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Cytochrome c adsorption on carboxylated
surfaces: charge regulation and protein orientation
modulated by surface curvature
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Precise control over protein—surface interactions is crucial for designing functional hybrid nanomaterials.
Nanoscale curvature, especially in polymer-coated particles, can significantly modulate polymer behavior
and surface properties, altering how proteins adsorb. Previous studies on cytochrome c (cytC) adsorption
have focused on planar surfaces and have largely overlooked how nanoscale curvature, charge-regulating
polymer brushes, and protein’s orientation and redox state act together. We quantify how curvature, pH,
and salt concentration regulate cytC adsorption to carboxyl-terminated polymer brushes using molecular
theory with coarse-grained models on planar and nanoparticle surfaces. Results show cytC's oxidation
state dictates its orientation but not adsorption energy. Charge regulation is pivotal: as the protein
approaches the brush, lysine and histidine residues protonate whereas the polymer deprotonates, a coop-
erative response controlled by pH and ionic strength. Curvature shifts the equilibrium protein—surface dis-
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tance by a few nanometers and modulates the orientation of the heme group. These findings not only
explain previous observations of enhanced electron transfer in curved nanostructures but also provide
practical guidelines and a mechanistic framework for leveraging curvature as a tool in the rational design
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Introduction

Advances in nanomaterial fabrication have created a wide
range of hybrid systems that combine inorganic components
with polymers and biomolecules. These nanostructures
support applications in electronics, energy, environmental
remediation, and biomedicine." Protein adsorption is a con-
stant challenge because, when it is controlled, it can improve
the performance of biosensors,® drug-delivery carriers,” and
catalysts,>® but when it is unchecked, it turns into biofouling
and has the opposite effect.”®
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of nanoparticle-based electrodes and catalysts.

While considerable research has focused on protein adsorp-
tion on planar, polymer-modified surfaces, much less is
understood about their behavior on surfaces with nanoscale
curvature, such as nanoparticles (NPs) and nanofibers.” Many
NPs are coated with polymer brushes to improve stability and
biocompatibility. Curvature alters the conformational freedom
and packing density of the grafted chains. Experimental and
theoretical studies show that their degree of ionization
depends on pH, salt concentration, and curvature; in fact,
when the surface is highly curved, the extra free volume can
shift the apparent pK, by up to two pH units.'>*"

This curvature-induced charge regulation strongly influences
how incoming proteins sense and respond to the local electric
field.'> Moreover, nanoscale curvature has also been shown to
modulate protein orientation on surfaces, from gradual align-
ment shifts to pH-dependent reorientation.”*'* A molecular level
understanding of these effects is therefore essential for designing
nanomaterials with tailored protein interactions. These curva-
ture-induced effects become increasingly important in systems
where the dimensions approach the size of the biomolecule
itself. Our study addresses this need by focusing on the adsorp-
tion of cytochrome ¢ (cytC) onto polymer-modified surfaces with
varying curvature. CytC is a key electron transfer (ET) protein in
mitochondrial respiration. Its compact, relatively rigid structure,
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well-characterized redox properties, and extensive experimental
and computational literature make it a prime model for studying
protein-surface interactions,">*® even within rigid-body approxi-
mations."® Moreover, clarifying how cytC adsorbs is directly rele-
vant for the design of functional biointerfaces, electrochemical
sensors and biocatalytic systems.?® On planar carboxylated self-
assembled monolayers (SAMs), the heterogeneous ET rate drops
sharply when the protein is rotated.**> Molecular simulations
show that orientation controls ET by modulating electronic coup-
ling and the local dielectric environment,* while classic ET
theory predicts an exponential dependence on distance.”*
Solution conditions such as pH and ionic strength can also
switch adsorption on and off.*° Nonetheless, most detailed
studies still focus on planar surfaces. Experiments on gold nano-
stars, whose spikes are only a few nanometers in radius, report
that the ET reaction is favored upon cytC adsorption,> but the
molecular explanation remains open.

While previous studies have examined the adsorption of
cytC on planar surfaces, they offer little insight into how nano-
scale curvature reshapes this process, especially once charge-
regulating polymer brushes and long-range electrostatic inter-
actions are taken into account. As mentioned above, the
degree of ionization of such brushes can shift by up to two pH
units on highly curved substrates, and proteins themselves
adjust their protonation states as they approach a charged
interface. How these two forms of charge regulation combine
to influence the distance and orientation adopted by cytC, vari-
ables that ultimately control electron transfer, remains unre-
solved. CytC’s multiple oxidation states add yet another layer
of complexity, as redox transitions redistribute charge and
modulate adsorption energetics. Bridging these gaps is essen-
tial for building a predictive picture of protein behaviour at
nanoparticle surfaces and, in turn, for the rational design of
biointerfaces with tailored properties.

Our study addresses this need by using a molecular theory
framework with a coarse-grained representation of cytC and
polymer brushes to systematically probe the coupled effects of
curvature, brush ionization and oxidation state on cytC adsorp-
tion. After outlining the theoretical formalism and model para-
meters, we benchmark the approach on planar carboxylated
layers and then extend it to curved interfaces of decreasing
radius. We examine how curvature, pH, salt concentration, and
redox state shape the adsorption free-energy landscape, charge
regulation, and preferred orientation of the protein. Finally, we
discuss how the observed trends in curvature-dependent charge
regulation and protein orientation provide a mechanistic basis
for the rational design of bioelectrodes and other nano-bio inter-
faces, highlighting curvature as a fundamental design parameter.

Methods

Theoretical framework

In this study, we investigate the effect of the orientation of
cytC on its adsorption onto a planar surface or a nanoparticle
modified with a polymer brush. Fig. 1A shows a schematic rep-

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

Fig. 1 (A) Schematic representation of the modeled system. A planar or
curved surface corresponding to a plane or a nanoparticle of variable
radius is coated with a polymeric electrolytic brush (in gray), surrounded
by a reservoir of ions (in red and blue) and solvent molecules (in cyan). In
each case, a single protein at different distances to the surface is con-
sidered. (B) The coarse grained model of the proteins is constructed
from the full atom structure obtained from the Protein Data Bank.2®

resentation of the systems under study. To properly describe
them, we employed a molecular theory (MOLT) that explicitly
takes into account structural details of the system, the confor-
mational degrees of freedom of the macromolecules (polymers
and proteins), and the chemical equilibria of molecular
species.”” Previous works demonstrated the accuracy of this
method in studying the interaction between proteins and
surfaces.'>?%73°

The first step in the theory is to write an approximate
expression of the 3D semi-grand canonical potential, Q(T,V,
Nponttj), where T is the temperature of the system, V is the
volume, Ny is the number of polymer chains grafted to the
surface, and y; is the chemical potential of the mobile species
(anions, cations, protons, and hydroxyls). Eqn (1) illustrates
the different terms of the potential:

pR=— Strans/kB - Sconf/kB + BFelectr + ﬂFfﬁém
1
AR S g, @
J

where kg is the Boltzmann’s constant, and f§ = 1/kgT.

