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Introduction: Sepiolite nanofibers, which are natural silicates belonging to the clay mineral family, could be promising potential
nanocarriers for the nonviral transfer of biomolecules. The physicochemical characteristics of sepiolite make it capable of binding
various types of biological molecules, including polysaccharides, lipids, proteins and viruses. Sepiolite nanofibers have also been
shown to bind effectively to various types of DNA molecules through electrostatic interactions, hydrogen bonds, cationic bridges and
van der Waals forces. In this study, we analyzed the adsorption of DNA and proteins to sepiolite by analyzing the competition among
these biomolecules during the adsorption process.

Methods: To determine the binding of sepiolite to proteins, we used BSA and a monoclonal antibody (mAb) against the CD4
membrane antigen as a model. The binding efficiency was measured by adsorption isotherms. Zeta potential measurements of the
suspensions were performed using a Brookhaven NanoBrook 90 Plus PALS instrument.

Results: We show here that the adsorption of proteins to sepiolite is increased in the presence of CaCl, and is charge-dependent and
that sepiolite can adsorb proteins even when their net charges are equal to those on its surface. Coating of sepiolite with DNA (Sep/
DNA bionanocomposites) reduces the absorption efficiency of both BSA and mAb, and this can be rescued by CaCl,. Conversely,
preincubation of sepiolite with BSA or the mAb decreased the efficiency of DNA binding; Ca*" restored the binding efficiency for
BSA but not for the mAb. Changes in pH result in changes in the net charge of proteins, influencing the amount of protein adsorbed.
Conclusion: Although various types of protein interactions with mineral clays have been described, our results confirm that
electrostatic forces are among the primary interactions in the adsorption process. These results pave the way for the use of biohybrids
as a new class of nanoplatform for gene transfer with potential clinical applications.
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Introduction
Sepiolite, a natural clay of fibrous morphology, belongs to a group of hydrated Mg-silicates that are used mainly for their
adsorbent and rheological properties, from the support of pesticides to the development of polymer—clay
nanocomposites.' This clay mineral has been used in diverse applications and is currently marketed for use in animal
feed, fat thickeners and paints, catalyst and enzyme support, elimination of toxic organic compounds and heavy metals,
and the preparation of nanocomposites of various types.' °

The ideal formula of sepiolite is Si;oMggO30(OH)4(OH,)4.8H,0, its structural arrangement consists of alternate
magnesium silicate blocks and tunnels that grow in the crystallographic c-direction. Tunnels that reach the external
surface of sepiolite fibers can be considered as channels. These structures are involved in the interaction between the
silicate and many diverse compounds, in particular through silanol groups (Si—OH) located at the edges of the channels.’

Other active sites at the sepiolite interface include the negatively charged surface attributed to isomorphic substitution of
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Mg*" ions by AI’" ions and other trivalent cations in the octahedral layers. These two types of active sites are central to
the adsorption mechanisms that occur at the external surfaces of fibrous clay minerals.’

Importantly, sepiolite holds great promise for biomedical applications. Indeed, in recent years, interest in the use of
sepiolite in biomedicine has increased due to its ability to interact with a wide variety of biomolecules, and sepiolite has
been proposed as a good candidate for the administration of drugs and co-adjuvants in vaccines. Sepiolite has been used
to transport small molecules such as tetracyclines, nitric oxide, and antisense oligonucleotides into cells in combination
with carbon nanotubes to detect DNA and DNA—drug interactions.® '* Moreover, the physicochemical particularities of
sepiolite and its ability to bind various types of biological molecules, including DNA,'” polysaccharides,'® lipids,'”
proteins'® and virus particles,'® make it a promising nanocarrier for the nonviral transfer of biomolecules. The adsorption
of proteins to solid surfaces is important in the natural sciences, medicine and industry and has an important role in
numerous applications such as the preparation of protein chips and biosensors, the food industry and medical
implants.?>*' On another hand, sepiolite nanofibers efficiently and spontaneously bind different types of DNA molecules
through electrostatic interactions, hydrogen bonding, cation bridges, and van der Waals forces.'” Because of this
characteristic, sepiolite nanofibers can be used to transfer DNA into mammalian cells. DNA transfer of into mammalian
cells is an essential issue in biotechnology and biomedical applications constituting the basis of new strategies aiming at
developing elaborate model organisms for academic, agronomical or biomedical research and gene therapy.'®'**?
Mammalian cells spontaneously internalize sepiolite through endocytosis, facilitating the spontaneous transport and
delivery of bound molecules.?> Conversely, sepiolite can be spontaneously expelled from the cell, limiting its toxicity.**

In some future applications, the cotransfer of DNA and proteins is a significant advantage. For example, future
improvements would be to specifically address the therapeutic nucleic acids to pathological cells thanks to antibodies
recognizing specific membrane antigens of the target cells. Therefore, the vector should be able to carry both nucleic
acids and antibodies, which are proteins. Moreover, serum albumin is the most abundant protein in human blood.
Knowledge of the adsorption of albumin to sepiolite surfaces is essential because, when sepiolite is introduced into
organisms, proteins will adsorb nonspecifically to the particles, and this will ultimately affect their cellular uptake and/or
lead to deleterious consequences for the organism.** Saturation of the sepiolite/DNA (Sep/DNA) bionanocomposite with
bovine serum albumin (BSA), which is widely used in molecular biology, would allow us to circumvent this problem
and, in addition, would protect the DNA from extracellular components that could assault it. For all these reasons, it is
vital to study the adsorption of these proteins to sepiolite already coated with DNA bionanocomposites.

