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ABSTRACT 

Doxorubicin (DOX) is a potent drug for cancer treatment but presents limitations for encapsulation and prolonged release. Nanoparticles (NPs) are an alternative 

to mitigate these issues; nevertheless synthetic methods are often complex and inefficient. This study focus in the development of DNA-based NPs, using DNA as 

unique excipient allowing ionic and aromatic interactions with DOX. Methods: The NPs formation consists in the mixture of DNA and DOX in water (aromatic and 

non-aromatic polyelectrolytes were used as positive and negative controls, respectively). UV-visible and fluorescence spectroscopy were used to corroborate the 

DOX/DNA interactions and to elucidate the mode of binding. Turbidimetry, dynamic light scattering, laser Doppler anemometry, nanoparticle tracking analyses, 

ultrafiltration, and scanning transmission electron microcopy were used to characterize the efficiency of the process and the morphology of DOX/DNA NPs. In vitro 

release, viability of non-cancerous cells and stability tests were conducted to assess the release profile and safety of the NPs. Results: DOX associates with DNA 

through ionic and aromatic interactions forming spherical NPs (115-220 nm, polydispersity 0.3-0.5, ~-27 mV, 8-13x1011 NPs/mL) with DOX association efficiency 

of 66-80% and loading in the range of 40-60%. DOX/DNA NPs exhibited prolonged release (55% in 12 days), stability at storage conditions (at least 8 weeks) and 

does not provide toxicity in non-cancerous cells. Conclusions: We provide a simple strategy to entrap and release DOX in the form of NPs in DNA-based platforms. 

This strategy could be used for other aromatic anticancer drug and selecting DNA sequences able to support anticancer activity. 

Keywords: Nanomedicine; cancer; deoxyribonucleic acid; doxorubicin; aromatic interactions. 

1. INTRODUCTION 

Cancer is the second leading cause of morbidity and mortality worldwide, 

surpassed only by cardiovascular diseases. According to the International 

Agency for Research on Cancer (IARC) more than 35 million new cases per year 

are projected to be diagnosed in 2050 [1-4]. This scenario drives the continuous 

development and optimization of pharmacological therapies, making it a critical 

area of innovation and research, particularly those aimed at improving the 

efficacy and safety of existing treatments. Doxorubicin (DOX) is a drug 

belonging to the anthracycline family and is widely used for the combined 

chemotherapy of solid tumors, including lung, breast, ovarian, liver, and 

testicular cancer, among others [5-8]. However, a key challenge in its 

administration lies in its high cardiotoxicity, as well as its cumulative and 

irreversible toxicity [9-12]. In addition, DOX is associated with adverse effects 

such as fatigue, alopecia, nausea, vomiting, oral mucositis, and suppression of 

bone marrow function, which can increase the risk of infections, anemia, and 

bleeding. A therapeutic strategy that has gained relevance is the incorporation of 

DOX into nanoparticles (NPs) [13-18]. These formulations offer superior clinical 

performance compared to free DOX (a standard treatment), due to improved 

pharmacokinetics and biodistribution associated with the enhanced permeability 

and retention (EPR) effect. Moreover, this formulation helps reducing the side 

effects, especially cardiotoxicity thereby improving therapeutic compliance and 

patient quality of life. Importantly, some DOX-loaded NPs are FDA-approved 

(Doxil®, Marqibo®, Onivyde®, Vyxeos®), and many more are in various stages 

of clinical trials [19]. DOX, is a hydrophilic low molecular-weight drug (579.9 

Da), with an amino functional group (pKa: 8.2) and one tetracyclic aromatic ring 

(Figure 1). Currently, research has focused on exploring NPs systems that 

efficiently entrap and control the release of DOX. However, due to the high water 

solubility and low molecular-weight, DOX may exhibit weak interactions with 

many conventional drug carriers, commonly reflecting low association 

parameters and lack of controlled release, thus limiting its therapeutic application 

[20-22].  

