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Knowledge of DNA - lipid layer interactions is key for the development of biosensors, synthetic nanopores,
scaffolds, and gene-delivery systems. These interactions are strongly affected by the ionic composition of the
solvent. We have combined quartz crystal microbalance (QCM) and ellipsometry measurements to reveal how
pH, buffers and alkali metal chloride salts affect the interaction of DNA with lipid bilayers (DOTAP/DOPC 30:70
in moles). We found that the thickness of the DNA layer adsorbed onto the lipid bilayer decreased in the order
citrate > phosphate > Tris > HEPES. The effect of cations on the thickness of the DNA layer decreased in the
order (K" > Na' > Cs" ~ Li"). Rationalization of the experimental results requires that adsorption, due to cation
specific charge screening, is driven by the simultaneous action of two mechanisms namely, the law of matching
water affinities for kosmotropes (Li") and ion dispersion forces for chaotropes (Cs™). The outcome of these two
opposing mechanisms is a bell-shaped” specific cations sequence. Moreover, a superimposed buffer specificity,
which goes beyond the simple effect of pH regulation, further modulated cation specificity. In summary, DNA-

lipid bilayer interactions are maximized if citrate buffer (50 mM, pH 7.4) and KCI (100 mM) are used.

1. Introduction

Ton specificity was discovered by Hofmeister in 1888 while studying
salt-induced egg white protein precipitation/solubilization [1]. Since
then, specific ion (Hofmeister) phenomena have been found in a myriad
of bio-systems [2] including enzymes [3-6], proteins [7-9], lipids [10],
and nucleotides [11-14]. To date, specific ion effects on biological
systems are not fully understood [2,15-17]. In such systems, hydrogen
ion concentration, commonly expressed in terms of pH (= log ay.),
strongly affects biomolecules’ structure and function. For these reasons,
pH must be strictly controlled by means of buffers (a weak acid/base in
the presence of its conjugated base/acid). The buffer concentration is
generally low with respect to other salts, so that their possible specific
effects are often neglected. However, in a pioneering work, Ninham and
co-workers showed that the catalytic activity of restriction enzymes was
both ion and buffer specific [18]. Buffers changed the ion sequence
(Hofmeister series) by which they affect the enzymatic activities if
cacodylate instead of phosphate buffer regulated the pH [18]. Similar
observations were made in other systems for example, pH measurements

[19] or the electrophoretic mobility of lysozyme [20]. More recently,
“specific buffer effects” have been investigated in more detail and new
interesting results have emerged [21-29]. All these findings cast serious
doubt on the validity and predictive capacity of the basic theories of
strong (Debye-Hiickel) and weak (Henderson-Hasselbalch) electrolytes
[30].

Phospholipids are the main constituent of biological membranes and
have also been found to be interesting model systems to investigate
specific ion effects [31]. The surface pressure, the area per lipid mole-
cule, and the water layer spacing in stacks of lipid bilayers were found to
be specifically influenced by ion type and concentration [32]. The in-
fluence of buffers on lipid bilayers is often ignored, in spite of the fact
that e.g. membrane bending elasticity, investigated through electro-
swelling and phase contrast microscopy, was found to be specifically
affected by buffers (HEPES, MES, BES, MOPS, PIPES, Tris and histidine)
[33,34]. Buffers with a zwitterionic form (HEPES and histidine) had a
smaller effect than cationic buffers (MES, MOPS, Tris), which gave a
higher decrease of the bending rigidity [34].

Lipid mixtures of cationic 1,2-dioleoyl-3-trimethylammonium-
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Scheme 1. Interactions of DNA with a lipid bilayer formed by DOTAP/DOPC.

propane (chloride salt) (DOTAP) and zwitterionic 1,2-dioleoyl-sn-glyc-
ero-3-phosphocholine (DOPC) have been used for biomedical applica-
tions involving DNA/RNA interactions [35]. Including DNA in lipid
structures has driven new applications, like biosensors [36], synthetic
nanopores [37], scaffolds [38], and nucleic acid carriers [39-43] for
gene therapy [44]. Zwitterionic membranes become positively charged
in the presence of (multivalent) cations. This facilitates the adsorption of
negatively charged DNA biomolecules [45-47]. The role of monovalent
cations in this respect has so far not been as extensively studied
compared to divalent cations [48]. For example, the interaction of
phospholipid monolayers with DNA was found to be stronger with cal-
cium than with magnesium and barium [49].

