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Abstract

Based on their unique properties various iron magnetic nanoparticles have proved to be excellent nanomaterials
for applications in separation and concentration process. Immobilization of deoxyribonucleic acid (DNA)
molecules on the magnetic beads are acutely important and have potential uses in many techniques such as
DNA extraction, concentration, biosensors, microarrays and next generation sequencing. In this study the
adsorption of single stranded DNA (ssDNA) via poly-I-lysine coated iron oxide magnetic beads was performed
under varying conditions of poly-I-lysine amount, initial DNA concentration, ionic strength, bonding type and
length of DNA. The adsorption process was examined via Langmuir and Freundlich isotherm models. The ionic
interaction between negatively charged DNA and positively charged surface of magnetic beads showed
multilayer adsorption with Freundlich adsorption isotherm, covalent bonding between modified DNA and
surface by crosslinking provided higher adsorption efficiency with Langmuir adsorption isotherm. Both
adsorption methods provided magnetic beads with favorable adsorption of ssDNA.
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Kaplanmis Manyetik Kiirelere DNA Adsorpsiyonu: Fiziksel ve Kimyasal Adsorpsiyonun
Karsilastirilmasi

Oz

Kendilerine has o6zellikleri nedeniyle ¢esitli demir manyetik nanopartikiillerin ayirma ve yogunlastirma
uygulamalarinda miikemmel nanomateryal olduklar1 kanitlanmistir. Deoksiriboniikleik asit (DNA)
molekiillerinin manyetik kiirelere immobilizasyonu son derece 6nemli olmakla birlikte DNA ekstraksiyonu,
yogunlastirilmasi, biyosensorler, mikrodiziler ve yeni nesil dizileme gibi bir¢ok teknikte potansiyel kullanim
alanina sahiptir. Bu ¢aligmada, poli-I-lizin miktari, baslangic DNA konsantrasyonu, iyonik kuvveti, baglanma
tipi ve DNA uzunlugunun degisen kosullar1 altinda poli-I-lizin kapli demir oksit manyetik kiireler araciligiyla
tek iplik DNA'nin (ssDNA) adsorpsiyonu, gergeklestirilmistir. Adsorpsiyon islemi Langmuir ve Freundlich
izoterm modelleri ile incelenmistir. Negatif yiiklii DNA ile pozitif yiiklii manyetik kiireler arasindaki iyonik
etkilesimi Freundlich adsorpsiyon izotermiyle ¢ok katmanli adsorpsiyon, modeli gosterirken, DNA ve ylizey
arasindaki kovalent baglanma Langmuir adsorpsiyon izoterminde daha yiiksek adsorpsiyon verimi gostermistir.
Her iki adsorpsiyon yontemi, manyetik kiirelere uygun ssDNA adsorpsiyonu saglamustir.

Anahtar Kelimeler:ssDNA, manyetik kiireler, adsorpsiyon, Langmuir, Freundlich

stabilization and steric stabilization. Their
size distributions are homogenous and all
particles show high and uniform magnetic

1. Introduction

Magnetic beads are micro- or nano- sized

particles consisting of magnetic materials
like iron or nickel (Rocha-Santos, 2014). In
addition to being manipulated under
magnetic field they have specific properties
that make them preferable for different
purposes of use. They remain suspended in
solution and therefore show colloidal
stability by two mechanisms; electrostatic

*Corresponding Author:cbayrac@kmu.edu.tr

content (Modh et al., 2018). They can be
modified with different active groups such as
amine, carboxyl, sulfhydryl, aldehyde, and
hydrogen and also with ligands such as
biotin, streptavidin, proteins, enzymes,
antibodies and even cells (Aguilar-Arteaga et
al., 2010). Having different surface

215


https://orcid.org/0000-0003-0959-6413

Adsorption of DNA on Coated Magnetic Beads: Comparison of Physical and Chemical Adsorption

