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The distribution of nanoparticles (NPs) in the human body is associated with the development of nano-
medicines and nanotoxicity. Physiologically based pharmacokinetic (PBPK) tools can simulate the
distribution and elimination of NPs but are primarily dependent on experimental data. Models involving NP
size and surface coating as parameters for estimating the clearance of NPs from blood are beneficial to the
extension application of PBPK models. To this end, we first collected intravenous kinetic data on the blood
distribution of 19 types of NPs for model parameterization and then collected 20 types of NPs for
validation. Rate constants for clearance from blood were obtained by fitting the collected data to one- and
two-compartment kinetics. A generic model (NP size-based) for estimation of rate constants was
developed based on collision and diffusion behavior driven by NP size. NPs with a hydrodynamic diameter
Received 10th November 2023, of 20 nm have the highest clearance rate constant via penetration and phagocytosis pathways. An
Accepted 7th December 2023 extended model (NP size- and surface coating-based) was built to estimate rate constants of various NPs
DOI: 10.1039/d3en00812f by calculating van der Waals energy between NPs and macrophages. Nearly 3/4 of the validation data are
within 95% confidence intervals, indicating that our generic and extended models can be applied to NPs

rsc.li/es-nano with different sizes and surface modifications.

Environmental significance

The peer-reviewed literature contains fundamental methods for estimating the bioaccumulation of various nanoparticles based on possible pathways of
elimination in the blood, covering particle size and particle surface coating properties. Our study expects to break the bottleneck that the current
physiologically based pharmacokinetic model is difficult to extend to other particles, and contribute to the risk assessment of different nanoparticles or
development of nanomedicines in humans.

1. Introduction the reticuloendothelial system in the immune system may
lead to ineffectiveness of targeted NPs or increase the
potential toxicity’ of non-targeted NPs.'®'" Consequently, it
is important to quantify the influence of NP properties on
the clearance of NPs from blood to optimize biomedical
applications of targeted NPs and minimize toxicity of non-
targeted NPs.

The elimination of NPs in vivo is often predicted using
physiologically based pharmacokinetic (PBPK) tools."” In the
last decades, more than 25 different nano-PBPK models have

Nanoparticles (NPs) have a wide range of applications in
various fields due to their unique properties (e.g., small size,
large surface area, and surface functionalization). Intentional
exposure of organisms to NPs applies to medicine, including
drug delivery," medical imaging,> and disease diagnosis.* For
example, NPs can facilitate targeted delivery of
pharmaceuticals to tumors® in the brain by crossing the
blood-brain  barrier.” Non-targeted or environmental
exposures may occur due to contact between NPs and the .., developed,”™™  covering metallic,"®  carbon,'®
human skin® or respiratory tract.” NPs have wider biological quantum dots (QD),2° liposome,?' polymer?* and crystal
effects after entering the bloodstream.® Trapping of NPs by NPs.2* Many types of NPs exist. However, the PBPK models

have been calibrated on experimental data for a few particles

only,>*** limiting application to broader classes of NPs. As
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difficult. In addition, overfitting may occur.”” Hence, a
generic approach for estimation of PBPK parameters based
on NPs and tissue properties is urgently needed.

Size influences the behavior of NPs and clearance
mechanisms in the blood. Small NPs are widely distributed into
different organs by penetration or diffusion from the blood via
the endothelial pores.?® Extravasation of NPs into some critical
organs (e.g., brain)* is restricted due to tight junctions formed
between the continuous endothelial cells. Pores of the inter-
endothelial cell junction openings for non-fenestrated blood
capillaries in lungs, skin and intestinal mesentery have sizes of
approximately 5 nm.*° NP penetration to the kidney also
facilitates their clearance from blood. The glomerular epithelial
(fenestrated) filtration slit is 12.1-15 nm in general,**** and 5.5
nm (ref. 33) specifically for spherical quantum dots. Pores
between sinusoidal endothelial cells (fenestrated) of the liver
are larger (upper limit of pore size: 280 nm in rodents and 180
nm in humans),** permitting hepatocytes® to take up NPs and
excrete NPs into the digestive system.

