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otein interactions on the
excretion, extent of receptor occupancy and tumor
accumulation of ultrasmall metal nanoparticles:
a compartmental model simulation†

Alioscka A. Sousa

Ultrasmall metal nanoparticles (NPs) are next-generation nano-based platforms for in vivo disease diagnosis

and treatment. Due to their small size below the kidney filtration threshold and marked resistance to

nonspecific serum protein adsorption, ultrasmall NPs can be rapidly excreted through the kidneys and

escape liver uptake. However, although ultrasmall particles may be deemed highly resistant to protein

adsorption, the real extent of this resistance is not known. Here, a simple compartmental model

simulation was therefore implemented to understand how NP behavior in vivo could be modulated by

soft, transient NP–plasma protein interactions characterized by dissociation constants in the millimolar

range. In Model 1, ultrasmall NPs functionalized with a targeting probe, plasma proteins and target

receptors were assumed to co-exist within a single compartment. Simulations were performed to

understand the synergistic effect of soft interactions, systemic clearance and NP size on receptor

occupancy in the single compartment. The results revealed the existence of a narrow range of ultraweak

affinities and optimal particle sizes leading to greater target occupancy. In Model 2, simulations were

performed to understand the impact of soft interactions on NP accumulation into a peripheral (tumor)

compartment. The results revealed that soft interactions – but not active targeting – enhanced tumor

uptake levels when tumor accumulation was limited by ‘fast’ plasma clearance and ‘slow’ vascular

extravasation. The simple model presented here provides a basic framework to quantitatively understand

the blood and tumor pharmacokinetics of ultrasmall NPs under the influence of transient protein

interactions.
1. Introduction

To date, a myriad of noble metal nanoparticles (NPs) have been
designed and tested in various biomedical applications. NPs
can be utilized as theranostic platforms for cancer detection
and treatment.1 They can be employed as delivery vehicles for
traditional pharmaceutics in an effort to reduce side effects,
increase therapeutic efficacy and improve pharmacokinetics.2

Nobel metal NPs can be broadly divided into two general
categories concerning their size: (i) ultrasmall NPs of core
diameters under �3 nm, and (ii) conventionally large NPs.3–5

The clinical translation of conventionally large particles hasmet
with several challenges and limited success.6,7 For example,
large NPs cannot be excreted in the urine because they have
diameters greater than the kidney ltration threshold, which is
around 8 nm.8,9 The lack of an efficient elimination route from
sity of São Paulo, São Paulo, SP, Brazil.
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circulation together with the chemical stability of the NPs
contributes to their long-term accumulation in the body. In
addition, large NPs generally end up accumulated in the liver
and spleen by the phagocytic action of resident macro-
phages.10,11 PEGylation of the NP surface, a common method to
minimize protein adsorption and opsonization, can delay
macrophage uptake but not completely avoid it. Finally, serum
protein adsorption can sterically shield targeting ligands
attached onto the NP surface and hinder ligand–receptor
interactions.10,12,13

Ultrasmall metal NPs and nanoclusters constitute an
emerging class of nanomaterials for disease diagnosis and
therapy.3,9,14–20 Due to their small size below the kidney ltration
threshold, ultrasmall NPs can be rapidly excreted through the
urine; e.g., clearances over 50% at 24 h p.i. have been routinely
reported.21–26 The fast and efficient renal clearance, in turn,
contributes to much lower levels of particle uptake by the
reticuloendothelial system organs, avoids long-term accumu-
lation in the organism, and minimizes toxicity. Remarkably,
accumulation in the liver and spleen is typically 10- to 30-fold
lower relative to conventional nonrenal clearable particles.16 It
RSC Adv., 2019, 9, 26927–26941 | 26927
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should be noted that the reduced size of ultrasmall NPs is
a necessary but not sufficient condition for efficient renal
clearance and reduced levels of uptake by the liver and spleen.
Fundamentally, ultrasmall NPs must be highly resistant to
serum protein binding, which can be generally accomplished by
surface coating with hydrophilic peptides (e.g., glutathione),
zwitterionic ligands or PEG.27–32 Ultrasmall NPs functionalized
with targeting ligands have also shown promise in vivo.33–35

Paradoxically, the rapid renal clearance of ultrasmall NPs
may limit their usage as cancer nanomedicines, since a fast
drop in plasma concentration may hinder tumor uptake.36

Therefore, several strategies have been devised to prolong NP
half-life in circulation and increase tumor accumulation
levels.16,28,36–38 For example, it was found that PEGylation pro-
longed the plasma half-life of ultrasmall NPs relative to
glutathione-coated particles, thus enhancing tumor uptake
levels from 2.3 to 8.3% ID per g.28

Despite all the progress so far, fundamental issues concerning
the biointeractions of ultrasmall NPs in complex biological uid
remain poorly understood. One interesting open question
pertains to the extent to which ultrasmall NPs are able to avoid
interactions with plasma proteins. In other words, although it
may be taken for granted that ultrasmall NPs are highly resistant
to protein binding, the real extent of this resistance is not known.
Ultrasmall NPs coated with PEG may be especially prone to
interacting with plasma proteins to some degree, as even free
PEG molecules are known to bind weakly to proteins.39–41 Exper-
iments performed so far to test the capability of ultrasmall
particles to resist serum protein interactions have included,
among others, gel electrophoresis and size-exclusion chroma-
tography in combination with dynamic light scattering
(DLS).32,42,43 However, none of these simple experimental meth-
odologies are appropriate for the characterization of transient,
ultraweak interactions characterized by very high dissociation
constants and short residence times. Analytical ultracentrifuga-
tion constitutes a more robust and sensitive tool to investigate
ultraweak biomolecular interactions,44–46 but this has yet to be
explored in more detail in the study of NP interactions.31,47

While ultraweak interactions with dissociation constants in
the millimolar (mM) range usually have no major impact on
conventional biochemical assays performed in vitro under
dilute solution conditions, they cannot be ignored in macro-
molecular crowded media.48 Blood plasma in particular
contains high amounts of proteins in a total apparent concen-
tration of �80 mg mL�1, and potentially reaching double this
value inside capillaries.49 Serum albumin, the most abundant
protein in plasma, is present at concentrations of 35–50 mg
mL�1 (0.53–0.75 mM), while other major but less abundant
proteins include the immunoglobulins, transferrin and brin-
ogen.50 Assuming that the affinity of NP–protein interactions
may be of the same order of magnitude as the overall concen-
tration of proteins in blood raises the intriguing possibility that
so interactions may act in tandem with other molecular and
physiological processes to modulate NP behavior in vivo.

Given the above considerations, here a simple compartmental
model simulation was implemented to examine the hypothesis
that so interactions could modulate the blood and tumor
26928 | RSC Adv., 2019, 9, 26927–26941
pharmacokinetic properties of ultrasmall metal NPs (Fig. 1). The
results revealed that the excretion, degree of receptor occupancy
and tumor accumulation of the NPs could be modulated through
transient interactions with plasma proteins. Controlling the
nature and magnitude of these interactions could therefore
provide new avenues to regulate ultrasmall NP behavior in vivo.
2. Model description
2.1 Model 1: impact of so protein interactions on receptor
occupancy

Model basics.Model 1 is illustrated schematically in Fig. 1a. It
can be described by the following main features: (i) ultrasmall
NPs, plasma proteins and target receptors are present within
a single compartment; (ii) the NPs are assumed to be function-
alized with a single targeting ligand for binding specically to the
receptors; (iii) the plasma proteins interact nonspecically to the
NPs with ultraweak affinity. A maximum of two individual
proteins can bind to a single NP; (iv) it is assumed that binding of
the rst plasma protein does not interfere with NP-receptor
complexation, whereas binding of the second protein shields
the targeting moiety and prevents receptor interactions; (v) the
NPs are removed from the compartment with time to simulate
their clearance from the systemic circulation; (vi) the rate of
systemic clearance is size-dependent, being the fastest for free
NPs and the slowest for NPs with 2 bound proteins.

