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Abstract 

Background: Major therapeutic developments have been made in the preven-
tion of head and neck cancer (HNC), and crucial measures have been implemented 
for the survival of patients. The advent of cancer nano-theranostic as an effective 
approach targets cancer by allowing drug aggregation at the tumour site, its proper 
bioaccessibility, and tumour cell death. Curd exosomes are the cellular interactive nan-
ovesicles, considered a convenient conveyance medium for cargoes still unexplored. 
Curcumin analogue alanine is primarily recognised for its superior radical scavenging 
activity and anti-mutagen properties compared with curcumin.

Methods: The current study focussed on the isolation and characterisation of curd 
exosomes, followed by their interaction with cancer cells to deliver their content con-
veniently. Herein, we developed a nanoformulation of curd exosomes loaded with cur-
cumin alanine to determine its bioaccessibility and anti-proliferative effect compared 
with curcumin alanine free drug. In addition, the influence of curcumin alanine and its 
nanoformulation on cell morphology, nucleus structures, colony formation potential, 
and tumour cell death was observed. The expression of EphA2 and its associated 
molecules was determined using western blot and PCR to explore the mechanism 
at the cellular level.

Results: The recent investigation revealed the encapsulation of curcumin analogue 
alanine in curd exosomes enhanced the bioaccessibility in contrast with curcumin 
alanine. Then, we focussed on the curcumin alanine effect on HNC cells to monitor 
morphological alterations, a reduction in cell multiplication, and triggering apoptosis. 
Particularly, we found considerable suppression of EphA2 influencing mitochondrial 
dynamics with the strengthening of mitochondrial fusion MFN1 and MFN2, whereas 
fission-associated protein DRP1 was down-regulated by the treatment of curcumin 
alanine nanoformulation. Furthermore, curcumin alanine nanoformulation activates 
the apoptotic marker caspase-7 and suppresses the anti-apoptotic marker Bcl-xL.

Conclusion: Hence, these findings have drawn attention to curd exosomes loaded 
curcumin alanine nanoformulation impairing cell multiplication and mitochondrial 
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fission, leading to apoptotic cell death, as one of the effective approaches for the treat-
ment of HNC.

Keywords: Head and neck cancer, Curcumin alanine, Exosomes, EphA2, Mitochondrial 
dynamics
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Background
Curcumin(CUR) is a yellow polyphenolic element present in the roots of the turmeric 
plant, exhibiting diverse functions valuable to mankind. According to the Global 
Market Report, there will be an anticipated expansion of the curcumin market size to 
141.94 million USD in 2023, with an estimation of 220.4 million USD (9.2% growth) 
until 2028 (Curcumin Market 2023). In India, turmeric has been employed for the 
treatment of chronic diseases in Ayurveda since ancient times. As stated in the Statis-
tica report, Maharashtra generated 278 thousand metric tonnes of turmeric, making 
it the leading state, followed by Telangana and Rajasthan, in the financial year 2023 
(Sandhya Keelery 2023). It can be employed for the treatment of cystic fibrosis, dia-
betes, epilepsy, arthritis, Parkinson’s, and various skin allergies. Curcumin is known 
to regulate various signalling mechanisms, which include cancer tumorigenesis, lipid 
peroxidation, GPCR, and the TNF pathway (Aggarwal et al. 2007). In addition, cur-
cumin was known to undergo adjuvant therapy with resveratrol, targeting cancer-
induced cachexia-regulating sirtuin-1 protein. Curcumin exerts an anti-microbial 
effect by suppressing the growth of Pseudomonas aeruginosa  and  Streptococcus 
mutans  (Porro and Panaro 2023). It was noteworthy that curcumin acts as an anti-
inflammatory agent towards wound healing in myofibroblasts, which allows remod-
elling for wound contraction and its closure. Curcumin suppresses inflammation at 
an initial stage, thereby increasing cytokine production and triggering the NF-κβ 
mechanism in the wounded area (Barchitta et al. 2019). Moreover, curcumin acts as 
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an anti-cataract agent by upholding lens  Ca2+ ATPases and regulating calcium ions. 
In terms of an in vivo study, curcumin was found to be successful in inhibiting cata-
ractogenesis at an effective dosage of 8 g per day for 3 months. Therefore, it can be 
considered a therapeutic molecule for the eyes (Thiagarajan and Manikandan 2013). 
Curcumin reverses doxorubicin resistance in breast cancer by inhibiting NF-ĸβ which 
releases p300 transcription co-activator to bind with p53 and activates the apopto-
sis mechanism. Moreover, cancer stem cells demonstrate insusceptibility towards the 
standard cancer treatments was inhibited by curcumin reducing the CD44 levels and 
preventing the phosphorylation of STAT3 in breast cancer (Kubatka et al. 2024).

Despite various biological attributes, curcumin exhibits low bioavailability, with 
0.051 μg/mL from 12 g of curcumin content found in plasma and a major portion elimi-
nated from the body (Liu et al. 2016). To solve this complexity, curcumin analogue has 
been developed by conjugation of curcumin with the predominant amino acid alanine, 
forming 1,7-Bis(4-O-l-alaninoyl-3-methoxyphenyl)-1,4,6-heptatriene-5-ol-3-one. The 
synthesis deals with the chemical reaction of curcumin with 4-dimethylaminopyri-
dine, triethylamine, and N,Nʹ-dicyclohexylcarbodiimide in the presence of dioxane in 
a nitrogen environment. The curcumin analogue alanine (CAA), obtained with a yield 
of 76% and a melting point of 133–135 °C, exhibits enhanced anti-oxidant activity and 
anti-mutagenicity ability as compared with curcumin (Parvathy et al. 2010). In the cur-
rent study, we aimed to explore the decelerating growth of head and neck cancer cells by 
exposure to CAA nanoformulation with attention to the EphA2 signalling cascade.

Curd and fermented milk products are known for their versatile role in strengthen-
ing the immune system, preventing obesity, and providing vital minerals to the body. Its 
synthesis is based on the fermentation procedure carried out by Lactobacillus sp., which 
contains the lactase enzyme for the breakdown of lactose sugar in milk into glucose and 
galactose for the production of lactic acid. Further, Lactobacillus bacteria divide rap-
idly at room temperature. Lactic acid enables the coagulation of milk by denaturing the 
casein milk protein to a fibrous, thick nature, thus changing the pH of milk towards the 
acidic range. This phenomenon results in the separation of aqueous (whey) from semi-
solid content, known as curdling (Okada et al. 2009). Curd helps in targeting foreign par-
ticles, thereby maintaining a healthy stomach; moreover, it reduces oral diseases in the 
presence of a wide spectrum of beneficial bacterial strains (Balaganesh et al. 2022). Curd 
has been considered an important component of Panchgavya  therapy that provides 
immense health benefits, including the prevention of skin infections, heart diseases, and 
vitamin deficiencies, and is considered an excellent blood purifier (Bajaj et al. 2022). The 
probiotic enrichment in curd, comprising non-haemolytic lactic acid bacteria strains, 
exhibited anti-microbial activity against pathogens; subsequently, curd emerged as a 
perfect candidate for functional food production (Khushboo and Malik 2023).