NPs (d < 1 um) have various clearance pathways from blood,
including permeation through sinusoidal pores (d <150-200
nm),* phagocytosis®>*® by phagocytes in capillaries and
transcytosis by vascular endothelial cells into the interstitium.”
Li et al®® reported that a NP with a mean diameter of
approximately 100 nm shows prolonged blood circulation.
Cellular uptake into nonphagocytic cells depends on NP size,
with an uptake optimum NP diameter of approximately 50
nm.*® Multipath clearance prevents models from quantitatively
describing the effect of NP size on NP clearance. Large NPs with
a diameter >1 um are cleared by the reticuloendothelial
system*’ or filtered by lungs, liver, or spleen*" from the blood
because size-dependent momentum forces increase collision
probability with the mononuclear phagocytic system.*’ By
contrast, if the particle size is within 20 and 1000 nm,*"*
physical clearance mechanisms are minimized, and circulation
time is prolonged.

Surface coatings moderate the effects of size on clearance.
The circulation time of NPs in the blood can be prolonged by
hydrophilic modification. Polyethylene glycol (PEG) and
analogues™ were used as coatings of NPs to prevent interactions
with plasma proteins® or the reticuloendothelial system. The
absence of ‘sufficient’ chain density of PEG, ie., decreased
hydrophilicity, aids opsonins to bind to the NP surface.*
However, excessively high PEG density limits mobility and
produces steric hindrance effects.*"*** The length and surface
density of PEG chains for ‘shielding’ depend on dosing
requirements. Hoshyar et al.*” showed that pegylation of small
NPs increases their half-lives in blood. The mixed effects of NP
size and surface coating on NP clearance behavior need to be
considered.

Whereas the aforementioned studies shed valuable
qualitative insight into biodistribution pathways and kinetics of
NPs within the body, quantitative predictions are still lacking.
This hampers the parameterization of PBPK models to be
applied to many different NP types. In the present study, we
aimed to quantify the clearance of NPs from blood involving

This journal is © The Royal Society of Chemistry 2024
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two pathways: 1) NP penetration through capillary pores and 2)
phagocytosis by macrophages located in capillaries between
blood and tissues. The easily accessible parameter-size was used
to build a generic model based on penetration and phagocytosis
for estimating rate constants of clearance. The interactions
between NPs and capillary pores/macrophages were modelled
based on physical diffusion and collision. In addition, we
expanded the phagocytosis-based model by adding surface
coatings of NPs as parameters, detailing the interaction of NPs
with macrophages, and expect to estimate the rate constants for
clearance of various NPs in blood.

2. Methods

2.1. Data collection and analysis

We conducted an extensive literature search on Web of Science
by using ‘nanoparticles distribution in blood’, ‘biodistribution
of nanoparticles in vivo’, ‘intravenous’, ‘nanoparticles’ and
‘physiologically based pharmacokinetic (PBPK)’ as keywords to
first obtain blood clearance kinetics of 19 data points for model
parameterization and then collected 20 data points for model
validation (16 data points for validating the generic model and
four data points for validating the extended model). The data
were to meet the following criteria: 1) spherical NPs are injected
intravenously into different rats or mice as a single dose. 2) For
parameterization we only used hydrodynamic sizes (measured
by dynamic light scattering (DLS)), whereas for validation we
used both TEM (transmission electron microscopy) sizes and
hydrodynamic sizes. 3) NPs are coated by the same chain of
compounds instead of multiple chains with compounds (ie.,
mixed coatings). 4) At least four data points of NP concentration
were measured over time. 5) Rate constants for clearance of NPs
from blood were obtained with statistical significance (p <
0.05). The sources (studies), materials, properties and
conditions of test animals of all data for parameterization and
validation are shown in Table 1. All NP diameters range from 2
to 220 nm.

All pharmacokinetic data were fitted to one-compartment
(C(t) = C(0)-e™ + C(0)) and two-compartment pharmacokinetic
models (C() = C(0)-e ™ + CP(O)'e_k"t). The two-compartment
kinetic model assumed that the distribution of NPs in the
central compartment (arterial blood and highly perfused tissues
including kidneys and liver) is practically instantaneous
compared to the distribution of NPs in the peripheral
compartment (poorly perfused tissues such as muscles). Results
for kinetic fits are given in Fig. S1 and Table S1 in the ESL} 95%
confidence intervals of all models were calculated as described
previously.*®

2.2. Prediction of rate constants for clearance of NPs from blood

2.2.1 Clearance pathways. Clearance of NPs from blood may
involve penetration of NPs from capillary pores into tissues (e.g.,
interstitial)*>’* and cellular uptake by phagocytes for large NPs.
Fig. 1 shows the two main clearance pathways for NPs after
intravenous injection. NPs can flow back to the heart from veins
after injection and then flow to different tissues (e.g;, central
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3en00812f