For the sake of clarity, the binding capacity of the NPs was
restricted to two plasma proteins in the model depicted in
Fig. 1. However, as discussed below, the actual simulations
assumed NPs of different radii and binding capacities.

Reaction equations. The model depicted in Fig. 1a can be
represented by the following set of biochemical equations:

NP + P $ NP$P1 KD,P1
¼ koff,P/2kon,P

NP$P1 + P $ NP$P2 KD,P2
¼ 2koff,P/kon,P

NP + R $ NP$R KD,R ¼ koff,R/kon,R

NP$P1 + R $ NP$P1$R KD,R ¼ koff,R/kon,R

NP / NPout kclear0

NP$P1 / NPout kclear1

NP$P2 / NPout kclear2

where NP, P and R refer to nanoparticles, plasma proteins and
receptors, respectively; kon,P and koff,P are the intrinsic associa-
tion and dissociation rate constants for NP–plasma protein
binding; KD,P1

and KD,P2
are the macroscopic dissociation

constants related to the successive binding of the two protein
molecules to a single NP (where KD,P2

¼ 4KD,P1
); kon,R and koff,R

are the association and dissociation rate constants for NP-
receptor binding; KD,R is the dissociation constant for NP-
receptor binding; and kclear0, kclear1 and kclear2 are the rst-
order rates of systemic clearance for NPs with 0, 1 and 2
bound proteins, respectively.
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic illustration of the model. (a) Model 1: one-compartment model. Targeted NPs, plasma proteins and receptors co-exist within
the single compartment. The plasma proteins interact nonspecifically to the NPs with ultraweak affinity. The maximum NP binding capacity is 2
proteins/NP (in the actual simulations the maximum binding capacities were 1, 6 and 10 proteins/NP for NPs of different radii). Binding of the first
plasma protein does not interfere with NP-receptor complexation, whereas binding of the second protein shields the targeting moiety and
prevents receptor complexation. The rate of systemic clearance from the compartment is size-dependent, being the fastest for free NPs and the
slowest for NPs with 2 bound proteins (differences in clearance rates are represented with arrows of different widths). Simulations were per-
formed to understand the cooperative action of ultraweak interactions, systemic clearance rate, and NP radius/binding capacity on the extent of
receptor occupancy in the single compartment. (b) Model 2: two-compartment model. NPs are initially present in the main (‘plasma’)
compartment but can reach a second, peripheral (‘tumor’) compartment. Proteins in both compartments interact nonspecifically to the NPs with
ultraweak affinity. The rate of NP transfer between compartments is size-dependent, being the fastest for free NPs and the slowest for NPs with 2
bound proteins. NP clearance takes place through the main compartment as in Model 1. Simulations were performed to understand the
cooperative action of ultraweak interactions, systemic clearance rate, inter-compartment transfer rates, and NP radius/binding capacity on the
accumulation of NPs into the tumor compartment.
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The dynamics of the system is represented by a set of ordi-
nary differential equations (ODEs), which are given in the ESI.†
The differential equations can be easily modied to reect the
different NP–protein stoichiometries used in the actual simu-
lations. The resulting ODEs are then solved numerically given
the rate constants and initial boundary conditions as specied
below under ‘Parameter values’. Numerical integration was
performed with the program Polymath (http://www.polymath-
soware.com).

NP sizes and binding capacity. Owing to the small surface
area of ultrasmall NPs, the binding capacity of the particles is
restricted to a few proteins at most.47,51 In the limiting case
where particle size � protein size, only a single protein will
bind the NPs. The simulations assumed NPs of three distinct
hydrodynamic radii, namely 1, 3 and 4 nm, each able to
accommodate, according to simple geometric considerations,
a maximum of 1, 6 and 10 plasma proteins, respectively (these
values were rounded from 0.6, 5.3 and 9.5). This was calculated
according to the simple formula:

nmax ¼ 4R NP
2
�
R G

2 (1)

where nmax is the maximum binding capacity of the NPs for
human serum albumin, R NP is the NP radius, and R G is the
radius of gyration of albumin. Although it is only a rough
approximation, eqn (1) nevertheless reects the trend that more
proteins can be accommodated around the surface of larger
This journal is © The Royal Society of Chemistry 2019
NPs. Alternatively to the use of eqn (1), the number of bound
proteins as a function of NP radius could be estimated by
computer simulations. For example, previous work indicated
that, depending on the NP surface chemistry, up to 4 and 10
albumin proteins could bind around NPs of 3 and 6 nm in
radius, respectively.52

The apparent hydrodynamic radius for a NP–protein complex
depends on the number n of bound proteins according to:53

R ðnÞ ¼
ffiffiffiffiffiffi
3

4p

3

r
ðvNP þ nvPÞ (2)

where the NP–protein complexes are treated as spherical; n is an
integer from 0 to nmax (when n ¼ 0, R ¼ R NP); and vNP and vP
are the volumes of the free NP and the individual protein
(albumin).

Denition of partial and full protein coronas. The following
denitions are adopted in this work to facilitate data interpre-
tation and discussion. (i) NPfree refers to NPs without any bound
protein; (ii) NPPC refers to NPs covered by a ‘partial’ protein
corona. This includes NPs covered by 1, 2 or 3 proteins when
R NP ¼ 3 nm; and NPs covered by 1, 2, 3, 4 or 5 proteins when
R NP ¼ 4 nm: (iii) NPFC refers to NPs covered by a ‘full’ protein
corona. This includes NPs covered by 1 protein when
R NP ¼ 1 nm; NPs covered by 4, 5 or 6 proteins when
R NP ¼ 3 nm; and NPs covered by 6, 7, 8, 9 or 10 proteins when
R NP ¼ 4 nm:
RSC Adv., 2019, 9, 26927–26941 | 26929
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Fig. 2 Single exponential plasma clearance term, kclear, estimated for
metal NPs, molecular tracers and protein drugs of different sizes. Open
circles: kclear for molecular tracers and proteins; data obtained from
ref. 55. The identity of some proteins is shown as example. Solid line
calculated with eqn (5). Green triangles: glutathione-coated NPs of
different core compositions (entries 1–4 in Table S1†). kclear was esti-
mated as CL/Vd using pharmacokinetic data from ref. 38. Blue circles:
glutathione- and PEG-coated gold NPs (entries 5–6 in Table S1†). kclear
was estimated as [C0]/AUC using data from ref. 28. Brown diamonds:
atomically precise glutathione-coated gold NPs (entries 7–10 in Table
S1†). kclear was estimated as CL/Vd using data from ref. 42. Orange
squares: glutathione-coated gold NPs administered under different
doses (entries 14–16 in Table S1†). kclear was estimated as CL/Vd using
data from ref. 18. Purple inverted triangle: glutathione-coated gold
NPs (entry 17 in Table S1†). kclear was estimated as [C0]/AUC using data
from ref. 57. Red star: PEG/MBA-coated gold NP. kclear was estimated
as [C0]/AUC using data from ref. 58.
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The model further assumes that the formation of a ‘partial’
protein corona around the NP surface does not interfere with
receptor binding, whereas a ‘full’ corona sterically shields the
functional ligand and prevents receptor binding (see also
Fig. 1a). Of course, such simple general rule might not operate
in practice, since it might be possible for even a single bound
protein to hinder receptor interactions. Nevertheless, the
simple assumption adopted here reects the trend that the
binding of fewer proteins around the NP surface has a lower
probability of obstructing the targeting probe.