Unfortunately, because the charges of proteins generally differ from those of DNA, it is not possible to cotransfer
DNA and proteins via conventional methods. The ability of sepiolite to bind to both proteins'® and DNA'® opens new
avenues for its use in carrying both nucleic acids and proteins as nanocargo. However, no studies addressed the question
of adsorption efficiency when sepiolite is first coated with DNA or reciprocally when it is first coated with proteins.
Indeed, the charges of proteins and DNA are different, and even opposite, therefore the presence of one type of molecule
might affect the efficiency of binding of the other type of molecule. Moreover, the proteins charges differ between the
different proteins, and thus might differently affect the subsequent binding of DNA.

While the binding of proteins or DNA on sepiolite have been studied separately, the competition and common binding
of both proteins and DNA on the same sepiolite fibers remained to be addressed. The growing interest in the biomedical
applications of sepiolite has required the performance of these studies.

In this study, we analyzed the competition between DNA and proteins for adsorption on common sepiolite fibers. To
determine the binding of proteins to sepiolite, we used BSA and an antibody (mAb) raised against the CD4 membrane
antigen as a model.

Here, we show that the adsorption of proteins can be charge-dependent and that proteins can be adsorbed even when
their charges are equal to those on the surface. We also show how divalent cations (CaCl,) can be used to modulate the
adsorption of proteins on Sep/DNA bionanocomposites, increasing the maximum adsorption capacity. pH variation
causes a variation in protein charge, influencing the amount of protein adsorbed. Although various types of interactions
of proteins with mineral clays have been described, our results emphasize that electrostatic forces are among the primary
interactions that occur during the adsorption process.
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Materials and Methods

Sepiolite Suspension

In this study, sepiolite (Sep) obtained from Vicalvaro-Vallecas deposits, Madrid, Spain, commercialized under the trade
name Pangel®S9, was generously supplied by TOLSA, S.A. A 2 mg/mL sepiolite suspension was prepared in 10 mM
Tris-HCl buffer, pH 7.5, using vigorous vortexing at maximum speed for a minimum of 10 min to properly disperse the
clay. The sepiolite suspension was sonicated (sSep) 3 times at an amplitude of 30% for 10s each time using a Vibra-Cell
75042. Indeed, sonication of sepiolite increased disaggregation and dispersion, which can be important for wider
spreading and the formation of stable and homogenous suspensions that are crucial steps to improve their performance,
as we previously published.'>*

Preparation of sSep-Protein

Protein solutions were prepared at concentrations of 5, 10, 20, 50, 100, 150, and 200 png/mL. The protein used was bovine
serum albumin (BSA): 2 mg/mL stock solutions were prepared in 10 mM Tris-HCI buffer, pH 7.5. To each protein
sample, 500 pL of sSep was added at a concentration of 100 pg/mL. Each sample was then brought to a volume of 1 mL
with 10 mM Tris-HCI, pH 7.5. The sSep/protein mixtures were stirred overnight at 25 °C. Finally, the mixtures were
centrifuged for 5 minutes at 5,000 rpm, and the protein concentrations in the supernatants were measured using
a NanoDrop One spectrophotometer.

Preparation of sSep—DNA

First, a Tris-HC1/CaCl, solution consisting of 25 mL of 20 mM Tris-HCI at pH 7.5, 5 mL of 100 mM CaCl, and 20 mL
of distilled water was prepared. Then, 1 mL of an sSep dispersion at 2 mg/mL was centrifuged for 5 minutes at
5,000 rpm. The resulting supernatant was removed, and the precipitate was resuspended in 10 mL of the Tris-HCl/CaCl,
mixture. Plasmid DNA was obtained by amplifying a bacterial culture and was purified via the NucleoBond® Plasmid
Purification Protocol. To individual samples of plasmid DNA at different concentrations, 500 pL of sSep at a concentra-
tion of 100 pg/mL in Tris-HCl/CaCl, was added. The samples were mixed with 10 mM Tris-HCI, pH 7.5, until a volume
of 1 mL was obtained for each sample. These samples were incubated with stirring overnight at 25 °C. After the
overnight incubation, the mixtures were centrifuged for 5 minutes at 5,000 rpm, and the DNA concentrations in the
supernatants were measured using a NanoDrop One spectrophotometer.

AFM

Atomic force microscopy (AFM) imaging was carried out in Peak Force Mode with SCANASYST-Air probes (Bruker),
with a Multimode system (Bruker) operating with a Nanoscope V controller (Bruker). All images were collected at a scan
frequency of 1 Hz and a resolution of 1024x1024 pixels. Images were analyzed with Nanoscope V and Image
J softwares. A third-order polynomial function was used to remove the background.

5uL of sepiolite solutions (with and without BSA) at 0.1 mg.mL ™' was deposited on a freshly cleaved mica surface
(V1 quality, EMS) for 1 min and rinsed with 50 pL of ultra-pure water (Milli-Q water, Millipore). The samples were
finally blotted and dried.