Open Access Article. Published on 14 December 2023. Downloaded on 4/4/2026 1:14:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Environmental Science: Nano

Table 1 The modifications of NPs and conditions of experimental animals for data used in parameterization and validation (only unhealthy mice/rats

are marked)

Zeta potential

NP-core-coatings Sizes (nm) (mv) Animal/health

Data for parameterization

QDPEG5000/2000 (ref. 49) 15.5” — Mice

QD-CdTe/CdS™ 4.2° — Mice

PAMAM CND*° 5° +2.5 Mice with melanoma

PAMAM CND”’ 11° -20 Mice with melanoma

Cu,_.Se NP*! 5.6” — Mice

CdTe-QD*? 4.0 — Mice

AuNp> 2.0 — Mice

Zno™ 10” -27.1 Mice

Zno"® 717 -19.3 Mice

TONPs-PEG2000 (ref. 54) 26.5” — Mice

TONPs-PEG5000 (ref. 54) 34.2° — Mice

IONPs- PEG5000 (ref. 54) 81” — Mice

PLGA-mPEG256-5000 (ref. 55) 114.8° —6.2 Mice

PLGA-mPEG153-5000 (ref. 55) 97.4" -5.9 Mice

PLGA-mPEG61-5000 (ref. 55) 79? -4.7 Mice

PLGA-mPEG34-5000 (ref. 55) 67" -5.2 Mice

PAA(Polyacrylamide)>® 317 — Rat

PAA-PEG™ 35" — Rat

Nanocrystal* 203” — Rat

Data for validation

AuNP-PEG5000 (ref. 57) 4%¢ — Mice

AuNP-PEG5000 (ref. 57) 13%°¢ — Mice

QD705-PEG5000 (ref. 58) 13° — Mice

QD705-PEG5000 (ref. 58) 18.5¢ — Mice

AuNP-PEG™’ 88.9° -27.1 Tumor-bearing mice

AUNP-PEG® 38° -10.5 Mice

AuNP-Trimethylammonium groups and sulfonic groups® 20? -9.8 Mice

AuNP-Citric acid-PEG-Thioctic acid®* 45.4° -7.4 Mice

AuNP-Citric acid-PEG-Thioctic acid® 60” -7.4 Mice

AuNP-Citric acid-PEG-Thioctic acid® 89.3" -9.4 Mice

AuNP-Dextran® 46° — Athymic nude mice

Graphene oxide-PEG-NH2,p-SCN-Bn-NOTAY®? 220" +4 Mice bearing cbgLuc-MDA-MB-231
tumor nodules in lungs

64Cu-multifunctional mesoporous silica NP-800CW*** 175.3” -3.3 Tumor-bearing mice

64Cu-NOTA-hollow mesoporous silica 194° -5.1 Tumor-bearing mice

NP-ZW800-PEG-TRC105 (ref. 65)

Cy5 dye-encapsulating core-shell silica NP®® 7" — Athymic nude mice with human melanoma

IONPs-N-(trimethoxysilylpropyl)ethylenediaminetriacetate 297 -39 Mouse with blood-brain barrier disruption

trisodium salt®” and under magnetic targeting

pi-Poly(r-lactide) NP®® 187.7” -37.7 Mice

PEG-Poly(i-lactide)-PEG NP®® 171.5” -2.2 Mice

Methoxy-PEG-poly(lactide-co-glycolide)-PEG-Methoxy (PELGE)® 100° — Mice

Yb,0;-Silanated m-PEG”° 175¢ -0.9 Mice

“ Denotes pore sizes of AuNPs without coating. ” Denotes hydrodynamic diameter based on DLS. ¢ Denotes diameters based on TEM.
4 Denotes (i.e., 2-S-(4-isothiocyanatobenzyl)-1,4,7-triacetic acid) and FSHR-mAb-SH. ¢ Denotes (fluorescence dye)-human/murine chimeric IgG1
monoclonal antibody (TRC105). NPs used in the extended model are marked in bold.

compartments like the liver and kidney) via the aorta. Small
NPs (smaller than pores) can penetrate membranes in the liver
and glomeruli in the kidney via capillary pores, or can be
excreted in urine. Large NPs tend to be taken up by phagocytes
(e.g, macrophages) primarily located in liver capillaries and
intraglomerular mesangial cells in the kidney due to
phagocytosis/micropinocytosis.”