The first term in eqn (1) represents the translational
entropy of all mobile species (cations, anions, H', and OH").
The second term, S..n, accounts for the conformational
entropy of the end-tethered polymer chains. The third term,
Feleetr, captures the electrostatic interactions in the system. The
terms FP° and FP°  correspond to the enthalpic contri-

chem chem
butions from the acid-base equilibria of the polymer and the

Nanoscale, 2025, 17, 22914-22926 | 22915


https://doi.org/10.1039/d5nr02326b

Published on 16 2025. Downloaded on 14.04.26 15:51:18.

Paper

protein, respectively, allowing us to explicitly consider the
acid-base reactions of the titratable amino acids in the pro-
teins and the monomers on the surface. Finally, the last term,
PN, represents the grand canonical contribution from all
mobile species. In this description, the position and orien-
tation of the protein is fixed, therefore we considered that the
mobile species and the polymer chains can instantaneously
adapt to the protein position. The explicit expressions for the
different contributions in eqn (1) can be found in a previous
publication from our group, in which we studied the transloca-
tion of different proteins through a modified nanopore with
weak polyelectrolytes.?®

To solve the theory, we must first obtain the functional
extreme of the semi-grand canonical function, f€Q, with
respect to several unknown variables: the density of all mobile
species, p;(r); the charge distribution of amino acids and
acidic segments of the polymer, expressed in terms of the
degree of charge of amino acid j in the adsorbing protein f} ot
(r), and f°!(r), the degree of charge of the grafted polymer at
position r; the electrostatic potential of the system, w(r); and
the probability of finding a given polymer chain j in confor-
mation a, P;(a). Due to the coupling of these expressions, an
analytical solution is not possible, so we employed a Jacobian-
free Newton method®' and discretized the system onto a 3D
lattice. The input required to solve the theory includes the
molecular and chemical details of the system, which are
described in the following section. The output of the calcu-
lations comprises the molecular organization of the system
(the local densities of all mobile species and the probability of
the different conformations of the polymers), the electrostatic
potential, the chemical state (protonated/deprotonated) of all
titratable species (both in the grafted polymers and in the
protein), and, importantly, the free energy of the system for a
fixed position and orientation of the adsorbing protein. We
refer the interested reader to ref. 29 for further details.

Molecular models

To solve the theory, we need to specify details regarding the
surface (morphology, curvature, surface functionalization), the
bath solution, the polymer, and the protein models.

In order to investigate the effect of curvature on the protein
adsorption process, we studied a system consisting of either a
planar surface or a spherical surface, a nanoparticle (NP), of
different radii (Rxp = 1, 3, 5, 7.5, 10 nm, see Fig. 1A). In all
cases, the surface was functionalized with polymers of 16
neutral segments per chain and a terminal titratable acidic
segment, such that the surface density for all systems was com-
parable, 4.67-4.55 polymers per nm? similar to reported
values for Au-SAMs.*”> Given the different geometry of the
systems, this resulted in a calculation box size and different
number of total polymers on the surface. These details can be
found in Table S1 in the SI.

To model the polymers grafted to the surface, we con-
sidered a coarse grain scheme in which the polymer sequence
consists of 16 neutral segments and one end-group acidic
segment, similar to 16-mercaptohexadecanoic acid. The
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volume for all the segments in the chains was set to
0.027 nm?, while the charge of the segments was 0 or —1,
corresponding to the neutral/protonated or the deprotonated
group respectively. The acidic group has a pK, = 4.8, that
corresponds to the ideal monomer in solution. The speciation
diagram of the monolayer that results from grafting the poly-
mers to a planar surface can be found in Fig. S1 in the SI, and
is discussed in the Results section. The dielectric constant of
the polymer is set to 3.0 in order to represent the behavior of
the neutral chains."* To describe the polymers grafted to the
surface, we need to generate a representative set of confor-
mations. For a proper representation of the chains, we used
100 000 randomly generated polymer conformations at each
grafting position on the surface, created using a segment
length of 0.153 nm (ref. 11) and the Rotational Isometric State
(RIS).** Only conformations that do not overlap with the
surface or the protein were considered. It is worth mentioning
that the set of chain conformations is generated once for each
geometry, and then used for all the corresponding calculations
reported here.

The modified surface is in contact with a solution bath
(Fig. 1A) for which we need to specify the salt concentration
and pH bulk value. In our calculations, these quantities were
typically fixed at 10 mM and 7, respectively, unless otherwise
specified. The volume and charge of all mobile species is
specified in Table S2 in the SI, and the relative dielectric con-
stant of the solvent, was set to 78.54 everywhere in the system.

The protein structures were obtained from the Protein Data
Bank (PDB). We employed distinct literature-reported struc-
tures for cytC in its oxidized and reduced states. Specifically,
the structure of the oxidized cytC is PDB ID:1HRC,** and for
the reduced cytC is PDB ID:1GIW.*® These structures were
selected because they represent the highest-resolution struc-
tures available for horse-heart cytochrome c in the oxidized
and reduced states and are widely used as reference models in
the literature.*®

In our calculations, the protein was treated as a rigid body,
with all amino acid positions fixed relative to the center of
mass of the protein. In this way, we did not take into account
conformational changes upon protein adsorption onto the
different surfaces. This approximation is generally valid
between pH 4 and 9;" outside this range, oxidized cytC under-
goes conformational changes.?® Furthermore, several spectro-
scopic studies report native-fold retention on carboxylated
SAMs within this pH-range.>*?°3® To assess the impact of
orientation on protein behavior, we performed 864 rotations of
the protein at each position relative to the surface.

