injected in the HPLC
using the same procedure as for TQ and DOX validation.>”

2.6.3 Toxicity study (protein carbonyl content). In this
study, 24 Swiss albino male mice were used with an average
weight of 25-30 g. The mice were randomly divided into four
groups (n = 6) as shown in Table 1. In this study, the short-term
model was used with 2.5 mg kg™ " of DOX every other day, six
times intraperitoneally.*>®>°

On day 13, the mice were sacrificed by cervical dislocation,
and the hearts, livers, and kidneys were collected, flushed with
PSB, weighed, and kept in the refrigerator at - 80 °C. After that,
the hearts, livers, and kidneys were thawed in an ice bath
before being washed in distilled water, cut into small pieces,
and ground with a mortar and pestle with liquid nitrogen; the
powder was then stored at —80 °C in Eppendorf tubes for later
analysis. Using a homogeniser, 50 mg of each sample was
homogenised with 1.5 mL of PSB (pH 7.4) with 1% DTT. The
homogenate samples were centrifuged at 12 000 rpm at 4 °C for
20 minutes; the supernatant was collected and stored at - 80 °C
until needed. To determine the amount of extracted soluble

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Animal grouping for toxicity study
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Groups Description

Group 1: control group Untreated mice
Group 2: negative control

Group 3: TQ-DOX/Cys-Py/PA NCs

Each mouse got 2.5 mg kg™ ' DOX intraperitoneally every other day for 12 days (total doses = 6)
Each mouse got 17 mg of the formula, which contained 2.5 mg of DOX and 9 mg of TQ

via the inhalation route every other day for 12 days (total doses = 6)

Group 4: DOX/Cys-Py/PA NCs

Each mouse got 19 mg of the DOX polyamide formula, which contained 2.5 mg of DOX,

via the inhalation route every other day for 12 days (total doses = 6)

proteins present in the samples by the Bradford Assay, 5 pL was
taken from each sample and transferred into 96 well plates, and
the reading was taken at 595 nm. A bovine serum albumin
calibration curve was used.® This study used a protein carbonyl
content kit from Abcam, UK. According to the kit booklet, the
samples were treated with streptozocin to remove the nucleic
acid and then DNPH and trichloroacetic acid were added and
washed with cold acetone twice to get rid of free DNPH, and
then the proteins were solubilised using guanidine solution.
After that, 100 ul of each sample was transferred to the 96-well
plate, and the absorbance was measured at 375 nm in a
microplate reader. The carbonyl content was calculated. The
data are presented as mean =+ SD. Statistical significance was
determined using one-way ANOVA.*'%*

3. Results and discussion

3.1 Synthesis of polyamide and polyamide loaded with
anticancer drugs

3.1.1 Synthesis of L-cystine based polyamide (Cys-Py/PA).
Nonpeptidic polyamides were produced using cystine amino
acid that acted as a diamine to react with 2,6-pyridine dicar-
boxylic acid acyl chloride, as shown in Fig. 1. The polyconden-
sation reaction occurred at the interface between the aqueous
and organic solutions when cystine in water and acyl dichloride
in chloroform were mixed and aggressively agitated. This
resulted in the creation of amide bonds. The nucleophilic acyl
substitution occurs when the carbonyl carbon atom of 2,6
pyridine dicarboxylic acid acyl chloride reacts with the amino
group of cystine amino acid. The diamine reacts with the diacyl
chloride at the interface between the two phases. During this
reaction, one end of the amine group combines with one end
of the diacyl chloride group, forming an amide bond. This
amide bond contains two reactive sites, one on each molecule.
Subsequently, the amide group elongates to create a lengthy
chain of amide bonds.*'™**

3.1.2 Synthesis of r-cystine based polyamide loaded with
TQ and DOX (TQ-DOX/Cys-Py/PA NCs). Interfacial polyconden-
sation is a direct technique in which very reactive monomers
are combined in two liquids that do not interact with one
another. This method allows for the creation of a polyamide
membrane that resembles a capsule.” The TQ-DOX/Cys-Py/PA
NCs were produced using interfacial polycondensation with
200 mg of TQ added to the chloroform solution and 25 mg of
DOX added to the aqueous solution, as shown in Fig. 2. The
reaction takes place at the boundary between the liquids,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis of L-cystine-based polyamide (Cys-Py/PA).
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Fig. 2 Synthesis of TQ-DOX/Cys-Py/PA NCs.

