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G R A P H I C A L A B S T R A C T

A B S T R A C T

The effect of buffer species on biomolecules and biomolecule-nanoparticle interactions is a phenomenon that has been either neglected, or not understood. Here, we
study the formation of a BSA protein corona (PC) around amino-functionalized mesoporous silica nanoparticles (MSN-NH2) in the presence of different buffers (Tris,
BES, cacodylate, phosphate, and citrate) at the same pH (7.15) and different concentrations (10, 50, and 100 mM). We find that BSA adsorption is buffer specific, with
the adsorbed amount of BSA being 4.4 times higher in the presence of 100 mM Tris (184 ± 3 mg/g) than for 100 mM citrate (42 ± 2 mg/g). That is a considerable
difference that cannot be explained by conventional theories. The results become clearer if the interaction energies between BSA and MSN-NH2, considering the
electric double layer (EEDL) and the van der Waals (EvdW) terms, are evaluated. The buffer specific PC derives from buffer specific zeta potentials that, for MSN-NH2,
are positive with Tris and negative with citrate buffers. A reversed sign of zeta potentials can be obtained by considering polarizability-dependent dispersion forces
acting together with electrostatics to give the buffer specific outcome. These results are relevant not only to our understanding of the formation of the PC but may also
apply to other bio- and nanosystems in biological media.
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1. Introduction

Electrolytes are basic constituents of biological fluids, where they
play the fundamental role of modulating the interactions among bio-
molecules. This role has been only partially understood [1–3]. Bio-
molecules such as proteins, enzymes, and nucleic acids, carry ionizable
groups that, when dissolved in physiological fluids, result in a pH
dependent surface charge (Zp) [4],

Zp =
∑

i

Ni

1+ 10− pKai+pH+eψ0/kTln10
−
∑

j

Nj

1+ 10pKaj − pH− eψ0/kTln10
(1)

where Ni and Nj are the number of basic and acidic amino acid res-
idues having the dissociation constants pKai and pKaj respectively, e is
the elementary charge, ψ0 is the surface potential, k is the Boltzmann
constant, and T is the absolute temperature. Naively, one might be
tempted to think Eq. (1) involves only H+ and OH– through their
determination of pH. But Eq. (1) also involves the surface potential ψ0,
which is influenced by other components of the electrolyte. In living
systems, as well as in biochemical labs, the regulation of pH is carried
out by mean of buffers, constituted by weak electrolytes in the presence
of their conjugated species (e.g. H2CO3/HCO3

–, H2PO4
- /HPO4

2-, etc.).
Thus, once the surface charge has been formed, all the electrolytes
(whether strong or weak) interact with charged biointerfaces thus
affecting the surface charge/potential. Conventionally, buffer action is
considered in terms of the Henderson-Hasselbalch equation (pH = pKa
+ log([salt]/[base])) and ion adsorption/screening by the electric
double layer (EDL; Stern and Gouy-Chapman) theory [5]. However,
conventional theories fail to explain ion specific (Hofmeister) effects [1]
observed, for example, in protein aggregation [6], Brownian motion [7],
electrophoretic mobility [8]. ion binding to polymers [9]. enzyme ac-
tivities [10,11], etc. Recent theories [2,12] have successfully rational-
ised the behaviour of strong electrolytes [13]. Specificity arises through
non-electrostatic interactions, such as dispersion forces driven by ion
polarizabilities, alongside ion size effects, particularly at high concen-
trations [2,14]. In some cases, ions may be distinguished by their
interaction with the surrounding solvent through their hydration shells
[15]. Larger, weakly hydrated ions, known as chaotropes but more
recently described using Collins’ phrase, “sticky” ions [12,16,17], may
readily lose water from their hydration shells. Smaller, strongly hy-
drated ions (kosmotropes) such as Li+, Na+ F- tend to retain their hy-
dration shell and are less surface active. Ion dispersion forces are often
attractive, contributing to stickiness, but in some cases may be repulsive
due to the effective polarizability of the hydrated ion in water (via its
cavity in the solvent, another size effect) and due to differences in the
optical spectra of substrate and solvent. A general specific ion size effect
is a “hydrophobic” force pushing larger ions to the interface due to the
energy cost of forming the ion hydration cavity [18]. Despite the wealth
of studies of specific ion effects in strong electrolytes, the effects of weak
electrolytes used as pH buffers have usually been neglected. Indeed, eq.
(1) foresees σpH being affected only by bulk pH and, indirectly, total
ionic strength (by screening the magnitude of ψ0), without considering
the chemical nature of the buffer used to regulate pH. However, recent
works have shown that buffers play an additional role besides pH
regulation and electrostatic screening [19–24]. Pannuru et al. found that
the thermal stability of haemoglobin follows the trend Tris-HCl >