We employed a coarse-grained model to represent the
protein, in which each amino acid is depicted as two solid
beads: one for the backbone and one for the side chain, except
for glycine, which is represented by a single backbone bead,
similar to a previous work with the theory.'” Depending on the
nature of the amino acid, the side chain is either neutral or
titratable. The equilibrium constants for all titratable amino
acids are provided in Table S3 in the SI. We needed to coarse
grain the heme group as well, for what we considered the iron
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atom, the propionate, the pyrrole groups and the ethyl groups
as different beads (see Fig. S2 in the SI), each with its own
volume and charge (see Table S4).

Further details on the polymer and protein models can be
found in the SI.

Results and discussion

In this work, we set out to study the interactions between the
heme protein cytochrome ¢ and polymer-modified surfaces of
different curvature, focusing on how curvature, redox state,
PH, and salt concentration influence the adsorption process,
as illustrated in Fig. 1A. These surfaces are coated with a weak
electrolyte brush, characterized by a surface density of
4.55-4.67 chains per nm®. Polymer chains are uniformly dis-
tributed on the surface and consist of a block of 16 neutral seg-
ments, with a terminal titratable acidic segment. The system
comprises a single cytC molecule at a fixed distance from the
surface, immersed in a reservoir of solvent molecules (water)
and ions (OH™, H', cations, and anions). For each calculation,
the pH and salt concentration of the bulk solution are speci-
fied as input parameters. The protein is modeled using a
coarse-grained approach, as shown in Fig. 1B.

To gain a deeper understanding of the interactions driving
the adsorption process, we examined the effects of various para-
meters of the system on the free energy. We investigated the
impact of the cytC oxidation state, the pH and salt concentration
of the bulk solution, and the effect of surface curvature. In all
cases, we computed the free-energy landscapes as a function of
the protein-surface distance, while also sampling 864 different
protein orientations to identify the most favorable configuration
at each position. We assumed that the timescales of protein
translation and rotation are slower than the equilibration times
of small ions and polymers in the system, as similarly done in
previous applications of the theoretical framework on protein
and nanoparticle translocation.”>***° Based on this assumption,
it is valid to analyze the free energy of the system for a fixed posi-
tion and orientation of the protein relative to the surface.

Cytochrome c¢ adsorption on planar surfaces

Since the adsorption process of cytC onto self-assembled,
negatively charged molecular films on planar surfaces has
been extensively studied, both experimentally*>** and through
molecular simulations,”>*! we begin our analysis by focusing
on this setup, as it provides a well-characterized reference to
compare and validate our model and theoretical framework.
We explore both oxidized and reduced cytC, comparing our
results with reported data. We then study the impact of pH
and salt concentration on the process.

Impact of the redox state on the preferential orientation upon
adsorption

In Fig. 2A, we present the free energy of the system as a func-
tion of the distance between the center of mass of the protein
and the surface, for both oxidized and reduced cytC (as a refer-
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Fig. 2 (A) Free-energy landscapes for the oxidized (red) and reduced
(blue) cytC as a function of the distance to the surface. The markers rep-
resent the average free energy of the system for all rotations, whereas
the vertical lines span the free-energy range at each position. Lines con-
necting the symbols are a guide to the eye. The surface is modified by
polymers with N = 16 neutral segments per chain with a terminal titrata-
ble acidic segment, and a surface density o, = 4.55 chains per nm2. In
all cases, pHpuik = 7.0 and salt concentration was set to 10 mM. The car-
toons above depict the modeled system at different protein—surface dis-
tances. (B) Representation of the most favorable orientation at the dis-
tance of minimum free energy for each oxidation state. The heme group
in each redox state of cytC is highlighted in red.

ence, we take the free energy of the protein in the bulk as
zero). Each point represents the mean free energy across all
sampled orientations, with vertical lines indicating the range
of free-energy values resulting from the different rotations con-
sidered (ie., the range between the orientations with the
lowest and highest free-energy values). In this case, and for all
other cases, unless stated otherwise, the pH and salt concen-
tration are set to 7.0 and 10 mM, respectively. We chose these
conditions because experimental work with Au-NPs and cytC is
usually carried out at similar neutral pH values and relatively
low salt concentrations.*

Nanoscale, 2025,17, 22914-22926 | 22917
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As can be seen in Fig. 2A, for the conditions under study,
the free-energy curves display a minimum with an equilibrium
distance of ~3.75 nm from the surface. This behavior derives
from attractive electrostatic interactions between protein and
surface brush, as we analyze below. Regarding oxidation state,
the curves for oxidized and reduced cytC are very similar, both
in the depth of the free-energy well and the position of the
minimum. At large distances (d > 10 nm), the free energy
gradually approaches a constant value due to the increasing
separation between the protein and the surface.

Far from the surface, where the protein and the brush inter-
act negligibly, the total energy approximates the sum of the
isolated components. This non-interacting state is taken as the
reference point for the zero free energy. When the protein gets
closer to the surface, the electrostatic interactions between the
protein and the acidic brush grafted to the surface become
more significant, in a manner that depends on the charge
state of the protein and the polymer brush, and therefore, the
PH and the salt concentration of the bath solution.

For the pH under consideration (pH = 7) the polymer brush
is partially ionized (ca. 25%), imparting a negative charge to
the surface coating (see Fig. S1 in the SI). In contrast, the
protein is positively charged, since the pH value is below the
isoelectric point of cytochrome ¢ (pI = 10.2-10.5,"* see Fig. S3
in the SI). This scenario leads to attractive electrostatic inter-
actions that decrease the free energy of the system, as
observed. However, when the protein is at distances shorter
than the minimum (d < 3.75 nm), steric repulsions between
the protein and the polymer brush become dominant, increas-
ing the free energy of the system abruptly.

Regarding the impact of the protein orientation, we observe
that it plays an increasingly significant role as the protein gets
closer to the surface, and the electrostatic interactions between
the protein and the polymers become stronger. This is evi-
denced by the vertical lines in the figure, which represent the
range of free-energy values obtained for different protein
orientations at a fixed distance from the surface. This broad
distribution stems from the heterogeneity in the charge distri-
bution of the protein, arising from the location and protona-
tion states of its various titratable amino acids. Fig. 2B shows a
schematic representation of the most favorable orientation at
the position of minimum free energy for each oxidation state.
Although the free-energy curves for oxidized and reduced cytC
are very similar in terms of the average free energy across all
orientations (represented by the central markers in Fig. 2A), we
do observe important differences regarding the orientation
that the protein acquires upon adsorption onto the surface,
indicating that the most stable orientation strongly depends
on its oxidation state. Interestingly, the lowest free-energy
value among all orientations—corresponding to the bottom of
the vertical bar in Fig. 2A—is lower for the oxidized form. This
observation is consistent with previous computational results
based on Molecular Mechanics/Generalized Born Surface Area
(MM/GBSA) calculations.??

