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.. . .. . . ; 1. Introduction
Most nanomedicines require efficient in vivo delivery to elicit meaningful

diagnostic and therapeutic effects. However, en route to their intended I\_Ianogartigles are used inhmedicme as car-
tissues, systemically administered nanoparticles often encounter delivery riers for diagnostic and therapeutic agents

. . , . due to their uniquely tunable physicochem-
barriers. To describe these barriers, the term “nanoparticle blood removal ical properties, including size, shape, stiff-

pathways” (NBRP) is proposed, which summarizes the interactions between ness, surface chemistry (so-called 4S pa-
nanoparticles and the body’s various cell-dependent and cell-independent rameters), material composition, and their
blood clearance mechanisms. Nanoparticle design and biological modulation capacity for loading with contrast agents

and drugs.['! However, it is a key chal-
lenge in nanomedicine to efficiently de-
liver systemically administered nanoparti-
cles to diseased tissues and cells in the

strategies are reviewed to mitigate nanoparticle-NBRP interactions. As these
interactions affect nanoparticle delivery, the preclinical literature from
2011-2021 is studied, and the nanoparticle blood circulation and organ

biodistribution data are analyzed. The findings reveal that nanoparticle body.[?! For example, a meta-analysis of pre-
surface chemistry affects the in vivo behavior more than other nanoparticle clinical studies found that only 0.7% (me-
design parameters. Combinatory biological-PEG surface modification dian) of systemically administered nanopar-

ticles reach solid tumor tissues.’! Addi-
tionally, up to 99% of systemically admin-
istered nanoparticles may accumulate in

improves the blood area under the curve by ~418%, with a decrease in liver
accumulation of up to 47%. A greater understanding of nanoparticle-NBRP

interactions and associated delivery trends will provide new nanoparticle the liver (Figure 1a).* These delivery chal-
design and biological modulation strategies for safer, more effective, and lenges contribute to the limited clinical
more efficient nanomedicines. translation of certain nanomedicines, such

as cancer nanomedicines.l>¢!
Efficient and effective systemic nanopar-
ticle delivery to malignant tissues and
organs, such as tumors, is a complex challenge because nanopar-
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ing deep tissue penetration of nanoparticles; iv) inefficient cel-
lular internalization, which limits the effectiveness of intracellu-
lar therapeutic interventions; v) endosomal entrapment and lyso-

Oklahoma City, OK 73104, USA somal degradation, which impact the transport of the therapeu-
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This article comprehensively explores and discusses cell
and organ functions that enable nanoparticle clearance from
blood circulation.'!l In Section 2, we introduce the proposed
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Figure 1. Examples of nanoparticle delivery barriers. a) The body’s biological and physical barriers affect nanoparticle biodistribution. Note: Depicted
relative biodistribution and nanoparticle accumulation may vary significantly for different nanoparticle formulations and doses. b) Upon intravenous
administration 1), nanoparticles are exposed to blood components. This exposure changes the nanoparticle’s synthetic identity to a biological identity.
During the initial exposure phase 2), proteins with varying binding affinities interact dynamically with the nanoparticle surface. Over time 3), a hard
protein corona forms around the nanoparticle surface composed of proteins exhibiting relatively high binding affinity and low exchange rate. Proteins
with less affinity and high exchange rate interact with the hard corona and create a dynamic soft corona. c) Cells of the nanoparticle blood removal
pathways (NBRP), including tissue-resident macrophages, circulating leukocytes, and various endothelial cell types, uptake circulating nanoparticles

from the blood by various mechanisms.

terminology “nanoparticle blood removal pathways (NBRP)”.
This terminology aims to address and overcome the limitations
associated with the MPS/RES terms in nanomedicine. In the
subsequent section, we discuss the NBRPs in detail, highlight-
ing the phagocytic and anatomical characteristics of various rel-
evant organs. To overcome rapid blood clearance of nanoparti-
cles and improve target organ delivery, researchers explored and
applied two main strategies over the past few decades: i) the
modulation of nanoparticle design; and ii) the modulation or
pre-treatment of the body’s biological environment. Therefore,
in the subsequent Sections 4 and 5, we review how nanopar-
ticle physicochemical properties and biological modulation af-
fect nanoparticle-NBPR interaction, respectively. In Section 6,
we present a comprehensive survey of the published preclin-
ical literature from 2011-2021. Through this analysis, we sys-
tematically evaluate the status of nanoparticle design strategies
and statistically analyze how the nanoparticles’ physicochemical
properties affect nanoparticle-NBRP interactions. Based on this
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literature analysis, we discuss key insights and strategies for the
nanomedicine field.

2. Definition of the Nanoparticle Blood Removal
Pathways (NBRP)

Compared with traditional small molecule drugs, nanoparticles
experience a different journey after systemic administration par-
tially due to their increased size.l'!3] Small molecule drugs, es-
pecially ones that are <900 Daltons and that exhibit high perme-
ability, mainly undergo non-specific translocation from the blood
to the body’s tissues by diffusion and other processes through
the membranes of various cell types.l'*1>] However, the contin-
uous endothelium along most blood vessels becomes a barrier
for nanoparticles, minimizing translocation and accumulation in
organs.!* To cross this barrier, nanoparticles need to traverse en-
dothelial cells through transcytosis and/or other mechanisms.!3]
The major factors deciding where and how the nanoparticles
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Figure 2. Schematic overview of the Nanoparticle Blood Removal Pathways (NBRP). The NBRP is a broadly defined term that summarizes multiple
mechanisms of nanoparticle clearance and sequestration. The two main branches of the NBRP are the cell-dependent and the cell-independent NBRP.
The cell-dependent NBRP include traditional systems used to describe nanoparticle clearance, such as the MPS and RES, and further incorporates other
cell-mediated pathways, such as clearance by other leukocytes and additional unknown/undiscovered pathways and mechanisms. The cell-independent
NBRP include physical clearance mechanisms, such as glomerular filtration in the kidneys and the sinusoids of the liver and spleen. As additional mech-
anisms of nanoparticle clearance may be discovered in the future, these mechanisms will be adequately described by the proposed NBRP terminology.

are removed from the blood circulation include the endothelium
morphological features (e.g., fenestrae, and vessel continuity and
integrity), organ physiological characteristics, and the profile and
location of phagocytic cells within each organ.['’! While each of
these pathways is recognized to contribute individually to remov-
ing nanoparticles from blood circulation, the terminology that
comprehensively summarizes these multifaceted mechanisms
and their combined effects is lacking in the nanomedicine field.

The MPS and RES are terms widely used in the nanomedicine
field to refer to cells that pose biological barriers to nanoparticle
delivery. Although the MPS and RES are relevant for nanopar-
ticle clearance and sequestration, the literature references these
terms inconsistently.'®23 Chronologically, the term “RES” was
first used in 1924 to describe any cell that accumulated system-
ically administered vital stains (i.e., dyes that stain living tis-
sues), which were thought to be endothelial cells.? The term
“MPS” was introduced in 1972 as a replacement when it was
discovered that many of the cells involved in clearing macro-
molecules and foreign particulates from the blood were mono-
cytes or originated from bone marrow.!?>2° Subsequent research
revealed that, in addition to monocytes, true endothelial cell types
actively clear particulates from the blood,?’! including scavenger
endothelial cells (SECs)!?8] and liver sinusoidal endothelial cells
(LSECs).[22'29’3°]

The MPS term categorizes three ontologically and function-
ally distinct cell types that endocytose nanoparticles as “mononu-
clear phagocytes”: i) monocytes; ii) macrophages; and iii) den-
dritic cells.[3¥32] In addition to these cells, the RES term encom-
passes various endothelial cell types that exhibit endocytic behav-
iors. Yet, MPS and RES categories leave out certain cell types,
including leukocytes, such as B cells and T-cells, capable of in-
ternalizing nanoparticles.****] Further, MPS and RES systems
rely on endocytic nanoparticle sequestration mechanisms, leav-
ing out important physical nanoparticle clearance and seques-
tration mechanisms, such as glomerular filtration. These mech-
anisms, other than MPS and RES, warrant continued studies,
given their critical role in removing nanoparticles from the blood
and subsequently impeding nanoparticle delivery.
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To consolidate and expand the MPS/RES terminologies in the
nanomedicine field, we propose the term “Nanoparticle Blood
Removal Pathways” (NBRP) as a more practical and comprehen-
sive expression to describe organs, cells, and other mechanisms
that directly contribute to removing nanoparticles from the blood
(Figure 2).

Cell-mediated NBRP include the MPS, RES, and other cel-
lular mechanisms of nanoparticle sequestration and clearance.
Cell-independent NBRP include physical mechanisms, such
as glomerular filtration in the kidneys and the unique blood
flow profile of the liver and spleen. Additional mechanisms of
nanoparticle clearance will likely be discovered in the future.
We defined the NBRP terminology broadly so that any future
nanoparticle blood clearance mechanisms can be adequately cat-
egorized. The term “clearance” is used in this manuscript to de-
scribe the removal of nanoparticles from the blood.

3. NBRP Organs, Cells, and Clearance Pathways

We describe the interactions between nanoparticles and the
NBRP for different organs and tissues. For each organ, we dis-
cuss three main components affecting nanoparticle clearance: i)
the blood-endothelium interface; ii) phagocytic cells; and iii) tis-
sue anatomical characteristics.

3.1. Blood

When nanoparticles enter the bloodstream, they immediately en-
counter a complex biological environment.[1353¢] Within this
environment, nanoparticles transition from their lab-designed
“synthetic identity” to their physiologically-determined “biolog-
ical identity” (Figure 1b). Plasma proteins form what is known
as a “protein corona” around nanoparticles, partially blocking
their interactions with target cells and increasing non-specific
interactions.[738]

The protein corona has been suggested to have a mul-
tilayered structure, with the composition and organization
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of the integrated proteins affecting the ultimate fate of the
nanoparticle.3”3°1 Opsonins are any type of blood serum com-
ponent that can facilitate phagocytic recognition. Among these
components, antibodies and complement proteins like C3, C4,
and C5 are widely recognized.*) The process by which op-
sonins bind to foreign particles is termed opsonization. The in-
clusion of opsonins in the protein corona can mark a nanoparti-
cle for phagocytosis by circulating leukocytes or tissue-resident
macrophages.I*!] This process can occur through the alterna-
tive, classical, and lectin pathways of the complement cascade,
a bloodborne sector of the immune system that protects the
body from foreign pathogens and particles.[*>*4] Nanoparticle
uptake can also occur through other types of endocytosis, in-
cluding clathrin-dependent endocytosis, caveolae-mediated en-
docytosis, clathrin and caveolin-independent endocytosis, and
macropinocytosis. The various mechanisms of nanoparticle
cellular internalization have been reviewed in greater detail
elsewhere.[45:46]

Nanoparticles may interact with any blood component:
biomolecules, such as serum proteins, sugars, nucleic acids,
lipids, and cells, including red blood cells (RBCs), white blood
cells, and endothelial cells.*=#1 All of these interactions are
highly dependent on nanoparticle design. It has been reported
that nanoparticles could further interact with RBCs in differ-
ent ways: i) the lysis of RBCs (hemolysis),*"! ii) the entry into
RBCs,*! and iii) the adsorption to the RBC membrane.[52-5]
However, many of these studies were performed ex vivo, which
does not fully capture the biological and physical complexities of
the in vivo environment. Therefore, further research is encour-
aged to better probe and understand the in vivo interactions be-
tween nanoparticles and RBCs.

Besides mediating protein corona formation and opsoniza-
tion, which promotes uptake in various NBRP, the blood itself
can function as an NBRP by sequestering nanoparticles into var-
ious circulating cells. A study by Yang et al. reported a time-
dependent distribution of 500-nm polystyrene nanoparticles in
blood cells. The results suggested that granulocytes were respon-
sible for most nanoparticle uptake in the blood. The nanoparti-
cles induced the differentiation of monocytes into dendritic cells
and macrophages, increasing their abundance in the blood.!®]
Although these uptake characteristics are likely different for
other nanoparticle formulations, the findings of Yang et al. high-
light the complexity of nanoparticle-blood interactions and war-
rant analysis of blood uptake patterns for novel nanoparticle for-
mulations.

