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A B S T R A C T

DNA isolation is a crucial step in many molecular biological applications for diagnostic and research purposes, 
like detection of infectious diseases or gene expression studies. However, due to the requirement of toxic reagents 
in traditional procedures and the high expenses of commercial kits, the use of magnetic MNP-based DNA 
isolation is becoming more widespread. In this study, different ferrite containing MNPs (MnFe2O4, MnFe2O4- 
NH2, MgFe2O4, MgFe2O4-NH2 NiFe2O4, NiFe2O4-NH2) are examined and compared in their pDNA isolation ef
ficiency. Among the tested nanoparticles, we document the use of NiFe2O4 and its amine-functionalized form for 
the first time. Three protocols for the isolation of pDNA are optimized for each type of nanoparticle and the best 
protocol is selected based on the quantity, quality and integrity of the extracted DNA. Plasmid samples extracted 
with the MNPs are transformed into competent bacterial cells and further tests are performed to recover genomic 
DNA from bacterial cells, leading to the development of another protocol. Bacteria-spiked blood serum samples 
are produced to extract DNA from a more complex biological matrix.

1. Introduction

Magnetic nanoparticles (MNPs) have garnered significant interest 
among researchers due to their good biocompatibility, tuneable surface 
chemistry, morphology and magnetic properties, which lead to their 
versatile applications across various technological fields [1]. A 2023 
review highlights the rising economic relevance of nanotechnology, 
hence the use of MNPs, showing steady growth in global nanotech 
patents from 2000 to 2020 and an increasing ratio of nanotech contri
bution to nominal GDP [2]. Large-scale MNP production is considered 
low-risk, with costs typically recovered within the first year. A 2024 
study reported a projected net present value (NPV) of USD 28,033,346 
and a benefit-cost ratio of 2.07, indicating strong profitability and return 
on investment [3].

In recent years, MNPs have mainly been tested and utilized in 
medical diagnostics and treatments, however a growing body of litera
ture describes their potential uses in agriculture and environmental 
protection [4,5]. In a recent study, a MNP biosensor was developed 
using agricultural waste and modified through MnFe2O4 

coprecipitation, then these nanoparticles were subsequently employed 
as adsorbents to effectively remove copper(II) ions from water, 
addressing the escalating health risks associated with their presence in 
drinking water [6]. On the other hand, manganese ferrite MNPs have 
been shown to be effective micronutrient fertilizers for wheat [7]. 
Further studies have highlighted the wider application of magnetic 
nanoparticles in wastewater treatment [8], as the mutagenic and 
carcinogenic crystal violet (CV) dye was effectively adsorbed onto the 
surface of nickel ferrite nanoparticles, achieving a removal efficiency of 
95 % after just one hour of incubation [9].

Magnetic nanoparticles (e.g. MnFe2O4, NiFe2O4) with a lipid bilayer 
or encapsulated in a liposome, can serve as targeted drug carriers or 
hyperthermia agents in an important medical application. Using a 
magnetic field, these nanoparticles can deliver bound molecules to tar
geted cells [10,11]. Another medical implementation is magnetic reso
nance imaging (MRI). Ferrite based MNPs (e.g. MnFe2O4, MgZnFe2O4), 
particularly those with superparamagnetic properties, are highly suit
able for MRI contrast agents. Their efficacy is further enhanced when 
they exhibit uniformity within a narrow size distribution at the 
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nanoscale [12–15]. Nanoparticles are also utilized in everyday life, for 
instance in food packaging that releases nanoscale antimicrobial com
pounds and antioxidants, thus extending the shelf life of food [16].

Given the great attention magnetic nanoparticles are receiving in the 
field of medicine, it is crucial to investigate their cytotoxicity. Anti
bacterial effects have also been investigated and proven on some 
modified ferrite-based nanoparticles, such as cobalt doped magnesium 
ferrite [17], however manganese ferrite seemed to not have any anti
bacterial or anti-fungal activity [18]. Previous studies on the cytotox
icity of magnesium ferrite have demonstrated varying levels of cell 
damage across different cell types, such as l-929 mouse aerola fibroblast 
cell lines. As the cytotoxicity of iron oxide nanoparticles has been linked 
to cellular uptake and reactive oxygen species production [19], this 
variability in cell damage may be attributed to the distinct free radical 
toxicity profiles of different cell types, with some cells exhibiting greater 
tolerance to the production and intracellular entry of free radicals 
compared to others [20–23]. Given the direct contact between nano
particles and red blood cells during MRI examinations, a study was 
conducted to investigate the cytotoxic effects of nickel ferrite on human 
erythrocytes [24]. The presence of MNP was found to have a toxic effect 
on red blood cells by stimulating oxidative stress. However, when 
magnetic nanoparticles are used in separation methods to test extracted 
nucleic acids through downstream molecular biological techniques, 
cytotoxicity is not a concern. This is because MNPs only interact with the 
in vitro cell lysate, and do not make direct contact with the skin or bodily 
tissue of laboratory personnel [25].

Given the demonstrated suitability of certain ferrite-based magnetic 
nanoparticles for DNA isolation (e.g. cobalt ferrite [26], cobalt-zinc 
ferrite [27]), exploring and comparing the potential of other 
ferrite-based MNPs is the next logical step. Further characterizing the 
suitability of MNPs will expand the MNP toolkit available for re
searchers and enhance their flexibility to choose materials tailored to 
specific experimental conditions or specific biological samples. Addi
tionally, identifying more magnetic nanoparticles suitable for DNA 
isolation could lead to optimized performance for diverse applications, 
fostering innovation in protocol development.

