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ABSTRACT 

Adenosine triphosphate (ATP) is known as an energy source and is generated by mitochondria which is the 

powerhouse of the cell. The ATP supplies energy through the disassociation of the phosphate group by the cellular 

enzymes. The extracellular ATP in the extracellular environment acts as a signaling molecule and can act as an anti-

inflammatory molecule, can promote cancer progression, and also can act as a pro-inflammatory molecule. The 

degradation of ATP is a major disadvantage by ectonucleotidases that attenuates the therapeutic property of ATP in the 

extracellular environment. We have formulated chitosan/alginate nanoparticles loaded with ATP for increasing their 

encapsulation efficiency and for sustained drug release. This encapsulation can avoid ATP degradation from 

ectonucleotidases. Nanoparticle characterization by DLS, FTIR, SEM, encapsulation efficiency, and cytotoxicity assay 

by XTT assay and Live-dead assay was monitored for the synthesized nano formulated ATP. Our results showed that 

the formulated ATP-loaded chitosan/alginate nanoparticle sized about 342 nm with the optimum encapsulation 

efficiency of about 92.03% with a sustained drug release profile. These nano formulated ATP could be used for calorie 

restriction conditions where ATP can be supplied as an extracellular source for bypassing oxidative phosphorylation, 

and we can circumvent the oxidant production during oxidative phosphorylation. The concept of avoiding oxidative 

stress by bypassing oxidative phosphorylation can open an avenue for healthy aging. 
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1. Introduction

Adenosine triphosphate (ATP) is known as a cellular energy

source that is produced in the process of electron transport chain 

(ETC), stored in the cell, and supplied to the cellular requirements. 

Intracellular ATP acts as an energy source for the cell whereas 

extracellular ATP (eATP) acts as a signaling molecule[1]. The eATP 

gets released from the cell into the extracellular space in response to 

different stimuli such as shear stress, ionizing/non-ionizing radiations, 

osmotic swelling, pH, stretch, inflammation, hypoxia, reactive 

oxygen species, cell death signals, and purine 2 (P2) receptors. The 

P2 is classified as ionotropic P2X receptors and metabotropic P2Y 

receptors. The eATP and its metabolites such as ADP, and AMP bind 

with these P2X, P2Y/P1 receptors and contribute to various 

physiological functions. The ATP concentrations range from 1 μM, 

10–100 μM, and 0.5–1.0 mM[2,3], and can activate P2Y, P2X, and 

P2X7 receptors respectively[4]. In the tumor microenvironment (TME) 

it can promote tumor and can also suppress tumor progression 

depending on ATP concentration which indicates the vital role of 
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ATP in targeting cancer[5]. In the TME, ectonucleotidases such as CD39 (ecto-nucleoside triphosphate 

diphosphohydrolase) and CD73 (ecto-5’-nucleotidase) hydrolyzes ATP to ADP (Adenosine diphosphate), 

AMP (Adenosine monophosphate), and AMP to adenosine, respectively. Inflammation promotes the 

accumulation of ATP which acts as a key danger signal and triggers pro-inflammatory responses. Sequential 

degradation happens from ATP to ADP, AMP, and AMP to adenosine by CD39 and CD73, and the 

converted adenosine promotes a depressive action on the immune cell activity and shows a potent anti-

inflammatory effect[6]. The eATP can cause cell plasma membrane permeability changes and severely affects 

intracellular ion balance which can lead to ATP-dependent cytotoxicity due to increased ATP 

concentration[7,8]. Reports published previously indicated that intraperitoneal injection of ATP (50 mM) into 

the tumor-possessing mice was found to show reduced tumor size. eATP treatment was found to inhibit the 

growth of cancer cells by arresting the cell cycle at the S phase[9,10]. Studies on in vivo human prostate cancer 

xenografts with eATP intraperitoneal administration daily showed tumor regression[11]. 