Quartz crystal microbalance with dissipation monitoring (QCM-D)
and ellipsometry are powerful techniques to investigate lipid bilayer
formation and DNA adsorption in real time [50,51]. QCM-D was used to
investigate the formation of DOPC lipid bilayers and monovalent cation
specific effects and it was found that the thickness increased in the order
Cs™ <K' < Na™ < Li" in Tris buffer pH 7.4 [52]. Ellipsometry is a useful
complementary technique as it allows the quantification of the adsorbed
dry mass of biomolecules [53].

Specific ion effects are commonly studied neglecting the super-
imposing specific buffer effects. In this work the specific effects of
buffers and cations on DNA-lipid bilayer interactions were both studied
through QCM-D and ellipsometry. Specifically, we investigated how
specific buffer and cations effects affect the adsorption of DNA on
DOTAP/DOPC lipid bilayers on a silica surface (Scheme 1). To this
purpose, four different buffers (citrate, phosphate, Tris, and HEPES) at
the same pH (= 7.4) also containing different (Li*, Na*, K*, and Cs™)
chloride salts were used. While buffer and cation effects, either on lipid
bilayers [33,34,52,54,55] or DNA [11,29,56], were investigated sepa-
rately, to date, the combined specific buffer and cation effect on lip-
id/DNA interactions has not been studied yet. Its understanding is
important to shed light on the combined specific cation/buffer effect as
well as for biomedical applications like for gene delivery formulations
[57,58].

2. Experimental section
2.1. Materials

1,2-dioleoyl-3-trimethylammonium-propane (chloride salt)
(DOTAP, 99.5 %) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC,
99.7 %) were purchased from Avanti Polar Lipid. Calf thymus DNA stock
solution 9-12 mg mL™}, Tris(hydroxymethyl)aminomethane hydro-
chloride (Tris, 99.9 %), sodium citrate tribasic dihydrate (99 %),
monobasic sodium phosphate monohydrate (99 %), disodium hydrogen
phosphate anhydrous (99 %), potassium phosphate monobasic (99 %),
HEPES (100 %), hydrochloric acid (37 %), sodium hydroxide (97 %),
lithium chloride (99 %), sodium chloride (99.9 %), potassium chloride
(99 %), and caesium chloride (99.9 %) were purchased from Sigma
Aldrich. Disodium hydrogen phosphate anhydrous (99 %), citric acid
monohydrate (99 %), were purchased from VWR Chemicals.

2.2. Preparation of buffer solutions

Solutions were prepared with a concentration of 0.050 M buffer
(HEPES, citrate, phosphate, Tris) and pH was adjusted to 7.4. The
buffers have not exactly the same buffering capacity at pH 7.4 (Tris pK,
= 8.06, phosphate pK, = 7.22, citrate pK, = 6.40 and HEPES pK, =
7.50). However, according to the Henderson-Hasselbalch equation,
buffer capacity is high within the range of pH = pK, + 1. Hence, all the
used buffers are within this range with only citrate being at the border.
Moreover, the pH of the buffers and of the samples prepared in those
buffers was carefully checked to be sure the value did not change due to
the addition of the biomolecules. Buffer-salt solutions were prepared
adding monovalent (Li", Na®, K*, Cs™) chloride salt to a concentration
of 0.1 M. Phosphate buffer saline (PBS; pH 7.2) solution consisting of
sodium chloride (0.155 M), sodium phosphate dibasic (0.003 M) and
potassium phosphate monobasic (0.001 M).

