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ABSTRACT

Nanoparticles have a great potential to significantly improve the delivery of therapeutics to the brain and may
also be equipped with properties to investigate brain function. The brain, being a highly complex organ shielded
by selective barriers, requires its own specialized detection system. However, a significant hurdle to achieve
these goals is still the identification of individual nanoparticles within the brain with sufficient cellular, sub-
cellular, and temporal resolution.

This review aims to provide a comprehensive summary of the current knowledge on detection systems for
tracking nanoparticles across the blood-brain barrier and within the brain. We discuss commonly employed in
vivo and ex vivo nanoparticle identification and quantification methods, as well as various imaging modalities
able to detect nanoparticles in the brain. Advantages and weaknesses of these modalities as well as the biological
factors that must be considered when interpreting results obtained through nanotechnologies are summarized.
Finally, we critically evaluate the prevailing limitations of existing technologies and explore potential solutions.

1. Introduction

In recent years, nanotechnology has gained increasing popularity in
the neurosciences due to its versatility and capability to adapt to specific
and individual requirements. Nanocarriers not only safeguard trans-
ported molecules from degradation but also provide precise control over
their release across both time and space [1-3]. Thus, they find signifi-
cant utility in diverse applications such as fluorescent labeling [4-6],
contrast enhancement [7,8] and targeted drug delivery [9-12]. Their
unique ability to interact with cells at the nanoscale level give them a
distinct advantage over conventional macro-molecular substances [13].
Nonetheless, despite the widespread use of nanotechnologies in various
industrial and consumer products [14,15], their application in the bio-
logical and medical field is subject to many specific challenges [16].
Particularly when targeting the brain, only a tiny fraction of injected
particles can successfully reach the target site, and the proportion of

* Corresponding author at: Feodor-Lynen-Strafe 17, 81377 Munich, Germany.

nanocarriers found in the brain compared to other organs is generally
low [17]. For instance, nanocarriers targeting the liver may exhibit an
uptake rate of 30-99% when systemically administered [18,19],
whereas brain uptake ranges from 0.01% to 0.5% [20-22]. The use of
nanotechnologies for the treatment of various brain pathologies such as
tumors [23-25], Alzheimer’s disease [26-28], ischemic stroke [29,30]
and traumatic brain injury (TBI) [31-33] has been promising experi-
mentally, and few brain-targeting nanocarriers are currently undergoing
advanced clinical trials [34-36]. However, no active brain targeting
nanocarrier is currently available on the market.

1.1. Brain barriers and their role in drug delivery

The central nervous system (CNS) consists of multiple compartments
such vessels, parenchyma, or cerebrospinal fluid (CSF), each separated
by specific barriers: the blood-brain barrier (BBB) (Fig. 1A), the blood-
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CSF barrier (Fig. 1B), the blood-arachnoid barrier (Fig. 1C), and the CSF-
brain barrier (Fig. 1D). A basic understanding of these compartments
and barriers is needed when aiming to detect nanocarriers, since the
biodistribution of NPs is a highly dynamic process, and particle accu-
mulation within any of the aforementioned compartments is possible.
Thus, both spatial and temporal information are key to properly inter-
preting particle behavior and assessing clinical relevance.

The BBB is a functional entity on the level of cerebral capillaries
which regulates passage from the blood to the brain, preventing the
entry of potentially harmful blood-derived molecules into the brain
parenchyma [37-39]. Tight junctions between capillary endothelial
cells create a physical barrier, thereby upholding the paracellular
impermeability of the BBB. In addition, the transcellular impermeability
of the BBB is further reinforced by the activity of membrane efflux
pumps [40,41] as well as the specialized lipid composition of the
endothelial cell-membrane. This lipid arrangement minimizes the for-
mation of caveolae invaginations [42], reducing nonspecific endocytosis
in brain endothelial cells. These characteristics of the BBB pose a sig-
nificant challenge for delivering therapeutic substances to the brain.
Under pathological conditions, however, loss of BBB integrity is a
commonly observed feature and may therefore facilitate drug delivery
[43]. For instance, alterations in endocytic rates can significantly impact
BBB integrity, even in the presence of intact tight junctions due to
increased levels of transcytotic vesicles [44], also contributing to the
compromised BBB function observed in conditions such as aging [45] or
acute stroke [46].The proper distinction between healthy and injured
conditions is therefore imperative when conducting pharmacological
research on the BBB. However, even in pathology, small molecule
therapeutics cannot sufficiently cross the BBB, suggesting the involve-
ment of complex restriction mechanisms. Consequently, there is a need
for further characterization of the pathophysiological processes of the
BBB to uncover therapeutic accessibility to the brain and develop novel
strategies.