A rapid degradation of eATP by ectonucleotidases is a disadvantage of ATP activity and thus requires a 

system for the sustained release of eATP at the required sites for its efficient activity and protection from the 

degradation by the ectonucleotidases. Du et al. formulated ATP-loaded chitosan oligosaccharide 

nanoparticles by using various concentrations of chitosan oligosaccharides and reported encapsulation 

efficiency of 40.6%–69.5% and ATP loading of 3.9%–6.5%[12]. Konno et al. reported liposomes entrapped 

with ATP and found 8% of ATP entrapment efficiency[13]. 

Nanotechnology is been explored in recent times for its versatile applications in nano enabled drug 

delivery[14], imaging and theranostics[15–17], improving the bioavailability of phytochemicals[18,19], 

biosensing[20], photoremediation[21–24] as well as photodynamic therapy[25]. Using chitosan coated with 

sodium alginate nanoparticles offers a versatile platform for delivering small molecules like ATP, drugs, etc., 

providing improved stability, solubility, controlled release, high loading efficiency, and protection from 

hostile physiological conditions. These advantages make them promising candidates for various biomedical 

and pharmaceutical applications. In this study, to attenuate ectonucleotidases’ metabolism of ATP and to 

increase encapsulation efficiency and sustained release of ATP, we have formulated ATP-loaded chitosan 

(CS)/alginate (Alg) nanoparticle that showed a sustained release of ATP and encapsulation efficiency of 

about 92.03%. The characterization of the nano formulated ATP was executed using different photophysical 

tools such as dynamic light scattering, scanning electron microscopy, and FTIR. To assess the 

biocompatibility of this nanoformulation, cell viability using normal cell line L132 was also assessed. 

2. Materials 

Chitosan, Alginate are procured from HiMedia, India. Acridine orange, Dulbecco’s modified eagle 

medium (DMEM), Fetal bovine serum (FBS) (Gibco, USA), Antibiotic solution (Antibiotic Solution 100X 

Liquid w/ 10,000U Penicillin and 10 mg Streptomycin per ml in citrate buffer), XTT reagent, ATP purchased 

from SRL, India. L132 (embryonic lung cells) was procured from NCCS, Pune. Ethidium bromide, and 

acridine orange were procured from Sigma Aldrich. 

3. Methodology 

3.1. Nanoformulation of ATP-loaded chitosan/alginate Nanoparticle 

To the 10 mL of sodium alginate solution (3 mg/mL, pH 5.1), we added 2 mL of calcium chloride 

(CaCl2) solution (3.35 mg/mL) dropwise while it was on continuous stirring for 20 min. Later, to this, we 

added ATP in three different concentrations to three sodium alginate solutions (50 mg, 75 mg, and 100 mg) 

and allowed 30 min stirring. After that 4 mL of chitosan (800 μg/mL in 1% acetic acid, pH 5.4) was added to 

this solution and left for 30 min stirring and was allowed for overnight incubation at room temperature. Later, 

the solution was used to take drug absorbance (OD at 260 nm) to measure the total drug OD, for 
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encapsulation efficiency, and then the solution was centrifuged at 3000 rpm (454 RCF) for 15 min and the 

supernatant was collected to measure the unbound drug OD. To the ATP-loaded alginate/ chitosan (ATP-

CS/Alg) pellet, distilled water was added and centrifuged in order to wash it and discarded the supernatant. 

Further, it was gently mixed by adding 5 mL of distilled water and it was stored at 4 °C for further use[26]. 

3.2. Characterization 

The size of the nanoparticle and its zeta potential was analyzed by using the Malvern zeta sizer 

instrument. The functional group confirmation was done by using an FTIR instrument, surface scanning was 

performed using JEOL JEM 2100 HRTEM with an accelerating voltage of 200 kV. 

3.3. Encapsulation efficiency 

The % of encapsulation efficiency (EE) was calculated as per the given formula[27]. 

% 𝑜𝑓 𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑇𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔 𝑂𝐷 − 𝑈𝑛𝑏𝑜𝑢𝑛𝑑 𝐷𝑟𝑢𝑔 𝑂𝐷

𝑇𝑜𝑡𝑎𝑙 𝐷𝑟𝑢𝑔 𝑂𝐷
× 100 

3.4. Cumulative drug release kinetics 

The cumulative drug release kinetics of ATP-loaded CS/Alg NPs was analyzed using a dialysis 

membrane (2 KDa cutoff) in a phosphate buffer saline (PBS) (1X (10 mM), pH 7.4) at room temperature. 

