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a b s t r a c t
Interaction of metal or oxide nanoparticles (NPs) with biological soft matter is one of the central phenomena in basic and applied biology-oriented nanoscience. Often, this interaction includes adsorption
of suspended proteins on the NP surface, resulting in the formation of the protein corona around NPs.
Structurally, the corona contains a “hard” monolayer shell directly contacting a NP and a more distant
weakly associated “soft” shell. Chemically, the corona is typically composed of a mixture of distinct proteins. The corresponding experimental and theoretical studies have already clariﬁed many aspects of the
corona formation. The process is, however, complex, and its understanding is still incomplete. Herein, we
present a kinetic mean-ﬁeld model of the formation of the “hard” corona with emphasis on the role of
(i) protein-diffusion limitations and (ii) interplay between competitive adsorption of distinct proteins and
irreversible reconﬁguration of their native structure. The former factor is demonstrated to be signiﬁcant
only in the very beginning of the corona formation. The latter factor is predicted to be more important. It
may determine the composition of the corona on the time scales comparable or longer than a few hours.
© 2016 Elsevier Inc. All rights reserved.

1. Introduction
Adsorption of proteins on solid surfaces is studied already
several decades (reviewed in [1–8]). The general concepts used
to interpret the corresponding kinetics are considered to be well
established and can be summarized as follows:
(i) The size of proteins is relatively large (a few nm) and the
coeﬃcients of protein diffusion, determined in solution by
hydrodynamics, are low, while the adsorption process itself
is often rapid, because the corresponding activation energy
is usually small; and accordingly the whole adsorption
process and especially its onset is often globally controlled
by protein diffusion [8].
(ii) Adsorption of proteins is accompanied by the reconﬁguration of their native structure. This process may be reversible
(for the corresponding models, see e.g. Ref. [9] or Section
5.2 in review [4]). Often, it occurs rapidly during adsorption
and/or just after adsorption, the corresponding changes of
the protein structure may me modest, and mechanistically
it can be included into the adsorption step. Alternatively,
the reconﬁguration may me appreciable (up to full denaturation) and take place on the time scale much longer than
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(iii)

(iv)

(v)

(vi)