Exosomes are a kind of extracellular nanovesicles comprising a plethora of biomol-
ecules, which include nucleic acids, proteins, fats, carbohydrates, and metabolites. Its 
spherical shape depicts uniformity similar to exosomes isolated from different sources 
and a buoyant density of 1.13–1.21 g/mL observed under a transmission electron micro-
scope (Feng et al. 2021). Prior studies indicated that exosomes comprised of tumour sup-
pressor lncRNAs that modulate angiogenesis in tumour cells. These exosomes transfer 
lncRNA GAS5 which triggers PTEN expression, thereby, suppressing PI3K/Akt pathway 
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in the lung cancer cells. On the other hand, tumour-associated macrophages-derived 
exosomes exhibit a higher level of miR-29a-3p and miR-21-5p leading to an imbalance 
between Tregs and Th17 cells affecting STAT3-promoting tumorigenesis in epithelial 
ovarian carcinoma (Paskeh et al. 2022). Therefore, the behaviour of the exosome func-
tion relies on its parent cell from where it originates. In recent decades, the nanomedi-
cine area has shown tremendous progress, focussing on a broad range of ailments. The 
mesenchymal stem cells obtained exosomes influence glucose and lipid metabolism 
through glycolytic enzymes and transporters GLUT1 and GLUT4 for the remedy of dia-
betes mellitus (Ashrafizadeh et al. 2022). The introduction of synthetic miR-200a mimics 
into mesenchymal cell exosomes and their subsequent treatment on AGS cells increases 
E-cadherin, along with the decrease in the expression of β-catenin, ZEB1, Snail1, and 
vimentin growth associated molecules targeting gastric cancer (Mirzaei et  al. 2023). 
Exosomes have the major function of cellular communication and aid in the effortless 
transfer of cargo to the cells. Casing the cargoes inside its lipid bilayer prevents their 
degradation and helps them cross the blood–brain barrier. Its formation occurs inside 
the cell by endosomal membrane budding, followed by the loading of diversiform 
molecules at different stages by ESCRT components, and eventually release from the 
plasma membrane to the extracellular space (Gurung et al. 2021). In the present study, 
exosomes derived from curd were utilised as a curcumin analogue alanine delivery vehi-
cle, followed by treatment on HNC cell lines. The interaction of curd exosomes with the 
target cells will be further analysed and considered for effective conveyance and to mini-
mise the excess of drugs that usually show better outcomes.

Head and neck cancer (HNC) is considered a severe kind of tumour that appears in 
the mouth, nasal cavity, and throat and extends to the neighbouring organs. It ema-
nates from mucosal epithelial cells that have transformed their conventional physiol-
ogy by exposure to harmful chemicals or radiation. This modification may occur at 
the gene and protein levels, thereby interrupting the typical signalling mechanism 
of healthy cells. The incidence rate of HNC in India was 25.9 and 8.0 per 100,000 
population for males and females, respectively. However, the proportion of HNC to 
all-site cancer in other countries such as the USA, UK and Australia were 4.3%, 3.7% 
and 4.0%, respectively, for males and less than 2% for females (Bagal et  al. 2023). 
The mortality estimation of HNC cases by the Global Burden of Disease study was 
705,901 by the year 2030, with a percentage increment of 38% from the year 2016 
to 2030. Over and above, there were 176,534 mortality cases predicted in Southeast 
Asia and neighbouring regions with increasing economic loss (Patterson et al. 2020). 
Histopathology and surgery emerged as reliable methods for the detection and 
removal of tumour tissues from the body (Folz et al. 2008; Cohen et al. 2018). The 
major possibilities for developing HNC include tobacco and alcohol consumption, 
the human papillomavirus, nutrition, and the oral microenvironment. This leads 
to genomic instability, drug resistance, inflammation, and tumour growth, which 
eventually disperses to distinct organs (Miranda-Galvis et al. 2021). The patients of 
HNC underwent difficulty dealing with the pain and survival rate. Depending upon 
the choice of treatment required by the patient, there are robotic surgery, immu-
notherapy, targeted drug therapy, radiotherapy, and chemotherapy that lower the 
risk of mortality (Kaidar-Person et  al. 2018). Mitochondrial dysfunction impaired 
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mitochondrial function affecting mitochondrial fission and fusion events in can-
cer. Mitochondrial dynamics maintain the count, shape alteration, and positioning 
of mitochondria in the cell. Mitochondrial fission involves the splitting of mito-
chondrion into two separate mitochondria, a process controlled by DRP1 present 
in the cytoplasm which moves along the outer surface of mitochondria for incision. 
Conversely, mitochondrial fusion is the merging of mitochondria into a single large 
mitochondrion regulated by MFN1 and MFN2 (Caron and Bertolin 2024). Cancer 
involves an imbalance of fission and fusion events.

Erythropoietin-producing hepatocellular receptor 2, or Ephrin type-A receptor 2 
(EphA2), is a tyrosine kinase-related receptor with an extracellular cysteine-rich cell 
surface glycoprotein involved in neural system development. Its gene localization on 
chromosome 1p36 is a single transmembrane protein that oligomerizes to stimulate 
kinase activity, and its phosphorylation promotes growth and blood vessel formation 
(Xiao et al. 2020). The conventional role of EphA2 involves embryonic advancement 
and regulates bone remodelling (Irie et al. 2009). Previous reports stated that EphA2 
is associated with extracellular matrix protein and enhanced focal adhesion activity 
by fibronectin deposition (Finney et al. 2021). The main focus of our work with CAA 
is to explore its anti-proliferative effect on HNC cells through its exosomal formula-
tion and clarify its influence on the EphA2 signalling mechanism for the develop-
ment of anti-tumour drugs.

Materials and methods
Cell culture and reagents

Head and neck cancer cell lines KB-3–1 and HEp-2 were purchased from NCCS 
Pune, India, and grown in cultured media Dulbecco’s modified Eagle’s medium 
(DMEM) and Minimum essential media (MEM) (Sigma-Aldrich Chemicals) added 
with sodium bicarbonate (Himedia Laboratories Private Limited), and 10% v/v Foe-
tal bovine serum (Gibco Thermofisher Scientific) under 5%  CO2 at 37 0C. Curcumin 
analogue Alanine was obtained from the Department of Plantation Products, Spices 
& Flavor Technology, CSIR-Central Food Technological Research Institute, India. 
Cow milk and curd as a starter were purchased from the local market in Mysuru, 
India. Polyethylene glycol 6000 (PEG), curcumin, fungal amylase, pepsin, bile salt, 
pancreatin, ethidium bromide (EtBr), and acridine orange (AO) were purchased from 
Himedia Laboratories Private Limited. MTT (3-(4,5-dimethylthiazol2-yl)-2,5-diphe-
nyltetrazolium bromide), and 3,3ʹ-dioctadecyloxacarbocyanine perchlorate (DiO) 
were obtained from Sigma-Aldrich chemicals. DAPI (4ʹ,6-diamidino-2-phenylindole) 
was obtained from Abcam. The antibodies, such as EphA2 (#6997), Bcl-xL (#2762), 
β-actin (8H10D10 #3700), Caspase-7 (#9492), STAT3 (#12640), and HRP-conjugated 
antibodies Mouse (#7076) and Rabbit (#7074) were purchased from Cell Signaling 
Technology. In addition, the phosphorylated antibody EphA2 (AP1082l) was pur-
chased from ABclonal. The antibodies DRP1 (AB54088), and MFN2 (AB56889) were 
purchased from Abcam.