Extraction of DNA from crude biological samples can be generally 
classified into either fluid-phase or solid-phase methods [28]. 
Fluid-phase isolation requires the use of a phenol/chloroform mixture or 
cetyltrimethylammonium bromide (CTAB) and it typically includes 
centrifugation, precipitation and filtration steps. Solid-phase processes, 
such as the use of paramagnetic nanoparticles, offer significant advan
tages over the use of both commercially-available isolation kits and 
traditional DNA extraction methods, which require organic solvents. 
Separation techniques using MNPs cause minimal physical or chemical 
damage to nucleic acids and eliminate the need for laborious centrifu
gation and toxic reagents (e.g. phenol, chloroform) compared to tradi
tional isolation methods. Furthermore, MNPs can be easily manipulated 
chemically or physically [29] and this kind of DNA extraction is highly 
suitable for automatization as well as up-scaling [30]. Additionally, as 
opposed to commercially-available DNA isolation kits, MNP-based 
extraction, such as the protocols described in this study are also rela
tively inexpensive [31] (Table 1).

In many molecular biological techniques that require isolated DNA, 
the quantity and quality of the applied DNA can be crucial to the success 
of the subsequent investigation. In one of our previous research articles 
we developed a plasmid DNA isolation protocol using manganese ferrite 
nanoparticles [25] and subsequently refined this protocol [33] for use 
with amine-functionalized magnesium ferrite MNPs. As a result, three 
distinct protocols have been established, each varying in two specific 
buffers: the binding buffer, which provides the conditions for DNA 
adsorption on the surface of MNPs, and the elution buffer, which facil
itates the desorption process. In this work we have also tested the effi
ciency of the three protocols in combination with the following six 
magnetic nanoparticles: MnFe2O4, MnFe2O4-NH2, MgFe2O4, 
MgFe2O4-NH2 NiFe2O4, NiFe2O4-NH2. We herein describe the use of a 

nickel ferrite MNP along with the amine-functionalized variant, in 
pDNA (plasmid DNA) isolation for the first time. In the second part of 
this study, we tested the most suitable and effective MNP for both bac
terial genomic DNA (gDNA) isolation and pDNA extraction from a 
complex sample combining blood serum and bacterial cell culture.

2. Materials and methods

2.1. Materials

Chemicals and materials used for the synthesis of magnetic nano
particles, the establishment, growth and maintainance of cell cultures, 
DNA isolation steps and downstream molecular biological processes 
(DNA concentration and purity measurement, agarose gel electropho
resis, restriction digestion reactions, qPCR, bacterial transformation and 
preparation of bacteria-spiked blood serum sample) are listed by method 
in section S1 of the Supplementary Information (SI).

2.2. Synthesis of magnetic nanoparticles

The non-functionalized magnetic nanoparticles were synthesized 
using an ultrasonic polyol method, whereas a solvothermal method was 
used to synthesize the amine-functionalized MNPs. For the polyol 
method, nitrate salts of transition metals (Mn(NO3)2 or Ni(NO3)2, 8 
mmol) and Fe(NO3)3 (16 mmol) were dissolved in polyethylene glycol 
(PEG) and sonicated using an ultrasonic homogenizer for 3 min. This 
ultrasound treatment caused microbubble formation, which burst under 
high pressure [34], releasing localized thermal energy that triggered 
PEG to act as a reducing agent. This process led to the formation of metal 
hydroxide nanoparticles. To remove the PEG, the nanoparticles were 
heated to 300 ◦C for 3 h, converting the metal hydroxides into magne
tizable spinel structures. Magnetism was used to isolate the MNPs.

In the solvothermal method that yielded the amine-functionalized 
magnetic nanoparticles, Fe(NO3)3 (2 mmol) and a transition metal ni
trate (Mn(NO3)2 or Ni(NO3)2, 1 mmol) were dissolved in ethylene glycol 
and combined with a preheated sodium acetate solution. Ethanolamine 
(35 mL) was then added, and the mixture was refluxed at 200 ◦C for 12 h 
with continuous stirring. After cooling, the nanoparticles were collected 
by centrifugation, washed, and dispersed in distilled water. Detailed 
steps of the synthesis are shown in S2.1 of the SI.

2.3. Physico-chemical characterization of the nanoparticles

High-resolution transmission electron microscopy (HRTEM) was 
employed to assess the size and morphology of the MNPs using a Talos 
F200X G2 electron microscope equipped with a field emission electron 
gun and a high-angle annular dark-field (HAADF) detector. MNP sam
ples were dispersed in water, applied to copper grids, and imaged with a 
Ceta 16 Mpixel CMOS camera.

Table 1 
Material costs of the developed protocols, compared to traditional isolation [32] 
and commercially-available isolation kits. All of them were calculated based on 
their prices on the VWR website (https://hu.vwr.com/store) accessed in January 
2025.

Name of protocol/kit Price for 96 DNA isolations 
(EUR)

Developed MNP-based 
protocols

1. Tris–HCl 17.88
2. PB 17.87
3. Tris–HCl, 
NaCl

17.76

Traditional isolation 35.08
MNP-based isolation kits Omega Bio-tek 120.92

Zymo Research 168.33
Column-based isolation kits Omega Bio-tek 631.89

QIAGEN 1283.96
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Phase identification and quantification of oxide forms were per
formed via X-ray diffraction (Bruker D8 diffractometer), while surface 
functional groups were analyzed with Fourier transform infrared spec
troscopy (FTIR, Vertex 70) on pelletized samples with potassium 
bromide.

Magnetic characterization was conducted using a vibrating sample 
magnetometer, with magnetization measured at room temperature up to 
a field of 10,000 Oe.

These techniques provided comprehensive structural, surface and 
magnetic profiles for the synthesized nanoparticles. More detailed 
description of the MNP characterization and results can be found in the 
Supplementary Information (S2.2).

2.4. Preparation of bacterial cell suspensions

Bacterial cells were inoculated from LB agar plates to LB media and 
cultured in a shaking incubator for an overnight period at the temper
ature most suitable for the growth of each bacterial strain [35–38]. After 
culturing, the optical density (OD) of the cell suspensions was measured 
on 600 nm on NanoDrop™ One Microvolume UV–Vis spectrophotom
eter from Thermo Fisher Scientific (Waltham, MA, USA). The OD value is 
proportional to the cell concentration, indicating successful cell growth 
during overnight incubation with shaking.