that characterizing the onset of adsorption. Under such
circumstances, it should mechanistically be described as a
distinct step characterized by its own rate constant (as it
was ﬁrst done by Lundström [10]).
On the time scale of conventional experiments, diffusion of
adsorbed proteins is usually relatively rapid (the diffusion
length is larger than the protein size) [11]. Mechanistically, this process is expected to include local temporal
rearrangements of the protein structure.
One of the consequences of reconﬁguration and surface diffusion of adsorbed proteins is that with increasing coverage
the already adsorbed proteins may adjust their location and
structure for additional adsorption of newly arriving proteins. This costs energy and collectively can be described in
terms of lateral protein–protein interactions (i.e., the interactions along the surface), which inﬂuence the protein binding
energy as well as the activation energy for adsorption. Direct
electrostatic interaction between charged parts of adsorbed
proteins can also contribute to their lateral interaction.
Adsorption of proteins is reversible and eventually accompanied by their desorption. The latter process may, however,
be slow (especially if the denaturation is appreciable), and
on the time scale of a given experiment the adsorption may
be apparently irreversible.
In the case of coadsorption of proteins, the whole process
starts by adsorption of the proteins with the highest adsorption rate. Such proteins are usually relatively small and
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their binding energy is relatively low. The binding energy
of proteins with larger size and smaller adsorption rate
is often higher. Thermodynamically, the adsorption of the
latter proteins is more favorable. For this reason, the initial
high uptake of the proteins with low binding energy eventually starts to decrease due to the loss of competition for
the binding site, and their ﬁnal uptake may be appreciably
smaller than the maximum one. This feature of protein
coadsorption kinetics is referred to as the Vroman effect
[12,13].
With the rapid development of nanoscience during the past
decade, the interaction of proteins with metal (e.g., gold), oxide
(e.g., silica and titana) and chemically fabricated (e.g., polystyrene)
NPs has attracted appreciable attention due to interesting basic
features, various potential applications of NPs, including e.g.,
targeted drug delivery, hyperthermia therapy, contrast imaging,
fabrication of virus-like particles, and resolution of the potential
threat of nanotechnological devices to organisms and the environment (reviewed in [14–21]; see also a recent article by Chen et al.
[22]). In biological ﬂuids, adsorption of selected proteins on such
NPs results in the formation of the so-called protein corona that
dramatically inﬂuences the function of NPs in biological systems.
The onset of this process is usually very fast, but the whole process may take many hours or days due to slow reconﬁguration and
exchange of proteins at high coverage. Many related experiments
were focused on the structure and composition of the corona
formed after a certain interval of time (typically from about one
hour to a few days). Structurally, the corona was found to contain
a “hard” part, consisting of a near-monolayer of strongly bound
proteins, and a “soft” part located on top and consisting of a
weakly associated and rapidly exchanging layer of proteins. In
practically important situations (e.g., in human blood plasma [23]),
the number of distinct proteins is large but, due to the competition for the binding sites, the corona typically contains only some
of them. In the case of silica NPs in blood plasma, for example,
the corona consists primarily of 20 proteins (see Table 1 in [15]).
Detailed experimental studies of the kinetics of the corona formation are still not numerous (see, e.g., Refs. [24–28]). The focus is
typically on the dependence of the integral protein uptake on time,
because the tools to track the composition of the corona as a function of time are still limited. The experiments resolving the temporal populations of individual proteins are just beginning [27]. The
available models of the kinetics of the corona formation (reviewed
in [29,30]) are of two complementary categories including, respectively, coarse-grained atomistic simulations with emphasis on
the dynamical aspects [31–34] and conventional mean-ﬁeld (MF)
kinetic models focused on the “hard” part of the corona with emphasis on competitive adsorption [35,36] or on the “soft” part [37].
In general, the kinetics of the formation of a protein corona
around NPs depend or may depend on numerous factors. Herein,
we present a general MF kinetic model of the formation of the
“hard” part of the protein corona (Section 2). Compared to the
already available models, it scrutinizes in more detail the onset of
the kinetics or, more speciﬁcally, the role of diffusion limitations
(Section 2) and the ﬁnal stage of the kinetics with the interplay
between competitive adsorption, desorption and irreversible reconﬁguration of different proteins (Section 3). From various points
of view (e.g., in applications), the ﬁnal stage of the kinetics is more
important than the onset. The reconﬁguration of some of the proteins during the ﬁnal stage of the kinetics is expected to take place
if the protein binding energy is signiﬁcant. This is often the case
for metal and oxide NPs. For this reason, our model is oriented
to metal and oxide NPs. The model itself is relatively simple and
makes it possible to understand likely general trends in the kinetics under consideration. The cumbersome details related to diffu-

Fig. 1. Schematic view of the formation of the hard protein corona around a
nanoparticle in blood plasma. The panels show the cross section of a nanoparticle surrounded by adsorbed proteins. For the sake of simplicity, the proteins exhibited include only Fibrinogen (large sized protein), Vitronectin and Human Serum
Albumin (intermediate sized), and Cytochrome C (small sized proteins). The whole
process is divided into three stages: (a) a nanoparticle is introduced into plasma,
(b) smaller proteins (HSA and Cyt C) adsorb ﬁrst and some are denatured, and (c)
eventually, larger proteins replace the smaller ones (Vroman effect) and then undergo denaturation to achieve irreversible adsorption. Native plasma proteins are
represented in red (online). Denatured adsorbed proteins are shown in gray. Desorbed proteins are represented in blue. The hard corona is emphasized with a green
halo. The soft corona is differentiated by a cyan colored halo (with associated proteins in the same color). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

sion limitations are given in Appendix A and may be omitted if one
is not interested in math. The expected scale of deviations from the
MF approximation at high coverage is illustrated in Appendix B by
using Monte Carlo (MC) simulations (this Appendix may be omitted as well if one is not interested in math). Focusing on the
general interplay of the kinetic steps, we do not take into account
many speciﬁc factors which may be important for speciﬁc nanoparticles and/or proteins. Some of such factors are brieﬂy discussed
in Section 4. Finally, we summarize our key ﬁndings in Section 5.
2. General equations
In our model, a NP is considered to be spherical (Fig. 1). The
adsorption of each protein is described in the two-state approximation (as originally proposed by Lundström [10] and reviewed in
Ref. [8]), i.e., a protein is considered to be adsorbed either in the
native or in the altered (denatured) state. The transition kinetics
from the former to the latter state is assumed to be irreversible
and to obey the ﬁrst-order law with a correction taking saturation of the adsorbed overlayer into account. Reconﬁguration of
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the protein native structure occurring during adsorption and/or
rapidly and reversibly just after adsorption is included into the
adsorption step. To describe the adsorption kinetics, we operate
with the populations of adsorbed proteins in these states, ni
and n∗i , where the subscript i characterizes distinct proteins (in
principle, one could operate with surface concentrations; on NPs,
the protein populations are, however, relatively small, and accordingly these variables are physically preferable). At saturation, the
corresponding surface areas per protein are deﬁned to be si and
s∗i , respectively. At arbitrary populations of adsorbed proteins, the
total surface coverage of a NP is deﬁned as



