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1. Introduction

Selective induction of apoptotic cell death in lung
carcinoma cells by curcumin-loaded PEGylated
lipid nanoparticles with minimal normal tissue
toxicity: in vitro and in vivo toxicity evaluation by
oral deliveryt

Bijaideep Dutta,®® Sourav Kumar Das,”® Mayur Temgire,®® Jayesh Bellare, (¢
K. C. Barick,**® Amit Kumar®® and P. A. Hassan () *@°

Insufficient drug concentration, systemic toxicity in associated organs and meaningful penetration to the
site of action remain major challenges in augmenting the therapeutic efficacy against heterogeneous
diseases such as lung cancer, which have become a major burden to society. In this case, oral delivery
of smart nanoparticles can offer better patient compliance compared to the intravenous administration
routes. Herein, we demonstrate a strategy to produce curcumin-loaded sub-micron sized PEGylated
lipid particles (CSLNs) with a controlled size and narrow polydispersity to expand the chemotherapeutic
treatment of lung cancer, which could inhibit the migration and invasion of cancer cells. PEGylation
improved the stability and bioavailability of curcumin. These CSLNs (10, 20 and 40 pM) were found to
induce preferential toxicity in a non-small cell lung cancer cell line (A549) by altering its morphology
and induction of apoptosis in a concentration and time-dependent manner compared to normal lung
epithelial cells (WI26). The high cytotoxicity of CSLNs was attributed to their higher internalization in the
cancer cells (~2.0-4.5 fold) compared to the normal lung cells. Confocal microscopy revealed the
significantly higher accumulation of curcumin (2-4 fold) in the nucleus of the lung cancer cells. Flow
cytometry analysis further revealed that the percentage of cells in the sub-G1l phase was significantly
higher when treated with CSLNs compared to the bare CUR-treated A549 cells. The in vivo sub-acute
toxicity studies indicated that the CSLNs were free from any adverse side effects upon oral
administration up to a dose of 200 mg kgt day™! for 28 days. The histopathological analysis and
haematological parameters indicated that there was no significant alteration in the cellular mechanism
or metabolic activity of the SLN-treated cells. Thus, this rationally designed oral delivery vehicle provides
a promising approach for lung cancer therapy with minimum systemic toxicity.

worldwide, accounting for around 11.4% of total cancer and
18% of total cancer deaths in men.'” In general, lung cancer

The predominant sub-type of non-small cell lung cancer
(NSCLCQ) is responsible for the most cancer-related deaths
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originates inside the bronchial epithelium, which receives
approximately less than 1% cardiac blood output mostly by
bronchial arteries.”” Regrettably, most cases of lung cancer are
diagnosed at a very late stage, ie. only after it enters the
metastatic stage. This metastasis to remote organs such as
the liver, bone, and nervous system is the leading reason
behind the poor survival rate in lung cancer patients (5 year
survival rate of only 10%).%” Most of the small chemotherapeu-
tic molecules used for lung cancer treatment are highly water
insoluble (highly hydrophobic in nature). Thus, the insignif-
icant bioavailability of drugs also is another reason for concern.
Moreover, the blood flow into the bronchial epithelium is very
low, and thus the typical concentration of the anti-cancer drug

© 2024 The Author(s). Published by the Royal Society of Chemistry
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required for exhibiting tumor cell killing efficacy in the lung
cancer microenvironment remains difficult to achieve.®’

Thus, the general treatment modalities such as systemic
chemotherapy via intravenous administration do not have the
capability for tackling lung carcinoma due to their suboptimal
drug concentrations at the site of action and rather consider-
able distribution of the chemotherapeutic agent in various non-
targeted organs. This low drug concentration at the desired site
necessitates an elevated dosing rate of the chemotherapeutic
agent, which leads to undesirable toxicity and consequent
adverse effects to organs such as the hair, liver, spleen and
skin.'® Also, the very high tumor interstitial fluid pressure
(TIFP) due to perivascular fibrosis and abnormal lymphatic
drainage is another key reason for the poor therapeutic out-
come of conventional chemotherapy. Furthermore, although
i.v. delivery takes a fully bioavailable, accurate dose of the drug
to the body immediately, it has some major side effects such as
neurotoxicity, nephrotoxicity, myelosuppression, cardiotoxicity,
ototoxicity, nausea, vomiting, diarrhea, and hair loss.'*'? In
many cases, some injectable anticancer drugs are formulated
using particular toxic excipients such as cremophore in the case
of paclitaxel.”™ Furthermore, i.v. chemotherapy is highly pain-
ful, causing bleeding and venous thrombosis, and hence the
quality of life of the patient is compromised heavily.’* Accord-
ingly, surgical removal becomes the only option to treat non-
metastatic lung cancer, which is further limited by the site of
interest and the overall health status of the patient. Thus, in
comparison to the parenteral route, the oral chemotherapy
route is the preferred regimen for the treatment of chronic
diseases such as cancer because of its benefits such as patient
compliance and ease of administration, which can realize a
sustained concentration of the drug in the plasma and limit an
excessive concentration above the tolerable amount.'® Never-
theless, most anticancer drugs are not orally bioavailable due to
the special physiological properties of the GI tract, and hence
their instability.

Therefore, the precise design of nanocarriers is necessary
for improving the aqueous dispersibility and stability of
drugs to greatly enhance lung cancer diagnosis and therapy.
Nanoparticulate systems provide additional advantages for
the delivery of anticancer drugs over the conventional
chemotherapeutic modules using both passive and active tar-
geting pathways. In the case of passive targeting, the
nanoparticle-mediated delivery system enables the augmented
accumulation of the drug-loaded formulation at the cancer
sites due to the leaky vasculature of the cancer tissue as a
result of its enhanced permeability, which has been documen-
ted in vivo.'**®

The natural polyphenol curcumin is basically an o,f-
unsaturated B-diketone, which exists in equilibrium with its
enol tautomer with wide range of pharmacological effects. In
acidic or neutral medium and in cell membranes the keto form
predominates, whereas the enol form is dominant in alkaline
medium by having a heptadienone chain-like structure. The
keto-enol tautomerism equilibrium of the heptadienone
moiety of curcumin determines its physicochemical properties.
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In vitro and in vivo studies have shown the efficacy of curcumin
in inhibiting lung carcinogenesis, tumor cell proliferation and
metastasis.'®>*> However, despite its promising therapeutic
effects, the commercial application of curcumin for cancer
therapy has not yet realised because upon oral or intrave-
nous/intraperitoneal administration, it is rapidly eliminated
from the body due to its poor water solubility (around
400 ng mL ™' at pH 7.4), chemical instability, and consequent
degradation in the gastrointestinal tract under physiological
conditions followed by non-bioavailability. A series of pH-
dependent studies has shown that curcumin undergoes rapid
decomposition under neutral-basic condition with the for-
mation of ¢rans-6-(4-hydroxy-3-methoxyphenyl)-2,4-dioxo-5-
hexenal as the main degradation product.”® Upon administra-
tion, curcumin undergoes metabolism to form curcumin glu-
curonide and curcumin sulfate at first via o-conjugation,
followed by bio-reduction to produce tetrahydrocurcumin, hex-
ahydrocurcumin, octahydrocurcumin, and hexahydrocurcumi-
nol in rats, mice and humans in vivo.** Subsequently, the
reduced curcumin undergoes glucuronidation and is converted
into curcumin glucuronide, dihydro-curcumin-glucuronide,
tetrahydrocurcumin-glucuronide, and curcumin sulfate. There-
fore, it is necessary to develop highly efficient stable nanofor-
mulations of curcumin that can protect the curcumin moiety
under physiological conditions after oral administration with
enhanced concentration.>®?® Among the various nanoformula-
tions, the use of solid lipid nanoparticles appears to be a
promising strategy to improve the drug loading and photo-
stability of curcumin.?” The solid structure of lipids permits a
high loading of the active ingredient and effectively protects the
drug from external factors such as light and pH. Taratula et al.
demonstrated the efficacy of lipid-based nanocarriers for the
effective and selective deposition of doxorubicin and si-RNA in
lung tumor cells by minimizing their deposition in healthy lung
tissues.”® Further, surface modification using polyethylene
glycol (PEG) has also been found to be a great strategy to
reduce opsonization, minimize the clearance by the mono-
nuclear phagocyte system (MPS) and non-specific protein
adsorption.**°