2.5. Optimization of pDNA isolation using protocol 1 (Tris–HCl), protocol 
2 (PB) and protocol 3 (Tris–HCl, NaCl)

The main steps of the isolation protocol developed previously [25] 
are summarized below, while Table 2 illustrates the exact buffers used in 
each of the three protocols.

Lysis of Escherichia coli bacterial cells was carried out by the pre
cipitation of intracellular macromolecules (nucleic acids, proteins, 
lipids) at an alkaline pH (200 mM NaOH, 1 % SDS), and subsequently 
neutralizing the pH of the solution with 2.3 M CH3COOK to renaturate 
the pDNA. Adsorption was achieved by adding MNPs dispersed in 
binding buffer to the pDNA solution (final concentration of the MNP 
dispersion was 10 mg/mL), and subsequently incubating the sample in a 
tube rotator for 10 min, before a magnetic stand was used to remove the 
supernatant without disturbing the pDNA-MNP complexes. Thereafter, 
the complexes were washed 3 times with a 20:80 mixture of aqueous 10 
mM Tris–HCl and ethanol and dried at 37 ◦C. Desorption was achieved 
by adding the elution buffer and incubating each sample at 37 ◦C for 10 
min. Finally, a magnetic stand was used to separate the MNPs from the 
isolated pDNA.

2.6. Evaluation criteria of the isolated pDNA

Each of the three protocols were utilized with six different nano
particles (MnFe2O4, MnFe2O4-NH2, MgFe2O4, MgFe2O4-NH2 NiFe2O4, 
NiFe2O4-NH2) to assess the ability of each of the eighteen combinations 
to isolate plasmid DNA. Five criteria were used to evaluate the protocol- 

MNP combinations: 1. the concentration of the extracted pDNA, 2. the 
purity of the extracted pDNA, 3. the resolution of isolated pDNA strands 
after agarose gel electrophoresis, 4. the fragmentation yield of pDNA 
following reactions with restriction endonucleases and 5. the integrity 
evaluation of the isolated pDNA with qPCR (quantitative polymerase 
chain reaction).

They are explained in further detail as follows: 

1. Concentration measurement of the extracted pDNA:

DNA concentration was measured using the NanoDrop™ One 
Microvolume UV–Vis spectrophotometer. The absorbance of the pDNA 
sample was measured at the specific wavelength of 260 nm (A260). Based 
on the literature correlation that A260 = 1.0 corresponds to 50 µg of 
double-stranded DNA, the concentration of the sample can be calculated 
[39,40]. Commercially-available MNP-based pDNA isolation kit (Mag-
Bind Ultra-Pure Plasmid DNA Kit, Omega Bio-tek) guarantees 10 µg/mL 
of the extracted pDNA (for high copy plasmids – 300–1000 copy/cell) 
[41]. Even though the pDNA isolated in this research (pBAD24) is a low 
copy plasmid with 10–20 molecules/cell, we set the threshold for the 
isolation to at least 10 µg/mL. This criterion was established because one 
of our objectives is to optimize the protocol to achieve efficiency com
parable to that of the (expensive) isolation kits on the market. 

2. Purity measurement of the extracted pDNA:

DNA purity was assessed by using the NanoDrop™ One Microvolume 
UV–Vis spectrophotometer, measuring the absorbance ratio of 260 and 
280 nm wavelengths. A280 is measured to assess the presence of 
potentially contaminating proteins. Typically, pure DNA has an A260/ 
A280 ratio of 1.6 – 2.0 [42]. 

3. Agarose gel electrophoresis of the isolated pDNA:

We used a Mini-Sub Cell GT horizontal agarose gel electrophoresis 
system from Bio-Rad Laboratories (Hercules, CA, USA) to verify the 
success of the MNP-based DNA extraction. The procedure involved using 
agarose gels that were 0.75 cm thick with a concentration of 1.0 % (1 g 
of agarose powder dissolved in 100 mL of Tris-Acetate-EDTA buffer 
(TAE; 40 mM tris (hydroxymethyl) aminomethane, 20 mM acetic acid, 1 
mM EDTA)) [43]. TAE solution also served as the running buffer for the 
electrophoresis. To ensure the sample had the necessary density for 
loading into the gel wells and to track the process, we used a 6× gel 
loading dye solution (comprising 1 part DNA loading dye and 5 parts 
isolated DNA sample), which contained 30 v/v % glycerol and 0.25 w/v 
% bromophenol blue dye [43]. The electrophoresis was conducted for 
40 min at 90 V. Once separated with agarose gel electrophoresis, the 
resulting DNA fragments must be visible when exposed to ultraviolet 
(UV) light and must appear as clearly defined bands at the appropriate 
weight line determined by the DNA ladder [44]. 

4. Restriction digestion of the isolated pDNA:

The integrity and quality of the extracted DNA can be tested using 
restriction endonucleases, with specific recognition and cleavage sites 
on the pBAD24 plasmid molecule. These enzymes recognize a specific 
sequence on the DNA and (far from the recognition site) hydrolyze the 
phosphodiester bond between two neighbouring nucleotides in the DNA 
backbone [45]. The integrity of the DNA is confirmed if the enzyme 
activity results in the production of defined fragments. If the circular 
plasmid molecule has been broken or mutated at the recog
nition/cleavage site during the isolation process, the enzyme will not be 
able to recognize or bind and cut the sequence [46]. For these tests we 
used 1 µg of pDNA template, 1 U of FastDigest or conventional restric
tion enzyme(s) following the manufacturer’s recommendation, and 2 µL 
of 10× buffer (FastDigest, Tango, Orange, Green or Red buffers) in a 

Table 2 
Composition of binding and elution buffers in the different protocols. Changes 
from Protocol 1 are marked in red (ø NaCl = no NaCl was used).