=


i

si ni +





s∗i n∗i

/4π R2 ,

(1)

i

where R = ρ + a is the radius of the sphere corresponding on
average to the location of the centers of the protein masses, 4π R2
is the area of this sphere, ρ is the NP radius, and a is one half of
the average effective protein thickness in the direction perpendicular the nanoparticle surface (for spherically shaped proteins, a
can be identiﬁed with the average effective protein radius; in reality, one often has ρ  a and accordingly R ࣃ ρ ). Due to steric
constrains, the adsorption and denaturation rate are assumed to be
proportional to the fraction of the uncovered surface, i.e., to 1 − .
With the speciﬁcation above, the MF kinetic equations for the
populations are as follows

dni /dt = 4π R2 ki (1 − )ci (R + a ) − κi ni − ri (1 − )ni ,

(2)

dn∗i /dt = ri (1 − )ni ,

(3)

where ki are the adsorption rate constants (these constants are
considered to correspond to the adsorption rate per unit area, and
accordingly the total adsorption rate of each protein is proportional 4π R2 ), κ i and ri are the desorption and denaturation rate
constants, 1 −  is the above-introduced fraction of the uncovered
surface, and ci (R + a ) are the protein concentrations (per unit
volume) at the distance R + a from the NP center.
The use of the MF approximation [Eqs. (1)–(3)] implies that
the correlations in the arrangement of adsorbed proteins are not
crucial for the understanding the adsorption kinetics. One of the
factors justifying this assumption is diffusion of adsorbed proteins.
The so-called random sequential adsorption models, implying
immobile adsorbates, represent an alternative approximation
(reviewed in detail in [38]; for the corresponding models focused
on co-adsorption, see Refs. [39–41]). In reality, as already noticed
in the Introduction, diffusion of proteins adsorbed on different
substrates is often rather rapid especially on the nano-scale length
[11], and accordingly the MF approximation is a more reasonable
basis for the analysis.
One of the shortcomings of the MF approximation is that the
effect of saturation on adsorption and denaturation is described
by using the simplest prescription that the corresponding rates are
proportional to 1 − . Strictly speaking, this prescription should
be corrected at high coverage even in the case of adsorption not
complicated by lateral interactions between adsorbed proteins
(see Appendix B). The corresponding corrections are, however, not
expected to change our main qualitative conclusions. Concerning
lateral interactions, we note that our generic analysis is aimed at
the biologically relevant conditions when the charges of proteins
(both in solution and adsorbed state) are small and accordingly the
lateral interactions are typically modest (see Section 4). To ﬁt experimental data, one can use this or more complex approximations
taking, e.g., lateral protein–protein interactions into account.
Employing Eq. (2) on the length scale comparable to that of
a NP implies that the concentration ci (R + a ) is calculated as the
average for the ensemble of NPs, i.e., this is ensemble-averaged

concentration. According to (2), the net rate of adsorption of
protein i to the NP surface is given by

Ji = 4π R2 ki (1 − )ci (R + a ) − κi ni .

(4)

On the other hand, this rate should be equal to the protein diffusion ﬂux at r = R + a, where r is the radial coordinate. The latter
ﬂux is given by the solution of the corresponding diffusion equation and can be represented as [see Eq. (30) in Appendix A and
take into account that a and ρ + 2a can there be replaced by
a and ρ + 2a ≡ R + a, because here we are interested in the
average values]

Ji = 4π RDi [ci◦ − ci (R + a )],

(5)

where ci◦ is the concentration in solution far from a NP. Using
(4) and (5), we have

4π R2 ki (1 − )ci (R + a ) − κi ni = 4π RDi [ci◦ − ci (R + a )].