Rate of systemic clearance. Systemic clearance from plasma
can be generally well described by a biexponential clearance
model consisting of a distribution (alpha) and elimination
(beta) phase. The distribution phase consists of the rapid par-
titioning of the compound out of the central plasma compart-
ment into well-perfused tissues, whereas the elimination phase
entails the actual elimination of the compound from the body.54

Mathematically, this can be expressed as:

[C](t) ¼ [C0](Ae
�kat + Be�kbt) (3)

where [C] is the plasma concentration of the compound at time
t, [C0] is the initial plasma concentration, ka and kb are the
clearance rates for the alpha and beta phases in units of h�1,
and A and B are the fractions of the alpha and beta phases in
units of % ID per mL or % ID per g. The corresponding distri-
bution and elimination half-lives can be calculated as t1/2a ¼
ln(2)/ka and t1/2b ¼ ln(2)/kb, respectively.

Although not strictly accurate from a physiological stand-
point, plasma clearance can nevertheless be reasonably
approximated as a single exponential decay function, which is
done to facilitate expressing systemic clearance as a function of
compound size:55

kclear ¼ ½C0�
AUC

(4)

where AUC is the area under the plasma concentration vs. time
curve (AUC ¼ A/ka + B/kb).

There is a large body of literature on the pharmacokinetics of
hydrophilic compounds such as molecular tracers, antibody
fragments and PEG of various sizes. Measurements of the
plasma concentration in the mouse for such compounds were
gathered by Wittrup et al.55 This data collection was analyzed
according to eqn (3) and (4) to nd the apparent kclear for each
molecular species, and the results are plotted in Fig. 2 (open
circles). Moreover, the following empirical formula was derived
by Wittrup et al. to establish a direct relationship between
systemic clearance rate and molecular size:56

lnðkclearÞ ¼ �3:3þ 4:9

1þ eðlnðR Þ�1:4Þ=0:25 (5)

where R is hydrodynamic radius in nm and kclear is in units of
h�1. The t of this equation through the points in Fig. 2 is
shown as a solid line.

In this work the rates of systemic clearance (kclear0, kclear1,
etc.) for the differently sized NPs and NP–protein complexes are
calculated according to eqn (5), with the corresponding values
26930 | RSC Adv., 2019, 9, 26927–26941
of R given by eqn (2). The results are presented graphically in
Fig. S1a.† Implicit in the use of eqn (5) is that ultrasmall NPs
display comparable plasma clearance rates as small protein
drugs (see Discussion section). Simulations were also per-
formed assuming that only NPfree was clearable, in which case
kclear0 was the only biochemical reaction for clearance consid-
ered in the model.

Receptor occupancy and area under the curve. The time-
dependent receptor occupancy is dened as the concentration
of NP-bound receptors, [Rb], over the total initial receptor
concentration, [R0]:

Y ðtÞ ¼ ½Rb�ðtÞ
½R0� (6)

From this relation, the average area under the curve for
receptor occupancy (AUCR) is calculated as:59

AUCRðTÞ ¼ 1

T

ðT
0

YðtÞdt (7)

where T ¼ 24 h is taken as a suitable time window. The average
AUCR is used as a measure of nanodrug efficacy. It reaches the
maximum value of 1 when all receptors remain in their bound
state for 24 h.

Parameter values. Table 1 lists the unique values of NP radii,
NP-receptor binding constants and clearance rates used in the
simulations. In all simulations the kon,P was kept constant at 1 �
This journal is © The Royal Society of Chemistry 2019
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105 M�1 s�1 while the koff,P varied as 10, 50, 100, 200, 500, 1000
and 2000 s�1. The different pairs of kon,P and koff,P yielded the
following values for the (microscopic) nonspecic binding
affinity (KD,P): 0.1, 0.5, 1, 2, 5, 10 and 20 mM. Sim #3, #6 and #8
included the following lower values of KD,P as well: 5, 10, 20 and
50 mM. For all simulations, [R0]¼ 1 nM, [P0]¼ 1 mM and [NP0]¼
1 mM, corresponding to the initial (t ¼ 0 s) concentrations of
receptor, plasma proteins and NPs, respectively. [P0] was set
slightly higher to the maximum concentration of albumin in
plasma (�0.75 mM).

2.2 Model 2: impact of so protein interactions on NP tumor
accumulation

Model basics. Model 2 is illustrated schematically in Fig. 1b.
It can be described by the following main features: (i) ultrasmall
NPs are initially present in the main (‘plasma’) compartment
but can reach a second, peripheral (‘tumor’) compartment. (ii)
Both compartments contain a high concentration of proteins
interacting nonspecically to the NPs with ultraweak affinity as
described in Model 1. Although the chemical and physical state
of blood differs from that of the tumor interstitium, the model
assumes that so interactions occur equally in both compart-
ments; (iii) NP clearance takes place through the main
compartment and is simulated as described in Model 1; (iv) the
rate of NP transfer between compartments is size dependent
and estimated as explained below. Furthermore, since the total
protein concentrations in the plasma and tumor tissue are very
high and similar to one another,60 the transport of proteins
between compartments can be neglected in the model; (v)
additional complexities such as the effect of tumor heteroge-
neity and NP diffusion are not incorporated in the model.

Reaction equations. NP transfer between compartments can
be characterized by the following set of biochemical equations:

NP $ NPT kPT0, kTP0

NP$P1 $ NPT$PT
1 kPT1, kTP1

NP$P2 $ NPT$PT
2 kPT2, kTP2

where kPT and kTP refer to the rates of transfer from the plasma
to tumor compartment and from the tumor back into the
plasma compartment, respectively; the superscript ‘T’
Table 1 Unique simulation parameters for Model 1

Sim # NP radius (nm) kon,R (M�1 s�1) koff,R

1 3 1 � 105 1 �
2 4 1 � 105 1 �
3 1 1 � 105 1 �
4 3 1 � 105 1 �
5 4 1 � 105 1 �
6 1 1 � 105 1 �
7 3 1 � 105 1 �
8 1 1 � 103 1 �
a Systemic clearance rates (kclear0, kclear1, etc.) are calculated according to
through NPfree, NPPC and NPFC. Sim #4–8: NP clearance occurs through N

This journal is © The Royal Society of Chemistry 2019
designates NP and protein species situated in the tumor
compartment. The biochemical reactions for NP–protein
binding and clearance are described similarly as in Model 1,
and thus are not shown.

The dynamics of the system is characterized by a set of ordi-
nary differential equations as shown in the ESI.† These ODEs can
be easily modied to reect the different NP–protein stoichiom-
etries used in the actual simulations. The nal ODEs are then
solved numerically given the rate constants and initial boundary
conditions as specied below under ‘Parameter values’. Numer-
ical integration was performed with the soware Polymath.