Calculation of Adsorption Isotherms

To determine the adsorption isotherms for the proteins and DNA used in our experiments, the concentration of the

adsorbent phase (g.) was calculated using Equation 1:*°

g = Lo=OV )

m

where C, is the initial protein concentration (ug/mL), C is the protein concentration (ug/mL) in the supernatant,

V denotes the volume (mL) and m (ng) is the amount of clay.

The adsorption performance was calculated as shown in Equation:*>%¢
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Here, the adsorption process onto sepiolite nanofibres has been studied using adsorption isotherms and the Langmuir and
Freundlich models. The objective was to determine if the phenomenon of adsorption of DNA and proteins on sepiolite
fits any of these two models, both or neither, in order to analyze the thermodynamic parameters of these mathematical
models, for the understanding of the adsorption process on sepiolite nanofibers.

Langmuir Model

The Langmuir isotherm is based on the assumption that the adsorbate will bind on the adsorbent forming a monolayer on
its surface and that there will be no lateral interaction between the bound adsorbate molecules.”” Equation 3 represents
the Langmuir model

_ Cequux

“TTiCb @

Where C. is the equilibrium concentration of protein; q. is the amount of adsorbed protein per unit weight of the
adsorbent; q,x 1s the maximum adsorption capacity; b is the adsorption equilibrium constant related to the affinity of the
binding sites. Equation 4 can be made linear as follows:

C. 1 C.

q&' B quax qlﬂlL’C

“4)

Freundlich Model

This model has an empirical origin and, as in the Langmuir model, adsorption is a function of equilibrium concentration,
without taking into account the presence of other ions in solution. Freundlich’s model is based on multilayer adsorption
on a heterogeneous surface, 2* and the equation that represents it is equation 5.

ge =K.C)/" )

Where C. is the equilibrium concentration of protein; qe is the amount of adsorbed protein per unit weight of the
adsorbent; K and n are the constants of the system.
Equation 5 can be linearized by taking logarithms, so that equation 6 is obtained.

1
lnqe:InK—&-H.lnC‘3 (6)

Where 1 / n gives a prediction of how favorable the adsorption process is, and K is the adsorption or distribution
coefficient that represents the amount of protein adsorbed by sepiolite in equilibrium. The slope (1 / n) of the linearized
equation indicates the intensity of adsorption or the heterogeneity of the surface. As 1 / n approaches zero, the adsorbing
surface becomes more heterogeneous. 1 / n < 1 indicates a normal Langmuir isotherm, while 1 / n > 1 shows cooperative
adsorption.

Z-Potential

One set of 1-mL samples of sepiolite was prepared in 10 mM Tris-HCI (pH 7.5, 100 pg/mL) in the presence of 10 mM
CaCl,. A second set of samples was prepared similarly but incorporated DNA, BSA and mAb at the same concentration
(50 pg/mL). Zeta potential measurements of the 1-mL suspensions were performed using a Brookhaven NanoBrook 90
Plus PALS instrument.

Point of Zero Charge
The point of zero charge (pHpyc) of the sepiolite used in our experiments was determined as previously described.***
The measurements included a set of 10 samples with 25 cm® of a KNO; solution at a concentration of 0.1 mol/dm®. The
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initial pH (pHi) was adjusted to a value between 3.5 and 8, and small volumes of 0.1 mol/dm® HCI or KOH were added.
Then, 0.050 g of sepiolite was added to each sample. Equilibrium was obtained after 24 hours at room temperature, and
the final pH value was determined (pHf). The point of zero charge was obtained from the graph of pHf vs pHi. For
the second stage, this procedure was repeated using KNO5 concentrations of 0.01 and 0.001 mol/dm?>.

NMR Experiment

For NMR measurements, 500 pL. samples were used and measurements were performed on a Tecmag LapNMR console
(Tecmag Inc). T2 values were measured using the Carr—Purcell-Meiboom-Gill (CPMG) sequence, at a frequency of
4.0711 MHz (homogeneous permanent magnet, B0=0.095 T), 5 and 10 ps for 90° and 180° pulses respectively, and an
echo time of 0.5 ms. All measurements were performed at 20 °C.

Statistical Analysis

The data presented in this paper are the mean values obtained in 3 to 5 independent experiments performed in triplicate.
The error bars represent the mean squared standard deviation. The spline tool, an interpolation method that is used in
several statistical software packages, was used to fit the data. Cubic spline interpolation was used. These adjustments
provide information and are very useful for interpreting the adsorption processes represented by the isotherms. The
statistical analysis was performed via Excel (Office 2019), OriginPro 8.5 and MATLAB R2015a.

Results and Discussion
Effect BSA on Sepiolite Morphology

We have previously shown that the binding of DNA did not affect the morphology of the sepiolite fibers.'> Here we show
by AFM experiments that except the presence of BSA (see with arrows), no modification of sepiolite fibers was observed
(Figure 1).