Isolation 
procedure

Binding buffer (adsorption) Elution buffer 
(desorption)

Protocol 1 
(Tris–HCl)

2.5 M NaCl, 10 mM Tris–HCl (pH 
8.0), 1 mM EDTA, 20 % (w/v) PEG 
6000, 0.05 % Tween 20

10 mM Tris–HCl 
(pH 7.0)

Protocol 2 (PB 
(Phosphate 
Buffer))

2.5 M NaCl, 10 mM Tris–HCl (pH 
8.0), 1 mM EDTA, 20 % (w/v) PEG 
6000, 0.05 % Tween 20

0.1 M K3PO4 (pH 
8.0)

Protocol 3 
(Tris–HCl, NaCl)

10 mM Tris–HCl (pH 8.0), 1 mM 
EDTA, 20 % (w/v) PEG 6000, 0.05 % 
Tween 20, ø NaCl

10 mM Tris–HCl 
(pH 7.0), 
800 mM NaCl
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final volume of 20 µL. Fast digestion with HindIII and VspI endonucle
ases was carried out for 10 min at 37 ◦C. The inactivation was done using 
a MultiTherm Shaker thermoblock (Benchmark Scientific, Edison, NJ, 
USA) at 65 ◦C for 10 min. Overnight digestions were performed in a 
Nuve EN 055 incubator (Nuve Laboratory & Sterilization Technology, 
Ankara, Turkey) at 37 ◦C, while the inactivation temperatures varied 
depending on the enzyme: for ClaI and VspI it was 65 ◦C for 20 min, and 
for HindIII it was 80 ◦C for 20 min. 

5. qPCR of the extracted pDNA:

qPCR is most commonly used to detect gene expression, but it can also 
be employed to qualitatively [47] and quantitatively [48] measure DNA 
samples. In this research, we used qPCR for qualitative assessment to 
examine the integrity of the DNA molecules. If the DNA template is 
intact, the oligonucleotide primers hybridize to their complementary 
sequences at the appropriate temperature, and amplification of the 
sequence is achieved by DNA polymerase. The presence of the amplified 
product is indicated by the corresponding quantification cycle (Cq) 
value and fluorescence intensity. According to literature data, a Cq value 
of 35 corresponds to approximately 10 DNA copies, which is a very small 
amount. The lower the Cq value, the higher the DNA content of the 
initial sample [49]. On this basis, the criterion for qPCR was set at a Cq 
value below 35, with the fluorescence intensity evaluated by comparing 
it to that of the positive control sample, which is the same pBAD24 
plasmid DNA sample, but isolated with a commercially-available 
extraction kit. This approach accounts for the fact that the relative 
fluorescence intensity units (RFU) depend not only on the amount of 
DNA amplified but also on the varying sensitivities of different in
struments [50]. Therefore, it is not possible to define a specific range of 
RFU values that is universally acceptable. qPCR was performed with 
Azure Cielo™ Real-Time PCR (Azure Biosystems, Dublin, CA, USA). One 
well consisted of 5 ng DNA template, 1× Master Mix (DNA polymerase, 
MgCl2, dNTPs (deoxynucleotide triphosphates), storage buffer) based on 
the manufacturer’s recommendation, 0.4 µM forward primer, 0.4 µM 
reverse primer and 0.5× fluorescent PCR dye. PCR dye is a SYTO9 
analogue with an excitation maximum of 485 nm and emission 
maximum of 498 nm. This can be excited with the SYBR/FAM channel of 
the qPCR instrument. In the qPCR reactions with pDNA templates, the 
ampicillin promoter forward and ampicillin reverse primers were used 
that are specific for the pBAD24 plasmid, while in the qPCR reactions 
with different gDNA templates, bacteria-specific primers were applied. 
The primer sequences and qPCR program can be found in S2.3 of the 
Supplementary Information.

2.7. Bacterial transformation of the MNP-isolated pDNA samples

Three bacterial transformations were performed, one with each type 
(magnesium-, manganese- and nickel-containing ferrites) of the tested 
nanoparticles and each protocol (1, 2 and 3). E. coli JM109 Mix & Go! 
competent cells were used. 100 µL of competent cells were thawed on ice 
and transformed with 5 µL of pBAD24, an ampicillin resistance gene 
containing plasmid sample (Table S2, SI). Another tube of JM109 was 
transformed with pBAD24 sample isolated with a commercial MNP- 
based kit, serving as positive control of the experiment. 100 μL of the 
transformed cells were spread onto pre-warmed (37 ◦C) culture plate 
with 0.1 mg/mL ampicillin to see the selection. Plates were incubated at 
37 ◦C for the colonies to grow. An inoculum from the agar plates was 
transferred into LB medium supplemented with ampicillin, to reconfirm 
plasmid selection and facilitate isolation of the pBAD24 from the over
night culture. Plasmid DNA was subsequently extracted using a com
mercial purification kit, and transformation of pBAD24 into competent 
cells was verified by agarose gel electrophoresis.

2.8. Isolation of pDNA from a complex biological matrix and gDNA from 
bacterial cell cultures with MgFe2O4-NH2

5 mL of overnight cultured, pBAD24 containing E. coli cells were 
added to the same volume of blood serum with a mild contamination of 
red blood cells. After the mixture was vortexed and centrifuged, the 
isolation process was performed with amine functionalized magnesium 
ferrite and Protocol 1. Cultured cells were diluted and spread onto agar 
plates in a 106 dilution (100 µL) to calculate the CFU. The concentration 
and purity of the DNA isolates were assessed spectrophotometrically, 
and the samples were subsequently analyzed by agarose gel 
electrophoresis.