Page 6 of 23Pande et al. Cancer Nanotechnology           (2024) 15:50 

Curd exosomes preparation

Curd was prepared by milk fermentation, mixing, and incubation at room temperature 
for a day. To isolate curd exosomes, the curd was collected in tubes in a 50 ml falcon 
tube and centrifuged at 7000 rpm at 4 °C for 20 min. In the ultracentrifuge tube, 30 ml 
of the supernatant was collected, followed by the first round of ultracentrifugation at 
100,000×g for 1 h at 4 °C to remove large macrovesicles and transfer the supernatant in a 
second tube for the second round of ultracentrifugation at 150,000×g for 90 min at 4 °C 
to acquire exosomes. The supernatant was discarded, and the curd exosomes pellet was 
resuspended in phosphate buffer saline (PBS), filtered using a 0.2-micron syringe filter, 
and stored at − 80 °C (Ansari et al. 2024).

Characterisation of curd exosomes

Curd exosomes were defined by their morphology using transmission electron micros-
copy (TEM), scanning electron microscopy (SEM), dynamic light scattering (DLS), 
protein content determination using SDS gel, and lipid content by gas chromatogra-
phy–mass spectrometry (GC–MS). The conventional morphology of curd exosomes 
was examined using TEM and SEM (Fakhredini et al. 2022). The exosomes were fixed 
with 1% glutaraldehyde followed by dehydration with ethanol, and visualised by TEM 
(Leo, Zeiss, Germany). In addition, the structure of exosomes was examined using SEM 
by fixing with paraformaldehyde and washed with varied concentrations of ethanol 
(70%, 90%, and 100%). The sample was loaded on a silicon chip and coated with gold 
for observation under the SEM (Leo, Zeiss, Germany). The size distribution and stabil-
ity of curd exosomes were measured using a Malvern zetasizer instrument by diluting 
curd exosomes in 1 mL of PBS and transferring them into a glass cuvette with a round 
aperture, on the other hand, for zeta potential, 1 mL of MilliQ water was taken as a dis-
persant for analysis using a clear disposable U-shaped capillary tube. The temperature 
equilibration was 25 °C with a refractive index of 1.33 for both the dispersant and 0.88 
viscosity. The peak intensity depicts the size and zeta potential distribution of exosomes 
(Shariati et  al. 2021). The curd exosomes are composed of diverse kinds of proteins 
present in their lipid bilayer along with their lumen. Therefore, curd exosomes protein 
was evaluated using a nanodrop spectrophotometer and further separated on SDS gel, 
which was visualised using a Coomassie R-250 staining solution for protein band dyeing 
(Sedykh et al. 2017). The lipid composition of curd exosomes was estimated by a sim-
ple protocol of Folch extraction using methanol, chloroform, and orthophosphoric acid, 
thereby enabling minor modification (Folch et al. 1957). The consecutive rounds of lipid 
isolation by solvents were followed by centrifugation at 12,000 rpm for 5 min at 4  °C. 
The lipid sample was kept for evaporation in a high-speed vacuum concentrator for 3 h. 
The lipid content was determined using thin-layer layer chromatography for polar and 
non-polar lipids in curd exosomes. The phospholipid solvent system involved chloro-
form: methanol:acetone:glacial acetic acid:water in a (10:2:4:3:1) ratio and neutral lipids 
solvent composed of petroleum ether:diethyl ether:glacial acetic acid in a (7:3:0.1) ratio; 
thereby, the TLC plates were exposed to iodine vapours. The plate images were taken in 
the Bio-Rad Gel doc system (Frederik and Broekhoven 1978; Counihan et al. 2010).

Fatty acid analysis was performed by GC–MS using the Agilent Technologies GC sys-
tem with Mass Hunter Data Acquisition. The GC–MS analysis of the fatty acid methyl 
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esters (FAMES) of curd exosomes was carried out by processing with C17 internal 
standard and boron trifluoride, further mixed with n-Hexane and water to obtain fatty 
acid layer separation. The sample was passed through anhydrous sodium sulphate to 
remove moisture content and poured into a GC auto-sampler vial (Nguyen et al. 2015).

DiO staining of curd exosomes

The circulating exosomes were analysed in vitro by labelling them with the fluorescent 
dye 3,3′-Dioctadecyloxacarbocyanine perchlorate (DiO), which allows communication 
with head and neck cancer cells. The curd exosomes were incubated with DiO dye for 
incubation at 4  °C  in the dark. The labelled exosomes were centrifuged at 13,000 rpm 
for 20 min at 4 °C to pellet down excess DiO stain. The supernatant containing labelled 
exosomes was mixed with media and treated on KB-3–1 and HEp-2 cells for 24  h of 
incubation at 37 °C. On the following day, the cells were washed with PBS and visualised 
under a fluorescent microscope (Yang et al. 2021).

Preparation of curcumin analogue alanine loading into curd exosomes

In the current study, the design of the experiment determined the internalisation of 
CAA into curd exosomes using a probe sonicator with slight variation (Wang et  al. 
2021a, 2021b). Briefly, 500  μg of CAA was mixed with 1.5  mg of curd exosomes that 
were sonicated at 2-s on–off cycles 15 times and incubated for 1 h at 4 °C. Subsequently, 
the sonicated sample was centrifuged at 14,000 rpm for 30 min at 4 °C. The CAA-loaded 
exosomes were stored at − 80 °C, and the evaluation of the concentration of CAA incor-
porated inside curd exosomes was determined by drug entrapment efficiency and encap-
sulation efficiency at 423 nm absorbance (Yuan et al. 2022).

Curcumin analogue alanine bioaccessibility

The in vitro gastrointestinal intake of CAA was determined by its bioaccessibility analy-
sis and then HPLC (Dundar et al. 2022). The present study illustrates the difference in 
usability among curcumin, CAA, and CAA-loaded curd exosomes digestion by treating 
distinct digestive enzymes. The group samples were processed with fungal amylase (pH 
7), pepsin (pH 2), and intestinal juices (pH 7). They were added with acetonitrile, metha-
nol, and water, followed by HPLC analysis with a mobile phase of 70% methanol using a 
C18 reverse phase column. The absorbance of 423 nm was measured for each sample at 
isocratic elution (Anubala et al. 2014).

Cytotoxicity of CAA on head and neck cancer

The MTT assay was performed to analyse the cytotoxic impact of curcumin alanine. 
KB-3–1 and HEp-2 cells were grown in 96-well plates for 24 h and treated with CAA 
and curd exosome-loaded with CAA for 24 and 48 h. The cells were treated with a 5 mg/
mL MTT solution for 3 h. After the addition of DMSO, the absorbance was measured at 
570 nm on an ELISA plate reader (Sun et al. 2019).