2.3. Preparation of biomolecules solutions

Lipid stock solutions were prepared by dissolving DOTAP or DOPC in
chloroform to a final concentration of 10 mg mL ™" each and stored at
— 22 °C before use. 70 puL of DOTAP and 180 pL of DOPC stock solutions
were then mixed in a vial to obtain a DOTAP/DOPC molar ratio of 30:70.
Chloroform was evaporated under a flow of nitrogen; thus a 2.5 mg film
of dried lipids was obtained. A liposome solution was prepared by
adding 5 mL PBS to 2.5 mg of the dried lipid film and mixing with a
vortex. The coarse dispersion was then sonicated using a tip sonicator
Vibra-Cell VCX 130 (Sonics & Materials Inc., Newton, CT, USA) with the
following settings: 15 mins sonication time, 10s on, 10 s off, 50 %
amplitude until it appeared clear. Typical 80/20 DOPC/DOTAP vesicles
have a hydrodynamic diameter of ~30 nm as determined by DLS mea-
surements [59]. The vesicular dispersion was diluted in a 1:3 ratio with
PBS to prepare the supported bilayer by means of vesicle fusion. DNA
solution was diluted without further purification in the appropriate
buffer and buffer-salt solutions until the final concentration of
50 pg mL~L.

2.4. Quartz crystal microbalance with dissipation monitoring (QCM-D)

QCM-D is an acoustic surface-sensitive technique which provides
simultaneous, real-time information about the mass and viscoelastic
properties of thin films adsorbed on a quartz crystal sensor [60]. The
sensor in our case was functionalised by a sputtered film of silica. The
mass per area unit (Am) of the adsorbed layer can be quantified from the
shift in the resonance frequency (Af) of the sensor. Viscoelastic prop-
erties are determined from the dissipation D or damping of the oscilla-
tion. Increasing the mass of an adsorbed layer on the sensor decreases
the resonance frequency of the crystal and, for a rigid compact film, no
dissipation occurs. Am (mg m~2) is hence related to Af (Hz) through the
Sauerbrey equation:

Am=Sar M
n

Where, C (=~ 17.7 ng Hz ! cm’2) is the mass sensitivity constant related
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to the properties of quartz for a 5 MHz crystal, and n is the number of
harmonic (1, 3, 5, 7, 9, 11, 13). From adsorbed mass, it is possible to
calculate the layer thickness d (nm) knowing the density p (1.1 g cm®)
[61], according to: [60].

_Am
p

d 2

For a viscous or a viscoelastic film, the dissipation also increases.
Larger differences between overtones correspond to a more viscous film.
The thickness and adsorbed amount can also be calculated under these
conditions, however this requires a more complex model like the Voigt
model [62]. Here, Af and AD are respectively the imaginary and real
parts of the g-function:

s
27poho

p

Af = Im( Foos

JandAD = — Re(

) 3

Where f = k1&; (i:ﬁzii:i) is related to the thickness h of the quartz plate
(0) and layer adsorbed (1); ¢ is associated to the shear stress at the
interface and the elastic shear modulus [62].

QCM-D measurements were performed using a Q Sense E4 system
from Q Sense (Lund, Sweden) with four measurement cells, each
equipped with a silica sensor from Biolin Scientific Q Sense. Silica
covered sensors were first cleaned in 2 % commercial detergent solution
(Hellmanex), rinsed with pure water obtained by filtration using Milli-
pore apparatus, ethanol 99.5 % for 10 min in an ultrasound bath, dried
under a nitrogen flow, and treated in a plasma cleaner from Harrick
Scientific (New York, USA) for 10 min. Silica sensors were placed in the
flow cells. The flow of liquid through the QCM modules was controlled
by means of an external peristaltic pump (Ismatec IPC-N 4) to ensure
constant flow throughout the experiment. Before each measurement, the
sensors were allowed to equilibrate in water until a stable baseline was
reached (30 min). The experiments were carried out by flowing through
the following solutions: I. buffer solution to equilibrate the sensors
(30 min), II. liposomes in PBS (30 min), III. Buffer (HEPES, Tris, citrate,
phosphate) rinsing to remove PBS and liposomes (30 min); IV. DNA in
buffer solution (150 min) and V. buffer rinse (60 min). Data were
analyzed with Eqgs. 1 and 2 through MatLab R2022b software.