functional groups ensures magnetic beads to
play important roles in  biomedical
applications (Llandro et al., 2010; Colombo
et al.,, 2012), separation and concentration
process (Zhang et al., 2008; Ruffert et al.,
2014), biosensing applications (Takamura et
al., 2015) and contrast agents in imaging
applications (Ruffert, 2016). Under magnetic
field, drug loaded magnetic particles are
targeted towards specific tissues or cells to
release it at the right location, therefore, the
use of magnetic beads decreases the toxic
side effects of drug on the healthy cells and
improves the efficiencies of the therapies.
Gallo et al. (1993) targeted the anticancer
drug oxantrazole adsorbed on magnetic beads
to the brain of rats who suffer from the rat
glioma-2 (RG-2) brain tumor. They showed
that the drug targeted to the brain by
magnetic beads was 100-400 times higher
than the drug solution administered into the
blood circulation. Alexiou et al. (2000)
presented a study showing the treatment of
the rabbits bearing the VX-2 squamous cell
carcinoma by the drug mitoxantrone loaded
magnetic beads. The number of the studies
presenting the magnetic bead-based drug
delivery systems has been increased in the
last years (Kakar et al., 2013). In addition to
medical applications, magnetic beads have
been used in the construction of certain
biosensors to detect different agents (Xu,
2012; Rocha-Santos, 2014). By immobilizing
biomolecules onto their surface, they provide
higher sensitivity and specificity. In the
separation and concentration  process,
magnetic beads were also used due to their
ease of use, higher specificity and easy
manipulation under magnetic field (Ruffert,
2016). In the literature, magnetic bead
separation processes have been studied for
soil clean up (Funada, 2018), wastewater
treatment (Lee et al., 2015; Lei et al., 2016;
Fuks et al., 2018; Pal et al,. 2018),
concentrating pathogenic bacteria (Almand et
al., 2016; Lim et al., 2016), viruses (Satoh et
al., 2003; Almand et al., 2016; Sakudo et al.,
2016), and DNA (Satoh et al., 2008;
Bordelon et al., 2013). DNA adsorption to
the surface of magnetic beads has been

mainly used to extract DNA from the sample
matrix with higher concentration and lower
impurities (Berensmeier, 2006). The current
methods used in the DNA extraction methods
have consecutive steps that require more time
and great effort. Generally, initial step to
extract DNA from complex matrix is the
lysis of tissue or cell by physical forces (such
as sound, pressure or temperature) or by
chemical agents (such as detergents, SDS or
CTAB). This initial step is followed by
centrifugation, separation (by organic solvent
such as phenol/chloroform) and precipitation

(by alcohol) steps (Tan and Yiap, 2009). Due
to being time consuming, increasing the risk
of cross-contamination and increasing the
risk of degradation, current methods have
been replaced by new techniques for
effective  DNA extraction (Berensmeier,
2006). The present work was aimed to
adsorb DNA molecules on coated magnetic
beads with high efficiency. In this study, the
surface of iron oxide beads were coated with
poly-I-lysine solution and DNA molecules
were adsorbed on coated surface by
electrostatic interactions and also by covalent
bonding. The amount of poly-I-lysine and
magnetic beads were optimized for effective
adsorption.  Adsorption of DNA by
electrostatic interaction between surface and
DNA and covalent bonding with a
crosslinker between surface group and
modified DNA were evaluated for their
effects on the adsorption of DNA on
magnetic beads. Also, the effect of the DNA
length was evaluated for the adsorption
capacity of the magnetic beads. The results
of this study provided a better understanding
of single stranded DNA adsorption on poly-I-
lysine coated magnetic beads via two
adsorption methods; ionic interactions and
covalent bonding via crosslinking

2. Materials ve Methods

Iron oxide (FesOs) magnetic beads were
purchased from Nanografi Nano Technology
(Ankara, TURKEY) and nanoparticles were
in 18-28 nm diameters (with 98.45% purity).
Poly-I-lysine solution (0.1% in water) was
purchased from Sigma Chemical Co. (St.
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Louis, Mo, USA). Tris(2-
carboxyethyl)phosphine hydrochloride
(TCEP) and N-ge-maleimidocaproyl-

oxysulfosuccinimide ester (Sulfo-EMCYS)
were supplied by Thermo Fisher Scientific.

Table 1. ssDNA used in the study

DNA molecules were single stranded DNA
(ssDNA) used in previous study (Bayrac et
al., 2017). They were supplied by Integrated
DNA Technologies, Inc. (lowa, USA) and
their sequences were given at Table 1.

sSDNA Sequence* Length
(bases)

Thiol 5’-AAGGGCTGGCTGGGATGGAA-3’ 20

modified short

sSDNA

SSDNA 5- 80
AAGGGCTGGCTGGGATGGATGGATGGCATTACCTATGCGGTA
GATTGCCGACGACCACGACTCACTCCACGGACCCCACT-3’

Thiol 5’-/5ThioMC6-D/ 80

modified AAGGGCTGGCTGGGATGGATGGATGGCATTACCTATGCGGTA

ssDNA GATTGCCGACGACCACGACTCACTCCACGGACCCCACT-3’