TES–TAPS [25]. At the same buffer concentration (range 10–100 mM)
and pH (=7.15), protein–protein interactions increase specifically with
buffer species in the order Tris-H+> sodium phosphate> sodium citrate
for both bovine serum albumin (BSA) and lysozyme [26]. Lysozyme
colloidal stability at fixed pH and ionic strength follows the trend
phosphate > HEPES > MOPS > cacodylate [27]. Lysozyme electro-
phoretic mobility decreases in 10 mM buffer (pH = 7.15) according to
the series Tris-H+ > carbonate > cacodylate > phosphate > citrate.[28]
Other examples of buffer specificity include pH measurements [29,30],
enzyme activities [31], the interaction of DNA with lipid bilayers [20],
etc. Hence, the lack of a general understanding of buffer specific effects

poses serious issues to biochemists and biophysicists. For example, it
will not be possible to obtain reproducible results among different labs if
pH is regulated through different buffers. Proteins dissolved in biolog-
ical fluids are adsorbed at the surface of nanoparticles used as drug
carriers thus altering their physicochemical properties, stability, cell
uptake, targeting, pharmacokinetics, biodistribution and cytotoxicity
[32]. Adsorbed protein layers around nanoparticles form the so-called
“protein corona” (PC) [33]. There are several factors which influence
PC formation, including the protein composition of the biofluid [34],
nanoparticle features [35], temperature and exposure time [36], pH and
ionic strength [37]. Controlled protein adsorption on NPs is an inter-
esting way to regulate the average residence time and efficacy of NPs
[38]. Proteins are classified as opsonins and dysopsonins depending on
their effect on nanoparticles. The former facilitate endocytosis and
clearance by macrophages and other phagocytes [35]. The latter have
low affinity for the cell surface and result in a longer residence time of
the nanoparticles in the blood stream [39]. Mesoporous silica nano-
particles (MSNs) are widely investigated as carriers for drug delivery
purposes [40]. MSNs are often functionalized with amino groups to
obtain a positively charged surface at physiological pH (7.1–7.4).
Indeed, amine functionalization, to give MSN-NH2, tends to strengthen
electrostatic interactions with bacteria, augmenting the efficacy of the
MSNs against infections [41]. Amine functionalization also reduces ag-
gregation, and optimizes adsorption of dysopsonins, such as serum al-
bumins, which have a negative net charge at physiological pH [42].

In this work, we study the specific effect of five commonly used
buffers, namely citrate, phosphate, cacodylate, BES and Tris (see
chemical structures and dissociation equilibria in Table S3, Supple-
mentary Material), at the same pH 7.15 in a range of concentrations
10–100 mM, on BSA adsorption onto MSN-NH2 (Scheme 1). We expect
that buffers could specifically affect BSA adsorption. Since BSA is a
dysopsonin, a layer of this protein might increase the residence time of
the drug-loaded nanoparticles in the body. However, the aim of the work
goes beyond that. The purpose is in fact to show and understand buffer
specificity at nano- and biointerfaces. Only when an updated theory
becomes available, can phenomena, like the effect of buffer type and
concentration on the formation of the protein corona, be managed.