leading to the creation of a polymeric shell that surrounds the
core solvent. It is a chemical technique used for encapsulation
known for its great effectiveness, ability to select the polymer’s
structure and control over the size of the particles.**™**

3.2 Quantification of TQ and DOX using HPLC

According to the ICH requirements for analytical technique
validation, the HPLC method for TQ and DOX quantification
has been validated.>® Both actives demonstrated a good linear-
ity over the specified concentration range where the retention
time for DOX was 2.46 + 0.17 min at 550 nm, while TQ eluted at
6.05 £ 0.22 min at 250 nm. The linear calibration curves were
created at concentrations that ranged from 3.9 to 62.5 ug mL ™"
for TQ and from 2.0 to 125 pug mL™' for DOX. Recovery
calculations were conducted with percentage recovery ranging
from 98.23 to 99.78%. The RSD for the active (TQ and DOX) for
all concentrations over three days (9 samples) was less than 2%,
indicating that the technique was accurate and precise. The
calculated LOD was 2.774 ug mL™* for TQ and 0.942 pg mL ™"
for DOX, whereas the LOQ was 8.408 ug mL ' for TQ and
2.854 pug mL~" for DOX. Overall, the optimised and validated
method was demonstrated to be a good and valid method for
the quantification of TQ and DOX. The method was specific to
DOX and TQ and the polymer did not dissolve in the dissolu-
tion or HPLC medium (CH3CN).

3.3 Characterisation of Cys-Py/PA and TQ-DOX/Cys-Py/PA NCs

3.3.1 Solubility test. The Cys-Py/PA and TQ-DOX/Cys-Py/PA
NCs were insoluble in water. This will have no effect on the
polymer used in drug delivery and is often considered a critical
factor; it is not the sole determinant of a polymer’s effective-
ness. Instead, the ability of a polymer to biodegrade into
soluble components within the body is of the highest impor-
tance. Polymers with peptide amide bonds and disulfide lin-
kages exhibit unique characteristics that facilitate their
degradation. The hydrolytic stability of amide groups allows
for controlled degradation, while disulfide bonds offer a path-
way for redox reactions.

The solubility of the TQ, DOX, Cys-Py/PA, and TQ-DOX/Cys-
Py/PA NCs was studied in various common organic solvents;
the results are shown in Table 2. Apparently, Cys-Py/PA and
TQ-DOX/Cys-Py/PA NCs were soluble in DMSO and slightly
soluble in DMF. As both TQ and DOX were soluble in acetoni-
trile (CH;CN), they were used for the HPLC standard solutions
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Table 2 Solubility test for Cys-PA, TQ-DOX PA, TQ and DOX. (+) soluble
at room temperature, (—) insoluble at room temperature, and (+) slightly
soluble at room temperature

H,0 MeOH EtOH DMSO Acetone CHCl; DMF CH;CN

TQ -+ + + + + + +
DOX + + + + — — + +
Cys-Py/PA - - - + — - +
(TQ-DOX/Cys- —  — - + - - + -
P/PA) NCs

and calibration curve preparation. The change in the solubility
of DOX and TQ in the formula due to the polymer chain
surrounding the encapsulated sample (DOX and TQ) changes
the solubility upon encapsulation through reduced interaction
with solvent molecules.

3.3.2 Entrapment efficiency (EE%) and drug loading capa-
city (DLC%). The EE% and DLC% of TQ and DOX in TQ-DOX/
Cys-Py/PA NCs were determined using eqn (1) and (2) respec-
tively. The results showed that the %EE values of TQ and DOX
in TQ-DOX/Cys-Py/PA NCs were 85.4% and 99.49% respectively,
highlighting high entrapment efficiency and hence an effective
process. The DLC% was 52.2% for TQ and 15.03% for DOX.