Extraction of genomic DNA from Escherichia coli, Pseudomonas fluo
rescens, Micrococcus luteus and Bacillus subtilis cells was performed based 
on the following protocol, developed in-house: 5 mL cell suspension was 
centrifuged (5 min, 6000×g) and the pellet was resuspended in 500 µL of 
buffer 1 (50 mM Tris–HCl pH 8.0, 50 mM EDTA pH 8.0, 0.5 % Tween 20) 
to which 0.2 mg/mL RNase A, 1.8 mg/mL lysozyme and 1.1 mg/mL 
proteinase K was added. Incubation in thermoblock at 37 ◦C lasted 30 
min. Thereafter 175 µL of buffer 2 (3 M guanidine HCl, 20 v/v % Tween 
20) was added to the sample. This was followed by incubation in ther
moblock at 50 ◦C for 30 min. MNP dispersion in binding buffer (2.5 M 
NaCl, 10 mM Tris–HCl pH 4.0, 1 mM EDTA, 20 w/v % PEG 6000, 0.05 v/ 
v % Tween 20) was prepared to a final MNP concentration of 10 mg/mL 
when added to the sample. The sample tube was rotated for 5 min at 
room temperature in a Mini Tube Rotator (Boekel Scientific, 
Feasterville-Trevose, PA, USA). After a few-minute incubation on the 
magnetic stand, the supernatant was removed. Washing of the MNP- 
DNA complex was conducted through adding the washing solution, 
vortexing and separating the pellet from the solution on the magnetic 
stand. This was performed in 3 steps: the first with 300 µL of 96 % 
ethanol and then twice with 300 µL of 80 % ethanol. The pellet was air 
dried in the incubator (37 ◦C, 15 min). 140 µL of 5 mM tris (hydrox
ymethyl) aminomethane (pH 10.0) was added to the dried pellet and the 
sample was incubated in a thermoblock shaker for 5 min, at 1400 rpm 
and room temperature. Separation of the gDNA containing elution 
fraction from the MNPs was performed on a magnetic stand and the DNA 
solution was separated to a new Eppendorf tube.

3. Results and discussion

3.1. Definition of criteria for evaluation of the results

Each pDNA isolation process utilizing one of the six MNPs and one of 
the three protocols was carried out at least three times for reproduc
ibility. Based on the decision tree illustrated on Fig. 1, the determination 
was made regarding whether to proceed with each of the five specified 
evaluation procedures. For example, after the extraction step, DNA 
concentration and purity was measured. If these results were not 
acceptable based on the criteria described in section 2.6, additional 
testing on the isolate was not performed. If the purity and concentration 
of the DNA was acceptable, then we conducted agarose gel electro
phoresis to further evaluate the quality of the pDNA. If electrophoresis 
results were favourable electrophoresis results, restriction digestion and 
qPCR were done to assess the integrity of the pDNA sample.

3.2. Overall performance of protocols and magnetic nanoparticles

A plasmid DNA isolation procedure using a specific protocol and 
MNP were deemed acceptable (indicated by a check mark in Table 3) if 
at least three parallel DNA extractions yielded satisfactory results. Cells 
marked with an X in Table 3 indicate that either the results of the pro
cedure did not meet the required criteria or the procedure was not 
performed because of a previously failed outcome as outlined in the 
decision tree (Fig. 1). The last column of Table 3 provides a summary for 
each magnetic nanoparticle and for each protocol-nanoparticle pairing.
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Based on this summary, at least one protocol can be selected (indi
cated in green) for each MNP that can efficiently deliver high yields of 
high quality pDNA that can be utilized in downstream processes. For the 
MnFe2O4 MNP, Protocol 2 (NaCl-containing binding buffer, K-phos
phate elution buffer) was found to be the most suitable. In contrast, 
Protocol 3 (no NaCl in the binding buffer, NaCl-containing elution 
buffer) yielded the best results for MnFe2O4-NH2 and NiFe2O4 MNPs, 
while Protocol 1 (NaCl-containing binding buffer, Tris–HCl as elution 
buffer) was optimal for NiFe2O4-NH2. Magnetic MgFe2O4 nanoparticles 
can be utilized with Protocols 2 and 3, while the MgFe2O4-NH2 MNPs 
met the requirements for all three protocols, leading to the conclusion 
that this MNP is the most efficient for pDNA isolation among those 
tested.

3.3. Assessing the quantity and quality of extracted pDNA

After eliminating the specific MNP-protocol combinations that are 
not suitable for pDNA isolation, only those suitable for the extraction of 
pDNA of good quality and quantity were tested further. These include 
MnFe2O4 (with Protocol 2), MnFe2O4-NH2 (Protocol 3), NiFe2O4 (Pro
tocol 3), NiFe2O4-NH2 (Protocol 1), MgFe2O4 (Protocols 2 and 3) and 
MgFe2O4-NH2 (with Protocols 1, 2 and 3), which proved to be the most 
suitable for pDNA isolation, as it checked all the criteria for all three 
protocols.

Results of the concentration measurement carried out by UV–Vis 
spectrophotometer are shown in Fig. 2. The diagram illustrates the 
relative efficiency of the extraction carried out by each nanoparticle, 
highlighting with green and red those that had the highest (MgFe2O4 
with Protocol 2) and lowest (MnFe2O4-NH2 with Protocol 3) yields 

Fig. 1. Decision tree outlining the execution of the five evaluation steps performed after pDNA extraction. If the results met the criteria (shown next to the arrows), 
subsequent analysis were performed. Conc = concentration, AGE = agarose gel electrophoresis, REase = restriction endonuclease, qPCR = quantitative polymerase 
chain reaction.
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(Fig. 2). Albeit the MnFe2O4-NH2 MNPs yielded the least amount of 
pDNA (93.7 ± 35.2 µg/mL), this is still remarkably good result, as He 
et al. provided 55 µg/mL high copy plasmid pDNA with amino-modified 
magnetic nanoparticles [51]. Kruskal-Wallis H test was conducted to 
evaluate that there is significant difference in DNA concentrations, with 
the results presented in subsection S3.4 of the Supplementary Information.