Various in vitro BBB models have been developed to date, i.e. CNS
organoids [47], 3D vascular cultures [48,49] or BBB-on-chip [50] which
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aim to mimic transendothelial transport. Unfortunately, current
methods are still unable to fully replicate the dynamic complexity of
delivery processes in vivo. Pharmacokinetic parameters such as bio-
distribution, elimination, shear forces, opsonization or off-target
compartmentalization cannot be adequately reproduced in vitro. Drug
effects demonstrated using in vitro BBB models are usually hard to
replicate in vivo due to the limited knowledge about the final concen-
tration of the compound in the target organ or high adverse reactions,
especially in the liver or spleen. Therefore, for final validation, studies
should be conducted on the entire living organism. This is especially
critical in the context of brain targeting, where drug penetration through
the BBB is severely limited. This review therefore focuses specifically on
the in vivo application of nanocarriers.

1.2. Nanoparticles as theranostic agents

Apart from drug-delivery, nanoparticle-based technologies have
achieved a significant milestone by serving as detectors, enabling a
better understanding of cellular and subcellular processes, particularly
in monitoring the transmigration of various molecules and substances
across the BBB [51,52]. Due to their small size and high versatility, NPs
not only enhance the spatial resolution of imaging technologies [53,54]
but also enable real time visualization of dynamic processes in vivo
[55,56]. Conventional fluorescent ex vivo and intravital imaging is often
limited to visualization in cellular resolution. NPs loaded with contrast
agents provide a higher resolution of biological processes when com-
bined with well-established imaging modalities such as multi-photon
imaging [57], magnetic resonance imaging (MRI) [58,59] or X-ray
computed tomography (CT) [60]. Their surface can be functionalized
with a wide range of ligands [61], including but not limited to poly-
ethylene glycol (PEG), peptides, antibodies, deoxyribonucleic acid
(DNA) [62], ribonucleic acid (RNA) aptamers etc. This ensures stealth
properties and the ability to target tissues of interest or to detect bio-
molecules. Nevertheless, detecting and visualizing low concentrations of
NPs in target tissues or even individual particles remains a significant
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Fig. 1. Visualization of different compartments and barriers within the central nervous system (CNS). A. Blood-brain barrier (BBB): the BBB is composed of the
endothelial vessel wall, connected by tight junctions, as well as pericytes and astrocyte end-feet. NPs can cross from the vessel lumen into the brain parenchyma. B.
Blood- cerebrospinal fluid (CSF) barrier: the blood-CSF barrier links the blood stream to the CSF compartments of the CNS. NPs can therefore enter the CSF stream
and be cleared from the brain. C. Blood-arachnoid barrier: the blood-arachnoid barrier removes drugs from the brain tissue by transporting them from the cere-
brospinal fluid (CSF) to the meningeal lymphatic vessels; D. CSF-brain barrier: The CSF-brain barrier separates the brain parenchyma from the surrounding CSF. NPs
can stay in brain endothelial cells, exit the CSF stream and distribute within the brain parenchyma. Created with BioRender.com.
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challenge (Fig. 2).

In this review, we aim to provide a summary of recent pre-clinical
developments specifically in detection modalities based on nano-
carriers within the context of the CNS, while discussing their challenges
and potential implications. We differentiate between functional, quan-
titative and qualitative detection methods and discuss their respective
advantages and limitations, with a concise summary provided in
Table 1.

2. Detection methods

2.1. Functional assessments: animal behavior and survival to validate
drug delivery across the BBB

One of the earliest approaches to evaluate whether nanocarriers
crossed the BBB was via the CNS effect of the transported drug (phar-
macodynamics) detected by changes in animal behavior [63-65]
(Table 1 A). Behavioral readouts reflect the function of the CNS with
high levels of versatility, despite being prone to experimental bias. One
of the first examples was the use of loperamide [66], which is an opioid
receptor agonist, also known as Imodium®, primarily acting on p-opioid
receptors of the peripheral nervous system (PNS) to reduce diarrhea
[67]. In contrast to other opioids, i.e. morphine, loperamide has a
limited capability to cross the BBB due to efflux by P-glycoprotein [68].
Encapsulation of loperamide in polysorbate coated poly(butyl cyano-
acrylate) particles enhanced BBB crossing in healthy mice by measuring
the drug’s analgesic effect via the tail flick test [64]. Here, behavior was
used as a proxy for increased brain penetration of nanocarriers. This
same idea of using loperamide’s pharmocodynamic properties to mea-
sure central analgesic efficacy has also been used as proof of principle
experiment in further studies for assessing the potential of different NP
cores and coatings [69,70]. This can also be done for other analgesic
drugs: Yang et al. used NPs containing cobra neurotoxin with a central
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analgesic effect to show that brain accumulation was increased by
creating red light generated reactive oxygen species which open the BBB
and promote nanocapsule degradation to increase the penetration of the
drug into the brain [71]. The analgesic effect is measured using the hot
plate test as well as acetic acid-induced writhing and was indeed
reduced in the group where neurotoxin NPs were administered. Other
studies apply various NP-loaded drugs to healthy animals to induce
central neurological symptoms via specific drug-loaded nanocarriers,
such as amphetamine-induced psychosis or parkinsonism. Subsequently,
they employed a range of behavioral tests, like the forced swimming test
to assess depression-like behavior, activity chamber or open field tests
for locomotor function, and the passive avoidance test for memory
function assessment [72-76]. Such findings are usually underpinned
with biochemical and histological assessments to demonstrate the bio-
distribution of the applied compound [77].