Aromatic interactions refer to intimate non-covalent interactions between 

aromatic rings containing π-orbitals. They have been used to successfully obtain 

NPs with high association parameters (association efficiency ≥ 90 % and around 

50 % of drug loading) and prolonged drug release profiles [23-25] when 

hydrophilic, aromatic, and low molecular-weight (HALMW) drugs were 

combined with a non-biodegradable aromatic polyelectrolyte as unique excipient 

such as poly(sodium 4-styrenesulfonate) (PSS). This approach has been effective 

when the following conditions are satisfied: i) the drug and the polyelectrolyte 

exhibited oppositely charged functional groups, ii) the presence of aromatic 

groups in both components, and iii) the establishment of intimate contact 

between these molecules.  

 

Figure 1.- Molecular structure of doxorubicin and deoxyribonucleic acid 

(DNA). 

The strategy of elaboration is simple and consists in the mixture of two aqueous 

solutions (one containing the HALMW drug and other containing the PSS) under 

stirring at room temperature. Importantly, similar formulations using the anionic 

non-aromatic poly(sodium vinylsulfonate) (PVS) were not able to form NPs with 

the HALMW drugs, demonstrating the critical role of the aromatic groups in the 

polyelectrolyte for the NPs formation [23-25]. Furthermore, the obtained NPs 

demonstrated to be stable at different biological and storage conditions (ionic 

strength, pH, temperature, and prolonged time) and prolonged release profiles. 

Deoxyribonucleic acid (DNA) represents a polyelectrolyte composed of four 

different monomers (adenine: A, guanine: G, cytosine: C, and thymine: T, 

Figure 1), whose bases engage in aromatic interactions between adjacent 

nucleotides. The phosphate group within DNA confers a strong polyanionic 

character to this biological macromolecule [26-28]. Several DNA-based NPs for 

drug delivery have been reported in the literature [26, 27]. Some of them rely on 

self-assembly (origami [29, 30] and hydrogels [31]) while others use inorganic 

materials where DNA acts as a coating (e.g., gold nanoparticles [32]).  
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Most of the proposed synthesis methods are complex and involve multiple 

meticulous steps, including temperature shifts (to control hybridization), use of 

alternative solvents, additional excipients, and even a prior computational design. 

As a result of these methodologies, which usually require multiple purification 

processes (e.g., electrophoresis, precipitation, ultrafiltration), these proposals 

often yield suboptimal output [26, 28]. Interestingly, from a chemical 

perspective, DNA shares similar characteristics with the polyelectrolyte PSS 

(both are aromatic and negatively charged), but offers the advantage of being 

biodegradable and biocompatible. Furthermore, through technologies readily 

available in laboratories (chemical synthesis and amplification methods such as 

polymerase chain reaction, PCR), it is possible to precisely define the monomer 

sequence and the length of the DNA (number of base pairs, bp). In addition, 

nucleotide-based drugs have been widely proposed and used for cancer therapy 

(antisense oligonucleotides (ASO) [33-35], small interfering RNA (siRNA) [36, 

37], messenger RNA (mRNA) [38-40], and microRNA (miRNAs) [41-43], thus 

potentially conferring a dual biological activity if they are combined with 

conventional anticancer drugs.  

Due to DOX is also a HALMW drug, in this work we generated DOX/DNA 

NPs, comprising only two molecules (DOX and DNA), following a simple 

strategy, and showing high encapsulation, stability and prolonged release profile. 

This strategy relies on the formation of electrostatic interactions between DOX 

and DNA stabilized by short-range aromatic interactions. These results could be 

used as a foundation for the development of novel cancer therapies based in 

nucleotides-drug interactions. 