Following administration, nanoparticles are transported with
the blood directly to the heart through the venous network.
Nanoparticles are carried by the blood to the right ventricle and
subsequently enter the pulmonary circulation. After a journey in
the lung, nanoparticles return with the blood to the left atrium
via the pulmonary veins and then flow into the left ventricle,
from where they flow out of the heart and enter the systemic cir-
culation, allowing interactions with various organs and tissues
throughout the body.l”]

In a healthy heart, all major immune cell types are
present, with resident macrophages comprising the predomi-
nant population.l®! These macrophages primarily reside within
the myocardium, which is on the other side of the blood
vessel wall, resulting in limited contact and phagocytosis of
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nanoparticles.>?) However, under pathological conditions, such
as myocardial infarction or infection, there is a substantial in-
flux of immune cells into the heart to remove dying cells and
pathogens.P®! This recruitment of immune cells can alter the
nanoparticle biodistribution patterns. A significant increase of
nanoparticle accumulation in the heart was observed in ani-
mal models with ischaemia-reperfusion injury.>*¢! Specifically,
the ischaemic area exhibited higher nanoparticle levels com-
pared to the non-ischaemic area.®®¢!l Furthermore, evidence
suggests that diseased hearts have enhanced vascular perme-
ability, which may contribute to nanoparticle extravasation and
accumulation.[6062]

3.2. Liver

The literature suggests that between 30% and 99% of adminis-
tered nanoparticles are sequestered by the liver.*®] This high
level of nanoparticle uptake is made possible by the large por-
tion of cardiac output received by the liver (25%), the large num-
bers of macrophages found in the liver (for example, ~1 x 107
Kupffer cells per average adult mouse liver!®®l), and the liver’s
unique micro-architecture.[®*%] Kupffer cells are specialized
macrophages specifically resident in the liver. The liver micro-
architecture is shown schematically in Figure 3 and markedly af-
fects the liver’s nanoparticle uptake. Stellate cells and the hepatic
arterial buffer response regulate liver vasodilation,*”] resulting
in 1000-fold slower blood flow in the hepatic sinusoids than in
systemic circulation and an increased probability of nanoparticle-
cell interactions. 6]

Nanoparticle uptake is generally greater close to the portal
triad. Kupffer cells have been shown to take up the highest
number of hard nanoparticles, followed by B cells, endothelial
cells, T cells, and other cell types.[® Unless specifically stated
otherwise, within this manuscript, “hard nanoparticle” typically
refers to inorganic nanoparticles, such as gold nanoparticles,
quantum dots, and silica nanoparticles, whereas “soft nanopar-
ticle” refers to organic nanoparticles, such as liposomes. Despite
this trend for hard nanoparticles, other studies have shown that
Kupffer cells may not contribute as much to nanoparticle clear-
ance as initially thought, especially regarding the clearance of
soft nanoparticles.[®®] The interaction between soft nanoparticles
and liver macrophages needs to be further studied to determine
how the uptake of liver macrophages changes based on different
nanoparticle characteristics.

3.3. Spleen

Weighing an average of 150 g, the spleen is 20.2% of human
body weight but receives 5% of cardiac output.®) As shown in
Figure 4, the spleen is divided into two main compartments: red
and white pulp. The white pulp contains macrophages, lympho-
cytes, dendritic cells, and plasma cells, but its function is primar-
ily related to the antigenic immune system. The red pulp con-
tains macrophages, reticular cells, lymphocytes, hematopoietic
cells, plasma cells, and plasmablasts. It is primarily tasked with
removing foreign material and aged RBCs from systemic circula-
tion. The red pulp macrophages are the most numerous resident
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Figure 3. Schematic of the liver micro-architecture. a) The liver is composed almost homogeneously of microscopic functional units called liver lobules
b). Blood flows into the liver via the hepatic veins and arteries. Together with the bile duct, these two vessels form the portal triad. Blood flows from
each portal triad to the three nearest central veins, and bile flows in the opposite direction to collect in the bile duct for excretion. The classic lobule
model comprises a hexagon tracing the six nearest portal triads surrounding a given central vein. The portal lobule model is visualized with a triangle
connecting three adjacent central veins. The acinus model is described as a diamond shape with two portal triads on the short axis and two central veins
on the long axis. The acinus model is most relevant to nanoparticle clearance as it emphasizes blood flow from the portal triads and the vessel network
connecting them to the central vein. As blood flows toward the central vein, it passes through small vessels called sinusoids c). Blood velocity decreases
significantly, and the blood is allowed to interact with various cell types. As shown in panel (c), nanoparticles in the blood interact with different cell
types, including Kupffer cells (macrophages), fenestrated liver sinusoidal endothelial cells (LSECs), and hepatocytes. The liver sinusoids are the primary
location in the body where clearance of foreign materials (including engineered nanoparticles) from the blood occurs.
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Figure 4. Schematic of the spleen micro-architecture. a) The spleen is fed by arterial blood through the splenic artery and drains through the splenic
vein. Arterial blood flows through arterioles and out into the white and red pulp of the spleen. b) A small amount of blood is processed in the white pulp,
where the spleen’s complex lymphoid (adaptive immunity) function is carried out. Most blood flows out of the branched arterioles into the red pulp of
the spleen. The blood is pushed into the splenic cords and collects in the splenic sinuses to exit the spleen. c) The splenic sinuses comprise unique,
lengthened endothelial cells with parallel stress fibers and perpendicular annular fibers contributing to the spleen’s filtering function. 1) Venous blood
containing nanoparticles enters the splenic cords through arterioles. 2) Blood and nanoparticles flow through the splenic cords until pressure pushes
them against the slits between the endothelial cells of the sinus. 3a) Nanoparticles or old RBCs that are too large or inflexible to pass through the slits
will persist in the splenic cords and eventually be cleared by red pulp macrophages, B cells, and dendritic cells. 3b) Nanoparticles and healthy RBCs that
are small or flexible enough to pass through the slits will exit the splenic sinus and return to circulation.
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Figure 5. Schematic of the lung micro-architecture. a) The lung has the largest vasculature system in the human body, bringing about a vast endothelium
surface area of almost 70 m? for the interaction between nanoparticles and endothelial cells. b) The lung is composed of more than 300 million alveoli.
Each alveolus is covered with numerous pulmonary capillaries, forming the functional unit for gas exchange. c) Nanoparticles interact with different
lung cells after systemic administration. Neutrophils, rather than intravascular macrophages, are the major immune cell type in the lung capillaries.
Neutrophils do not significantly internalize nanoparticles without activation. When passing through the lung capillaries, nanoparticles interact with
the endothelium. The endothelial cells are tightly aligned along the vascular wall, exhibiting no gaps or fenestrae. In general, only a small portion of
systemically administered nanoparticles cross the endothelium and interact with pulmonary macrophages and alveolar epithelial cells.

macrophages of the spleen. Dendritic cells and two distinct types
of macrophages in the marginal zone further have the ability to
phagocytize pathogens and foreign material.”?]

The red pulp macrophages, marginal zone macrophages, and
dendritic cells actively phagocytose foreign material, including
nanoparticles, passing through the arterioles and sinusoids of
the spleen.l”!72] The nanoparticle distribution within the spleen
can also heavily depend on model species and nanoparticle
characteristics.”?] Nanoparticle accumulation in the spleen is as-
sisted by the filter-like features of the splenic sinusoids (Figure 4),
resulting in much higher uptake levels for nanoparticles over
200 nm in diameter.”* Particles hindered by the small slits in
the splenic sinusoids can be subsequently taken up by various
splenic cells. However, recent studies have begun to overcome
the variety of splenic barriers and found that soft, zwitterionic
(overall neutral surface charge due to containing an equal num-
ber of oppositely charged groups that balance each other out)
nanoparticles can deform and pass between slits in the venous si-
nusoids of the spleen, passing back into circulation and avoiding
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splenic entrapment and macrophage clearance.’””] When large
particles (e.g., 500-nm polystyrene particles) are trapped in the
spleen, they are predominantly taken up by B cells. Dendritic
cells are also highly involved, followed by a high number of
macrophages (relative to blood and bone marrow), monocytes,
and granulocytes.>®!

3.4. Lungs

The lungs receive 100% of cardiac right ventricle output, which
is venous blood from every tissue in the body.”®) Upon intra-
venous administration, nanoparticles are first transported to the
heart through the venous network and then enter the pulmonary
capillary network (PCN) (Figure 5).°] The PCN is the largest
vasculature system in the human body, which presents ~25—
30% of the total endothelial surface.””’®] The lungs lack in-
travascular macrophages, which is different from the liver and
spleen.
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Figure 6. Schematic of the bone marrow micro-architecture. a. The bone is made up of compact bone, spongy bone, and bone marrow. Red bone
marrow, where the venous sinuses locate, is mainly found in the spongy bone, while yellow bone marrow is in the central cavity of long bones. b. The
primary blood supply to the bone marrow enters through the cortical bone and reaches the central artery in the medulla cavity via the nutrient artery.
After meeting the periosteal arterial supply, blood drains into venous sinuses. Venous sinuses are capillary networks that support hematopoietic cells
located in the hemopoietic spaces. The sinusoidal endothelium is fenestrated and is covered by an interrupted basement lamina. Mature blood cells
can cross the sinusoidal endothelium and enter the bloodstream. Eventually, these sinuses converge to the central sinus, and blood exits the medullary

cavity through emissary veins.

Neutrophils are the dominant immune cell type in the
lungs.”?8] Since neutrophils are more responsive to pul-
monary acute injury and inflammation, they generally do not
significantly internalize nanoparticles without stimulation and
activation.l’”#!] Thus, in most situations, the lungs do not ac-
cumulate large amounts of nanoparticles compared to other or-
gans, such as the liver and spleen. After activation by inflamma-
tory cytokines, neutrophils can internalize nanoparticles, migrate
across blood vessels, and transport nanoparticles into the inflam-
mation area.!]

It has been reported that lung endothelial cells interact more
efficiently with nanoparticles than immune cells.#>#*] The large
surface area and small diameter of the PCN (2-13 pm) facilitate
the interactions between nanoparticles and the endothelium. Ad-
ditionally, the relatively slow blood flow rate through the capillar-
ies further enhances these interactions.[”73%]

The tissue-resident macrophages of the lungs are interstitial
macrophages and alveolar macrophages (Figure 5c). Interstitial
macrophages are located in the interstitium between the mi-
crovascular endothelial layer and the alveolar epithelial layer.
Alveolar macrophages are localized in close contact with the alve-
olar epithelial layer on the air side, which are highly involved
in phagocytosis and monitoring debris and pathogens from in-
haled air.®*%7] Thus, systemically administrated nanoparticles do
not readily interact with pulmonary macrophages, as this inter-
action requires nanoparticles to cross the continuous endothe-
lial cell monolayer first. Despite this anatomical characteristic
of the lungs, the uptake of systemically administered nanopar-
ticles in pulmonary macrophages and alveolar epithelial cells
has been reported.[®¥! Other pulmonary immune cells, including
monocytes, dendritic cells, B cells and T cells, also contribute to
nanoparticle uptake in the lungs.[®?!
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There are nanoparticle formulations that target the lungs.!8%
Polyethyleneimine (PEI)-containing polyplexes, cationic bovine
serum albumin nanoparticles, and poly(f-amino esters) based
nanoparticles can accumulate in the lungs through passive
targeting.[8291-93] While GALA peptide modified nanoparticles ac-
tively target sialic acid—terminated sugar chains presented on pul-
monary endothelial cells.®) Further, the transient aggregation
of nanoparticles has been applied as a strategy for lung target-
ing based on size-related mechanisms.[**) However, nanoparticle
colloidal instability may induce irreversible microscale aggrega-
tion, increasing the risk of pulmonary embolism. Future research
studies may explore in more detail the interactions and dynamics
between systemically administered nanoparticles and the lungs.