3.3.3 FTIR analysis. FTIR spectroscopy was used to char-
acterise TQ, DOX, Cys-Py/PA, and TQ-DOX/Cys-Py/PA NCs. The
FTIR spectra in Fig. 3 exhibited characteristic absorption bands
for all organic functional groups. The FTIR spectrum of TQ
exhibited a distinct peak at 2915 cm™ ", indicating the stretch-
ing of the CH bonds. The presence of a supplementary peak at
1718 cm™ ' can be attributed to the stretching vibration of the
carbonyl (C—O0) group in the ketone, as shown in Fig. 3(a). The
FTIR spectrum of DOX revealed a characteristic sharp peak at
1730 cm™ ", which is attributed to the carbonyl (C=0) group.
Additionally, IR bands corresponding to the N-H bond in the
amine group were detected at 3320 cm ™' and those corres-
ponding to the O-H groups were detected at 3526 cm ', as
shown in Fig. 3(b).>>°

The FTIR spectra of Cys-Py/PA and TQ-DOX/Cys-Py/PA NCs
exhibited identical characteristic features, which could be
attributed to the overlapping of the spectra of Cys-Py/PA and
drugs (TQ and DOX). The most important bands exhibit two
distinct infrared stretching absorptions that are characteristic
of carboxylic acid. The O-H group exhibited a broad spectral
range between 2384 and 3648 cm™ ', while the C=O group
displayed stretching vibrations at 1722 cm ™. Conversely, in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of (a) TQ, (b) DOX, (c) Cys-Py/PA, and (d) TQ-DOX/
Cys-Py/PA NCs.

amide group, a distinct stretching vibration band for the C=0
bond of the formed amide group was observed at approximately
1655 cm™ . Additionally, IR bands corresponding to the N-H
bond were detected at 3363 cm ™' for stretching vibrations and
at 1622 cm™ "' for bending vibrations, as depicted in Fig. 3(c)
and (d).”®

3.3.4 NMR analysis. The "H-NMR spectrum of Cys-Py/PA:
the proton attached to the carbon atom in the cystine unit was
detected at a chemical shift of 4.75 ppm. The CH, protons were
detected at chemical shifts of 3.38 and 3.18 ppm. The NH
proton was detected as a doublet peak at 8.63 ppm. The proton
peaks of the pyridine aromatic ring were detected as a duplet
peak at 9.42 and 8.11 ppm, as presented in Fig. 4(a).

The *C-NMR spectrum of Cys-Py/PA: the carbonyl carbon of
the amide bond is observed at a chemical shift of 163.85 ppm,
while the carbon of the carboxylic acid was observed at a
chemical shift of 172.8 ppm. The chemical shifts of the carbons
of the pyridine ring unit (CHs) were observed at 139.97 and
125.44, while the quaternary carbon of aromatic pyridine ring
carbon was observed at 148.62 ppm. The carbon chemical shift
of the CH group attached to the C=0 group of the carboxylic
acid in Cys-Py/PA was determined at 52.27 ppm. The chemical
shift of the carbon in CH, was determined at 39.57 ppm, as
presented in Fig. 4(b) and (c).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) H-NMR, (b) 1*C-NMR, (c) DEPT-135, and (d) *H-H COSY NMR
spectra of Cys-Py/PA.

The 2D-NMR spectrum of Cys-Py/PA: the "H-"H COSY spectrum
indicates the presence of an AMX splitting pattern in the protons of
the CH-CH,, group within the cystine unit. The A, M, and X signals
are observed as a pattern consisting of two sets of distinct peaks.
Correlations can be observed between the signals of protons
labelled as H9 and H9” and the signal of protons labelled as
H6.% as shown in the "H-"H COSY NMR spectrum in Fig. 4(d).