 2. MATERIALS AND METHODS 

2.1 Chemicals and Reagents 

Doxorubicin hydrochloride (DOX, 579.9 g/mol) was purchased from AK 

Scientific (California, USA) and was used as received. Deoxyribonucleic acid 

(DNA, Merck Millipore, Calf Thymus DNA, > 10 kbp, cat. No.: 2618, Germany) 

was dissolved in water (1 mg/mL) and dialyzed using a Pur-A-Lyzer™ Maxi 

Dialysis Kit (molecular weight cut-off, MWCO, of 6000 Da, Sigma Aldrich, 

USA) for 24 h at room temperature, under gentle agitation (Milli-Q water was in 

the receptor medium). The anionic aromatic polyelectrolyte PSS (206.2 g/mol of 

monomeric units) was purchased from Sigma Aldrich (USA) and 

purified/fractionated by diafiltration over a membrane with a MWCO of 5000 

Da (Biomax, 63.5 mm diameter), first in the presence of 0.15 M NaNO3 (Sigma 

Aldrich, USA) and then in the absence of the electrolyte. The anionic aliphatic 

polyelectrolyte PVS (130.1 g/mol of monomeric units) was purchased from 

Sigma Aldrich (USA) and was used as received. The pH of DOX solution was 

adjusted with an Edge® HI2002 pH meter (Hanna Instruments, USA) with 

minimum amounts of NaOH and HCl (Merck, Germany). All the solutions were 

prepared with Milli-Q water obtained from a Simplicity SIMS 00001 equipment 

(Millipore, France). Media used for cell assays, including antibiotics (RPMI 

1640, DMEM high glucose, penicillin and streptomycin) were from Gibco-

BRL(UK); fetal bovine serum (FBS) was from Hyclone (Cytiva, US); the 3-(4,5-

dimetylthiazol-2-yl)-5-(3-carboxymethoxyphenil)-2-(4-sulfophenyl)-2H-

tetrazolium inner salt (MTS) proliferation assay kit was from Promega (US).  

2.2 UV-vis absorption spectra 

The UV-vis spectra were acquired with a Duetta spectrophotometer (Horiba 

Scientific, Japan) using a quartz cuvette (Hellman®, Germany) of 1 cm of path 

length. Equal volumes (500 µL each) of DOX and DNA were mixed and 

incubated for 5 minutes at room temperature. For these experiments the DOX 

concentration was maintained constant (meanwhile varying the DNA 

concentration) in order to minimize possible concentration - dependent or self - 

aggregation effects of DOX, which could comprise the accuracy of the 

measurements. DOX concentration was fixed at 3.5 x 10-5 M, while varying the 

DNA concentration from 0 to 2.5 x 10-4 M (the concentration was calculated 

considering the nucleotides as the monomeric units). The absorption spectra (λ = 

200 - 800 nm) were recorded and plotted to illustrate spectroscopic features such 

as hypochromic and bathochromic shifts. These effects became more pronounced 

with increasing DNA concentrations and provide qualitative insight into DOX-

DNA interactions. To determine intrinsic binding constant, Kb, the concentration 

of DOX was fixed at 3.5 x 10-5 M, while the concentration of DNA was varied 

between 1 x 10-6 M to 2.5 x 10-5 M. Absorbance values at 495 nm (the 

characteristic wavelength of DOX) were recorded and fitted to equation (1), 

derived from the classical binding model described by Wolfe-Shimer for drug-

DNA interactions [44-50]: 

[DNA]

(𝜀𝑎 − 𝜀𝑓)
=

1

𝐾𝑏(𝜀𝑏−𝜀𝑓)
+

1 

(𝜀𝑏 − 𝜀𝑓)
[𝐷𝑁𝐴] equation (1) 

                                       

where εa, εf, and εb represent the molar absorption coefficients associated with 

the interaction between DOX and DNA. Specifically, εf is the extinction 

coefficient of free DOX in solution, determined from a calibration curve obtained 

in the absence of DOX. This curve was experimentally established over a DOX 

concentration range of 1 × 10⁻⁵ M to 9 × 10⁻⁵ M, yielding a molar extinction 

coefficient of 9261.6 M⁻¹·cm⁻¹. εa is the apparent extinction coefficient of DOX 

at a given DNA concentration and is calculated as the ratio of the observed 

absorbance to the concentration of DOX (Aobs/[DOX]). εb corresponds to the 

extinction coefficient of DOX when it is fully bound to DNA. [DNA]/(a-f) 

reflects the change in DOX absorbance due to partial binding of DOX to DNA 

at varying DNA concentrations. [DNA]/(b-f) represents the scenario where 

DOX is fully bound to DNA, indicating the maximum binding site saturation. A 

plot of [DNA]/(εa-εf) versus [DNA] yielded a straight line, where the slope m and 

y-intercept b where used to calculate the intrinsic binding constant Kb as 

𝐾𝑏 =  
𝑚

𝑏
 equation (2) 