3.5. Bone Marrow

The bone marrow is the primary hematopoietic organ and a pri-
mary lymphoid tissue, producing RBCs, various types of WBCs,
and platelets. It is located in the core of bones throughout the
body (Figure 6a).°®! To supply the body with the cells it produces,
it receives a significant blood flow through feeding arteries. Blood
then drains through venous sinuses and exits the bone through
nutrient veins (Figure 6b).°°! The marrow sinusoidal system
differs from the spleen and liver in that it comprises a thin,
flat layer of endothelial cells between the bone and marrow.*’!
These endothelial cells, called marrow sinusoidal endothelial
cells (MSECs), demonstrate significant endocytic behavior of par-
ticulate matter, including nanoparticles.®®! This function is re-
lated to the splenic SECs and red pulp macrophages, as the bone
marrow is similarly tasked with removing old or damaged RBCs
from circulation.[”!
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The bone marrow has been reported to sequester up to
50% of systemically administered nanoparticles. Still, this up-
take occurs primarily with smaller nanoparticles (<150 nm)
that have evaded the liver and spleen.['®! With larger (500 nm)
polystyrene nanoparticles, Yang et al. demonstrated prolonged
(>96 h) residence of nanoparticles in the bone marrow, with gran-
ulocytes dominating nanoparticle uptake. In contrast to blood-
mediated nanoparticle uptake in the same study, bone mar-
row uptake among cell populations did not fluctuate as much
with time, and double-negative (Gr-1"*8, Ly6C"¢, mostly den-
dritic) cells were the most efficient population in phagocytiz-
ing nanoparticles.*®! Another study showed that CD11b+ Gr-1+
cells are recruited by polymeric nanoparticles (PLGA/OVA) in
the bone marrow, and that these cells can then cross-present the
nanoparticle-borne antigen, resulting in antigen-specific T cell
proliferation.[101]

3.6. Skin

The skin is the body’s largest vascularized organ and carries out
multiple functions, including protection, sensing, and maintain-
ing homeostasis.['%2] Some biodistribution studies mention ac-
cumulation in the skin, usually reporting minimal accumula-
tion compared to other organs.'-1% However, these studies
do not mention the cells involved or the uptake mechanism in
the skin. A unique study by Sykes et al. described the accu-
mulation of gold nanoparticles and quantum dots in the skin
in greater detail. This study found that nanoparticles accumu-
late in the skin in quantities linearly correlated with adminis-
tered dose. More specifically, nanoparticles were found in den-
dritic cells and dermal macrophages upon administration with
low doses. At the same time, they are distributed more gener-
ally in the pericellular space of the dermis and subcutaneous tis-
sue at higher doses.['%] The higher accumulation of nanoparti-
cles in non-macrophage cell populations at higher doses could
be due to saturation mechanisms of phagocytic cells. In addition,
nanoparticles were cleared from the skin over time and drained
into the lymphatic system and lymph nodes. Thus, nanoparti-
cle accumulation in the skin and lymphatic system are closely
related.[1%]

3.7. Lymph Nodes

The lymph nodes are the connecting points of the circulatory
to the lymphatic system, making them integral in the function-
ing of both adaptive and innate immunity, antigen processing,
and mounting defenses against a host of foreign pathogens. The
lymph nodes contain three types of macrophages: i) subcapsu-
lar sinus macrophages; ii) medullary sinus macrophages; and iii)
medullary cord macrophages.!'”’] Yang et al. showed that major
populations involved in polymeric nanoparticle uptake in lymph
nodes include B cells, dendritic cells, monocytes, and granulo-
cytes. However, the lymph node accumulation at 6 h was signif-
icantly lower than in other organs.[®l Larger nanoparticles (50—
100 nm) are retained for extended periods (>5 weeks) in the fol-
licles, while smaller ones (5-15 nm) are quickly cleared in un-
der 48 h.l'%] [n addition to nanoparticle size, lymph node ac-
cumulation depends on time. At later time points (12 h), the
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lymph node uptake of nanoparticles outstripped even the liver
distribution.['%] It has been suggested that lymph node accu-
mulation may increase over time because the lymphatic sys-
tem drains nanoparticle-containing dendritic cells from other
tissues, such as the skin.l'%! However, nanoparticles can fur-
ther get to lymph nodes through pathways other than dendritic
cell-mediated transportation. For example, nanoparticles are of-
ten transported to lymph nodes as extracellular particles in the
lymph.[1%]

3.8. Kidneys

The kidneys are unique among the NBRP organs because
they predominantly clear nanoparticles through cell-independent
mechanisms (Figure 7). Nanoparticles with diameters less than
approximately six nanometers will be quickly cleared from
circulation by the kidneys through the glomerular filtration
process.11% However, the clearance of larger nanoparticles can
be promoted by incorporating a glycan surface modification./'!!]
Although some phagocytic cell types reside in the kidneys,
phagocytosis and long-term accumulation are minimal com-
pared with other organs. Further, analysis of fluorescent or ra-
diolabeled nanoparticle uptake in the kidneys is complicated
due to the kidneys’ filtration of the small molecular tags used
for nanoparticle detection, which may break off from nanopar-
ticles during circulation in the body. For interested readers,
nanoparticle-kidney interactions are reviewed in greater detail by
Du et al.l'%]

3.9. Tumors

Due to large populations of immune cells in some solid tu-
mors, such as tumor-infiltrating myeloid cells (TIMCs) and
tumor-associated macrophages (TAMs), tumors may be viewed
as another NBRP organ.'"¥] This intratumoral immune cell in-
filtration may be a barrier to nanoparticle tumor delivery. Of-
ten, nanoparticles are taken up by TAMs rather than malignant
cells.""* Yet, rather than presenting an insurmountable prob-
lem, nanoparticle uptake by TAMs represents an opportunity
to target these tumor-associated immune cell populations for
immunomodulatory cancer therapies.!!**] It has been suggested
that there are at least ten subtypes of macrophages, four sub-
types of monocytes, four subtypes of dendritic cells, five subtypes
of neutrophils, and two subtypes of mast cells present in the
tumor microenvironment.[''*] Tumor-associated macrophages
are associated with good or bad cancer outcomes, presenting
a host of potential targets for stimulation, suppression, re-
polarization, and other immunomodulatory strategies.'!*] Var-
ious reviews have described this immune-targeting strategy
since at least 1988, and the idea warrants further research and
development.!116117]

4. Nanoparticle Design Modulation

Nanoparticle design modulation includes variations of nanoparti-
cle physicochemical properties, such as size, shape, stiffness, and
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Figure 7. Schematic of kidney micro-architecture. a) The kidneys receive blood from circulation. Filtered blood exits back into circulation, and the filtrate
exits through the ureter to excretion in the urine. b) The glomerulus is the functional unit of the kidney. Blood enters through the afferent arteriole, passes
through the glomerular capillaries, and exits through the efferent arteriole. Particles and other waste products that exit the glomerular capillaries are
collected in Bowman'’s capsule and then exit through the proximal tubule. c) The boundary of the glomerular capillaries comprises the vessel endothelial
layer, the glomerular basement membrane, and a layer of podocytes surrounding the vessel. This boundary acts as a filtration membrane that lets
nanoparticles through with different dynamics relative to their size and charge characteristics. Generally, positive particles and particles with a diameter
of fewer than six nanometers experience rapid clearance and subsequent excretion in the urine.

surface properties (so-called 4S parameters).[''® These 4S param-
eters significantly affect various aspects of nanoparticle-NBRP in-
teractions in both cell-dependent and cell-independent pathways,
including serum protein adsorption, phagocytic recognition and
interaction, trajectory and margination (migration toward vessel
walls) dynamics in vessels, endothelium adhesion and extravasa-
tion, and organ filtration, and thus play a crucial role in blood cir-
culation duration and biodistribution of nanoparticles.'') While
these effects have been studied extensively, it is challenging to
generalize nanoparticle-NBRP interactions in part due to their
mechanistic complexity and the overall lack of standardization in
the literature regarding animal and disease models, procedures,
and even nanoparticles themselves (Refer to Table S1, Support-
ing Information for several instances of controversial findings
in the literature).[1?>12!] Here, we review nanoparticle-NBRP in-
teractions with an emphasis on nanoparticle size, shape, elastic-
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ity/stiffness, and surface properties classified as surface charge
and surface modification (Figure 8). Additionally, we summarize
the impact of the nanoparticle material on nanoparticle-NBRP
interactions.

4.1. Nanoparticle Size

Size is a key determinant of the biological fate, toxicity, and
health effects of systemically administered nanoparticles.[122-12%]
Nanoparticle size is often measured using dynamic light scatter-
ing (DLS) or imaging methods such as transmission electron mi-
croscopy (TEM).[126]

Due to the intricate interplay of nanoparticle properties and
study models, it is difficult to establish consistent and precise
cell uptake trends or biodistribution patterns based solely on
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Figure 8. Nanoparticle design modulation strategies to reduce NBRP interactions and clearance. The intrinsic nanoparticle physicochemical properties,
including a) size, b) shape, c) elasticity/stiffness, and d) surface charge, can be modulated to reduce uptake by NBRP organs and cells. ) Nanoparticle
surface modifications exhibit a broad range of methods ranging from purely synthetic to biologically-inspired surface modifications.

size.'?”] This complexity is particularly evident when examining
the impact of size on the interaction between nanoparticles and
cell-dependent NBRP, such as macrophage uptake efficiency.!'?8!
In a certain study, larger gold nanoparticles (50 nm) exhibited
higher uptake efficiency than their smaller counterparts (5 and
20 nm)."?1 Similarly, in another work, uptake efficiency in-
creased with the augmentation of gold nanoparticle size (15,
30, 60, and 90 nm).3% However, in contrast, another study ob-
served that 150 nm silica nanoparticles displayed a greater in-
ternalization rate than larger ones (250, 500, and 850 nm).[131]
This discrepancy is indeed reasonable and not difficult to an-
ticipate. Even for nanoparticles of identical composition, shape,
and surface modification, different sizes endow distinct curva-
tures, leading to variations in surface ligand patterns.['**] Both
nanoparticle curvature and ligand patterns influence the profile
of the surface protein corona, subsequently impacting the endo-
cytosis pathways the nanoparticles undergo to enter cells, such as
macrophages.['*?] Moreover, the nanoparticle size itself can also
affect the internalization pathway. The combined contribution of
these factors affects the complexity of understanding and predict-
ing nano-bio interactions.

However, some general trends can be summarized, primar-
ily attributed to the micro-structure of cell-independent NBRP,
which can serve as valuable insights for informing nanoparticle
design. Small nanoparticles (<6 nm) are quickly cleared from the
body by the kidneys through glomerular filtration (Figure 7c).[13
Generally, nanoparticles of all sizes greater than 6 nm tend to ac-
cumulate substantially in the liver and spleen. In the 6-100 nm
size range, smaller nanoparticles tend to distribute more equally
into multiple organs, while larger ones tend to have a higher ac-
cumulation in the liver and spleen.3#1%] Based on the geometry
of the splenic sinusoid endothelial cells (Figure 3c), nanoparti-
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cles with >200 nm diameter would be expected to be trapped by
the spleen. Indeed, splenic distribution has been shown to in-
crease with sizes up to ~200 nm,!!3®! but some studies report a
decrease in splenic accumulation for larger sizes.['*”! This dis-
crepancy could be caused by increased nanoparticle uptake by the
lungs, liver, and other NBRP organs before reaching the spleen.*]
Additionally, larger nanoparticle sizes can exhibit limited pene-
tration into tumor tissues.[!*®]

4.2. Nanoparticle Shape

In addition to size, the geometric structure can significantly influ-
ence nanoparticle interaction with NBRP, affecting cellular up-
take, dynamics in blood flow, and organ distribution.