The overall charge of DNA molecules is negative due to the phos
phate backbone, so they can adsorb to the surface of positively charged 

magnetic nanoparticles by electrostatic interactions. Amine- 
functionalized magnetic nanoparticles benefit from the increase in 
positive surface charge from -NH2 groups on its surface that would result 
in enhanced DNA binding due to stronger electrostatic interactions [33]. 
However, this was observed only in case of nickel ferrite MNPs and in 
the case of magnesium ferrite (Fig. 2) under certain conditions 
(MgFe2O4 isolation with Protocol 3 compared to all three isolations with 
MgFe2O4-NH2). The higher DNA yield obtained with the unmodified 
manganese ferrite can be attributed to its higher magnetic saturation 
(Ms) values (73 emu/g) compared to that of the amine-functionalized 
MnFe2O4 (37 emu/g) (Figure S5, SI) [52], which leads to an increase 
in the attractive forces between DNA and MNP. The difference in the 
quantity of the extracted pDNA with nickel ferrite MNPs can also be 
assigned to the higher magnetization of NiFe2O4-NH2 (39 emu/g), than 
NiFe2O4 (26,7 emu/g) (Figure S5, SI) and to the smaller average crys
tallite size of the MNPs (NiFe2O4: 12 ± 3 nm, NiFe2O4-NH2: 6 ± 2 nm) 
(Figure S2, SI), because smaller NPs have higher specific surface for the 
adsorption of molecules. DNA concentration values and therefore DNA 
quantity in the elution fraction determine the maximum adsorption 
capacity of the nanoparticles, which can be found in Table S3, SI.

The large difference in the amount of DNA extracted with magne
sium ferrite nanoparticles under different conditions (isolations with 
Protocols 2 and 3) can be attributed to the varying conformations of 
DNA molecules in buffers at distinct salt concentrations. It is known that 
in aqueous solution the DNA molecule adopts an elongated structure due 
to the strong repulsion between the negatively charged phosphate 
groups [53,54]. For example, the length of a pDNA can be several 
hundred nanometers, while the diameter of a nanoparticle is at most 100 
nm. Consequently, when pDNA molecules are mixed with MNPs, the free 
DNA wraps itself around the surface of the particle. One DNA molecule 
can occupy most of the surface binding sites of a single NP, but can also 
adsorb onto several other NPs due to its length and free anions along the 

Table 3 
Summary of the pDNA isolation efficiency criteria based on subsection 2.6 (Conc. = Concentration, AGE = Agarose Gel Electrophoresis, REase = Restriction Endo
nuclease). Green colour indicates the protocols that met the criteria described in subsection 2.6.

Fig. 2. Concentration of the MNP-isolated pDNA samples. X axis indicates the 
nanoparticle and protocol (no.) used for each isolation. The purity values (A260/ 
A280) of the depicted pDNA samples fall within the expected range of 1.6 – 2.0.
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phosphate backbone [55]. As a result, the adsorption capacity of 
nanoparticles for DNA molecules is limited. However, when DNA is in a 
high salt concentration solution (such as 800 mM NaCl-containing 
buffer), it transitions from an elongated conformation to a more 
compact and dense globular structure [55,56]. In this state, some of the 
phosphate groups in the DNA backbone are shielded, reducing their 
availability for binding to positively charged nanoparticles. This means 
that only a portion of the phosphate groups in the globular molecules 
engage in electrostatic interactions, thereby decreasing the "footprint" 
each DNA molecule occupies on the surface of nanoparticles. This allows 
greater number of DNA molecules to adsorb onto each NP. The addition 
of a condensing agent (e.g. PEG) to the sodium chloride buffer further 
compresses the DNA molecules, enhancing their adsorption on the 
nanoparticle surface.

The lowest DNA yield was achieved with manganese ferrite nano
particles and this can be attributed to the high aggregation capacity of 
the particles, that was observed by visualization during isolation 
procedures.

After UV–Vis spectrophotometry measurements, agarose gel elec
trophoresis was used to further evaluate the quality of the pDNA. 
Different bands are observed due to various conformations that pDNA 
can adopt (Fig. 3). These conformations have different migration pat
terns through the gel because of the structural differences, even though 
all have the same number of base pairs. For example the supercoiled 
(covalently-closed circular) pDNA is tightly closed, making it more 
compact, therefore able to travel quickly through the agarose gel (lower 
fluorescent bands in samples E1 and E2, Fig. 3). Plasmids can have 
multimeric forms (e.g. dimers, trimers), which appear higher up on the 
gel (higher fluorescent bands in samples E1 and E2, Fig. 3), as they are 
larger than monomeric forms. This phenomenon - resulting in slow 
migration - is attributed to recombination events or replication errors 
within the bacterial cell [57], rather than to DNA isolation errors.

In case of favourable results (distinct fluorescent DNA bands without 
smearing, Fig. 3), these samples were subjected to restriction digestion 
and qPCR to evaluate the integrity of the pDNA sample.

3.4. Assessing the integrity of the extracted pDNA

A reaction with the VspI specific restriction endonuclease was 
selected for the pDNA isolated with each of the nanoparticles. The VspI- 
digested samples are shown in Fig. 4 as a representative demonstration 
of integrity studies, involving restriction digestion with four different 
enzymes and two distinct activation intervals.

In the first column of the agarose gel the DNA ladder (Fig. 4) contains 
known sized DNA fragments and helps in the identification of the 
digested plasmids, which are located between the heights of the 4000 
and 5000 bp marker bands. This leads to the conclusion that restriction 
digestion (linearization) was successful. The linear plasmid is another 
conformation of the molecule, less compact than the supercoiled form, 
which causes the molecule to migrate at a speed that is dependent on its 
size [57]. These results confirm that the pDNA extracted with 

nanoparticles and the aforementioned protocols is intact and of suffi
cient purity to be suitable for further molecular biological use.

qPCR was also used to demonstrate the suitability of pDNA samples 
in downstream processes. The quantification cycle (Cq) values of the 
samples, ranging from 8.32 to 15.74, indicate exceptional results 
(Fig. 5). First, all values are well below the threshold of 35 and near to 
that of the positive control (PC) value, as defined by the criteria in 
section 2.6. Additionally, the low Cq values suggest a substantial amount 
of the amplified product generated from the 5 ng of DNA used in each 
reaction. This demonstrates successful primer hybridization and effi
cient amplification by DNA polymerase, indicating a high-quality DNA 
template. The high Cq of the non-template control suggests that the 
primer dimers hybridized in the qPCR reaction, while the non-primer 
control has no amplification curve since the minimal amount of pDNA 
added to the reaction was not enough to generate a detectable fluores
cent emission. The RFU values are presented in Table S4, and the sta
tistical analysis assessing the significance of differences in Cq values is 
detailed in subsections S2.5 and S3.4 of the Supplementary Information.