  

2.3 Fluorescence spectroscopy 

All fluorescence spectra were recorded on Duetta spectrophotometer (Horiba 

Scientific, Japan) using a quartz cuvette (Hellman®, Germany) of 1 cm of path 

length. Equal volumes (500 µL each) of DOX and DNA were mixed and 

incubated for 5 min at room temperature. DOX concentration was fixed at 3.5 x 

10-5 M, while varying the DNA concentration from 0 to 2.5 x 10-4 M, in terms of 

nucleotides. The excitation wavelength was set to 480 nm, and emission was 

collected at 590 nm with a bandwidth of 10 nm. The intensity values at λ = 590 

nm (characteristic wavelength of DOX) at the tested DOX concentration were 

fitted to equation (2) to obtain the Stern-Volmer quenching constant, Ksv [49]: 

𝐹0

𝐹
= 1 + 𝐾𝑠𝑣[𝑄]     equation (3) 

where F0 and F denote the steady-state fluorescence intensities in the absence 

and in the presence of the quencher, respectively, Ksv is the Stern–Volmer 

quenching constant, and [Q] is the concentration of the DNA. 

2.4 Preparation and physicochemical characterization of DOX/DNA NPs 

DOX/DNA formulations were synthetized according to the method previously 

reported by our group [23-25]. Briefly, 500 µL of an aqueous solution containing 

the cationic DOX was added to 500 µL of an aqueous solution containing the 

anionic DNA, both at pH 7 (adjusted with minimum amounts of HCl 0.1 M and 

NaOH 0.1 M) and exposed to continuous stirring for 5 min. In all formulations 

the concentration of DNA was constant (1.44 x 10-3 nucleotides/L), while the 

concentration of the DOX was selected to obtain final molar ratio ranging 

between 0.1 and 1.0 (1.44 x 10-4 - 1.44 x 10-3 M). As a positive and negative 

control, the anionic polyelectrolytes PSS and PVS were used, respectively.  

The presence of dispersed particles in aqueous medium was initially analyzed 

by turbidimetry in an Duetta spectrophotometer (Horiba, Japan). For that, the 

absorbance of 1 mL of each formulation was measured at a wavelength where 

none of the compounds (DOX and DNA) absorb (λ = 650 nm). Each sample was 

analyzed in triplicate at 25 °C.  

The hydrodynamic diameter and zeta potential of the formulations were 

determined by DLS and laser Doppler anemometry (LDA), respectively, using a 

Zetasizer NanoZS (Malvern Instruments, UK) equipped with a standard λ = 633 

nm laser as the incident beam. The formulations were diluted in Milli-Q water 

and loaded into a disposable folded capillary cuvette (DTS1070). The results 

were analyzed using the ZetaSizer v7.12 software. Each analysis was performed 

in triplicate at 25 °C. 

The determination of the nanoparticle concentration was conducted in a 

NanoSight NS300 (Malvern Instruments, UK). The samples were diluted from  

5  to  10  fold in Milli-Q  water  to  achieve  an  optimum concentration range of             
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107 - 109 particles/mL. A minimum of five videos (one minute each one) of the 

particles moving under Brownian motion were captured. The videos were 

analyzed for size distribution and particle concentration using the built-in NTA 

v3.0 software (Malvern Instruments, UK) [51]. 

The morphological characterization was carried out in a scanning transmission 

electron microscope (STEM), model Inspect-50 (FEI, Holland). STEM images 

were obtained by sticking a droplet (20 µL) of the formulation to a copper grid 

(200 mesh, covered with Formvar) for 2 min, then removing the droplet with 

filter paper avoiding the paper touching the grid, then washing the grid twice 

with a droplet of a Milli-Q water for 1 min and removing the droplet with a filter 

paper. Subsequently, the sample was stained with a solution of 1 % (w/v) 

phosphotungstic acid by adding a droplet to the grid for 2 min and then removing 

with filter paper. The grid was dried at room temperature for at least 1 h prior to 

being analyzed [52]. 