To accurately describe the orientation of the protein at the
surface, we define two rotational angles: a, the tilt angle of the
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heme group, measured between the Fe-Syetgo bond and the
vector normal to the surface (Z-axis); and ¢, which considers
the rotation of the heme around its own axis. A detailed expla-
nation with a visual representation of these angles is provided
in Fig. S4 in the SI. For both redox states, the most favorable
orientation places the heme pocket facing the surface
(Fig. 2B), consistent with a ¢ ~ 190°. However, the tilt angle of
the heme differs significantly: in the oxidized state, the heme
lies at a ~ 130°, while in the reduced state, it is nearly perpen-
dicular to the surface, at @ ~ 80°. Furthermore, while the oxi-
dized form exhibits a well-defined minimum, the reduced cytC
presents several orientations with similar free-energy values,
suggesting that multiple configurations could be thermally
accessible at room temperature. This is supported by the orien-
tational energy landscapes (see top row of Fig. S5 in the SI),
and aligns with previous molecular dynamics studies that
reported comparable orientational flexibility.?*

To further validate our results, we compared the predicted
surface proximity of lysine residues in the most stable orien-
tation of oxidized cytC with experimental data from differential
methylation assays.>” Lysines predicted to be closest to the
surface matched those with decreased methylation reactivity
upon adsorption, and vice versa for the more exposed residues
(see Table S5 in the SI), supporting the accuracy of our orienta-
tional predictions. In addition, our results also indicate that
electrostatic interactions and steric repulsions are sufficient to
accurately describe the cytC adsorption onto the modified
surface. Despite relying on a rigid-body approximation, our
model successfully reproduces key features observed experi-
mentally and in molecular dynamics simulations, including
the preferred orientation, adsorption free energy, and residue-
level accessibility patterns.

Finally, we analyzed the specific contribution of the iron
redox state to the observed reorientation by performing
additional calculations with hybrid models: the oxidized struc-
ture (1HRC) with ferrous heme iron and the reduced structure
(1GIW) with ferric heme iron. As shown in the bottom row of
Fig. S5 and in Fig. S6 in the SI, the preferred orientations and
free-energy profiles of these hybrids closely match those of the
original structures, indicating that the reorientation is not
driven by the formal heme iron charge alone, but instead
reflects subtle differences in surface charge distribution and
local rearrangements around the heme pocket between the
two experimental structures.

Impact of charge-regulation mechanisms and protein
orientation on the adsorption process

In Fig. 2A we can see that around ~10 nm the free energy of
the system begins to decrease as the protein becomes closer to
the surface, as is to be expected when approaching opposite
charges. As the protein gets closer, the electrostatic inter-
actions between the protein and the surface become signifi-
cant, modulated by the charge state of the protein and the
polymer brush, the pH and the salt concentration of the bath
solution.

This journal is © The Royal Society of Chemistry 2025
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We also observe that the charge of the protein changes as it
approaches the surface, becoming more positively charged
than in bulk solution, see Fig. 3A. As reflected in the figure,
the redox state of the protein has little effect. Since both the
protein and the monolayer contain titratable groups (amino
acids or acidic segments, respectively), depending on the con-
ditions of the solution, they can regulate their charge in order
to optimize these electrostatic interactions. They would do so
by shifting their acid-base equilibrium, at the expense of

® Oxidized cytC
® Reduced cytC
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Fig. 3 Analysis of protein charge regulation for a cytC molecule
approaching a planar surface functionalized with polymers of 16 neutral
segments per chain and a terminal titratable acidic segment. Surface
density is op = 4.55 chains per nm?. In all cases, PHbuk = 7.0 and salt
concentration was set to 10 mM. (A) Change in the total charge of the
protein with respect to its bulk value as a function of the distance to the
surface. The markers represent the average of charge change for all
rotations, whereas the vertical lines span the range of the change in
protein charge at each position. Lines connecting the symbols are a
guide to the eye. The gray vertical dashed line indicates the equilibrium
distance equal to 3.75 nm (see Fig. 2A). (B) Free-energy values for the
864 different orientations of oxidized cytC at their equilibrium distance,
as a function of the protein charge.
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chemical free energy. This charge regulation mechanism has
been described for both protein’®***° and polymer
brushes,'®** and we want to deepen the analysis on its effect
on protein adsorption for our studied system. At pHpui = 7,
the surface monolayer is negatively charged, as shown in
Fig. S7B (SI), promoting the protonation of the titratable
amino acids in cytC, in a manner that depends on the orien-
tation of the protein, since it determines the distance of each
amino acid to the surface. This is reflected in the vertical lines
for each point in Fig. 3, showing the dispersion of values for
each protein rotation considered in the calculations. We can
also observe this in Fig. 3B, where we plot the free energy of
the system as a function of the charge of the adsorbed protein
at the equilibrium distance (see Fig. 2). As shown in Fig. 34,
the protein increases its positive charge upon adsorption,
enhancing electrostatic attraction with the negatively charged
surface (see also Fig. S7A in the SI).

This becomes more pronounced around 5-6 nm from the
surface, value that compares nicely to the Debye length for a
planar charged surface in a 10 mM KCl solution (3.04 nm),
adding the thickness of the surface monolayer ~2 nm (Fig. 6B,
blue curve). The phenomenon of charge regulation has been
described before for proteins in the proximity of charged sur-
faces'? and proteins translocating through modified nano-
pores® and it is also what is taking place in this case, as the
protein becomes closer to the surface. For the equilibrium dis-
tance from the surface, the protein is slightly more positively
charged than in bulk (AQp ot ~ 1.5). Given the pH of the bulk
solution (7.0) and the magnitude of the shift in charge, this is
due to the acid-base equilibrium of the two histidine residues,
given their pK, is around 6.0 (see Table S3 in the SI). For dis-
tances closer to the surface, we see in Fig. 2 a steep increase in
free energy that is mainly driven by strong steric repulsions.
Further charge optimization would require the involvement of
additional amino acids, but at a high energetic cost due to
their pK, mismatch with the pHp = 7.0 (see Table S3 in the
SI).