2.5. Ellipsometry

Ellipsometry is an optical surface sensitive technique, which mea-
sures changes in the state of polarized light upon reflection. From
measurements of the relative amplitude shift, Psi (y) and phase change,
Delta (A), of the two component light waves of the (elliptically) polar-
ized light, we can obtain the refractive index and thickness of a thin film.
A Rudolph Research ellipsometer (type 43603-200E) equipped with a
xenon arc lamp was used to characterize the lipid bilayer formation and
the subsequent adsorption of DNA in each of the buffers or buffer-salt
solution following the same procedure adopted for the QCM-D mea-
surements. All measurements were performed at a wavelength,
A =4015 A and an incidence angle of 68.00°. The silicon substrates
were placed inside a thermostatic (25 °C) trapezoid 5 mL cuvette
equipped with a magnetic stirrer. Solutions were fluxed into the cell
with a peristaltic pump. The thickness of the adsorbed layers was
characterized by recording y and A, with a time resolution of a few
seconds and analysed through VWASE32 software [63]. The multilayer
model used here consisted of sequentially: a silicon layer, a silica layer, a
mixed layer of water and lipid with a certain thickness and refractive
index. The properties of the lipid layer were evaluated before the mixed
layer of DNA and solvent. The linear effective medium approximation
(EMA) was used to interpolate the dielectric properties for the layer from
its components. This will give an ensemble solvated film thickness
average over the size of the measurement spot. [63] For ellipsometry
modelling, the real (n) and imaginary (k) components of the refractive
indices of each material used were: silicon, n = 4.15, k = 0.0439, silica,
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Fig. 1. Frequency shift, Af (A) and Dissipation energy, AD (B) for the 7th
overtone recorded during the SLB formation, using QCM-D. Measurements are
carried out in parallel in each cell using HEPES (black line), citrate (red line),
phosphate (blue line) and Tris (green line) 50 mM buffer solution. Initially the
sensor equilibration in pure water, baseline acquisition of PBS and reference
buffer was performed. Step I: injection of vesicles to form the SLB in PBS; Step
II: rinsing with the different buffer solutions; Step III: injection of the DNA
solution (see the black arrow); Step IV: rinsing with buffer.

n=1.461, k=0, SLB, n=1.48, k=0, DNA, n=1.616, k =0, and
water, n =1.335 and k =0.5. The n and k values for water were
employed for all electrolyte solutions; at the highest electrolyte con-
centration there was minimal difference in the refractive index of the
solution or the fitted layer thickness.

3. Results

The formed supported lipid bilayer (SLB) with a DOTAP/DOPC
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Fig. 2. QCM-D measurements of lipid bilayer adsorption. Cations (A) and buffers (B) effects on adsorbed amount (Am) of SLB in 50 mM HEPES, citrate, phosphate
and Tris buffer solutions with 100 mM chloride salts (Cs*, K", Na™ Li* 100 mM). Adsorbed amount (Am) was calculated with Eq. 1.

molar ratio of 30:70 was investigated by QCM-D. DNA, dissolved in
different buffer/salt solutions, was then flowed through the cell to
monitor the adsorption on the SLB depending on the buffer and salt
composition. Fig. 1 shows the frequency shift (Af) and the dissipation
shift (AD) of the 7th overtone respect to the solvent during the SLB
formation and DNA adsorption in 50 mM buffer (HEPES, Tris, phos-
phate, and citrate) solutions at pH = 7.4.