2.5 Drug association, loading, and yield of DOX/DNA NPs 

Drug association, loading, and yield were obtained as previously described 

[24]. The association efficiency of DOX in the NPs was determined by analyzing 

the ratio between the amount of drug associated in the formulation and the total 

initial drug (associated and non-associated). The drug loading (% w/w) was 

calculated by dividing the amount of drug associated in the formulation by the 

total weight of the NPs. The yield was calculated by dividing the total weight of 

NPs by the total weight of the components in the feed for each formulation (DOX 

+ DNA). The drug content into the NPs was calculated indirectly by quantifying 

the free drug in the medium; the separation of NPs and free drug was done by 

using Vivaspin® 6 centrifugal tubes (MWCO 3.5 KDa, 5000 G x 40 min). The 

quantification of DOX was done by measuring the absorbance at 495 nm (Duetta 

spectrophotometer, Horiba Scientific, Japan), respectively. The standard curve 

of DOX was linear (R2 > 0.999) in the range of concentrations between 1 x 10-5 

M and 9 x 10-5 M (molar extinction coefficient was 9261.6 M-1cm-1). Finally, for 

the calculation of the total weight of the NPs, 1 mL of each formulation was 

lyophilized in glass vials, which were weighed before adding the formulation and 

after freeze-drying to assess the total solid mass (glass vials + formulation). The 

lyophilization procedure was done in the freeze-dryer equipment FreeZone 1 

(Labconco, USA) using a high vacuum pump (50 mTorr) for 24 h. 

2.6 In-vitro drug release studies 

In-vitro release assays were carried out using conventional dialysis. 5 mL of 

DOX/DNA formulations were added in a dialysis bag (MWCO 10 kDa, 

ThermoScientific, USA). The dialysis system was immersed in 95 mL of Milli-

Q water at pH 7 and kept at 37 °C, and 100 rpm in an orbital shaker (LSI-3016R, 

LabTech, Daihan LabTech, Kyonggi-Do, Korea). The experiment was carried 

out for 12 days; aliquots (500 µL) of the solution were withdrawn at certain time 

intervals and replaced with an equal volume of fresh Milli-Q water. The amount 

of released DOX was determined by measuring the absorbance of each aliquot 

by spectrophotometry (Duetta spectrophotometer, Horiba Scientific, Japan). To 

investigate the release mechanism, mathematical kinetics modelling was run 

using the program DDSolver [53]. The coefficient of determination (R2), the 

Akaike information criteria (AIC), and the model selection criteria (MSC) 

parameters were considered for the model selection. Finally, the release data was 

fitted to zero order, first order, Higuchi and Korsmeyer-Peppas [23]. 

2.7 Viability assays (safety) 

Non-cancerous HEK293 cells were seeded in 96-well plates at a density of 1 

× 104 cells per well and incubated for 24 h in culture medium. Then, cells were 

treated for another 24 h with formulations (10 μL). Cell proliferation was 

evaluated removing DOX treatments and replacing with fresh culture medium 

containing 10% of tetrazolium compound of MTS® assay (CellTiter 96® 

Aqueous Non-Radioactive Cell Proliferation Assay), according to the 

manufacturer (Promega, Madison, WI) [54]. The soluble formazan produced by 

live cells was detected through its absorbance at 490 nm on a Multiscan Reader 

(Synergy-H4, Biotek) [55].   

2.8 Stability assays of DOX/DNA NPs 

The stability of the formulations was evaluated in terms of hydrodynamic 

diameter and zeta potential during 8 weeks using a ZetaSizer NanoZS.  