We found the optimum encapsulation efficiency for the 75 mg loaded CS/Alg NPs from our experiments on 

encapsulation efficiency, so we conducted further studies using 75 mg loaded CS/Alg NPs and named it 

nATP. We loaded 2 mL of 75 mg loaded CS/Alg NPs (nATP) in the dialysis membrane and dipped the 

membrane in 25 mL of PBS with continuous stirring using a magnetic bead. At specific time intervals, 2 mL 

of the buffer was withdrawn and the same volume of PBS was replenished for maintaining the total volume, 

and the absorbance was measured for the aspirated solution. The amount of released ATP from the 

nanoparticle was spectrophotometrically measured by taking absorbance at 260 nm at different time 

intervals[26]. 

3.5. XTT assay 

The cell viability assay was measured using XTT assay using L132 cells after treatment with only ATP 

and nanoformulated ATP (nATP) as done previously[28]. The L132 cells (2 × 104 cells/well) were seeded in 

equal numbers in a 96-well plate and supplemented with DMEM containing 10% FBS, and 1% antibiotic 

solution, maintained in a humidified atmosphere at 37 °C and 5% CO2. After 24 h the cells were treated with 

various concentrations of ATP and ATP-loaded CS/Alg NPs (2–8 mM). After 24 h of incubation, the cells 

were treated with 50 μL activated XTT reagent and then allowed for 4 h of incubation at 37 °C and 5% CO2, 

in a humidified atmosphere. Then, the absorbance was taken at 450 nm. 

3.6. Live-dead assay 

Coverslips were dipped in 70% ethanol, air dried, and then placed on 35 mm cell culture dishes 

containing 2 mL of DMEM medium (10% FBS, 1% antibiotic solution) and L132 cells were added to the 

plate. When the cells reached 70% confluency, they were treated with ATP-loaded CS/Alg NPs, and the 

control was kept untreated. After 24 h of treatment, the DMEM from the culture plate was removed and we 

added 1 mL of dye solution. The dye solution was immediately prepared in the dark by adding 5 μL acridine 

orange (1.2 mM) and 2 μL ethidium bromide (1.9 mM) and was made up to 2 mL with PBS. The 

concentration of the staining solution was standardized in our previous studies[29]. After adding the stain to 

the cells under dark conditions, the cells were incubated for 3 min at 37 °C. Later the cover slip that 

contained the cells was taken out with forceps and placed on a glass slide and observed under a fluorescence 

microscope (Olympus BX51 Fluorescence Microscope). The live cells (appeared in green color) and the 

dead cells (appeared in red) were monitored and counted at 5 different places throughout the coverslip. The 
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percentage of dead cells was calculated using the formula given below[29]. 

% 𝑜𝑓 𝑑𝑒𝑎𝑑 𝑐𝑒𝑙𝑙𝑠 =
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑒𝑎𝑑 𝑐𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
× 100 

4. Results and discussion 

4.1. Characterization 

Size and zeta potential of nanoparticles 

The size of the nanoparticle and its zeta potential was analyzed by using the Malvern zeta sizer 

instrument. The hydrodynamic diameter of CS/Alg NPs and 50 mg, 75 mg and 100 mg ATP-loaded CS/Alg 

nanoparticles were found to be 43 nm, 144 nm, 342 nm, and 825 nm, respectively (Figure 1a). The zeta 

potentials measured for only CS/Alg and the 50 mg, 75 mg, and 100 mg ATP-loaded CS/Alg nanoparticles 

are given in Table 1. The hydrodynamic diameter was lower for only CS/Alg mixed polymer which 

increased with an increase in the amount of ATP added. The increase in hydrodynamic diameter shows that 

the ATP has been incorporated into the mixed polymer matrix. The zeta potential values indicated that the 

mixed polymer was highly stable (−31 mV). After ATP encapsulation also the structures were highly stable 

as indicated by the zeta potential values. Among the ATP loading, 100 mg ATP exhibited a higher 

hydrodynamic diameter whereas 50mg and 75 mg ATP-loaded nanoformulation showed lower 

hydrodynamic diameter which is suitable for nano-enabled drug delivery. Moreover, both 50 mg and 75 mg 

had similar stability. For our studies, we used 75 mg ATP-loaded CS/Alg mixed polymer (nATP) which had 

a hydrodynamic diameter of 342 nm and zeta potential of −10 mV. 