Thiol 5’-AAGGGCTGGCTGGGATGGANLTCACTCCACGGACCCCACT- | 100

modified long | 3’

ssDNA

2.1 Poly-I-lysine coating of magnetic beads where Co was the initial poly-I-lysine

Magnetic nanoparticles were suspended in
poly-I-lysine solution and incubated at room
temperature with shaking rate of 400 rpm.
The magnetic beads were removed and
washed twice with 1 X PBS (pH 7.2).
Different  concentrations of  magnetic
nanoparticles (0.5, 1, 5, 10, 50, and 100 pg
mL™) were coated with 0.01% poly-I-lysine
solution at room temperature for 2 hours. The
amount of poly-I-lysine before incubation
with magnetic beads and remained in
solution after the removal of magnetic beads
were measured spectrophotometrically at 200
nm (Optizen Pop, Korea) and coating
efficiency was calculated for each
concentration of the magnetic beads with the
following equation.

Coating efficiency (%) (Co-Cf)/Co x 100
(1)

amount, Cf was the poly-I-lysine amount
remained after incubation.

The effect of initial poly-I-lysine amount on
coating efficiency was evaluated. Magnetic
beads (10 pg mL™*) were coated with coating
solutions  (0.00156, 0.00312, 0.00625,
0.0125, 0.025 and 0.05% poly-I-lysine
solution) at room temperature for 2 hours.
The coating efficiencieswere calculated for
each poly-I-lysine solution with the equation.

2.2 DNA adsorption on coated magnetic
beads

DNA adsorption on magnetic beads by
electrostatic attraction was performed in 1X
PBS (pH 7.2) containing 1 uM of ssDNA
(unmodified, 80-mer long). Briefly, 10 pg
mL™ of magnetic bead coated with 0.0125%
poly-I-lysine solution was washed with 1X
PBS and 1 uM DNA solution was added onto
the magnetic beads. Upon 1 hour incubation
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at room temperature, the magnetic beads
were removed. The concentration of DNA
before incubation with the magnetic beads
and remained in the solution after the
removal of the magnetic beads were
measured spectrophotometrically at 260 nm.
The adsorption efficiency of the DNA onto
the coated magnetic beads was calculated by
the following equation.

Co—Cf

Co

Adsorption efficiency (%) x 100

)

where Co and Cf were the initial and final
DNA concentrations, respectively, V was the
reaction volume and m was the amount of
magnetic beads used in the experiment.

DNA adsorption on magnetic beads through
a covalent bond was performed with the use
of Sulfo EMCS. DNA molecules used in this
study were 80-mer long molecules with same
sequence as the DNA previously used but
were modified with —SS groups at 5’ ends.
Firstly, the DNA solution was prepared in 1X
PBS with the final concentration of 0.1 mM
of TCEP and 1 uM of DNA and incubated
for 30 minutes at room temperature. TCEP
was used to reduce disulfide bonds (-SS)
attached on 5’ end of ssDNA to —SH groups.
After incubation, Sulfo EMCS solution was
added to have final concentration of 2 mM
and mixed by pipetting. Previously coated
magnetic beads (10 pg mL™) were then
incubated with this DNA solution for 1 hour
at room temperature. The adsorption
efficiency of DNA onto the coated magnetic
beads was calculated by the Equation 2.

2.3 Adsorption isotherm modeling

Two adsorption models were tested for
adsorption of DNA molecules onto coated
magnetic beads. According to Langmuir
isotherm model;

Ce 1 Ce
qe o gqskKb  gs

(3)

Freundlich  isotherm  model expressed
adsorption as;
ge = KfCel/n

(4)

where ge was the adsorption capacity of
magnetic beads (ug g?) at equilibrium; Ce
was the concentration of sSDNA at
equilibrium (ug LY); gs was the Langmuir
monolayer adsorption capacity (ug g?); Kb
was the Langmuir adsorption equilibrium
constant (L pg?), Kf was the Freundlich
adsorption capacity constant and n was a
parameter of adsorption intensity. From
different series of adsorption experiment Ce
and ge values were calculated and plots of
Celgevs Ce and Inge vs InCe were drawn to
test Langmuir and Freundlich adsorption
isotherm models, respectively.

2.4 Effect of DNA length on adsorption
capacity of coated magnetic beads

Modified ssDNA molecules of different
lengths (20, 80 and 100-mer long DNA with
—SS groups at 5 ends) were suspended in 1X
PBS (pH 7.2) and DNA solutions with
crosslinker were prepared as previously
mentioned. After incubating coated magnetic
beads (10 pg mL™*) with DNA solutions at
different concentrations (0.01-10 uM),
magnetic beads with immobilized DNA
molecules were removed from supernatant.
The adsorption efficiencies of different DNA
molecules onto the coated magnetic beads
were calculated by the Equation 2.