2.2.2 Collision theory. Collision theory is widely used to
describe the aggregation of particles, facilitating its applications
in industry,”® materials’* and environmental science.”” In the
field of biology, collisions between particles and organisms

408 | Environ. Sci.: Nano, 2024, 11, 406-417

(protein corona)’® are also relevant. Here, collision theory is
used to explore the interaction between NPs and pores in the
penetration pathway, and interaction between NPs and
macrophages in the phagocytosis pathway. The rate constant k
based on collision theory”” can be described as:

k = Zp-iat (1)
where Z (s') is the collision frequency in general. p is a steric

factor (<1), a function of shape; e “/®" is the thermodynamic
effectivity of interaction, where E, is the activation energy (J).

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Two clearance pathways for NPs injected intravenously. NPs circulate to different organs (e.g., liver and kidney): 1) NPs can diffuse/
penetrate through capillary pores into the liver and kidney (clearance from blood). Small NPs even pass through filtration slits into glomeruli after
penetration from endothelial cells, and then be excreted from urine (clearance from the body). 2) NPs can be taken up by macrophages located in

liver capillaries and intraglomerular mesangial cells.

2.2.3 Prediction of rate constant k (obtained by one-
compartment) for clearance by the generic model. The
generic model was built to predict the rate constant k for
clearance, following both penetration and phagocytosis
pathways. During pore penetration pathways, the interaction
frequency of NPs and pores (Z,, s ') can be deduced as”’

7, — a8 T @)
p Wﬂp

with N, as Avogadro's constant, kg as Boltzmann's constant
and T as temperature (K). The interaction cross sectional area
op is calculated assuming that the whole NP interacts with(in)
a pore. Penetration requires that the radius of the pore is
larger than the NP radius ryp, hence, o, = 4nr,,”. g, is the
reduced mass of NPs and pores. Given that we aim to build a
generic model that only considers spherical NPs and does
not take into account the NP and pore density/mass, the
parameters (p and u,) would be simplified. The influence of
e P/&T) (in eqn (1)) was ignored as well for a generic model
involving size as the only parameter. By setting 6 to

simplified terms (NA-4n1 | 8kpgT/ (ﬂ?ﬂp>-p-e_Ea/kBT) and filling

0 in eqn (1) and (2), rate constants for clearance based on
penetration pathways (kpenetration) could be

8kgT

e
2 =2 »
kpenetration = Na*4Tnp prefal = O-ryp 3)

P

Clearance of NPs by the reticuloendothelial system depends
on interaction between NPs and phagocytes (i.e., macrophages).
Encounters between NPs and the macrophages may trap NPs,
influencing clearance rates of NPs in the blood. According to
collision theory, the frequency of encounters between NPs and
macrophages (Zy,, s_') in aqueous solutions is”®

This journal is © The Royal Society of Chemistry 2024

Zm = 4TRD, (4)

where R is the sum of r,, and the radius of macrophage r,
(macrophages utilize two types of motilities, amoeboid and
mesenchymal;”® however, our generic model does not consider
deformation of macrophages), describing the radius of the
collision cross-section (m). D; is the relative diffusion constant
between NPs and macrophages (m” s ') with D, = Dy, + Dpy,”®
where Dy, is the diffusion constant of NPs and Dy, is the
diffusion constant of macrophages. Collisions in liquids are
generally based on the Stokes-Einstein relation,***" defined as

kT (rnp + 71
D; = Dyp + Dy :L.<M) (5)
671y TnpT'm

where 7 is the dynamic viscosity of blood. Plugging eqn (4) and
(5) into eqn (1), the clearance rate constant kppagocytosis €quals

(o 7n)” T

k is = p-4m T 6
phagocytosis = f 61y ( )

TnpTm
The parameters p, 7 and e /%) related to hydrophobicity or
surface energies of NPs, were merged into a simplified term ‘o’
since all NPs share the same environmental conditions in
organisms and the generic model does not consider surface
energies. We set the average radius of macrophages ry, to 21/2 =
10.5 um.*® Thus, eqn (6) simplifies to:

2
T'np + 7
kphagocytosis = Q'M [7)
TnpTm

To our knowledge, there are no experimentally derived values
for # and o published in the literature. However, the
relationship between the rate constant k and radius of NPs
allows extracting the universal 8 and o for all collected NP
datasets. NPs can be eliminated by different pathways, resulting
in total clearance of NPs from blood. The total rate constant k

Environ. Sci.: Nano, 2024, 11, 406-417 | 409
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for clearance of NPs from blood can be obtained by assuming
that underling mechanisms (penetration and phagocytosis)
operate in parallel (ESIT Methods 1.1 and Fig. S2). The total rate

constant k for clearance is thus <1—;+ 1 )

kT kpenetrarion kphagocylosis

described generically as:

2
o (rptrm)
k= kpenetration'kphagocytosis _ 0 Tnp™+ @~ np*’'m (8)
- - 2
kpenetration + kphagocytosis 0-r. 2 + (r np+rm)
“'np A —
npT'm

We therefore obtained # and « via fitting experimentally derived
values for k to the NP's hydrodynamic radius ry,p,.