Charge regulation is also occurring in the surface mono-
layer, two-fold in this case. The first shift in the acid-base
equilibrium of the terminal titratable acidic segment is due to
the fact that the group is part of a polymer grafted to a surface,
with a given surface density. This can be observed in Fig. S1 in
the SI, where we see that the titration curve for the ideal acidic
monomer in solution is shifted almost 3 units towards higher
pH values for the surface monolayer (no protein). This shifts
the apparent pK, of the monolayer to ~7.8, compared to 4.8
for the monomer in solution. For the monolayer, strong
electrostatic repulsions between same charge head groups
result in the system shifting the equilibrium towards the proto-
nated (and neutral) state. The magnitude of this shift is
related to the high surface density of the grafted polymer (4.55
chains per nm?). Similar results have been observed for planar
brushes.'® The second charge regulation mechanism comes
into play when the protein approaches the surface (see Fig. S7
in the SI). In this case, depending on the pH of the bulk solu-
tion, the protein will bear a positive or a negative charge, that
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would in turn translate into attractive or repulsive interactions,
respectively. Then, the surface monolayer would up-regulate or
down-regulate the deprotonation of the acid group, depending
on the pH of the bulk solution (Fig. S7 in the SI).

So far we have analyzed the charge of the protein as a whole
entity, when in reality proteins have an anisotropic distri-
bution of charges in space, making protein orientation a key
aspect in several processes. Fig. 3B is a reflection of this fact,
showing the free energy of the system as a function of the total
charge for each rotation of the oxidized cytC at the equilibrium
distance from the surface, where we see that there is no clear
correlation between the total charge of the protein and the free
energy (results for the reduced form of cytC can be found in
Fig. S8B in the SI). This implies that a more positive net
charge does not necessarily correlate with a stronger affinity
for the negatively charged surface. To get a deeper look into
this, it is essential to highlight that the net charge represents
the sum of both positive and negative charges, underscoring
the significance of the orientation of the positive charges rela-
tive to the surface.

To further explore the preference for different orientations
relative to the charged surface, we examined the relationship
between the free energy for each rotation and the dipole
moment of the adsorbed protein (at the position of the
minimum for the curve free energy versus distance, Fig. 2).
This approach has been previously used to analyze the relative
orientation of a protein inside a charge-modified nanopore,
showing strong correlations and good descriptors.”® Results
for oxidized cytC are summarized in Fig. 4 (see results for the
reduced cytC in Fig. S8 in the SI).

In Fig. 4A we see that for the adsorbed cytC, the most stable
orientations correspond to the ones with the dipole moment
vector pointing towards the charged surface, whereas the least
stable orientations point away (the center of the protein is
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marked with a green sphere). Each arrow points from the nega-
tive charges toward the positive charges. The spatial arrange-
ment can be rationalized once again bearing in mind that for
the considered pHpy of 7.0 the surface monolayer is nega-
tively charged, with its charged groups arranged in a plane par-
allel to the surface, generating an electrostatic potential y (see
Fig. 4B) in which the anisotropically charged protein orients
itself in order to optimize electrostatic interactions. Given the
symmetry of the system, there is no clear correlation between
the free energy of the system and dipole moment of the
adsorbed cytC molecule in the xy-plane (the plane of the
surface monolayer, Fig. 4C). This can be appreciated in Fig. 4C
and in the fact that the most stable orientations arrange them-
selves onto a cone directed towards the surface. On the other
hand, as expected, the z-component of the dipole-moment has
better correlation with respect to the relative free energy as it
can be observed in Fig. 4D. For the reduced cytC adsorbed
onto the modified surface we observe the same qualitative be-
havior (Fig. S8 in the SI), with the protein oriented preferably
with its dipole moment point towards the surface. Even
though the dipolar approximation may be too simplistic to rep-
resent a complex distribution of charges such as a protein, it
still allows us to capture and interpret the main features gov-
erning the adsorption.

Effect of pH and salt concentration on the adsorption process

As mentioned so far, in our system, the interactions between
the grafted polymer brush and the cytC molecule are primarily
electrostatic in nature. In this context, it is to be expected that
both the pH and the concentration of the supporting electro-
Iyte play a key role in modulating the range of electrostatic
interactions. Furthermore, both the acidic head groups in the
polymer grafted to the surface and the titratable amino acids

0 D)

-5.0 =25 0.0 2.5 5.0

Mz / |e|].nm

Mxy / |e].nm

Fig. 4 Analysis of protein orientation for an oxidized cytC molecule adsorbed onto a planar surface functionalized with polymers of 16 neutral seg-
ments per chain and a terminal titratable acidic segment. Surface density is opo = 4.55 chains per nm?. In all cases, PHpuk = 7.0 and bulk salt concen-
tration is 10 mM. (A) Schematic representation of the surface in the (x,y) plane and the cytC molecule at the equilibrium distance (green circle). The
blue and red arrows represent the vectors of the dipole moment for the ten conformations with the lowest and the highest free-energy values,
respectively. (B) Colormap of the electrostatic potential at pH = 7.0. Polymer chains are included for illustration purposes only. Fig. 6B below shows
that the extension of the polymer brush is 2.5 nm, in accordance with the computed electrostatic potential. (C) Free energy as a function of the
dipole moment in the xy-plane, uxy, for all protein orientations considered at their equilibrium distance. (D) Free energy as a function of the dipole
moment in the axial direction, uz, for all protein orientations considered at their equilibrium distance.
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in the protein regulate their charge in a manner that depends
on the pH and salt concentration of the bulk solution and the
charge state of the groups.

We explored the free energy of the system for a molecule of
oxidized cytC and the surface monolayer at bulk pH values
between 3 and 11 and bulk salt concentration values of 10,
100, and 1000 mM. Given that oxidized and reduced cytC
display similar average adsorption free energies and charge
regulation profiles, and that more experimental data are avail-
able for the oxidized form,*® we focus the following analysis
on the oxidized form of cytC. In our model we do not take into
account conformational changes that the cytC molecule may
undergo under extreme pH conditions, such as the acid-
induced unfolding (below pH ~ 4) and the alkaline transition
(above pH ~ 9), both of which have been extensively character-
ized.”® Nevertheless, analyzing these pH regimes using a rigid-
body approximation allows us to isolate and quantify the
electrostatic contribution to adsorption, even in the absence of
pH-induced structural changes.

