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The orientation of cytochrome ¢ molecules at the surface of silica
nanoparticles was studied in a wide pH range by combining small-
angle neutron scattering, adsorption measurements, and molecular
dynamics simulations. The results indicate a reorientation of the
ellipsoidal protein from head-on to side-on as the pH is increased.
This is a attributed to changes in the surface charge distribution of
both the protein and the nanoparticles.

In the past decade nanomaterials have found their way into
numerous biomedical applications, such as in-vivo imaging,
sensing, and gene therapy.l3 In all these applications,
nanosized particles come in direct contact with environments
containing many different proteins.# The functionality and
biocompatibility of nanomaterials is strongly influenced by their
interaction with these proteins. Proteins can adsorb onto

nanoparticles through electrostaticc, van der Waals,
hydrophobic, and/or steric interactions.>® Several recent
studies have been focused on developing a better

understanding of these bio-nano interactions.10-13 While most
of the reports investigate the change in the secondary structure
of proteins upon adsorption, less attention has been given to
the spatial orientation of the protein at nanoparticles.”14-17 This
local orientation on a nanoparticle is decisive for biological
activity and functionality of the adsorbed protein.18-20 Hence,
there is a need to develop new approaches to direct the
assembly and local orientation of proteins onto nanocurved
surfaces.
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The spatial organization of the proteins can be investigated
by molecular or atomic probes such as fluorescent dyes and
heavy metal ions.?21-25 However, labelling of proteins with
molecular/atomic probes significantly alters the binding energy
of the specific site on protein, and cannot provide a measure of
protein-substrate interactions.2426 Here we use small angle
neutron scattering (SANS) as a non-invasive experimental tool
to determine the orientation of proteins at nanocurved
interfaces. We combine SANS experiments with molecular
dynamic (MD) simulations to identify the local orientation of a
model ellipsoidal protein, cytochrome ¢ (from horse heart),
adsorbed onto silica nanoparticles. We find that the orientation
of adsorbed cytochrome c is governed by the surface charge
distribution on the protein and charge density of the silica
surface, which both are altered by changes of pH.

Cytochrome c is a small globular protein of 104 amino acid
residues covalently bound to a central heme group.27:28 It plays
a central role in oxygen transport and ATP synthesis in
mammals. The isoelectric point (IEP) of cytochrome c is at pH
10.7.2% It is widely considered as a “hard” protein which retains
its ellipsoid-like shape (2.6 x 3.0 x 3.2 nm) in a wide pH range.3°
This is reconfirmed by SANS measurements of cytochrome c in
the pH range 3-10 (Fig. S1, ESI). Here we investigate the binding
and pH induced reorientation of cytochrome c¢ on silica
nanospheres with diameters of 7 nm, 13 nm and 41 nm,
referred to as SiNP7, SiNP13 and SiNP41, respectively. The
nanoparticles were synthesized in pure D,0 using previously
reported methods3132 and characterized for size and
polydispersity by SANS (Fig. S2, Table S1, ESI).

The structure of the protein—nanoparticle complex was
determined as a function of pH by SANS experiments on
nanoparticle dispersions containing a fixed amount of
cytochrome c¢. One such SANS profile for SiNP7 in D,0O
containing ~10 cytochrome ¢ molecules per nanoparticle at
pH 8.3 is shown in Figure 1a. /(q) is the scattering intensity and
g is the wave vector given as q = (4 /1)sin@, where A is the
wavelength of the neutron beam and 26 is the scattering angle.
It should be noted that in pure D,O, incident neutrons scatter
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Figure 1 (a-b) SANS profile of mixture of silica nanospheres (diameter 7 nm) with
cytochrome c in D,0. The scattered points are experimental SANS data and lines
represent simulated profiles for different protein-silica binding states. The dotted line is
the sum of form factors of ellipsoids and spheres representing dispersed protein and
nanoparticle respectively. The solid line is the core-shell form factor model representing
the silica nanoparticle-protein conjugate. The inset sketches illustrate the conceptual
picture of the model used for the respective simulation. The raspberry-like particle
model in (b) correctly predicts the high-q scattering of the SANS profile and effective in
identifying small changes in the adsorbed protein states.