2.2.4 Prediction of rate constant k. (obtained from two-
compartment) by the extended model. The clearance rate
constants/half-lives of NPs are also affected by macrophage
polarization.**®* NP surface coating could, for instance,
influence the amount and type of opsonins, adsorption onto NP
surfaces, macrophage uptake and, hence, clearance.
Macrophages interact with NP surface coating which can be
characterized by surface energies. Surface energies were shown
to relate to hydrophobicity, as outlined in previous work.*® We
implemented a term (e ™/®7) (eqn (6)) for statistical
thermodynamics that uses van der Waals surface energies®”**
of NP coatings expanding the generic phagocytosis-based model
in the ESL} In ESIf Methods 1.2, the van der Waals energy”®
(AGrw(h)), being part of the activation energy E, (E, = -AGrw(h)),
was used to replace E,. The van der Waals free energies of NPs

View Article Online
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(e.g, the Lifshitz-van der Waals, y,,""") and macrophages (ym"")
were calculated or collected to obtain the van der Waals energy
(Eqn (S51), AGLw(h), h is the separation distance between the
interacting surfaces). By using AGpw(h) to replace E,, eqn (6)
can be transformed to the logarithmic form as

In(k.) = In(Zy,) + In(p) + 6-AGLw(h) 9)

where ¢ is the slope of the linear regression. The functions for
calculating AGw(h) are all included in the ESL{ All symbols and
definitions in the formulas are shown in Table 2.

3. Results and discussion
3.1. Fits for clearance rate constants of NPs in blood

All fitting profiles and results based on one- and two-
compartment kinetics for 19 data with different NP types (on
blood clearance) are shown in Fig. S1 and Table S1;
respectively. Most NPs fitted well into the one-compartment
model. An exception was noted for PLGA-mPEG;s3-5000 (P =
0.14). Besides, the statistical significance of three two-
compartment fittings could not be calculated (two PAMAM
CNDs and one CdTe-QD) because the number of data points is
too small for a two-compartment kinetics with four parameters.
Some two-compartment fittings (QDPEGs;000/2000, QD CdTe/CdS,
IONPs-PEG,00, PLGA-MPEG,s65000 and PLGA-MPEGe_5000)
showed increasing blood concentrations over time due to

Table 2 Factors used in the equations with typical or default values for parameters

Symbol Description Unit Typical or default value
Co Initial concentration of NP u(n)g ¢ {(mL™) —

C. Initial concentration of NP in central compartment p(n)g ¢ {(mL™) —
Cp Initial concentration of NP in peripheral compartment u(n)g ¢ (mL™) —

d Diameter nm —
Dy, Diffusion constant of monocyte/macrophage m*s™ —
Dyp Diffusion constant of NP m*s™* —

D, Relative diffusion constant between NP and macrophage m?s™" —

E, Activation energy ] —

h Separation distance between the interacting surfaces nm 0.157
k Rate constant for clearance in one-compartment h™ —

ks Boltzmann constant JK* 1.38 x 10
ke Rate constant for clearance in central compartment h™ —

kp Rate constant for clearance in peripheral compartment h™ —
Kpenctration Rate constant for penetration st —
kphagocytosis Rate constant for phagocytosis o —
I'A Avogadro constant mol™ 6.02 x 10>
R The sum of r,,, and r, nm —
Tm Radius of macrophage pm 10.5
Tnp Radius of NP nm —

T Temperature K —

Z Collision frequency in general s —
Zm Collision frequency between NP and macrophage st —

Zy, Collision frequency between NP and pore s —
AGrw(h) van der Waals interaction energy ] —

n Dynamic viscosity of blood m> s —
Hp Reduced mass of NP kg —

p Steric factor Unitless —

op Interaction cross section nm’ —
Pop van der Waals free energies of NP coatings Jm™ —
m van der Waals free energies of macrophage Jm™> 30

410 | Environ. Sci.: Nano, 2024, 11, 406-417
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Fig. 2 Rate constants for clearance based on one- (k) and two-
compartment (k. and k) kinetics for pegylated NPs (stars) and non-
pegylated NPs (dots) versus NP diameter.

equilibration or redistribution of NPs between tissues and the
vascular system,*® which is not captured by our model.