2.5 Statistical analysis

The statistical analysis was performed using
analysis of variance (ANOVA). For each set
of data, the mean values and standard
deviations of three measurements were
calculated and error bars represent the
standard  deviation of these three
measurements. P-values less than 0.5 were
considered statistical significant. Adsorption
models were evaluated using a determination
coefficient (R?).
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3. Results and Discussion
3.1 Poly-I-lysine adsorption

In this study, the aim was to immobilize
DNA molecules onto poly-I-lysine coated
magnetic beads. The adsorption of poly-I-
lysine onto magnetic beads was evaluated for
effective coating. As shown in Figure 1, with

the increase in poly-I-lysine concentration up
to 0.0125%, adsorption capacity of magnetic
beads increased gradually. However, further
increase in  poly-I-lysine  concentration
caused decreases in the adsorption capacity.
The concentration of poly-I-lysine resulting
in  maximum adsorption efficiency of
magnetic beads (approximately 93%) was
determined as 0.0125%.

100

90

Adsorption Capacity (%)

80

70

60

50

40

30

20

]
0

0,00156 0 003125 0, 00625
Poly-I-lysine amount (%)

0,0125 0,025 0,0

Figure 1. The effect of poly-I-lysine concentration on adsorption capacity of coated magnetic beads; 10 pg mL™*
of magnetic beads were coated with different concentration of poly-I-lysine solutions at room temperature (The

error bars represent standard deviations (n=3) (p < 0.05))

3.2 DNA immobilization via electrostatic
interactions

Poly-I-lysine coating provides with magnetic
beads positively charged groups
homogenously covering their surface. The
negatively charged phosphate groups of
DNA molecules, therefore, are attracted
towards the surface due to electrostatic
interactions. In order to evaluate the effect of
unmodified ssDNA  concentration  on
adsorption capacity of the coated magnetic
beads, DNA solutions at different
concentrations (in 1 x PBS) were adsorbed
onto the magnetic beads, as previously
mentioned. Figure 2A shows the change in
adsorption efficiency of magnetic beads with
the change in DNA concentration. While 0.1
uM of DNA was adsorbed on the magnetic
beads with approximately 60% of efficiency,

adsorption with ten times higher DNA
concentration resulted in 78% adsorption
efficiency. Through physical adsorption the
maximum adsorption efficiency (app. 80%)
was achieved with 10 pM of DNA. The
effect of ionic strength on physical
adsorption of unmodified ssSDNA was also
investigated in this study. The adsorption
studies of DNA were performed with DNA
solutions (10 uM) at different concentration
of phosphate buffer (0,1X-10X, pH 7.2). As
observed from Figure 2B, when the
phosphate concentration in DNA solution
was increased, adsorption efficiency was also
increased gradually. These results can be
explained by the fact that the repulsion
between DNA molecules itself decreased at
higher phosphate concentrations  which
leaded to higher surface density of DNA on
coated magnetic beads.
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Figure 2. The effect of sSDNA concentration (A) and ionic strength (B) on physical adsorption capacity of
coated magnetic beads; different concentration of DNA solutions were adsorbed on 10 pg mL? of magnetic
beads at room temperature (The error bars represent standard deviations (n=3) (p < 0.05))

3.3 DNA immobilization via covalent
bonding

The ssDNA molecules were attached to poly-
I-lysine coated magnetic beads via covalent
bonding. The attachment of DNA was
achieved via using a crosslinker, N-[e-
maleimidocaproyloxy] sulfosuccinimide
ester (Sulfo EMCS), which has two
functional groups. N-hydroxysuccinimide
(NHS) ester groups formed an amide bond
with N terminus of lysine on the surface of
magnetic beads while maleimide groups
formed thioether bond with reduced 5’ end of
DNA. Since covalent bonding between
modified ssDNA and poly-I-lysine on the
surface of magnetic beads were much
stronger than electrostatic attraction between
negatively charged phosphate groups of
DNA and positively charged surface, higher

adsorption efficiency was expected for lower
concentration of DNA. The results shown in
Figure 3 confirmed the expected results.
With the increase in DNA concentration,
higher adsorption efficiency was achieved.
As compared with adsorption efficiency of
DNA onto magnetic beads via electrostatic
attraction, covalent bonding resulted in
higher DNA density on the surface of coated
magnetic beads. The highest adsorption
efficiency was approximately 99% for 10 uM
DNA which was only 79% when same
amount of DNA was adsorbed physically.
Also, DNA molecules at 0.1 uM
concentration were adsorbed onto magnetic
beads by electrostatic attraction with 60%

efficiency  while ten  times  lower
concentration of DNA leaded to same
adsorption efficiency due to covalent
bonding.
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Figure 3. The effect of modified ssSDNA concentration on covalent adsorption capacity of coated magnetic
beads; different concentration of DNA in crosslinker solutions were adsorbed on 10 pg mL™ of magnetic beads
at room temperature (The error bars represent standard deviations (n=3) (p < 0.05))