both from silica and protein, and the scattering profile contains
information about the composite structure formed by the silica
nanoparticles and cytochrome c. The smeared oscillation
observed at g~ 1 nmis the signature of the form-factor of silica
nanoparticles with adsorbed protein. The oscillation at g ~ 0.2
nm is due to interparticle correlations, i.e. structure factor3?.
Here we determine the structure of the protein-nanoparticle
complex and perform a model-dependent analysis of the SANS
data in the range 0.3<g <3 nm™.

The applicability of three form-factor models to represent
the SANS profiles is tested, namely (a)free spherical
nanoparticles with nonadsorbed ellipsoidal protein (Fig. 1a),33
(b) spherical particles having a uniform shell of protein (Fig.
1a),33 and (c) discrete protein molecule adsorbed on silica
nanoparticles plus nonadsorbed protein (Fig. 1b).34 The models
(a) and (b), respectively, overestimate and underestimate the
scattering intensity in the range 0.5 < g < 1.5 nm1, and provide
poor representation of the experimental data. The deviations of
the two models from the experimental data indicate that the
surface area of the nanoscale assembly probed by the neutrons
is in-between the cumulative surface area of protein plus
nanoparticles, and the surface area of a uniform protein layer
formed on the nanoparticles. Such an effect has been reported
previously for nonionic surfactants, where discrete surfactant
surface micelles rather than a uniform surfactant layer on the
nanoparticles gave rise to a similar increase in the scattering
intensity at high q.33:35

The total scattering intensity of the protein—nanoparticle
dispersion is given as a sum of scattering from nanoparticles
with adsorbed protein (“raspberry-like” structure, Igg), and
nonadsorbed free protein (/p), i.e., I;ora1(q) = Irs(q) + Ip(q).
From here on this is called RB model. /p(g) is given as34

Ip(@) = ¢, (1 = B3 807 Py (q) €y
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Figure 2. SANS intensity profiles for (a) SINP7 and (b) SiNP13 particles in D,0 with a fixed
amount of cytochrome c at different bulk pH values as indicated in the graph. Solid lines
represent fits with the RB-model. The curves are shifted by a constant factor of 10 for
better visualization.

where ¢, is the volume fraction of protein, ¢7 the fraction of
protein that is adsorbed at the silica particles, Vj, is the volume
of a protein molecule, Ap, is the scattering length density
contrast of protein against the dispersing medium (D,0), and
Pp(q) is the form factor of protein molecules. The scattering
intensity from the raspberry-like protein—nanoparticle complex
is given as34

D
IRB(q)=<¢>SVSAp§+4x¢p¢s%Ap§—D +"D>PRB(q) @)
s p

where ¢, V,, and Ap, represent the volume fraction, particle
volume, and scattering contrast of the silica particles, D, and Dy,
are the diameters of the silica particles and adsorbed protein
molecules, x is the fraction of surface area of the silica particles
shadowed by adsorbed protein, and Prg(q) is the form factor
of the raspberry-like protein—silica complex as given by eq 10 of
ref. 34 (see ESI). Here the adsorbed cytochrome c¢ is
approximated as a sphere instead of an ellipsoid, and changes
in its size (Dp) are attributed to the relative change in local
orientation of the adsorbed protein (see later).

Analysis of the experimental SANS profiles shows that the
RB-model captures the discrete nature of protein adsorbed on
nanoparticles and is sensitive to small changes in the apparent
size of adsorbed protein. For example, the SANS profile of SINP7
with adsorbed protein is represented well by Dy = 2.4 nm, while
D, =3.6 nm show significant deviations (Fig. 1b).

