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a b s t r a c t

There is a large interest in developing nanoparticles and extracellular vesicles for delivery of therapeutics
or imaging agents. Regulatory approval of such products requires knowledge about their biodistribution,
metabolism and excretion. We here discuss possibilities and challenges of methods used for such studies,
which most often are performed after labelling with radioactive isotopes or fluorescent molecules. It is
important to evaluate if the labelled and unlabeled products can be expected to behave similarly in
the body. Furthermore, one needs to critically consider whether the labels are still associated with the
product at the time of analyses. We discuss advantages and disadvantages of different imaging modalities
such as PET, SPECT, MRI, CT, ultrasound and optical imaging for whole-body biodistribution, and describe
how to estimate the amount of labelled product in harvested organs and tissue. Microscopy of cells and
tissues and various mass spectrometry methods are also discussed in this review.
� 2022 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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Table 1
Number of references found in PubMed searches for ‘‘Nanoparticles” or ‘‘Extracellular
vesicles” alone or in combination with the words given in the left column; searches
performed February 21st, 2022.

Search terms Nanoparticles
(NPs)

Extracellular
vesicles (EVs)

NPs/EVs 275 000 31 000
NPs/EVs AND degradation 88 000 21 000
NPs/EVs AND biodistribution 4 767 158
NPs/EVs AND excretion 1 105 186
1. Introduction

1.1. Development of nanomedicine

There is currently a huge interest in developing nanoparticles
(NPs) and extracellular vesicles (EVs) for delivery of therapeutics
and diagnostics for several diseases. There are several definitions
of NPs in the literature. For the purpose of this review, we here
define NPs as man-made particles, normally consisting of relatively
few different substances and with a diameter below 300 nm. In
contrast, EVs are produced by cells and isolated from biological
materials. They consist of a biological membrane surrounding a
water phase and contain several thousand different molecules.
Although some EV populations have a size range similar to that
of NPs, there is also several EV populations considerably larger
than 300 nm. Further description regarding various types of NPs
and EVs is provided in Sections 1.2-1.4. There are so far no specific
guidelines from the US Food and Drug Administration (FDA) con-
cerning requirements for approval of such products for human
use. FDA has not adopted a regulatory definition of nanotechnology
but concluded that these products will be approved using the same
tools as for approval of other products, i.e. by evaluating their pre-
dicted benefit and risk profile [1,2]. All new drug products for
human use have to pass a long list of efficacy and safety studies
in animals before being tested in humans [3]. This includes Admin-
istration, Biodistribution, Metabolism and Excretion (ADME) and
pharmacokinetics (PK) studies, which are essential to decide for
how long safety studies have to be performed. Non-
biodegradable substances may accumulate in the body longer than
biodegradable ones and can therefore, as stated in the guidelines
for industry, ‘‘produce effects related to chronic exposure of the
components” [3]. Thus, the toxicity studies for non-biodegradable
substances have to last longer than for the biodegradable ones,
and the cost of development then increases. FDA has found it nec-
essary to publish a safety notification stating that approval require-
ments are needed also for products based on EVs [4]. There are
2

many similar considerations to be made when studying ADME or
PK of NPs and EVs. A large number of articles has been published
in this field (Table 1) and our intention with this article is not to
summarize the data reported, but to focus on the opportunities
and challenges scientists face when performing such studies fol-
lowing intravenous (i.v.) administration of NPs or EVs. Thus, we
aim at providing a qualitative discussion instead of presenting data
obtained with different types of NPs. At the end of this review we
shortly mention some aspects related to the use of various animal
species and animal models in drug delivery studies, and we have
also added some considerations about future perspectives, includ-
ing the usefulness of NPs and EVs for imaging and therapy.

1.2. NPs: Background

A large variety of NPs have been developed. NPs can be made
from e.g. lipids, polymers, or inorganic substances such as iron
oxide, gold or silica; see [5] for an overview of various types of
NPs and also a list of FDA approved nanomedicines. Lipid-based
NPs includes liposomes (the most studied lipid-based NPs) and
many other particles referred to as lipid nanoparticles (LNPs) [5],
solid lipid nanoparticles (SLNs) and nanostructured lipid carriers
(NLCs) [6]. Also, the RNA-based COVID-19 vaccines are lipid-
containing NPs [7]. Liposomes are the most studied lipid-based
NPs and show some similarities to the EVs in having a lipid mem-
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brane surrounding a water phase. In principle, hydrophilic sub-
stances can be added to the water phase of both liposomes and
EVs. The first liposome-based product for cancer treatment was
Doxil�/Caelyx� which contains doxorubicin in the water phase
[8]. Liposomes and EVs may also contain lipophilic substances in
their membrane, although we are aware of only one such product
that has reached the market (AmBisome�) [9]. Similarities and dif-
ferences between liposomes and EVs and their use as drug delivery
systems, including comparison of composition and PK, have
recently been discussed [10,11].

Polymeric NPs can be synthesized both from natural or syn-
thetic materials, monomers as well as polymers, thus making it
possible to produce a wide variety of structures [5,12]. Drugs or
imaging agents can be entrapped in the polymer, conjugated to
the polymer and bound to the surface of the NPs, enabling the pos-
sibility to carry both hydrophobic and hydrophilic substances. Of
the many types of inorganic or metal-based NPs, it is to our knowl-
edge only iron oxide NPs that clearly have been shown to be
biodegradable [13,14] and also approved for clinical use [15]. Gold
NPs are easy to produce, but they have not been reported to be
degradable or are degraded/excreted very slowly. Nevertheless,
these NPs have, partly due to their uniform size and detectability,
been found very useful for many basic in vitro and in vivo preclin-
ical studies, including biodistribution studies in small animals (see
Section 2). Also the so-called quantum dots (QDs), which are made
of a combination of various metals, have been useful for imaging
studies in cells and small animals, but all QDs made so far are to
our knowledge not degradable and too toxic to be approved for
human use [16]. In contrast to the other particles discussed above,
solid metal-based NPs can only carry drugs or other substances on
their surface. In the case of mesoporous silica NPs, the substances
may also be bound inside the pores.
1.3. EVs: Background

There are several types of EVs released by cells. Such vesicles
can originate either from structures inside the cells or from the
plasma membrane. Most EVs studied have so far been performed
with EVs defined as exosomes by the authors. Exosomes are vesi-
cles with a size of 40–150 nm (i.e. a size range similar to most
NPs studied for drug delivery), released by fusion of multivesicular
bodies with the plasma membrane. Thus, exosomes correspond to
the intraluminal vesicles found inside the multivesicular bodies
that fuse with the plasma membrane [17]. There are also several
reports demonstrating that various intracellular organelles can be
excreted via secretory autophagy [17], and one report describes
such EVs to be smaller and have an inverted membrane topology
compared to exosomes [18]. EV release from the plasma mem-
brane can be induced by various cell death processes such as apop-
tosis and necroptosis and even processes occurring with the
purpose of rescuing cells from cell death; reviewed in [19,20]. As
discussed in these reviews, most of such EVs are larger than exo-
somes and have phosphatidylserine (PS) in the outer leaflet as an
‘‘eat me” signal for macrophages. In this article we will not dis-
criminate between exosomes and other types of EVs and thus
not focus on how these biological EVs are produced by cells. It
should, however, be noted that it is likely that EV populations will
be circulating for a shorter time if having PS present in the outer
leaflet. A list of different types of EVs are given in Table 1 in [21].
Labelling of different mixtures of these EVs or samples containing
various lipoproteins [17] may thus result in different outcome of
PK or ADME studies. For general information about the biology,
biomedical applications and overviews of preclinical and clinical
studies with EVs, we refer to the following recent review articles
[22–25].
3

1.4. NPs versus EVs: Initial considerations

There are several important differences between EVs and NPs.
One is that EVs are composed of a huge number of different mole-
cules; their surrounding membranes contain hundreds of different
lipid species and membrane-bound proteins, and the lumen of
these EVs contains a large number of proteins, nucleic acids, lipids,
amino acids and other metabolites. Thus, a major effort is required
to characterize the molecular composition of EVs and demonstrate
the reproducibility between batches, as needed to bring such prod-
ucts into clinical use. We have earlier shortly discussed this issue
[26] and the studies needed to bring NPs into clinical use [27].
Those aspects will therefore not be discussed here. Neither will
we discuss toxicity issues related to NPs or EVs, except for men-
tioning that there are several lines of evidence that i.v. injection
of EVs may be very well tolerated. Thus, blood transfusions have
been safely carried out for more than 50 years, and blood is now
known to contain large amounts of EVs. Also, EVs of mouse or
human origin did not give severe immune reactions when admin-
istered repeatedly in mice [23].