Fig. 2 shows all rate constants for clearance based on one-
and two-compartment kinetics as a function of NP diameter.
Most one-compartment rate constants k for clearance vary
between the rate constants k. and k, based on two-
compartment kinetics (k, < k < k). The one-compartment
parameter k (in black) seems to increase with NP size and
then to decrease with increasing NP size. The distribution of
k. (in red) relative to the NP size is more variable than &,
indicating that size is not the only factor affecting k.. All two-
compartment fittings show that the rate constants for
clearance of the central compartment are greater than those
of the peripheral compartment (k. > k). The rate constants
ky (in blue) for clearance of the peripheral compartment for
all NPs are close to zero.

Non-pegylated NPs (ZnO NP, 10 nm) have the lowest rate
constant k, (0.002) for clearance in the peripheral
compartment, and the corresponding half-life is 346 hours.
The most extended half-life is obtained for one non-pegylated
NP (ZnO NP), opposite to the idea that pegylated NPs usually
have long half-lives as the low surface hydrophobicity evades
opsonin modification and reduces reticuloendothelial system
capture.”” Chen et al.'® reported that a considerable number
of ZnO NPs are captured by lung macrophages, increasing NP
circulation time in pulmonary circulation. NPs that enter the
lungs may travel from the interstitium to the lymphatic
system® where they are likely re-released into the blood.
These complex mechanisms may cause prolonged NP
circulation time in blood. Besides, the solubility of ZnO NPs
may also increase their blood circulation time because
researchers took the concentration of (ref. 65) Zn as the
concentration of ZnO NPs."®

3.2. Rate constants k for clearance (obtained from one-
compartment kinetics) as a function of NP size

19 rate constants (Table 1) based on one-compartment were
used to parameterize the generic model in Fig. 3 (black

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Rate constant k (h™) for clearance based on one-compartment
kinetics versus radius (nm) of NPs for pore penetration and
phagocytosis with data on pegylated NPs (stars) and non-pegylated
NPs (dots) for hydrodynamic size (solid) and TEM size (open). Black
symbols denote 19 data points for parameterization and blue symbols
denote 16 data points for validation. All symbols denote experimental
data and the red curve was obtained using eqn (8). The dashed black
lines show 95% confidence intervals of the model. The green square
marks two overestimated outliers (black symbols) we did not involve in
the regression.

symbols). The generic model (NP size-based, obtained from
eqn (8)) following penetration and phagocytosis mechanisms
is shown in Fig. 3 (red curve). The rate constants k for
clearance based on one-compartment kinetics
statistically significant related to the radius of NPs reflecting
pore penetration and phagocytosis, proving that taking size
as the only parameter could be used to estimate the rate
constants k for clearance of NPs from blood.

Fig. 3 shows that rate constants k for clearance increase
with increasing NP size when the NP's hydrodynamic
diameter is smaller than ~20 nm, consistent with the
penetration mechanism where kpeneration iNCreases with
increasing NP size (Kpenetration ~ rnpz, eqn (3)). Our modeling
is similar to the ratio (~r,,”) of distribution of a solute
between a pore and solutions.®® By contrast, Fig. 3 also shows
that rate constants k for clearance decrease with increasing
NP size when the NP's hydrodynamic diameter is larger than
~20 nm, consistent with the phagocytosis mechanism where
kphagoeytosis decreases with increasing NP size (kphagocytosis ™~
Tnp s €qn (7)). According to the Stokes-Einstein relation,
larger NPs are expected to be less mobile (the diffusion
coefficient Dy, is inversely proportional to the size, see
Methods eqn (5)), resulting in fewer encounters between NPs
and macrophages, and reducing phagocytosis.