The RB model is used to analyse experimental SANS profiles
for SiNP7, SiNP13 and SiNP41 in the pH range 3-10. The data
fitting is performed with only two free fit parameters, namely,
protein diameter (D,) and fraction of surface of silica particles
occupied by protein (x). The model provides an excellent
representation of the experimental SANS data in the relevant
range g > 0.5 nm (Fig. 2, Fig. S3, ESI). The deviation of the
model predictions from experimental data at g < 0.5 nm1 is
attributed to the structure factor resulting from protein-bridged
nanoparticle aggregates.32 The increase in scattering intensity
at g < 0.5 nm! as shown in Fig. 2 and Fig. S3 (ESI) indicate that
bridging aggregation is strongly dependent on pH. Large-scale
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Figure 3. (a-c) Fractional surface of silica nanoparticles occupied by cytochrome c, as
obtained from the RB-model fitting of the SANS data (points) and independently derived
from adsorption isotherms (solid line). (d) Protein diameter as derived from neutron
scattering experiments by RB-model fitting for SiINP7, SiNP13 and SiNP41 particles. Solid
lines indicate the equatorial (head-on state) and axial (side-on state) diameter of native
cytochrome c derived from SANS experiments. The decrease is protein size is a signature
of flipping of protein from head-on to side-on configuration.

aggregates are formed only in an intermediate pH range (pH 5-
7), in which high values of the fractal dimension n are extracted
from the slope of the scattering intensity profiles, I1(q) < q™™,
while only small aggregates prevail at pH values outside this
range. This aspect of nanoparticle aggregation has been
investigated extensively in previous reports.2831 We recognize
that the orientation of protein molecules may be impacted by
the nanoparticle aggregation. However, this effect will be small,
as geometric packing considerations show that only a small
fraction of the adsorbed protein molecules is forming bridges
between nanoparticles while the large majority is not involved
in bridging. Further details on this aggregation aspect can be
found elsewhere.3132

The fraction of surface of the nanoparticles occupied by the
protein (x) as derived by fitting the RB model to the SANS data is
shown in Figure 3a-c (Tables S3, S4, ESI). The observed increase in x
with pH agrees with independent adsorption
measurements (Fig. S4, ESI). Adsorption remains well below a

results of

densely packed monolayer, hence strong correlations in the layer of
adsorbed protein can be excluded, which would limit the applicability
of this model. The agreement between the prediction of the RB
model and adsorption data represents strong support for the
suitability of this model to predict the local characteristics of bound
protein. The observed increase in adsorption of protein onto silica
nanoparticles with growing pH is attributed to the increasing
electrostatic interaction of positively charged cytochrome ¢ with the
increasingly negative silica surface.228 On the other hand, at low pH
the observed binding of highly charged protein to weakly charged
silica is the result of “protein-halo” formation on the nanoparticle.
This halo formation is attributed to the charge-charge repulsions
between protein molecules in bulk, as presented previously.36-38

The effective diameter of adsorbed protein molecules as
determined by fitting the RB model to the SANS profiles decreases
with increasing pH, namely from 3.4 nm at acidic pH to 2.3-2.5 nm at
neutral and basic pH for SiNP7 and SiNP13, and from 2.9 nm to 2.2-
2.0 nm for SiNP41 (Fig. 3d). Importantly, no pH dependent size
change of cytochrome c is observed in the absence of the silica (Fig.
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S1, ESI). We attribute this apparent decrease in D, to a change in
orientation of the protein from a “head-on” to a “side-on”
configuration. This transition takes place in pH range 3-7 in which
the net charge of cytochrome c strongly decreases with increasing
pH.28 There is also a systematic shift of this transition to lower pH as
the particle size increases (Fig. 3d). This trend in the reconfiguration
pH-range is attributed to the effect of local curvature of the
nanoparticles, where increasing curvature leads to weaker attraction
between the binding sites of silica nanoparticles and adsorbing
species.