The bilayers were deposited on the silica sensor surface which is
slightly negatively charged at physiological pH 7.4 [64] (Fig. 1 step I).
The average frequency for deposited bilayers in PBS was of Af = —24
+ 2 Hz, whereas only a minor change in dissipation AD = 0.6
+ 0.3 ppm was observed. The cells were rinsed with the different buffer
solutions (step II) and the DNA in the corresponding buffer solution was
then introduced (step III). In HEPES buffer (black line), no change was
observed after DNA addition (step III), which suggests that DNA was not
adsorbed onto the SLB. In Tris, phosphate, and citrate buffers the sudden
decrease of Af and increase of AD is associated with DNA adsorption
(step III). Interestingly, this is followed by a slow increase of Af and
decrease of D. The former can be interpreted as a slow release of water,
which is consistent with the decrease in D that suggests a reorganisation
into a more compact layer until the equilibrium is reached (step IV). The
final rinsing causes a small decrease in Af and corresponding increase of
D, indicating a slight swelling of the layer. The small change in D during
the SLB formation and large increase during the DNA adsorption in-
dicates two differences in the properties of the formed layers, i.e., a rigid
lipid bilayer and a viscoelastic DNA extended layer. Planar SLBs
constitute a model system where it is possible to apply the Sauerbrey
equation (Eq. 1). Indeed, a planar SLB is commonly considered a thin,
acoustically rigid and uniform film, having a negligible amount of
trapped water into the structure [53]. SLB adsorbed amount (Am) could
therefore be calculated from the frequency shift using the Sauerbrey
equation and thickness (d) from Eq. 2 [60] obtaining Am = 4.8
+0.6 mgm 2 and d = 4.0 + 0.5 nm, respectively. The samples with
SLBs were then rinsed with the different 50 mM buffers (HEPES, citrate,
phosphate, and Tris) and 100 mM buffer-salt solutions (Cs*, K*, Na*,
Li" chlorides). Apart for HEPES with no added salt, the amount of lipid
bilayer (with any amount of entrapped water) was not significantly
affected neither by the different cations (Fig. 2A and S1A) nor by buffers
(Fig. 2B and S1B) (Supporting information file).

Different buffer/salt solutions containing 50 pg mL~! of DNA were
sequentially flowed through sample cells until a plateau in frequency
and dissipation was observed, indicating the reaching of the

equilibrium. Since the DNA layer has viscoelastic properties, the Voigt
model [65] was used to analyse the data using the previously formed
SLB after equilibration with buffers as a reference to disentangle DNA
contribution only.

Fig. 3A shows the DNA adsorbed amount as a function of cations in
different buffer solutions. Compared with the other buffers, DNA
adsorption on SLBs in the presence of HEPES is low for all added salts
(KCl, NaCl, and LiCl), except for CsCl, which promoted a strong
adsorption of DNA on the SLBs (Fig. 3A). The adsorbed amount of DNA
in citrate, phosphate and Tris buffers followed a “bell-shaped” cation
specific sequence with KCI giving the highest adsorbed amount of DNA
on the SLB (Fig. 3A). Fig. 3C showes the thickness increase due to the
adsorption of a DNA layer on the SLB, which depends on the type of
cation. The results follow the trend observed for the adsorbed amount
(Fig. 3A). Plotting the adsorbed amount (Fig. 3B) and thickness (Fig. 3D)
of the DNA layer as a function of buffer type, highlights the following
buffer specific trend: citrate > phosphate > Tris > HEPES for LiCl, NaCl,
and KCl salts. The addition of CsCl, instead, promoted a different trend:
citrate > Tris ~ HEPES > phosphate. With no added salts, the adsorbed
amount and thickness followed the order: citrate >> phosphate ~
HEPES > Tris (Fig. 3B-D).

The same systems investigated above were then analysed with
ellipsometry. The difference between QCM-D and ellipsometry is that
the trapped solvent contributes to the mass measured by the former,
while the latter can be used to determine the amount of dry matter [66].
Thickness values from QCM-D are generally higher than those measured
by ellipsometry [67]. Hence, a combination of the two techniques can
provide insights into the solvent content in the adsorbed film and the
specific role of electrolytes to favour/disfavour the adsorption [68].
Ellipsometry was thus used as a complementary characterization tech-
nique to evaluate if the variation in thickness layer was due to lipid and
DNA structures or to the trapped solvent into the SLB film. Fig. S2 shows
the thickness of SLB layers and adsorbed DNA obtained by ellipsometry
measurements. SLB average thickness measured by ellipsometry is 3.7
+ 0.3 nm (Figs. S2A and S2B). As expected, it is slightly lower with
respect to the value obtained through QCM-D (4.6 + 0.3 nm). DNA
thickness (~ 2 nm) suggests that the main part of the DNA molecules
adsorbed are positioned horizontally respect to the SLB (Figs. S2C and
S2D) film. Thickness values obtained by ellipsometry measurements did
not show a substantial buffer or cation specific trend.
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Fig. 3. QCM-D measurements on DNA adsorption of the lipid bilayer determined through Voigt model (Eq.3) by Qsense Dfind software. Specific cation and buffer
effects of 100 mM chloride salts (Cs™, K¥, Na™ Li" 100 mM) in 50 mM HEPES, citrate, phosphate and Tris buffer solutions on adsorbed amount (A and B) and