First we analyze the effect of bulk pH for a fixed salt concen-
tration of 10 mM. Fig. 5A shows the mean free energy of the
system as a function of the distance from the surface for
different bulk pH values (4.0, 7.0, and 11.0). All curves display a
minimum, indicating protein adsorption, with the distance
corresponding to the free-energy minimum remaining nearly
unchanged by pH, while the depth varies significantly, in a non-
monotonic manner. The strongest adsorption is observed for
PHpuik = 7.0, while increasing or decreasing the pH makes
protein—surface interaction less favorable. This can be rational-
ized again taking into consideration the charge state of all
species in the different conditions, and how the pK, of the
surface monolayer (~7.8) compares to the pI of the protein (~10).

At pHpy = 4.0, when the protein is sufficiently away from
the surface (~10 nm), the monolayer is almost uncharged,
given most of the acidic groups would be protonated (Fig. S7B
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in the SI), while the protein is highly positively charged (Fig. S3
in the SI). However, when the protein comes closer, it induces
a small ionization of the acidic groups in the polymer chains
(~10%), and once again electrostatic interactions are estab-
lished, resulting in the free-energy minimum observed in
Fig. 5. It is worth noting that even if the dissociation fraction is
only ~10%, this still yields a considerable negative surface
charge due to the high grafting density (6,0 = 4.55 chains per
nm?), leading to an adsorption free energy of ~—15 kgT.

Increasing bulk pH to 7.0 leads to a deeper free-energy
minimum. In that pH range (4.0-7.0), the acidic groups in the
polymer chains begin to deprotonate, up to ~30% (Fig. S7B in
the SI). Even though protein charge becomes less positive (Fig. S3
in the SI), still the increase in negative charge on the surface is
enough to increase the free energy of adsorption to ~—30 kgT.

For pHp,ix = 11.0, we still observe a free-energy minimum at
around 3.75 nm from the surface, but we also observe a slight
barrier between 5-10 nm. At that pH, the polymer brush is
almost fully deprotonated and strongly negatively charged
(Fig. S7B in the SI), while the protein is slightly above its iso-
electric point (pI ~ 10), bearing also a total negative charge.
This leads to electrostatic repulsions that translate into the
barrier we observe between 5-10 nm. Now, when the protein
becomes closer to the surface, it is also able to regulate its
charge to a certain degree, as explained above. For the pH
under consideration, our calculations show that around 5 nm
there is a charge inversion in the protein net charge, from
negative to positive (Fig. S7A in the SI), shifting from electro-
static repulsions (barrier) to attractions (minimum). This is
due to the fact that pHyp,y = 11.0 is quite close to cytC pI (~10,
Fig. S3 in the SI), making this pH range very sensitive to
charge regulation mechanisms in the protein.

Regarding the effect of bulk salt concentration, in Fig. 5B
we show how the free energy as a function of the distance to
the surface changes for ionic strength values of 10, 100 and
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Fig. 5 Analysis of pH and salt concentration effect on the adsorption process of oxidized cytC onto a planar surface functionalized with polymers
of 16 neutral segments per chain and a terminal titratable acidic segment. Surface density is 6,0 = 4.55 chains per nm?. (A) Free-energy curves as a
function of the distance of cytC to the surface for different values of pHy, as indicated in the figure. ¢, = 10 mM. The markers represent the
average free energy of the system for all rotations. For clarity, we omit the vertical bars spanning the free-energy range at each position. (B) Free-
energy curves for different bulk salt concentration, as indicated in the figure. pHpuk = 7.0. (C) Mean minimum free energy for cytC adsorbing onto
planar surface system as a function of bulk pH for different bulk salt concentration, as indicated in the legend.
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1000 mM, for a fixed pHpyk of 7.0. Here again we observe that
all curves display a free-energy minimum, with its position
remaining nearly unchanged by salt concentration, while the
depth varies greatly. As the salt concentration increases, the
free energy of the system decreases significantly due to the
supporting electrolyte effectively screening the electrostatic
interaction between the protein and the surface, reducing the
attractive coulombic forces between them at this pH. At a sup-
porting electrolyte concentration of 1 M, even though a
minimum is observed, the free energy of interaction is in the
order of kT, suggesting that cytC is unlikely to be electro-
statically adsorbed under these conditions. This has also
already been described experimentally.**

Fig. 5C summarizes the change of the free energy as a func-
tion of pH for different salt concentrations, computed at a
fixed protein-surface distance corresponding to the position of
the free-energy minimum observed in panels A and B. We
observe that for each salt concentration considered, the free
energy of adsorption as a function of pH displays a minimum
around pHpy = 8. This minimum becomes smoother as the
concentration of salt increases, almost disappearing for c¢gayc =
1 M, following the increase in electrostatic screening as the
supporting electrolyte concentration goes up. The position of
the minimum around 8 can be rationalized considering how
the pH of the solution compares to the pK, of the monolayer
(~7.8) and the pI of the protein (~10). At pH values below ~8,
the acidic group in the polymer chains begin to protonate,
becoming fully protonated around pH ~ 4, which results in a
near-zero surface charge density (see Fig. S1 and S7B in the
SI), while the protein acquires a highly positive net charge.
Conversely, at pH values greater than the minimum, the
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polymer brush is nearly fully deprotonated, while the protein
approaches its isoelectric point (pH 10), leading to a lower
total charge close to zero. In both cases, the attractive inter-
actions decrease due to the proximity of neutrality in one of
the components.

Cytochrome c¢ adsorption onto curved surfaces

In the previous sections, we explored the adsorption of cytC
onto planar surfaces under different conditions, identifying
key parameters governing the adsorption process. Here we
extend our study by taking into account the effect of the
surface curvature, particularly for spherical nanoparticles
(NPs) of various sizes (NP radius Ryp = 1, 3, 5, 7.5, 10 nm).
Given that we did not observe a great impact of the redox state
of the heme group in the behavior of the cytC adsorption onto
planar surfaces, in what follows, we focus only on the oxidized
state at pH 7 and a salt concentration of 10 mM.