As discussed below many types of labels can be used to visual-
ize and/or quantify the amounts of NPs or EVs or their constituents
in whole animals, tissue samples or other biological material such
as blood, urine and feces. It is important to be aware of that attach-
ing labels on the surface of NPs or EVs may change their surface
properties and result in a different biodistribution than that of
the unlabeled particles. Thus, the size distribution and zeta poten-
tial before and after labeling should be compared, but there may
also be important changes in surface properties that are difficult
to detect. One should especially be careful when interpreting data
obtained following addition of hydrophobic labels (e.g. fluorescent
molecules) on the surface of NPs and EVs. If covalently bound, the
fluorescent label may significantly change the surface properties,
and if noncovalently attached dye leakage may occur. In the draft
guidelines for industry mentioned above it is clearly stated that
‘‘Data should be collected demonstrating that the label does not
substantially affect the biodistribution of the nanomaterial” [2].

Another issue to keep in mind when coupling molecules to pro-
teins, which often is done via lysine (pKa � 10.5), is that such cova-
lent modifications not only add a new structure on the surface, but
it also removes a positive charge from the surface. The importance
of changing surface properties such as the charge of EVs was
clearly demonstrated by the major changes observed in biodistri-
bution of EVs following treatment with neuraminidase, which
removes terminal negatively charged sialic acid from glycoproteins
[28].

When interpreting biodistribution data it is important to con-
sider if the label is still bound to the NPs or EVs at the time of anal-
ysis. Has the label been split from the particles or has the
radioactive metal been separated from the chelator it was bound
to? More details of such issues are discussed below. We will here
just mention that NPs larger than 10 nm are not excreted to any
significant amount in urine (further discussed in the next section).
Thus, detection of radioactivity in urine following i.v. injection of
radioactively labelled NPs larger than 10 nm, is either due to a very
minor fraction of the injected NPs being excreted in urine or to the
excretion of the radiolabel or a degradation product containing the
radiolabel.
2. Circulation of NPs and EVs and possibilities to exit from blood

Most EVs and NPs studied have a diameter in the size range of
30–200 nm, whereas some NPs such as QDs and gold NPs can be
much smaller with a hydrodynamic diameter of just a few nm.
The gaps between endothelial cells are normally less than 2 nm,



Fig. 1. Scanning electron micrographs showing the fenestrated wall of the sinusoidal endothelium of rat liver. These images are copied from Le Couteur et al. [31] (Fig. 1C and
D in that article). C: Luminal surface with fenestrae of approx. 50–150 nm forming clusters called sieve plates (SP). D: Higher magnification of one sieve plate with many
fenestrae. Reproduced with approval from John Wiley and Sons.

Fig. 2. Blood clearance and percent of injected dose of QDs recovered in urine and carcass. These figures are copied from Choi et al. [42] (Fig. 3a and 3e in that article). a. Blood
concentration shown as percent of injected dose per g (%ID/g) following i.v. injection in mice of QDs with the hydrodynamic diameters (HD) shown in parentheses. e. Urine
excretion (blue curve) and carcass retention (red curve) of the QDs 4 h after i.v. injection (mean ± SD; 5 animals). Reprinted by permission from Springer Nature. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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which restrict the ability of most NPs to exit blood following i.v.
injection. The NPs may, however, pass through fenestrae (small
holes) with a diameter up to 200 nm in the endothelium of liver
(Fig. 1), spleen and bone marrow; kidneys have fenestrae of 20–
30 nm, whereas other tissues have very small (diameter less than
6 nm) or no fenestrae [29–32]. Importantly, there is a leakier
endothelium in inflammation areas and in solid tumors where
the NPs may exit from blood. The most effective way for NPs to
reach tumors following i.v. administration has for many years been
regarded to be passive enrichment in tumors due to the so-called
Enhanced Permeability and Retention (EPR) effect [33,34]. Thus,
the accumulation is caused by the combination of an increased
extravasation (enhanced permeability) and a decreased drainage
by the lymphoid system (increased retention). It was recently pro-
posed that NPs reached tumors by an active transport across the
endothelial cell layer [35], but as discussed we do not think this
has been convincingly demonstrated and more studies are needed
to clarify how most NPs pass the endothelial cell layer and enter
tumor tissue [36].

A very small amount of the injected dose of NPs ends up in the
tumors. In a meta-analysis with data from more than hundred pre-
clinical studies, it was calculated that only 0.7% (mean value) of the
i.v. injected dose reached the tumor [37]. Although there is no
doubt that a very small amount of the injected dose reaches the
4

tumors, several authors have discussed that this percentage is
uncertain and may be too small. Importantly, in order to evaluate
the usefulness of NPs, one needs to consider several other issues
than just how much of the NPs that ends up in the tumors
[38,39]. Furthermore, it was reported more than 20 years ago that
injecting soluble targeting molecules (e.g. antibodies) for tumor
therapy or imaging resulted in much less than 1% of the injected
dose being retained per gram tumor in humans [40]. Thus, by con-
jugating targeting molecules to NPs one should not expect a signif-
icant increase in the amounts of NPs or drugs ending up in tumor
tissue. However, such targeting molecules may still be important
for uptake into cells and thus improve the therapeutic effect. If
addition of targeting molecules to NPs significantly change their
biodistribution, one should consider if this may be due to changes
in surface charge or hydrophobicity. Furthermore, based on the
low fraction of injected NPs that ends up in tumors, one should
not expect to see significant different biodistributions in small ani-
mals whether they are tumor-bearing or not.

Small NPs can be excreted through kidneys if being small
enough to pass through the kidney filtration units called glomeruli
[41]. It is now almost 15 years since the publication of the seminal
study by Choi et al. [42], where they demonstrated glomerular fil-
tration and rapid renal excretion in mice of approx. 50% of the
injected dose of NPs with a hydrodynamic diameter of 5 nm,
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whereas there was less than 20% excretion of 9 nm NPs (Fig. 2).
Since most NPs used for drug delivery are larger than 10 nm, it is
very important, both for safety issues and for formal regulatory
aspects, that the NPs are degradable and thus hopefully excreted.
This is not a problem with EVs or for NPs made of endogenous sub-
stances, like liposomes or albumin-based NPs. It is probably also
not a problem with iron oxide-based NPs, as such superparamag-
netic particles are biodegradable and have been safely used as con-
trast agents for magnetic resonance imaging (MRI) for more than
20 years [15]. However, there are in fact very few data demonstrat-
ing degradation and excretion of most other NPs.

NPs just slightly larger than the NPs used in the excretion stud-
ies by Choi et al. [42] seem to end up in the liver. Iron oxide NPs
with a hydrodynamic diameter of 12 nm were mainly taken up
by liver, in approximately similar amounts by Kupffer cells and
liver sinusoidal endothelial cells (LSEC) [14]. Lipodisq NPs with a
hydrodynamic diameter of 10 nm were also mainly taken up by
liver and rapidly excreted in feces so more labelled substance
was found present in feces within colon than in kidneys 4 h after
injection [43]. There are a few reports describing that some NPs
considerable larger than 10 nm were able to bypass the glomerular
filtration barrier and end up in urine. We refer to a recent article by
Adhipandito et al. who reviewed this phenomenon and speculated
about mechanisms involved [44].

Two biodistribution studies performed almost 25 years ago
nicely illustrate what may happen following i.v. injection of gold
NPs with different sizes. One study was performed using gold
NPs of 15, 50, 100 and 200 nm in mice and the other was per-
formed with gold NPs of 10, 50, 100 and 250 nm in rats. The largest
NPs were in both studies mainly taken up by liver and spleen,
whereas the smallest NPs were present in most tissues [45,46].
The smallest NPs, which are not rapidly taken up liver/spleen, will
circulate for a longer time and can thus be endocytosed by differ-
ent cells. The rate of endocytosis differs between cell types and can
be very fast for some cells. Thus, macrophages ingest 25% of their
own volume every hour, whereas fibroblasts endocytose at approx-
imately one third the rate of macrophages [47]. We refer to the fol-
lowing review articles regarding discussions of the expected
biodistribution, excretion and PK of various NPs following i.v. injec-
tion [48–50]; one of these nicely illustrates how the circulation
time increases with decreasing hydrodynamic diameter of metal-
based NPs with polyethylene glycol (PEG) [50]. It should be noted
that whereas it is the size of the metal core that determine the MRI
signal intensity for iron oxide NPs, it is the hydrodynamic diameter
that is important regarding circulation half-life and penetration
into tissue. Thus, the length of e.g. PEG chains added to increase
Table 2
Some characteristics of imaging modalities and contrast agents used in the clinic.

Imaging
modality

Spatial
resolution

Limit for depth
of imaging

Sensitivity (M: mol/L)

PET 1–2 mm No 10�11 � 10�12 M

SPECT 1–2 mm No 10�10 � 10�11 M

Optical/
Fluorescence1

� 1/10 of depth
of imaging

From less than 1 cm
and up to 10 cm

10�9 � 10�11 M

Ultrasound 50–500 lm No?2 See footnote3

MRI 25–100 lm No 10�3 � 10�5 M4

CT 50–200 lm No 10�2 � 10�3 M

1 Large differences in the parameters listed due to a variety of optical methods. Dep
fluorescence tomographic technique.