Despite the prevalent focus on spherical particles in many
studies and clinical applications, a diverse body of literature sug-
gests that non-spherical shapes exhibit longer circulation times
and lower degrees of internalization by NBRP cells.*?! Gener-
ally, spherical nanoparticles are more susceptible to phagocytosis
by macrophages than discoidal and rod-shaped nanoparticles, al-
though the latter two particles typically have higher attachment
with cell plasma membrane than the former ones.['28140] This
trend is generally consistent for larger particles at the microm-
eter scale.'*!] However, for nanoparticles, this rule is less appli-
cable, and contradictory findings are reported in the literature.
For instance, elongated PLGA particles at both 150 nm and 2 ym
showed significantly reduced uptake by ]J774.A1 macrophages
in one study!'*? In contrast, another study observed that
primary macrophages and monocytes engulfed nearly equal
amounts of PEGylated spherical gold nanoparticles (15 or 50 nm)
and gold nanorods (15 X 50 nm).**] Furthermore, in yet
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another study, Raw 264.7 microphages associated more with sil-
ica nanocylinders (~200 X 400 nm) than nanospheres (%200 nm)
after a 2 h incubation.['**] In vivo studies generally present that
non-spherical nanoparticles have longer circulation times. For
a comprehensive understanding of the effect and mechanism
of nanoparticle shape on NBRP cell interactions and the asso-
ciated controversies, we refer readers to comprehensive review
papers.[128:141]

From a hemorheological perspective, nanorods, nanoworms,
and nanodisks display hydrodynamic behavior markedly differ-
ent from spherical nanoparticles in blood flow. Specifically, fil-
amentous, string-like nanoparticles, such as nanoworms and
filomicelles, may orient themselves in the direction of blood
flow and distribute mainly in the center of flow, decreas-
ing interactions with NBRP cells on the vascular walls or in
sinusoids.'*) This contributes to an extended blood circula-
tion time of nanoparticles with such filamentous geometry.
Notably, Discher and colleagues have demonstrated that fila-
mentous polymer micelles exhibit extended circulation lasting
over a week after administration.['**] In contrast, the spheri-
cal counterparts typically have much shorter circulation times
of ~2 to 3 days. Discoidal particles, on the other hand, follow
unique tumbling and rolling migration routes in blood flow, in-
creasing their association with vessel walls.['! This enhanced
margination dynamics of discoidal particles facilitates particle-
endothelial cell binding, ligand-receptor recognition, and extrava-
sation through the discontinuous endothelial layer in tumor
vasculature.

The interaction between nanoparticles with various shapes
and NBRP-organs can be inferred from their biodistribution
profiles.['*1 Short rods and spherical nanoparticles generally ac-
cumulate in the liver. Nanoparticles with higher aspect ratios tend
to be filtered out by the spleen.'*] In the spleen, the distribu-
tion preference follows the order of long rods > short rods >
spheres.[**!] Discoidal particles have been shown to accumulate
in the lungs, possibly due to their improved margination behav-
ior and the narrow vessels in the extensive pulmonary capillary
network.

4.3. Nanoparticle Elasticity/Stiffness

Nanomaterial mechanical properties are important characteris-
tics that can influence biological interactions.['*] Among these
properties, the most studied for nanoparticles are elasticity and
stiffness. Nanoparticle elasticity is an intrinsic property of the
material and is commonly quantified by the Young’s Modulus,
which measures a material's deformation in response to ap-
plied pressure.*] Nanoparticle stiffness, besides material elas-
tic modulus, is also affected by the physical and chemical struc-
tures and geometries.["*°] Although elasticity and stiffness exhibit
different definitions and equations in physics, high elasticity (or
stiffness) is generally associated with harder (or stiffer) materials,
while low elasticity (or stiffness) is with softer and more flexible
ones. The main types of tunable elastic nanoparticles include hy-
drogel nanoparticles and hybrid polymer-lipid nanoparticles.[']
Nanoparticle elasticity/stiffness can influence blood circulation
and biodistribution by modulating interactions with NBRP cells
and NBRP organ filtration processes.!'>!]
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Numerous studies have described interactions of nanoparti-
cles of varying elasticity with multiple cell lines, but no sim-
ple and consistent conclusion could be drawn from the re-
sults. The majority of studies reported that macrophages up-
take stiff nanoparticles more efficiently than less elastic ones,
which is one of the reasons why less elastic nanoparticles gen-
erally have longer blood circulation.!'*”] The possible mecha-
nism is that less elastic nanoparticles are easier to deform,
which decreases the membrane wrapping efficiency during
endocytosis.

The effect of elasticity on internalization by other cells in
the body and tumor cells is controversial in the literature.
For example, lower elasticity can lead to decreased cellular
internalization for (polymer core-lipid shell) nanoparticles in
both tumor and endothelial cells, which is consistent with
the trend seen in macrophages.!'>?] However, less stiff hol-
low silica nanocapsules showed greater uptake in tumor cells
compared to stiff silica nanoparticles.['>}] Shen et al. reported
that membrane wrapping efficiency might be a function of
both receptor diffusion kinetics and thermodynamic driving
forces, meaning that besides elasticity/stiffness, the cell inter-
nalization kinetics for nanoparticles also depends on size and
shape.[154]

Furthermore, endocytosis is not the only strategy by which
nanoparticles enter cells. There is a report that less elastic
liposomal nanoparticles can be internalized by tumor cells
through fusing with cell membranes, which requires less time
and energy than the stiff counterparts that internalize through
endocytosis.['>*] The complexity of interacting factors (e.g., ma-
terial, nanoparticle size and shape, and cell type) may account
to some extent for the variation in results seen in different
studies.

Nanoparticle elasticity/stiffness does affect not only interac-
tions with NBRP cells but also interactions with NBRP or-
gans. Especially salient are nanoparticle interactions with the
spleen. As a result of the filter-like anatomical microstructure
previously described, less elastic nanoparticles can deform and
squeeze through the slits between the endothelial cells of the
splenic sinus, much like healthy RBCs.['*] This phenomenon
also contributes in part to the prolonged blood circulation of soft
nanoparticles.!'>

The elasticity/stiffness also plays a crucial role in nanoparticle
margination in blood flow. In general, rigid nanoparticles tend
to exhibit enhanced margination compared to the corresponding
less stiff ones.[1718] This phenomenon is particularly evident at
high shear rates. On the other hand, in low shear rate regimes,
deformable nanoparticles exhibit comparable, even slightly su-
perior, margination compared to rigid counterparts.l>7158 The
margination effect is reported to be stronger for microscale par-
ticles than for nanoscale particles.['>*7161] It is important to rec-
ognize that the margination effect is multifaceted and influ-
enced by not only particle properties, including size, shape,
surface modification, and stiffness, but also vascular charac-
teristics, such as shear rate, vessel diameter, and hematocrit
level [10:158.159.162.163] The human circulatory system is heteroge-
neous, consisting of blood vessels with a wide range of flow
rates and vessel diameter in different organs. Therefore, a
careful and comprehensive consideration of these factors is
imperative.
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4.4. Nanoparticle Surface Charge

Nanoparticle surface charge, often measured as the zeta poten-
tial, is another physicochemical property that affects nanoparti-
cle interactions with NBRP cells and organs.!'®* Surface charge
primarily impacts interactions with cells through two key mech-
anisms, electrostatic interaction and the formation of protein
corona. Positively charged nanoparticles (>10 mV) tend to exhibit
higher cellular internalization compared to negatively charged
(<10 mV) and neutral nanoparticles (—10 to 10 mV).[16>166]
This cationic surface modification strategy has been employed
to increase the cellular uptake of nanoparticles. One key ratio-
nale behind this strategy lies in the fact that positively charged
nanoparticles bind more strongly to negatively charged cell
membranes.['%] This binding, however, is typically non-specific
and applicable across various cell types, including those in
NBRP.

Surface charge plays a vital role in nanoparticle interactions
with macrophages by impacting the formation of the protein
corona, which includes opsonins.['"! Notably, nanoparticle sur-
face charge influences both the types and quantities of adsorbed
plasma proteins. Walkey and co-workers established a library of
105 surfaced-modified gold nanoparticles.'*”] They found that
nanoparticles modified with positive or negative ligands ab-
sorbed more proteins than those modified with neutral ligands,
thereby increasing their susceptibility to opsonization and subse-
quent clearance. Additionally, highly charged nanoparticles, es-
pecially positively charged ones, tend to aggregate when exposed
to serum proteins post-administration.['®] This increased size fa-
vors recognition and phagocytosis by macrophages, resulting in
faster clearance compared to neutral ones.

Further, nanoparticle surface charge affects the uptake mech-
anisms of various cell types.[*6168169] With some exceptions, pos-
itive nanoparticles often employ diverse mechanisms, while neg-
atively charged nanoparticles are more likely to use caveolae-
mediated endocytosis.l'’’l However, it is challenging to gen-
eralize how nanoparticle surface charge affects these underly-
ing cell uptake mechanisms, and even contradictory results be-
tween studies have been reported (see Table S1, Supporting
Information).l'2!

Taking these factors into account, nanoparticles with an over-
all neutral surface charge tend to have longer plasma half-lives
and slower accumulation kinetics in NBRP organs compared to
nanoparticles with negative or positive surface charges.['21% For
instance, research by Levchenko et al. showed that liposomes
with a more neutral surface charge exhibited slower clearance
from the blood than negatively charged liposomes (~%—40 mV)
that accumulated more in the liver.['7!] Surface charge can also
influence the sub-organ distribution of nanoparticles in the
liver, with different hepatic cell types displaying varying up-
take preferences.*] Kupffer cells and LSECs are rich in scav-
enger receptors on their surfaces, exhibiting strong binding with
negatively charged nanoparticles. In contrast, hepatocytes have
been reported to distinctly prefer the internalization of positively
charged nanoparticles. A study involving gold nanoparticles re-
vealed distinct localization patterns in the spleen, with positively
or negatively charged nanoparticles tending to accumulate in the
red pulp, while nanoparticles with neutral charge tend to accu-
mulate in the white pulp.l'’?] In the context of glomerular fil-
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tration, nanoparticles are cleared in a charge-dependent manner,
with positively charged ones being cleared most rapidly, followed
by neutral ones, and then negatively charged ones.'!?] This dif-
ferential clearance rate arises from varying electrostatic interac-
tions with the negatively charged endothelial glycocalyx, base-
ment membrane, and podocyte (Figure 7c) during the filtration
process.

4.5. Nanoparticle Surface Modification

The nanoparticle surface design plays a major role in directing
interactions with the NBRP.['3] The nanoparticle surface can
be modified with simple polymers to biologically-inspired lig-
ands and complex membrane structures. These compounds de-
termine the nanoparticle fate by influencing the protein corona
composition and nanoparticle interactions with specific biologi-
cal entities.[*¢1%] A substantial part of endeavors in surface modi-
fication aimed at attenuating recognition and clearance by NBRP
cells, thereby improving the pharmacokinetics of nanomedicine.
Various surface modifications for this purpose can be broadly
grouped into two categories by their mechanism of action.
The first category is oriented toward preventing opsonization
with notable modifications, including poly(ethylene glycol) (PEG)
and zwitterionic ligand. The second category aims to disguise
nanoparticles as “self” entities. Typical modifications are albu-
min, “self-marker” protein/peptide, and cell membrane.

One of the most common surface modification methods for
minimizing nanoparticle interactions with biomolecules and bi-
ological systems is PEGylation.['”*] PEGylation involves conjugat-
ing PEG to the nanoparticle surface via chemical methods.'”>]
PEGylation reduces nanoparticle interactions with the biologi-
cal environment through steric inhibition and the formation of
an aqueous layer around the nanoparticle due to its hydrophilic
nature.!'”% PEG backfilling can be used to prevent PEG from cov-
ering nanoparticle targeting moieties attached to the surface.l'”’]

Additionally, it has been suggested that the optimum PEG
molecular weight to minimize macrophage recognition is
2 kDa.['78] PEGylation has been widely researched and is known
to increase nanoparticle plasma half-lives of numerous for-
mulations, but new research points to potential clinical chal-
lenges that may limit its effectiveness.['718] Pre-existing anti-
PEG antibodies have been reported in some humans, poten-
tially leading to allergic reactions and accelerated blood clear-
ance of PEGylated nanomedicines.['¥1-183] A large body of liter-
ature reports alternative polymers for nanoparticle surface mod-
ification, such as polysarcosine, poloxamers, poloxamines, and
polysaccharides.!'8+187] Proteins and other biomolecules can be
conjugated to polymer-modified nanoparticle surfaces using ef-
ficient chemical reactions.