2. Materials and methods

2.1. Chemicals

Tetraethyl orthosilicate (TEOS 99 %), hexadecyl-
trimethylammonium bromide (CTAB 99 %), (3-aminopropyl)triethox-
ysilane (APTES 97 %), sodium citrate dihydrate (99 %), citric acid

Scheme 1. BSA adsorption on MSN-NH2. BSA samples are dissolved in
different buffers at pH 7.15 to reach a concentration of 20 mg/mL. BSA solution
is then added to 25 mg of MSN-NH2 and left under rotation for 24 h at 25 ◦C.
BSA supernatant is then analyzed through UV-Vis to evaluate the adsorbed
amount of BSA on MSN-NH2.
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monohydrate (99 %), monobasic sodium phosphate (99 %), disodium
hydrogen phosphate (99 %), cacodylic acid (98 %), hydrochloric acid
(37 %), sodium hydroxide (97 %), and bovine serum albumine (BSA)
were purchased from Sigma Aldrich. Tris(hydroxymethyl)amino-
methane (Tris) was from Bio-Rad (99.8 %). (N,N-Bis(2-hydroxyethyl)-2-
aminoethanesulfonic acid) (BES-99 %) was purchased from Sigma Life
Science. Ammonium nitrate (99 %) was from Carlo Erba; absolute
ethanol (99.8 %) was from Honeywall. Water was purified through a
Millipore system.

2.2. MSN characterization

MSNs were synthesized and functionalized with APTES prior CTAB
removal according to what previously reported [43,44]. MSNs charac-
terization was carried out through a transmission electron microscopy
(TEM – JEOL JEM 2010 URP) and small angle x-ray scattering (S3-
MICRO SWAX camera system, Hecus X-ray System) having Cu-Kα (λ =

1542 39 Å) X Genix at 30 kV e 0.4 mA. Nitrogen physisorption isotherms
at 77 K were acquired through an ASAP 2020 and allowed the mea-
surement of the surface area (SBET) and pore size distribution (dBJH).

Fourier transform infrared spectra (FTIR) of MSN, MSN-NH2 pre
(MSN-T) and post (MSN) CTAB removal were collected by mean of a
FTIR-4X JASCO ATR PRO 4X. Thermogravimetric analysis (TGA) was
performed within a temperature range 25–850 ◦C, with a heating rate =
10◦C/min, flow rate 50 mL/min, under oxygen flow by means of a Pyris
6 – Perkin Elmer TGA/DSC.

Hydrodynamic size and zeta potential of nanoparticles and BSA were
measured by mean of a Zetasizer Nano ZSP (Malvern Instruments) in
backscatter configuration for DLS (θ = 173◦), at laser wavelength of λ =

633 nm. The samples were prepared in buffer solutions at the concen-
tration of 1 mg mL− 1 for BSA and of 0.1 mg mL− 1 for MSN-NH2, and
MSN-NH2-BSA samples. MSN-NH2, and MSN-NH2-BSA samples were
dispersed in buffer soltions, sonicated for 15 min until obtaining a sus-
pension without aggregates. Zeta potentials were measured using the
Smoluchowski approximation [45].

2.3. BSA adsorption on MSN-NH2

BSA protein was dissolved in the different buffer solutions (Tris, BES,
cacodylate, phosphate, citrate) at different concentrations (10, 50, 100
mM) at the concentration of 20mgmL− 1. Buffer solutions were prepared
by dissolving a weighed amount of buffer species (acid and its conjugate
base) in an appropriate volume of distilled water to reach a final buffer
concentration of 10, 50 and 100 mM. The pH of the buffer solutions was
finally adjusted to 7.15 by adding small volumes of either 0.1 M NaOH
or HCl solutions. Buffer pH was measured by mean of a Metrohm
pHmeter equipped with a combined glass microelectrode (90279010)
calibrated using a three-point calibration procedure and standard buffer
solutions (pH 4.00, 7.00, and 10.00).