FTIR spectrum analysis of CAA 

The comparative analysis of the structure of curcumin, curd exosomes, curcumin ala-
nine and nanoformulation was carried out using the FTIR Tensor II Bruker instrument. 
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The samples were prepared in PBS loaded on the transparent crystal and measured in 
the transmission mode with the wave number ranging from 4000 to 400   cm−1 (Zhao 
et al. 2015).

Cell and nuclear morphology study

To characterise the changes in cell morphology, KB-3–1 and HEp-2 cells were cultured 
in a 6-well plate for 24  h until the cells adhered and attained morphology. The CAA 
treatment group, curd exosomes loaded CAA treatment group, and control group were 
set. After 48  h of treatment, the cells were washed with PBS, and images were taken 
under an inverted microscope.

For nuclear morphology, the cells were fixed using paraformaldehyde, permeabilised 
by triton X 100, and then incubated with DAPI fluorescent dye for 10 min. The images 
were visualised under a fluorescent microscope (Sun et al. 2014).

Clonogenic assay

The HNC cells KB-3–1 and HEp-2 were seeded into petri plates at a density of 2 X  104 
cells per plate for 24  h. The cells were treated with CAA, and exosomes were loaded 
with CAA for 48 h. After the treatment, the cells were washed, fresh media was added, 
and the plates were kept in the incubator for growth to form colonies. The cultures were 
fixed using a cell fixation solution and stained with crystal violet for 10 min. The cultures 
were then washed with water, dried, and images were taken. The colonies were counted 
(Zhang et al. 2019).

AO‑EtBr assay

The dead and alive assay was performed using acridine orange and ethidium bromide at 
an equal concentration on the head and neck cancer cells. The KB-3–1 and HEp-2 cells 
were seeded in 6-well plates and treated with CAA and curd exosomes loaded with CAA 
for 48 h. Further, the cells were stained with fluorescent dyes added in PBS for 5 min and 
examined by a fluorescent microscope (Teekaraman et al. 2019).

Western blot

The HNC cells KB-3–1 and HEp-2 were seeded on the petri plates, then treated with 
CAA, and curd exosomes loaded with CAA for 48 h. The protein was extracted using 
lysis buffer added with PMSF and further centrifuged at 14,000 rpm for 30 min at 4 °C. 
The protein supernatant was quantified by a nanodrop spectrophotometer, and the total 
protein was separated on SDS gel and transferred to a PVDF membrane at 25 V and 0.1 
amperes for 35  min using a Bio-Rad transblot instrument. The PVDF membrane was 
processed with slight modification (Wu et  al. 2021) by overnight incubation with 3% 
BSA blocking buffer at 4 °C; moreover, it was incubated with primary antibodies EphA2, 
phosphorylated EphA2, DRP1, MFN2, STAT3, Bcl-xL, and Caspase-7 for 1  h on the 
rocker. β-Actin was used as an internal control, followed by incubation with secondary 
antibodies (rabbit or mouse) for about 1  h at room temperature. The membrane was 
washed with TBST and observed by the Bio-Rad Chemidoc instrument after treatment 
with ECL solution.
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RNA isolation and reverse transcription PCR

The total RNA was isolated using the Triazol isopropanol method (Haji et al. 2019), with 
quantification using a nanodrop spectrophotometer. For cDNA conversion, RNA was 
used as a template along with the reverse transcriptase enzyme according to the kit pro-
tocol. The PCR was carried out for EphA2 (5′ GGC AAG GAA GTG GGA CCT GAT 3′ 
and 5′ GGT CGC CAG ACA TCA CGT TG 3′), DRP1 (5′ GAG AAG AAA ATG GGG TGG 
AA 3′ and 5′ GAT GAA TTG GTT CAG GGC TT 3′), MFN1 (5′ ACA CCA TTC TAG GAA 
TTT GC 3′ and 5′ GGC TTC AAT GGC CTA GTG TT 3′), MFN2 (5′ CAG CAG AGG CGT 
AAG GAG TA 3′ and 5′ CGA GAG AAG AGC AGG GAC AT 3′), Caspase-7 (5′ GGG TTG 
AGG ATT CAG CAA AT 3′ and 5′ TCG CAT GGT GAC ATT TTT CT 3′), Bcl-2 (5′ ATG 
ACT GAG TAC CTG AAC CG 3′ and 5′ AGC AGA GTC TTC AGA GAC AG 3′), STAT3 (5′ 
TTA TCT GTG TGA CAC CAA CG 3′ and 5′ CAA AGG TGA GGG ACT CAA AC 3′), and 
GAPDH (5′ AAG CCT GCC GGT GAC TAA C 3′ and 5′ GCA TCA CCC GGA GGA GAA 
AT 3′). All the reactions were performed with denaturation at 95  °C  for 30 s, specific 
annealing temperature for respective primers for 45 s, extension at 72 °C for 1 min, and 
storage at 4 °C. The PCR products were observed on an agarose gel (Fang et al. 2014).

Statistical analysis

The results were shown as mean ± standard deviation (SD). For all the statistical analy-
ses, the P value < 0.05 was statistically significant, and graphical data were analysed using 
Image J and GraphPad Prism software 9.0.

Results
Extraction and physical characterisation of curd exosomes

Curd was prepared from cow milk by the curdling process (Fig. 1A) and was taken for 
centrifugation to obtain the supernatant to separate the pellet. The centrifugation was 
carried out at high speed in two rounds to obtain the exosomal pellet of weight 0.9 gm 
(Fig.  1B). Curd exosomes showed a spherical shape with a size lesser than 200  nm in 
large numbers observed using TEM (Fig. 1C). Similarly, the SEM image revealed small 
size sphere vesicles with the intact membrane (Fig. 1D).

The polydispersity index of exosomes was 0.321, depicting the regular size distribu-
tion with a peak intensity of size 164.4 nm, and an average size of 114.6 nm (Fig. 1E). The 
stability of exosomes was determined by their zeta potential, which was approximately 
−  21.2  mV at 25  °C  with a conductivity of 0.586 mS/cm (Fig.  1F). The dynamic light 
scattering depicts measurements of the nanovesicles exhibiting Brownian movement in 
suspension (Yang et al. 2018) and undergoing repulsion among each other by the nega-
tive charge on their lipid bilayer (Midekessa et  al. 2020). The SDS gel depicted differ-
ent exosomal proteins separated according to different molecular weights (Fig. 1G). To 
explore further the lipid content of exosomes, TLC was performed by taking different 
solvent systems that showed prominent bands of phospholipids comprising phosphati-
dylserine [Rf 0.835] along with a faint band of phosphatidylcholine [Rf 0.67] mentioned 
in Fig. 1H. Moreover, there were prominent bands of neutral lipids, which include cho-
lesterol [Rf 0.29], free fatty acid [Rf 0.58], methyl ester [Rf 0.84], and cholesterol ester 
[Rf 0.97], as shown in Fig. 1I. In our study, we investigated the presence of fatty acids in 
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curd exosomes by GC–MS and confirmed the presence of Hexadecanoic acid, Octade-
cenoic acid, Methyl stearate, Lauric acid, and Ethyl iso-allocholate at a significant level 
(Fig. 1J) (Additional file 1: Fig. S1).