2 Reduced signals from deep tissues, depending upon the frequency used.
3 Depends very much on bubble size and structure, and the frequency used; single bu
4 Cells labeled with iron-oxide NPs may be detected with a sensitivity close to that o
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the circulation time in blood is important also for tissue penetra-
tion. Based on these considerations and the knowledge about cel-
lular uptake of NPs [51], it is likely that the optimal size of NPs
for drug delivery is in the range 20–200 nm.

Injecting substances that are excreted rapidly in urine may be
beneficial for imaging as it is important to reduce the signal from
the surrounding tissue to better visualize a diseased area. Thus,
most contrast agents used in the clinic are low molecular weight
substances that are almost completely excreted in urine within
24 h post dosing. One can often see authors stating that it may
be beneficial to inject very small NPs that are rapidly excreted in
urine in order to reduce toxic effects. But what is the benefit of
using NPs if they are rapidly excreted in urine? NPs are more com-
plex to produce, and more studies are needed to obtain the neces-
sary safety and efficacy data required to obtain approval for clinical
use compared to the traditional low molecular weight contrast
agents.

For NPs bearing drugs to have a therapeutic effect, it will be an
advantage to have the NPs circulating for a longer time in order to
get as much drug as possible to the diseased area. Also, a prolonged
exposure to the drug after injection is likely to increase the thera-
peutic effect. Certainly, more knowledge about the interaction
between NPs and EVs and the animal/human body is required to
bring more of these products into clinical use.

At the end of this paragraph we would like to remind the reader
that our comments are related to what can be expected following i.
v. administration. Other routes of injection will result in a different
biodistribution and pharmacokinetics and will not be discussed in
this article. We would, however, like to stress that it has been
shown that even injection of ultrasound contrast agents with a
mean size of 3 lm into breast tumors, makes it possible to detect
metastases in sentinel lymph nodes due to a passive diffusion of
these microparticles [52].

3. Biodistribution studies using imaging methods

3.1. Different imaging modalities, their properties, sensitivities and
depth of imaging

Many different imaging modalities used in the clinic can also be
applied when studying biodistribution in small animals. Some key
properties of positron emission tomography (PET), single photon
emission computed tomography (SPECT), magnetic resonance
imaging (MRI), computed tomography (CT), optical/fluorescence
imaging and ultrasound imaging are shown in Table 2, which
includes information about the spatial resolution, limit for depth
Agents/probes that can be
used for the modality

Amount of agent injected
in humans

Radiolabel (positron emitters,
e.g. 18F, 11C, 13N, 62Cu,68Ga,124I)

Nanograms

Radiolabel (gamma emitters, e.g. 99mTc,
111In, 123I, 125I, 131I, 201Tl)

Micrograms

Fluorescent molecules Micrograms to milligrams

Gas-filled microbubbles Micrograms to milligrams
Paramagnetic metals or ferromagnetic particles Milligrams

to grams
Iodine-containing molecules. Other heavy atoms
can be used.

Grams

th of imaging less than 1 cm for reflectance imaging; up to approx. 10 cm with

bbles may be detected.
f SPECT.



Fig. 3. Example of a PET-CT image of mice. The PET image is obtained using 18F-FDG
uptake in beta3-adrenergic receptor agonist-activated brown adipose tissue. Image
reproduced from Fig. 4C in an open access publication by the group of Jogeshwar
Mukherjee [58].
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of imaging, sensitivity and agents/probes used as contrast agents
for the various modalities [53]. CT, MRI, SPECT and PET are often
used for whole body imaging and it has been estimated that the
numbers of procedures performed with these modalities per year
in USA are 80, 40, 6 and 2 million, respectively (these numbers
are estimates based on information obtained from several Web
resources). More information regarding the specificity, user-
friendliness and some advantages and disadvantages of using the
various imaging modalities for studies of small animals are further
discussed in Section 3.2.
3.2. Whole body imaging in small animals

3.2.1. PET and SPECT
The two nuclear medicine imaging modalities PET and SPECT

are commonly used in the clinic for imaging of different diseases
and they are also useful for imaging of small animals like mice
(then normally using equipment called micro-PET and micro-
SPECT). These techniques can be used to obtain three-
dimensional quantitative images of the radioactive tracer injected,
and signals can be acquired as a function of time.

PET imaging is based on detection and quantification of posi-
tron emitters; 18F is by far the most used isotope for such imaging
(mainly as [18F]fluorodeoxyglucose imaging of cancer), but also
other isotopes as those listed in Table 2 may be used [54–56].
Although PET imaging is an excellent technique to obtain good
and quantitative images, this modality is not straight forward to
use in research laboratories because a cyclotron is needed to pro-
duce the positron emitters, which also have the draw-back of hav-
ing very short half-lives (110 min for 18F; shorter for the other PET
tracers listed in Table 2). PET imaging is extremely sensitive, but
PET cannot detect exactly where in the body the emitters are local-
ized. Thus, it is often necessary to use dual imaging by combining
PET with either CT or MRI. When using PET-CT or PET-MRI, PET
delivers the sensitive detection of the emitters and CT or MRI give
an excellent anatomical map of the body and thus shows where the
emitters are localized [57]. An example of a PET-CT image of mice
(from [58]) is shown in Fig. 3.

SPECT imaging is based on detection of gamma emitters. The
most commonly used isotopes for SPECT are shown in Table 1;
99mTc is the most used isotope for this imaging modality. This is
because 99mTc has a favorable energy, a short half-life of 6 h, and
is easily available in almost all clinical imaging facilities world-
wide. This availability is due to that 99mTc is a daughter product
6

of 99Mo (half-life of 67 h) which can be delivered on columns called
99Mo/99mTc generators [59,60]. Thus, by supplying the laboratories
once per week with such 99Mo/99mTc-containing columns,
researchers can elute 99mTc from the column when they need this
isotope just by adding saline to the column; see [61]. As described
above for PET, it is also very useful to combine SPECT with MRI or
CT. Recently, Uenomachi et al. published a new method that allows
similar in vivo imaging with PET and SPECT tracers using a
Compton-PET hybrid camera [62].

3.2.2. MRI and CT
MRI and CT can be used to obtain very detailed anatomical and

functional images in patients and are also useful for studies of
small animals. MR techniques are based on detecting radiofre-
quency signals generated by the nuclear spin of MR active nuclei
such as 1H, 13C, 19F and 31P. Thus, MRI was originally called nuclear
magnetic resonance imaging, but nuclear was dropped to avoid
negative associations with radioactivity. Most MR images are
obtained by benefiting from the nuclear properties of protons in
low molecular weight substances that are free to move around,
i.e. mostly water, lipids (not membrane-associated lipids) and
other metabolites. Contrast agents for MRI have been available in
the clinic for more than 30 years. By far the most commonly used
of such contrast agents are low molecular substances where the
paramagnetic metal Gd3+ is bound to a chelate. Also, other param-
agnetic metals such as Mn2+ may be used to change the so-called
T1- weighted images (making the image brighter) close to these
contrast agents. Superparamagnetic or ferromagnetic particles
(e.g. iron-oxide-based NPs) may similarly be used to affect the
T2-weighted images (making the image darker); for a review of
the principles of MRI and the contrast agents used, see [63]. Mag-
netic NPs can also be imaged using a quantitative tomographic
technique called magnetic particle imaging or MPI [64].

Of the contrast agents used in the clinic, iron-oxide based NPs
are the most commonly used in preclinical studies as imaging
agents or for delivery of therapeutics. One can read in many review
articles that all iron-oxide NPs earlier used as contrast agents for
MRI now have been removed from the marked due to safety rea-
sons; see e.g. [65]. However, as discussed by Dadfar et al. [66],
there are reasons to believe that at least some of these iron
oxide-based products were removed from the marked due to com-
mercial reasons. One of the authors of this article (Skotland) was
involved in industrial development of another agent than those
discussed by Dadfar et al. and knows that development of also
NC100150 (Clariscan, Nycomed) was stopped because of commer-
cial reasons, and not because of safety issues. Thus, we agree with
Dadfar et al. [66] that iron-oxide NPs should be further evaluated
for human use. This view also fits with the fact that there are sev-
eral iron-based nanomedicines that are approved and found safe to
inject in persons with iron deficiencies [5]. It should also be noted
that one of the products used to treat iron deficiency has been
reported to inhibit tumor growth by inducing pro-inflammatory
(anti-tumorigenic) macrophage polarization in tumor tissue [67].
Notably, publications containing high quality pharmacokinetic,
biodistribution and toxicity studies have been reported for the
iron-oxide based NPs approved for clinical use; reviewed in [68].

CT is based on the use of X-rays and is together with MRI the
most used imaging modalities in radiology. Both methods can give
very high-quality three-dimensional anatomical images and are
also very useful for imaging of small animals. Almost all contrast
agents approved during the last 60 years for X-ray-based tech-
niques, including CT, have a high content of iodine (tri-iodinated
benzene rings), although in principle also other heavy atoms can
be used [69]. Injection of these contrast agents helps in visualizing
blood vessels and identification of many diseases. The use of
micro-CT in the absence or presence of contrast agents, either
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agents used in the clinic or agents not approved for human use (e.g.
gold or other metal-based NPs), can be used to obtain excellent
images of mice [69,70].

