




1 The binding agents should have a high adsorption
affinity to the silica.

2 There has to be an attraction between the DNA and the
binding agents.

3 There should not be an attraction between two binding
agents.

Please note that we have ruled out the possibility of an
attraction between two bare DNAs (UDD < 0) because of their
high negative charge. These three conditions above can be
physically understood as follows. Since DNA cannot bind to
silica on its own, the attraction between the binding agent and
DNA (condition 2) will ensure that the DNA sticks to the
binding agent whereas the complex (DNA+binding agent)
binds to silica. The binding agents have to bind to silica for this
to happen (condition 1). However, if there is an attraction
between two binding agents, it is energetically more favorable
to form a complex between two binding agents, rather than a
DNA binding agent complex (condition 3). This will decrease
the DNAs binding probability to the silica.
It is worth mentioning here that the ranges chosen for the

parameter sweep in this work were guided by our earlier
works12,43 where extensive unbiased and biased molecular
dynamics simulation (umbrella sampling simulation) were
done to evaluate the parameters. Here because of the
complexity of the system, we could not evaluate the exact
value of the parameters and therefore a parameter sweep was
attempted.
In all the calculations described above, we have fixed the

concentration ratio of the binding agents to the DNA (rθ) as 5.

We now check the effect of this concentration ratio on the
DNA binding fraction (FDNA) as shown in Figure 3 below.

As mentioned in the previous paragraph DNA cannot bind
to silica on its own, and needs a binding agent to form a
complex to bind to silica. If the concentration of the binding
agent is too low, the binding amount of DNA is also reduced.
As one increases the concentration of binding agents, DNA
binding also increases because of the formation of the complex
(DNA+binding agent).25,28 However, when there are many

Figure 2. Binding fraction of the DNA (FDNA) as a function of UDX (interaction energy between DNA and the binding agent) and the rK (the ratio
of adsorption affinity of the binding agent with respect to the DNA adsorption affinity) as calculated using the cooperative Langmuir model (see eq
2). Interaction between two DNAs (UDD) and interaction between the binding agents (UXX) are also varied. The temperature (T) was assumed to
be at 300 K and the concentration ratio of the binding agents to the DNA (rθ) was fixed at 5. The color scale used for all the subfigures is shown in
the inset.

Figure 3. DNA binding fraction as a function of the concentration
ratio (rθ) of the binding agents to the DNA for different values of (rK)
as calculated using the cooperative Langmuir model (see eq 2). We
have fixed the interaction between two DNA molecules (UDD) and
interaction between the binding agents (UXX) at zero. Interaction
energy of −10 kBT between the DNA and the binding agent (UDX)
was assumed.



more binding agents than the DNA, the complex (binding
agent + DNA) has to further compete with the free binding
agents. Since the complex will have low binding affinity
compared to the free binding agent, an increase of free binding
agents will reduce the chance of DNA binding to silica.
II.A.2. Experiment: DNA Binding to the Silica in the

Presence of One Binding Agent. To validate the findings of
the simulation, experiments were conducted where the amount
of DNA bound to silica in the presence of different binding
agents was measured. As shown in the Figure 4 below, the

DNA does not bind to silica if deionized water (H2O) or 100
mM glycine (G) is used, whereas binding increases in the
presence of 400 mM potassium (K+) ions or 100 mM arginine
(R) in the solution. These results can be understood using the
three main conditions (for the efficient DNA binding)
concluded from the cooperative adsorption model (see Section
II.A.1). While DNA is negatively charged, K+ ions and R
(binding agent) are positively charged. K+ and R both bind to
silica,12 furthermore, show an attraction to DNA.44 Due to the
charge screening of negative loadings and the resulting salt
bridging of positive charged ions with the silica surface, DNA
binds to silica surface.45,46 The glycine (G), due to its
zwitterionic state binds only weakly to silica and the DNA and
therefore, the adsorption of DNA to silica is relatively low.
This indicates that the G has, in comparison, only a minor role
in DNA binding. In the case of H2O, none of the above
conditions (see Section II.A.I) are satisfied, resulting in no
DNA adsorption.
Next, the DNA binding as a function of the concentration of

the binding agents (K+/R) was measured (Figure 5). As found
in our modeling described in the previous section (see Figure
3), the amount of bound DNA increases with the