Thus, in the present study, we report a novel method for
developing sub-micron-sized PEGylated curcumin-loaded solid
lipid nanoparticles (CSLNs) with a narrow polydispersity and
long-term colloidal stability. These CSLNs (10, 20 and 40 puM)
were found to induce preferential toxicity in a non-small
cell lung cancer cell line (A549) by altering its morphology
and induction of apoptosis in a concentration-dependent
manner compared to normal lung epithelial cells. Furthermore,
to evaluate the sub-acute toxicity limit of the developed oral-
based nanoformulation, in vivo sub-acute toxicity studies were
performed. These studies indicated that this nanoformulation
is completely free from any adverse side effects upon oral
administration up to a dose of 200 mg kg ' day ' for
28 days. The histopathological analysis and haematological
parameters indicated that there was no significant alteration
in the cellular mechanism or metabolic activity of the CSLN-
treated cells.

Mater. Adv,, 2024, 5, 4504-4523 | 4505


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00050a

Open Access Article. Published on 04 April 2024. Downloaded on 2/13/2026 10:15:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

2. Experimental

2.1. Preparation of curcumin-loaded solid lipid nanoparticles
(CSLNSs)

The hydrophobic drug curcumin-loaded nanoparticles (CSLNs)
were prepared via the emulsification and low-temperature
solidification method.*" Briefly, curcumin (0.145 g), lauric acid
(0.22 g) and lecithin (0.175 g) were added to 10 mL of chloro-
form. Subsequently, this mixture was dissolved by ultra-
sonication to prepare the organic phase. The obtained organic
phase was added to an aqueous phase containing 0.275 g of
P188 dissolved in 25 mL of distilled water. The mixture was
stirred at 1000 rpm at 70 °C for approximately 90 min. The
organic solvent was removed to obtain a very viscous system.
The highly viscous system was placed in an ice-cold environ-
ment at 0-2 °C and added to 10 mL cold water followed by
stirring at 1200 rpm for 1 h. Subsequently, the resultant
suspension was centrifuged at 12 000 rpm to remove the super-
natant. Finally, the collected precipitate was resuspended in
ultrapure water and lyophilized in a table top lyophilizer. The
dried powder was kept refrigerated for further use. The bare
SLNs were prepared via the same procedure without the addi-
tion of curcumin.

2.2. Solubility of curcumin in CSLNs

To determine the solubility of the curcumin in CSLNs, CSLNs
were centrifuged at 12 000 rpm for 60 min to remove any free
curcumin, then the pellet was redispersed and aliquots were
collected for UV spectrophotometry analysis with the absorp-
tion maximum at 422 nm.

2.3. Structural morphology determination

Dynamic light scattering (DLS) measurement was performed
using a Malvern 4800 Autosizer employing a 7132 digital
correlator for the determination of hydrodynamic diameter
using a 632.8 nm He-Ne laser with a power of 15 mW. The
zeta potential was estimated at 25 °C based on electrophoretic
mobility with a Malvern Zeta-Sizer Nano ZS (Malvern Instru-
ments, Southborough, UK). The cryo-TEM sample was prepared
in a thin layer of vitrified sample on the Cu-grid. A small drop
of sample was cast on the lacey-carbon coated Cu-grid. The
excess liquid was bloated using filter paper and a Vitrobot

Total Curcumin taken — Curcumin in supernatatnt (unecapsulated)

View Article Online

Paper

temperature of —170 °C for 15-20 min. The samples were
observed by maintaining the cold chain throughout the process
of cryo-EM sample preparation. The X-ray diffraction (XRD)
analysis was performed on a Phillips PW1729 diffractometer
with Cu Ko radiation (1 = 1.5405 A) at an operating voltage of
40 kv and current of 40 mA. The scan rate was kept fixed at
2° per minute. The samples were finely grinded using a mortar
pestle and placed on glass slide. Then, the slide was mounted
on a goniometer for data collection. The FTIR spectra were
recorded in the range 4000-400 cm™ " on an FTIR spectrometer
(Bomen Hartmann and Braun, MB series) using KBr pellets and
resolution of 4 cm™". Solid powder samples (~2-4 mg) were
mixed with KBr (~200 mg) to prepare the pellets. The pellets
were prepared by putting the KBr-sample mixture in press dies
(10 mm diameter) inside a KBr press machine and pressure was
applied 5 kg cm 2 for 2-3 min to produce solid pellets.
Preliminary spectrum treatment involved 10-point smoothing
and baseline correction between the first and last points.

2.4. Encapsulation efficiency (EE) and loading capacity (LC) of
CSLNs

The amount of curcumin loaded in CSLNs was determined as
follows: 1.4 mL of methanol was added to 2.8 mg of CSLNs, and
the mixture was stirred at 37 °C for 90 min. The resulting
mixture was centrifuged to separate the undissolved compo-
nents. The supernatant contained the drug curcumin extracted
from CSLNs. This curcumin solubilized in methanol was ana-
lysed using a UV spectrophotometer at 422 nm. The percent LC
was calculated using eqn (1), as follows:

Total quantity of drugin SLNs

Total quantity of drug and excipients in SLNs
x 100 (1)

%LC =

The encapsulation efficiency was calculated as follows: 1 mL
of the initially prepared CSLNs (stock sol.) was completely
disrupted with addition of methanol by vortexing the solution,
which contained the total curcumin concentration in the
solution. Then the UV spectrum was recorded. After that, 1
mL of stock solution was taken and centrifuged at 12000 rpm
for 60 min. The supernatant containing the unencapsulated
curcumin was collected and its UV spectrum was recorded.*?

%EE =

Total curcumin

plunging device. A thin layer of vitrified sample was formed on
the sample Cu-grid. The sample Cu-grid was bloated and
initially plunged in liquified ethane, and later transferred to
liquid nitrogen to prevent the crystallization of the sample and
avoid the loss of its inherent microstructures on the Cu-grid.
The formation of crystalline ice would have degraded the
quality of the images. Then, the sample grid was further
transferred to a pre-cooled cryo-holder at —170 °C on the
cryogenic station. Later, the cryo-holder was inserted in the
cryo-TEM and it was allowed to equilibrate and attain a

4506 | Mater. Adv, 2024, 5, 4504-4523
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2.5. In vitro release

A known amount of CSLN powder was dissolved in the buffer
medium (2 mL) with different pH to mimic the intracellular
condition in cancer tissue (pH 7.4, 6.5 and 5) and loaded in a
dialysis bag (MWCO 10 kDa), which was placed in 100 mL of
receptor medium (kept constant at 37 °C £ 0.5 °C and stirred at
100 rpm). The receptor medium had 0.1% Tween-80 for facil-
itating the release of curcumin in PBS (pH 7.4) (sink). A known
amount of aliquot was taken from the sink and filled with PBS

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of the same composition to maintain the volume. The content
of curcumin in the released medium was determined at regular
intervals using a UV spectrophotometer and calculated accord-
ing to the calibration curve. The samples were protected from
light throughout the procedure.*?