3.2.3. Ultrasound imaging
Ultrasound imaging has been popular in the clinic for many

years. Most people know about the use of ultrasound imaging
related to control during pregnancy and functional imaging of
the heart, but ultrasound is also very useful for imaging of many
other conditions; see [71]. During the last 25 years several contrast
agents for this modality have entered the marked and opened up
for additional use of ultrasound imaging in the clinic [72]. To ben-
efit from this modality in studies of small animals it is necessary to
make specific transducers with other frequencies than those used
for patients [73], and ultrasound is less used for imaging of small
animals than the modalities discussed above. It should be noted
that contrast agents for ultrasound may improve the extravasation
of NPs out of blood vessels and thus give a higher accumulation
and penetration into cancer tissue. Thus, ultrasound has been pro-
posed to be a good strategy, especially for improving drug delivery
to tumor types which show a low EPR effect [74].

3.2.4. Optical imaging
Optical imaging, which is mainly based on using fluorescent

substances, is much less used in the clinic than PET, SPECT, MRI,
CT and ultrasound imaging. Optical imaging can, however, be very
useful for specific analyses in the clinic and it is so far the most
used imaging modality for biodistribution studies in small animals.
Due to a variety of optical methods, the spatial resolution, penetra-
tion into tissue, depth of imaging and sensitivity differ very much
between the various optical methods (Table 2). Optical imaging
methods based on using fluorescence detection in the 400–
700 nm range will due to light scattering, low penetration and tis-
sue autofluorescence result in low imaging sensitivity. However,
the use of detection in the first or second near-infrared window,
i.e. NIR-1 in the 700–900 nm range or NIR-2 in the 1000–
1700 nm range, will result in better penetration and both improved
signal-to-background ratios and reduced tissue autofluorescence;
reviewed in [75]. Since light is not penetrating well through tissue,
both the signal intensity and the spatial resolution become worse
Fig. 4. Illustration of use of QWBA in rats. A peptide with 13 amino acids was studied as
(Asn-U-14C; the two images to the left) or close to the C-terminal (Lys-U-14C; the two ima
taken 24 h post dosing. The images were obtained using cryosections with a thickness of
was metabolized. The N-terminal part was excreted in urine, whereas the Lys close to the
information see [80] from where this figure was copied (Fig. 2 in that article); copie
Therapeutics.
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for light that has passed through tissue. Thus, optical imaging is
most useful in the clinic when the optical agents are present on
body surfaces, including areas that can be reached with endo-
scopes, e.g. the gastrointestinal tract and the bladder [76]. The
use of various dyes may also be very useful to guide surgeons dur-
ing cancer surgery, e.g. to find and remove the sentinel lymph
nodes in breast cancer patients [77].

Fluorescence labelling of NPs and EVs seems to be the most
popular way to label these particles to study their biodistribution
in small animals. Whole body images of such fluorescently labelled
particles can be obtained using e.g. IVIS� imaging (In Vivo Imaging
System) which also can be integrated with CT. Labelling of NPs and
EVs for biodistribution studies in small animals, including opportu-
nities and challenges associated with these methods is further dis-
cussed in Section 4.2.
3.3. Imaging of organs/tissues and tissue slices

As shown in Table 2 there is in principle no limit for depth of
imaging when using PET, SPECT, MRI or CT, whereas the signal
intensity and resolution of optical signals decrease when passing
through tissue. Thus, it may be beneficial to perform ex vivo imag-
ing on isolated organs from sacrificed animals to obtain stronger
fluorescence signals. One draw-back with such end-point analyses
is that it only allows one time point for each animal, thus adding
the uncertainty of using several animals to obtain data for different
time points. Also, when quantifying signals using isolated organs,
one must remember that the signal intensity decreases with the
depth of the tissue, and that the data therefore should be regarded
as semiquantitative, as discussed further in Section 4. It is also
important to measure the background fluorescence of similar tis-
sues from animals not injected with the substance as various tis-
sues show a different fluorescence background [78]. For all
analyses of isolated organs, one should keep in mind the signals
originating from blood within these organs (it is not possible to
remove blood from all organs). It should also be mentioned that
various tissue optical clearing techniques have recently been
developed. The optical clearing is obtained by treating tissue/or-
gans with chemicals to make the tissue transparent, thus facilitat-
a tracer for venous thromboembolism. The peptide was labelled in the N-terminal
ges to the right). Top images taken from animals 20 min post dosing; bottom images
25 lm. These images combined with LC-MS analyses demonstrated how the peptide
C-terminal was to a major extent incorporated into protein metabolism. For further
d with approval from The American Society for Pharmacology and Experimental



Fig. 5. Illustration of the use of whole-body cryosection fluorescence imaging of mice. A peptide intended to be used for colorectal cancer imaging was labelled with the
fluorophore Cy5; for further details see [78] fromwhere these images are copied. The whole-body images to the left were obtained 120 and 240 min after dosing (part of Fig. 3
in the article). The enlarged images of the tumor to the right were taken 5 min (A), 30 min (B), 60 min (C) and 120 min (D) post dosing (part of Fig. 4 in the article). Images
were obtained using cryosections with a thickness of 75 lm. Figures reproduced with approval from John Wiley and Sons.

Fig. 6. Illustration of mass spectrometry imaging of mice brain. The images are generated from m/z signals that were found significantly different in the striatum region of
obese mice compared to control mice (top images after feeding with high fat diet for 16 weeks; lower images after feeding for 23 weeks). The m/z signals for the masses
shown represent three different lipid species as shown below the images. Images are shown for obese mice only, just to illustrate the resolution one can expect to obtain with
this technology today. The sections have a thickness of 12 lm. For further details see the open access article by Sighinolfi et al. [85] from where this figure is copied (their
Fig. 7F).
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ing imaging deeper into the tissue while preserving spatial resolu-
tion; reviewed in [79].

The possibility to make thin slices of tissue (thickness often in
the range 20–100 lm) and obtain very detailed whole-body
images of such tissues using radioactive isotopes have been
exploited for many years. The whole-body autoradiography images
obtained may be overlaid photographical images of the tissue slice
to determine the localization of the isotopes. By quantification of
the signal intensities from the radioisotopes one can obtain what
is known as quantitative whole-body autoradiography (QWBA).
Originally, QWBA was performed using photographic films, but
later imaging plates that could detect both radiographic and fluo-
rescent signals were developed and opened up for using whole-
body section fluorescent imaging in biodistribution studies of fluo-
rescent signals in small animals. Examples from own research on
biodistribution of substances using whole body slices with QWBA
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of rats [80] and fluorescence detection in mice [78] are shown in
Figs. 4 and 5, respectively.

Thin slices of tissues can also be used for other types of imaging;
the thickness of slices used for the methods discussed below in this
section is often in the range 3–15 lm. One possibility is to use e.g.
fluorescently labelled antibodies and immunohistochemistry to
detect and quantify specific proteins [81]. This method is mostly
used for selective identification of proteins/biomarkers in tissue
samples but may also be useful for e.g. identification of cells con-
taining labelled NPs or EVs. Such analyses have until recently been
time consuming, including much manual work, but new instru-
ments allowing automatic digital quantification of
immunohistochemistry-labelled slides are now available. Regard-
ing the possibility to use NPs or EVs to deliver drugs for anti-
cancer therapy it is of interest to localize and/or quantify the
amount of such particles not only in cancer cells in tumors, but also



Fig. 7. Image obtained of a tissue sample from a luminal HER2 + breast cancer
tissue using high-resolution laser-ablation to CyTOF mass cytometry. This image is
copied from the first study using this technology. A total of 32 proteins and
phosphorylation sites were measured simultaneously at 1 lm resolution. This
image shows cytokeratin (red), histone H3 (cyan) and vimentin (yellow). The
section has a thickness of 5 lm; the scale bar is 25 lm. For further details, including
information about other proteins imaged, see Giesen et al. [89], from where the
figure is reprinted (their Fig. 3A) with permission from Springer Nature. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 8. Structured illumination microscopy image of an MDA-MB-231 cell which
has taken up NPs. The NPs are labelled red and the lysosome membrane (LAMP1) is
labelled green, thus clearly demonstrating NPs within the lysosomes. For further
details see Pandya et al. [94] from where this figure is copied (Fig. 8D in that article)
with approval from ACS. Further permission related to the material excerpted
should be directed to the ACS. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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in cells in the tumor microenvironment such as anti-tumorigenic
and pro-inflammatory M1 type macrophages versus the M2 type
of macrophages being pro-tumorigenic and anti-inflammatory
[82].