(6)

This equation yields

ci ( R + a ) =

4π RDi ci◦ + κi ni
.
4π RDi + 4π R2 ki (1 − )

(7)

Substituting this expression into Eq. (2) results in

dni /dt = Ai ci◦ − Bi ni − ri (1 − )ni ,

(8)

where

Ai ≡

4π RDi ki (1 − )
κi Di /R
and Bi ≡
Di /R + ki (1 − )
Di /R + ki (1 − )

(9)

are the effective adsorption and desorption rate constants taking
the diffusion limitations into account. At the onset of adsorption,  is low. If in addition ki is suﬃciently large, one may
have ki (1 − )  Di /R. In this case, the adsorption and desorption of protein i are limited by diffusion in solution, and the
corresponding rate constants (9) can be represented as

Ai  4π RDi and Bi  κi Di /[Ri ki (1 − )].

(10)

If ki (1 − )
Di /R (this is the case at the late stage of the corona
formation), both processes are kinetically limited, and one has

Ai  4π R2 ki (1 − ) and Bi  κi .

(11)

To present the results of numerical calculations, it is convenient
to introduce the partial protein coverages deﬁned as

θi = si ni /4π R2 and θi∗ = s∗i n∗i /4π R2 .

(12)

The kinetic equations for these coverages can be obtained by
multiplying Eqs. (3) and (8) by s∗i /4π R2 and si /4π R2 , respectively,
i.e.,

dθi /dt = Ai si ci◦ − Bi θi − ri (1 − )θi ,

(13)

dθi∗ /dt = (s∗i /si )ri (1 − )θi ,

(14)

where

Ai ≡

Ai
(Di /R )ki (1 − )
≡
.
Di /R + ki (1 − )
4π R2

(15)

Using Eqs. (13) and (14), we illustrate below the speciﬁcs of the
kinetics under consideration.
3. Results of calculations
In vivo or related experiments, the solution typically contains
various proteins, and in general the number of the corresponding
kinetic equations and rate constants may be enormous. To reduce
the number of model parameters, we will operate on the coarsegrained level. In particular, we divide the whole protein population
into three subpopulations, which are different with respect to size,
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binding energies and denaturation. The proteins belonging to
the ﬁrst subpopulation (e.g., Lysozyme, β -Lactoglobulin, or α Chymotrypsin [4]) are considered to be relatively small and rigid
compared to those of the second and third subpopulations. Their
binding energy is considered to be relatively small as well, and
during adsorption they are assumed to be intact. The proteins
belonging to the second and third subpopulation (e.g., Albumin,
Transferrin, and Immunoglobulins [4]) are considered to be larger
and their binding energies are larger as well. Some of these proteins remain intact after adsorption. Such proteins form the second
subpopulation. Denaturation is admitted only for the proteins of
the third subpopulation.
With the speciﬁcation above, Eqs. (13) and (14) are reduced to

dθ1 /dt = A1 s1 c1◦ − B1 θ1 ,

(16)

dθ2 /dt = A2 s2 c2◦ − B2 θ2 ,

(17)

dθ3 /dt = A3 si c3◦ − B3 θi − r3 (1 − )θ3 ,

(18)

dθ3∗ /dt = (s∗3 /s3 )r3 (1 − )θ3 .

(19)