thickness (C and D) on the adsorbed layer.
4. Discussion

Usually, specific ion effects studies focus on the single aspect of
either strong or weak electrolytes (buffers) influence on the system
under consideration. Buffer type is commonly chosen depending on their
pPK, according to the Henderson-Hasselbalch equation, without consid-
ering buffer specific effects. We have observed that buffer and cation
specific effects influenced each other. Our results show the effect of
cations on adsorbed amount and of thickness of the adsorbed layer of
DNA follows a “bell-shaped” effect as a function of the Hofmeister series.
Collins explained ion specific effects through the empirical “law of water
matching affinities” (LMWA) [69]. It states that cations and anions with
similar values of hydration enthalpies (a measure of ion water affinity)
form stable ion pairs. Ions with highly negative values of hydration
enthalpies are classified as kosmotropes (water structure makers), while
those with low negative values of hydration enthalpies are classified as
chaotropes (water structure breakers). According to LMWA, the cation
interaction with DNA (kosmotropic) phosphate backbones should follow
the order: Li* > Na® > K*> Cs*. That is, Li", a strong kosmotrope,
should interact more effectively with the negatively charged phosphate

Table 1
Static polarizabilities (o) [71] and hydration enthalpies (AHgydration cation) [72]
for alkali cations.

Cation o / A® AHpgdration / kJ mol
Cst 2.354 -264
K" 0.795 -322
Na® 0.131 -409
Li' 0.028 -519

groups, thus allowing a lower adsorption of DNA on mostly cationic
SLBs. Cs™ should interact less with phosphates thus resulting in a lower
DNA adsorption on SLBs. An alternative explanation of ion specificity is
due to Ninham’s theory of ion dispersion forces [70]. This theory ex-
plains the Hofmeister series as the result of ion specific dispersion forces
that is determined by ion polarizabilities (a). Polarizability and hydra-
tion enthalpy values for each cation are reported in Table 1.
Polarizability is an ion specific electric property (s > Oy > ONat
> o) that follow an opposite cation sequence respect to that predicted
by LMWA. However, in citrate, phosphate and Tris buffers, the obtained
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Fig. 4. Effect of cations on DNA adsorbed amount (A and B) and thickness layer (C and D) on SLB vs. hydration enthalpy (AHpydration) and polarizability (o).
AHpyydration is reported as the difference between hydration enthalpy of phosphate backbones ion (AHyydration Phosphate = —522 kJ mol~!) and the hydration enthalpy

of cations [72]. The dotted curves are guides for the eye.

trends are not monotonically changing in with the order of the Hof-
meister series but, rather, a “bell shaped” cationic series (Fig. 3). That is,
for example in phosphate buffer, DNA adsorption on SLB decreases in
the order K™ > Nat > Li" > Cs™ > no salt. To investigate the molecular
origin of the specific cation effect in DNA-SLB interactions, the corre-
lation between the adsorbed amount Am (and thickness, d) and either
the difference in hydration enthalpies (AHnydration aniom AHhydration cation)
or the static polarizabilities of anions and cations (ag) are shown in
Fig. 4A-D. Hydration enthalpies are related to LMWA [69], whereas ion
polarizabilities are related to the theory of ion dispersion forces [70].
Fig. 4A shows a plot of Am vs the difference in hydration enthalpies
(AHhydration) Of dihydrogen phosphate ion (taken as a reference anionic
group due to its similarity with phosphates in DNA surface) and those of
the different cations. Fig. 4B shows a plot of Am vs cation static polar-
izabilities. Cations show a “bell-shaped’’ trend for both correlations