It should also be mentioned that newly developed high-
resolution microscopy methods have made it possible to analyze
localization of fluorescently labelled particles, including cellular
9

uptake, in tissue slides used for immunohistochemistry (for more
details see Section 3.4). Furthermore, intravital microscopy, which
initially was dependent on very expensive multi-photon micro-
scopes, can now be performed on more conventional imaging plat-
forms such as confocal, spinning disk and epifluorescense
microscopes, which provide excellent spatial and temporal resolu-
tion 50–100 lm below the surface [83]. In a recent tutorial review
Haddad et al. discuss sample preparations and microscopy meth-
ods to study three-dimensional visualization of archival tissue
material [84].

There are several mass spectrometry-based imaging (MSI) tech-
niques that by directly measuring the mass of molecules can pro-
vide visualization of molecules present in a tissue slide (Fig. 6;
images from [85]). These MSI techniques are all mainly qualitative
or semi-quantitative. For further details regarding information
about the various MSI techniques including their spatial resolution,
mass range detected and analytes we refer to two recent general
review articles [86,87] and one review discussing the use of such
techniques in pharmaceutical discovery and development [88].
Finally, lanthanide isotopes can be attached to antibodies and used
to simultaneously image more than 40 proteins with a subcellular
resolution (approx. 1 lm) using laser ablation CyTOF mass cytom-
etry as illustrated in Fig. 7 [89]. These MS-based methods are very
resource demanding; it takes time and high expertise to handle
such big data analyses.
3.4. Analyses of single cells by flow cytometry and microscopy

Flow cytometry is a valuable tool to sort and analyze cells [90].
Although it has mostly been used to analyze blood cells, it can also
be used to analyze cells from tissue samples following mechanical
dissociation or enzymatic treatment [91]. Characterization of the
various cells in the sample can be performed by using fluorescently
labelled antibodies or lanthanide isotopes attached to antibodies
[92], i.e. similarly as described above for imaging of tissue slides.
Up to at least 40–50 different proteins can be identified using flow
cytometry depending on the detection principle. Microscopy has
also now for many years been used to study uptake of fluorescently
labelled particles into cells. In addition to traditional confocal
imaging, newer methods include several high-resolution methods
and metal NPs can also be studied by transmission electron micro-
scopy (TEM) and correlative light-electron microscopy (CLEM), a
combination of optical microscopy and electron microscopy.
Regarding use of different microscopy methods, we refer to Table 3
in [21] which includes information about resolution, illumination
method, probes used, acquisition information and whether the
methods can be used on live or fixed material. Also, Raman
microspectroscopy could be a useful technique for such studies
[93]. One example from our own research demonstrating NPs to
be present within lysosomes [94] is shown in Fig. 8. By using
super-resolution microscopy, Paramasivam et al. [95] recently
demonstrated localization of single lipid nanocapsules within dif-
ferent endosomal compartments.
4. Labelling of NPs and EVs: Opportunities and challenges

In the previous sections the general properties of the several
imaging modalities have been discussed. In this chapter we aim
at critically discussing opportunities and challenges by using such
methods for biodistribution studies in small animals. Readers
interested in getting an overview of the many biodistribution stud-
ies performed are referred to the following review articles for NPs
[48–50] or EVs [10,96–98]. In short, the studies summarized in
these reviews show that EVs in general are cleared much faster
from blood than most NPs. Although the biodistribution of various
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NPs and EVs differs considerably, these particles have in common
that they mainly are taken up by liver, spleen, lungs and kidneys
(discussed below).

4.1. Radioactive labelling for PET or SPECT

As detailed in Table 2 and in the articles cited in Section 3.2.1,
several isotopes and methods can be used to label NPs and EVs
for PET or SPECT imaging. Most of these methods include the bind-
ing of the isotopes to a chelate covalently attached to the surface of
NPs or EVs. As mentioned above, it is important to consider if addi-
tion of such molecules to the surface of the particles may change
their biodistribution, and also consider if the added isotope is actu-
ally attached to the NPs or EVs at the time of imaging. Such discus-
sions are in fact often missing in the literature.

Liposomes and EVs can be labelled with lipophilic agents that
penetrate the lipid membrane and are trapped inside, and this
labelling should not significantly change the surface of these parti-
cles. Thus, the lumen of these vesicles has been labelled with e.g.
111In-oxine [99], 111In-tropolone [100] and 99mTc-HMPAO
[101,102] for SPECT imaging and with 64Cu chelated to 4-DEAP-
ATSC for PET imaging [103]. Examples of labelling on the surface
of NPs or EVs include 64Cu bound to NOTA for PET imaging [104]
and 99mTc-tricarbonyl [105,106] or 111In-DTPA [100] labelling of
proteins or amino groups for SPECT imaging. Iodine isotopes have
also been used for labelling of proteins for many years, and several
iodine isotopes can be used for PET [28] and SPECT imaging
(Table 2). It should be noted that agents that are used for labelling
of proteins in NPs or EVs will also label proteins not associated
with these particles in the samples, thus giving rise to signals that
are not associated with the particles even at the time of injection.
As mentioned in the Introduction, one needs to take into consider-
ation that binding of chelates to proteins often includes binding to
lysine, which means that not only is a new structure added, but a
positive charge on the surface is removed. For recent reviews dis-
cussing labelling of EVs or NPs for PET and SPECT, including other
isotopes and chelates than mentioned above, see [56,102]. When
using 99mTc to label NPs or EVs it should be considered that this
isotope may easily dissociate from the chelate it is bound to, such
that the chelate is added in large excess in products used in the
clinic in order to rebind the dissociated isotope [53]. One should
also be aware of that dissociated 99mTc and other radioisotopes
and chelates with these isotopes (e.g. obtained during degradation
of the particles) often end up in the same organs as NPs [56].

Several authors have discussed that it is difficult and time-
consuming to obtain sufficient amounts of EVs for drug delivery.
This has led researchers to use so-called EV mimetics, produced
from cells by e.g. sonication, electroporation, extrusion or freeze-
thaw. These methods are also used to increase the loading capacity
of drug or imaging agents, and to speed up the labelling procedure;
reviewed in [11,24,107]. However, these treatments may result in
major deformations of the membrane surface, including the gener-
ation of vesicles with an inverted membrane topology. Thus, it
would not be surprising if these vesicles will have a biodistribution
different from the EVs they should mimic. Moreover, the changes
in the membrane structure expected in such EV mimetics will
make it even more difficult to demonstrate reproducibility
between batches, which is a challenge even for EVs with a normal
topology [26].

Finally, we refer to an article by Pérez-Campaña et al. [108] who
published that proton beam activation of metal oxide NPs could
change 16O to the PET isotope 13N and thus make all metal oxide
NPs detectable by PET. They claim that this method does not
change the surface properties of the NPs, and that this is a simple
and robust activation strategy that can be used for all metal oxide
NPs.
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4.2. Fluorescent labelling

As mentioned in the previous section, labels for biodistribution
studies can either be covalently attached or just physically
entrapped within the NPs or EVs. Fluorescent labelling of the par-
ticle surface may induce major changes of the surface properties
and change the particle distribution. If the fluorescent substances
are entrapped within the particles it should be considered that
the detected fluorescent signals may be due to leakage of the fluo-
rescent substance out of the particles [109]. Thus, it is important to
select fluorophores that result in particle labelling being as stable
as possible. Nile Red, which for many years was very popular for
labeling of NPs, has been shown to be released from the lipophilic
core of NPs, but by adding short alkyl chains to obtain NR668, a
much better stability was obtained; discussion of this and the
properties of many other fluorescent lipophilic dyes were recently
reviewed [110]. It should be noted that it may be a challenge to
quantify leakage of such fluorescent labels as these hydrophobic
substances easily may adsorb to the glass or plastic equipment
used during analyses. Also, if particles with such hydrophobic sub-
stances have entered cells, one should consider whether these dyes
may be associated with the cells even after degradation of the par-
ticles. In addition to the challenges of quantifying the fluorescence
signals of NPs and EVs as discussed above, one has to take into con-
sideration that the intensity of the fluorescence may depend on the
hydrophobicity/hydrophilicity in the surrounding of these labels,
and also that the background fluorescence differs between various
tissues [78]. Furthermore, it is important to use a low-fluorescence
diet for studies based on fluorescence labeling.

We will finally in this section mention that the enzyme lucifer-
ase either bioengineered to be present inside EVs or chemically
coupled to the surface of NPs or EVs can be used to obtain very
strong light signals [111,112]. This method has, however, some
major disadvantages. It is necessary to inject substrate molecules
where the sensitive light signals are obtained as product of an
enzymatic reaction. Thus, the time it takes for the substrate to
reach the enzyme and the amount of substrate reaching the
enzyme are important for the read-out. Also, repeated injection
of at least some substrates might be toxic [102]. For a discussion
about possibilities and challenges using bioluminescence imaging
see [111]. One may also expect that chemical coupling of an
enzyme to the surface of NPs or EVs may change their surface
properties and thus the biodistribution of the particles.