3.3.5 DSC and TGA analyses. Differential scanning calori-
metry analysis demonstrated the thermal behaviour of
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Fig. 5 DSC thermograms of (a) TQ, (b) DOX, (c) Cys-Py/PA, and (d) TQ-DOX/Cys-Py/PA NCs, and (e) compiled thermograms of all the materials.

the used materials. Fig. 5(a) shows the DSC thermograms of
TQ, which demonstrated a sharp and well-defined endother-
mic peak at 47.18 °C with an enthalpy that exceeded 149 g~ *,
representing the melting point of TQ and the crystalline
nature of the material. The thermogram also reveals another
broad endothermic peak at 148.84 °C, corresponding to the
decomposition process. The results are in accordance with
the findings reported in ref. 67. The thermogram of DOX
(Fig. 5(b)) shows an endothermic peak of DOX at 236.29 °C,
corresponding to the melting point as reported earlier.®®°® As
for Cys-Py/PA, Fig. 5(c) shows the first endothermic trough
that started at the glass transition of the polymer followed by a
sharp endothermic peak at 220.79 °C, indicating the semi-
crystalline nature of the polymer. The DSC thermogram of the
TQ-DOX/Cyd-Py/PA NCs showed a similar trend to the polymer
alone, with a wider trough that started earlier (43.73 °C)
(Fig. 5(d)), which could be attributed to the interaction of
the two actives within the polymeric material.”® The peaks that
represent TQ or DOX melting were not evident from the
thermogram of the API (TQ-DOX/Cys-Py/PA NCs), which could
be attributed to low content and the encapsulation within the
polymeric chain.®®

The TGA of Cys-Py/PA and the TQ-DOX/Cys-Py/PA NCs is
presented in Fig. 6(a) and (b) respectively. The two materials
had a moisture content of 3% and the degradation of the
polymer started at around 200 °C. From the figures, it could

1504 | Mater. Adv., 2025, 6,1497-1512

be concluded that the polymer is thermally stable and the
addition of the two APIs (TQ and DOX) did not alter the thermal
stability of the polymer.

3.3.6 Particle size, zeta potential and TEM analyses. The
utilization of nanoscale capsules in pulmonary drug delivery via
dry powder formulations shows significant advantages, includ-
ing improved absorption, enhanced solubility, and targeted
delivery. The integration of nanoscale capsules in pulmonary drug
delivery systems represents a promising frontier in respiratory
therapeutics.

Particle size analysis using a Zetasizer indicates the NC size
of the Cys-Py/PA and TQ-DOX/Cys-Py/PA NCs, as depicted
in Table 3. From the table, it is noted that the Cys-Py/PA and
TQ-DOX/Cys-Py/PA NCs are within the nanosize range. A slight
increase in the particle size was noted with the addition of
the drug due to the encapsulation effect and the increase in
size with the encapsulation of the drug within the polymeric
chains.>””" The particles demonstrated a PDI that ranges between
0.41 and 0.65, indicating the aggregated nature of the Cys-Py/PA
and TQ-DOX/Cys-Py/PA NCs.

The TEM micrographs of the TQ-DOX/Cys-Py/PA NCs are
presented in Fig. 7. As can be seen, the particles were within the
nanosized range. Using Image J software, the average particle
size was 19.89 + 6.5 nm (n = 25). Particles were spherical in
shape. However, the average particle size, as obtained from
laser diffraction, was 145.99 + 56.12 nm. This difference in size

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TGA thermograms of (a) Cys-Py/PA and (b) TQ-DOX/Cys-Py/PA NCs.

Table 3 PSA, PDI, and zeta potential analyses (mean + SD, n = 3)

Particle size

Polydispersity

Zeta potential

Material (nm) index (PDI)  (mV)

TQ 676.5 + 121.62 0.64 + 0.21 —4.21 + 1.57
DOX 518.7 £ 80.76  0.55 £ 0.1 4.94 £+ 2.05
Cys-Py/PA 114.9 £ 47.09 0.41 £ 0.03 —30.27 £ 1.01
(TQ/Cys-Py/PA) NCs 125.7 £ 30.76  0.58 £ 0.1 —26.81 £ 0.67
(DOX/Cys-Py/PA) NCs  130.9 + 57.09 0.48 + 0.13  —21.83 + 1.69
(TQ-DOX/Cys-Py/PA)  145.99 + 56.12 0.65 + 0.08  —28.30 £ 0.78