A mass of 25 mg of MSN-NH2 sample was suspended in a volume of 2
mL of BSA 20 mg mL− 1, dissolved in the appropriate buffer (Tris, BES,
cacodylate, phosphate, citrate) at pH 7.15 (10, 50, 100 mM) and in
water at pH 7.15 into a screw capped glass tube for 24 h at 25 ◦C. Then,
MSNs were centrifuged for 10 min at 4000 rpm. The solid was separated
by the supernatant, washed with 1 mL of fresh buffer and re-centrifuged
and dried under vacuum at room temperature. The residual concentra-
tion of BSA in the supernatant and the washing buffer solutions were
obtained by measuring the absorbance at 280 nm through a Cary-60
UV–Vis spectrophotometer in a quartz cuvette with a dilution factor of
1:40. BSA exact concentrations were determined through BSA calibra-
tion curves in each buffer 10, 50 and 100 mM with a protein concen-
tration range 0.1–1 mg mL− 1. The adsorbed amount of BSA (A.A.BSA;
mg/g) was determined according to:

A.A.BSA =

(
[BSA]0− [BSA]eq.

)
× V

mMSN− NH2

where [BSA]0 and [BSA]eq. are the initial and equilibrium concentrations
of BSA, respectively. V is the volume of BSA solution andmMSN− NH2 is the
mass (g) of functionalized mesoporous silica nanoparticles (MSN-NH2).

3. Results and discussion

TEM images (Fig. 1A,B) of MSNs show particles of quasi-spherical
shape with a size around 150–180 nm and a hexagonal array of pores,
confirmed by the 100, 110, and 200 peaks of SAXS analysis (Fig. 1C).
Nitrogen adsorption/desorption isotherms (Fig. 1D) allowed the deter-
mination of a surface area of 675 m2 g− 1 (Table S1). Additional char-
acterizations, e.g. FTIR spectroscopy and thermogravimetric analysis,
are reported in Fig. S1 (Supplementary material) whereas hydrody-
namic size (dH) and the zeta potential (ζ) in MilliQ water are listed in
Table S2.

Fig. 2 shows the effect of buffer type and concentration, in the range
10–100mM, on BSA adsorption onMSN-NH2 at the same pH= 7.15. The
adsorbed amount of BSA decreases with increasing buffer concentration
(10 mM > 50 mM > 100 mM) for anionic buffers (cacodylate, phos-
phate, and citrate). Zwitterionic BES buffer, which has a slight excess of
negative charges at pH 7.15 (pKa = 7.09) presents a decrease of BSA
adsorption going from 10 to 50 mM and remains unchanged at 100 mM.
In contrast, the cationic Tris-H+ buffer results in a slight increasing
amount of adsorbed BSA as buffer concentration increases (10 mM < 50
mM< 100 mM). The results in Fig. 2 clearly show that, even at the same
pH (7.15), the different buffers affect specifically the adsorption of BSA
on MSN-NH2 surface which, at the same concentration (i.e. 100 mM),
decreases along the series Tris (184 ± 3 mg g− 1) > BES (124 ± 3 mg
g− 1) > cacodylate (87 ± 3 mg g− 1) > phosphate (53 ± 1 mg g− 1) >

citrate (42 ± 2 mg g− 1).
A possible way to explain the trends in Fig. 2 is to consider the in-

teractions involved on protein adsorption on charged surfaces. In a
simple model, the total interaction energy ETOT between BSA molecules
and MSN-NH2 surface is given by,

ETOT = EvdW +EEDL (2)

where EvdW is the energy due to van der Waals forces (dominated by
dispersion forces) and depends on the Hamaker constant. EEDL is an
interaction energy associated with the overlapping of the electric double
layers of the BSA protein and that of MSN-NH2 particles. We expect that
the first contribution is attractive due to a positive value of the Hamaker
constant (A) that depends on the optical (n, refractive index) and
dielectric (ε, permittivity) properties of the involved materials/media
(silica, water, and protein). EvdW is not affected by buffers and for
spherical particles, of radii R1 and R2 at a distance D, is given by [46],

EvdW =
− A
6D

×
R1R2

R1 + R2
(3)

The double-layer energy (EEDL), for spherical particles of radii R1 and
R2 at a distance D, can be approximately estimated from the adsorption
of electrolyte ions by the expression [47],