Extravasation and intravasation rate constants. The rate
constant for the extravasation of NPs from leaky blood vessels
and into the tumor interstitium can be dened as:

kPT ¼ P
S

V
(8)

where P is the vascular permeability coefficient and S/V is the
blood vessel surface area per unit volume of tissue.61–63

There is little quantitative knowledge on the kinetics of NP
uptake in tumors.64 Thus, here the vascular permeability coeffi-
cient for ultrasmall NPs in the mouse is approximated to that of
macromolecules, such as dextran, for which experimental data
has been gathered.65 To a rst approximation, the dependence of
kPT on size can be estimated from the following empirical model
based on experimental data, derived by Wittrup et al.:56

ln

�
P
S

V

�
¼ 1:1� 4:3 lnðR Þ þ 1:3ðlnðR ÞÞ2 � 0:16ðlnðR ÞÞ3 (9)

with the term between parenthesis on the le given in units
of h�1.

The rates of extravasation (kPT0, kPT1, etc.) for the differently
sized NPs and NP–protein complexes are calculated according
to eqn (9), with the corresponding values of R given by eqn (2).
The results are presented graphically in Fig. S1b.† The effect of
intravasation from the tumor site back into the main
compartment is taken into account in the model by assuming
either kTP ¼ kPT or kTP ¼ 0 (i.e., no intravasation).

Percentage of injected dose (% ID). The average % ID over
24 h is calculated as:

% ID ¼ 100

T

ðT
0

�
NPtot

T
�ðtÞ

½NP0� dt (10)
(s�1) KD,R (nM) kclear0
a (s�1) Clearanceb

10�3 10 4.5 � 10�4 All
10�3 10 1.3 � 10�4 All
10�3 10 1.3 � 10�3 All
10�3 10 4.5 � 10�4 NPfree
10�3 10 1.3 � 10�4 NPfree
10�3 10 1.3 � 10�3 NPfree
10�1 1000 4.5 � 10�4 NPfree
10�5 10 1.3 � 10�3 NPfree

eqn (5). kclear0 is shown for reference. b Sim #1–3: NP clearance occurs
Pfree only.
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where [NPtot
T] is the total concentration of NPs in the peripheral

compartment as a function of time, and T ¼ 24 h.
Parameter values. Table 2 lists the unique parameters used

in the simulations. The remaining parameters were kept
constant as such: kon,P and koff,P were given as in Model 1; [P0]¼
[P0

T] ¼ 1 mM; [NP0] ¼ 1 mM; S/V ¼ 2/mm.63
3. Results
3.1 Model 1: impact of so protein interactions on receptor
occupancy

Simulations #1, #2 and #3. The time evolution of NPtot for
different values of KD,P is shown in Fig. 3a for the 3 nm particles,
where NPtot corresponds to the sum of all NP species in the
compartment. The half-life for systemic clearance of NPtot for
each value of KD,P can be found from the intercept of the cor-
responding decay curve with a horizontal line drawn at 0.5 mM.
For example, in the absence of ultraweak interactions (gure
legend ¼ ‘no int.’), the NPtot half-life is 0.42 h, whereas this is
extended to 4.2 and 9.9 h at a KD,P of 1 and 0.1 mM, respectively.
More information about the dynamics of the system could be
obtained by breaking down NPtot into three separate contribu-
tions: NPfree, NPPC and NPFC, where the time course of each
species is depicted in Fig. 3b–d.

The receptor occupancy (Y(t)) versus time prole is displayed
in Fig. 3e. In the absence of ultraweak interactions, receptor
occupancy is initially close to 1. However, this value drops
quickly with time due to rapid compound elimination, and the
corresponding average AUCR for receptor occupancy is low:
AUCR ¼ 0.12 (Fig. 3f). Toward the other extreme where the
nonspecic binding affinity is strongest (KD,P ¼ 0.1 mM), the
AUCR is again very low since the NPs are mostly covered by a full
corona and thus cannot bind to receptors (Fig. 3f). It then
follows that there is an optimal range of KD,P around 0.5–1 mM
for which the AUCR is maximized (AUCR ¼ 0.86–0.89). This can
be understood on the basis that, within this optimal range, the
NPPC concentration is sustained above the KD,R (10 nM) for the
entire 24 h time interval (Fig. 3c, inset). When considered in
combination, Fig. 3a and f reveal an optimum KD,P of 1 mM for
which the target occupancy is high (AUCR ¼ 0.86; a 7.2-fold
improvement over AUCR¼ 0.12) and the overall clearance is fast
(t1/2 ¼ 4.2 h for NPtot).
Table 2 Unique simulation parameters for Model 2

Sim # NP radius (nm) kclear0
a (s�1)

9 3 4.5 � 10�4

10 3 4.5 � 10�4

11 1 1.3 � 10�3

12 1 1.3 � 10�3

13 3 4.5 � 10�4

14 3 4.5 � 10�4

a Systemic clearance rates (kclear0, kclear1, etc.) are calculated according to e
kPT1, etc.) are calculated according to eqn (9). Intravasation rate constants
reference. c Sim #9–12: NP clearance occurs through NPfree, NPPC and NP

26932 | RSC Adv., 2019, 9, 26927–26941
Fig. 4 shows the time evolution of NPtot and the average
AUCR plot for the 4 nm particles (additional plots are shown in
Fig. S2†). Relative to the 3 nm particles, the AUCR is now
maximized over a broader range of nonspecic binding affini-
ties: KD,P � 0.5–5 mM. Together, Fig. 4a and b reveal an
optimum KD,P of 2 mM for which the target occupancy is high
(AUCR ¼ 0.95) and the clearance is fast (t1/2 ¼ 6.7 h for NPtot).

Fig. 5 shows the time evolution of NPtot and the average AUCR

plot for the smaller 1 nm particles (additional plots are shown in
Fig. S3†). Similarly to the larger particles discussed above, here the
extent of receptor occupancy is also optimized within a narrow
range of KD,P. However, the rapid drop in NPfree concentration with
time, together with the inability of the protein-boundNPs (NPFC) to
interact with receptors, yield very small average AUCR values (AUCR

< 0.1) and an optimum KD,P that is outside the range of ultraweak
interactions (KD,P ¼ 100 mM).

Simulations #4, #5 and #6. The calculations presented above
assumed that all NP–protein species could be eliminated from
the compartment following individual efflux rates (kclear0, kclear1,
etc.) calculated according to eqn (5). However, this assumption is
likely to overestimate the in vivo systemic clearance of the NPs
leading to overly short half-lives. Therefore, here NP clearance is
hypothesized to take place exclusively through the naked particle
species (NPfree). Collective, Sim #1 through #6 therefore illustrate
two limiting cases regarding NP clearance in systemic circulation.

The time evolution of the different NP species as well as the
AUCR plots for the 1, 3 and 4 nm particles are shown in Fig. S4–
S6.† Compared to Sim #1–3, the now much slower elimination
rate of the NPs results in higher average AUCR values over 24 h.
The AUCR plot for the 1 nm particles is particularly impacted:
the average AUCR reaches a maximum of 0.4 at a KD,P of 20 mM
(see Fig. 5 vs. S6†).