(Fig. 4A and B). If LMWA was the only mechanism at work, the strength
of interaction between cations and negatively charged phosphates
(classified as kosmotropes) would decrease going from the kosmotropic
lithium to the chaotropic cesium. The order would be reversed if, ac-
cording to ion dispersion forces theory, polarizability was accounted as
the main factor. Since the observed trends do not agree neither with
LMWA nor with the polarizability order, the cation specific “bell-sha-
ped’’ order is a clear indication that both mechanisms are at work and
operate in opposite directions. Similar sequences were previously
observed for Haemoglobin aggregation, BSA Brownian motion [73,74],
and enzymatic activities [75]. A recent development of Ninham’s the-
ory, devoted to include LMWA in a more complete theory [76-78], was
able to reconcile the two apparently different approaches. Scheme 2
shows how specific cation binding on DNA surface modulates its
adsorption on SLB as detected by QCM-D measurements.
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Scheme 2. Specific cation effects on DNA-supported lipid bilayer (SLB) interactions. Small light blue arrows represent a weaker DNA-SLB interaction due to strong
adsorption of Li" and Cs* on the negatively charged DNA phosphate backbones. Big light blue arrows represent a stronger DNA-SLB interaction due to weak

adsorption of K™ and Na* on the negatively charged DNA phosphate backbones.

Additionally, Fig. 4 shows that the bell-shaped cation specific trend is
also buffer specific. That is, an additional buffer specificity is super-
imposed over that of the cations going beyond the simple effect of pH.
The experimental trends show a complex interplay between cation and
buffer specificity at the charged DNA-SLB interface. Negatively charged
buffer species (i.e. citrate and phosphate) result in a stronger adsorption
of DNA to SLBs. This is confirmed by DLS measurements of diffusion
coefficients of DNA as a function of temperature in the presence of dif-
ferent10 mM buffers (Fig. S3). The diffusion coefficients increase line-
arly with temperature (range 30 — 70 °C) with buffer-specific slopes
which follow the trend citrate > phosphate > Tris > HEPES. The series
of DNA diffusion coefficients suggest that negatively charged buffer
species (e.g. citrate and phosphate) interact with the negatively charged
surface of DNA making it even more negative. From QCM data, with no
added salt and in the presence of K, Na* or Li"” DNA adsorption follows
the specific buffer trend: citrate > phosphate > Tris > HEPES. A similar
order was found for the intermolecular interactions among proteins
[21], lysozyme adsorption on mesoporous silica [79], as well as with
DNA thermal stability [29]. DNA stability is also affected by the in-
teractions with monovalent cations due to surface charge screening
which affects strands repulsion. Since both DNA adsorption and stability
are influenced by the interactions among monovalent cations and
phosphate backbones [56,80,81], future work will be necessary to study
and verify a possible direct correlation between these two phenomena.

5. Conclusions

In this work the interplay between buffers at fixed pH and cation
specificity on DNA - DOTAP/DOPC supported lipid bilayers was studied.
DNA adsorption on SLBs was favoured by the presence of monovalent
cations and pH buffer in a specific way. The most effective cations to
screen DNA phosphate backbones, Li* and Cs™, result in a lower DNA
adsorption on SLB. We hypothesize that screening is driven by the law of
matching water affinities [69] for Li* and by ion dispersion forces [70]
for Cs™ (Scheme 2). On the contrary, KT, which lies in the middle of the
cation Hofmeister series, screens less effectively the charges of phos-
phate groups on the DNA thus leading to a stronger DNA adsorption on
positively charged SLBs. The final outcome is a “bell-shaped” cation
specific sequence. Furthermore, our results show a superimposed buffer
effect on DNA-SLB interactions. Driven by their polarizability, trivalent
citrate, and divalent phosphate buffer ions, as well as chloride (Tris"
counterion) likely made the DNA surface more negative thus favouring
the electrostatic attraction with positively charged SLBs. On the con-
trary, zwitterionic HEPES buffer could not work through this mecha-
nism. In summary, this work goes beyond previous works regarding
buffer effects on lipid bilayers [33,34,54] or DNA [29], examining for
the first time simultaneous specific cation and buffer effects on DNA-SLB
interactions. A suitable choice of strong (KCl) and weak (citrate or

phosphate) electrolytes at physiological pH can maximize DNA-SLB in-
teractions. This result could be relevant for gene-delivery formulation
and storage. Future work is needed to further investigate and disen-
tangle the specific buffer and cation effect from a theoretical point of
view.
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