Effect of pH on the Efficiency of Binding of BSA, mAb and DNA to Sepiolite

Prior to performing the other experiments, we defined the optimal conditions for binding by analyzing the impact of pH
on the adsorption of proteins and DNA to the sonicated sepiolite (sSep) surface. Because the charges on and the
isoelectric points of the individual proteins might vary (in contrast to DNA, which is negatively charged), this might
affect the efficiency with which they bind to sepiolite. Therefore, we compared the efficiency of binding of the two model
proteins, BSA and the CD4 antibody (mAb), and that of DNA to sepiolite as a function of pH. The adsorption efficiency
differed with pH, but the maximum adsorption percentages of BSA, mAb and DNA were 57%, 96%, and 82%,
respectively (Figure 2).

Figure | (A) AFM image of sepiolite fibers at a concentration of 0.1 mgmL™". (B) AFM image of sepiolite fibers with BSA. Except the presence of BSA (see with arrows),
no modification of fibers was observed. Scan size 4x4 um2.
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Figure 2 Effect of pH on the binding of BSA, mAb and DNA to sSep. Reaction conditions: 10 mM Tris-HCI, pH 2.4, 3.6, 4.9, 7.5, and 9.2. A total of 100 pg of sSep was used in
each experiment. Adsorption occurred during incubation of the samples at 25 °C under agitation overnight using a variable-speed Thermo Scientific tube revolver/rotator.
The error bars shown are based on the results obtained in three different experiments performed in triplicate for each condition.

The BSA adsorption experiment indicated that maximum absorption of BSA from the solution reached a maximum
at pH 5 (Figure 2), close to the protein’s isoelectric point (iep).*'*? Consistent with this, it has been reported that
adsorption of BSA to clays such as kaolinite and sepiolite, as well as to related solids such as diatomite, reaches a
maximum at pH 5.5.%

Since BSA has a negative charge at pH values above 5, electrostatic repulsion between the solid surface and the BSA
molecules can prevent the binding of the protein to sepiolite, which has an iep of pH 6.6.>*° Therefore, protein
adsorption at pH values between 7 and 9 decreased. These electrostatic repulsion forces also act at pH values ranging
from 2 to 4, at which both BSA and sepiolite are positively charged.

The mAb used in our work (anti-CD4) has iep values in the range of 8—9.>”>® Therefore, at pH values below this
range, it will be positively charged. Consistent with this, the antibody showed maximum adsorption at pH 7.5 (Figure 2),
a value at which the charges of the mAb and sepiolite differ, favoring adsorption. Proteins are polypeptides made up of
individual amino acid residues whose lateral chains contain hydrophobic or hydrophilic organic groups that can be
negatively or positively charged or may bear no charge, depending on the pH of the solution.** Dashman and Stotzky
reported that positively charged amino acids were retained on clays more strongly than were neutral or negatively
charged amino acids.*® These authors associated the observed adsorption patterns with the electrostatic interactions of
different amino acids with the clay surface.

For DNA, which is negatively charged,*'**> maximum adsorption was obtained at pH values below 6 (Figure 2), a pH
at which sepiolite is positively charged. Notably, prolonged contact with acid solutions can produce alterations in
sepiolite due to the leaching of Mg>" ions from its octahedral layer. For this reason, we have attempted to work at pH
values that are not excessively low and to avoid very long treatment times to prevent these types of alterations.

The pH value at which the maximum adsorption of different molecules occurs can be considered to be the condition
under which the electrostatic attraction is most favorable; in other words, a condition in which the charges of sepiolite

and these molecules are different.

Zero-Charge Measurement Points

The results of the determination of the pHpzc for sepiolite are presented in Figure 3. From the curve of pHy vs pH;, the
pHpzc value was determined as the pH value at which a plateau appears on the curve, ie, the inflection point of the curve.
At this pH, the surface charge changes from positive to negative or vice versa. Thus, the common plateau obtained at
a pH of 6.9 = 0.1 corresponds to the pHp ¢ of sepiolite.
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Figure 3 Dependence of pH; and pH; during the equilibrium process of sSep and sSep/Ca*. The initial pH (pHi) was adjusted to between 3.5 and 8, and equilibrium was

reached after 24 hours. The data represent the average of the values obtained in at least three independent experiments performed in triplicate. The error bars represent
the standard deviations.

According to the literature,*° the specific adsorption of cations on a solid surface shifts the pHp,c value toward lower
pH values. This shift is more pronounced as the amount of specifically adsorbed ions increases. The specific adsorption
of cations on the surface of a solid phase reduces the number of sites available for the adsorption of H' ions so that many
H" ions remain in solution, leading to lower pH values.

Figure 3 shows the dependence of pHy on pH; during the equilibration of sepiolite with a CaCl, solution. The shift in
the position of the plateau indicates that specific adsorption of these cations to sepiolite occurred, suggesting that Ca**
ions have a high affinity for adsorption on sepiolite samples.