4.3. Labelling for MRI or CT

The contrast agents used for MRI or CT are much less sensitive
than the agents used for PET or SPECT as shown in Table 2. Some
agents used for MRI or CT can theoretically be used for labelling
of NPs or EVs in preclinical biodistribution studies. However, most
of these agents give too weak signals to be really useful for label-
ling of such particles in clinical studies. Thus, development of
new MRI active agents or more sensitive detector systems/proto-
cols are needed to use MRI for biodistribution studies of NPs or
EVs. As discussed in Section 3.2.2, the most commonly used con-
trast agents are low molecular weight Gd-chelates. Due to the pos-
sible association between the very small amounts of Gd retained in
the body and the serious disorder nephrogenic systemic fibrosis
[113], MR contrast research is focusing on improving the stability
of such chelates more than in increasing their sensitivity [114].
Furthermore, making ‘‘Christmas trees” with many chelates bound
together in the same molecule is likely to give large complexes that
change the surface of the particle. It has been suggested to include
iron oxide NPs in drug-containing NPs for theranostics. Such prod-
ucts will be more complicated to study and document for clinical
use [27] and are not discussed in this article. However, it should
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be mentioned that such NPs can be very useful for studies in small
animals. Similarly, preclinical studies with theranostics may be
performed using QDs for fluorescent imaging or heavy-metal based
NPs for detection using X-rays. We do not see any other X-ray con-
trast agents being candidates for labelling of EVs or NPs. Thus, the
use of MRI or CT in preclinical biodistribution studies are most use-
ful when contributing with an anatomical image in combination
with PET, SPECT or optical imaging. It should be noted that MRI
provides a better differentiation and visualization of soft tissues
than CT.
4.4. Comparison of labelling methods

Most articles in this field describe data obtained with one type
of labelling in one type of particle, and it is therefore difficult to
compare the data obtained in the various studies. However,
Lázaro-Ibáñez et al. [112] compared data for biodistribution of
EVs labelled with various methods and found several differences.
Labelling was performed using the non-covalent hydrophobic flu-
orescent dye DiR, and by covalent modification of the surface by
binding of 111In-DTPA for SPECT-CT imaging. In addition, EVs were
bioengineered to contain fluorescent (mCherry) or bioluminescent
(luciferase) in their lumen by fusion to CD63. Whereas the
mCherry labelling was found to give a too low signal-to-noise ratio
to be useful, the luciferase labelling gave good signals when mon-
itored ex vivo. However, the luciferase labelling changed the biodis-
tribution and much higher signals were obtained from lungs
compared to 111In and DiR labelling, which as expected gave the
strongest signals in liver and spleen. In our opinion, the data
reported here for luciferase labeling is of special interest as similar
data where reported from another group [115]. In both studies less
than 5% of the signals obtained 4 h after injection were found in
liver, and the signals estimated in lungs and spleen summed up
to more than 90% of the total (reported as % per g tissue) with 2–
4 times higher signal in lungs than spleen. These similarities were
found even though different types of luciferase were conjugated to
different proteins in different cell types and the injected EVs were
detected using different substrates. The most likely interpretation
of these results is that the luciferase method results in aggregation
of the EVs in blood and then accumulation in the lungs, although
this is difficult to understand since the enzyme was conjugated
to proteins expected to be in the EV lumen. We wonder, however,
if the cells respond by excreting the conjugated proteins via secre-
tory autophagy, resulting in vesicles with an inverted membrane
topology, similar to that recently published by Ariotti et al. [18].

Quantification performed by Lázaro-Ibáñez et al. [112] of signals
obtained ex vivo for some key organs 4 and 24 h after injection of
EVs labelled with 111In or DiR are shown in Table 3 (containing
organ weight data from [116]) and show some differences that
may be of general interest regarding the use of these labelling
Table 3
Biodistribution of EVs labelled with different methods. Quantification performed ex vivo 4 an
[112].

Organ 111In 1

4 h 24 h

Liver 45 78
Spleen 33 25
Kidney 7 12
Lungs 2–3 �1

1Added as 111In-DTPA covalently bound to the surface. Data given were obtained using ga
values reported show these mice to be small with a liver weight of �0.9 g. Data for lun
2DiR was noncovalently added bound to the EVs. The data shown in their Fig. 2G (obtai
recalculated such that the highest signal obtained (spleen) is set to 100%.
3Organ weight data are from Davies and Morris [116]; these data for 20 g mice are sho
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methods. The ratios of liver/spleen signals are higher with the iso-
tope labelling compared to the DiR labelling. As liver is by far the
largest organ analyzed and the isotope is expected to penetrate tis-
sue much better than light, it is likely that this difference is due to
loss of light signals following penetration of thicker tissue. The
amount of isotope found in the kidney was also very high com-
pared to that found in spleen (and also compared with the DiR
data). A possible explanation is that some 111In or 111In-DTPA has
been detached from the EVs and then excreted through the kid-
neys. The authors reported that only small amounts of 111In-
DTPA were detected in urine and feces 24 h after injection and con-
cluded that renal excretion did not contribute to the rapid clear-
ance of radiolabeled EVs from the circulation (less than 10%
remaining in blood 10 min after injection). Finally, DiR labelling
resulted in higher recovery of the injected dose in lungs compared
to that obtained with 111In-DTPA labelling, indicating that there
may be some aggregation of the DiR labelled EVs or some leakage
of the dye in the first capillary system these EVs come in contact
with. In summary, these data in our view nicely illustrate the chal-
lenge we still have to face regarding quantification of biodistribu-
tion data for EVs and NPs.
4.5. More critical discussions of published biodistribution data are
needed

Based on the discussion in the previous sections it is obvious
that we still need better methods for quantification of the biodis-
tribution of i.v. injected NPs and EVs. Membrane permeable fluo-
rophores (or some of the radioactive agents described in
Section 4.1.) that label the lumen without being covalently bound
to the liposomes or EVs, seem to be less stably associated with
these particles than labels that are covalently coupled to the exter-
nal surface of NPs or EVs. However, such surface modification is
likely to change their biodistribution and should therefore be
avoided. To improve these methods, it is essential that authors dis-
cuss their data more extensively. Too often, possible advantages of
their method are discussed, but not challenges or possible pitfalls.
Also, an evaluation/discussion of the uncertainty of the quantifica-
tion of data is often missing. Furthermore, the NPs or EVs studied
should be better characterized [25,27] as essential information
for biodistribution studies such as comparison of size distribution,
heterogeneity, impurities, charge and storage stability (including
incubation in blood/plasma) before and after labelling are often
missing. A more detailed characterization of the composition of
EVs will also help to discriminate between different types of EVs,
and the circulation time and biodistribution are likely to be differ-
ent if PS (the ‘‘eat-me” signal) is present on the surface [26].

Although fluorescent-based imaging is by far the most used
method for biodistribution studies in small animals and can give
important information about the biodistribution of NPs and EVs,
d 24 h after i.v. injection in tumor-bearing BALB/c mice. Data from Lázaro-Ibáñez et al.

DiR2 Organ weight (g)3

4 h 24 h

100 �85 1.75
�93 100 0.1
�7 �3 0.32
�40 �13 0.12

mma counting and reported as percent of the injected dose per g tissue (%ID/g). The
gs are estimated by us from their Fig. 3.
ned using an IVIS Lumina system) as total radiant efficiency per g tissue have been

wn to illustrate the size differences of these organs.
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it is in practice not possible to obtain quantitative data based on
this labelling. The only way to obtain quantitative whole-body
biodistribution data is to label with radioisotopes for PET or SPECT
imaging, which means that highly specialized equipment and com-
petence are needed.

When interpreting biodistribution data it is important to be
aware of that detection in urine of substances used to label NPs
or EVs larger than 10–20 nm is most likely due to that the label
is no longer associated with the injected particles. Then it is also
necessary to consider if labels detected in the kidneys could be free
or part of degradation products, i.e. not demonstrating the pres-
ence of intact particles. It should be noted that the low-
molecular weight contrast agents used for CT or MRI in the clinic
are almost completely excreted via kidneys within 24 h after injec-
tion in humans and even faster in small animals. The observation
of significant differences in the rapid excretion in urine of the free
label and labelled particles clearly demonstrates that particles
have been labelled. However, several samples taken different times
after injection should be analyzed before concluding that the data
support successful radiolabeling. If high levels of the labels are
detected in lungs, it should be considered that the particles may
have aggregated following injection in blood or that the labels
could have dissociated from the particles and are taken up in the
first capillary network these particles enter. We have observed
major differences in the biodistribution of NPs made of very similar
monomers and having similar physiochemical characteristics
[117], demonstrating that it is difficult to foresee the biodistribu-
tion of new NPs. Further details about uptake of NPs or EVs into
liver and spleen is discussed in Section 6.
5. Chemical analyses of biological samples

In this section we discuss different methods to analyze biolog-
ical samples such as homogenates of isolated tissues, blood, urine
and feces that can throw light on the biodistribution and excretion
of NPs and EVs. This includes studies of constituents, drugs or
imaging agents that can be used in part to describe the biodistribu-
tion of these particles or substances that were associated with
them at the time of injection. It is important to discuss whether
the signals observed are expected to be due to the presence of
the injected NPs or EVs or if the signals detected are due to mole-
cules/atoms no longer associated with these particles.