These equations were numerically integrated assuming that at t =
0 the NP is free of proteins, i.e., θ1 (0 ) = θ2 (0 ) = θ3 (0 ) = θ1∗ (0 ) = 0.
To use the dimensionless rate constants, we normalize them
to the desorption rate constant of the proteins belonging to the
ﬁrst population, i.e., to κ 1 . In particular, the parameters characterizing adsorption are set as s1 k1 c1◦ /κ1 = 5, s2 k2 c2◦ /κ1 = 1,
and s3 k3 c3◦ /κ1 = 1. Using these parameters, we imply that the
concentrations of proteins of different populations are comparable,
while in analogy with the activation energies for desorption the
activation energy of adsorption of proteins belonging to the ﬁrst
subpopulation is somewhat smaller compared to those of the
proteins of the second and third subpopulations, and accordingly
k1 is larger than k2 and k3 (as it is considered in the explanation
of the Vroman effect). The difference in the values of diffusion
coeﬃcients of proteins is neglected, and the ratios of the rate
constants characterizing diffusion and adsorption are ﬁxed as
D1 /(Rk1 ) = 1, D2 /(Rk2 ) = 5, and D3 /(Rk3 ) = 5. The ratio s∗3 /s3 is
considered to be equal to 2. The governing parameters are chosen
to be κ 2 /κ 1 , κ 3 /κ 1 , and r3 /κ 1 . These parameters characterize slow
steps of desorption and denaturation.
With the parameters chosen, the NP is always ﬁrst rapidly
covered primarily by proteins forming the ﬁrst subpopulation and
partly by proteins forming the second and third subpopulations.
Then, the coverage of proteins forming the ﬁrst subpopulation
starts to decrease while the coverages of proteins forming the
second and third subpopulations increase. The denaturation is
negligible during this stage. As a whole, these features illustrate
the Vroman effect. The corresponding details depend on the ratios
of the governing parameters. The subsequent long phase includes
protein denaturation.
From the tutorial point of view, it is instructive ﬁrst to show
(Fig. 2) what may happen if the rate constants of slow steps of desorption and denaturation are equal, κ2 /κ1 = κ3 /κ1 = r3 /κ1 = 0.1.
In this case, after rapid initial adsorption, one can observe a
relatively short Vroman phase with simultaneous increase of the
coverage of proteins forming the second and third subpopulation.
Then, the coverage of the surface by the denaturated protein, θ3∗ ,
slowly increases, while the coverages θ 1 , θ 2 , and θ 3 decrease in
parallel.
As a second example, we show (Fig. 3) the kinetics calculated
for the case when the rate constant of desorption of proteins
forming the second subpopulation is chosen to be low compared to the other rate constants, κ2 /κ1 = 0.02, κ3 /κ1 = 0.1, and

Fig. 2. Kinetics of the formation of the “hard” protein corona around a nanoparticle: protein coverages as a function of time for κ2 /κ1 = κ3 /κ1 = r3 /κ1 = 0.1. Panel
(a) shows the initial and Vroman phases. Panel (b) exhibits the whole kinetics.

Fig. 3. As Fig. 2 for κ2 /κ1 = 0.02, κ3 /κ1 = 0.1, and r3 /κ1 = 0.1.
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Fig. 4. As Fig. 2 for κ2 /κ1 = 0.1, κ3 /κ1 = 0.02, and r3 /κ1 = 0.1.

r3 /κ1 = 0.1. In this case, the Vroman phase shows a decrease of
θ 1 accompanied by an increase of θ 2 and θ 3 and then a decrease
of θ 1 and θ 3 accompanied by an increase of θ 2 . Then, θ3∗ slowly
increases, while θ 1 , θ 2 , and θ 3 decrease in parallel.
In the third example (Fig. 4), the rate constant of desorption of
proteins forming the third subpopulation is low compared to the
other rate constants, κ2 /κ1 = 0.1, κ3 /κ1 = 0.02, and r3 /κ1 = 0.1.
With these parameters, the Vroman phase exhibits a decrease of
θ 1 accompanied by an increase of θ 2 and θ 3 and then a decrease
of θ 1 and θ 2 accompanied by an increase of θ 3 . Then, θ3∗ slowly
increases.
As a ﬁnal example, we show (Fig. 5) the kinetics calculated
for the case when the rate constants of desorption of proteins
forming the second and third subpopulation are low compared to
the denaturation rate constant, κ2 /κ1 = 0.02, κ3 /κ1 = 0.02, and
r3 /κ1 = 0.1. In this situation, the kinetics are qualitatively similar
to those presented in Fig. 2. The duration of the ﬁnal phase is,
however, much longer, because the total protein coverage during
this phase is high, and the denaturation is very slow.
4. Additional factors
Our presentation above has been focused on protein-diffusion
limitations and the interplay between protein adsorption, desorption and irreversible reconﬁguration. The model employed has
allowed us to scrutinize the role of these factors. Here, we brieﬂy
discuss a few speciﬁc factors which have not been taken into
account.
One factor is a protein charge composed of charges of some
amino-acid residues. It depends on pH and ionic strength of the
solution and may (i) inﬂuence the protein binding energy, (ii)
contribute to lateral interaction between adsorbed proteins, and

Fig. 5. As Fig. 2 for κ2 /κ1 = 0.02, κ3 /κ1 = 0.02, and r3 /κ1 = 0.1.