Binding of Proteins to Sepiolite in the Presence or Absence of Cations
Because the charges on the molecules in the system is an important parameter, we tested the effect of adding cations
(Figures 4 and 5). Addition of cations has already been shown to improve the efficiency of DNA binding to sepiolite.'> In
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Figure 4 Effect of the presence of cations with different valences on the adsorption of BSA (A) and mAb (B) to sSep in the presence and absence of monovalent cations
(KClI) and divalent cations (MgCl,, CaCl,) at pH 7.5. Adsorption occurred during incubation of the samples at 25 °C under agitation overnight using a variable-speed Thermo
Scientific tube revolver/rotator. The error bars shown are based on the results obtained in three independent experiments.
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Figure 5 Effect of the presence of cations with different valences on the adsorption of BSA (A) and mAb (B) to sSep in the presence and absence of monovalent cations
(KCI) and divalent cations (MgCl,, CaCl,) at pH 5. Adsorption occurred during incubation of the samples at 25 °C under agitation overnight using a variable-speed Thermo
Scientific tube revolver/rotator. Each point has error bars based on the values obtained in 3 independent experiments.

contrast to DNA, the presence of monovalent (K") or divalent (Ca®", Mg?") cations did not significantly affect the
efficiency of BSA adsorption to sepiolite at pH 7.5 (Figure 4A).

At pH 7.5, BSA is negatively charged, and although cations reduce the negative charge of sepiolite, they do not result
in charge inversion; thus, the charge of sepiolite continues to be negative, and it varies only in magnitude.*>-¢

The effects of monovalent cations on the zeta potential of sepiolite over a wide range of concentrations are not
pronounced.’® Alkan et al concluded that monovalent ions such as Li*, Na" and K" cannot be specifically adsorbed to
sepiolite and are not capable of causing charge inversion.*®

However, in the presence of divalent cations, the zeta potential of sepiolite decreased, becoming less negative. In the
case of Ca®" and Mg®" ions, the zeta potential of sepiolite decreased with increasing ion concentration, but again, the
presence of the ions did not lead to charge inversion.*® Therefore, multivalent cations exert a greater influence on the zeta
potential of sepiolite than do monovalent cations.>®

In contrast to BSA, the presence of cations strongly affects the efficiency of mAb adsorption by sepiolite at pH 7.5;
greater adsorption is observed in the presence of divalent cations, whereas monovalent cations have a marginal influence
on the efficiency of mAb binding (Figure 4B). This is consistent with the fact that the influence of monovalent cations on
the charge of sepiolite is not pronounced.’>*® However, divalent cations decrease the zeta potential of sepiolite, which
becomes less negative.’’ At pH 7.5, the mAb has a positive charge, and the cations, although they reduce the negative
charge, do not produce charge inversion; consequently, sepiolite and the mAb still have opposite charges, reducing the
electrostatic forces of repulsion.

At pH 5.0, the adsorption of BSA and mAb was similar to that at pH 7.5 (compare Figures 4 and 5). The presence of
monovalent or divalent cations did not significantly affect the efficiency of BSA adsorption by sepiolite, although it did
affect the efficiency of mAb adsorption. However, variation in the adsorption with the protein concentration was
observed. An increase in the adsorption efficiency was observed when albumin was present, whereas absorption
efficiency decreased slightly for the mAb. This once again shows the influence of pH and how the adsorption of these
molecules can be modulated by pH.

At this pH value, variations occur in the charges of sepiolite and albumin, and these variations cause variations in the
adsorption efficiency. Greater adsorption will occur where electrostatic conditions favor these interactions.
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Competition of BSA and DNA for Binding to Sepiolite in the Presence or Absence of Ca 2*
Previous studies have addressed the adsorption of DNA to sepiolite.' Here, we focused on whether this adsorption might
further affect the adsorption efficiency of BSA. In this way, we observed that precoating sepiolite with DNA (Sep/DNA
bionanocomposites) caused a decrease in the BSA adsorption efficiency (Figure 6A). The presence of DNA on sepiolite
decreases the number of adsorption sites at which BSA molecules can bind. Moreover, both DNA and BSA are
negatively charged at pH 7.5, and this should constitute an electrostatic barrier that prevents the BSA molecules from
approaching closely enough for adsorption to occur through other mechanisms. Despite the equal charge, adsorption
occurs. BSA molecules also have the ability to reversibly bind substances, especially negatively charged substances. For
this reason, the BSA can itself assume the role of transport.*!

When BSA was previously prepared with CaCl,, an increase in adsorption was observed (Figure 6A). The presence of Ca*"
reduces the electrostatic energy barrier between DNA and BSA, increasing the number of adsorbed BSA molecules. These
results further confirm that electrostatic forces are the main interaction mechanism for BSA adsorption.

The adsorption of DNA to the sSep/BSA bionanocomposite was then analyzed, and similar results were obtained
(Figure 6B). Thus, the pre-adsorption of BSA to sepiolite reduces the efficiency of adsorption of DNA, and absorption
could be increased with the use of divalent cations such as Ca*".

Figure 2 shows that at pH 5.0, BSA has greater adsorption efficiency on the sepiolite surface than at pH 7.5. Similarly,
the adsorption isotherms of BSA on Sep/DNA were more efficient at pH 5.0 than at pH 7.5 (Figure 7).

The decrease in the pH of the suspension results in a decrease in the negative potential of sepiolite due to the
adsorption of H" at the negatively charged centers.>® Under these conditions, negatively charged molecules such as DNA
and BSA have better access to sepiolite adsorption centers. DNA binds to sepiolite through various adsorption sites
located on the outer surface of the nanofibers,' but BSA molecules can bind negatively charged substances.*' At pH 5.0,
BSA is close to its iep and is less negatively charged than it is at higher pH values.