Simulations #7. The simulations assumed to this point an
intermediate value for the binding affinity between targeted
NPs and receptors (KD,R ¼ 10 nM). More likely, however,
a typical targeting ligand such as a short peptide will bind its
complementary receptor with high nanomolar to low micro-
molar dissociation constant.66 Additional simulations were
therefore performed for the 3 nm particles assuming a KD,R of
1 mM. Here it should be noticed that, since KD,R ¼ [NP0], no
more than half the receptors can exist in the bound state, and
thus the maximum possible AUCR is 0.5.
kPT0
b (s�1) kTP0

b (s�1) Clearancec

2.0 � 10�5 2.0 � 10�5 All
2.0 � 10�5 0 All
5.9 � 10�4 5.9 � 10�4 All
5.9 � 10�4 0 All
2.0 � 10�5 2.0 � 10�5 NPfree
2.0 � 10�5 0 NPfree

qn (5). kclear0 is shown for reference. b Extravasation rate constants (kPT0,
are dened as either kTP ¼ 0 or kTP ¼ kPT. kPT0 and kTP0 are shown for

FC. Sim #13–14: NP clearance occurs through NPfree only.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Time course ofNPtot, NPfree, NPPC andNPFC and extent of receptor occupancy assuming themodel parameters in Sim#1. (a) Time courseofNPtot.
The apparent clearancehalf-life associatedwith eachKD,P is given by the intercept of the thin linewith each corresponding decay curve. (b) Timecourseof
NPfree. (c) Time course of NPPC. Dashed line in the insetmarks the point where [NPPC]¼ KD,R. For KD,P¼ 0.5 and 1.0mM, [NPPC] > KD,R over the entire 24 h
timewindow. (d) Time course of NPFC. (e) Receptor occupancy as a function of time. (f) Area under the curve for receptor occupancy as a function ofKD,P;
calculated from (e) with eqn (7). Thin line marks the calculated value of AUCR (0.12) in the absence of soft interactions.
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The calculated AUCR plot displays a maximum of 0.33
centered around a KD,P of 1 mM (Fig. S7†), which corresponds
to a substantial �20-fold increase over the AUCR obtained in
Fig. 4 Time course of NPtot and extent of receptor occupancy assuming
clearance half-life associated with each KD,P is given by the intercept of
curve for receptor occupancy as a function of KD,P; calculated from Fig. S
the absence of soft interactions.

This journal is © The Royal Society of Chemistry 2019
the absence of so interactions (0.018). However, this high
AUCR comes at the cost of a long clearance half-life for NPtot
(t1/2 ¼ 27 h) (Fig. S4a†).
themodel parameters in Sim #2. (a) Time course of NPtot. The apparent
the thin line with each corresponding decay curve. (b) Area under the
2e† with eqn (7). Thin line marks the calculated value of AUCR (0.43) in
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Fig. 5 Time course of NPtot and extent of receptor occupancy assuming themodel parameters in Sim#3. (a) Time course of NPtot. (b) Area under
the curve for receptor occupancy as a function of KD,P; calculated from Fig. S3d† with eqn (7). Thin line marks the calculated value of AUCR

(0.046) in the absence of soft interactions.
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Simulation #8. The relative magnitudes of kclear0 and koff,R
dene two characteristic regimes concerning receptor occu-
pancy. On the one hand, for koff,R $ kclear0, target occupancy is
driven by mass-balance effects, i.e., it is essentially governed by
the interplay of compound concentration and binding affinity.
All calculations so far have dealt with this particular kinetic
regime. On the other hand, for koff,R < kclear0, the NPs are cleared
from the compartment faster than they disengage from their
bound receptor, and thus target occupancy over time is now
majorly inuenced by the NP-receptor residence time, tr, where
tr ¼ 1/koff,R. Additional information on the ‘residence-time
concept’ as applied more broadly to the eld of drug discovery
can be found elsewhere.67,68

Here, additional simulations were implemented to illustrate
the impact of nonspecic so interactions on target occupancy
for the particular kinetic regime where koff,R < kclear0. The calcu-
lations were performed for the 1 nm particles, for which kclear0 ¼
1.3 � 10�3 s�1. The association and dissociation rate constants
for NP-receptor complexation were 103 M�1 s�1 and 10�5 s�1,
respectively. Under these conditions, koff,R < kclear0 while KD,R is
maintained at 10 nM as in the previous simulations.

The receptor occupancy versus time prole is displayed in
Fig. 6a. In the absence of ultraweak interactions, target occu-
pancy starts out low (Y � 0.06 at t ¼ 1 min) until it reaches
a peak value of Y � 0.5 at t � 1 h. Fundamentally, this slow
kinetics for receptor binding is a result of the small kon,R (103

M�1 s�1) adopted in the simulations. Nevertheless, Fig. 6b
reveals that the degree of target occupancy is reasonably high
(AUCR ¼ 0.35) even in the absence of so interactions and
despite a sharp drop in the total NP concentration with time (cf.
Fig. S6a†). In comparison, when target occupancy was limited
by NP clearance as in Sim #6 (i.e., koff,R > kclear0), the calculated
AUCR was only 0.046 (Fig. S6e†). Fig. 6b also shows that target
occupancy is not affected by weak interactions having a KD,P >
0.1 mM.
26934 | RSC Adv., 2019, 9, 26927–26941
3.2 Model 2: impact of so protein interactions on NP tumor
accumulation

Simulations #9 and #10. The time evolution of NPtot
T for

different values of KD,P is shown in Fig. 7a for the 3 nm particles
and assuming equal rate constants of vascular extravasation
and intravasation (kPT ¼ kTP). Here, NPtot

T corresponds to the
sum of all NP species in the tumor compartment; the sum of all
NP species in both compartments (NPtot) is displayed in
Fig. S8.† Fig. 7a reveals that the time-dependent tumor accu-
mulation of NPs increases for lower values of KD,P, which is
consistent with so interactions prolonging the half-life of
particles in the main compartment (Fig. S8a†). The average %
ID over 24 h, calculated from the data in Fig. 7a according to
eqn (10), is shown in Fig. 7b. The % ID is found to be only 2% in
the absence of ultraweak binding, whereas it reaches up to 9.2%
at a KD,P of 1 mM.

The simulations further reveal that a lack of NP intravasation
back to the main compartment (kTP ¼ 0) does not signicantly
affect tumor accumulation levels (Fig. 7c and d). This result
reects the fact that, under the given conditions, NP accumu-
lation into the tumor site is essentially limited by a combination
of ‘rapid’ systemic clearance with ‘slow’ vascular extravasation.

Simulations #11 and #12. The time evolution of NPtot
T for

different values of KD,P is shown in Fig. 8a for the 1 nm particles
and assuming kPT ¼ kTP. In the absence of ultraweak binding,
the NPtot

T concentration increases sharply reaching 0.2 mM at
short times. However, this high concentration is not sustained
over time due to fast rates of systemic clearance and intra-
vasation, and the resulting % ID falls under 1% (Fig. 8b). The
results further reveal that ultraweak interactions with proteins
do not slow down NP clearance and intravasation to a signi-
cant degree (Fig. S8c†), and therefore tumor accumulation is
not improved; the % ID reaches only 1.5% at a KD,P of 1 mM.

A different scenario arises assuming a lack of NP intravasation
back into circulation. The NPs that have efficiently extravasated
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Extent of receptor occupancy assuming themodel parameters in Sim #8. (a) Receptor occupancy as a function of time. (b) Area under the
curve for receptor occupancy as a function of KD,P; calculated from (a) with eqn (7). Thin line marks the calculated value of AUCR (0.35) in the
absence of soft interactions.