Table 1. Size and zeta potential of nanoparticles. 

S/ No. Sample name Zeta potential (mV) 

1. CS-Alg NPs −31.0 

2. 50 mg ATP-loaded CS-Alg NPs −9.6 

3. 75 mg ATP loaded CS-Alg NPs −10.0 

4. 100 mg ATP loaded CS-Alg NPs −21.0 

4.2. Functional group confirmation by FTIR 

4.2.1. Chitosan FTIR analysis 

Nanoparticle formation was confirmed by FTIR spectroscopy, and the peaks at wavenumber 3449 cm−1 

corresponded to –NH2 and –OH stretching and also indicated intramolecular hydrogen bonds. The peak at 

2920 cm−1 was derived from the symmetric and asymmetric C–H bond stretching of the polysaccharide. 

Wavenumber at 1640 cm−1 (C = O stretching of amide I) and 1323 cm−1 (C–N stretching of amide III) 

corresponded to amide I and amide III stretching, respectively; whereas the peak at 1557 cm−1 corresponded 

to the N–H bending of amide II. The bands at 1416 and 1377 cm−1 indicated CH2 bending and CH3 

symmetrical deformations. The band at 1153 cm−1 corresponded to the symmetric stretching of the C–O–C 

bridge. 1073 cm−1 confirmed the C–O stretching of chitosan. The bands found from the chitosan sample 

FTIR spectra showed similar peaks to previously reported data[30–33] (Figure 1b). 

4.2.2. Sodium alginate FTIR analysis 

The peak at 3638 cm−1confirmed the presence of –OH stretch, the absorption band at 1605 cm−1 

corresponded to the carboxylate anions’ intense stretching vibrations/asymmetric stretching vibration of 

COO– groups, 1412 cm−1 corresponded to the symmetric stretching vibrations of COO– groups, and the 

absorption band at 1028 cm−1 indicated elongation of C–O groups. The identified FTIR bands of sodium 

alginate was found to be similar to the previously reported results[34–36] (Figure 1b). 
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4.2.3. Chitosan/Alginate nanoparticle 

The formulated Chitosan (CS)/Alginate (Alg) nanoparticle sample FTIR data was collected and the 

broad peak in the range of 3452 cm−1 corresponded to the –OH stretching, polymeric associations and also 

indicated CS and Alg intermolecular hydrogen bonds binary blend. Peaks at wavenumber 2934 cm−1 and 

2356 cm−1 indicated asymmetric –CH stretching and symmetric –CH stretching. Peaks at 1634 cm−1, 1416 

cm−1 corresponded to the carbonyl group and NH bending (amide II band), respectively. The FTIR spectra 

indicated that COO– group was dissociated from a carboxylated group of alginate that was complexed with 

the amino group of chitosan through electrostatic interaction[37] (Figure 1b). 

4.2.4. ATP and ATP-loaded CS/Alg nanoparticles 

3439 cm−1 corresponded to the –OH stretching vibrations of ATP. The –OH/–NH2 stretching vibrations 

of ATP-CS/Alg nanoparticles at wavenumber 3452 cm−1 were found to be shifted to lower wavenumber 

3445 cm−1 after the loading/incorporation of ATP. The peak at 1634 cm−1 that corresponded to the amide 

group in the ATP-CS/Alg nanoparticle was found to be shifted to lower wavenumber 1630 cm−1 indicating 

the –OH group of ATP participation in the cross-linking reaction with CS/Alg nanoparticle. The asymmetric 

stretching vibration of the PO2
- was found at 1260 cm−1 with a high absorbance in ATP, which was shifted to 

1278 cm−1 for ATP-CS/Alg with a low intensity. The out-of-phase symmetrical stretches were found for both 

ATP and ATP-CS/Alg nanoparticles at 1066 cm−1 and 1079 cm−1, respectively. Although, the transmittance 

was lower indicating that the ATP after incorporation into the CS/Alg nanoparticles, got restricted molecular 

movements. The P–O stretch of the main chain was observed for both ATP and ATP-CS/Alg nanoparticles at 

918 cm−1 and 929 cm−1, with high absorbance peak intensity for only ATP. These findings indicated that the 

ATP was incorporated inside the CS/Alg mixed polymer[38] (Figure 1b). 