EEDL =
πε0εrR1R2

(
ψ2

1+ψ2
2
)

R1 + R2
×

{
2ψ1ψ2

ψ2
1+ψ2

2
× ln

1+ exp( − κD)
1 − exp( − κD)

+ ln[1

− exp( − 2κD)]
}

(4)

where ε0 and εr are the permittivity of vacuum and the relative
permittivity, respectively; ψ1 and ψ2 are the surface potentials of iso-
lated particles of BSA and MSN-NH2, respectively; κ is the inverse of the
Debye length for each buffer solution, calculated by:

κ=
(

2e2I
ε0εrkBT

)1
2

(5)

Table 1 shows that buffers at the same concentration result in a
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different ionic strength (I = 1
2
∑

iciz2i ), due to the different concentrations
(ci) and charges (zi) of the buffer species, resulting in different Debye
lengths. Hence, according to eq. (4), EEDL would specifically be affected
by buffer type through Debye lengths.

Moreover, the calculation of EEDL requires the surface potentials of

BSA and MSN-NH2 (ψ1 and ψ2) to be estimated. This has been done by
measuring zeta potentials through electrophoretic light scattering (ELS).
The experimental zeta potential of BSA (ζ1 and MSN-NH2 (ζ2), shown in
Fig. 3, are the result of the screening of ψ0,1 and ψ0,2 (with ψ0 we mean
the surface potential, that is at x = 0 nm from the surface) due to buffer
ion adsorption within the slipping plane. At pH 7.15 and in the absence
of buffers, BSA has a net negative charge due to a higher number of
negative carboxylate groups than positive amine groups (isoelectric
point, pI≈ 4.7) [48] with a ζ1 = − 23.3mV. In the presence of buffers, at
the same pH (7.15), we observe a less negative zeta potential with
increasing buffer concentration due to counterion (cation) adsorption
(Fig. 3A).

However, the BSA zeta potential is buffer specific increasing in ab-
solute value along the series Tris < BES < cacodylate < citrate <

phosphate. This trend can be understood if we consider that, alongside

Fig. 1. Structural characterization of MSN-NH2. Transmission electron microscopy images at two different magnifications (A–B), SAXS pattern (C) and adsorption/
desorption N2 isotherms (D).

Fig. 2. Specific buffer effects on BSA adsorption on MSN-NH2 at pH 7.15, T =

25 ◦C. Buffer concentrations of 10 mM, 50 mM and 100 mM. Each experiment
was repeated from 3 to 5 times, and the results are presented as the mean ±

standard deviation.

Table 1
Ionic strength and Debye length for buffer solutions at different concentrations
(10, 50, and 100 mM).

Buffer Ionic strength (I/mM) Debye length (κ− 1/nm)

10 mM 50 mM 100 mM 10 mM 50 mM 100 mM

Tris 8.9 44.5 89.1 3.2 1.4 1.0
BES 5.4 26.7 53.5 4.2 1.9 1.3
Cacodylate 8.8 43.8 87.6 3.2 1.5 1.0
Phosphate 19.2 84.5 192.0 2.2 1.0 0.7
Citrate 54.0 270 540 1.3 0.6 0.4
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the adsorption of counterions (cations, either Tris-H+ or Na+), anionic
buffer species (cacodylate, phosphate, citrate) are also adsorbed on the
BSA surface, likely at the residual positive sites or at neutral patches by
mean of nonelectrostatic dispersion forces [7]. The impact of such
nonelectrostatic interactions on the zeta potentials is distinct from the
electrostatic screening of carboxylates by cationic counterions; cation
screening decreases the (negative) magnitude of the BSA zeta potential,
anion adsorption increases it. A similar buffer specific trend was found
in the BSA diffusion coefficient, which decreased according to the series
Tris-H+ > phosphate > citrate [26]. Fig. 3B shows the values of MSN-
NH2 zeta potentials in the presence of 10, 50, and 100 mM buffers all at
pH 7.15. At the same pH, but in the absence of buffers, MSN-NH2 is
positively charged with ζ2 =+16.6mV due to the protonation of the
amine groups (pI ≈ 8). In the presence of buffers, the zeta potential of
MSN-NH2 is different depending on the buffer type and concentration.
At a buffer concentration of 10 mM, ζ2 is positive for Tris, BES and
cacodylate but becomes slightly negative for phosphate (− 1.7 mV) and
more negative for citrate (− 13.5 mV). Moreover, at 50 mM and 100 mM
zeta potential remains positive only for Tris, whereas all the other
buffers result in a negative zeta potential. This is a relevant result pre-
viously observed for lysozyme protein [49]. In general, MSN-NH2 zeta
potential decreases in the order Tris > BES > cacodylate > phosphate >
citrate, following the same sequence found with BSA adsorption (see
Fig. 2).