These lipid markers were favourably reported in the research performed on the extra-
cellular vesicles derived from human plasma (Liangsupree et al. 2022). Consequently, we 
figured that there could be a certain difference in characterisation values depending on 
the parental origin of exosomes.
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Fig. 1 A Curd prepared from cow milk. B Curd exosomes pellet. Characterisation of curd exosomes. C TEM 
image of curd exosomes. Scale bar: 100 nm. D SEM image of curd exosomes. Scale bar: 300 nm. E Zeta 
sizer measurements depict the size distribution in nm. F Zeta potential of curd exosomes by dynamic light 
scattering. G Exosomal protein content determination by SDS-PAGE. H The phospholipids band pattern was 
resolved on the TLC plate, showing faint bands. I Lipid determination in curd exosomes shows bands of 
neutral lipids on the TLC plate. J Quantitative analysis of major fatty acid content in curd exosomes by GC–
MS, where each area in the pie chart shows the percentage relative intensity of fatty acid
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Bioaccessibility of curcumin analogue alanine into curd exosomes

Bioaccessibility is the portion of food components absorbed by epithelial tissues after 
digestion that is usable by the cells and regulates their cellular processes. In the cur-
rent study, the term was studied by utilising different digestive enzymes at different 
time intervals that mimic the conventional digestion processes in the body. Neverthe-
less, curcumin, found in nature, exhibits inferior bioaccessibility and lower solvability 
in aqueous medium and can be refined by certain transitions in their structure or by 
employing a delivery system (McClements and Xiao 2017). As part of this study, we per-
formed a contrasting investigation of curcumin, CAA alone, and CAA loaded in curd 
exosomes evaluated by RP-HPLC. The HPLC chromatograms showed the presence of 
curcumin and CAA at a wavelength of 423 nm by the peak, with an identical retention 
time of 6 min. As shown in Fig. 2A, the result of HPLC indicated the revealed curcumin 
exhibited a minimum percentage bioaccessibility of 0.03435%, followed by CAA alone 
with 1.81458%, and CAA-loaded curd exosomes showed a higher value of 3.77664% with 
improved absorption. The nanoformulation secures CAA from any sort of degradation 
and facilitates easy delivery to the target site.

Targeting of curd exosomes into HNC cells

The analysis of an efficient targeting ability of curd exosomes in  vitro on HNC cells. 
For that, KB-3–1 and HEp-2 cells were co-cultured with curd exosomes fluorescently 
labelled with DiO dye for 24 h of incubation. The co-cultured model was visualised by 
a fluorescent microscope, showing efficient interaction that helps in the convenient 
release of the drug along with its exosomal content into the target cells (Fig. 2B). Previ-
ous research reported that exosomes are used to convey their diverse components in 
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Fig. 2  A Comparative analysis of the bioaccessibility of curcumin, CAA, and CD EXO + CAA. The statistical 
analysis was carried out by a one-way ANOVA test with n=3. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 
Bars indicate mean ± SEM. B DiO-labelled exosomes interact with HNC cells. C The cell viability of KB-3-1 cells 
and HEp-2 cells treated with CAA and CD EXO + CAA was detected by MTT assay for 48 h. Graphs represent 
the mean ±SEM for the cell viability experiment
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distinct tissues and cells and, therefore, serve as a messenger to carry out varied cellular 
processes in the body (Chen et al. 2021).

To validate the incorporation of CAA into curd exosomes by the sonication method, 
drug-loading capacity was estimated to be 3.992%, which depicts the quantity of CAA 
entered inside the exosomes by the total CAA taken for the incorporation, and entrap-
ment efficiency was 11.975%. Former studies reported the drug incorporation into the 
nanovesicles by sonication method was suitable due to its efficient internalisation and 
the integrity of smaller nanovesicles remain intact (Colja et al. 2023).

Effect of curcumin analogue alanine on HNC cell proliferation

The inhibition of cell growth by CAA was determined in distinct quantities from 1 μM to 
50 μM with a time interval of 24 and 48 h by MTT assay. The figure (Fig. 2C) depicts the 
growth inhibition curve for CAA alone and CAA-loaded exosomes, which were consid-
ered to be 9 μM and 7 μM, respectively, in KB-3–1 cells for 48 h. Similarly, the reduc-
tion in cell viability with CAA was found to be 28 μM, and CAA-loaded exosomes were 
8 μM in HEp-2 cells for 48 h. The anti-proliferative effects increased by incorporating 
CAA into curd exosomes through better delivery to the tumour cells, thereby requiring 
a lesser concentration of the drug to inhibit 50% cell growth as compared with the free 
drug. Based on these observations, we selected these IC50 values for further analysis. 
The MTT assay determines the healthy mitochondria that were affected by the drug, 
further reducing them to insoluble formazan (Ravi Shankara et al. 2016). CAA affects 
the mitochondria, inhibits the cell survival of tumour cells, and promotes apoptosis.

Deviation in FTIR spectrum of CAA in contrast with curcumin

FTIR exhibits the chemical properties of the compound by the presence of specific func-
tional groups. Its peak intensity is related to the transmittance percentage correspond-
ing to the functionality described in the sample for the wavenumber. FTIR spectra of 
curd exosomes differ from curcumin and its analogue at the 1067  cm−1 fingerprint area 
exhibiting asymmetrical stretching of aliphatic group vibrations. Moreover, there was 
a variation in the transmittance by the decrease in intensity at the range from 1039 to 
1255  cm−1 fingerprint area indicating stretching of the carbonyl group, bending of alco-
hol vibrations, and C–N bonds in CAA and its nanoformulation in contrast with cur-
cumin due to the conjugation of amino acid alanine. However, there were insignificant 
differences in the transmittance between CAA and its nano formulation since there were 
no changes in the chemical composition before and after loading in the curd exosomes. 
This finding indicated that transformation occurred at the synthesis level of the analogue 
from the conventional structure of curcumin (Fig. 3A). The former reports have men-
tioned the transformation in the configuration curcumin at the fingerprint area from 
1000 to 1300  cm−1 (Vellampatti et al. 2018).

Influence of CAA on structural and nuclear change in HNC cells

To substantiate the impact of CAA on KB-3–1 and HEp-2 cells, the cells were treated for 
48 h, and the morphology was examined using an inverted microscope. The untreated 
HNC cells multiply conventionally, forming colonies with epithelial morphology. On 
the other hand, the morphology was altered, with the majority of cells becoming round 
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(Fig. 3B) and undergoing cytoplasmic blebbing in both treated groups. There were float-
ing cells since the cells got detached, thereby losing their adherence ability. Therefore, 
we carefully observed significant differences in cell area among the control and treated 
groups; thus, CAA inhibits cell proliferation and causes cell death. Further experiments 
were performed to analyse nuclear morphology post-CAA treatment.