2.6. Chemical stability

The chemical stability of CSLNs was assessed and compared
with free curcumin in both PBS and DMEM medium with a
final concentration of 20 pg mL™' in 5 mL dispersion. The
samples were incubated at 37 °C for 0, 15 min, 30 min, 60 min
and 6 h. At each interval, 150 pL sample was taken and
dissolved in 550 pL of methanol. Subsequently, the samples
were vortexed for 1 min and centrifuged at 12 000 rpm for 5 min
and stored on ice prior to spectral analysis using a plate
reader.?

2.7. Storage stability of CSLNs

CSLNs were stored at 4 °C for 2 months in 50 mL Falcon tubes
wrapped in Al-foil in the dark. Then, the variation in the
encapsulation efficiency, particle size and zeta potential was
determined at predetermined intervals (1, 7, 14, 30, and
60 days).

2.8. Invitro study

2.8.1. Cell culture. Human lung adenocarcinoma cells
(A549) and normal human lung epithelial cells (WI26 VA4,
ECACC 89101301) were procured from the European Collection
of Authenticated Cell Cultures (ECACC) and cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum (FCS), 2 mM glutamine, and penicillin-
streptomycin (10000 units per mL). Cells were seeded at the
desired cell density in suitable culture plates in triplicate for
control/treatment groups and placed in an incubator at 37 °C at
5% CO,. After ~24 h, the medium was replaced with fresh
medium with or without different concentrations of CSLN or
CUR (10, 20 and 40 uM). The cells were treated with bare NP
(SLN, 100 pg mL™") as the control treatment.

2.8.2. Phase contrast microscopy. To study the morpholo-
gical changes, bright-field microscopy of the control and trea-
ted human adenocarcinoma cells (A549) as well as normal
human lung epithelial cells (WI26) was performed after 24 h
of various indicated treatments. Multiple images (8-10) per
treatment group were taken at 20x magnification. The curcu-
min control (10-40 pM) was taken to compare the morpholo-
gical alterations induced by CSLN.

2.8.3. MITT assay and cell count. To study the cytotoxic
effect of CSLN treatment, the MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide) assay was performed as
described previously.>® Briefly, a specific number of cells
(~3000 cells per well) was seeded in cell culture medium in a
96-well plate. After overnight attachment, the medium was
replaced with CUR or CSLN (0, 10, 20 and 40 uM) having an
equivalent concentration of curcumin as well as bare NPs
(100 pg mL ") in the cell culture medium for 24-48 h. At the
end of incubation, MTT solution (0.5 mg mL ™) was added to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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each well for 3 h at 37 °C. MTT formazan crystals were dissolved
in dimethyl sulfoxide (DMSO). The absorbance of each well was
measured at 550 nm using a microplate reader (Infinite-200Pro,
Tecan, Switzerland). Microwells (in quadruplicate) with med-
ium only (without cells) were also kept as a blank control to
check the effect of CUR on the reduction of MTT. The mean
absorbance intensity was derived from five independent treat-
ment/control groups. To further assess the effect of CSLNs on
cell proliferation, a cell count analysis was performed. Briefly, a
specific number of cells (5 x 10° cells per well for A549 or 2 x
10> cells per well for WI26) was seeded in cell culture medium
in 6-well plates. After overnight attachment, the medium
was replaced with CUR- or CSLN-containing medium having
equivalent drug concentrations (0, 10, 20 and 40 uM) or bare NP
(i.e. SLN, 100 pg mL ') to the cell culture medium for 24 h.
Percentage cell proliferation was calculated as % proliferation =
mean of absorbance of CUR- or CSLN-treated wells/
absorbance mean of control wells x 100. Results were
expressed as mean =+ standard deviation (SD) of three indepen-
dent experiments. Cell count was determined after 24 h of
different treatments using an automatic cell counter (Denovix).
Cell count experiments were performed in triplicate for each
treatment group.

2.8.4. Immuno-fluorescence. A specific number of A549
and WI26 cells (~3000 cells per well) was seeded on cover
slips (placed in a 6-well plate) for overnight attachment. For
treatment, cells were incubated with pure CUR (0, 10, 20 and
40 pM) or CSLN having equivalent drug concentrations or bare
NP (SLN, 100 pg mL™ ") in the cell culture medium for 24 h. The
cells were processed for immune fluorescence analysis by
following the method described previously. At the end of
treatment, the cells were washed with PBS three times and
fixed in 4% paraformaldehyde for 20 min at room temperature.
After fixing, the cells were washed with PBS and mounted on a
glass slide using cell mounting medium containing DAPI
(Fluoroshield, Sigma) for nuclear staining. Subsequently, these
cells were imaged using a confocal microscope (Olympus FV
3000, Japan) at the excitation wavelength (Ze,) of 405 nm and
488 nm for DAPI and CUR, respectively.

To quantify the fluorescence of curcumin in the nucleus of
the A549 and WI26 cells, the Image ] software (NIH) was
utilized. Briefly, the region of interest (ROI) in the merged
images was selected by taking the margin of nucleus from the
DAPI-only images as a reference. The fluorescence intensity was
measured using the analysis tool in Image J. About 80-100 cells
were analysed from 10-15 randomly selected images per treat-
ment in triplicate. The relative fold change compared to the
control was plotted for the various treatment groups.

2.8.5. Cell cycle analysis. To quantify the apoptotic mode
of cell death by CSLN, FACS analysis was performed on propi-
dium iodide (PI)-stained cells after various treatments. The
cells (1 x 10°) were plated in 60-mm culture dishes for over-
night attachment, and then treated with CSLN or CUR for 24 h.
At the end of treatment, the cells together with the supernatant
were collected by trypsinization and washed twice with PBS and
processed for PI staining as described previously (Manjoor

Mater. Adv,, 2024, 5, 4504-4523 | 4507
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et al., 2014). The cells were fixed in ice-cold 70% ethanol for 1 h
and stained with PI (50 pg mL™") for cell-cycle analysis. Events
(20000 per sample) were acquired with an FACScan flow
cytometer (Cyflow space, Partec, Germany) and analyzed using
the Cyflogic software to quantify the cells in sub-G1 peak.

2.8.6 RBC isolation and hemolysis assay. A hemolysis assay
was used to investigate the compatibility of red blood cells with
CSLN under physiological buffer condition. Human blood
samples were obtained from healthy donors in the Pathology
Lab, Medical Division, BARC, Mumbai with the approval of the
Institutional Medical Ethics Committee. Blood samples were
collected in heparinized tubes by vein puncture. RBC isolation
was done at 4 °C following the standard protocol, as described
earlier.*® Briefly, blood (2 mL) was washed with 8 mL of HEPES-
buffered saline (HBS) by centrifugation (1000g, 10 min) at 4 °C.
After removing the supernatant, the cell pellet was resuspended
in HBS (2 mL) and the cell concentration was determined by
hemocytometry. The cell count, i.e. 5 x 10" cells per mL, was
used for the hemolysis experiments. To determine the biocom-
patibility of CSLN, RBC suspensions were incubated with an
increasing concentration of CSLN (1-50 puM, 2 h) followed by
the quantification of hemolysis. At the end of incubation, the
samples were centrifuged at 5000g for 10 min at room tem-
perature and an image of the representative tubes was taken.
Hemolysis was measured at 540 nm using a spectrophotometer
(Jasco-V550, Japan). The percentage hemolysis was calculated
using the formula: hemolysis (%) = [Abs. in the supernatant of
treated samples/Abs. in the supernatant of 100% lysed samples]
x 100. The untreated erythrocyte suspensions were completely
lysed by adding 20 times the volume of distilled water.