The low Cq values obtained and the similarity of them suggest that 
the protocols optimized for the tested ferrite-based MNPs successfully 
yielded high-quality and amplifiable DNA. This reinforces the potential 
of these MNPs to serve as reliable alternatives in pDNA isolation, 
broadening the range of viable options for researchers.

3.5. Bacterial transformation of the MNP-isolated pDNA samples

Bacterial transformation was tested with an optimally functioning 
pDNA isolate for each magnetic nanoparticle: (MgFe2O4-NH2 (Protocol 
1), MnFe2O4 (Protocol 2), NiFe2O4 (Protocol 3)). Based on the ampicillin 
selection, all of the pBAD24 samples were successfully transformed into 
E. coli JM109 competent cells. From the transformed cells pBAD24 was 
isolated and run in agarose gel. The results reassured the success of the 
transformation. These findings suggest that neither the isolation condi
tions - specifically the composition of the elution buffer - nor the 
composition of the nanoparticles used for pDNA extraction adversely 
affected the transformation efficiency.

3.6. Results of pDNA isolated from bacteria-spiked blood serum and 
gDNA from bacterial cell culture using MgFe2O4-NH2 MNPs

As the most favourable results regarding pDNA extraction were ob
tained with the amine-functionalized magnesium ferrite, its effective
ness in isolating pDNA from a complex biological matrix and genomic 
DNA from different bacterial cells was further evaluated. From 5 mL of 
1.57 × 109 CFU/mL bacterial cells we successfully isolated pDNA with 
concentrations of 303.1 µg/mL (first elution, E1) and 93.7 µg/mL (sec
ond elution, E2). The purity of the isolates as determined by A260/A280 
ratios, was 1.92 and 1.84, respectively. The agarose gel electrophoresis 
picture (Fig. 6) shows the pBAD24 molecules of the first and second 
elution fractions from the isolation.

Genomic DNA was extracted from both Gram-negative (E. coli, P. 

Fig. 3. Agarose gel electrophoresis picture of the isolated pDNA samples. S = supernatant (the fraction after the adsorption of DNA on MNPs), E1 = first elution 
fraction, E2 = second elution fraction.
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fluorescens) and Gram-positive (M. luteus, B. subtilis) bacteria. The con
centration and purity of the obtained samples are shown in Table 4 and 
Fig. 7, respectively.

The differences in gDNA concentration isolated with MgFe2O4-NH2 
from the Gram-negative and Gram-positive bacteria can be due to the 
different optical density (OD600) values of the respective cell suspen
sions after an overnight incubation (growth) period. The OD measured 
at 600 nm wavelength of Gram-negative cells were higher (E. coli – 5.63, 
P. fluorescens – 6.08) than the values of Gram-positive cells (M. luteus – 

4.5, B. subtilis – 3.9). Furthermore, the peptidoglycan layer in the 
membrane of Gram-negative bacteria is thinner than the membrane of 
Gram-positive bacteria, which decreases the efficiency of the chemical 
cell lysis of the latter [58], and this in turn affects the efficiency at which 
nucleic acids can be extracted. The gDNA purity is in the range defined 
by literature, even the A260/A280 ratio value belonging to E. coli gDNA, 
because references say that only values appreciably lower than 1.6 show 
significant contamination of molecules that absorb strongly at or near 
280 nm [59,60]. Similar studies have also tested iron oxide MNPs for 
gDNA isolation and their best yield from an E. coli strain was 18–20 
µg/mL DNA [61], however the efficiency of our tested MgFe2O4-NH2 
obtained herein is almost 8 times better (154.5 µg/mL).

Agarose gel electrophoresis was carried out to ensure the presence of 
chromosomal DNA (Fig. 7). Distinct bands were observed for each 
sample, indicating the presence of high molecular weight genomic DNA 
with minimal fragmentation. The absence of significant smearing sug
gests that the DNA samples were not degraded during the isolation 
process. The successful application of the developed protocol to diverse 
bacterial types demonstrates its broad applicability and potential for 
further refinement to include other microbial species. Additionally, the 
efficiency observed here aligns with the results obtained for pDNA 
isolation, confirming the suitability of MgFe2O4-NH2 for broader DNA 
isolation purposes across different biological contexts.

Fig. 4. VspI-digested pBAD24 samples isolated with the following MNPs (protocol no.): 1. MnFe2O4 (2), 2. MnFe2O4–NH2 (3), 3. NiFe2O4 (3), 4. NiFe2O4–NH2 (1) 5. 
MgFe2O4 (2), 6. MgFe2O4 (3), 7. MgFe2O4–NH2 (1), 8. MgFe2O4–NH2 (2), 9. MgFe2O4–NH2 (3). The VspI enzyme has one cleavage site on the pBAD24 molecule, 
linearizing the circular plasmid, so that the fluorescent DNA band in the gel image is visible at the height corresponding to the actual size of the pBAD24 (4542 bp) 
DNA. The first (unnumbered) column shows the GeneRuler 1 kb DNA ladder from Thermo Scientific, numbers are displayed in bp (base pair).

Fig. 5. qPCR reactions were performed with the pDNA templates isolated using 
the appropriate protocol for the specific MNP. The graph presents the mean of 
quantification cycle (Cq) values derived from triplicate measurements, along 
with the corresponding standard deviations. PC = Positive Control, NTC = Non- 
Template Control, NPC = Non-Primer Control, NaN = Not a Number.

Fig. 6. Agarose gel electrophoresis picture of the pBAD24 pDNA isolated with 
MgFe2O4–NH2 (Protocol 1) from a mixture of blood serum and bacterial cell 
culture (E1 = first elution, E2 = second elution).

Table 4 
Concentration and purity values of the MgFe2O4-NH2 isolated gDNA samples.