(iii) inﬂuence the adsorption kinetics both in the kinetically and
diffusion-limited regimes. In general, this factor may or may not
be important and the corresponding models should be focused on
speciﬁc proteins (see e.g. the treatments focused on conventional
protein adsorption [42–45]). With this reservation, we note that
the protein binding energy determines the value of the detachment
rate constant and accordingly is taken into account already at the
MF level. The repulsive or attractive lateral interaction may result
in correlation in arrangement of proteins, e.g., in aggregation. In
principle, most proteins are able to aggregate, although this is not
required for their natural function, as evidenced by the small number of proteins that aggregate at biologically relevant conditions
[46,47]. In other words, this means that under such conditions
the lateral interactions are typically relatively weak and can be
taken into account at the MF level by introducing the dependence
of the activation energies of adsorption, desorption and denaturation on the populations of adsorbed proteins (by analogy with
conventional models of adsorption of biomolecules [48]). The corresponding modiﬁcation of the model proposed is not expected to
change our qualitative conclusions. The length scale of the chargerelated protein–protein interactions is smaller or comparable to the
protein size. The diffusion limitations discussed in our study takes
place at larger length scale. Thus, from the latter perspective, the
role of the protein charge is not expected to be signiﬁcant either.
To describe steric constraints, we have used the simplest
approximation based on the introduction of the areas, si and
s∗i , which are locked by proteins [see the factor  deﬁned by
Eq. (1) or the factor (1 − ) in Eqs. (2) and (3)]. These factors
are assumed to be independent of the arrangement of proteins.
As already noticed, the shortcomings of this approximation at
high coverage are illustrated in Appendix B. Here, we add that
in reality the smaller proteins can be located partly underneath
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the larger ones so that their projections on the NP surface are
slightly overlapping. In principle, this effect can be introduced into
a model by representing proteins e.g. by truncated spheres. Its role
is, however, not expected to be dramatic.
In our analysis, the NP surface was assumed to be uniform. This
approximation may or may not be applicable. The shape of metal
NPs, for example, is determined by the Wulff rule. In particular,
such NPs contain the (111) and (100) facets separated be edges.
The integral area of the (100) facets is, however, relatively small,
and, if the cooperative effects in the protein adsorption are not
appreciable, the role of these facets and edges is expected to
be not appreciable either. If on the other hand the adsorption
occurs via aggregate nucleation and growth, and the nucleation
takes place primarily on the (100) facets, these facets may play an
important role.
5. Conclusion
We have presented a kinetic MF model of the formation of the
“hard” protein corona around NPs with emphasis on the role of (i)
protein-diffusion limitations and (ii) interplay between competitive
adsorption of distinct proteins and the reconﬁguration of their
native structure. Our key novel ﬁndings are as follows.
First, our analysis of protein diffusion indicates that the role
of the slowdown of this process near the interface is minor. In
fact, one can use the conventional diffusion equation in order to
describe the process. In our treatments, we have derived general
expressions for effective adsorption and desorption rate constant
taking diffusion limitations into account. The expressions are
applicable at arbitrary rate of diffusion, i.e., can be used when the
diffusion controls adsorption or desorption as well as when the
diffusion limitations are negligible. Practically, these limitations
may be appreciable only in the very beginning of adsorption.
Second, our calculations show that during the Vroman phase
the protein denaturation may be nearly negligible. In contrast, the
ﬁnal third long period of adsorption may be determined by denaturation, and if this is the case the coverages of proteins in the
native states slowly decrease in parallel with increase of the coverage of the protein in the denatured state. In the current literature
(reviewed in [14]), the role of the Vroman effect in the corona
formation is well appreciated. The role of denaturation or, in other
words, conformational changes is mentioned (reviewed in [14]) but
was not theoretically illustrated in detail at it has been done here.
In addition, using Monte Carlo (MC) simulations, we have
brieﬂy illustrated the expected scale of deviations from the MF
approximation at high coverage (Appendix B).
Taken together, our results clarify the mechanistic aspects
of the protein-corona formation, and potentially the equations
derived can be used to ﬁt experimental data.
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Appendix A. Diffusion limitations
As a complementary part of the analysis presented in Section 2,
we describe here protein diffusion towards a NP. Formally, this is
one of the aspects of the theory of diffusion-limited rate processes,
and the corresponding treatments has a long history since the
seminal article by Smoluchowski [49] (see other seminal articles
[50,51], recent treatments focused on the role of stochasticity
[52] and crowding [53], and references therein). Customarily, the

Fig. 6. Diffusion coeﬃcient as a function of the distance, h (h ≡ r − ρ − a), between
a protein and a nanoparticle. The thick and thin lines correspond to expressions
(21) and (22), respectively.