2.8.7. Statistical analysis. Results are expressed as mean +
standard deviation. The Student’s t-test was used to test the
significant difference between the control and treated samples.
Values of p < 0.05 were considered statistically significant.

2.9. In vivo toxicity study

2.9.1. Ethics statement and animals used. In vivo studies
were performed according to the Institutional Animal Ethics
Committee (IAEC) guidelines. A total of 15 healthy female Swiss
mice (12 weeks old; weight 20-25 g) was included in this study.
The mice were divided into three groups (two treatment groups,
i.e., bare SLN and CSLNs, and one control group) and used for
the oral toxicity investigations. They were kept in the Experi-
mental Animal Facility of the Bhabha Atomic Research Centre,
Trombay under controlled environmental conditions of ade-
quate ventilation, about 23 + 2 °C temperature, 60 £ 10%
relative humidity, and 12 h dark and 12 h light cycle, with food
and water ad libitum.>” All animals were randomly assigned to
cages for at least 7 days before the start of the experimentation.
All cages were monitored daily and bedding material was
changed thrice a week.

2.9.2. Sub-acute oral toxicity study. The required quantity
of blank SLN and CSLNs was weighed according to the dose
mentioned (200 mg kg™ body weight) and suspended in nano
pure water to get the desired concentration. The formulations
were prepared shortly before dosing from the lyophilized

4508 | Mater. Adv, 2024, 5, 4504-4523
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powder form. The homogeneity of the formulation was con-
served by continuous stirring on a magnetic stirrer during
dosing. Using a gavaging needle, the formulation was adminis-
tered by oral gavage to each mouse once daily, for a period of
28 d. The dosage volume for each mouse was adjusted accord-
ing to its body weight on the day of dosing by maintaining the
dosage volume of 10 mL kg ".*®* Animals were observed for
morbidity and mortality twice daily. The body weights for all
groups were measured prior to gavage on day 1 and weekly until
and on the day of sacrifice.*”

2.9.3. Sample collection and histopathological study. On
day 28, all animals were weighed and sacrificed (by CO,
asphyxiation). They were euthanized by cardiac puncture and
their carcasses disposed. At the completion of the experimental
period, all animals were fasted for 12 h prior to sacrifice. The
obtained blood samples were immediately divided into two
portions, one for hematological analysis (stored in an EDTA
tube) and one for serum biochemistry. For histological exam-
ination, internal organs including the liver, lung, kidney, heart,
and spleen were collected and immediately fixed in 10%
buffered formalin. Further, the samples were fixed in parafor-
maldehyde for 24 h, followed by incubation in a gradient
concentration of sucrose solution. The tissues were processed
using an Automatic Tissue Processor and embedded with
paraffin. The paraffin-embedded tissues were cut using a
Microm HM 315 microtome and stained with haematoxylin
and eosin (H&E). The slides were observed under a light
microscope.*’

2.9.4. Haematological and biochemical parameters. The
estimated haematology parameters included haemoglobin
(Hb), erythrocyte count (RBC), total leukocyte count (WBC),
mean corpuscular volume (MCV), mean corpuscular haemoglo-
bin (MCH), mean corpuscular haemoglobin concentration
(MCHC) and platelet counts.*’ Blood smears were prepared
with Leishman’s stain and differential WBC or leucocyte count
(DLC) was carried out by standard microscopy and counting
100 cells such as neutrophils (N), lymphocytes (L), eosinophils
(E), monocytes (M) and basophils (B). The serum biochemistry
parameters such as total serum bilirubin (mg dL™"), direct
serum bilirubin (mg dL™"), serum total proteins (g dL %),
serum total albumin (g dL™"), serum total globulin (g dL ™),
albumin, alanine aminotransferase (ALT, IU LY,
aspartate aminotransferase (AST, IU L™ "), alkaline phosphatase
(IU L™Y), blood urea nitrogen (mg dL '), random blood sugar
(mg dL ™), total cholesterol (mg dL™ "), triglycerides (mg dL ™),
creatinine (mg dL "), Cl, Na and K (mEq L™') were also
measured. All blood samples were analyzed, with the results
reported as mean £ SD.

3. Results and discussion
3.1. Solubility and physiochemical characterization of CSLNs

Curcumin is a hydrophobic molecule, and hence has poor
solubility in aqueous medium. In this case, the aqueous
dispersibility of curcumin could be improved by incorporating

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Curcumin in SLN matrix and water at 30 °C, (b) X-ray diffraction (XRD) patterns of curcumin, bare SLNs and CSLNS, (c) intensity-weighted

average hydrodynamic diameter of bare SLN and CSLNs, (d) cryo-transmission electron microscopy (TEM) image of curcumin-loaded solid lipid
nanoparticles (CSLNs), scale bar, 200 nm, (e) zeta potential value of bare SLN and CSLNs and (f) normalized fluorescence emission spectra of pure

curcumin in methanol and curcumin-loaded SLNs (CSLNs) in water.

it in submicron lipid particles. After forming a suspension of
equal amounts of free CUR and CSLNs in an equal volume of
PBS solution of pH 7.4, it was observed that the CSLNs formed a
stable and homogenous dispersed system, but a significant
amount of insoluble curcumin crystals was observed in the
curcumin-water mixture, indicating the significant improve-
ment in the dispersibility of curcumin in the water medium
after encapsulation in the lipidic structure (Fig. 1(a)). The
diffraction pattern in Fig. 1(b) shows the disappearance of
sharp crystalline peaks of curcumin in the curcumin-loaded
SLNs. This confirms the entrapment of the amorphous curcu-
min inside the lipid matrix. The similar patterns of both the
bare SLNs and CSLNs further suggest that curcumin encapsula-
tion had no effect on the physical structure of the nano-
particles. To evaluate the morphology of the CSLNs, cryo TEM
was carried out, which indicated the formation of roughly
spherical and smooth solid lipid nanoparticles with a size in
the range of 70-100 nm (Fig. 1(d)).*>

© 2024 The Author(s). Published by the Royal Society of Chemistry

The average hydrodynamic diameter of the colloidal disper-
sion of CSLNs was measured using the dynamic light scattering
technique, as shown in Fig. 1(c). The intensity-weighted average
diameter of the bare SLN and CSLNs was found to be 250 + 4
and 264 + 12, with a polydispersity index of 0.20 and 0.28,
respectively. This higher relative hydrodynamic diameter in
comparison to the size obtained from TEM can be explained
in terms of the polydispersity as well as the associated hydrated
layer along the nanoparticles. The stability of the CSLNs is
largely dependent on their surface features, i.e. surface charge
to be precise. The average zeta potential value of these prepared
CSLNs was about —45.7 & 0.4 mV, as presented in Fig. 1(e). This
large negative zeta potential value makes them highly stable as
a colloid in the water dispersion and prevents the agglomera-
tion. The minute difference in surface charge between bare
SLNs and CSLNs further confirms that most of the curcumin is
encapsulated inside the hydrophobic lipid matrix of the SLNs
rather than being adsorbed on the surface. Thus, to further