Another interesting nanoparticle surface modification strat-
egy relies on the conjugation of zwitterionic ligands. These
moieties consist of positively and negatively charged chemical
groups, resulting in the overall presentation of a neutral sur-
face charge.['®8 A variety of studies have reported encourag-
ing colloidal stability of zwitterionic nanoparticle surfaces under
physiological conditions with excellent stealth properties.[18-19I
However, not all zwitterionic formulations successfully evade the
NBRP. For example, one study found that a zwitterionic gold
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nanoparticle formulation accumulated extensively in the liver
and in the spleen.[’4

An additional surface modification technique that uses the
plasma protein serum albumin can improve nanoparticle phar-
macokinetics. Serum albumin is involved in the formation of the
hard corona and competitively inhibits adherence of more bio-
logically active serum components such as some opsonins and
antibodies.['] Other techniques are even more biologically spe-
cific. One such example is the coating of nanoparticles with “self-
marker” proteins like CD47 or its derived peptides, which are
generally recognized by macrophages and lymphocytes, to avoid
phagocytosis of healthy cells.3%1%] When these specific biologi-
cal molecules are used, nanoparticles can be rendered “invisible”
to the cell types that recognize those markers.!**’]

An approach that aims at less biological specificity is the encap-
sulation of nanoparticles in cell membranes that already exhibit
a plethora of diverse self-molecules on their surface.'®*! This ap-
proach has a great degree of biological inspiration, directly using
a cell membrane as a trojan horse for nanoparticles to evade a
wide variety of specific and nonspecific NBRP interactions.!*!
It has been reported that the prolonged circulation induced by
RBC membrane coating outperformed the active targeting strat-
egy, and exhibited better nanoparticle accumulation and thera-
peutic efficacy in hepatocellular carcinoma.??] In another study,
researchers modified liposome surfaces with natural regulators
of complement activation (RCAs), Factor I, with which the mam-
malian cells and some microbes avoid complement attacking.
This liposome surface modification efficiently prevented comple-
ment protein C3 opsonization and the consequent cascade acti-
vation and clearance by the RES.[201]

For a thorough understanding of the different categories of
nanoparticle surface modifications and their effects on nanopar-
ticle in vivo behavior, we refer the reader to recent reviews on the
subject,[119165166]

4.6. Nanoparticle Material

A wide range of materials is used to make nanoparticles
and nanomedicines, including metals, such as gold and silver,
metal oxides, such as iron oxide, organic polymers, such as
poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA),
and biomolecules such as lipids, proteins, carbohydrates, and nu-
cleic acids.[?0220%] Because nanoparticles are usually decorated
with surface molecules, the specific interactions of the various
material types with serum proteins and NBRP cells are diffi-
cult to characterize in vivo. Despite this difficulty, the effect of
nanoparticle composition on cell interactions has been reported
in some studies. For example, an increased cholesterol content
in liposomes has been linked to the generation of reactive oxy-
gen species (ROS) and apoptosis in macrophages.!?"7]

Recently, Siegwart et al. reported selective organ targeting
(SORT) nanoparticles for tissue-specific mRNA delivery and
CRISPR-Cas gene editing.®®! By adding specific SORT lipid
molecules to lipid nanoparticles, the authors demonstrated se-
lective targeted nanoparticle delivery to the lung, spleen, and
liver to selectively edit therapeutically relevant cell types in these
organs. The authors hypothesized that the organ-specific tar-
geting was accomplished through tuning the internal charge
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of the synthesized lipid nanoparticles rather than relying on
the external charge modifications. In a follow-up study, the re-
searchers reported that the targeting mechanism was governed
by the chemical properties of the SORT molecules, which deter-
mined the specific proteins recruited onto the nanoparticle sur-
face. The protein corona characteristics subsequently determined
the nanoparticle destination through receptor recognition in the
targeted organs.[2%8]

The nanoparticle core material can also influence the composi-
tion and characteristics of the protein corona. Gref et al. demon-
strated this by fabricating polymeric nanoparticles with differ-
ent core materials but identical surface PEG molecules. These
nanoparticles exhibited similar protein adsorption patterns, but
the quantities of each protein varied.?*”] Walkey et al. calculated
the similarity of the protein corona composition around gold and
silver nanoparticles and discovered that the core material had a
greater influence than core size or surface chemistry. They ex-
plained that even though the core material does not directly in-
teract with the surrounding biological environment, it plays a cru-
cial role in determining the density, arrangement and orientation
of the attached surface molecules.[*¢”]

5. Biological Modulation

To control nanoparticle interactions with the NBRP organs and
cells, biological modulation strategies that involve priming the
body instead of engineering nanoparticle physicochemical prop-
erties have been reported. Biological modulation primarily fo-
cuses on NBRP cells, and the strategies can be divided into three
broad categories as shown in Figure 9 and Table S2 (Support-
ing Information): i) the cell uptake saturation strategies; ii) the
use of drugs to inhibit nanoparticle endocytosis in NBRP cells;
and iii) the so-called “suicide strategies” that use drugs to kill tis-
sue macrophage populations directly. Afterward, the strategies
related to cell-independent NBRP modulation are briefly sum-
marized.

5.1. Cell Uptake Saturation Strategies

Although the NBRP can process multiple doses of administered
nanoparticles over a long period,!?'% it has a short-term capacity
that is naturally limited by the amount and rate of foreign mate-
rial each cell can internalize. One study by Liu et al. showed that
overloading the NBRP with blank liposomes could increase tu-
mor accumulation of iron nanoparticles two-fold.[?!!] This strat-
egy could represent a way to increase nanoparticle circulation
time with a relatively low-toxicity pretreatment and warrants fur-
ther development and study.?!?]

Ouyang et al. reported a nanoparticle dose threshold that non-
linearly decreased liver clearance, prolonged nanoparticle plasma
half-life, and increased nanoparticle tumor accumulation.[®]
Based on preclinical mouse studies, the researchers discovered
that 1 trillion nanoparticles are a suitable bolus dose to over-
whelm Kupffer cell uptake rates, resulting in up to 12% nanopar-
ticle tumor delivery efficiency and nanoparticle delivery of up
to 93% of tumor cells. Mechanistically, the nanoparticle dose
threshold was correlated with the number of available receptors

© 2023 Wiley-VCH GmbH

85U80|7 SUOWWIOD aAeaI 8|qeo! [dde ayy Aq pausenob are sejolie YO ‘8sN JO Se|n. 10} AreIqi8UlUO A8]IM UO (SUORIPUCO-PUB-SWLBY/LI0D" A3 |1 Afe1q1jBUI [UO//SANY) SUORIPUOD PUe SIS 1 8y} 88S *[£202/TT/TZ] Uo Akeiqiauliuo AB|IM Bwoue MO JO AisReAIuN AQ 9i80EZ0Z WiPe/Z00T OT/I0p/W00 A8 |IMAeiq 1 Buluo//Schy WOy pepeoumoq ‘0 ‘820E9TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a Cell Uptake Saturation

NCS : . Therapeutic/Diagnostic i
¥ Cell Nanoparticle

b Endocytosis Inhibition ¢

Filler Nanoparticle
(often Liposomes) Drug

www.afm-journal.de

Cell Suicide

0 Q ®

Q

Inhibitory Macrophage-

killing Drug

Figure 9. Biological modulation strategies. a) Saturation preconditioning strategies work by overloading NBRP cells with a non-therapeutic nanoparticle,
i.e., filler nanoparticle. The nanoparticle used for saturation is usually chosen to be nontoxic and should degrade quickly after a period of time. Since
NBRP cells are full of the saturating nanoparticle and/or their uptake rates are saturated, these cells cannot further engulf more nanoparticles, allowing
subsequently and/or simultaneously administered therapeutic/diagnostic nanoparticles to evade the NBRP and distribute more effectively to target tis-
sues. b) Endocytosis inhibition strategies use drugs that block the interactions between NBRP cells and nanoparticles. One mechanism is the disruption
of endocytosis mechanisms by blocking receptor-nanoparticle corona interactions. Nanoparticles escape attachment to NBRP cell membranes and are
free to interact more efficiently with target tissues. ) In the cell suicide strategy, drugs induce cell death in all or part of resident tissue macrophage

populations, resulting in reduced nanoparticle sequestration by the NBRP.

and binding sites on Kupffer cells. While the specific cell mem-
brane receptors involved were not reported, the data suggested
that nanoparticle doses beyond the available binding site thresh-
old overwhelmed the uptake rates of Kupffer cells, reduced liver
clearance, and prolonged nanoparticle circulation.

Other than nanoparticles, a series of inorganic and organic
materials, including dextran sulfate (500 kDa),[?!>21*] natural
polysaccharides, such as fucoidan(?®®l and carrageenan,/?!¢! col-
loidal carbon,2* and fat emulsion, 2] have also been applied as
pretreatment reagents for NBRP function blockade. These tech-
niques successfully improved the circulation time and perfor-
mance of the nanoparticles injected afterward.

An additional cell uptake saturation method was reported by
Nikitin et al. They showed that a forced clearance of the body’s
own intact erythrocytes using a low dose of allogeneic anti-
erythrocyte antibodies increased the circulation half-lives of a
range of short-circulating and long-circulating nanoparticle for-
mulations by up to 32-fold.2®] This MPS-cytoblockade strategy
may enable novel nanoparticle-based theranostic approaches and
have even further applications in fundamental life-science re-
search.

Strategies aimed at achieving cellular uptake saturation are
generally considered safe and non-disruptive to the innate im-
mune system. These approaches function by transiently block-
ing the receptors responsible for phagocytosis, without compro-
mising the overall functionality of macrophages or subjecting
them to invasive depletion, as seen in alternative strategies in-
troduced subsequently.¥! However, it is essential to acknowledge
that this approach comes with its set of limitations. To attain a
sufficient saturation effect, a high dose of blocking nanoparti-
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cles or materials is inevitable, which raises concerns related to
dose-dependent toxicity.?!? Additionally, macrophage function-
ality restores rapidly through digesting the phagocytic entities
and typically fully recovers within 48 h, restricting the effective-
ness and administration window for the subsequent nanoparticle
treatments.[*!

5.2. Endocytosis Inhibition Strategies

Various drugs have been shown to inhibit the phagocytic mech-
anisms of the NBRP. These drugs include chloroquine, gadolin-
ium(I11) chloride, and methyl palmitate.[*>?20-222] Chloroquine
and gadolinium(III) chloride work by inhibiting the nanoparti-
cle endocytosis mechanisms of macrophages.[??!] Wolfram et al.
chose chloroquine as a drug candidate from other known phago-
cytic inhibitors and demonstrated a decrease of accumulation in
the liver by ~29% for liposomes (from ~65% to ~46% of the to-
tal detected fluorescence signal) and 22% for discoidal silicon
particles (from ~73% to ~57% of injection dose).*?)) Similarly,
Deorukhkar et al. used gadolinium(III) chloride to mitigate the
accumulation of quantum dots in the NBRP and increase their
efficiency as an imaging agent for tumors.[224]

The inhibitory strategies employed here are less aggressive
when compared to cell suicide strategies. Nevertheless, these
endocytosis inhibitors lack specificity in targeting NBRP cells,
potentially leading to unintended adverse effects on other cells
and organs.[*?%°] Furthermore, these inhibitors consist of ions
or small molecules, which do not elicit as robust a recognition
response from macrophages when compared to larger foreign

© 2023 Wiley-VCH GmbH

85U80|7 SUOWWIOD aAeaI 8|qeo! [dde ayy Aq pausenob are sejolie YO ‘8sN JO Se|n. 10} AreIqi8UlUO A8]IM UO (SUORIPUCO-PUB-SWLBY/LI0D" A3 |1 Afe1q1jBUI [UO//SANY) SUORIPUOD PUe SIS 1 8y} 88S *[£202/TT/TZ] Uo Akeiqiauliuo AB|IM Bwoue MO JO AisReAIuN AQ 9i80EZ0Z WiPe/Z00T OT/I0p/W00 A8 |IMAeiq 1 Buluo//Schy WOy pepeoumoq ‘0 ‘820E9TIT



ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

substance like liposomes and 500 kDa dextran sulfates. Conse-
quently, their suppressive efficacy is further compromised. In
a novel approach, methyl palmitate nanoparticles were fabri-
cated by combining them with a structural compound, serum
albumin.?% The internalization of all tested nanoparticles of dif-
ferent sizes, shapes, and compositions was efficiently inhibited
after pre-treatment with methyl palmitate nanoparticles.