3. RESULTS AND DISCUSSION 

3.1. Exploring the interactions and binding of DOX and DNA 

UV-vis spectroscopy is a simple and reliable method to study interactions and 

to determine the association of DNA with other molecules, including HALMW 

drugs [49]. DOX is a HALMW drug that contains an aromatic tetracyclic ring 

(anthracene) capable of establishing aromatic interactions [56, 57]. Also, it is 

well-known that DOX is capable to intercalate into de double-strand of DNA 

[53]. In our experiments, the concentration of DOX was kept constant at 3.5 × 

10−5 M and DNA concentrations varied from 0 to 2.5 x 10−4 M. The effect of 

DNA on DOX absorbance is shown in Figure 2A.  

 

Figure 2. UV-visible (A) and fluorescence spectroscopy (B) of DOX (3.5 x 

10-5 M) in the absence (a) and presence of DNA [1 x 10-6 M (b), 5 x 10-6 M (c), 

1 x 10-5 M (d), 2.5 x 10-5 M (e), 5 x 10-5 M (f), 2 x 10-4 M (g), 2.5 x 10-4 M (h).  

The results showed that the DOX absorption band (at λ = 495 nm) exhibited a 

bathochromic shift of up to 10 nm at a DNA concentration of 2.5 x 10−4 M, 

indicating a decrease in the π→π* transition energy of the DOX chromophore. 

This shift was accompanied by a progresive decrease in the absorption band 

(hypochromic effect) as the DNA concentration increased. Hypocromicity is 

attributed to a reduction in the electronic transition probabilities (π→π*) of 

DOX, caused by the partial filling of its π* orbital [45]. In addition, DOX 

becomes confined between the base pairs of DNA, which restricts its rotational 

and vibrational freedom. These constraints affect the orientation of the transition 

dipole moment, thereby influencing the intensity of the absorption band [58]. 

These combined bathochromic and hypochromic effects are characteristic of 

intercalation events. In our case, since we used double-strand DNA, the obtained 

results strongly refer to DOX intercalation [44, 58]. To determinate the intrinsic 

binding constant, the absorbance values at 495 nm as a function of DNA 

concentration (between 1 x 10-6 M to 2.5 x 10-5 M), were fitted to the Wolfe-

Shimer equation (Equation 1, Materials and Methods). The calculated 

association constant (Kb) for the DOX-DNA complexes was 1.5 × 107 M-1. This 

value is consistent with DNA association constants reported by other authors for 

DOX (e.g., Kb = 2.04 x 106 M-1 [54]; Kb = 4.53 x 105 M-1 [55]) and for other 

classic intercalating molecules as ethidium bromide with a Kb = 1 x 107 M-1 [56]. 

 To further investigate the interaction mode between the DOX and DNA, 

fluorescence spectroscopy was employed. Figure 2B shows the emission spectra 

of DOX both in the absence and in the presence of varying amounts of DNA (up 

to 2 x 10-4 M). Our results show a concentration-dependent decrease in DOX 

emission intensity as DNA concentrations increases. This fluorescence 

quenching is considered as evidence to the formation of complexes through 

aromatic interactions [49]. In addition, the quenching process is quantitatively 

described by the Stern-Volmer equation (equation 3, material and methods). By 

analyzing the fitting of the experimental data to this equation, we determined the 

quenching constant (KSV) of 6.28 x 104 M-1. This value is in agreement with other 

authors (KSV of 2.5 x 104 M-1 [59]). 

The above results refer to a strong DOX association to DNA via intercalation 

upon mixing aqueous solutions. We hypothesize that, at selected experimental 

conditions, the attractive interactions could be enough for providing DNA-based 

NPs. 
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3.2 DOX/DNA NPs: Elaboration and characterization 