To gain izs(i)ght into the origin of the reorientation of protein on
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Figure 4. (a) End-to-end distance of adsorbed cytochrome c orthogonal to the silica
surface as determined by MD simulations. (b-e) Equilibrium adsorption state of
cytochrome c on SiNP41 surface at increasing pH. The morphology of cytochrome c
molecule is shown highlighted by a ghost surface.

silica nanoparticles, the pH induced change in the surface charge
distribution on cytochrome ¢ was estimated by molecular dynamics
(MD) simulations in the NVT ensemble at 300 K. Simulations were
performed with the NAMD 2.9 package3® using the CHARMM-
SILICA%0 force-field and analysed using VMD.*! In all simulations the
initial protein orientation was the same, with the centre of mass
3.4 nm away from the silica surface (Fig. S5, Movie S1). Attachment
to the surface in a stable configuration was achieved within 100 ns
regardless of pH value.

Our simulations show that the adsorption of cytochrome ¢
occurs via positively charged amino acid residues binding to
negatively charged silica surface. At pH 3, the silica surface is
weakly ionized and the binding of protein is dominated by the
discrete charges at the surface. The sparsely distributed
charged sites on silica drives the adsorption of the ellipsoidal
protein with only two amino acid residues (Lys8 and Lys5) of the
cytochrome c (Fig. 4b). At higher pH, the number of siloxide
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groups (=SiO~Nat*) increases and the protein binding occurs via
multiple charged sites. The increasing number of binding sites
on silica drives the adsorption of protein via multiple charged
amino acid residues and thus reorients cytochrome c¢ from
head-on to a side-on adsorbed state. The simulations show that
the adsorption of cytochrome c to silica surface at pH 7 occurs
via five amino acid residues, namely Lys87, Lys86, GIn16, Lys79,
and Lys8 (Fig. S6, ESI).

The reorientation of the adsorbed cytochrome c observed in
the simulations is quantified by measuring its end-to-end
distance normal to the silica surface (Fig. 4a). This “effective
size” of the protein at the silica surface decreases sharply from
pH 3 to pH 4, in agreement with the behaviour observed by the
SANS data analysis (Fig. 3d).

Preferential binding of protein via its positive patches has
been shown experimentally for human carbonic anhydrase and
simulated for lysozyme on amorphous silica surfaces7.25, The
orientation of cytochrome c on a planar electrode was shown to
be affected by the interfacial potential during the adsorption
process*2. Here, we find that a similar relationship exists
between the surface charge distribution and local orientation of
cytochrome ¢ on nanosilica, but with a strong pH and particle-
curvature dependence. The pH induces a charge redistribution
on cytochrome ¢ and increases the charge density on silica
nanoparticles, which further drives a rearrangement of amino
acid residues preferentially binding to silica and induces protein
reorientation. An increase in the curvature of nanoparticle
causes an increase in the pH at which cytochrome c flips from
head-on to side-on state. This shift of reorientation pH is
attributed to the decrease in net attraction between the silica
surface and protein upon increasing the curvature. The study
presents a basis for understanding the variations in biological
activity of discrete protein molecules adsorbed on surfaces at
different pH and curvatures, thus enabling a design-principle of
nanomaterial fabrication for biomedical applications.

Conclusions

In conclusion, a combination of SANS and MD simulations is
used to discover the role of pH and surface curvature on the
orientation of cytochrome c on silica nanoparticles. Raspberry-
like particle model is used to analyse the experimental SANS
profiles in the pH range 2-10. The SANS experiments and MD
simulations both show that at pH < 4 the protein adsorbs with a
head-on configuration, but with increasing pH a reorientation
to a side-on orientation takes place. This reorientation is caused
by a change in surface electrostatic interactions between silica
and cytochrome ¢, which further alters the amino acid residues
binding to nanoparticles. These results provide a new insight
into the effect of pH on the protein binding and orientation onto
nanoparticles, which may play an important role in biological
activity of the adsorbed protein. An ability to control the
orientation of protein on nanoparticles will have a direct impact
on the development functional materials enabling purification
of antibodies, and modulating enzymatic activity of the
adsorbed proteinl®20, The study presented here provides a
better understanding of bio-nano interactions, which not only
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help in further development of new platforms for advanced
biomedical applications, but may also lead to new paradigms for
the directed interfacial assembly of proteins with the desired
functionality.
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