Mater. Adv., 2024, 5, 4504-4523 | 4509
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Fig. 2 FTIR spectra of (a) pure curcumin, (b) bare SLN and CSLNs, (c) UV-vis spectra of CSLN dispersion (dilutions were made for ease of calculation) and

(d) in vitro release profile of curcumin from CSLNs at different pH medium

augment the structural orientation of the curcumin inside the
solid lipid matrix, the fluorescence emission spectra of both
pure curcumin in methanol and CSLN dispersion were
recorded. It was observed that there was shift in the emission
maximum from 538 nm to 500 nm from pure curcumin to
CSLN sample. There was also an enhancement in the emission
observed (here only normalized spectra plotted). The fluores-
cence of curcumin purely depends on the polarity of its
environment, which showed a shift in the emission maximum
from a longer to shorter wavelength and increase in fluores-
cence intensity. This purely indicates the movement of curcu-
min from a relatively high polar to less polar medium, ie.
encapsulation of curcumin happened via hydrophobic inter-
action in the CSLNs (Fig. 1(f)).*

To confirm the encapsulation of curcumin in the solid lipid
nanoparticles, FTIR measurements were performed. Fig. 2(a)
shows the signature peaks of curcumin at 1024 cm™ "' (C-O-C
stretching vibrations), 1275 cm™' (aromatic C-O stretching
vibrations), 1426 cm™ ' (olefinic C-H bending vibrations),
1503 cm ™' (C=0 and C=C vibrations), 1598 cm ' (benzene
ring stretching vibrations), 1626 cm™" (aromatic moiety C—C
stretching) and 3508 cm™' (phenolic O-H stretching
vibration).** Fig. 2(b) shows the peaks corresponding to the
bare solid lipid nanoparticles, including the typical peaks of
phospholipid at 1241 cm™' (PO, antisymmetric stretching
bands), 1736 cm™ ' (symmetrical C=O stretching vibration),
2852 cm™ ' and 2921 ¢cm ™' (CH, stretching vibration); lauric
acid at 720 cm ' (out-of-plane -C-H bending), 945 cm '
(wagging vibration peak of O-H), 1280 cm ™' (stretching vibra-
tion of C-0);* P188 at 1344 cm ' (-O-H bending), and
3470 ecm~ ' (-O-H stretching). The stretching vibration of
-CH; is masked with the -CH, stretching vibration at

4510 | Mater. Adv., 2024, 5, 4504-4523

(data are presented as the mean (%) + std from triplicate measurements).

2924 cm '.*® The FTIR spectra of CSLNs showed all the
signature peaks of curcumin and bare lipid nanoparticles, as
mentioned above. The peak position as well as the shape were
similar in CSLNs to that of the phospholipids at 2921 cm ™" and
2852 cm™ ' (-CH, stretching vibration) and all the related ones.

3.2. Drug loading and release study

The drug encapsulation ability and subsequent drug release
pattern of CSLNs were investigated. % EE and % LC are
significant parameters in nanoformulations because of their
dose rate-related parameters to avoid any unwanted side effects
and long-term stability under biological conditions.*”"** The EE
and LC of CSLNs were measured using the centrifugation
method, followed by concentration estimation using the UV-
Vis method, as mentioned earlier. The drug-loading capacity
and encapsulation efficiencies of CSLNs were found to be
around 22.8% and 86.5%, respectively (Fig. 2(c)). This high
drug loading will help reduce the dose rate and dosage volume.
The higher affinity of lipophilic curcumin towards the hydro-
phobic lipid matrix facilitated a higher and stable curcumin
encapsulation in the core.”® The high drug (curcumin) loading
capacity of CSLNs is directly related to lipophilicity of curcumin
itself. The reported log P value of curcumin is 3.2. The synthe-
sized SLNs were made up of lipid molecules with long alkyl
chains, which cause the curcumin molecules to show even
higher affinity towards lipid molecules. This enhanced affinity
between the drug and lipid matrix induces extremely stable
drug encapsulation in the hydrophobic core. Moreover, the
process used here is cold homogenization, which can actually
overcome the problems of the hot homogenization technique
such as accelerated degradation of the drug at elevated tem-
perature, partitioning and consequent loss of drug molecules

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Mathematical models for drug release kinetics

Model Zero order First order Higuchi Hickson-Crowel Weibull
pH 7.4 0.8626 0.1096 0.9791 0.5411 0.9875
pH 6.5 0.8575 0.1016 0.9673 0.4994 0.9839
PH S5 0.8709 0.1044 0.9759 0.5257 0.9866

into the aqueous phase during the homogenization procedure.
Furthermore, the uncertain polymorphic transitions of the
lipid at high temperature owing to the complexity of the
crystallization step of the nanoemulsion also sometimes lead
to the degradation of the host matrix. In the cold homogeniza-
tion process used in this work, the drug containing melt was
rapidly cooled (using ice) to favour a complete and enhanced
homogenous drug distribution in the lipid matrix. Thus, by
avoiding the aforementioned major drawbacks, the CSLN for-
mulation system could achieve a significantly high drug load-
ing capacity.® The pH-dependent drug release profile was
monitored for a period of 50 h via the dialysis membrane
method using reservoir-sink condition to mimic the intracel-
lular condition. The in vitro release profile of the CSLNs showed
a biphasic release pattern with a burst release of curcumin of
26.5%, 31.8% and 35.5% at pH 7.4, 6.5 and 5, respectively, up to
6 h, followed by slow and sustained release until after 50 h in
the medium (Fig. 2(d)). With an increase in the acidity of the
medium, the cumulative % release of curcumin was found to
increase from 49.3% to 70.5%. The release feature of this
curcumin may be due to the distribution of the drug in the
CSLNs. In addition, mathematical models including zero-order,
first-order, Higuchi, Hixson-Crowell, Korsmeyer-Peppas and
Weibull equations were used to further understand the release
mechanism of curcumin from CSLNs (Table 1). Model

(c)

=
-
o
o

% residual curcumin
N g [=2] <]

View Article Online
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simulation and data analysis were carried out using the
KinetDS 2.0 software. Among the equations, the release of
curcumin from CSLNs followed the Weibull and Higuchi model
the best, given that these two models showed the best fit (R*
value). According to these two models, curcumin was first
dissolved in the solid lipid matrix, and then diffused to the
surface of the lipid core, followed by dissolution into the
aqueous phase from the matrix.>*">* Subsequently, the released
curcumin from CSLNs diffused from the dialysis bag to the
release medium due to the concentration gradient. The diffu-
sion of curcumin was better controlled by encapsulation during
the release process. The initial slight burst may be due to the
minimal adsorption of curcumin and curcumin located at the
peripheral region of CSLNs. Subsequently, the drug incorpo-
rated in the core was released in a prolonged period, as shown
in Fig. 2(d).>**®