To explore the possibility of obtaining DOX/DNA NPs, DOX and DNA were 

mixed varying the molar ratios ([DOX]/[DNA]) from 0.1 to 1.0. The DNA 

concentration was fixed (1.44 x 10-3 M), varying the DOX concentration (1.44 x 

10-4 - 1.44 x 10-3 M). 500 µL of DOX were added to 500 µL of DNA (pH 7, room 

temperature) followed by 5 min of stirring. The obtained formulations were 

firstly analyzed by turbidimetry (λ = 650 nm). Significant increase in the 

absorption at 650 nm is indicative of the presence of colloidal system, 

presumably in the scale of nanometers [23-25]. For the DOX/DNA formulations, 

significant turbidity was observed at molar ratios between 0.5 and 0.6 (Figure 

3A); beyond this molar ratio, precipitation occurs. Dynamic light scattering 

(DLS) analysis of selected formulations (DOX/DNA 0.5 and DOX/DNA 0.6) 

confirmed the presence of NPs with a hydrodynamic size between 118 - 220 nm 

and polydispersity (PdI) between 0.39 - 0.46. Laser Doppler anemometry 

determined a zeta potential of -26.3 to -27.7 mV and nanoparticle tracking 

analysis (NTA) showed a concentration of 8.41 x 1011 to 13.5 x 1011 particles/mL 

(Figure 3B) for these formulations. STEM results revealed that the particles were 

spheroidal (Figure 3C). As expected, formulations tested with the aromatic 

polyelecytrolyte PSS (tested as positive control) yielded highly turbid 

formulations, corresponding to NPs with size between 140 to 302 nm, PDI of 

0.33 – 0.47 and zeta potential of -35.2 to -37.7 mV (Figure 3B). In contrast, no 

turbidity or nanoparticle formation was observed in the presence of the aliphatic 

polyelectrolyte PVS (tested as negative control, Figure 3A), thereby 

corroborating the critical role of the presence of aromatic groups in the 

polyelectrolyte to obtain NPs. It is important to highlight that the presence of 

aromatic rings and complementary charges (DOX being cationic and DNA 

anionic) allows for key non - covalent interactions, mainly aromatic - aromatic 

and electrostatic interactions. In this system, DOX intercalates between the base 

pairs of DNA, providing additional stability and enhancing the overall interaction 

strength of the complex [60]. At the same time, electrostatic interactions may 

contribute to the progressive neutralization of the negative charge on DNA, 

possibly promoting polymer chain collapse and the formation of aggregates, 

which could ultimately lead to the spontaneous formation of nanoparticles [23-

25]. 

 

 

Figure 3.- Turbidimetry of DOX/polymer formulations at molar ratios between 0.1 and 1 (A). Hydrodynamic diameter (bars) and zeta potential (squares) of the 

DOX/polymer formulations at molar ratios between 0.2 and 0.7 (B). STEM micrograph of the DOX/DNA NPs at molar ratio 0.5 (C).

We also analyzed the association parameters for the selected DOX/DNA NPs. 

The results showed association efficiencies ranging from 66 to 80%, drug loading 

capacity of 41-57%, and yield of 67-85%. Notably, the drug loading capacity 

achieved is remarkable compared to other DOX-encapsulating nanosystems 

(nanoemulsions, liposomes). For instance, Jiang et al. [61] synthesized DOX 

nanoemulsions with a drug loading of 3.8%. Similarly, Alyane et al [62] 

encapsulated DOX into liposomes with a loading of 5%. The lower loading 

values obtained in these formulations are primarily attributed to less efficient 

interactions between DOX and the selected excipients, and to the use of a larger 

number of excipients. In contrast, for the formulations prepared using our 

methodology, DOX is a structural component of the nanoparticle, contributing 

to the formation/stabilization, and enabling high encapsulation parameters. 

3.3 DOX/DNA NPs: In-vitro release, viability and stability 

For the release assay, 5 mL of the DOX/DNA NPs (molar ratio 0.5) was 

subjected to dialysis at 37 °C and continuous agitation. Figure 4A shows the 

cumulative release profile of DOX over time. The obtained results evidenced a 

two-phase release process, demonstrating an initial burst release of 18% within 

the first 6 h. This event was followed by the ability of the nanoparticle to retain 

DOX, resulting in a cumulative release that did not exceed the 55% over 12 days. 