Conversely, the presence of BSA on sepiolite decreased the efficiency of DNA binding, but the DNA binding
efficiency could be restored by incorporating Ca®" (Figure 7B). Once again, the use of cations increases the adsorption
capacity, causing the electrostatic forces of attraction to favor a closer approach between these molecules.

Competition of mAbs/DNA for Binding to Sepiolite (+ Ca®")

We then measured the impact of the presence of DNA on sepiolite on mAb adsorption. Similar to the results obtained for
BSA, the presence of DNA reduced mAb adsorption by 50% (Figure 8A). Under these conditions, Sep/DNA has
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Figure 6 Binding of BSA to sSep/DNA (+ CaCl,) (A); binding of DNA to sSep/BSA (+ CaCl,) (B) at pH 7.5. Adsorption occurred during incubation of the samples at 25 °C
for 24 hours under agitation using a variable-speed Thermo Scientific tube revolver/rotator. The error bars shown are based on the results obtained in three independent
experiments carried out in triplicate for each condition.
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Figure 7 Binding of BSA to sSep/DNA (+ CaCl,) (A); binding of DNA to sSep/BSA (+ CaCl,) (B) at pH 5.0. Adsorption occurred during incubation of the samples at 25 °C

for 24 hours under agitation using a variable-speed Thermo Scientific tube revolver/rotator. Each point has error bars for three independent experiments carried out in
triplicate for each condition.
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Figure 8 Binding of mAb to sSep/DNA ( Ca **) (A); binding of DNA to sSep/mAb (+ Ca 2*) (B) at pH 7.5. Adsorption occurred during incubation of the samples at 25 °C
for 24 hours under agitation using a variable-speed Thermo Scientific tube revolver/rotator. The error bars for each point are based on the results obtained in three
independent experiments carried out in triplicate for each condition.

a negative charge, and the antibody has a positive charge. Therefore, the restrictions on absorption due to electrostatic
forces should be reduced, but adsorption is still reduced because the DNA reduces the number of adsorption sites at
which mAbs can be adsorbed. However, adding CaCl, to the mAb increased the adsorption efficiency (Figure 8A). The
presence of Ca®" allows the mAb not only to adsorb to sepiolite but also to interact with negatively charged DNA.

Conversely, the presence of mAbs on sepiolite caused DNA adsorption to decrease by approximately 38%
(Figure 8B). However, in this case, the presence of Ca>* did not affect the efficiency of DNA adsorption by the Sep/
mAb compound.

On the one hand, after prior adsorption of the mAb, the number of adsorption sites at which the DNA can interact is
lower, reducing the amount of adsorbed DNA. On the other hand, the Sep/mAb compound will have a positive charge
since the mAb achieves charge inversion (Table 1). Presumably, due to the difference in charge between the Sep/mAb
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Table | Z-Potential Values Determined in |-mL Suspensions of sSep, sSep/DNA and sSep/Protein Nanocomposites.
Measurements Were Performed Using a Brookhaven NanoBrook 90 Plus PALS Instrument. The Data Represent the
Average Values Obtained in at Least Three Independent Experiments Performed in Triplicate

Bionanocomposite Z-Potential (mVistd) Bionanocomposite Z-Potential (mV+t std)
sSep (Tris-HCI) —30.37 (+ 0.62) sSep (Tris-HCI-CaCl,) —11.86 (+ 0.52)
sSep-BSA (Tris-HCI) —34.41 (x 1.65) sSep-DNA(Tris-HCI-CaCl,) —23.84 (£ 0.96)
sSep- BSA -CaCly(Tris-HCI) —8.87 (£ 1.29) sSep- DNA- BSA (Tris-HCI-CaCly) —27.99 (+ 0.48)
sSep-mAb (Tris-HCI) 6.27 (+ 3.40) sSep-DNA- BSA-CaCl,(Tris-HCI-CaCl,) —17.75 (£1.06)
sSep-mAb-CaCl, (Tris-HCI) 2.69 (+ 0.83) sSep-DNA-mADb(Tris-HCI-CaCl,) —25.9 (£1.02)

and the DNA, an increase in DNA absorption should occur. However, it should be noted that electrostatic interactions
favor a rapprochement between sepiolite and DNA, and this implies that other processes may occur. Such adsorption
processes could operate through van der Waals forces in addition to hydrogen bonding with the silanol groups located on
the outer surface of the sepiolite nanofibers.'> As these adsorption sites have already been taken up by the mAb, these
other types of interactions are prevented from occurring, thus decreasing DNA adsorption to the compound. The presence
of Ca*" also did not favor this process, since the presence of charges equal to those of the Sep/mAb compound can cause
repulsion. This confirms that the interaction between DNA and the sepiolite surface involves various mechanisms.

The adsorption of the mAb at pH 5 was similar to that observed at pH 7.5; there was a decrease in adsorption after
prebinding of DNA and an increase in adsorption in the presence of Ca®" ions (Figure 9A). At pH 5, the adsorption of
DNA is impaired by the presence of mAb on sepiolite at the highest concentration, and this effect is slightly reduced by
the addition of Ca*" (Figure 9B).