The clearance of NPs from blood is the result of the dual
action of penetration®® and phagocytosis,*® which is also the
result of mutual restriction of NP collision and diffusion
ability. The increased phase (NP from 0 to ~20 nm) of rate
constants k with increasing NP size illustrates that
penetration might contribute more than phagocytosis. At the
same time, the slope changes from positive to negative as the
particle size increases, which seems to indicate that
phagocytosis becomes more dominant following the increase

were
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of NP size. Penetration might contribute more than
phagocytosis for clearance of smaller NPs for several reasons.
Small NPs (for example, d = 18 nm) with strongly curved
surfaces lead to protein interactions distinct from larger NPs
(for example, d > 78 nm). Reduced opsonin attachment™
increases pore penetration of small NPs and reduces
recognition by macrophages.®”

The highest rate constant k for clearance from blood
occurs when the hydrodynamic diameter of the NP is around
~20 nm, which may imply that NP-pore/macrophage
interactions via collision and diffusion are beneficial to each
other. At this time, kpenetradon Mmight equal Kppagocytosis-
Generally, the clearance of NPs from blood includes the
distribution of NPs from blood to organs and clearance of
NPs from blood to urine (outside of the body) by glomerular
filtration. We call the latter absolute clearance, since it is
impossible for NPs to return from the urine to blood. Sizes of
10-20 nm (ref. 37 and 88) can rapidly be taken up by the liver
and sizes of less than 5-15 (ref. 33 and 89) nm are more
easily excreted through glomerular filtration,> which
increase the clearance of NPs from blood. By contrast, NPs
with sizes of 20-200 nm (ref. 41) can remain in circulation
for an extended period, as confirmed by our modeling. The
decreasing slope in Fig. 3 might not apply when the model
covers larger NP sizes (to include micron sizes) due to other
factors like gravitational pull," which can be ignored for
NPs. NP aggregation could also take place to increase cellular
uptake,’® which is not covered by our generic modeling and
can be carried out in the future.

Clearly, our model is not perfect (R*> = 0.73) as penetration
and phagocytosis are the only pathways considered. To
validate the model, we used 16 rate constants from studies
not used for parameterization (four NPs with TEM size
marked as open blue symbols and 12 NPs with hydrodynamic
size marked as solid blue symbols in Fig. 3). Three of the
four data points with only core size and TEM size (marked as
open blue symbols in Fig. 3) are out of the generic model
due to lack of well-defined hydrodynamic sizes. Their
hydrodynamic behavior may render their penetrative capacity
uncertain. Hydrodynamic sizes are usually larger than
primary size due to hydration layers, electric double layers,
and aggregation.” Besides, 8 of the 12 data points marked in
solid blue symbols (Fig. 3) can be predicted well by our
generic model because they are within 95% confidence
intervals (dashed line in Fig. 3), which support that the
generic model could provide generic prediction of various
NPs. The model based on one parameter (radius of NPs)
allows one to avoid overfitting. Two of the 12 data points (46
nm AuNP-Dextran and 29 nm IONPs) were greatly
underestimated (k ~ 8-10 h™) and 2 of the 12 data points
(38 nm AuNP-PEG and 20 nm AuNP-mixed groups) were
overestimated by our model. The two overestimated data
points came from the same study,’® which might reflect
specific conditions not covered by the model. The two
underestimations  (Fig. 3) were obtained from
immunodeficient mice or mice with blood-brain barrier
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disruption under magnetic targeting, whereas 17 of the 19
data points for model parameterization were obtained from
healthy animals. Although some studies reported that tumor-
bearing does not significantly affect the overall
biodistribution of NPs,’*°® the influence of the disease on
NP clearance from blood needs further research. In addition,
surface charge** could influence NP behavior (e.g:, 29 nm
IONPs are highly negative). The two data points (PAA-coated
NP and PAA-PEG-coated NP, marked by a green square in
Fig. 3) out of 95% confidence intervals confirm that other
factors exist (e.g., surface coatings, discussed in the later
section). Other pathways not considered by our generic
model could influence NP clearance behavior, causing
prediction error, e.g., clathrin-mediated internalization by
endothelial cells.”*

3.3. Rate constants k. for clearance (obtained from two-
compartment kinetics) as a function of NP size and surface
coating

In our extended phagocytosis-based model (2.2.4), the van
der Waals interaction energy (AGpw(h)) between NPs and
macrophages was used to predict the rate constants k. for
clearance (eqn (9)). Seven out of the 19 data points for
parameterization were used to build the extended model
because of available information on surface coatings in Fig. 4
(black symbols). The linear regression (red line, eqn (9))
between van der Waals interaction energy AGyw(h) and In(k.)
- In(Z,,) is shown in Fig. 4. The regression is statistically
significant with a high R* (0.95) and low p-value ((<0.0001)),
indicating that interaction between macrophages and NPs
drives the clearance of NPs in the well-perfused compartment
(ko). After involving properties of surface coatings, outliers in
the generic model (marked in a green square in Fig. 3) fitted
well to the extended model (Fig. 4), indicating that the
behavior of some NPs in the blood can be affected by both
NP size and surface coating.