Fig. 7 Time course of NPtot
T in the peripheral compartment and % ID assuming the model parameters in Sim #9 and #10. (a) Time course of NPtot

T

and (b) % ID as a function of KD,P for Sim #9. (c) Time course of NPtot
T and (d) % ID as a function of KD,P for Sim #10. Values of % ID were calculated

from (a) and (c) with eqn (10). Thin lines in (b) and (d) mark the calculated values of % ID (2 and 4.2%) in the absence of soft interactions.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 26927–26941 | 26935
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into the tumor site at short times now remain trapped inside,
resulting in a high % ID of 31% in the absence of ultraweak
binding (Fig. 8c and d). The data further shows that tumor
accumulation is not signicantly enhanced in the presence of
so interactions, with % ID ¼ 32.3% at a KD,P of 1 mM.

Simulations #13 and #14. The current pair of simulations
illustrate the impact of so interactions on the tumor uptake of the
3 nmparticles in the limiting case where systemic clearance occurs
through NPfree only. The time evolution of NPtot

T for different
values of KD,P is shown in Fig. S9.† Relative to Sim #9–10, the
slower elimination rate of the NPs in the presence of so inter-
actions results now in higher % ID values over 24 h. By comparing
the time courses of NPtot and NPtot

T in Fig. S9,† it is also clear that
tumor accumulation is fundamentally limited by slow rates of
extravasation when the KD,P falls in the range from �0.1 to 1 mM.

4. Discussion

Ultrasmall metal NPs are an emerging class of nanomaterials
for cancer detection and treatment. In contrast to large inor-
ganic NPs that cannot be directly excreted and therefore remain
Fig. 8 Time course of NPtot
T in the peripheral compartment and % ID assu

and (b) % ID as a function of KD,P for Sim #11. (c) Time course of NPtot
T and

from (a) and (c) with eqn (10). Thin lines in (b) and (d) mark the calculated

26936 | RSC Adv., 2019, 9, 26927–26941
in the body for a long time, ultrasmall NPs are rapidly cleared
from circulation through the kidneys and show reduced levels
of uptake in the liver and spleen. Unfortunately, the efficient
renal clearance has an associated drawback, in that it limits the
tumor accumulation of the NPs. Of note, small protein drugs
also usually exhibit rather short half-lives in circulation due to
renal ltration and degradation.55,69,70 This puts a limit to their
therapeutic efficacy in applications requiring long-lasting
activity, such as in cancer treatment.

The current work introduces a hypothesis that, to the
author's knowledge, has not been stated so far in an explicit
manner. Accordingly, it is hypothesized that ultrasmall NPs
could be engineered to undergo nonspecic ultraweak interac-
tions with plasma proteins. Such ultraweak interactions could
then modulate the pharmacokinetic and pharmacodynamic
properties of NPs by essentially slowing down particle clearance
through the kidneys. This proposed mechanism of half-life
extension would be different than the corresponding strate-
gies employed with protein therapeutics, some of which are
based on increasing the hydrodynamic volume, e.g., by
PEGylation.69,70
ming themodel parameters in Sim #11 and #12. (a) Time course of NPtot
T

(d) % ID as a function of KD,P for Sim #12. Values of % ID were calculated
values of % ID (0.88 and 31%) in the absence of soft interactions.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04718b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 4
/7

/2
02

6 
4:

10
:3

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4.1 Ultraweak interactions

In this work, ultraweak interactions have by denition dissoci-
ation constants (KD,P) in the mM range. Ultraweak interactions
might be modulated by numerous factors in the heterogeneous
in vivo environment, such as shear forces and the local
compositions and concentrations of proteins, lipids, metabo-
lites, etc. Thus, KD,P must be strictly understood here as an
apparent dissociation constant related to the in vivo conditions.

Ultraweak NP–protein interactions are unlikely to cause
major particle toxicity or to elicit an immune response. This is
because the interactions are, by denition, inherently transient,
i.e., no given protein remains bound on the NP surface for too
long; instead, the bound proteins are in fast and constant
exchange with other proteins dispersed in solution. For
example, ultraweak interactions are unlikely to cause mean-
ingful alterations to protein structure and function, in marked
contrast to the oen substantial structural and functional
changes resulting from the long-lived adsorption of proteins
onto larger NPs. In addition, ultraweak interactions with
opsonin proteins are unlikely to promote high levels of blood
clearance by macrophages, since such transient interactions
would not last sufficiently long to trigger phagocytosis.

Ultraweak interactions between two protein partners are
prevalent in biology.48,71,72 They can have a profound effect on
protein functionality in macromolecular crowded environ-
ments, such as the intracellular space. It has been suggested
that transient protein–protein complexation takes place via
short-range hydrophobic forces particularly if the protein part-
ners display a small net charge to avoid strong electrostatic
repulsions. The spatial distribution of hydrophobic residues
(concentrated in patches vs. dispersed through the surface) and
the conformational exibility are additional factors that can
inuence the nature and magnitude of ultraweak interactions.71

Presumably, the current knowledge on the chemical and
structural factors governing ultraweak interactions between
proteins could be used as preliminary design rules for NPs. In
addition, advanced computer simulations could be employed to
understand or even predict the inuence of NP characteristics
such as size, curvature, surface chemistry, etc. on themagnitude
of ultraweak interactions.

In closing this part, it is important to note that the term ‘so
corona’ has been usually employed in the nano literature to
refer to the formation of a loose – as opposed to hard or
permanent – adsorbed protein layer around large NPs.73–76 Due
to its loose and transient nature, the so corona is readily
stripped off from the NP surface during most separation
experiments such as centrifugation or gel ltration. The fact
that the so corona is not retained around the NP surface
during separation experiments merely indicates that the resi-
dence time of the corona proteins is short owing to a fast
dissociation rate constant. However, the binding affinity could
be still quite strong given a sufficiently high association rate
constant (kon).77 For example, assuming kon and koff constants of
108 M�1 s�1 and 10 s�1, respectively, would result in a binding
affinity in the mid-nanomolar range (KD ¼ 100 nM) but small
residence time (�0.1 s). In short, the common expression ‘so
This journal is © The Royal Society of Chemistry 2019
corona’ found in the literature should not be mistaken for truly
ultraweak interactions as dened here.

4.2 Compartmental model simulation

Here a simple compartmental model simulation was imple-
mented to test the notion that so interactions could modulate
ultrasmall NP behavior in vivo. The model was designed as
simple as possible to ease interpretations. Of course, minimal
compartmental systems, as illustrated in Fig. 1, are only a crude
approximation to in vivo physiology. Nevertheless, compart-
mental models have been widely used in pharmacology to
provide quantitative insight into critical processes as drug
distribution, elimination and binding.54,68,78 They have been
also applied to understand the factors governing the tumor
uptake of drugs and nanomedicines.64 Ultimately, classic
compartmental models could help guide new experiments and
be a starting point for the development of more accurate
models.79–81

It should be pointed out that modeling the in vivo behavior of
nonrenal clearable, conventionally large NPs could be signi-
cantly more challenging. For example, conventional NPs are
cleared from systemic circulation by tissue uptake rather than
kidney excretion.82 This process, in turn, may be strongly
inuenced by the nature of the protein corona formed around
NPs and its associated interactions.82–86

4.3 Model 1: impact of so protein interactions on receptor
occupancy

In the absence of ultraweak interactions, the area under the
curve for receptor occupancy (AUCR) over a given time window
(here T ¼ 24 h) would be close to the maximum value of 1
provided that [NPfree] [ KD,R > [R0]. In contrast, the AUCR

would be low given a small value of the ratio [NPfree]/KD,R as
a function of time. For example, for a 3 nm particle with kclear0¼
4.5 � 10�4 s�1 and KD,R ¼ 10 nM, the calculated AUCR was only
0.12 (Fig. 3f). Assuming KD,R ¼ 1 mM instead, the AUCR was
reduced further to 0.018 (Fig. S7†). Therefore, so interactions
can be expected to signicantly enhance target occupancy –

relative to a situation where so interactions are absent – when
the NP clearance rate is high (leading to a rapid drop in [NPfree]
with time) and/or when the NP-receptor binding affinity is weak
(large KD,R). It should be recalled, however, that this general-
ization is only valid under the characteristic kinetic regime koff,R
$ kclear0, under which target occupancy is driven by mass-
balance effects.