NCs

using the two methods could be attributed to the nature of the
polymeric material. The variance between the particle sizes
observed by these two methods was because the TQ-DOX/Cys-
Py/PA NCs were swelled with water during DLS. When the TQ-
DOX/Cys-Py/PA NCs are subjected to DLS, they come into
contact with water, which leads to significant swelling. This
polymeric type exhibits a remarkable swelling capacity of
approximately 200% within 20 minutes. As the NCs absorb
water, their dimensions expand, resulting in a larger apparent
size when measured by DLS. This swelling highlights the
influence of hydration on the physical characteristics of nano-
particles, necessitating careful interpretation of DLS results.”>”*
In contrast, TEM showed the definite size of the NCs. Such
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phenomena were previously reported, where using laser diffrac-
tion analysis, it was found that the presence of a hydrodynamic
layer around the polymeric material could affect the size, and,
hence, a larger particle size was observed.” Furthermore,
the NCs aggregated with a PDI exceeding 0.41 during the laser
diffraction analysis; therefore, the presence of aggregates
added to the discrepancy in the particle size. The zeta potential
of the produced polymeric NCs (CYS-PA) was on the negative
scale (—30.27 + 1.01 mV). Such results are promising as they
can aid colloidal de-aggregation of the particles due to repulsive
forces between particles. However, the charge was reduced
upon encapsulation of the two actives due to the neutral charge
of the actives.

3.3.7 XRD analysis. X-Ray diffraction analysis of Cys-Py/PA
and TQ-DOX/Cys-Py/PA NCs is depicted in Fig. 8. The XRD
patterns of the Cys-Py/PA and TQ-DOX/Cys-Py/PA NCs revealed
the semicrystalline nature of the polymer. The XRD patterns of
Cys-Py/PA revealed some features of crystallinity with charac-
teristic peaks at 19.85°, 21.7°, 32.5°, and 46.6°. The same peaks
were evident for the TQ-DOX/Cys-Py/PA NCs. However, TQ-
DOX/Cys-Py/PA NCs did not reveal any additional peaks that
are related to the APIs (TQ and DOX). This could be attributed
to the low content of TQ and DOX within the polymer and the
encapsulation effect.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Powder XRD patterns: (a) Cys-Py/PA and (b) TQ-DOX/Cys-Py/PA
NCs.

3.4 Invitro study

3.4.1 Invitro assessment of the aerodynamic dispersion of
the NCs. The NGI study was tasked with assessing the aero-
dynamic dispersion of NCs loaded with TQ and DOX. The
results are summarised in Fig. 9(a), which includes the evalua-
tion of %ED, %FPFgp, RD, and FPF;p. The ED refers to the
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percentage of the nominated dose that is released from the
capsules upon actuation.”” The results indicated that the pre-
pared TQ-DOX/Cys-Py/PA NCs were able to deliver 98.7%
and 97.9% of the nominated dose (7000 pg per puff for TQ
and 2000 pg per puff for DOX, respectively). RD, which repre-
sents the amount of the API that reached the lower respiratory
system, showed high quantities for both actives. FPFgp, repre-
sents the percentage of the emitted dose that can reach the
lower parts of the respiratory system and the aerodynamic
particle size was between 1 and 5 um.>®” The FPFyp for TQ
and DOX released from the produced TQ-DOX/Cys-Py/PA NCs
was 54.3% and 56.3%, respectively. FPF, represents the per-
centage of the theoretical dose that is within the range of
1-5 pm and that will reach the lower respiratory system parts.

In general, the aerodynamic performance results of the
synthesised NC formulations containing TQ and DOX high-
lighted the nano-aggregates’ capability and efficiency in deli-
vering particles to the lungs. The low SD of the aerodynamic
parameters indicated the reproducibility of results in Fig. 9(b).