analysis of such processes is based on the use of the conventional
diffusion equation with the constant diffusion coeﬃcient, given by
hydrodynamics for the bulk,

D◦ = kB T /6π ηa,

(20)

where kB is the Boltzmann constant, T the temperature, a the
reactant radius (in our context, this is a protein radius), and η the
viscosity coeﬃcient. According to hydrodynamics, the coeﬃcient
of diffusion near the solution-solid interface is, however, smaller.
For a ﬂat interface, it can be represented as [54,55]

D (h ) =

6h2 + 2ha
D◦ ,
+ 9ha + 2a2

(21)

6 h2

where h ≡ z − a is the minimal distance between the reactant
surface and the solid surface (z is the coordinate of the reactant
center with respect to the interface). In fact, D vanishes at h → 0.
This effect can appreciably inﬂuence the rate of diffusion-limited
rate processes [56]. Here, we are interested in the expression of
the protein diffusion ﬂux at r = R + a ≡ ρ + 2a (r is the radial
coordinate with respect to the center of a NP) via the protein
concentrations far and near the NP surface in order to balance the
ﬂux given by Eq. (4). In this context, we scrutinize whether the
slowdown of diffusion near the NP surface signiﬁcantly modify the
diffusion ﬂux.
In our analysis, we take into account that usually the NP radius,
ρ , is appreciably larger than the protein radius, a (to simplify the
designations, we omit here the subscript i characterizing the
protein type and use a and a interchangeably) and, accepting
expression (21), ﬁt it as [56] (Fig. 6)



D (r ) =

(r − ρ − a )λ−1 D◦
D◦

at ρ + a ≤ r ≤ ρ + a + λ,
at r ≥ ρ + a + λ,

(22)

where r − ρ − a ≡ h is the minimal distance between the protein
surface and the NP surface, and λ = 4a is the ﬁtting parameter. In
analogy with Eq. (21), Eq. (22) predicts D ∝ r − ρ − a at r  ρ + a
and D = D◦ at r  ρ + a.
To describe protein diffusion, we consider that the protein
distribution around a NP is spherically symmetric on average and
employ the steady-state approximation. The latter approximation
used widely since Smoluchowski’s study [49] is reasonable, because the time scale of the transition to the steady-state regime is
short, and the protein uptake during this transition is negligible. In
combination with (22), this approximation yields at r ≥ ρ + a + λ
the conventional expressions for the protein diffusion ﬂux (per a
NP) and concentration

J = 4 π r 2 D◦

dc
,
dr

(23)
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c ( r ) = c◦ −

J
,
4 π D◦ r

(24)

where c◦ is the protein concentration at r  ρ + a (this concentration can be identiﬁed with the average concentration). At
r ≤ ρ + a + λ, the diffusion ﬂux is given by

J = 4π r 2 (r − ρ − a )λ−1 D◦

dc
.
dr

(25)

In this expression, r2 can be replaced by (ρ + a )2 , because r is
close to ρ + a, i.e.,

J = 4π (ρ + a )2 (r − ρ − a )λ−1 D◦

dc
,
dr

and then the integration yields

c ( r ) = c ( ρ + 2a ) +

λJ

4 π ( ρ + a ) 2 D◦

ln

(26)

r − ρ − a
a

.

(27)

At r = ρ + a + λ, concentrations (24) and (27) should coincide, i.e.,

c◦ −

J
λJ
= c ( ρ + 2a ) +
ln(λ/a ).
4 π D◦ ( ρ + a + λ )
4 π ( ρ + a ) 2 D◦
(28)

On the left-hand side of this equation, ρ + a + λ can be replaced
by ρ + a, because ρ + a  λ, and then the diffusion ﬂux can be
expressed as

J=

4π (ρ + a )D◦ [c◦ − c (ρ + 2a )]
.
1 + [λ/(ρ + a )] ln(λ/a )

(29)

In our context, as it has just been noticed, ρ + a is appreciably larger than λ, and accordingly the logarithmic term in the
denominator of this expression can be neglected, i.e.,

J  4 π ( ρ + a ) D ◦ [ c ◦ − c ( ρ + 2 a )] .