3.3 Chemical and storage stability

To determine the chemical stability of the encapsulated curcu-
min in CSLNs, we carried out time-dependent spectral
measurement in both 0.1 M PBS (pH 7.4) and 10% DMEM
medium (image, Fig. 3(a)). It was found that the free curcumin
almost readily degraded within 15 min of incubation in the vial.
In contrast, the CSLN dispersion was found to be highly
chemically inert in both media even after 6 h of incubation
(Fig. 3(b)). The residual curcumin content in CSLNs remained
at 78% and 65% in 10% DMEM and PBS medium, whereas the
free curcumin got degraded rapidly by almost 85% and 88% in
DMEM and PBS medium after 6 h of incubation, respectively.
This result essentially proved that SLN could effectively protect
the curcumin from degradation in the solution stage for a
longer period. The storage stability for any nanoformulation is
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(a) CSLNs and free curcumin in 10% cell culture (DMEM) and PBS medium, (b) chemical stability of free curcumin and the CSLNs in PBS (pH 7.4)

and 10% DMEM medium, (c) comparative autocorrelation functions of CSLNs at different time scales and (d) changes in Z average diameter, zeta potential

(negative sign not mentioned in graph) and % drug loading content in CSLN
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s during storage at 4 °C.
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Table 2 Data representing the stability parameters (data presented as
mean + SD, n = 3)

Avg. hydrodynamic Poly dispersity Zeta potential

S.no.  diameter (nm) index (mvV) % LC

I1stday 264 + 12 0.28 £ 0.06 —45.7+ 0.4 22.8+ 0.4
7th 265 = 8 0.27 £ 0.02 —45.7 £0.1 224+ 0.3
14th 258 £ 9 0.29 & 0.04 —45.6 £ 0.2 2244 0.4
30th 253 £ 6 0.29 & 0.01 —449 + 0.6 22.0 £ 0.8
60th day 277 + 8 0.29 £ 0.04 —45.2 £0.8 21.6 +0.9

an extremely important parameter for long-term usage with
respect to the leakage of the active ingredients and
agglomeration.”® The physical stability of the CSLN system
was monitored in terms of average size, surface charge and %
loading content. The lyophilized powder of the formulations
was stored at 4 °C separately. The mean hydrodynamic dia-
meter changed from 264 + 6 nm to 277 + 8 nm only after 60
days of encapsulation (Fig. 3(c)). The surface charge essentially
remained almost unchanged at around —45.2 + 0.8 mV. It was
observed that the % drug loading capacity changed from 22.8%
to 21.6% after 2 months (Fig. 3(d)). It can be inferred that the
curcumin-loaded negatively charged solid lipid nanoparticles
were highly stable upon storage at low temperature (which
inhibits their thermal degradation) given that no instability was
observed even after 60 days storage in powder form, as shown
in Table 2.%”

3.4. Invitro studies

3.4.1. CSLN caused alteration in cell morphology and
decreased proliferation. The cytotoxic effect of CSLNs at various
concentrations (i.e. 1-50 uM, 24 and 48 h) in A549 cells was
assessed using the MTT assay (Fig. S1, ESI{), which showed
IC50 in the range of ~32 to 12 uM (at 24-48 h). Therefore this
concentration range (10-40 uM) was selected for further in vitro
experiments.

Bright-field microscopy was performed on A549 and WI26
cells treated with increasing concentrations of CSLN (10-
40 uM), CUR (10-40 pM) and bare NP (SLN, 100 pug mL™") for
24-48 h. Representative images of indicated treatments are
shown in Fig. 4(a), which show the concentration-dependent
effect of CSLN on the morphology alterations in the A549 cells.
CSLN caused significantly higher cell death (observed as small,
detached and rounded cellular bodies) compared to CUR at
equivalent concentrations (10 and 20 uM). It is evident that
CSLNs at 40 pM induced significantly higher dead cells
(rounded off) with an apoptotic morphology compared to
the respective CUR treatment. Bare NP treatment (SLN,
100 pg mL ') caused no visible morphological alteration com-
pared to the control in both the A549 and WI26 cells. Repre-
sentative images of the indicated treatments on WI26 cells are
depicted in Fig. 4(b), which showed that both CSLNs as well as
CUR caused significantly less cytotoxicity to WI26 normal lung
cells than the A549 lung cancer cells.

To further study the effect of CSLN on the proliferation of
lung cancer cells in comparison to normal lung cells, the MTT

4512 | Mater. Adv, 2024, 5, 4504-4523
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Fig. 4 (a) Phase contrast microscopy images of control, CSLN (10-40
uM), CUR (10-40 uM) and bare NP (SLN, 100 pg mL™)-treated A549 cell
line after 24 h of indicated treatment. Scale bar represents 50 pm. Yellow
arrows mark the dead cells. (b) Representative phase contrast microscopy
images of control, CSLN (10-40 uM), CUR (10-40 pM) and bare NP (SLN,
100 pg mL™Y-treated WI26 cell line after 24 h of indicated treatment. Scale
bar represents 50 um. Yellow arrows are mark the dead cells.
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unformulated form of CUR (10 and 20 pM) did not significantly
affect the proliferation (or mitochondrial metabolic activity) of
the cancer cells even up to 48 h. At 40 uM, CUR was found to
cause ~20% decrease in cell proliferation after 48 h. Notably,
the bare NP, i.e. SLN, did not cause any significant decrease in
proliferation up to 100 g mL~". These results suggest that the
SLN form of CUR exerted its cytotoxic activity. Thus, it was
imperative to also determine the effect of CSLN on the growth
of normal human lung epithelial cells (WI26). The results
clearly showed that the effect of CSLN on the growth of WI26
normal cells was found to be less than that on cancerous cells
(A549) (Fig. 5(c) and (d), respectively), suggesting a therapeutic
window for CSLNSs as an anticancer drug. In this case, to further
validate the effect of CSLN on cell proliferation, the cell count
was measured after 24 h and 48 h of indicated treatments
(Fig. 6(a) and (b), respectively). The results showed that CSLN
has significantly decreased cell proliferation, which was found
to be higher than the effect of native CUR and bare NPs at both
24 and 48 h.

3.4.2. Cellular internalization. To study the cellular inter-
nalization of CSLNs in comparison to CUR, immunofluores-
cence analysis was performed on both A549 and WI26 cells. The
results showed that the fluorescence intensity associated with
CSLN (10-40 puM) significantly increased (by 2.0-4.5 fold) in the
A549 cells treated with CSLNs (Fig. 7(a) and 8(a)) compared to
the vehicle control, suggesting the internalization of the CSLN
particles in the cancer cells. The curcumin-associated fluores-
cence was significantly higher in the CSLN-treated cells than in
the CUR-treated cells at 40 pM, suggesting the increased uptake
of curcumin mediated by CSLN than by pure CUR. The differ-
ential uptake of curcumin further explained the higher cancer
cell cytotoxicity of CSLN than CUR (Fig. 4-6).

In the WI26 cells, the curcumin fluorescence in the CSLN-
treated cells was found to be similar to that in the CUR-treated
cells (Fig. 7(b) and 8(b), respectively). These results suggest that
the normal lung cells were refractory to take up CSLN or
unformulated curcumin. This seemed to be associated with
the lesser toxicity of CSLN and CUR to normal cells (WI26)
compared to cancer cells (A549), as observed in previous results
(Fig. 4-6). These results suggest the potential of CSLNs for
application as an anticancer drug.