concentration of the binding agents, as well as the valence of
the cations.25,28,47,48 It is worth noting (Figure 5) that for a
very high (>1.5 M) salt concentration DNA binding slightly
decreases, which was also well captured (see Figure 3) in our
model.
So far, we have not discussed the effect of DNA length in

our calculation. However, the information on the DNA length
is encoded in the total number of binding sites Γ (see eqs 1
and 2). The longer DNA will certainly occupy more space on
the silica than the shorter DNA. Therefore, for a given total
surface area of the silica, there will be a higher number of
binding sites (Γ) available for the shorter DNA than the longer
ones. Since, we always report the number of DNA bound to
silica per unit binding sites (FDNA) (see eqs 1 and 2), all the
theoretical predictions are independent of the actual value of Γ.
We want to emphasize that the DNA used in all experiments
does not have a specific size but ranges from 0.2 to 2 kbp.
Hence, the DNA adsorption is independent of the DNA
molecule's length.

II.B. DNA Binding to Silica: Two Binding Agents.
II.B.1. The Cooperative Langmuir Model with Two Binding
Agents. As already showed above the usage of a binding agent
is necessary to bind DNA to silica. In the following section, we
ask how the binding of the DNA changes in the presence of
two binding agents. In this case, we assume that the DNA takes
part in the cooperative adsorption separately with the two
binding agents. If, FDNA1 is the binding fraction of the DNA
which took part in cooperative adsorption with the binding
agents X1 and FDNA2 is the corresponding fraction in case of
the binding agent X2. The total binding fraction is given by12
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Figure 4. Amount of DNA bound to the silica for different solvation
conditions. For the bulk depletion experiments ddH2O, 400 mM KCl
in H2O (K+), 100 mM arginine (R), and 100 mM glycine (G) were
set to pH 5. 150 μL of 0.2 g/L of the DNA solution were then added
to 250 μg MagPrep. The standard deviations result from three parallel
experiments.

Figure 5. Amount of DNA bound to silica as a function of the
concentration of the binding agents. For the bulk depletion
experiments KCl, NaCl, MgCl2, and arginine (R) were diluted in
ddH2O and set to pH 5. 150 μL of 0.2 g/L of the DNA solution were
then added to 250 μg MagPrep. The standard deviations result from
three parallel experiments.
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(22) Deserno, M.; Jiménez Ángeles, F.; Holm, C.; Lozada Cassou,
M. Overcharging of DNA in the Presence of Salt: Theory and
Simulation. J. Phys. Chem. B 2001, 105, 10983−10991.
(23) Nguyen, T.; Grosberg, A. Y.; Shklovskii, B. Screening of a
charged particle by multivalent counterions in salty water: Strong
charge inversion. J. Chem. Phys. 2000, 113, 1110−1125.
(24) Pastré, D.; Piétrement, O.; Fusil, S.; Landousy, F.; Jeusset, J.;
David, M. O.; Hamon, L.; Le Cam, E.; Zozime, A. Adsorption of
DNA to mica mediated by divalent counterions: a theoretical and
experimental study. Biophys. J. 2003, 85, 2507−2518.
(25) Nguyen, T. H.; Elimelech, M. Plasmid DNA adsorption on
silica: kinetics and conformational changes in monovalent and
divalent salts. Biomacromolecules 2007, 8, 24−32.
(26) Libera, J. A.; Cheng, H.; Olvera de la Cruz, M.; Bedzyk, M. J.
Direct observation of cations and polynucleotides explains polyion
adsorption to like charged surfaces. J. Phys. Chem. B 2005, 109,
23001−23007.
(27) Li, X.; Zhang, J.; Gu, H. Adsorption and desorption behaviors
of DNA with magnetic mesoporous silica nanoparticles. Langmuir
2011, 27, 6099−6106.
(28) Vandeventer, P. E.; Lin, J. S.; Zwang, T. J.; Nadim, A.; Johal, M.
S.; Niemz, A. Multiphasic DNA adsorption to silica surfaces under
varying buffer, pH, and ionic strength conditions. J. Phys. Chem. B
2012, 116, 5661−5670.
(29) Zhai, H.; Wang, L.; Putnis, C. V. Molecular scale investigations
reveal noncovalent bonding underlying the adsorption of environ
mental DNA on mica. Environ. Sci. Technol. 2019, 53, 11251−11259.
(30) Vandeventer, P. E.; Mejia, J.; Nadim, A.; Johal, M. S.; Niemz, A.
DNA adsorption to and elution from silica surfaces: influence of
amino acid buffers. J. Phys. Chem. B 2013, 117, 10742−10749.
(31) Shi, B.; Shin, Y. K.; Hassanali, A. A.; Singer, S. J. DNA binding
to the silica surface. J. Phys. Chem. B 2015, 119, 11030−11040.
(32) Getzen, F. W.; Ward, T. M. A model for the adsorption of weak
electrolytes on solids as a function of pH: I. Carboxylic acid charcoal
systems. J. Colloid Interface Sci. 1969, 31, 441−453.
(33) Swenson, H.; Stadie, N. P. Langmuir’s theory of adsorption: A
centennial review. Langmuir 2019, 35, 5409−5426.
(34) Ward, T. M.; Getzen, F. M. Influence of pH on the adsorption
of aromatic acids on activated carbon. Environ. Sci. Technol. 1970, 4,
64−67.
(35) De Angelis, P.; Cardellini, A.; Asinari, P. Exploring the Free
Energy Landscape To Predict the Surfactant Adsorption Isotherm at
the Nanoparticle−Water Interface. ACS Cent. Sci. 2019, 5, 1804−
1812.
(36) Xiao, F.; Pignatello, J. J. Effect of adsorption nonlinearity on the
pH−adsorption profile of ionizable organic compounds. Langmuir
2014, 30, 1994−2001.
(37) Ferreira, G. N. Chromatographic approaches in the purification
of plasmid DNA for therapy and vaccination. Chem. Eng. Technol.
2005, 28, 1285−1294.