5.3. Cell Suicide Strategies

Several other drugs have been used to deplete tissue macrophage
populations. One drug commonly used for this purpose is clo-
dronate. The technique of using clodronate encapsulated lipo-
somes to deplete liver macrophages was first developed by van
Rooijen et al.,[226227] which was then exploited as an efficient
tool to unravel macrophage functions in immunology. Later, Hao
et al. used clodronate liposomes to deplete liver macrophages
and improve the biodistribution of Paclitaxel- PLGA nanoparti-
cles. Macrophage populations subsequently recovered, and min-
imal toxic side effects were observed during the study.[??!] Chan
et al. showed that pretreatment with clodronate liposomes effec-
tively decreased the uptake of nanoparticles by Kupffer cells in the
liver.?291 This technique has been used in other studies to reduce
nanoparticle accumulation in the liver, increase circulation time,
and increase tumor accumulation of intravenously administered
nanoparticles.[230-231]

Cell suicide strategies are the most effective means of incapac-
itating NBRP cells, but they also represent the most aggressive
approaches. It has been reported that the repopulation time of
liver Kupffer cells to their normal levels ranges from a few days to
more than ten days, depending on the dosage administered.[?*]
Macrophages play a pivotal role in the innate immune system.
During this re-population period, the integrity of the host’s im-
munity become compromised, increasing the susceptibility to
pathogen infection.?””! Therefore, when using clodronate lipo-
somes, the researchers should carefully determine the adminis-
tration route, timing, and dose. By choosing different injection
routes, liposomes accumulate and deplete macrophages in par-
ticular organs.[??”232] Intravenous and intraperitoneal adminis-
trations generally result in macrophage depletion in the liver and
spleen. In addition, it has been reported that repeated and high
dosing of clodronate liposomes induced severe adverse effects
and even death in mice, indicating that pilot toxicity assays in
experimental animals may be necessary.?**] Besides clodronate,
propamidine-containing liposomes have also shown the capabil-
ity for depleting Kupffer cells, which was ten times as effective as
clodronate-containing ones.!?34l

5.4. Cell-independent NBRP Modulation Strategies

A significant portion of cell-independent NBRP modulation re-
search is centered on tuning the function and structure of tumor
vasculature to enhance the delivery of nanoparticles to tumor.
Priming the tumor with mild hyperthermia can increase the per-
meability of tumor blood vessels.[?3°] Similar concepts include lo-
cally depleting tumor-associated platelets, which repair the leaky
blood vessels, or depleting pericytes, which support the vessel

Adv. Funct. Mater. 2023, 2308446

2308446 (15 of 29)

www.afm-journal.de

wall integrity by aligning with endothelial cells.236-238] Another
avenue of investigation focused on employing anti-angiogenic
agents to normalize tumor vasculature. This normalization pro-
cess can reestablish the pressure gradient between vessel lumen
and tumor interstitium, a critical factor for facilitating nanopar-
ticle extravasation into solid tumors.!?*

Studies involving the priming of healthy NBRP organs are rela-
tively scarce, possibly due to concerns about potential disruption
to the normal physiological structure and function of essential
organs, such as the liver and spleen. Nonetheless, it has been re-
ported that the blood velocity in liver sinusoids is ~#1000 times
slower than in the general circulating bloodstream.[®®] This re-
duced velocity significantly increased the interaction opportuni-
ties between nanoparticles and liver resident macrophages, thus
promoting nanoparticle sequestration from circulation. A simi-
lar correlation has been observed in the spleen. The blood velocity
in the red pulp, enriched with macrophages and a primary site of
nanoparticle accumulation, is much slower than in other regions
of the spleen.®] Based on the above reports, increasing the blood
flow rates in the liver and spleen presents a potential strategy
for reducing nanoparticle clearance by the NBRP and may po-
tentially minimize the undesirable distribution of administered
nanoparticles in non-diseased organs.%¢]

Additionally, complement inhibitors have shown promise
in mitigating nanoparticle clearance by NBRP cells.[240241] [n.
hibiting C3 opsonization through complement convertase in-
hibitors, like compstatin, soluble CD35, and soluble CD55 have
effectively blocked the sequestration of iron oxide nanoparti-
cles by leukocytes.?*?] In another work, soluble CD55 success-
fully suppressed the C3 opsonization in clinically approved
nanomedicines, including Feraheme, LipoDox, and Onivyde.[?*]
It is worth noting that these experiments were conducted in vitro
using human blood, and further in vivo investigations are essen-
tial to more comprehensively assess the safety.

6. Literature Survey

Understanding the numerous factors influencing nanopar-
ticle interactions with the NBRP is critical to assessing
nanomedicine’s current limitations and opportunities. Upon sys-
temic administration, it is well established that nanoparticles dis-
tribute throughout the body with unique pharmacokinetics and
biodistribution patterns. However, how does nanoparticle design
affect these parameters? Generally, long nanoparticle blood cir-
culation time and the reduction of liver accumulation are the pri-
mary goals of NBRP evasion strategies. The rationale is that if
nanoparticles circulate in the bloodstream for a longer time, the
chance of nanoparticle accumulation in targeted organs and tis-
sues increases, which is beneficial for diagnostic and therapeutic
applications.

To address the above question, we surveyed the recent liter-
ature. We focused on nanoparticle applications in mouse mod-
els, which are often used for preclinical nanomedicine studies
(Figure 9). Our work aims to understand nanoparticle-NBRP in-
teractions to identify nanomedicine design guidelines that im-
prove in vivo delivery.

The literature survey methods are described in Section
S1 (Supporting Information). By searching SciFinder and
Google Scholar databases with the keywords “nanoparticles”,
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¥ 4
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Screening Rules

*Animal: Mouse

*Administration Route: Systemic
*Injection Scheme: Single bolus injection
+Data Presentation: Quantitative

+Data Normalization: Able to standardize into %ID/mL
or %ID/g

*Time Points: At least 3 for blood AUC;
24 hours post-administration for organs

{

113
papers

Figure 10. Procedures and filters used for the literature analysis. Peer-reviewed publications from 2011-2021 were screened and systematically organized
based on their reported nanoparticle pharmacokinetics and organ distribution data. A total of 113 adequate papers were identified.

“biodistribution”, “half-life”, and “kinetics”, we identified 471
published studies since 2011. We used 113 studies for the sub-
sequent analysis following the screening procedure outlined in
Figure 10. We then extracted data about the reported nanoparticle
physicochemical properties, pharmacokinetics, and the biodistri-
bution for >200 nanoparticle systems (Data S1, Supporting Infor-
mation). The extracted data were standardized between the differ-
ent studies. Next, we organized the compiled data into categories,
as shown in Table 1.

6.1. Nanoparticle Pharmacokinetics

We observed inconsistencies in the reported pharmacokinetics
assessments among the compiled studies. Specifically, different
metrics were used to present nanoparticle pharmacokinetics in
different studies, such as half-life, mean residence time, max-
imum concentration (C, area under the curve from zero point
to last time point (AUC,,), or area under the curve from zero
point to infinity (AUC ;). Often, these metrics were obtained

Table 1. List of factors and categories evaluated in the literature analysis.

Factor Category

Material Inorganic, Organic

Material-inorganic Gold, Iron oxide, Silica, Other-inorganic
Material-organic Biological, Liposome, Polymeric, Other-organic
<10, 11-100, 101 - 200, >200

Negative (<-10), Neutral (—10 to 10), Positive

Hydrodynamic Diameter (nm)

Zeta Potential (mV)

(>10)
Shape Spherical, Rod, Other
PEG-containing Yes, No

Biological, Bio-PEG, Small molecule, SM-PEG, PEG,
Other polymers

Surface Chemistry

Animal Model Healthy, Tumor

Abbreviations: Bio, biological; SM, small molecule.
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based on different pharmacokinetic models (non-, one- or two-
compartmental models, physiologically based pharmacokinetic
(PBPK) model).

Therefore, to enable the inter-study comparison, we standard-
ized the reported pharmacokinetic parameters across all com-
piled studies by recalculating the AUC;6,, (With the unit
%IDeh/mL, where %ID is the percentage of the injected dose, h
represents hours, and mL is milliliter) of the extracted nanopar-
ticle blood concentration (%ID/mL) versus time (hours) curves
based on a non-compartmental analysis model (Figure 11a).
The blood AUC represents a total systemic exposure of the cor-
responding nanoparticle system. We selected the AUC, gy
rather than the AUC,, to address the challenge that differ-
ent studies used different end time points. We chose the non-
compartmental model because it requires fewer assumptions
than other models.?**) We compiled 152 unique nanoparticle
datasets from 82 papers to evaluate the nanoparticle pharmacoki-
netics in preclinical mouse models. We tabulated the physico-
chemical characteristics for each nanoparticle dataset to enable
comparisons for different parameters (Material, Size, Shape, etc.,
Figure 11b—j).

The median values and box positions in Figure 11b—j and Table
S6 (Supporting Information) revealed the following trends:

Material: The inorganic and organic materials exhibit compara-
ble AUC ity distributions indicating a similar rate and ex-
tent of systemic circulation for nanoparticles from these two
categories. Specifically for inorganic materials, gold nanoparti-
cles, with the highest AUC,;, 5., median of 196.5%IDeh/mL,
tend to undergo a higher exposure in the bloodstream than
other inorganic compositions. Liposomes, with a median of
447.3%IDeh/mL, exhibit the highest AUC;;, ., not only
among the organic compositions (the medians of biological,
polymeric, and other-organic categories are 46.2, 152.3, and
48.3%IDeh/mL, respectively), but also the highest among all
inorganic and organic categories, which indicates the highest
total exposure in blood.
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Zeta Potential: The zeta potential, estimating the surface charge
of nanoparticles, does not noticeably affect the AUC; gy
range, although the median of neutral nanoparticles is higher
than positive and negative ones, which is consistent with what
we observed in previously reported studies (see Section 4.4).
However, when we assigned the nanoparticles with zwitteri-
onic surface modification to a separate category, we observed
a higher AUC;,5,;, compared to other groups (Figure Sla
and Table S6, Supporting Information). The median of the
zwitterionic category is 1159.0%IDeh/mL, while the ones of
negative, neutral, and positive categories are 29.3%IDeh/mL,
45.0%IDeh/mL, and 26.4%IDeh/mL, respectively. This trend
indicates the potential of zwitterionic surface modification to
maximize the pharmacokinetic properties of nanomedicines.

Surface Chemistry: When we organized the data into PEG-
containing or not PEG-containing, we observed no significant
increase in the AUC;5,y,, although the median of the PEG-
containing group is higher than the group without PEG. A
probable reason is that the well-known circulation prolong-
ing function of PEG is masked by being analyzed with other
surface designs, such as targeting and camouflaging modifi-
cations. Therefore, we expanded the categories and differenti-
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Table 2. Summary of physicochemical properties affecting nanoparticle
pharmacokinetics.

Factor Highest” Lowest”
Material Inorganic Organic
Material-inorganic Gold Iron oxide
Material-organic Liposome Biological
Size (nm) 101-200 >200
Zeta Potential Neutral Positive
Shape Spherical Rod
Surface Chemistry Bio-PEG SM-PEG

*Category of the highest or lowest AUCg gy, median under each factor; "Neutral,
zeta potential is from —10 to 10 mV; Positive, zeta potential is > 10 mV.

Supporting Information). The P-values from both analyses are
summarized in Table 3. A lower P-value indicates a higher prob-
ability for the factor (covariable) to affect the outcome variable,
which was log-transformed AUC, .y, in this case.