 

Figure 1. (a) The hydrodynamic diameter of CS/Alg Nanoparticles and ATP loaded CS/Alg Nanoparticles; (b) FTIR spectrum of 
Alg, CS, CS/Alg, ATP and ATP-CS/Alg; (c) Cumulative drug release kinetics graph; (d) SEM image of ATP loaded CS/Alg 
nanoparticle; (e) EDAX analysis of ATP loaded CS/Alg nanoparticle. 
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4.2.5. Encapsulation efficiency 

The encapsulation efficiency for 50 mg, 75 mg, and 100 mg ATP-loaded CS/Alg NPs was found to be 

73%, 92.03%, and 77.61%, respectively. The optimum encapsulation efficiency was found for the 75 mg 

ATP-loaded CS/Alg nanoparticle to be 92.03%. Earlier reports have found lower encapsulation efficiency of 

ATP when encapsulated in other polymeric matrices. ATP-loaded chitosan oligosaccharide nanoparticles 

exhibited 40.6%–69.5% encapsulation efficiency and ATP-loaded liposomes showed 8% entrapment 

efficiency[12,13]. Our ATP-loaded CS/Alg nanoparticle showed increased encapsulation efficiency which 

could be due to the chitosan and alginate cross-linkage, and so we proceeded the further experiments with 75 

mg ATP-loaded CS/Alg NPs known as nATP. 

4.2.6. Cumulative drug release kinetics 

Cumulative drug release kinetics was done by using a dialysis membrane by taking 75 mg ATP-loaded 

CS/Alg nanoparticle against PBS (pH 7.4). The results showed sustained release of ATP. Almost 96 % of 

ATP was shown to be released after 5 h (Figure 1c). The release pattern followed zero-order kinetics which 

is desirable for the nanoformulated drugs for sustained release characteristics. 

4.2.7. Scanning electron microscopy 

The surface morphology of 75 mg ATP-loaded CS/Alg nanoparticle was shown in Figure 1d. The 

cross-linking of the CS/Alg mixed polymer shape was seen as a mesh structure that was sized at about 400–

700 nm. A meshy structure of mixed polymer enabled them to encapsulate the lead molecule, ATP. A similar 

structure of the chitosan alginate copolymer was observed by previous researchers[39] where they have used 

the microfluidic spinning method to prepare the polymeric matrix. The EDX analysis also showed the 

presence of elements (C, O Si, Al, Ca) that are present in alginate and chitosan (Figure 1e). This indicated a 

successful synthesis of the mixed polymer. 

4.2.8. Cytotoxicity assay 

Cell viability assay was done using L132 cells by treating the cells with various concentrations (2, 4, 6, 

8 mM) of ATP and ATP-loaded CS/Alg nanoparticles using XTT assay. ATP concentrations of more than 4 

mM decreased the cell viability by about 30 % (Figure 2a). Our results showed that ATP-loaded CS/Alg 

nanoparticles showed higher cell viability than only ATP-treated cells indicating less cytotoxicity of ATP-

loaded CS/Alg nanoparticles at every dose of treatment. Previous researchers have reported similar cytotoxic 

assay results of cervical cancer cells after ATP treatment and found that as the concentration of ATP 

increased the percentage of cell viability decreased[40]. Li et al. studied ATP cytotoxicity and found similar 

results and reported that ATP activated cell surface receptors at nanomolar/micromolar concentrations, and 

interfered with intracellular nucleotide pools at millimolar concentrations[41]. 