Bacterium MNP-isolated gDNA

concentration (µg/ 
mL)

A260nm/ 
A280nm

Escherichia coli Gram- 
negative

154.5 1.57
Pseudomonas 

fluorescens
180.5 1.73

Micrococcus luteus Gram- 
positive

77.9 1.63
Bacillus subtilis 83 1.65

Fig. 7. Agarose gel electrophoresis pictures of gDNA isolated with MgFe2O4- 
NH2 from Gram-negative and Gram-positive bacterial cells (1. Escherichia coli, 
2. Pseudomonas fluorescens, 3. Micrococcus luteus, 4. Bacillus subtilis).
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3.7. Integrity tests of the MgFe2O4-NH2-isolated gDNA in quantitative 
polymerase chain reactions (qPCR)

While DNA quantity and quality are typically evaluated using UV 
spectrophotometry, the integrity of a DNA sample can also be assessed 
with polymerase chain reactions [47]. The integrity tests should be 
carried out prior to large-scale extended genomic DNA experiments.

Each Cq value for the gDNA samples falls within the range of 22.66 
and 26.29 (threshold was set to a maximum Cq of 35), indicating the 
amplification and thus the integrity of the templates (Fig. 8). Albeit the 
A260/A280 ratio of the E. coli genome isolated with MgFe2O4-NH2 MNPs 
was slightly out of the defined range of 1.6 – 2.0 with a value of 1.57, the 
qPCR results were satisfactory and comparable to the other gDNA 
samples with a purity value within the literature-accepted range [42]. 
This indicates that the minor contamination in the DNA sample does not 
impact the downstream applications of E. coli gDNA. Table S5 in the 
Supplementary Information shows the RFU values of the measured 
samples.

This work highlights the potential of MgFe₂O₄-NH₂ MNPs as a reli
able alternative to conventional DNA isolation techniques, many of 
which are labor-intensive or rely on toxic reagents. The ability to use 
MNPs for isolating gDNA from both Gram-positive and Gram-negative 
bacteria while maintaining compatibility with qPCR assays places this 
method among the advanced approaches for microbial genomic studies.

4. Conclusion

In this study we investigated the efficiency of ferrite-based magnetic 
nanoparticles for plasmid and genomic DNA isolation. Protocols were 
developed based on the quality and quantity of the extracted nucleic 
acid. Six magnetic nanoparticles were evaluated with 3 distinct extrac
tion protocols, yielding a total of 18 experimental combinations. Among 
these, 9 combinations successfully met all defined quantitative (clearly 
visible fluorescent DNA bands in agarose gel electrophoresis, successful 
qPCR) and qualitative (UV–Vis spectrophotometry: pDNA concentration 
at least 10 µg/mL, A260/A280 in the range of 1.6 - 2.0; successful re
striction digestion) criteria, demonstrating their suitability for pDNA 
extraction: MnFe2O4 (Protocol 2), MnFe2O4-NH2 (Protocol 3), NiFe2O4 
(Protocol 3), NiFe2O4-NH2 (Protocol 1), MgFe2O4 (Protocols 2 and 3), 
MgFe2O4-NH2 (Protocols 1, 2 and 3). The best results were obtained 

with MgFe2O4 nanoparticles, which yielded the highest pDNA concen
tration (696 ± 124.4 µg/mL) with Protocol 2 (high salt concentration 
binding buffer, K3PO4 as elution buffer), while results with Protocol 3 
(low salt concentration binding buffer, NaCl-containing elution buffer) 
were not as effective (226.2 ± 10.4 µg/mL). This can be explained with 
the different conformations of pDNA molecules in low and high salt 
concentration binding buffers. The lowest pDNA yield was achieved 
with the amine-functionalized manganese ferrite (93.7 ± 35.2 µg/mL, 
Protocol 3), however this concentration value can still be considered as 
high, compared to other iron oxide based MNP isolation protocols. Our 
findings indicate that while amine functionalization of MNPs does in
fluence DNA extraction efficiency, magnetic saturation has a more 
pronounced effect.

Based on the evaluation process, amine-functionalized magnesium 
ferrite was found to be the most versatile magnetic nanoparticle, as it is 
not protocol-sensitive and performing similarly under all three isolation 
conditions. For this reason, this nanoparticle is proposed for use, as it 
allows a wide range of applications for the extracted DNA. Therefore, it 
was tested to successfully isolate pure pDNA from bacteria-spiked blood 
serum and gDNA from four bacterial strains: E. coli, P. fluorescens (Gram- 
negative), M. luteus, B. subtilis (Gram-positive). Results of genomic DNA 
extraction were as valuable as we expected, however, the yields differ in 
the two types of bacteria. Isolation efficiency was higher in Gram- 
negative cells than in Gram-positive ones, which can be attributed to 
the varying OD values and the difference in thickness of the membranes 
of the two cell types, so the performed cell lysis may have had different 
efficiencies. Future investigations will focus on using MNPs to isolate 
nucleic acids from various biological sources, including fungi and plants. 
An additional objective is to refine the protocols established in this 
research using the tested nanoparticles for RNA isolation, thereby 
facilitating more efficient laboratory detection of various viral 
infections.

This article introduces two novel approaches: the use of nickel ferrite 
and amine-functionalized nickel ferrite MNPs as solid-phase tools for 
pDNA isolation, as well as the first application of amine-functionalized 
magnesium ferrite for gDNA extraction. The presence of amine groups 
on MNPs is advantageous not only due to their positive charge, which 
promotes strong electrostatic interactions with the negatively charged 
DNA during isolation, but also because this same interaction underlies 
their role in drug delivery systems. The amine–DNA binding contributes 
to preserving DNA integrity and enhances its stability in various bio
logical media, making the DNA–MNP complexes biocompatible and 
suitable for a range of therapeutic applications [62,63]. Isolation of 
gDNA with the mentioned MNP is suitable for both Gram-negative and 
Gram-positive bacteria, and did so with a yield eight-times higher than 
those achieved with other MNPs. This research aims to identify a more 
efficient and cost-effective method of extracting of both plasmid and 
genomic DNA from cell cultures, while reducing the need for hazardous 
chemical exposure required by other approaches.
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