5.1. Radioactivity measurements

Radioactivity measurements can be performed with practically
all types of biological material, including blood, urine, feces and tis-
sue samples using radioactive isotopes and a scintillation counter
or gamma counter for detection and quantification of these iso-
topes. Quenching in the sample may be a problem with such quan-
tification, making it important to use quenching curves when
performing the quantifications. So-called sample oxidizers can be
useful for quantification of substances labelled with 3H and/or
14C, as the samples will be totally combusted, and the two isotopes
will be physically separated. Thus, all 3H ends up in one fraction as
3H2O and all 14C ends up in another fraction as 14CO2 such that
these isotopes can be quantified in the same sample without any
quenching.

5.2. Fluorescence

Quantification of the amount of fluorescence in a solution can
be performed by many different types of equipment available in
most laboratories. Quantitative analyses of fluorescence are in
principle both sensitive and rapid to perform [118]. We discussed
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above several challenges regarding quantification of fluorescence
signals when performing imaging of whole body or organs/tissues.
Similar challenges should also be considered if the goal is to obtain
quantitative data from other type of studies, and we refer to an
excellent review regarding pitfalls and opportunities in quantita-
tive fluorescence-based studies [119].

5.3. Mass spectrometry (MS)

MS is based on measuring the mass-to-charge ratio of ions in a
sample that is ionized, e.g. by bombarding it with a beam of elec-
trons. This is a valuable technique to identify and quantify specific
molecules or fragments of these molecules. It is often used in com-
bination with a chromatographic step to separate various types of
substances to be analyzed, e.g. in combination with liquid chro-
matography (LC-MS). Since this technique both has a very high
sensitivity and can identify most molecules present in biological
samples it is a commonly applied technique during drug develop-
ment studies, including ADME and PK studies. MS or LC-MS analy-
ses are often used to demonstrate that drugs entrapped in NPs are
circulating longer in blood than the free drug and to estimate the
blood kinetics of drugs. Discussion of the data obtained in such
studies should include if the method is able to discriminate
between drug still entrapped within the NPs and drug released
from the NPs, i.e. being free and able to exert its biological activity.
In the draft guidance mentioned above [2], it is stated that ‘‘In gen-
eral, total, free, and nanomaterial-associated drug should be mea-
sured separately or indirectly derived. This may require separation
of free and nanomaterial-associated drug prior to detection or
simultaneous analysis”. In fact, it is often a challenge also to study
the release of drugs from NPs during storage of the product, as the
released, often very hydrophobic, drug may stick to the containers
used for storage or analyses.

To our knowledge there is only one article describing a method
to measure the release of drugs from NPs in biological matrices.
The method involves spiking with a stable isotope-labeled drug
into the plasma samples containing the NPs. The labelled drug
equilibrates with the normo-isotopic drug released from the nano-
medicine, and analysis of the ultrafiltrate fraction of the isotope-
labelled and unlabeled drug can be used to measure how much
of the normo-isotopic drug that is free in plasma. Then it is possible
to calculate how much of the drug is encapsulated or free [120].
This is an elegant method that should be very useful for develop-
ment and regulatory evaluation of such products, including com-
paring properties of the so-called generic bioequivalent products.
However, this method is very complicated and time consuming
and it cannot be expected to be included in early basic studies.

5.4. Inductively coupled plasma mass spectrometry (ICP-MS)

ICP-MS analyses can be used to obtain high sensitivity and mea-
sure a wide dynamic range of most elements in the periodic table;
it is also possible to analyze many elements at the same time fol-
lowing an easy sample preparation [121,122]. Thus, this method
can be applied for analyses of e.g. Au, Fe and many other metals.
Among the few elements found in biological samples and not sui-
ted for ICP-MS analyses are H, C, N, O, F and Cl [121]. Since ICP-MS
detects the mass of each element, one can quantify various iso-
topes of one element. One isotope that may be of interest for anal-
yses of particles in biological matrixes is 58Fe; this non-radioactive
isotope constitutes only 0.28% of total Fe isotopes. Since it can be
enriched and added in e.g. iron oxide-based NPs it can in principle
be used as a very sensitive method to measure injected Fe in the
presence of high amounts of endogenous Fe.

As mentioned above, SPECT imaging is most often performed
using 99mTc with a half-life of 6 h. This isotope can also be quanti-



Fig. 9. Cartoon of the liver sinusoid illustrating the localization of the main cell types. Hepatocytes (HC), liver sinusoidal endothelial cells (LSECs), the liver resident
macrophages or Kupffer cells (KC) and the stellate cells (SC): SC are located in the space of Disse. Also shown in the cartoon are red blood cells (RBC) and white blood cells
(WBC). The small dots can be macromolecules, NPs or EVs. This cartoon is a copy of Fig. 2 in [32] reproduced with approval from John Wiley and Sons. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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fied in biological samples using gamma counting with correction of
disintegration at the time of analysis. Another possibility to mea-
sure the amounts of such agents present in e.g. blood and urine
samples is to benefit from the very high sensitivity of ICP-MS for
analysis of the non-radioactive 99Tc [121]. We are not aware of
any studies benefiting from ICP-MS analysis of substances labelled
with non-radioactive Tc. However, one of us was several years ago
involved in a study (not published) demonstrating a limit of quan-
tification of 10–20 pg/ml of Tc in blood and urine following injec-
tion in rats. Thus, this approach should make it possible to perform
part of biodistribution studies with non-radioactive Tc-labeled
substances, and also to measure Tc-content of samples so long
time after injection of 99mTc-labelled substance that it is not possi-
ble to quantify by gamma counting.
5.5. Magnetic resonance spectroscopy (MRS)

MRS can be used to identify and quantify many substances in
biological tissue/samples. This technique can be used to study PK
of drugs labelled with MR detectable nuclei such as 13C or 19F.
High-resolution magic angle spinning MRS is a relatively new tech-
nology that can be used for analyzing the metabolome of tissue
biopsies. For further information regarding the use of MRS to study
biological samples, see [123].
Table 4
Cellular composition of rat liver cells reported as percent of total liver cell number
and liver cell volume. Data from [126] and https://dliver.com/size-matters.

Liver cells % of total liver cell number % of liver cell volume

Hepatocytes 60–70 >90
LSECs 21 3.3
Kupffer cells 8.5 2.5
Stellate cells 5.5 1.6
6. Similarities and differences expected in the biodistribution of
NPs and EVs

Phagocytes are expected to play a major role in the clearance of
particles, including i.v. injected NPs and EVs, and several studies
during recent years have shown a similar biodistribution of i.v.
injected EVs as that reported earlier for NPs. Thus, a major amount
of the injected dose of EVs accumulates in liver, but the uptake in
spleen is also important [124,125] and is often higher than in liver
when quantifying the uptake per g tissue. In addition, uptake by
lungs are often reported to be high, but as discussed above this
could in some cases be due to aggregation of particles or leakage
of fluorescence from the particles.

Both liver and spleen can take up particles with a large variation in
size. Although one should be careful when concluding which organs
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and cells aremost efficient in taking up particles of a given size, it looks
like liver is more effective than spleen in taking up NPs up to 200 nm,
whereas spleen is more effective in taking up even larger NPs [125]. So
far most studies describing uptake of NPs into liver have focused on
the uptake by Kupffer cells, although there are several studies indicat-
ing that the LSEC may be similar or perhaps more important than
Kupffer cells for liver uptake of NPs smaller than 100 nm
[14,32,124]. Also, particles smaller than the size of liver fenestrae
may extravasate into the space of Disse (Fig. 9) where they can interact
with the hepatocytes. Estimates of how the various liver cells con-
tribute to the total cell number and liver volume are given in Table 4
(some of these data are reproduced from [126]). For more information
about the function and endocytic activity of liver cells, see [32,127]. In
summary, more studies are required to understand the contribution of
Kupffer cells, LSEC and hepatocytes to the total liver uptake of NPs and
EVs with various sizes and surface properties and to learn more about
the contribution of liver versus spleen for such uptake.

As mentioned above, PS present on the surface of cells/vesicles
has for a long time been known as an ‘‘eat me” signal for phago-
cytes. Also, for several years now, CD47, which is present in all
human cells, has been known to be a ‘‘don’t eat me” signal by start-
ing reactions that depress the phagocytic activity [128]. CD47 has
also been reported to be present on the surface of at least some
EVs, and an enhanced retention of exosomes compared to lipo-
somes in circulation following intraperitoneally injection was sug-
gested to be due to the presence of CD47 on exosomes [129]. We
are not aware of any studies describing if PS or CD47 provides
the most dominant effect, or if the effect of CD47 will differ
depending on whether the EVs have PS on the surface or not. It
should be noted that several other ‘‘eat me” or ‘‘don’t eat me” sig-
nals have been reported regarding clearance of dying cells [130],
but we are not aware of any discussions regarding the effect of

https://dliver.com/size-matters
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these other signals for the biodistribution of NPs or EVs. We are not
aware of any reports where researchers have tried to study if addi-
tion of PEG chains can hide or influence the effect of such ‘‘eat me”
or ‘‘don’t eat me” signals on clearance from circulation.