3.4.2 Release study. Cancer cells often have altered glu-
tathione metabolism, helping them survive oxidative stress and
resist chemotherapy. Glutathione-responsive drug delivery sys-
tems, usually biodegradable polymers, are designed to release
drugs in response to high glutathione levels in cancer cells.
These systems use disulfide linkages that are cleaved by glu-
tathione, releasing the drug specifically in tumor cells. This
selective release enhances drug effectiveness while reducing

(a)

OFPF-TD (%)  ©RD (ug)
97.9

2500
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Fig. 9

(a) Aerodynamic dispersion parameters of TQ and DOX from TQ-DOX/Cys-Py/PA NCs; ED: emitted dose; FPF-ED: fine particle fraction of

emitted dose; FPF-TD: fine particle fraction of theoretical dose; and RD: respirable dose. Results are presented as mean + SD, n = 3 and (b) the deposition
of the TQ and DOX aggregates of TQ-DOX/Cys-Py/PA NCs onto the NGl trays as orange powder from tray 1 to tray 7.
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side effects in healthy tissues. By exploiting elevated glutat-
hione in cancer cells, these systems offer targeted, more precise
cancer therapies, improving treatment efficacy and safety.”®”*
In this work a disulfide containing polymer was made and the
in vitro release was investigated with and without glutathione.

TQ and DOX behaviours were investigated in PBS with a pH
of 7.4, at 37 °C, in the presence or absence of GSH. Fig. 10
shows the release patterns of TQ and DOX as time progresses.
The release profile of DOX from 0.1 M GSH-containing buffer
solution demonstrated a faster onset of action, with 50%
released within the first 2 hours. This would be favourable, as
once the nanoparticles are taken up by the cancer cell that
contains higher GSH levels, the drug will be immediately
released. However, when GSH was not added, there was a delay
in release for almost 6 hours to start releasing the drug from
NCs. Overall, after 24 hours, the release in the two media
reached almost 80%. As for TQ, similar to DOX, the 0.1 M
GSH containing media promoted the degradation of the poly-
mer and hence faster release of the drug with 50% release
within the first 2 hours.>>”?

3.5 Invivo study

3.5.1 Invivo aerodynamic performance study. Aerodynamic
performance analysis is a critical step in understanding the
behaviour and mechanism of TQ-DOX/Cys-Py/PA NC release
and deposition at the site of action.”® Results of the animal
study for TQ and DOX deposition in the lungs are presented in
Fig. 11(a) and (b), respectively. The present study’s finding
revealed that inhaled treatment with TQ-DOX/Cys-Py/PA NCs
could deliver TQ and DOX directly to the lungs and achieve a
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sustained release of TQ and DOX in the lungs for at least
24 hours after the treatment. The lung deposition within the
first 24 h was 0.4% for TQ and 40% DOX.

NCs are promising drug delivery systems with numerous
biological benefits in vivo.”” These tiny molecules can quickly
penetrate physiological barriers and reach target locations
with high drug concentrations.”® Natural NCs are biocompa-
tible and biodegradable and have lower side effects than
alternative drug delivery systems.”®®° The use of inhalable
natural NCs provides significant advantages in medical treat-
ment by enhancing targeted therapy and reducing systemic
toxicity. These NCs are designed to deliver drugs directly to the
lung, allowing for more precise targeting of respiratory dis-
eases. This targeted approach ensures that the medication
reaches the affected area more efficiently, improving thera-
peutic outcomes. Additionally, by localising the drug delivery,
systemic exposure to the medication is minimised, which
significantly reduces the risk of side effects and systemic
toxicity. This method not only improves the efficacy of the
treatment but also enhances patient safety and comfort.®"%?
In this regard, this study was undertaken with the assumption
that employing NCs via inhalation can be an effective and safe
approach to improving delivery of TQ and DOX drugs. The
study found that inhaling NCs delivered TQ and DOX directly
to the lung, resulting in sustained increases in TQ and DOX
lung concentration after 0.5, 1, 2, 4, 8,16, and 24 hours of
therapy (see Fig. 11). These findings suggest that TQ and DOX
can directly reach the lung without passing through the
gastrointestinal tract or liver. These findings indicate that
inhaling NCs can provide a rapid therapeutic response while
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Fig. 10 DOX and TQ release profiles in phosphate buffer (pH = 7.4), with and without glutathione (GSH), (mean + SD, n = 3).
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Fig. 11 The concentration—time curve of (a) TQ and (b) DOX in mouse lungs.
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Fig. 12 Protein carbon content in the (a) heart, (b) liver, and (c) kidney.

avoiding the adverse effects of oral DOX treatment. However,
additional pharmacological studies are needed to corroborate
these findings.