Interestingly, the curcumin fluorescence in the CSLN-
treated A549 cells was found to be mainly localized in their
nucleus (Fig. 7(a)). In contrast, the A549 cells treated with free
curcumin showed fluorescence localization mostly in their
cytoplasm (Fig. 7(a)). The analysis using the NIH Image-J
application revealed ~2-4-times higher accumulation of cur-
cumin in the nucleus of the A549 cells treated with CSLNs
compared to the WI26 cells treated with CSLNs at the respective
concentration (Fig. 8(c) and (d)), respectively. This differential
accumulation of curcumin in the nucleus of the cancer cells (in
comparison to normal cells) by CSLNs indicated their possible
mechanism of anticancer activity in their nucleus as a DNA
binding/damaging agent, which was reported previously in cell-
free DNA interaction studies with curcumin.>® Moreover, pre-
vious reports showed that smaller Cur-NPs (~28 nm) were

4514 | Mater. Adv, 2024, 5, 4504-4523
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Fig. 7 (a) Representative immunofluorescence images of indicated treat-
ments in A549 cells. Green fluorescence indicates the uptake of curcumin
by cells treated with different concentrations of CSLN or CUR. Nuclei were
stained with DAPI (blue). Scale bar represents 10 um. (b) Representative
immunofluorescence images of indicated treatments on WI26 cells. Green
fluorescence indicates the uptake of curcumin by cells treated with
different concentrations of CSLNs or CUR. Nuclei were stained with DAPI
(blue). Scale bar represents 10 pm.
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internalized more efficiently in the nucleus of cancer cells
and caused higher cytotoxicity than larger Cur-NPs (~100-
200 nm).>*®" In the present study, CSLNs (hydrodynamic
diameter of ~250 nm) in comparison to bare SLNs were found
to localize more significantly inside the nucleus of A549 cells
compared to normal human lung epithelial cells (WI26)
(Fig. 8(a)-(d)), suggesting the plausible role of physicochemical
properties including surface coating of CSLNs as well as cancer
cell-specific mechanisms (macropinocytosis) for the internali-
zation of the nanoparticles and their intracellular localization.
The high zeta potential of CSLNs (—45.7 £ 0.4 mV) in the
present study indicated their greater resistance/stability
against agglomeration due to the repulsion between the simi-
larly charged nanoparticles. NPs with high zeta potential
(=25 to —55 mV) were found to show a significant correlation
with cellular uptake in both non-phagocytic (A549) and phago-
cytic cells.® Other factors such as hydrodynamic size, shape
and agglomeration status have also been reported to influence
the cellular uptake of NPs.®* However, no significant correla-
tion was observed between hydrodynamic size and cellular
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uptake by A549 cells of identical polystyrene nanoparticles
conjugated with different functional groups.®® Therefore, in
the present study, the high zeta potential of CSLNs (~250 nm)
may possibly play a key role in their cellular internalization.
3.4.3. CSLN-induced apoptosis: sub-G1 FACS analysis. To
reveal the cell death-inducing ability of CSLNs, an experiment
was performed to quantify the cells in the sub-G1 peak after
propidium iodide staining using FACS analysis. The results
showed that CSLNs (10 and 40 pM) significantly (p < 0.0001)
increased the relative fold change (5-13 fold) of cells (9-18%) in
the sub-G1 phase compared to the control cells (~1.5%) and
cells treated with an equimolar concentration of CUR in A549
cells (Fig. 9(a)). Consistent with the above-mentioned results
(Fig. 5 and 6), CSLNs were also found to be less toxic to the
WI26 normal human lung cells in terms of cell death by sub-G1
analysis. The results showed that CSLN (10 and 40 pM)
less significantly (p < 0.01) increased the relative fold change
(1.1-1.5 fold) of cells (7-10%) in the sub-G1 phase compared to
the control cells (~6.5%) and cells treated with an equimolar
concentration of CUR in WI26 cells (Fig. 9(b)). Given that the

WI26

Control 10 40 10 40 100
L 1 L ] L 1

CSLN (uM)  CUR (uM) SLN (pg/ml)

Wi26

Relative fold change in nuclear fluorescence

*EEE

Control 10 40 10

40 100
CUR (M) SLN (ug/ml)

Relative fold change in nuclear fluorescence

CSLN (uM)

Fig. 8 Relative fold change in mean fluorescence intensity of curcumin in various treatment groups in A549 cells (a) and WI26 cells (b). Data represents
mean of fluorescence normalized with DAPI fluorescence from randomly selected images (10 to 15). Nuclear localisation of curcumin by CSLN in A549
cells (c) and WI26 cells (d) compared to CUR and SLN alone. Data represents mean of nuclear fluorescence from randomly selected cells (80 to 100
cells).*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared to respective control group or indicated comparison.
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Fig. 9 Cell death analysis by sub-G1 peak of cell cycle distribution after Pl staining using flow cytometry of control or CSLN/CUR-treated A549 cells (a)
and WI26 cells (b). Cells were treated with the specified concentration of CSLN or CUR (10 and 40 uM) and SLN (bare NP, 100 pug mL™?) for 24 h. Relative
fold change of cells in sub-G1 phase of cell cycle + SD compared to control was determined from three independent treatments. (c) Representative
histogram showing the distribution of cells in sub-diploid (G1) phase of cell cycle at 24 h under different treatment conditions. *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001 compared to respective control group or indicated comparison.
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Fig. 10 Effect of CSLNs on human erythrocytes using ex vivo hemolysis assay. (a) Image showing clear supernatant in the representative tubes of CSLN-
treatment at indicated concentrations compared to control. Thorium metal (75 pM) taken as a positive control to induce hemolysis showed significant
leakage of haemoglobin in the supernatant. (b) Hemolysis was measured by measuring the absorbance of the supernatant at 540 nm using
spectrophotometer. Data represents mean + SD derived from three independent treatments. **p < 0.01, ns: not significant compared to control.

sub-G1 peak represents cells with nuclear condensation, a
characteristic marker of apoptosis, these results provide evi-
dence for the apoptotic mode of cell death induced by the CSLN
formulation.

3.5. Erythrocyte toxicity

To explore the in vivo potential of CSLNs, their toxicity to
erythrocytes was examined using a hemolysis assay. The results
showed that a concentration of CSLNs from 1 to 50 uM did not
cause any significant increase in hemolysis compared to the
control (Fig. 10(a) and (b)), respectively. Thorium, which has
been reported to be haemolytic, was employed as a positive
control in the experiment.*® The representative tubes of CSLN-
treated erythrocyte suspension showed a clear supernatant or
negligible leakage of haemoglobin from the erythrocytes as in
the untreated control tube. In contrast, the thorium-treated
tube (75 uM) exhibited significant leakage of haemoglobin in
the supernatant. These results suggest the biocompatibility of
CSLNs for further their preclinical/clinical evaluation.

3.6. In vivo studies

Sub-acute toxicity studies provide a discrete hint about any sort
of adverse effect of the test formulation, which is stimulated by
regular exposure and its cumulative effect on tissue and other
important parameters. This is helpful for calculating the appro-
priate concentration for dosage and the effect of the formula-
tion on individual organs.®* The sub-acute study was conducted
for 4 weeks (28 days) with three different groups, i.e., control
(no treatment), bare SLNs (only nanocarrier), and CSLNSs
(formulation @200 mg kg™ day ). The estimated parameters
were body weight, haematological, blood biochemistry and
histopathological parameters.