(30)

This expression indicates that the slowdown of diffusion near
the NP surface is in fact negligible, because the main diffusion
resistance takes place at r ࣃ 2ρ , and in this region the diffusion
coeﬃcient is close to D◦ .
In our analysis above, the protein diffusion coeﬃcient has been
described by employing expressions (20)–(22) corresponding to
conventional hydrodynamics. In vivo, the diffusion can be slowed
down due to the crowding effect [57,58]. At the simplest level, this
effect can be taken into account by using expressions (20)–(22)
in combination with the effective (reduced) friction coeﬃcient.
Following this line, we can employ Eq. (30) assuming D◦ to be the
diffusion coeﬃcient taking the crowding effect into account. In
fact, Eq. (30) is the only one we need in the main text (Section 2).
Appendix B. Monte Carlo simulations
In principle, the kinetics of the protein-corona formation can
be analyzed by using MC simulations. This technique allows one
to scrutinize both spatial and temporal effects. Compared to the
MF approximation, the corresponding results are, however, less
transparent, and full-scale simulations of this category are beyond
our present goals. Our attention is rather focused on illustration
of the shortcomings of the MF approximation at high coverage.
With this aim in mind, we performed temporal MC simulations
of irreversible kinetically limited adsorption of spherically shaped
proteins of one type (with radius of 1 nm) on a nanoparticle which
was represented by a 20 × 20 nm2 area with periodic boundary
conditions. The corresponding kinetics [Fig. 7(a)] were simulated
by using the standard Gillespie algorithm. In particular, the coordinates of the particle center for adsorption were chosen at random,
an adsorption attempt was accepted if the distance between the

Fig. 7. Monte Carlo simulations of protein adsorption on a nanoparticle: (a) protein
population as a function of time during three typical runs, (b) normalized average
adsorption and denaturation rates (open and ﬁlled circles, respectively) as a function of n/nmax obtained for these runs (the solid line corresponds to the mean-ﬁeld
approximation), and (c) arrangement of proteins in the end of one of the runs.
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chosen position for adsorption and the centers of already adsorbed
proteins was larger than 2 nm, and after an attempt the time
was incremented by | ln(ρ )|/w, where w is the adsorption rate
for the adsorbate-free surface [by analogy with Eq. (2), this rate
can be represented as w = Skc, where S is the surface area, k is
the adsorption rate constant (per unit area), and c is the protein
concentration], and ρ (0 < ρ ≤ 1) is a random number. To mimic
rapid diffusion of adsorbed proteins, we performed 103 attempts
of diffusion jumps after each adsorption attempt. For a jump, a
protein was chosen at random, the likely coordinates of the protein center were selected at random locally at xi − δ ≤ x ≤ xi + δ
and yi − δ ≤ y ≤ yi + δ (xi and yi are the initial coordinates, and
δ = 0.5 nm is the maximum jump length), and a jump attempt
was accepted if the distance between the selected position and
the centers of already adsorbed proteins was larger than 2 nm.
With the speciﬁcation above, all the adsorbed proteins are in
the same state, because the protein adsorption is considered to be
not accompanied by denaturation. For any protein arrangement,
we can, however, calculate the average adsorption rate as well as
the average rate of denaturation which would take place if the
latter process were allowed to occur [Fig. 7(b)]. The former rate
was calculated by using 100 attempts of adsorption and deﬁned as
the fraction of the attempts which might be successful. The latter
rate was calculated as the average rate of denaturation of adsorbed
proteins. The denaturation was mimicked as an increase of the
protein radius up to 2 nm (this process was assumed to be possible
if there are no steric constraints for this increase), and the denaturation rate was identiﬁed with the fraction of the attempts which
might be successful. All these attempts were tentative and were
not accompanied by adsorption or denaturation. Physically, the
average adsorption and denaturation rates calculated as deﬁned
above represent the rates normalized to the values corresponding
to the protein-free nanoparticle. In the MF approximation, the
average adsorption and denaturation rates calculated in a similar
way can be identiﬁed with 1 − n/nmax , where n and nmax are the
current and maximum protein population [cf. Eq. (2) and note that
physically n/nmax represents ]. To illustrate the deviations from
the MF approximation, the average MC adsorption and denaturation rates are shown as a function of n/nmax , where nmax is the
population in the end of the MC runs (a run was terminated after
103 sequential unsuccessful attempts of adsorption).
According to our simulations [Fig. 7(b)], the MF approximation overestimates the adsorption and denaturation rates at high
coverage, and this effect is somewhat stronger in the case of
adsorption. The overestimation is, however, not dramatic, and it is
not expected to inﬂuence our qualitative conclusions.
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