3.5.2 Toxicity study (protein carbonyl content). Carbonyl
content is a common marker of oxidative stress and measures
oxidative damage. The oxidation of proteins results in the
production of stable carbonyl groups, which can be used to
measure oxidative injury.’>®* These modifications modify the
structures and functions of proteins, resulting in changes in
their biological functions.** The findings of the current study
showed that at p < 0.05, mice in group 2 exhibited a significant
difference in the heart protein carbonyl content compared with
group 1 (p = 0.00024), which may be due to the rise in oxidative
stress and cardiotoxicity resulting from the DOX side effect, and
showed no significant difference compared with group 4 (p =
0.06812); this indicates that the prepared DOX/Cys-Py/PA may
play a role in cardiotoxicity related to the DOX side effect. In
contrast, it showed a significant increase in protein carbonyl
content compared with group 3 (p = 0.00020); this may indicate
that the prepared TQ-DOX/Cys-Py/PA NCs had reduced the
cardiotoxicity side effect resulting from DOX, in addition to
the antioxidant effect of TQ, which also helps in attenuating the
cardiotoxicity resulting from DOX Fig. 12(a). These results are
consistent with previous studies showing the toxicity of DOX to
the heart,””** and studies show the role of TQ in reducing this
toxicity.®®

At the liver level, there was no significant increase in the
carbonyl content; this indicates that no liver injury happened to
the treated mice in the 4 groups (p = 0.336862), Fig. 12(b); this
may be due to the low dose of DOX since the previous literature
found that the low dose of DOX does not cause liver toxicity.®”

In kidneys, a significant increase in carbonyl content in
group 4 was observed compared with the other groups (p <
0.00001), and this may indicate that the prepared Cys-Py/PA
may cause an increase in oxidative stress in the kidney; on the
other hand, the mice in group 3 showed no significant differ-
ence compared to those in groups 1 and 2 (p = 0.99743 and
0.79346), respectively, and this may be due to the antioxi-
dant effect of TQ on reducing the nephrotoxicity (Fig. 12(c)).
However, additional pharmacological studies are needed to
corroborate these findings.

1508 | Mater. Adv, 2025, 6, 1497-1512

View Article Online

Materials Advances

(b) (c)

Liver Kidney

B Negative Control Group

(DOX/Cys-Py/PA) NCs

4. Conclusions

Developing dry powder inhalers (DPIs) that have a consistent
distribution of ingredients and consistent ability to reach the
desired areas of the respiratory system is difficult. Hence, the
objective of this project was to create a fixed-dose combination
(FDC) of TQ and DOX. Using an interfacial polycondensation
method, this combination was loaded onto a new cystine-based
polyamide. The process involved polymerisation and encapsu-
lation of TQ and DOX, all done in a single step. The aerody-
namic performance assessment showed that the formulated
substance could deliver 98.7% and 97.1% of the intended dose
to the lungs. The emitted dose could reach the lower regions of
the respiratory system effectively. The particle size ranges from
1 to 5 pm, which makes it well-suited for aerodynamic pur-
poses. In addition, when examined in a 0.1 M GSH-containing
buffer solution, TQ and DOX were selectively released, demon-
strating a swift initiation of activity, with 50% of the com-
pounds being released within the first 2 hours. In vivo studies
showed that the formula enables targeted drug delivery to treat
lung cancer. Toxicity was assessed by measuring protein carbo-
nyl content. The prepared TQ-DOX/Cys-Py/PA NCs had lower
heart, liver, and kidney toxicity. Overall, this study developed
and applied novel TQ and DOX NCs to deliver anticancer drugs
to the lung through pulmonary administration. This treatment
can exert its effects specifically in the localised area of lung
cancer.
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