HNC cells were seeded on the plate, treated with CAA alone, and exosomes loaded 
CAA at their half-inhibitory concentrations for 48  h. DAPI staining is depicted in 
Fig.  3C. CAA causes nuclear condensation and cellular disintegration into apoptotic 
bodies. Therefore, the results of DAPI staining depicted disintegrated nuclei and a 
reduced cell population after the exposure of CAA to HNC cells.

CAA inhibits colony formation and encourages apoptosis in HNC cells

The influence of CAA on the vitality of cancer cells was investigated by a clonogenic 
assay. The result of the assay showed a significant decrease in the growth of cells that 
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Fig. 3 A FTIR spectrum of CD EXO, CUR, CAA, and CD EXO + CAA in the transmission range from 400 to 4000 
 cm-1. B The morphological changes were observed on KB-3-1 cells and HEp-2 cells treated with the IC50 
concentrations of CAA and CD EXO + CAA for 48 h. Scale bar: 10X. C The nuclear fragmentation depicted by 
DAPI staining of KB-3-1 cells and HEp-2 cells after treatment with CAA and CD EXO + CAA. Scale bar: 10X

Fig. 4 A CAA inhibits colony tumour cell colony formation in KB-3-1 and HEp-2 cells treated with the CAA 
and CD EXO + CAA, cultured, and colonies were counted. B Statistical analysis results of colony formation 
in KB-3-1 and HEp-2 cells. Bars indicate mean ± SEM. C Western blot images of EphA2 and its associated 
molecules protein levels in KB-3-1 and HEp-2 cells target the EphA2 signalling mechanism. D Quantitative 
analysis of the protein expression of EphA2 P-value (0.0002 for KB-3-1 cells and 0.0012 for Hep-2 cells) and 
other molecules from normalised to β-actin with n=3. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). Bars 
indicate mean ± SEM. E PCR results depicting relative mRNA expression of EphA2-related molecules on KB-31 
cells and HEp-2 on agarose gel. F Quantitative analysis shows a significant change in mRNA expression of 
EphA2 P-value (0.0011 for KB-3-1 cells and 0.0002 for Hep-2 cells) and its related molecules on KB-3-1 cells 
and HEp-2 cells after treatment with CAA and CD EXO + CAA. A statistical study performed using multiple 
variance analysis (one-way ANOVA) with Tukey statistical analysis was done using a graph prism with n = 3. 
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). Bars indicate mean ± SEM

(See figure on next page.)
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attenuated their colony-forming ability (Fig.  4A). Its effects showed poor growth sta-
tus and cell division processes. Compared with the control group, the number of colo-
nies was lower in both the treated groups of CAA alone and CAA loaded in exosomes. 
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The CAA alone treated showed 46 and 47 colonies, while the CAA loaded into curd 
exosomes treated showed 32 and 40 colonies for KB-3–1 and HEp-2 cells, respectively, 
after 48 h. In contrast, the untreated group depicted 63 and 58 colonies for KB-3–1 cells 
and HEp-2 cells, respectively, which are graphically represented in Fig. 4B. Accordingly, 
it became evident from the above results that the CAA-treated HNC cells displayed a 
reduction in tumour advancement.

To further investigate the functions of CAA on HNC cells, a dead-alive assay was 
performed. AO depicts live and dead cells; on the other hand, EtBr stained only apop-
totic cells after entering the membrane. In our study, KB-3–1 cells and HEp-2 cells were 
seeded on the plates and treated with CAA alone or CAA loaded with curd exosomes. 
The treated cells undergoing apoptosis showed more red fluorescence in both groups, 
whereas the untreated group depicted green fluorescence, indicating healthy cells 
(Fig. 5A). The increased number of red fluorescence describes the apoptosis phenom-
enon since the treated cells lose their membrane integrity. Apoptosis allows an organised 
mechanism of cell death that engenders cell membrane contraction, leading to the loss 
of an intact framework, nuclear fragmentation, cytochrome C release from mitochon-
dria, activation of caspases, and the formation of apoptotic bodies (Khader et al. 2020). 
Similarly, CAA significantly stimulates the apoptosis mechanism in HNC cells.

CAA targets the EphA2 signalling mechanism

EphA2 tyrosine kinase receptor had been known as epithelial cell kinase (Eck) and was 
related to diverse cytoplasmic as well as cell surface proteins (Lindberg and Hunter 
1990). Its activation is commonly involved in nervous system development; however, 
it acts as a growth promoter by activating AKT and PKA, which favour lamellipodia 
expansion and are involved in the EMT mechanism and metastasis (Zhou and Sakurai 
2017). In the present study, we measured the EphA2 level in HNC cells by western blot-
ting. The result revealed that higher expression of EphA2 in untreated KB-3–1 cells and 
HEp-2 cells was reduced post-treatment with CAA after 48 h. Moreover, we observed 
a significant reduction of EphA2 in CAA loaded with curd exosomes with (95% of con-
fidence interval = 0.2626–0.5099, adjusted P-value = 0.0002 for KB-3–1 cells and 95% 
of confidence interval = 0.1847–0.4685, adjusted P-value = 0.0010 for Hep-2 cells) 
as compared to the CAA alone (95% of confidence interval = 0.1366–0.3839, adjusted 
P-value = 0.0016 for KB-3–1 cells and 95% of confidence interval = 0.03064–0.3144, 
adjusted P-value = 0.0227 for Hep-2 cells). Likewise, the phosphorylated EphA2 level 
in cells treated with CAA (95% of confidence interval = 0.1153–0.3935, adjusted 

(See figure on next page.)
Fig. 5 A CAA leads to apoptosis shown by the AO-EtBr assay using fluorescent microscopy merged images 
of KB-3-1 and HEp-2 cells after treatment with apoptosis-related CAA and CD EXO + CAA at their respective 
IC50 values. B Effect on apoptosis-related protein expression in KB-3-1 and HEp-2 cells treated with CAA and 
CD EXO + CAA for 48 h. β-Actin was used as a housekeeping molecule. C Graphical representation of relative 
protein expression of Caspase-7 and Bcl-xL with n = 3. (*P < 0.05, **P < 0.01, ***P < 0.001). D Representative 
mRNA expression analysis in KB-3-1 and HEp-2 cells upon CAA and CD EXO + CAA was determined using 
PCR, where GAPDH was used as a housekeeping gene. E Statistical analysis showing mRNA expression of 
apoptosis-related molecules on KB-3-1 cells and HEp-2 cells after treatment with CAA and CD EXO + CAA. 
Statistical representation was done by one-way ANOVA with a Gaussian distribution by Tukey comparison 
test with n=3. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). Bars indicate mean ± SEM
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P-value = 0.0033 for KB-3–1 cells and 95% of confidence interval = 0.04143–0.2721, 
adjusted P-value = 0.0139 for Hep-2 cells) and CAA loaded with curd exosomes (95% 
of confidence interval = 0.3087–0.5869, adjusted P-value = 0.0002 for KB-3–1 cells and 
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95% of confidence interval = 0.1469–0.3776, adjusted P-value = 0.0011 for Hep-2 cells) 
was declined. To evaluate whether CAA could regulate the mitochondrial dynamics 
mechanism, we analysed the expression of DRP1 involved in mitochondrial fission that 
got down-regulated by CAA; on the other hand, MFN2 mitochondrial fusion molecule 
expression got elevated (Fig. 4C, D). To understand the molecular mechanism that sup-
ports the CAA-dependent triggering of apoptosis and suppression of tumour augmenta-
tion in HNC cells, we examined the effect on STAT3 and cell death-related molecules. 
Interestingly, we observed a decrease in Bcl-xL expression but increased Caspase-7 in 
contrast with the control group, which revealed the inhibition of tumorigenesis and 
mediated apoptosis (Additional file  3: Table  S1). Consequently, CAA promotes mito-
chondrial fusion, which further influences the apoptosis pathway (Fig.  5B, C) (Addi-
tional file 2: Fig. S2).