Zeta potential measurements of MSN-NH2-BSA samples, following
the 24-hour long incubation step, were carried out as control experi-
ments to confirm the formation of the BSA corona around MSN-NH2.
Measurements were both carried out in buffers (Fig. 4A) and in MilliQ
water (Fig. 4B) after adjusting pH at 7.15. Zeta potentials of MSN-NH2-
BSA samples are all negative, confirming the formation of the protein

corona, since BSA is negatively charged at pH 7.15 (Fig. 3A). Then, we
also observe a clear specific buffer effect of zeta potentials carried out in
buffer solutions (see for example data at 10 mM) and, in general, the
trend in Fig. 4A for the adsorbed BSA on MSN-NH2 (protein corona) is
very similar to that of dissolved BSA in Fig. 3A. This confirms that buffer
species are adsorbed within the slipping plane. Zeta potential mea-
surements of MSN-NH2-BSA samples in MilliQ water (Fig. 4B) are all
negative, confirming the formation of protein corona but, as expected,
they are all similar (about − 35 mV) due to the use of water as the
dispersing medium instead of the buffers.

Similarly to the buffer-specific variations in BSA zeta potential, the
observed phenomenon of the inversion of the MSN-NH2 zeta potential,
known as “charge reversal”, cannot be explained with electrostatics.
Indeed, if buffer ions were interacting with MSN-NH2 surface through
electrostatic interactions alone, at most the neutralization of the surface
charge would be expected. The phenomenon of charge reversal can be
explained through the action of additional ion dispersion forces [50].
Dispersion forces depend on the temporary fluctuations in electron
distribution of ions and molecules. These fluctuations affect the sur-
roundings, causing a similar distribution in other ion/molecules. This
transient interaction between temporary charge distributions creates an
attractive force between ion and surfaces. The key parameter of these
interactions is the polarizability. Polarizabilities are ion-specific phys-
ico-chemical parameters [51]. The dispersion interaction can be
included in the Poisson-Boltzmann equation by an additional term μdisp
[50],

d2ψ
dx2

= −
∑

i

zieni0
ε0εw

e−
zieψ(x)+μdisp

kT (6)

Fig. 3. Zeta potential measurements of (A) BSA and (B) MSN-NH2 at buffer concentration of 10 mM, 50 mM and 100 mM. Each experiment was repeated from 3 to 5
times, and the results are presented as the mean ± standard deviation.

Fig. 4. Zeta potential measurements of the BSA corona adsorbed onto the MSN-NH2, following the 24-hour long incubation step in (A) different buffers all at pH =

7.15 and different concentrations and in (B) MilliQ water with the adjusted pH at 7.15. Each experiment was repeated from 3 to 5 times, and the results are presented
as the mean ± standard deviation.
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Once we have understood that buffer species interact specifically
through both electrostatic and dispersion forces with both BSA and
MSN-NH2 surfaces modulating their zeta potentials, we have all the tools
in our hands to explain the trends in the adsorbed amount observed in
Fig. 2, by calculating interaction energies with the help of Eqs. (2)–(5).
We first calculate the EEDL term by using the buffer specific values of zeta
potentials (Fig. 5A) in Eq. (4). At all concentrations the EEDL term is
buffer specific, although at 10 mM, it is attractive for Tris, BES, caco-
dylate and phosphate and repulsive for citrate. At 50 and 100 mM, on
the other hand, EEDL is attractive only for Tris and repulsive for all the
other buffers. That is a surprising result since common wisdom would
have suggested an attractive electrostatic interaction between MSN-NH2
and BSA at pH 7.15 regardless of the buffer used to obtain it.