3.4 Adsorption isotherm modeling

In order to evaluate the adsorption
mechanisms of unmodified and modified
DNA onto coated magnetic beads via
electrostatic  attractions and  covalent
bonding, respectively, two adsorption models
were tested in this study. The experimental
data showing adsorption process at different
concentrations of DNA were applied to
adsorption equations of Langmuir and
Freundlich isotherm models (Equation 3 and
4), and the best fitted models with highest
linear regression (R?) were determined for
two adsorption processes for DNA. Table 2
summarized model parameters for adsorption
of ssDNA on poly-I-lysine coated magnetic
beads. Physical adsorption result of
unmodified DNA was fitted to Freundlich
adsorption model rather than Langmuir
model. Freundlich isotherm model described
multi-layer adsorption process. However,
according to covalent adsorption result, best

fitted model was Langmuir adsorption model
with monolayer process.

The adsorption characteristics were also
evaluated based on adsorption parameters.
The RL value of Langmuir adsorption
isotherm model is a factor related with nature
of adsorption process. The values between 0
and 1 (O<RL<1) show favorable adsorption
processes between the adsorbate and surface.
The value of 1/n in Freundlich model is the
Freundlich exponent which should be higher
than 1 (1/n<1) to indicate more favorable
adsorption. The 1/n value of Freundlich
adsorption model for physical
adsorptionbetween unmodified DNA and
surface group of magnetic beads via was
0.377 which indicated a favorable process.
Moreover, adsorption by covalent bonding
between thiol-modified DNA and surface
groups with crosslinker was also favorable
adsorption explained by RL value (0.016) of
Langmuir adsorption model.

Table 2. Adsorption isotherm model parameters for sSSDNA on poly-I-lysine coated magnetic beads

Adsorption Langmuir isotherm Freundlich isotherm

R? Kb RL R? Kf 1/n
Physical 0.883 - - 0.929 1.525 0.377
adsorption (via
electrostatic
attraction)
Covalent 0.960 4.261 0.016 0.936 - -
adsorption (via
crosslinker)
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3.5 Effect of DNA length on adsorption
capacity

The effect of DNA length on the adsorption
efficiency in covalent adsorption process was
evaluated with the adsorption of 20-,80-,
and100-mer long DNA on poly-I-lysine
coated magnetic beads. As shown in Figure
4, there was not a significant difference
between the adsorption efficiencies of 20-
,80-, and100-mer long DNA at same
concentration.  Although the adsorption
efficiencies increased gradually with the
increase in DNA concentration, there was no
noticeable change in efficiencies with

theincreasein the length of DNA. As the
length of DNA increased, the negative charge
of phosphate groups on backbones also
increased for longer DNA. More negatively
charged DNA molecules may result in more
adsorption efficiency in physical adsorption
process between positively charged surface
groups and negatively charged DNA.
However, for covalent adsorption of
modified DNA onto magnetic beads by
crosslinker, change in length and thus change
in negative charge did not show any
significant differences in this study.
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DNA Adsorption Efficiency (%)
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001 005 01 0,5
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1

Figure 4.The effect of modified ssSDNA lenght on covalent adsorption capacity of coated magnetic beads;
different concentration of 20-, 80-, and 100- mer DNA in crosslinker solutions were adsorbed on 10 pg mL™ of
magnetic beads at room temperature (The error bars represent standard deviations (n=3) (p < 0.05))

4. Conclusion

In this study, the two adsorption methods
were evaluated for effective DNA adsorption
onto poly-I-lysine coated iron oxide magnetic
beads.  While ionic interaction between
negatively charged DNA and positively
charged surface of magnetic beads showed
multilayer adsorption with  Freundlich
adsorption isotherm, covalent bonding by
crosslinking provided higher adsorption
efficiency with  Langmuir  adsorption
isotherm. Both adsorption methods provided
magnetic beads with favorable adsorption of
sSDNA. These results provided further

insights about DNA adsorption onto poly-I-
lysine coated magnetic beads and thus they
will have potential to be used as carriers in
molecular techniques such as DNA
extraction, concentration, microarrays and
next generation sequencing.
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