These results contrast with other nanosystems where DOX release exceeds ≈ 

40% [61], ≈ 50-70% [63], and ≈ 70-80 % [21] within 6 h. To understand the 

release mechanism of our nanoformulations, we analyzed the fit of the 

experimental data to different models, including zero-order, first-order, Higuchi, 

and Korsmeyer-Peppas. The selected model was based on the coefficient of 

determination (R2), the Akaike Information Criterion (AIC), and the Model 

Selection Criterion (MSC). The model that showed the best fit was identified as 

the one with the highest R², lowest AIC, and highest MSC values. The analysis 

showed that the Korsmeyer-Peppas model provided the best fit for the 

formulation (Figure S1, supplementary information). This model is 

characteristic of NPs comprising only two components, drug and polymer, 

mediated by aromatic interactions [23-25]. In these nanoparticle formulations, 

the release process is associated to a swelling mechanism, accompanying several 

structural changes including alterations in macromolecular conformation and 

chain mobility, changes in the extent of aggregate hydration, and variations in 

the size and distribution of swollen areas [23, 64-66]. Importantly, as evidenced 

in Figure 4B, the formulations remained stable for 8 weeks, which agrees with 

the slow drug release profile (Figure 4A), and afford good stability under storage 

and/or after reconstitution in aqueous medium. 

 

Figure 4.- In vitro release profile at pH 7.0 (37 °C) of DOX/DNA 0.5 NPs and 

their adjusment to various kinetic models (A). DOX/DNA NPs stability in time 

(B). Viability of non-cancerous cells line (HEK293) after treatment with 

DOX/DNA 0.5 NPs for 24 h (mean values ± SEM, n = 3, “a” indicates significant 

differences compared to the control (p < 0.01), “b” indicates non-significant 

differences (p > 0.05), “c” indicates significant differences between groups           

(p < 0.01). (C). 
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In terms of safety, as evidenced in Figure 4C, a dose dependent tendency was 

observed in the non-cancerous cell line (HEK293) for DOX and DOX/DNA NPs 

at the tested doses. These results suggest that the encapsulation process maintains 

the inherent cytotoxic profile of DOX without introducing additional toxicity to 

HEK293 cells.  Such findings are consistent with previous studies reporting 

similar cytotoxic effects between free and encapsulated doxorubicin in non-

cancerous cell lines [67], highlighting the potential of the encapsulation system 

to deliver doxorubicin without exacerbating off-target toxicity. DNA-based 

nanoparticles present significant advantages due to their biocompatibility and 

versatility as structural materials. However, it is important to acknowledge that 

the use of DNA may elicit immunological responses under certain conditions. 

For example, DNA nanoparticles can be recognized by components of the innate 

immune system, such as Toll-like receptor, which detects unmethylated CpG 

motifs, potentially triggering mild inflammatory responses [68, 69]. These 

effects depend on factors like dosage, delivery route, and nanoparticle design. 

Despite these considerations, the unique benefits of DNA as a building block for 

nanostructures make it a valuable material in nanomedicine. With careful design 

and optimization, potential immunogenicity and side effects can be minimized, 

allowing DNA-based nanoparticles acting as effective and safe platforms for 

therapeutic applications.  

 CONCLUSIONS 

In this study, we successfully entrapped doxorubicin (DOX) within a DNA-

based NPs, using DNA as a unique excipient. UV-vis and fluorescence 

spectroscopy studies confirmed the strong association between DOX and DNA. 

Subsequently, a simple methodology by mixing two aqueous solutions, enabled 

the creation of reproducible NPs with hydrodynamic diameters between 115-220 

nm, polydispersity of 0.39-0.45, zeta potential of ~-27 mV and 8x1011 to 13x1011 

NPs / mL. In addition, the obtained NPs exhibited DOX association efficiency 

of 66-80% and very high loading (40-60%). DOX/DNA NPs demonstrated a 

prolonged release (55% in 12 days), stability at storage (at least 8 weeks) and did 

not provide toxicity in non-cancerous cells. The NPs developed in this study 

represent an efficient and safe platform for DOX delivery that can be 

extrapolated to other antineoplastic drugs possessing similar physicochemical 

properties (hydrophilic, aromatic, and low-molecular-weight). In additon, other 

nucleotides based drugs proposed for cancer therapy could be combined with 

DOX (or similar drugs) in order to confer dual activity.  
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