The extent of receptor occupancy for the 3 nm particles was
improved signicantly at a KD,P around 0.5–1 mM (Fig. 3f, S4f
and S7†). This occurred because, within this range of binding
affinities, the concentration of NPs covered by a partial protein
corona (NPPC) was sustained well above the KD,R over the entire
24 h time window. In the model, the factors governing the
concentration of NPPC over time operated together in a syner-
gistic way and included the initial NP and total plasma protein
concentrations, the NP radius and binding capacity, rate of NP
clearance, and magnitude of the nonspecic binding affinity.
The results also revealed that the AUCR of the 4 nm particles was
RSC Adv., 2019, 9, 26927–26941 | 26937
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maximized over a wider range of affinities (KD,P ¼ 0.5–5 mM)
relative to the 3 nm particles (Fig. 4). This was mainly due to the
greater binding capacity of the larger NPs such that, even at
a relatively weak microscopic binding affinity of 5 mM, the
overall NPPC concentration remained high enough to drive
receptor complexation.

Although the simulations indicated a range of nonspecic
binding affinities over which the AUCR was maximized, the
effective elimination half-life of the NPs was different for each
particular value of the affinity constant. This was especially
evident when NPfree was assumed as the only clearable species.
For example, the elimination half-life was exceedingly long (on
the order of days) given a KD,P ¼ 1 mM for the 4 nm particles
(Fig. S5a†). This long half-life, in turn, could presumably result
in higher levels of particle accumulation in off-target organs
and greater toxicity. Therefore, the optimal value of binding
affinity should result in a large AUCR together with a short half-
life (e.g., KD,P ¼ 5 mM, AUCR ¼ 0.97 and t1/2 ¼ 9.5 h as shown in
Fig. S5†).

Receptor occupancy for the 1 nm particles was also modu-
lated by interactions with plasma proteins. For example,
Fig. S6e† showed that the AUCR was improved from 0.046 to 0.4
in the absence vs. presence of nonspecic interactions.
However, the binding affinity that maximized the AUCR was KD,P

¼ 20 mM, therefore falling well outside the range of ultraweak
interactions. Conceivably, such binding affinity in the micro-
molar range could lead to greater NP toxicity. It can thus be
concluded that ‘large’ NPs of higher binding capacity – as
opposed to ‘very small’ particles that can only bind to a single
plasma protein – may constitute a better choice to improve
receptor occupancy in the plasma compartment via so inter-
actions. Fundamentally, this is because ultrasmall NPs must
possess a minimum size to support the formation of a partial
protein corona.

In closing this part, it is interesting to note that the extent of
receptor occupancy by small molecule drugs is predicted to be
modulated by drug interactions with plasma proteins in an
similar way as shown here for NPs. Specically, previous
calculations have shown that drugs interacting either too
weakly or too strongly with serum albumin do not bind effi-
ciently to receptors since both situations lead to reduced free
drug concentrations in plasma. As a result, an intermediate
value of the plasma binding constant exists that maximizes the
degree of target occupancy. However, there are important
differences in the way that traditional drugs and NPs behave in
vivo. For example, small-molecule drugs have much faster rates
of systemic clearance and, as a consequence, target occupancy
is maximized for drug-plasma protein binding affinities in the
low micromolar range (�1–10 mM).59
4.4 Model 2: impact of so protein interactions on NP tumor
accumulation

The simulations provided quantitative insight into the factors
governing the tumor uptake of ultrasmall NPs. For the 3 nm
particles and in the absence of so interactions, tumor accu-
mulation was limited by a ‘fast’ rate of clearance from the main
26938 | RSC Adv., 2019, 9, 26927–26941
compartment together with a ‘slow’ rate of extravasation into
the tumor tissue. Nonspecic interactions with plasma proteins
prolonged the elimination half-life of particles and increased
their tumor uptake levels (Fig. 7).

A different picture emerged for the smaller 1 nm particles, in
that their tumor accumulation was restricted by fast rates of
both systemic clearance and intravasation (Fig. 8a and b). When
no intravasation was assumed to take place in the model, the %
ID increased all the way up to 31% (Fig. 8c and d). Tumor
accumulation was not improved beyond this in the presence of
ultraweak interactions, since the interactions could not signif-
icantly prolong NP half-life in the main compartment.

The above results illustrate how the enhanced permeation
and retention (EPR) effect arises from the interplay of systemic
clearance, vascular extravasation and intravasation. Intra-
vasation, in particular, constitutes an important but oen
overlooked factor impacting the tumor uptake of drugs and
NPs.64 For example, it has been argued that the slow rate of
interstitial ow may prolong the residence time of NPs near an
endothelial defect on the tumor side and lead to an increased
probability of intravasation relative to extravasation.64,87 While
the maximum rate constant of intravasation assumed in the
model was kTP ¼ kPT, the effect of kTP > kPT on tumor accumu-
lation could be easily incorporated as well. It should be also
noted that for the 3 nm particles the resulting % ID (from �1 to
15% depending on the KD,P) compares well to typical values of
NP accumulation in xenogra mouse models.88 The great
majority of experimental studies, however, lack detailed time-
dependent measurements of NP concentrations in both the
blood and tumor compartments, therefore precluding detailed
quantitative comparisons with simulations.88

Setting the intravasation rate constant to zero in the simu-
lations traps all extravasated NPs inside the tumor site. This, in
turn, would be equivalent to a theoretically perfect active-
targeting system resulting in complete NP binding to corre-
sponding tumor cell receptors. Thus, it can be concluded that
active targeting is not predicted to enhance tumor uptake levels
when uptake is limited by rapid plasma clearance and slow
extravasation in the rst place (e.g., see Fig. 7). It is therefore
interesting to note that, in such cases, ultraweak interactions
with plasma proteins might prove a better strategy to improve
the tumor localization of ultrasmall NPs. On the other hand,
high-affinity active targeting is predicted to substantially
enhance tumor uptake levels in the special case of very small
NPs that show fast rates of vascular extravasation, but for which
tumor accumulation might be limited by intravasation back
into circulation. In a similar way, small high-affinity binding
peptides are predicted to accumulate efficiently in tumors
because of rapid uptake through capillary extravasation and
effective retention by antigen binding.55,89
4.5 Plasma clearance of ultrasmall metal NPs

Ultrasmall NPs and small protein therapeutics have similar
hydrodynamic sizes and hydrophilic surface chemistries and, in
vivo, they both exhibit efficient renal elimination and two-
compartment pharmacokinetics. Owing to these similarities,
This journal is © The Royal Society of Chemistry 2019
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the calculations assumed that ultrasmall NPs displayed
comparable rates of systemic clearance as small protein drugs.
Here, the validity of this assumption is veried by comparing
experimental clearance data for NPs and proteins.