This is indeed due to the charge reversal of MSN-NH2 obtained via
specific adsorption of buffer species. However, if EEDL was the only
interaction energy at work, we should not have BSA adsorption onto
MSN-NH2 in the presence of anionic buffers at 50 and 100mM. In fact, in
these cases adsorption is driven by the van der Waals energy. Using a
Hamaker constant, A = 1.448 kT [52], and the distance (D) of 1 nm, we
can use Eq. (3) to calculate the van der Waals energy obtaining EvdW =

− 3.4 ×10-21 J. This term is constant and not affected by buffers. Fig. 5B
shows the total interaction energy between the BSA and the MSN-NH2
calculated through Eq. (2). Interestingly, ETOT shows a trend like that
seen in the buffer specificity of the BSA adsorption data (Fig. 2). We
remark that adsorbed amounts (Fig. 2) and interaction energies (Fig. 5)
were obtained through different experimental techniques, that is
UV–visible spectroscopy and electrophoretic light scattering (for the
experimental determination of zeta potentials), respectively. These in-
dependent techniques lead us to observe a similar buffer specific trend.
The more negative the energy, the stronger the interaction, which re-
sults in a higher adsorbed amount of BSA.

Fig. 6A and show the contributions of EEDL and EvdW as a function of
the distance for 10 mM Tris and citrate buffers. Both EEDL and EvdW are
negative (attractive interaction) for Tris, whereas EEDL is positive
(repulsive interaction) for citrate. These differences in EEDL values pro-
vide the origin of the buffer specific trend observed for both the calcu-
lated ETOT (Fig. 6C) and the experimentally measured BSA adsorption
(Fig. 2).

4. Conclusions

In summary, the present study shows that protein adsorption on
nanoparticles at physiological pH is buffer-specific. To demonstrate it,
we carried out adsorption of BSA protein onto MSN-NH2 in different
buffers at three different concentrations but all at the same pH (7.15).
The chosen buffers are commonly used to simulate physiological fluids
with little or no awareness of their specific effects. BSA loading, at 100

mM buffer concentration, decreases in the order Tris > BES > cacody-
late > phosphate > citrate. Buffer effects have seldom been considered,
and if observed not understood [24,53,54]. Moreover, the impact of
buffers on protein-NP interactions was not previously investigated. To
promote the formation of a dysopsonin (i.e. BSA) protein corona on
MSN-NH2, Tris buffer is more suitable than citrate. To better understand
the causes behind the specificity, we studied how buffers affect the zeta
potential of proteins and nanoparticles. The buffer specificity is the
result of two effects, one due to ionic strength which affects the Debye
length, that is of electrostatic nature. The other is due to ion dispersion
forces that lead to charge reversal, seen in the zeta potentials of MSN-
NH2. The latter is the dominating effect and should be considered the
true phenomenon responsible for buffer specificity. Zeta potentials have
been used to calculate BSA/MSN-NH2 interaction energies with con-
ventional equations of EEDL and EvdW. The obtained ETOT, clearly shows
buffer specificity and follows a similar trend of BSA adsorption data. A
new theory, based on the inclusion of ion dispersion forces, has been
able to predict buffer specific zeta potentials for lysozyme protein [28].
The same approach will be used to predict zeta potentials and interac-
tion energies for the formation of the protein corona. The composition of
the used buffers is, of course, simpler than the composition of the body
fluids which nanoparticles could encounter in living organisms. The ion
effects on the protein corona formation in real environments can thus be
more intricate. Nevertheless, experimental studies on nanoparticles for
medical purposes are often realized in a single buffer or aqueous envi-
ronment. This study points out that results of such studies cannot be
directly transferable to more complex fluids, at least from the point of
protein corona forming which is an inevitable process when introducing
nanoparticles into the human body.
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