Fig. 6A shows the free energy of the system at different
protein—-surface distances for NPs with radii 1 nm and 5 nm
and the limiting case of a planar surface. Similar to the planar
case at the same pH and salt concentration, for all NP sizes
considered, the free-energy curves exhibit a strongly repulsive
behavior at short range, mainly due to steric repulsions, a
minimum well at intermediate range, and at long range, the
attraction weakens and the free energy approaches zero. As dis-
cussed above, this is due to the charge state of the surface
monolayer and the protein at the given pH and ionic strengths
conditions. We observe a gradual shift in the position of the
minimum (adsorption distance) and a steeper repulsive
branch as the curvature decreases. Both behaviors can be
rationalized taking into account how the available volume
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Fig. 6 Analysis of curvature effect on the adsorption process of an oxidized cytC molecule onto spherical NPs of different radii modified with poly-
mers of 16 neutral segments per chain and a terminal titratable acidic segment. Surface density is 6,0 = 4.67 chains per nm? (4.55 chains per nm? for
the planar surface). In all cases, pHpu = 7.0 and salt concentration was set to 10 mM. (A) Free energy as a function of the distance of oxidized cyto-
chrome c to the surface of NPs of different radii. The markers represent the average free energy of the system for all rotations. For clarity, we omit
the vertical bars spanning the free-energy range at each position. (B) Average volume fraction occupied by the polymer ({¢p)) as a function of the
surface distance for different radius of curvature. (C) Position of the minimum of the free-energy curves for nanoparticles of different radii. The
marker represents the mean distance within all rotations, whereas the vertical lines span the range of distances for each NP radius. The solid blue
line represents the average distance between all orientations for the case of a planar surface, whereas the region between the dashed blue lines
spans the different equilibrium distances adopted for each orientation.
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changes as we move away (or closer) to convex surfaces of
different sizes. For curved convex surfaces, the available
volume increases as we move away from the surface, scaling
with (r/R)* for spheres (where r is the radial distance to the
surface and R is the radius of the surface). Increasing the size
of the NP decreases the available volume at a given distance
from the surface, and this in turn increases the polymer-
polymer steric repulsions within the monolayer. Moreover,
same charge deprotonated acidic groups repel one another, so
decreasing available volume also implies increasing repulsive
forces between them. This translates into a more stretched
polymer layer towards the solution. As seen in Fig. 6B, as the
radius increases, the polymer chain expands to a longer range.
On highly curved surfaces, the relative volume available as the
chain moves away from the surface increases more abruptly
compared to planar surfaces. With more free space available,
the chains can adopt more constrained dispositions, gaining
conformational freedom and, on average, arranging them-
selves closer to the surface. In contrast, on planar surfaces, the
conformational freedom is highly hindered due to packing
constraints. Consequently, the polymer brush extends further
from the surface. This affects directly the adsorption distance
of cytC onto NPs of different sizes, as can be seen in Fig. 6C.
We observe that this distance monotonically increases towards
the expected value for a planar surface, with a change in
adsorption distance of up to 36% as compared to the 1 nm NP.
We realize this size is very small from an experimental point of
view, but our results could be relevant for nanomaterials of
different shapes, such as Au nanostars, which can display
spikes of sizes ~1 nm, that would affect electronic transfer
processes.”’

Surface curvature also has a significant impact on protein
adsorption, primarily through its effect on charge regulation
mechanisms. Fig. 7 shows how both the net charge of the
protein (panel A) and the dissociation fraction of the acidic
groups in the polymer brush (panel B) vary as a function of
distance to the surface for nanoparticles of different radii.

As discussed for the planar case above, the distance to the
surface is a key factor modulating charge regulation. Two
observations are immediately apparent: first, as previously dis-
cussed for the planar case, we observe that at the pH con-
sidered (pHpux = 7.0), shorter distances to the surface
promote protonation of titratable amino acids in cytC, driven
by the negative charge of the surface monolayer. This leads to
an increase in the overall protein charge (see Fig. 6A and 7A).
The second observation is that for a fixed distance to the
surface, calculations show that the protein charge difference
increases as the NP becomes larger, implying that the charge
regulation mechanism in place becomes more significant as
the radius increases, recovering the behavior observed for
planar surfaces when Ryp — oo (planar surface). This is also
evident in Fig. S9 in the SI, where we show how the protein
charge differs with respect to the protein in the bulk, plotted
as a function of the radius of the NP, for two different dis-
tances of the center of mass of the protein and the surface, 3.5
and 7 nm. These observations reflect the presence of two com-
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Fig. 7 Analysis of charge regulation for the adsorption of oxidized cytC
onto NPs of variable radii functionalized with polymers of 16 neutral
segments per chain and a terminal titratable acidic segment. Surface
density is opo = 4.67 chains per nm? (4.55 nm™=2 for the planar surface).
The results corresponding to the planar surface are also displayed. In all
cases, bulk pH values and cg,; are kept fixed at 7.0 and 10 mM, respect-
ively. (A) Oxidized cytC net charge as a function of the distance to the
surface. (B) Dissociation fraction of the acidic head groups of the
polymer brush for different protein distances and nanoparticle radii.
Only the polymers under the projected area of the protein are taken into
account for the calculation. In both panels, the vertical dashed lines
indicate the equilibrium distance in each case, i.e. 2.7 nm, 3.3 nm and
3.75 nm for Ryp = 1 nm, Ryp = 5 nm and the planar surface, respectively.

peting effects. On one hand, as shown in Fig. 6B, a larger
radius causes the polymer chains to extend towards the solu-
tion, thus reducing the distance between the negatively
charged surface monolayer and the protein. This in turn trans-
lates into a greater degree of charge regulation on both sides:
the protein and the acidic end-group of the grafted chains (see
Fig. 7A).
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Moreover, while the polymer chain density was fixed and
kept constant for all NPs (6,01 = 4.67 chains per nm?), an
increase in NP radius results in a greater number of
polymer chains on the surface. This leads to more charged
groups interacting with the protein, further promoting amino
acid protonation (Fig. 7A). On the other hand, smaller
radii enhance the dissociation of the ionizable acid-base
groups anchored to the chains."* Our calculations show that
the dissociation fraction on the 1 nm NPs (~0.8) almost
doubles that on the 5 nm NP (~0.45) and triples that of the
planar system (~0.25) (Fig. 7B). This means that the surface
monolayer will down-regulate its charge as the NP becomes
larger, with the limiting value being that of the planar
surface (discussed above). In this way, decreasing NP size
while keeping the bulk pH constant, will result in a larger
negative surface charge density. However, since surfaces with
low curvature exhibit a greater protein charge difference
(Fig. 7A and S9), we infer that the increase in negative charge
due to greater dissociation has a smaller impact compared to
the combined effects of chain proximity and density discussed
above.