Based on the univariate analysis, the parameter “Surface
Chemistry” is significantly associated with log-transformed

ated between nanoparticles with surfaces modified with small ~ AUCqingniy (p = 0.005). Although the P-values of Animal Model

molecules or biological coatings and nanoparticles with sur-
faces modified with PEG and small molecules or biological
ligands (Small molecule vs SM-PEG; Biological vs Bio-PEG).
With this expansion, although the small molecule and SM-
PEG categories exhibit similar medians, the Bio-PEG category

Table 3. Effect factor P-values for nanoparticle blood circulation obtained
from statistical analyses.

presents a higher AUC, 4, median value than the biological Blood
category. Moreover, the Bio-PEG is the category with the highest | . Analysis Pvalue*
AUC, 5y median (615.9%IDeh/mL) among all surface chem- A
istry categories (11.4,11.2,83.7,119.6, and 119.8%IDeh/mLfor ~ Surface Chemistry 0.005
small molecule, SM-PEG, biological, PEG, and other polymer, ~ Animal Model 0.069
respectively). Material-all 0.080
Size 0.163
We created a table that summarizes the categories of the high-  Shape 0315
est and lowest AUC,;,,, medians under each factor as a ref-  zeta Potential 0.576

erence for the nanomedicine field (Table 2). According to the  paterial 0577
table, nanoparticles comprised of gold or liposomes and with Bio-

i ; PEG-containing 0.652
PEG surface chemistry demonstrate improved AUC gy, Fur-
ther, nanoparticles with neutral surfaces and diameters ranging o .
S Multivariate Analysis P-value
from 101-200 nm exhibit similarly favorable results. These pa-
rameters may be starting points when assessing nanoparticle for- ~ Animal Model 0.017
mulations for increased total systemic exposure, prolonged blood ~ Surface Chemistry 0.078
Material-all 0.459

circulation, and improved therapeutic performance.
The univariate and multivariate analyses were conducted to in-
vestigate the effect of each factor statistically (Section S2 and S3,

Log-transformation of AUCq g, Was performed before analysis. *P-values based
on the Kruskal-Wallis test.

Figure 11. Analysis of the nanoparticle pharmacokinetics in mice. a) The non-compartmental model used was the slope, height, area, and momentum
(SHAM) model. This model was applied to calculate the area-under-the-curve from the zero point to infinity (AUCq.insqity) of the plot of nanoparticle
concentration in blood versus time. Equations (1-5) were used to calculate AUCq jsfniyy, Which is composed of two parts, AUC,; (AUC from zero to last
time point; equations 1-2) and AUCqjgnir, (AUC from last time point to infinity; equations 3—4). AUC,., was calculated by the linear trapezoidal method,
in which Ti represents the area of the trapezoid between time ti — 1 and ti (equation 1), and AUCy, is obtained by summing up all trapezoid areas from
i=T1toi=n (equation 2). AUCjngnir,, the “triangle” at the end of the curve, was calculated using the terminal slope (ke), elimination rate constant) and
the nanoparticle concentration at the last time point (Cj,;). ko was obtained based on the data of the last two time points, (Cj,g;, tias;) @nd (Clags.1s tiasi-1)»
according to equation 3. AUCyjnqqit, Was then calculated by dividing Cj, by ke (equation 4). Finally, AUCyjngqit, equals the summation of AUC,, and
AUC,infinity (equation 5) b—j) Categorical analysis of the blood AUCq,jnsyit, data. The effects of factors were analyzed, including: b) Material, ) Inorganic
Material composition, d) Organic Material composition, ) Hydrodynamic Diameter, f) Shape, g) Zeta Potential, h) PEG-containing condition, i) Surface
Chemistry, and j) Animal Model. Individual data points and box-and-whisker plots are presented simultaneously. In the plots, a box represents the 25th
to 75th percentile values, and the black solid line in the box indicates the median. The top and bottom lines indicate the maximum and minimum values.
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Figure 12. Categorical analysis of nanoparticle concentration data in the liver 24 h after systemic administration. The effects of factors were analyzed,
including: a) Material, b) Inorganic Material composition, c¢) Organic Material composition, d) Hydrodynamic Diameter, €) Shape, f) Zeta Potential, g)
PEG-containing condition, h) Surface Chemistry, and i) Animal Model. Individual data points and box-and-whisker plots are presented simultaneously.
In the plots, a box represents the 25th to 75th percentile values, and the black solid line in the box indicates the median. The top and bottom lines

indicate the maximum and minimum values.

and Material-all (combination of all categories from Material-
inorganic and Material-organic) are larger than 0.05, they are
small enough (p < 0.15) and were included in multivariate
analysis. The multivariate analysis results showed the Animal
Model as the most predictive factor (p = 0.017), followed by
Surface Chemistry and Material-all. These results indicate three
potential influencing factors on AUC,,g,;,: nanoparticle sur-
face chemistry, nanoparticle material composition, and animal
model. Physical properties, such as nanoparticle size and shape,
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do not appear to significantly influence AUC,;,,;,, based on the
analyzed data.

The nanoparticle number injection dose has recently been re-
ported to affect nanoparticle pharmacokinetics and tumor de-
livery efficiency.l®] However, only a limited number of studies
reported this metric in our literature survey. To overcome this
limitation and to enable an analysis of the injection dose met-
ric, we recalculated the injected nanoparticle numbers of our
compiled gold nanoparticle and liposome datasets because these
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Table 4. Summary of physicochemical properties affecting nanoparticle organ biodistribution.

Category Liver Spleen Lung Kidney

Lowest” Highest” Lowest Highest Lowest Highest Lowest Highest
Material Organic Inorganic Organic Inorganic Organic Inorganic Organic Inorganic
Material-inorganic ~ Other-inorganic Gold Other-inorganic Silica Other-inorganic Iron oxide Silica Other-inorganic
Material-organic Liposome Polymeric Biological Polymeric Biological Polymeric Other-organic Polymeric
Size (nm) >200 11-100 >200 101-200 >200 11-100 >200 <10
Zeta Potential Negative Neutral Positive Neutral Negative Neutral Negative Neutral
Shape Spherical Rod Spherical Rod/Other Spherical Rod Other Rod
Surface Chemistry ~ Small molecule ~ Other polymer ~ Small molecule ~ Other polymer ~ Small molecule ~ Other polymer Bio-PEG SM-PEG

*Categories showing the lowest and highest nanoparticle concentration median at 24 h post-administration for each parameter in different organs. "Neutral, zeta potential
is from —10 to 10 mV; Negative, zeta potential is < —10 mV; Positive, zeta potential is >10 mV.

materials are frequently used inorganic and organic nanoparti-
cles, respectively (Data S2, Supporting Information). The plot of
the nanoparticle number injection dose versus AUCg,, indi-
cates that, generally, a high injection dose tends to increase the
AUC ity (Figure S2, Supporting Information).

6.2. Nanoparticle Biodistribution

The liver, spleen, lung, and kidneys are major nanoparticle clear-
ance organs. All compiled nanoparticle concentration data in
these four organs (Data S1, Supporting Information), presented
as %ID/g 24 h after nanoparticle administration, were summa-
rized in Figure S3 (Supporting Information). The time point of
24 h was selected since most of the complied studies reported
data for this time point. Overall, the liver and spleen exhibited
higher nanoparticle retention than the lung and kidney at 24 h,
which indicates the essential role of the liver and spleen over
other organs for clearing systemically administered nanoparti-
cles.

To further unravel how the design affects nanoparticle distri-
bution and retention, the datasets of each organ were analyzed by
the same categorical and statistical strategies used in the blood
data analysis. The plots of the nanoparticle concentration data
were summarized based on organs in Figure 12 and Figures S4—
S6 (Supporting Information) for the liver, spleen, lung, and kid-
ney, respectively. The detailed nanoparticle concentration median
in the unit %ID/g and the number of datasets of each analyzed
category are listed in Table S7 (Supporting Information), while
the corresponding information in the unit %ID is listed in Table
S8 (Supporting Information). A lower nanoparticle concentration
may suggest lower organ accumulation or longer blood circula-
tion, while a higher concentration may suggest passive organ tar-
geting, long tissue retention, or short blood circulation.!?*]

We provide a table recapitulating the categories with the low-
est and highest median for each factor and organ (Table 4). The
categories under the “lowest” column are preferred for a specific
organ when lower accumulation is desired, while those under the
“highest” column may facilitate organ targeting strategies. There-
fore, before a new nanomedicine development, researchers may
consider the nanoparticle in vivo mapping in advance, including
the specific organ the nanoparticle is targeting and the organs the
nanoparticle should avoid due to undesirable toxicity or elimina-
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tion. After this critical assessment, the researchers may flexibly
use the information from the table to design nanoparticle chem-
ical and physical characteristics for desired biodistribution and
performance.

To comprehensively understand the trends in nanoparticle
biodistribution, the influence of each factor across four organs
was compared and discussed.

Material: Overall, inorganic nanoparticles show noticeably higher
accumulation or longer retention than organic ones in all four
organs, especially the liver and spleen. Polymeric nanoparti-
cles present the highest accumulation in all organs for organic
compositions, while liposomes and biological nanoparticles are
the lowest two categories for the liver, spleen, and lung. For in-
organic compositions, the patterns are various among organs.
Gold presents the highest median for the liver, while silica for
the spleen, iron oxide for the lung, and other-inorganic for the
kidney.

Size: Nanoparticles with hydrodynamic diameter <10 nm tend to
accumulate in the kidney, likely due to the quick glomerular fil-
tration process for small nanoparticles. In other organs, middle-
sized nanoparticles ranging in the 11-100 nm or 101-200 nm
categories present the highest accumulation. Large nanoparti-
cles with diameters >200 nm show the lowest accumulation for
all four organs.

Zeta Potential: Nanoparticles with neutral surfaces tend to accu-
mulate in all four organs. When nanoparticles with zwitteri-
onic surface were isolated as a separate category, it became the
highest category in the liver, lung, and kidney instead of neutral
(Figure S1, Supporting Information).

Shape: Rod-shaped nanoparticles show the highest accumulation
in all four studied organs.

We conducted univariate and multivariate statistical analyses
for all four organs (Table 5; Tables S3-S5 and Sections S4-S7,
Supporting Information). The results suggest that the binary Ma-
terial classification, inorganic and organic, is enough to have an
impact on nanoparticle accumulation and retention in the liver
(p < 0.001, Table 5) and spleen (p < 0.001, Table S3, Support-
ing Information) at the 24 h time point. In addition, Material-all,
Surface Chemistry, Shape, and Size, are all factors significantly
associated with local nanoparticle concentration (p < 0.05) in the
liver and spleen based on multivariate analysis. When it comes to
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Table 5. Effect factor P-values for the nanoparticle concentration in the liver
at 24 h obtained from statistical analyses.

Liver

Univariate Analysis P-value®
Material <0.001
Material-all < 0.001
Size < 0.001
Surface Chemistry 0.002
Shape 0.079
Zeta Potential 0.122
PEG-containing 0.350
Animal Model 0.794
Multivariate Analysis P-value
Material-all < 0.0001
Surface Chemistry 0.0083
Shape 0.0092
Size 0.0096

Box-Cox transformation was performed before analysis. *P values based on the
ANOVA model.

the lung and kidney, no factor significantly influences nanopar-
ticle accumulation based on the multivariate analysis. However,
Material-all, Size, and Zeta Potential affect the outcome variable
when using univariate analysis.

6.3. Interpreting Pharmacokinetics and Biodistribution Results

The blood circulation and biodistribution behaviors of nanoparti-
cles are interconnected. Two parameters, “Material-all” and “Sur-
face Chemistry”, stand out from others. In Table S9 (Supporting
Information), which summarizes analyzed parameters of which
P-values were <0.05 in each group, “Material-all” is shown to
have P < 0.05 in 4 analyzed groups (liver, spleen, lung, and
kidney) in the univariate analysis and in 2 groups (liver and
spleen) in the multivariate analysis. Similarly, “Surface Chem-
istry” demonstrates P < 0.05 in three groups (blood, liver, and
spleen) and two groups (liver and spleen) in the univariate and
multivariate analysis, respectively. These results statistically con-
firmed the determinant effect of the two parameters.