The investigation of EphA2 pathway by western blot was further confirmed by PCR. 
In the study, we found a clear decline in the mRNA expression of EphA2 in both treated 
groups compared with the control; the EphA2 level in cells treated with CAA (95% of 
confidence interval = 0.1130–0.4324, adjusted P-value = 0.0047 for KB-3–1 cells and 
95% of confidence interval = 0.1095–0.3715, adjusted P-value = 0.0032 for Hep-2 cells) 
and CAA loaded with curd exosomes (95% of confidence interval = 0.1979–0.5173, 
adjusted P-value = 0.0011 for KB-3–1 cells and 95% of confidence interval = 0.2966–
0.5586, adjusted P-value = 0.0001 for Hep-2 cells). Likewise, DRP1 and STAT3 levels 
were also lowered by the effects of the CAA-free drug and the exosome-loaded drug. 
Moreover, we noticed an up-regulation in the process of mitochondrial fusion molecules 
MFN1 and MFN2 (Fig. 4E, F), along with Caspase-7, in the treated groups (Fig. 5D, E) 
(Additional file 4: Table S2). The expression of Bcl-2 was also reduced in both treated 
groups. All these findings suggested that CAA could inhibit viability by targeting EphA2, 
followed by influencing transcription factor STAT3 and the mitochondrial dynamics 
process to induce apoptosis in KB-3–1 and HEp-2 cells.

Discussion
Head and neck squamous cell carcinomas are considered to be one of the most threat-
ening diseases worldwide. In India, the male population has the highest incidence rate 
compared with females; it mainly arises due to processed meat, saturated fat, tobacco, 
and alcohol intake. HPV was reported as one of the causes of HNC and exhibits genetic 
modification in tumour suppressor p53, resulting in high chances of occurrence (Mishra 
2009). Other factors, including Asbestos, the Epstein–Barr virus, Syphilis, and bad 
mouth cleaning habits, enhance the risk of HNC. Throat pain, swelling, tooth loss, and 
difficulty in food ingestion were the complications experienced by the patients. On this 
account, surgery, radiation, co-adjuvant therapy, and chemotherapy were performed 
based on the tumour site and stage, followed by the positioning of transgastric-jejunal 
(G–J) tubes into the mouth of the patient to provide dietary support for their survival 
(Hall and Koeller 1990). Field cancerization for HNC includes gene mutations resulting 
in the aggressive growth of cells that disperse from the oral mucosa to various organs. 
Therefore, the neoplastic cells lose their ability to regulate the cell cycle due to genomic 
variation; therefore, biomarker development appears necessary for the early detec-
tion of HNC among patients (Bansal et al. 2020). In general, HNC biology needs more 



Page 18 of 23Pande et al. Cancer Nanotechnology           (2024) 15:50 

findings regarding cytosolic proteins driving mitochondrial mechanisms and metas-
tasis processes for targeting tumorigenesis. The present study focussed on EphA2, a 
crucial tumour biomarker that is involved in the dual function of receptor and ligand-
based cell signalling, its association with AKT/mTOR signalling on the one hand, and 
EGFR with Ephexin1 complex formation for tumour advancement on the other hand 
(Al-Jamaei et al. 2023). EPHA comprised nine members (EphA1–EphA8, EphA10) mol-
ecules involved in cellular communication by interacting with ligands outside the cells 
as well as intracellular proteins. The loss of heterozygosity is approximately 20%, along 
with higher expression in tumour tissues as compared with normal (Rivera et al. 2008). 
EphA2 was described as a biomarker of pancreatic cancer by interacting with MT1-
MMP on the cell membrane, triggering MAPK signalling, and is found at a higher level 
in the sera of tumour patients (Koshikawa et al. 2017). The higher expression of EphA2 
showed a lower 5-year survival rate of 29% and lymph node metastasis. The major locali-
zation found in the cell membrane and cytosol and activated by tyrosine phosphoryla-
tion, therefore, can be targeted for HNC (Miyazaki et al. 2003).

Exosomes are involved in intricate biological processes as a biomarker for can-
cer detection, as the nanocarriers for distinct molecules with the ability to induce an 
immune response. Recent research examined the function of exosomes as nanomedicine 
for the monkeypox virus by encapsulating the high-performance photothermal mole-
cule (TPE-BT-DPTQ) in poly (lactic-co-glycolic acid) polymeric nanoparticles treated 
on macrophages. The biomimetic nanoparticles demonstrated anti-viral activity, and 
reduction of inflammation, ultimately promoting wound healing and preventing viral 
dissemination to other individuals (Li et  al. 2024). Nanoscale covalent organic frame-
works are regarded as beneficial for cancer therapeutic in the conveyance of drugs, such 
as curcumin, ibuprofen, captopril, and doxorubicin. Moreover, they exhibited advance-
ment in gene therapy, chemodynamic therapy, and nanozyme-mediated tumour therapy 
(He et al. 2021). Human serum albumin-derived exosomes showed biocompatibility in 
the dried state and dissolved rapidly in the solvent for the treatment of different can-
cers. Albumin nanoparticles packed with cabazitaxel decreased the expression of TGFβ, 
reduced tumour volume and acute toxicity in paclitaxel-resistant lung cancer (Tan et al. 
2023). Moreover, the blood–brain barrier allows the selective transfer of ions and differ-
ent molecules from the blood to the brain, therefore, is considered an important char-
acteristic of the central nervous system. Exosomes have the potential to pass through 
the blood–brain barrier which could help in the observation of brain disorders, such as 
Alzheimer’s, multiple sclerosis, and Parkinson’s disease and further allow effective drug 
delivery to the endothelial cells and astrocytes (Salarpour et al. 2022).

Curd is comprised of high nutritional components, including vitamins, proteins, 
minerals, carbohydrates, fats, and metabolites. Moreover, they can be employed as a 
suitable probiotic for maintaining healthy gut microflora, countering peculiar aller-
gies, and strengthening immunity (Sharma et  al. 2017). The current investigation 
deals with nanovesicles isolated from curd taken as a medium for the transmission 
of a specific drug to the target cells to affect their conventional biological processes. 
Exosomes are considered a versatile class of extracellular vesicles that perform differ-
ent functions based on their parental cell. Curd exosomes were isolated by the ultra-
centrifugation method and characterised using DLS for their average size (114.6 nm) 
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and zeta potential (− 21.2 mV), followed by SDS-PAGE, which depicted a wide spec-
trum of exosomal proteins. TEM and SEM depicted the spherical morphology of curd 
exosomes. Its lipid content, determined by TLC and GC–MS, depicted phospho-
lipids, neutral lipids, and fatty acids, which include dodecanoic acid, hexadecanoic 
acid, methyl stearate, and ethyl iso-allocholate. These results confirmed the exosomes 
isolated from curd by an appropriate procedure with promising representation in 
the similar manner mentioned in previous reports (Fakhredini et  al. 2022; Skotland 
et al. 2019; Liangsupree et al. 2022). It is essential to identify the different lipids pre-
sent in exosomes to understand their role in cell metabolism and various biological 
processes.