Finally, we analyzed the effect of curvature on the orien-
tation of the adsorbed protein onto NPs of different sizes. As
we can see in Fig. 8A, both rotational angles, a (the tilt
angle of the heme group) and ¢ (the rotation of the heme
around its axis), change significantly with NP radius, reaching
the limiting value of planar surfaces for NP radius ~10 nm. In
Fig. 8B we see the most favorable orientation for the adsorbed
cytC molecule at a planar surface compared to a NP with Ryp =
1 nm. We observe there is a critical NP size for which there is a
sharp change in both angles ~7-8 nm. We attribute
this change in orientation with NP size with the change in
interactions given the geometry of the system. To deepen the
analysis, we computed the dipole moment of the most stable
orientations of the protein adsorbed onto NPs of different
sizes, and we observed that the change in protein orientation
is accompanied by a change in the direction of the dipole
moment with respect to the normal to the surface, described
by the angle 6 (Fig. S10A in the SI). At small radii (<5-7 nm),
the dipole vectors represent molecular orientations
closely aligned with the local surface normal (6 ~ 180-170°).
Upon increasing the radius, tangential contributions grow,
and the orientations progressively splay outward, resembling
the shape of a widening cone (Fig. S10B in the SI). We inter-
pret this tilting to increasing lateral interactions, as the surface
is commensurate with the size of the protein: cytC has an
approximate size of ~2-3 nm," and the surface monolayer has
a thickness of ~2-2.5 nm, depending on the NP size (Fig. 6C).
This means that for NP = 1 nm, considering the surface
polymers, the total size is similar to that of the protein, and
not much lateral interactions can occur. However, this changes
as the NP increases in size, translating into more spread lateral
protein orientations.

These curvature-dependent changes in protein orientation
and interfacial charge regulation are likely to impact electron
transfer processes, given the strong sensitivity of electronic
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Fig. 8 (A) Analysis of the most favorable orientation of oxidized cytC
adsorbed onto nanoparticles’ surfaces of different radii. The orientation
for each radius is determined by « (in green) and ¢ (in light blue). The
lines connecting the symbols are a guide to the eye. « and ¢ corres-
ponding to the planar surface is also displayed with dashed lines. (B)
Representation of the most favorable orientation at the distance of
minimum free energy of oxidized cytC for a planar surface and a nano-
particle of radius of 1 nm. The heme group of cytC is highlighted in red.
The a and ¢ angle in each case is explicited. In all cases, pHp ik = 7.0 and
salt concentration was set to 10 mM.

coupling to both distance and the relative alignment of redox-
active sites with respect to the surface.*®

Conclusions

In this study, we thoroughly investigated the interactions
between cytC and surfaces modified with carboxylated poly-
mers, analyzing the effect of the redox state of the protein, the
pH and salt concentration of the solution, and the curvature of
the surface, comparing planar surfaces with spherical NPs of
different sizes. We employed a molecular theory that explicitly
accounts for the size, shape, conformations, and charge of all
molecular species within the system. This approach also incor-
porates the acid-base equilibria of the titratable amino acids
in the protein and of the carboxylic end-group in the grafted
polymers on the surface. By performing 3D calculations, we
were able to comprehensively investigate the influence of
protein orientation, explicitly considering multiple rotational
configurations. Our results showed that considering electro-
static and steric interactions was enough to capture the nature
of the adsorption process, successfully reproducing key fea-
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tures observed experimentally and in molecular dynamics
simulations, including the preferred orientation, adsorption
free energy, and residue-level accessibility patterns.
Electrostatic interactions between the charged amino acids of
the protein and the surface-grafted polymers result in attrac-
tive energy profiles, characterized by a minimum whose posi-
tion and depth depend strongly on the pH and salt concen-
tration of the solution, the orientation of the protein relative to
the surface, and the surface curvature. Our calculations
revealed that the difference between oxidized and reduced
cytC has a greater effect on the preferred orientation of the
protein than on the overall adsorption free-energy profile, indi-
cating that the most stable orientation is highly sensitive to
the oxidation state of the protein.

We also investigated the role of charge regulation mecha-
nisms in protein adsorption, showing that the overall charge
of the protein becomes more positive as it approaches the
surface, while the carboxylic groups in the surface monolayer
increase their degree of deprotonation. This chemical com-
munication during the adsorption process is highly dependent
on the interplay between the isoelectric point of the protein,
the pK, of the monolayer, the pH of the solution, and its ionic
strength. By modulating pH and salt concentration, cytC can
be adsorbed or desorbed from the surface.

Due to the anisotropic distribution of charges within the
protein, its orientation relative to the surface also plays a key
role in the adsorption process. Using the dipole moment of
the protein as a proxy for this local charge distribution, our
calculations revealed that the most stable orientations tend to
align along a cone directed toward the surface.

Finally, surface curvature has a significant influence on
protein adsorption by affecting both the molecular organiz-
ation of the system and the charge regulation mechanisms at
play. As nanoparticles become larger, the polymer brush
extends further into solution, increasing the equilibrium dis-
tance between the protein and the surface, while simul-
taneously rotating the heme edge of cytC. For cytC, these cur-
vature-driven shifts in distance and orientation are not merely
structural, as heterogeneous ET rates depend exponentially on
separation and sensitively on orbital alignment. The calculated
trends therefore provide a mechanistic link to the enhanced
ET activity reported for curved gold nanostructures and offer
concrete design rules for nanoparticle electrodes and catalytic
platforms that exploit cytochrome-based redox chemistry.

Future work will extend the present molecular theory frame-
work to proteins whose adsorption is dominated by hydro-
phobic or dispersion forces, or whose net dipole is weak, to
test whether curvature controlled steric confinement can still
direct orientation in the absence of strong electrostatics.
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