3.6.1. Body weight measurement. One of the most impor-
tant parameters for toxicology investigation is body weight
monitoring because an abnormal gain or loss in weight is a
direct signature of an immunotoxic effect on the body.
Fig. 11(b) shows the relative change in the body weight profile
for the three groups. The body weight recorded at 7-day inter-
vals showed a steady transition with respect to weight gain

© 2024 The Author(s). Published by the Royal Society of Chemistry

during the study period. Thus, we can infer that the prepared
nanoformulation did not cause any obvious adverse effect due
to the absence of a statistically significant difference w.r.t. the
control group. During the entire study period, no abnormal

(a)

28 day oral dosage

12 weeks Sacrifice
mice
Day0 Dayl pay2 Day3 Day4 Day28
(b)2.0
—o— Control
I —o— SLNs
15} —g— CSLNs

Relative body weight
(=)

0.5}
0.0 " " " " "
1 8 15 22 27
No. of Days
Fig. 11 (a) Scheme of 28 days sub-acute in vivo study and (b) average

body weight transitions of mice over the 28-day treatment period, where
no statistically significant differences in body weight were observed
between the treated mice and the non-treated mice. The data are
represented as mean + SEM.
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clinical or behavioural changes were detected. Moreover, the
necropsy at the end also did not show any macroscopic changes
in the organs of the three treatment groups.

3.6.2. Effects on haematological parameters and histo-
pathological examination. Haematological analysis is one of
the extremely delicate targets for any new formulation of toxic
drugs and chemicals, serving as a significant guide of patholo-
gical and physiological effects in animals and humans.®® The
assessment of the haematological parameters could be mean-
ingful in defining the lethal effects of CSLNs on test animal
blood, and therefore can be used to explain the blood-related
function of CSLNs.%° In this study, the effect of the formulation
on the hematological parameters was observed in different
blood parameters. The results showed normal levels of total
and differential white blood cells, RBCs, haemoglobin, and
packed cell volume compared to the untreated control mice. No
sign of thrombocytopenia, leukopenia, anaemia, i.e. pancyto-
penia, was seen in the treated mice (Fig. 12(a) and (b)).

To further augment the confirmation of non-toxicity of the
prepared formulation, several biochemical parameters for
assessing the liver, kidney and heart functions were monitored.
Serum markers such as aspartate transaminase (AST), alanine
aminotransferase (ALT) and alkaline phosphatase (ALP) mainly
exist in liver cells and their abnormal high concentration in

View Article Online
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blood is a direct consequence of damage to liver cells, necrosis
and hepatotoxicity. The current study revealed no significant
difference in the AST, ALT, and ALP levels among the three
groups under consideration (Fig. 12(c)). Proteins are the
building blocks of living cells. Thus, a change in the level of
proteins in the body provides a signal against any type of organ
or tissue damage.®”’”*® The results here showed no change in
the total serum proteins, albumin, and globulin, which implies
the absence any liver- and kidney-related malfunctions
(Fig. 12(d)). Blood urea nitrogen (BUN), creatinine (CRE) and
serum bilirubin are important indicators of kidney function.
BUN is a cellular metabolic product and CRE is a particular
result of muscle breakdown.

Alternatively, an enhanced level of BUN suggests acute renal
dysfunction and a high level of CRE indicates chronic renal
dysfunction.”®”* In the CSLN treatment group, we did not
observe any significant difference in the levels of BUN and
CRE, demonstrating the non-toxicity effects to the kidneys
(Fig. 12(e)). It was also observed that oral administration of
CSLNGs at the dose rate of 200 mg kg~ * per ' day failed to cause
any significant change (p > 0.05) in the total cholesterol and
triglyceride levels of the treated mice compared to the non-
treated control group. The random blood sugar, serum phos-
phorus and calcium levels were also found to be within the
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Fig. 12 Effect on blood parameters, serum biochemistry parameters of control mice, blank SLNs and formulation: CSLNs in Swiss albino mouse model

and ns: not significant compared to control.
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Fig. 13 H&E staining images after 28-day treatment with the control, carrier (SLNs) and formulation (CSLNs). Representative images of kidney, liver, lung,

bone marrow and spleen.

range of the control group, suggesting no adverse effect of the
formulation on these parameters (Fig. 12(f)).

3.6.3. Histopathological examination. Histopathological
evaluation was done on five major organs, namely the kidney,
liver, lung, bone marrow and spleen for 28-day study for the
control, bare SLNs and CSLNs (formulation). Fig. 13 shows the
H&E stained images for the 28-day treatment regimen. All
the evaluated organs were found to be completely normal after
the treatment with CSLNs for 28 days. The H&E staining of the
kidney did not show any adverse effect on the symmetry and
overall cellularity of the glomerulus as well as on the thickness
of the capillary walls. Pigment accumulation, fatty change,
and proliferation of sinusoidal lining cells are some main
consequences of toxicity on liver cells. The histopathological
assessment by staining showed no hepatocyte degeneration
and pigment deposition.”>”* The two treatment groups showed
a normal lung architecture. No substantial change such as
increased alveolar cell wall and inflammatory cells were

© 2024 The Author(s). Published by the Royal Society of Chemistry

observed in the lung tissue of the treated mice. The H&E images
of the bone marrow indicated that there was no significant
difference in the cellularity among the different treatment
groups. The images showed a normal red pulp area with no
cell breakage in the splenic parenchyma.””””

4. Conclusion

We developed a PEGylated solid lipid particle formulation via
the self-assembly of block copolymers in a lipid emulsion,
followed by solvent evaporation. The evaporation-induced
freezing of the lipids created submicron particles with a hydro-
phobic lipid core and hydrophilic PEG shell, which were
produced with a narrow polydispersity and specifically targeted
lung cancer cells. The lipidic core had the ability to incorporate
hydrophobic drugs such as curcumin to an exceptionally high
loading capacity of about 23%. This could significantly reduce
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the amount of inactive excipients employed in the delivery
system, and hence reduce the toxicity of the excipient. Com-
monly, nanoparticulate delivery systems are susceptible to
agglomeration, leading to adverse effects on their pharmacolo-
gical properties. Alternatively, the present delivery system could
be lyophilized and reconstituted using PBS to obtain nano-
particles with a similar size distribution, indicating its stability
towards long-term storage. The unusual stability of the parti-
cles and their easy dispersibility were attributed to the PEG
shell on their surface, which could be easily solvated and
remain as a corona to prevent agglomeration. These properties
are highly conducive for the development of pharmaceutical
formulations. Significant preferential alterations in cell mor-
phology were observed upon the treatment of lung cancer cells
with CSLNs. However, bare nanoparticles (without any curcu-
min) caused no visible morphological alteration compared to
the control in both A549 and WI26 cells. More importantly, the
PEGylated particles were found to accumulate in the nucleus of
the cancer cells compared to the cytoplasm in the normal cells.
This could significantly enhance the differential toxicity of the
curcumin to lung cancer cells, making it an effective agent for
lung cancer therapy. Flow cytometric analysis showed that the
treatment of lung cancer cells with CSLNs induced a large
increase in the sub G1 phase of the population, compared to
that in the normal cells. Given that the sub-G1 peak represents
cells with nuclear condensation, a characteristic marker of
apoptosis, it indicated the apoptotic mode of cell death
induced by the CSLN formulation. The acute oral toxicity
evaluation of the formulation in Swiss albino mice indicated
that there were no adverse health effects with respect to the
drug up to a dose of 200 mg kg~ " day ' for 28 days. No signs of
thrombocytopenia, leukopenia and anaemia were seen in the
treated mice. The histopathological assessment of the major
organs such as the kidney, liver, lung, bone marrow and spleen
after 28-day exposure showed no hepatocyte degeneration and
pigment deposition. These toxicological studies proved the oral
safety of the formulation for prolonged administration. Overall,
the present formulation has great potential for application in
lung cancer management by oral delivery.
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