4.2.9. Live-dead assay 

Live-dead assay was done by using acridine orange and ethidium bromide dyes. The results of ATP (4 

mM) (Figure 2b) and ATP loaded CS/Alg nanoparticle (4 mM) (Figure 2c) treated cells were observed 

under a fluorescence microscope. The percentage of cell death was found to be 4.99% in ATP-treated cells 

and 1.19% in ATP-loaded CS/Alg nanoparticle treated cells. These results indicated that ATP-loaded CS/Alg 

nanoparticles were less toxic compared to only ATP.  

ATP is the vital energy source in organisms and is generated within the cell through the mitochondria 

which is the powerhouse of the cell and is utilized for various cellular applications by supplying energy by 

dissociation of its phosphate group. ATP can be released into the extracellular space through various 

pathways which are considered eATP and can act as an extracellular signaling molecule. 
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Figure 2. (a) Percentage of cell viability 24 h after treatment with different concentrations of ATP and nATP; (b) Live-dead assay 
for ATP treated L132 cells; (c) Live-dead assay for nATP (4 mM) treated L132 cells. 

Here, we have formulated ATP loaded CS/Alg nanoparticle by the addition of 75 mg ATP that is sized 

about 342 nm and had a zeta potential of −10 mV with the optimum encapsulation efficiency of 92.03%. The 

drug release profile indicated the sustained release of ATP from ATP-loaded CS/Alg nanoparticles. Results 

from cell viability assay and live-dead assay showed that the formulated ATP-loaded CS/Alg nanoparticle 

was less toxic than only ATP. 

A variety of physiological and pathophysiological circumstances cause cells to release ATP, which acts 

as an extracellular signaling molecule. There are several ectoenzymes involved in the metabolism of 

extracellular ATP and adenosine that determine their concentrations at their respective receptors[42]. An 

ectonucleotidase is an enzyme that metabolizes nucleotides externally oriented and expressed on the plasma 

membrane. A nucleoside is formed from nucleotides by these enzymes. Depending on the availability and 

preference of substrates, as well as the distribution of cells and tissues, ectonucleotidases modulate 

purinergic signaling[43]. Various types of cells produce ectonucleotidases that salvage purines and replenish 

ATP stores. As a result of dephosphorylation, nucleoside derivatives are absorbed into cells by membrane 

transporters. The enzyme ectonucleotidases modulates purinergic signaling at the P2 receptor, and at the P1 

receptor as well[44]. Adenosine is also generated by ectonucleotidases; this causes adenosine receptors in the 

body to become activated, having opposite (patho-)physiological effects to nucleotides[45]. To avoid the 

action of the ectoendonucleases on ATP, we have nanoformulated the ATP in a mixed polymer. These 

results indicated that our ATP-loaded CS/Alg nanoparticle is less toxic and can be used for various 

applications in vitro studies and in vivo studies for assessing its prominent property as an extracellular 

energy molecule as well as a signaling molecule for releasing at a specific site. 
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5. Conclusion 

In the present study, to increase the encapsulation efficiency, for the sustained release of ATP and to 

provide protection from the ectonucleotidases, we have prepared ATP-loaded CS/Alg nanoparticles. The 

presented characterization results and assay results of ATP and ATP-loaded CS/Alg nanoparticle treatment 

indicated that our formulated 75 mg ATP-loaded CS/Alg nanoparticle sized about 335.7 nm and zeta 

potential −10 mV with the encapsulation efficiency of about 92.03%. The drug release profile showed a 

sustained release of ATP. Cell viability assay and live-dead assay results proved ATP-loaded CS/Alg 

nanoparticles are less toxic than ATP to the L132 (embryonic lung cells). Thus, our results indicated that the 

formulated nanoparticle could be used for in vitro and in vivo research. In the process of aging, calorie intake 

plays a major role. If we can restrict the calories and can supplement the cells with extracellular ATP which 

is resistant to degradation by ectonucleotidases, it can reach the cells to produce energy. In this case, our 

formulated nano-ATP is a good alternative because it not only protects the ATP from degradation but also is 

highly stable in an aqueous environment. However, to demonstrate the ATP-loaded CS/Alg nanoparticle as a 

signaling molecule or as an energy source for therapeutic use further research is warranted. 
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