Analysis of Proteins and DNA Adsorption on Sepiolite Using Mathematical Models
To mathematically analyze the results, the Langmuir and Freundlich models were used in this work to study the
adsorption process of proteins and DNA on sepiolite nanofibers. The results show that the adsorption isotherms follow
L and S type isotherms, according to the Giles classification.*® The following table (Table 2) shows some of the
parameters obtained from the adjustments of the experimental data to the linear models.
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Figure 9 Binding of mAb to sSep/DNA (+ Ca 2*) (A); binding of DNA to sSep/mAb (+ Ca 2”‘) (B) at pH 5.0. Adsorption occurred during incubation of the samples at 25 °C
for 24 hours under agitation using a variable-speed Thermo Scientific tube revolver/rotator. The error bars for each point are based on the values obtained in three
independent experiments carried out in triplicate for each condition.

International Journal of Nanomedicine 2025:20 hetps: 2721



Adame Brooks et al

Table 2 Parameters of the Adjustments to the Langmuir and Freundlich

Models
Langmuir Freundlich
Jmax (ug/mg) b R? K I/n R?
sSep/BSA 19.5 0.067 | 0.9201 | 1.53 | 0.40 | 0.9427
sSep/mAb 17.7 0.084 | 0.9589 | 1.52 | 0.40 | 0.9822
sSep/DNA 353 0.14 | 09919 | 2.6 | 0.26 | 0.9598
sSep/mAb/BSA 12.9 0.33 | 0.9988 | 1.86 | 0.26 | 0.9903
sSep/DNA/BSA 42 0.14 | 0.9956 | 1.0l | 0.46 | 0.8999
sSep/DNA/mAb 264 0.16 | 09935 | 25 | 0.68 | 0.9822
sSep/DNA/mAb/BSA 10.3 0.031 | 0.9926 | 1.42 | 0.65 | 0.9784

The sSep/BSA and sSep/mAb composites fitted the Freundlich model best, indicating that multilayer adsorption is
favored in these processes. The adsorption processes with the previous presence of one of the biomolecules used fitted
the Langmuir model best, which is based on the assumption that the adsorbate will bind to the adsorbent forming
a monolayer on its surface.

The parameter 1/n is related to the surface heterogeneity and an indicator of the adsorption intensity. As 1/n
approaches zero, the adsorption surface becomes more heterogeneous. Taking this into account, it was observed that
the adsorption surface was more heterogeneous when proteins were adsorbed on the sepiolite surface than on the sSep/
DNA composite. The maximum values of this parameter were obtained for the bionanocomposites where the previous
adsorption of DNA occurred. The parameter K is an approximate indicator of the adsorption capacity and showed a high
correlation with the maximum adsorption capacity. The sSep/DNA and sSep/DNA/mADb bionanocomposites showed the
highest adsorption capacity (35.3 and 26.4 pg/mg), which in turn showed the highest K values. A similar thing happened
with the sSep/DNA/ASB composite which had the lowest adsorption capacity (4.2 pg/mg). The previous presence of
DNA on the sepiolite surface decreased the adsorption of BSA, however, the adsorption capacity of mAb, under the same
conditions, increased. The adsorption sites on the sepiolite surface are occupied by the previous presence of DNA, in
addition, the presence of this biomolecule causes an increase in the electronegativity of the surface. Both BSA and mAb
have negative and positive charges respectively, which shows once again that the maximum adsorption of these
molecules will occur where the conditions of electrostatic attraction are more favorable. The adsorption energy is related
to the adsorption constant b. The sSep/mAb/BSA compound showed the highest value of this parameter, which in turn
had the highest surface heterogeneity. The lowest value of this parameter was shown by the sSep/DNA/mAb/BSA
compound, which had one of the highest values of 1/n, indicating a lower surface heterogeneity. This indicates that
surface heterogeneity is related to a higher or lower adsorption energy. The b values in the protein adsorption processes
on sSep/DNA were higher than the same process, but on sSep. The differences in surface heterogeneity in both processes
were observed.

Zeta Potential

The electrokinetic properties of sepiolite are very important for its variety of applications. The zeta potential is one of the
most important electrokinetic properties of minerals since it allows an understanding of the adsorption/desorption
processes that occur on the surfaces of these minerals.

To document our interpretations, we analyzed the variations in surface charge in sepiolite for the different bionano-
composites in a study of their zeta potentials (Table 1). We observed that the presence of the divalent cation Ca®" in the
medium reduced the electronegativity of sepiolite but did not result in charge inversion at the concentration used. BSA
slightly increased the charge; however, when the sample was pretreated with CaCl,, a decrease in electronegativity was
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achieved. Similar behavior occurs in the case of the Sep/DNA bionanocomposite. The presence of the mAb resulted in
charge inversion on the surface of the sepiolite; the charge ranged from negative to positive when the mAb was present.
This confirms the positive charge of the mAb and the negative charge of the BSA at pH 7.5.