Four independent data points are added (Tables S1 and
S27) to test the extended model and Fig. 4 shows that three
out of the four data points are within the 95% confidence
intervals (dashed line in Fig. 4). The prediction of NP coated
by mPEG-PLA (Poly(r-lactide))-mPEG (PELE) copolymers with

30% PEG®® is deeply lower than our estimation
(Fig. 4). The surficial structure of PELE copolymers
with 30% PEG was not reported in the original

study, and the structure from work in ref. 95 was used, which
may have caused deviations. Our current modeling does not
consider the proportion of coatings, which might cause
prediction errors. In addition, deviations in rate constants for
clearance may be introduced by multiple interlaced data
point lines in the original image. Interestingly, two tested
data points with TEM size (170-190 nm) can be estimated
well, illustrating that the function of size might be diluted by
the effects of surface coatings in some scales. As the number
of data is limited, more data is needed to increase the
accuracy and precision of the model.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3en00812f

Open Access Article. Published on 14 December 2023. Downloaded on 4/4/2026 1:14:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Nano

In(k )-In(Z,_ =4E19*AG, -6.26
R’=0.95, p=0.000

2F ’

Tk

N

£

-4}

oy

N’

£
-6}

6 12 *10™
AG (b ()
Fig. 4 In(kJ) - In(Z,,) as a function of van der Waals interaction energy
AGw(h) (J) for pegylated NPs (stars) and non-pegylated NPs (dots) with
hydrodynamic size (solid) and TEM size (open). All symbols denote
experimental data and the red line was obtained with egqn (9). The
dashed black lines show 95% confidence intervals of the model. Blue

symbols denote four tested data points (Table 1) from studies not used
for parameterization.®®~7°

van der Waals energies explain the clearance kinetics of
NPs in blood, via phagocytosis, as shown in Fig. 4. Indeed,
van der Waals energies appear especially relevant for
opsonin/macrophage interaction.’® Particle/pathogen uptake
involves macrophage polarization®” and van der Waals
energies are essential forces from induced dipoles: forces
from polarization.”® In addition, the coatings we used in
current model show neutral or negative charges (Table 1).
Surface charge* and targeting ligands®® may affect opsonin
adsorption as well, in turn affecting the clearance of NPs by
phagocytosis. Our model might be extended in the future to
include more interaction energies, such as electrostatic
energy'® and binding energy of ligands and receptors,'*" to
explore the effect of net positive surface charges and ligand
modification on NP accumulation'® or clearance in the body.
In addition, the clearance of NPs in peripheral compartments
(e.g., muscles) involves complex mechanisms, and the rate
constants k, for clearance cannot be estimated accurately.

3.4. Recommendations

The rate constants for clearance calculated in our study may be
applied in PBPK models for nanomedicine research and NP risk
assessment. To increase the application domain for more NPs,
we explored options for linking clearance to NP size and surface
coating. Nevertheless, several limitations should be noted in the
present study. First, our study did not consider aggregation and
protein modification. Secondly, our generic model only involved
size as the only variable, while the expanded model requires
specific information on single types of surface coatings.
Characterization of NPs with mixed coatings®® need more
methods to define in the future. Thirdly, the model application
to soluble NPs (e.g., ZnO and AgNPs)'® requires combining
properties of NPs and ions. Fourthly, our dataset only included
spherical NPs with administration by intravenous injection due

This journal is © The Royal Society of Chemistry 2024
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to limited data. Lastly, we limited ourselves to NPs because data
on microparticles (MPs) are lacking and theories on NPs may
not apply to MPs due to the greater gravity or resistance.”’ In
the future, we will therefore focus on addressing these
limitations.

4. Conclusions

The data on clearance of NPs from blood after intravenous
injection generally fit one- and two-compartment kinetics.
The generic model (NP size-based) was used to estimate rate
constants for clearance obtained by one-compartment
kinetics following pore penetration and phagocytosis
pathways. Hydrodynamic diameter ~20 nm is reported as the
optimal size for fast clearance of NPs from blood in the
current dataset. The effect of surface coatings on clearance
rate constants k. based on two-compartment kinetics can be
explained by an extended model (NP size- and surface
coating-based), combining properties of NPs (size and surface
coatings) and macrophages. These models may provide basic
approaches to increase the application domain of PBPK
models for the design of NPs in drug delivery or assessing
the biological hazards of NPs.
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