(38) Ali, N.; Rampazzo, R. d. C. P.; Costa, A. D. T.; Krieger, M. A.
Current nucleic acid extraction methods and their implications to
point of care diagnostics. BioMed Res. Int. 2017, 2017, 1−13.
(39) Carvalho, A. M.; Cordeiro, R. A.; Faneca, H. Silica Based Gene
Delivery Systems: From Design to Therapeutic Applications.
Pharmaceutics 2020, 12, 649.
(40) Zhou, Y.; Quan, G.; Wu, Q.; Zhang, X.; Niu, B.; Wu, B.;
Huang, Y.; Pan, X.; Wu, C. Mesoporous silica nanoparticles for drug
and gene delivery. Acta Pharm. Sin. B 2018, 8, 165−177.
(41) Keasberry, N.; Yapp, C.; Idris, A. Mesoporous silica
nanoparticles as a carrier platform for intracellular delivery of nucleic
acids. Biochemistry (Moscow) 2017, 82, 655−662.
(42) Rashid, J. I. A.; Yusof, N. A. The strategies of DNA
immobilization and hybridization detection mechanism in the
construction of electrochemical DNA sensor: A review. Sensing and
bio sensing research 2017, 16, 19−31.
(43) Wagner, R.; Bag, S.; Trunzer, T.; Fraga García, P.; Wenzel, W.;
Berensmeier, S.; Franzreb, M. Adsorption of organic molecules on
carbon surfaces: Experimental data and molecular dynamics
simulation considering multiple protonation states. J. Colloid Interface
Sci. 2021, 589, 424−437.
(44) Sousa, F.; Cruz, C.; Queiroz, J. Amino acids−nucleotides
biomolecular recognition: from biological occurrence to affinity
chromatography. J. Mol. Recognit. 2010, 23, 505−518.
(45) Kushalkar, M. P.; Liu, B.; Liu, J. Promoting DNA Adsorption
by Acids and Polyvalent Cations: Beyond Charge Screening. Langmuir
2020, 36, 11183−11195.
(46) Li, X.; Zhang, J.; Gu, H. Study on the adsorption mechanism of
DNA with mesoporous silica nanoparticles in aqueous solution.
Langmuir 2012, 28, 2827−2834.
(47) Romanowski, G.; Lorenz, M. G.; Wackernagel, W. Adsorption
of plasmid DNA to mineral surfaces and protection against DNase I.
Appl. Environ. Microbiol. 1991, 57, 1057−1061.
(48) Lorenz, M. G.; Wackernagel, W. Adsorption of DNA to sand
and variable degradation rates of adsorbed DNA. Appl. Environ.
Microbiol. 1987, 53, 2948−2952.
(49) Raspaud, E.; Pelta, J.; De Frutos, M.; Livolant, F. Solubility and
charge inversion of complexes of DNA and basic proteins. Phys. Rev.
Lett. 2006, 97, 068103.