Discussions about whether the protein corona, i.e. binding of
proteins to NPs, can affect the in vivo behavior of the NPs have been
ongoing for many years. The protein corona described in these
studies often contains proteins involved in complement activation,
blood coagulation, macrophage uptake, and lipid metabolism
[117]. The discussions include how these proteins can contribute
to differences in PK, biodistribution, cellular uptake, and biological
effects of the NPs. Notably, it has been reported that there are dif-
ferences between the protein corona obtained in vitro (mice
plasma) and in vivo in mice [131]. Thus, more studies are needed
to investigate if or to which extent characterization of the protein
corona can explain the in vivo behavior of NPs.

Finally, we would like to mention that there are several reports
describing that the amount of drug-containing NPs homing to e.g.
tumors can be increased by ‘‘saturating” the liver uptake by pre-
injection of other NPs [132–134]. A similar idea was recently
reported for EVs; an elevated number of circulating EVs were
found in mice receiving a high fat diet, and these mice showed a
decreased uptake of EVs by Kupffer cells and LSEC [135].

7. Animal species and models used in preclinical studies

7.1. Animal species

To document efficacy and safety for regulatory approval of new
drugs to be injected in humans, the drug has to be studied in two
other species, normally one rodent and one non-rodent, before
testing in humans. Most often rats and beagle dogs are used,
although in some cases also primates are used. Pigs are also often
used as they show several similar anatomic and physiological char-
acteristics to humans regarding e.g. the cardiovascular, urinary and
digestive systems [136]. Pigs have, however, one major drawback
as animal model for i.v. injection of particles, because they have
intravascular macrophages in the lungs, typical for cloven-hoofed
animals. We have previously discussed problems revealed in a late
development phase due to injection of particles in pigs. Following
injection of an ultrasound contrast agent (Albunex, albumin-based
air-filled microspheres) the pig obtained massive increase in the
pulmonary pressure and a decline in the systemic arterial pressure,
and died after repeated injections [137]. However, at that stage this
agent had already been injected in several hundred people in clin-
ical trials without observing any cardiovascular effects. Injection of
the 125I-labelled agent in pigs resulted in 90% of the injected dose
ending up in lungs, whereas in rats 60% of the injected dose ended
up in liver and only 5% in lungs. As discussed in [137] it was con-
cluded that the effect in pigs was due to release of thromboxane A2
from the intravascular pulmonary macrophages. For further dis-
cussions regarding uptake of different particles by the intravascu-
lar pulmonary macrophages in various species, see [138,139].

When choosing which species to use for preclinical testing in
basic research laboratories it is important that less substance is
needed for testing in the smallest animals. Often one also wants
to compare several substances and only small amounts of some
of the substances may be available. When planning such experi-
ments the physiological parameters given for mice, rats, rabbits,
rhesus monkey, dog and humans (including organ weights and
blood volume) by Davies and Morris [116] are very valuable.

7.2. Animal models

It may be a challenge to select which animal model to use when
studying the therapeutic effect of drugs in preclinical studies,
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reviewed in [140]. Some aspects of selection of species to be used
for ADME studies was discussed in the previous section. Most
in vivo studies performed with NPs or EVs for cancer therapy are
done using immunodeficient mice with solid tumors. Formation
of tumors following subcutaneous injection of cells from various
cancer cell lines are most common. Such cells often show a rapid
tumor growth and these tumors normally show a tissue structure
very different from their human counterparts, including severely
altered microenvironment and changes in the vascular, lymphatic
and immune compartments. Patient-derived xenografts (PDXs)
are generated by subcutaneous implantation of surgically derived
materials from human tumors into immunodeficient mice and
may better simulate the human tumor microenvironment than
tumors formed following injection of cells. It should be noted that
the use of immunocompromised mice, which is required for suc-
cessful engraftment of the PDX, precludes the possibility to study
immune cell function. An orthotopically transplanted PDX means
that the tumor is placed in the natural anatomical site. We refer
to the following review articles for further information regarding
various tumor models in mice [141,142].

Tumor models in animals are of course needed if the goal is to
study the therapeutic effect of drug-containing particles. Such
models are also useful to estimate and compare the amount of dif-
ferent injected particles that end up in the tumor. We find it, how-
ever, important to stress that since very little of the injected dose
(in most cases not more than 1%) ends up in tumors, one can
expect the biodistribution data to be very similar after injection
of NPs or EVs in mice with or without tumor.
7.3. Usefulness of NPs or EVs for imaging or therapy

Most of the discussion in this article has been related to oppor-
tunities and challenges when studying the biodistribution of NPs
and EVs. A future goal for studies of drug-containing NPs will be
to follow both the NPs or its constituents as well as the drug. For
the therapeutic effect, it is not the particles themselves that are
important, but the active pharmaceutical ingredient they carry
and that the active substances get access to their targets. The drug
could have left the particles before the time-point for the biodistri-
bution measurement, or it may still be entrapped within the parti-
cles in a form where it is not able to reach its target. Thus, more
NPs or EVs reaching a target does not mean that more drug is avail-
able at the target; see discussion by Scott McNeil [38]. Also, even if
only very little of the injected dose is reaching the target, it may
still be enough to give a good therapeutic effect. For example,
although less than 1% of the injected dose of Doxil�/Caelyx� (the
first NP-based product that reached the market; liposomes con-
taining doxorubicin) was detected in tumors, that was still much
more than detected in tumors following injection of free doxoru-
bicin [143].

The data published so far show that most NPs end up in liver
and often with similar amounts of NPs per g tissue in spleen. Imag-
ing data also show that several NPs end up in high concentrations
in lymph nodes. As discussed above there are often also high sig-
nals from NPs detected in lungs and kidneys, although the origin
of these signals should be carefully evaluated. These tissues,
tumors and regions of inflammation are thus among the most
interesting areas to benefit from the use of NPs or EVs for drug
delivery. Regarding the possible use of such particles for imaging
we believe that it is most likely that they can be favorably used
for imaging of liver, spleen and lymph nodes. As discussed by us
earlier [27,48], authors of many of the studies describing the use
of NPs for medical imaging lack knowledge about what is needed
to bring such products into clinical use and should therefore ben-
efit from collaborating with scientists having that knowledge.



T. Skotland, T.G. Iversen, A. Llorente et al. Advanced Drug Delivery Reviews 186 (2022) 114326
Regarding the possible use of NPs for medical imaging, we refer to
an excellent review by Kiessling et al. [144].

When considering the use of NPs or EVs for drug delivery, it is
important to take into consideration the long list of studies needed
for obtaining approval for such use and also the risk/benefit anal-
yses one can expect pharmaceutical companies to perform before
starting development of new products [27]. Included in such eval-
uations is that less adverse effects are accepted for an imaging
agent to be used in healthy individuals compared to agents deliv-
ering a life-saving drug to patients. Thus, it is more likely that such
particles will be useful to deliver therapeutics than to deliver imag-
ing agents. Many scientists focus on the possibility to make thera-
nostics, i.e. to use the same product both for therapy and imaging.
This is a very useful approach for preclinical studies. However, the
ideal properties for products to deliver therapeutics and imaging
agents are different (discussed above), and it will be more compli-
cated to produce reproducible batches of theranostics than to pro-
duce products focusing on just one of the possible uses. Thus, we
are not convinced that theranostics will end up being as useful in
the clinic as in preclinical studies [27].
8. Conclusions and future perspectives

We have in the present article discussed opportunities, chal-
lenges and pitfalls when studying the biodistribution, degradation
and excretion of NPs and EVs. Although major improvements have
been obtained during recent years, we have still much to learn
about such processes and the interaction between NPs/EVs and
cells/tissues. The best way forward is in our opinion that authors
publish more detailed data about the characterization and stability
of the particles studied, and also discuss not only the advantages,
but also the challenges and draw-backs of the methods and mate-
rials used. Today only ICP-MS measurements of stable inorganic
NPs can be used to obtain quantitative measurements of the
amounts of NPs in selected organs/tissues.

Presently, fluorescent labeling is the most common method to
study the biodistribution of NPs or EVs in mice, but as discussed
in this article there are several challenges/pitfalls with that
approach. Labelling with radioisotopes and imaging using PET or
SPECT have several advantages regarding quantification, but also
with such analyses it is not possible to make sure whether the label
is still connected to the injected substance at the time of analysis
and whether the labelling method has changed the surface proper-
ties and thus the biodistribution of the injected particles. In the sci-
entific literature one can often see the statement ‘‘Seeing is
believing”. Regarding the issues discussed in this review it might
be beneficial to add the following question: What do we actually
see, the particles or just released labels?

Finally, if the intention is to bring such NPs or EVs into clinical
use it is important to have an interdisciplinary collaboration
between scientists from chemistry, biology, pharmacology, toxicol-
ogy, medicine and people with experience from pharmaceutical
industry.
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