The zeta potential values of the bionanocomposites Sep/DNA, Sep/BSA and Sep/mAb at pH 7.5 and 5.0 were also
evaluated (Table 3). At pH 5.0, the electronegativity of the Sep/DNA complex increased. This pH is below the isoelectric point
of Sep, so it presents a positive charge, and this, as shown in Figure 2, favors an increase in DNA adsorption, resulting in a high
negative charge value in the formed bionanocomposite. For Sep/BSA, a reversal of charge at pH 5.0 and pH 7.5 was observed.
This behavior may be due in the first place to the fact that albumin is very close to its isoelectric point. Additionally, the
presence of the Ca®" cation, which at pH 7.5 decreased the electronegativity but did not produce charge reversal, plays
a fundamental role in the reversal of the charge and, again, the positive value of Sep at this pH value.

The mAb maintained a positive charge at both pH values; however, at pH 7.5, this molecule inverted from negative to
positive with respect to the surface charge of Sep, whereas at pH 5.0, it caused an increase in the positive charge.

Evaluation of Sepiolite-Proteins Interaction Using NMR

The presence of silanol (Si-OH) groups on the external surface of sepiolite, converts these hydroxyls into active centers of
interaction with various biomolecules. One of the advantages of fibrous clays is the very high density of silanol groups,
approximately 2 Si-OH groups/nm?, which allows the formation of hydrogen bonds in addition to van der Waals interactions.
Sepiolite is a natural hydrated magnesium silicate.” The tunnels and channels are filled with two types of water molecules,
including a) coordinated water molecules, and b) zeolitic water, which is associated with the former ions through hydrogen
bonding. The interactions of the water molecule with the silanol groups on the surface of silicates have been studied.** The
results show that these sites are the first to be covered when the water molecule approaches the surface.

Despite the small sizes of the tunnels and channels, the mobility of water can be significant and, at the same time,
interactions such as restriction of rotational mobility of water molecules can occur. Nuclear magnetic resonance (NMR)
operated at low fields is used to evaluate the magnetization carried by water molecules. The amount of magnetization gives the
total number of hydrogen nuclei in the system, and the decay of magnetization is driven by nuclear interactions between
hydrogen nuclei and the solid surface.*>*® In porous clay minerals, the relaxation process is the result of interactions between
nuclear spins carried by water molecules exploring the tunnels and channel space and electron spins on the solid surface.*

In the present work, we performed a study using NMR to evaluate the interactions of these proteins with sepiolite.

The adsorption was evaluated for different concentrations of sepiolite (Figure 10). The adsorption sites and the population
of bound water molecules increase with the concentration. The results showed that the T, values decrease as the concentration
of sepiolite increases. With the increase of the amount of nanofibers in the solution, the volume of water molecules bound to
the surface increases, causing an increase in the restriction of the rotational mobility of the water molecules. In a second stage
of the experiment, the same analysis was performed on solutions of sepiolite with proteins, experimentally observing an
increase in the T, parameter with the addition of proteins to the sepiolite solution. This indicates that the capacity of sepiolite to
cause the decay of the magnetization of the water molecule decreases with the presence of proteins. The interactions between

Table 3 Comparison of Zeta Potential at pH 7.5 and 5.0, Determined in
sSep/DNA, sSep/BSA and sSep/mAb Bionanocomposites. Measurements
Were Performed via Brookhaven NanoBrook 90 Plus PALS Equipment.
The Data are Presented as the Means of at Least Three Independent
Experiments Performed in Triplicate

Bionanocomposite | Z-Potential (mV#t std), | Z-Potential (mV% std),
pH: 7.5 pH: 5

sSep-DNA —32,66 (+ 1.60) —43,04 (£ 1.56)

sSep-BSA —8.87 (£ 1.29) 7,21 (£ 1.51)

sSep-mAb 6.27 (+ 3.40) 9,74 (+ 2.63)
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Figure 10 Representation of T, relaxation time for sepiolite solutions at different concentrations, sSep/mAb and sSep/BSA Adsorption occurred during incubation of the
samples at 20 °C for 24 hours under agitation. The values obtained in three independent experiments carried out in triplicate for each condition.

sepiolite and proteins remove water molecules from the protein/sepiolite region, which would result in the volume of bound
water decreasing and more free water molecules being found. This causes a decrease in the restrictions of the rotational
mobility of the water molecule, inducing an increase in the relaxation time T».

Conclusion

Sepiolite-based nanocarriers offer a new and attractive nanoplatform for the transfer of nucleic acids into mammalian, and
particularly human, cells, with potential applications in nanomedicine and nanobiotechnology. Here, we show that protein
adsorption can be charge-dependent and that proteins can be adsorbed even when the charges on the protein are equal to those
on the surface. The efficiency of adsorption of biological molecules on sepiolite is limited by prior adsorption of DNA or
proteins. We also show that the presence of divalent cations (CaCl,) can enhance protein adsorption to Sep/DNA bionano-
composites by increasing the maximum adsorption capacity of the nanocomposites. Changes in the pH cause variations in
sepiolite charge, influencing the amount of protein and DNA adsorbed. Although several types of protein interactions with
clay minerals have been described, our results confirm that electrostatic forces are among the main interactions affecting the
adsorption process. However, other mechanisms, such as hydrogen bonding involving the sepiolite surface (eg, external
surface silanol groups) and the adsorbate, cannot be ruled out. Our results could improve the use of sepiolite in some
biomedical applications, such as the delivery of nonviral vectors for various treatments.
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