Among all compositions, liposomes exhibit the highest
AUC iy OVer other organic and inorganic categories (276% in-
crease compared to the median of all nanoparticles, Table S10,
Supporting Information), indicating the best pharmacokinetic
characteristic after systemic administration. The accumulation
of liposomes in the investigated organs is relatively low. Bio-
PEG is the most remarkable category relative to analyzed surface
chemistries, which increased the AUC 6,1, median of modified
nanoparticles by ~418% compared with all assessed nanoparti-
cles (Table S10, Supporting Information). The PEG component
provides stability and stealth effects to nanoparticles, while the
biological component increases biocompatibility or provides spe-
cific biological functions. The biological components analyzed
include peptides, proteins, antibodies, hyaluronic acid, and cell
membranes. A majority of them functioned to pretend the coated
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nanoparticles as non-foreign material. For example, the erythro-
cyte membrane coating with CD47 on the surface as a self-
marker, camouflaged the nanoparticles from recognition by the
NBRP.[246247] In another example, the functional fragment of
CD47, “self-peptide”, was applied to the nanoparticle surface to
signal “do not eat me” to phagocytic cells.[**¥] Some endogenous
molecules, such as serum albumin, were exploited to mitigate
the opsonization and subsequent phagocytosis.!?**# The joint
function of PEG and biological components improves the perfor-
mance of the modified nanoparticles.

Beyond nanoparticle material and surface chemistry, we cat-
egorized nanoparticle systemic circulation and biodistribution
according to the year the study was published to evaluate the
progress in the field of nanomedicine (Figure S7 and Tables
S6 and S7, Supporting Information). Obvious improvements
in AUCfniry Of nanoparticle systemic circulation with sig-
nificantly decreasing organ accumulation (except for the kid-
neys) were achieved in the last two and half years (2019 —
middle of 2021). For the blood AUC 4y, parameter, the me-
dian value (142.3%IDeh/mL) of the timeframe from 2019 to
2021 increased ~37% when compared with that of 2011-2018
(103.8%IDeh/mL). While for the biodistribution, a decrease of
69%, 81%, and 39% was observed for the liver, spleen, and lung,
respectively, by comparing median values of 2019-2021 to that of
2011-2018 (nanoparticle concentration in %ID/g: 5.6 vs 17.8 for
the liver, 3.7 vs 19.2 for the spleen, and 1.3 vs 2.1 for the lung).
Continued success in line with these trends will enhance the clin-
ical translation of nanomedicines.

Through our literature survey, many valuable trends were ob-
served and statistically analyzed, which may assist the under-
standing of nano-bio interactions. However, there are still limita-
tions and shortcomings that should be addressed in future stud-
ies (see Section S8, Supporting Information).

7. Discussion

Efficient in vivo delivery is critical for safe and effective diag-
nostic and therapeutic applications of nanomedicines, which re-
quires a thorough understanding of how nanoparticles interact
with biological systems. However, the complex nano-bio interac-
tions have not been completely elucidated. Papers detailing new
nanoparticle formulations often focus primarily on new and im-
proved targeting strategies and therapeutic efficacy. As a result,
these studies are often limited and incomplete relative to the as-
sessment and reporting of pharmacokinetics and biodistribution.
While more efficient targeting is a significant need in the field,
formulation studies should further consider biological interac-
tions to be clinically relevant.”®] More comprehensive pharma-
cokinetics and biodistribution studies for emerging nanoparti-
cle formulations will be key in understanding the interactions
of different materials, properties, and surface functionalities of
nanoparticles with organs, tissues, and cell types in the body.
Based on our literature analysis, we propose to address sev-
eral limitations in the field. First, standardizations of animal and
pharmacokinetics model selection, experimental protocols, and
data presentation are lacking. Most published studies reported
results in isolation, providing limited information to enable com-
parisons between different works. To address this challenge,
experimental design and data reporting guidelines should be
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85U80|7 SUOWWIOD aAeaI 8|qeo! [dde ayy Aq pausenob are sejolie YO ‘8sN JO Se|n. 10} AreIqi8UlUO A8]IM UO (SUORIPUCO-PUB-SWLBY/LI0D" A3 |1 Afe1q1jBUI [UO//SANY) SUORIPUOD PUe SIS 1 8y} 88S *[£202/TT/TZ] Uo Akeiqiauliuo AB|IM Bwoue MO JO AisReAIuN AQ 9i80EZ0Z WiPe/Z00T OT/I0p/W00 A8 |IMAeiq 1 Buluo//Schy WOy pepeoumoq ‘0 ‘820E9TIT



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL

MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

Multiple Organizations
- Academia

- Industry

- Government

- elc.

Global Collaboration
- FDA/NIH

-EMA

Physi P
- Composition

- Structure

- Size & size distribution
- Morphology

- Surface properties

- Stability & degradation
- Drug release

- etc.

Biological Characterization
- Protein corona profile

- In vitro/vivo toxicity

- Blood circulation

- Biodistribution

Novel Design — Preclinical Assessment  ——~ Gl Testing
Application Identification Assessment Aspects -Phase |
- Cancer (solid/liquid tumors) - Safety - Phase Il
- Infectious diseases - Efficacy - Phase Il
(virus/bacteria) - Delivery Efficiency - Phase IV
- Immunological disorders - efc.

- Trauma
- etc.

Milestone I

- efc.

Standardization

- Standard assays/tests
- Experimental protocols
- Data analysis

- Reporting results

- efc.

- Transformation & metabolic products
- Excretion
- efc.

Type of Nanomedicine
- Vaccines

- Therapeutics

- Diagnostics

- Imaging contrast agents
- efc.

- Statistically significant
improvement compared to
current clinical gold standard

3

Central Database

- Openly-accessible

- Comprehensive information

- Curated data from published studies

Design References

- Published literature

- Central database

- Nano-Bio interaction patterns
- Data analyses and
computational predictions

—@

—(\Yes —

- efc. - efc.

Fundamental Nano-Bio Understanding
- Meta-analyses

- ine leamning €

- Trends and correlations
- Performance prediction
- efc.

Preclinical-Clinical Translation

Figure 13. Proposed workflow to enhance nanomedicine translation. We propose a workflow to transform the understanding of nano-bio interactions
and to advance progress in nanomedicine development and clinical application. PK, pharmacokinetics; BD, biodistribution.

established to improve communication and comparison sur-
rounding pharmacokinetic and biodistribution studies. Addi-
tionally, we propose to provide experimental information, re-
sults, and data analysis in multiple ways. For example, the in-
formation about injection dose should be more comprehensive,
including the number of nanoparticles, mass amount, loaded
drug mass/molar amount, and radioactivity, among other similar
quantification strategies. The plasma concentration versus time
data should be analyzed using multiple pharmacokinetic models
instead of only one, and as many pharmacokinetic parameters
as feasible should be included in published studies. In biodistri-
bution studies, the results of the quantitative analysis should be
represented as %ID/g and additionally as %ID/organ to enhance
relevance to overall biodistribution and potential for toxicity.
Second, the long-term studies of nanoparticle biodistribution
are limited in the field. Most current studies only report the
nanoparticle biodistribution data for up to one week. Extending
biodistribution analysis to time points as long as weeks, months,
and even years will help to characterize better the potential long-
term adverse effects of nanomedicines. In addition, there is a lack
of distinguishing between elimination and degradation; degra-
dation of nanoparticles after administration was not addressed
in most studies. Besides the elimination of nanoparticles from
the body, the measured decrease of the nanoparticle concentra-
tion in the blood and organs may result from a) degradation or
metabolism of the entire nanoparticle, or b) detachment of label-
ing molecules. Other researchers have also brought up similar
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concerns.[®!l In addition, the analysis and consideration of the
toxicity and fate of degradation products should be strengthened.

Third, the importance of the protein corona is underesti-
mated. The protein corona is the “middleman” at the interface
of nanoparticles and biological systems. It changes the origi-
nal physicochemical and biological properties of nanoparticles
and affects or even determines nanoparticle in vivo behaviors,
including circulation, clearance, distribution, toxicity, and im-
mune response. However, both the correlations of nanoparticle-
protein corona and protein corona-biological response are still
unclear. Further studies are needed to clarify the role of the pro-
tein corona and to characterize the dynamic changes occurring
in vivo.

Biological barriers to efficient drug delivery using nanopar-
ticles are complex and diverse. Such barriers comprise a wide
range of organs and cell types and have evolved specifically to
keep foreign matter like nanoparticles out of systemic circula-
tion. The complexity and thoroughness of our body’s defenses
are astounding, and even with decades of continuous refining
of nanoparticle design, recent reviews have stated that “we are
not quite there yet” when it comes to the engineering of efficient
nanoparticle-based delivery systems.[2%]

8. Perspective

To comprehensively understand nano-bio interactions, we
present a proposed flow chart in Figure 13 that summarizes the
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collaborative efforts necessary to advance nanomedicine research
and clinical outcomes. We emphasize the importance of estab-
lishing a comprehensive and curated central database for nano-
bio interaction datasets to enable the analysis of trends and cor-
relations using machine learning (ML) and artificial intelligence
(AI). These data analyses have the potential to inform the fun-
damental understanding of nano-bio interactions, which could
guide the engineering of next-generation nanomedicines.

Standardization is a key factor in facilitating efficient data min-
ing and systematic analyses. However, standardization should
not limit scientific creativity. The MIRIBEL (Minimum Infor-
mation Reporting in Bio-Nano Experimental Literature) initia-
tive is an intriguing starting point that may be continuously re-
fined to accommodate advancements in the field, such as protein
corona characterization, the spatiotemporal imaging of nanopar-
ticle distribution and delivery,12°*2>3-2%8] and the dose threshold
effect 1259.65,260]

We suggest standard protocols for individual nanoparticle
characterization assays, such as from the National Institutes of
Health (NIH) National Cancer Institute’s Nanotechnology Char-
acterization Lab (NCI-NCL) (https://ncl.cancer.gov/resources/
assay-cascade-protocols). The establishment of standards for
quantitative protein corona analyses is needed. Many published
protein corona studies were performed in vitro, where the serum
source, serum concentration, incubation time, incubation tem-
perature, and centrifuge conditions varied between studies, in-
fluencing the resultant protein corona compositions.[261:262] Gen-
erally, in vitro assessments are limited in how they recapitu-
late in vivo conditions.[?%0263] Thus, we encourage more stan-
dardized in vivo investigation of the protein corona in future
studies.

Further, establishing centralized, comprehensive, and up-to-
date repositories with open access to compile, standardize,
and categorize research data is indispensable. While several
nanomedicine or nanomaterial databases have been established,
such as caNanoLab (https://cananolab.cancer.gov/#/) by the NIH
NCI, PubVINAS by the Zhu Research Group (https://www.
pubvinas.com/), and eNanoMapper (http://www.enanomapper.
net/) by eight European partners, expanding these efforts will
facilitate progress in the field.2#2%] In addition, the applica-
tion of Al technology will enable data mining and subsequent
analyses. Many studies have used Al approaches to compile
data on nano-bio interactions and pharmacokinetics.!?6¢-272] Ad-
ditionally, in silico model development and testing with con-
tinually advancing computer-based methods provides further
opportunities for predicting nano-bio interactions.[”>-?¢] Meta-
analyses and machine learning may entangle physicochemi-
cal and other variables to predict nanomedicine performance,
enabling a better understanding of nano-bio interactions for
nanoparticle delivery.[592622771 The compiled datasets used in
most meta-analyses in nanomedicine are manually extracted or
adopted from previous similar work.!?’2-283] The combination of
curated up-to-date online databases, computer-based analysis,
and Al data interpretation and prediction methods significantly
improve the timescale for completing new meta-analyses relating
nanoparticle characteristics with in vivo nano-bio interactions.
Implementing these strategies will further inform directions for
future nanoparticle engineering.
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9. Conclusion

In this review, we first explored the nanoparticle blood removal
pathways (NBRP). We then looked at strategies developed to
overcome biological barriers to nano-delivery. The first group of
these strategies is based on modulating the characteristics of the
nanoparticle itself. The second group of these strategies focuses
on modulating the biological environment of the NBRP. Our lit-
erature survey reported the effects of some of these strategies on
nanoparticle pharmacokinetic performance and biodistribution
patterns. Even though there are limitations, the results system-
ically analyzed and summarized the status of nano-bio interac-
tion research in the last ten years and provided information to as-
sist future nanomedicine development. Simultaneously, key op-
portunities for improvements in the field of nanomedicine are
revealed. Specifically, the establishment of design and reporting
standardization with central data repositories and the utilization
of meta-analysis and machine-learning techniques will assist in
a better understanding of nano-bio interactions to inform the de-
velopment of next-generation nanomedicines.
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