Curcumin has become a highlighted topic of research in the field of remedial 
medicine and the overall well-being of the population. Curcumin can be explained 
as a polyphenolic compound first isolated in 1815 and its structure deduced in 
1910; though, its description and application were mentioned in Ayurveda around 
5000 years ago (Sharifi-Rad et al. 2020). Curcumin is lipophilic and stable in its solid 
state, with a molecular weight of 368.39  g/mol; however, its attachment of amino 
acids results in a slight difference in its weight of 510.20 g/mol. Its structural trans-
formation brings out a difference in its assorted capabilities due to its blocking of the 
hydrogen atom transfer mechanism by amino acid alanine, which affects ROS scav-
enging activity at 0.055 μM for alanine and the anti-oxidant activity of the analogue 
by 57% less than curcumin (Parvathy et  al. 2010). The curcumin analogue Alanine 
was loaded into exosomes using the sonication method. On this account, the identi-
fication of CAA inside curd exosomes was determined with an efficient drug-loading 
capacity of 3.992% and an entrapment efficiency of 11.975%. Furthermore, the potent 
drug delivery into the target cells was studied with Exo-DiO fluorescent dye incuba-
tion. The uptake of exosomes was observed, depicting the adherence of exosomes to 
the surface of tumour cells that allows the merging of the membranes, followed by the 
release of exosomal content into the cytosol. The exosomes were identified as inter-
acting with the recipient cells by the endocytosis mechanism, which allows clathrin 
and caveolin molecules to facilitate subsequent internalisation with Rab, RhoA, and 
dynamin proteins (Joshi et al. 2020; McKelvey et al. 2015).

Curcumin is a powerful antidote that prevents numerous ailments in the entire 
body when consumed orally or applied directly to the skin. Despite that, curcumin 
is still anticipated for FDA approval when it comes to the prevention of various can-
cers (PDQ Cancer Information 2023). In the present study, we discussed curcumin, 
a bioactive ingredient present in turmeric, and its analogue Alanine, which was syn-
thesised by the conjugation of the amino acid Alanine with the basic structure of cur-
cumin. Its chemical bonds modified at the fingerprint region in the range from 1039 
to 1255   cm−1 by attaching alanine amino acid revealed in FTIR spectrum analysis. 
Curcumin still faced shortcomings of low aqueous solubility and absorption capacity; 
therefore, in this study, we compared its intake strength after consequent treatment 
of digestive enzymes from the analogue CAA along with its exosome-loaded compo-
sition. Therefore, we analysed the bioaccessibility of CAA and its exosomes formula-
tion, which was compared with curcumin, which was higher in CAA (1.814585545%), 
which got further enhanced in curd exosomes loaded CAA (3.776649802%). Curd 
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exosomes indicate an improved absorption process and allow higher release of CAA 
from the matrix and solubilization. The result suggested that CAA exhibits bet-
ter assimilation potential, and the strategy to incorporate the analogue in exosomes 
proved to enhance curcumin potency.

Moving forward towards the influence of CAA on HNC cells, the cytotoxicity assay 
showed a reduction in growth depending on the concentration. Among the HNC cell 
lines KB-3-1 and HEp-2 treated for 48  h, we observed a better impact of CAA when 
delivered via curd exosomes because of its reduced IC50 value evaluated against CAA 
alone. This indicated that CAA encapsulated in exosomes has conveniently entered 
the target cells and can influence their metabolism at a lesser concentration. Thereby 
exhibiting a similar effect of half-growth inhibition in comparison with a higher con-
centration of the CAA-free drug. Curcumin is a hydrophobic compound; however, the 
combination with amino acids in the form of analogue has improved its solubility and 
easy access into the HNC cells. Increase in DNA fragmentation in CAA-treated HNC 
cells and inhibit cell proliferation, resulting in a lesser number of colonies. The results 
of the AO-EtBr assay also indicated regulated cell death by the treatment with CAA, 
which was more prominent in the exosomes loaded CAA group. In this context, we ana-
lysed whether the expression of EphA2 and STAT3 was significantly decreased after the 
treatment of CAA and its nano formulation for 48 h in HNC cells. EphA2 influences the 
expression of STAT3 since its knockdown down-regulates STAT3 levels in hepatocellu-
lar carcinoma. It inhibits the phosphorylation of STAT3 at the tyrosine 705 residue and 
prevents tumour growth (Wang et al. 2021a, 2021b). In particular, we further examined 
the salient markers of mitochondrial dynamics, it seemed CAA promoted the fusion 
mechanism by strengthening MFN1 and MFN2 molecules; on the other hand, there was 
a reduction in DRP1 expression inhibiting mitochondrial fission. Moreover, there was 
a significant difference in the expression level affected by the targeted delivery of CAA 
through curd exosomes, which increased its concentration inside the tumour cells and 
consequently advanced the curative effect. Inhibition of STAT3 leads to a decrease in 
DRP1 transcription, resulting in apoptosis of tumour cells (Guo et al. 2024). The opti-
mistic result of increasing trends in the expression of Caspase-7, along with suppression 
of Bcl-2 and Bcl-xL was observed by the treatment of CAA, and its nanoformulation 
tends to accelerate the apoptosis mechanism. Former reports depicted curcumin emerg-
ing as an anti-cancer drug targeting various malignancies (Xi et al. 2015); similarly, we 
found CAA triggers the cell death pathway and allows enhanced accessibility with a bet-
ter effect on tumour cells.

Impressively, our comprehensive results showed that CAA could prevent cell viability 
and promote apoptosis in KB-3-1 and HEp-2 HNC cells. Furthermore, curd exosomes 
that allowed targeted conveyance of CAA proved to be a favourable carrier platform 
against cancer advancement.

Conclusion
There were numerous research articles related to the anti-tumour activity of curcumin 
in the majority of types of cancer, but this was the primary study to analyse the effect of 
curcumin analogue Alanine on HNC cells. Our investigation showed that CAA has bet-
ter bioaccessibility than curcumin, and in addition, its ability gets enhanced when served 
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through curd exosomes. CAA induced an anti-tumour impression in KB-3-1 and HEp-2 
cells by impeding EphA2 signalling through the STAT3-DRP1-MFN1/2 pathway and 
enhancing the expression of caspases supporting apoptosis. Nonetheless, there is a limi-
tation in the current analysis that in vivo experiments are required. Henceforth, future 
research is essential for constructing anti-cancer drug formulations against metastasis.
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