Shown in Tables S1 and S2† is a short compilation of
distribution and elimination plasma half-lives (t1/2a and t1/2b)
for NPs and protein drugs. The NP data was obtained by Zheng
and co-workers, and the reader is referred to their publications
for additional information on other relevant pharmacokinetic
parameters such as the plasma clearance (CL), volume of
distribution (Vd) and AUC.23,28,36–38,42,43 The experimental data of
Zheng were used to estimate a single-exponential plasma
clearance term for the ultrasmall NPs according to either kclear¼
CL/Vd or kclear ¼ [C0]/AUC (for the latter, AUC values were con-
verted from % ID per g blood to % ID per mL plasma based on
a hematocrit of 0.5, and [C0] was estimated as 50% ID per mL
based on a mouse plasma volume of 2 mL – similarly to the [C0]
estimation for the protein data included in Fig. 2). The results
revealed a large scatter in the values of kclear for ultrasmall NPs
of otherwise similar sizes (Fig. 2), which suggests, in turn, that
the plasma clearance of the particles may be modulated by
additional factors in vivo (see below). Nevertheless, it can be
concluded that the overall clearance rates adopted in the
simulations were within the range of experimentally estimated
apparent plasma clearance values for ultrasmall metal NPs
(Fig. S1a† and 2).

Finally, it can be noted that the experimentally estimated
values of kclear varied from 6.1 � 10�4 s�1 to 3.5 � 10�5 s�1, this
being 1.6 to 30-fold smaller than the predicted value of �1 �
10�3 s�1 for a protein drug of comparable size (Fig. 2). It is
therefore instructive to consider some possible causes for this
difference, as briey discussed next. (i) Experimental uncer-
tainties: while it may be useful to compare half-lives and
clearance rates, these are time parameters that do not have
a primary physiological basis.90 In fact, half-lives and rates are
determined by other basic pharmacokinetic parameters such as
the CL and Vd, which in turn are inuenced by dose of
administration as well as by physiological and pathological
factors; (ii) NP size measurement: it is unclear whether typically
quoted values of NP size are sufficiently accurate. This is
because the core size and overall hydrodynamic diameter of
ultrasmall NPs are frequently determined by a combination of
standard bright-eld transmission electron microscopy (TEM)
and DLS. However, neither technique is ideally suited to achieve
the necessary accuracy and precision in the characterization of
ultrasmall NPs and nanoclusters, especially in the case of
heterogeneous particle populations;31 (iii) size heterogeneity:
NPs of different sizes in a given heterogeneous population
might behave differently in vivo although they will be treated as
a single entity in the application of pharmacokinetic analysis
models; (iv) NP density: it has been proposed that high density
gold NPs marginate faster to blood vessel walls than other
nanostructures of similar size but lower density.38 Thus, in
laminar blood ow, high density NPs would tend to circulate
more slowly in blood vessels and display slower renal clearance
rates; (v) NP retention in the glycocalyx: using atomically precise
nanoclusters in the sub-nanometer size regime, Du et al.
This journal is © The Royal Society of Chemistry 2019
showed that the smallest of nanoclusters had surprisingly
longer blood retention times and slower elimination rates.42

This behavior was proposed to originate from a more efficient
physical retention of the smaller particles by the glomerular
glycocalyx; (vi) nonrenal plasma clearance: although ltration
through the kidneys is expected to dominate the plasma clear-
ance of ultrasmall NPs and protein drugs, plasma clearancemay
be partly inuenced by different routes of nonrenal elimination,
such as the liver/spleen uptake of NPs and the proteolytic
degradation of proteins; (vii) injection dose: Xu et al. showed
that gold NPs were excreted more slowly when administered
under lower doses, which was presumably related to dose-
dependent margination effects in the blood vessels.18 The
kclear was affected by a factor of as much as 10 depending on the
injection dose (Fig. 2); (viii) protein interactions: last but not
least, biomolecules in plasma may interact with ultrasmall NPs
with ultraweak affinities and prolong blood half-lives as illus-
trated in this work.
5. Conclusions

Ultrasmall metal NPs are being developed as novel renal clear-
able formulations for disease diagnosis and treatment. In this
work, ultrasmall NPs were hypothesized to interact nonspeci-
cally and transiently with plasma proteins. A simple compart-
mental model simulation was then implemented to understand
how such so interactions could act in synergy with other
molecular and physiological processes to impact NP receptor
occupancy and tumor uptake levels. The results revealed that,
given the proper conditions, so interactions could increase
receptor occupancy and enhance tumor accumulation via
prolongation of blood circulation times.

The fundamental trends uncovered by the model could have
important implications for NP design. Presumably, the nature
and magnitude of transient interactions could be tailored
through the surface engineering of ultrasmall NPs, therefore
complementing the current array of strategies used to modulate
NP behavior in vivo.

Finally, it is now clear that synthetic nanostructures may
behave in novel and unpredictable ways in the complex in vivo
environment. Thus, additional studies – covering a broader
range of particle core types, sizes and surface coatings, as well
as dose levels – will be required to understand the factors gov-
erning the pharmacokinetics of ultrasmall NPs in more detail.
This added knowledge will be also essential toward the devel-
opment of more comprehensive and accurate models.
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27 K. P. Garćıa, K. Zarschler, L. Barbaro, J. A. Barreto,
W. O'Malley, L. Spiccia, H. Stephan and B. Graham, Small,
2014, 10, 2516–2529.

28 J. Liu, M. Yu, X. Ning, C. Zhou, S. Yang and J. Zheng, Angew.
Chem., Int. Ed., 2013, 52, 12572–12576.

29 S. Jiang and Z. Cao, Adv. Mater., 2010, 22, 920–932.
30 L. L. Knittel, P. Schuck, C. J. Ackerson and A. A. Sousa, RSC

Adv., 2016, 6, 46350–46355.
31 A. A. Sousa, S. A. Hassan, L. L. Knittel, A. Balbo,

M. A. Aronova, P. H. Brown, P. Schuck and R. D. Leapman,
Nanoscale, 2016, 8, 6577–6588.

32 L. Boselli, E. Polo, V. Castagnola and K. A. Dawson, Angew.
Chem., Int. Ed., 2017, 56, 4215–4218.

33 R. D. Vinluan III, M. Yu, M. Gannaway, J. Sullins, J. Xu and
J. Zheng, Bioconjugate Chem., 2015, 26, 2435–2441.

34 X. Wang, H. He, Y. Wang, J. Wang, X. Sun, H. Xu, W. M. Nau,
X. Zhang and F. Huang, Chem. Commun., 2016, 52, 9232–
9235.

35 H.-Q. Yin, F.-L. Bi and F. Gan, Bioconjugate Chem., 2015, 26,
243–249.

36 J. Liu, M. Yu, C. Zhou, S. Yang, X. Ning and J. Zheng, J. Am.
Chem. Soc., 2013, 135, 4978–4981.

37 X. Ning, C. Peng, E. S. Li, J. Xu, R. D. Vinluan III, M. Yu and
J. Zheng, APL Mater., 2017, 5, 053406.

38 S. Tang, C. Peng, J. Xu, B. Du, Q. Wang, R. D. Vinluan III,
M. Yu, M. J. Kim and J. Zheng, Angew. Chem., Int. Ed.,
2016, 128, 16273–16277.

39 J. Wu, Z. Wang, W. Lin and S. Chen, Acta Biomater., 2013, 9,
6414–6420.

40 J. Wu, C. Zhao, W. Lin, R. Hu, Q. Wang, H. Chen, L. Li,
S. Chen and J. Zheng, J. Mater. Chem. B, 2014, 2, 2983–2992.

41 G. Settanni, J. Zhou, T. Suo, S. Schöttler, K. Landfester,
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