The functionality of a drug may also be assessed via behavior in
various models of disease. For instance, Parkinson’s disease (PD) is a
progressive nervous system degenerative disorder that affects motor
function [78], therefore specific behavioral tests assessing motor func-
tion are commonly used to assess drug efficacy in animal models. Kundu
et al. tested curcumin and piperine delivery into the brain, both
impermeable to the BBB, and evaluate motor function via rotarod testing
in a PD mouse model. They support their findings by quantitative and
qualitative biodistribution assays [79]. Rotarod testing [80,81], as well
as additional spontaneous motor tests [82] or exploration tests for
higher cognition [83], are often use to validate drug permeability to the
brain in Parkinson’s disease by an improvement in motor function after
NP application. Similarly to PD, motor-functional assays may be used to
assess drug efficacy in rabbit models of cerebral palsy [84,85] or animal
models of Huntington’s disease [86,87], both diseases that primarily
affect motor function.

Other brain pathologies such as Alzheimer’s disease (AD) focus more
on neurocognitive assays. For instance, several studies use cognitive

Fig. 2. Schematic overview of commonly used detection modalities of nanoparticles for BBB permeability.
NIRF: near-infrared fluorescence; MRI: magnetic resonance imaging, NP: nanoparticle. Created with BioRender.com.
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Table 1
Summary of nanoparticle-related studies and reports sorted by the type of assessment.

Type of assessment references

BBB, disease, and size of NPs

Behavioral studies

(including memory and motor [31,63-66,69-77,79-98]
functions)
A. Functional

assessment:

validation of drug

delivery across the

BBB
Survival studies [100-112]

B. Quantitative
assays:

concentration .
Chromatographic essays

levels in . .
(including mass spectrometry)

functional tissue
translate BBB
permeabilization

[122-162,171-180,182-184,186-206]

healthy / intact BBB

pathological
BBB

Alzheimer’s
Disease

Parkinson’s
Disease

others

healthy / intact BBB

pathological
BBB

Glioma

Brain
metastases
from breast
cancer

healthy / intact BBB

pathological
BBB

Glioma

Cerebral
ischemia (e.
g., middle
cerebral
artery
occlusion)

others

< 100 nm [73-77,83]

100-200 nm [76,77] [64,86]

> 200 [63, 65, 66, 69, 71, 72, 771

< 100 nm [89,91,95]

100-200 nm [88,93,94,96]

> 200 nm [92,97]

< 100 nm [79,82,83]

110-200 nm [80,81]

Cerebral palsy, 3.2 nm + 0.4 nm — 21.0 nm + 1 nm [85]
Cerebral palsy, 8.5 nm [84]

Huntington’s Disease, particle size not stated [87]

Huntington’s Disease, < 200 nm [86]

Cerebral ischemia (middle cerebral artery occlusion), 50 nm [98]
Glioma, 167 nm, 290 nm [69]

Pentylenetetrazole induced cognitive impairment, 157.1 + 3.7 nm - 528.2 + 1.9 nm
[90]

Traumatic brain injury, 220 nm [31]

< 100 nm [100,101,104,105,108]
100-200 nm [102,105,107,109] [103,107,110,111]
100-200 pm (microparticle) [106]

e 145.2 nm [112]

particle size not stated [152]

< 100 nm [126,127,129,137,147,148,151,161,162,184,186,188,191,196,200,203]
[159,171,204]

100-200 nm
[122-125,132-136,139,141,143,146,148,155,156,179,187,189,190,194,195,203,206]
> 200 [123, 128, 131, 143, 145, 173, 197-199, 201]

4-5 pm [193]

< 100 nm [150,154,175]

100-200 nm [140,144,158,177,178,205]

e > 200 [158, 180]

e 71 + 9.5 nm [160]
e 139 nm [202]
e 143.6 £ 6.7 nm [174]

Breast cancer metastases, 40 nm [182]

Breast cancer metastases, 140 nm [138]
Parkinson’s Disease, 75.37 + 3.37 nm [192]
Parkinson’s Disease, 164 & 3 nm [142]

HIV-1 encephalitic mouse model, < 200 nm [130]
Temporal lobe epilepsy, 1.1 nm [149]

Epilepsy, 20 nm [172]

Cerebral palsy, 4.2-4.4 nm [183]

Diabetic cerebral infarction, 89 + 23 nm [157]
SOD1 mutated rats (neurodegeneration characteristics), < 80 nm [176]
Paraoxon-poisoned rats, 100 nm [124]

(continued on next page)
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Table 1 (continued)

Type of assessment

references

BBB, disease, and size of NPs

C. Qualitative and
quantitative
imaging
modalities:
localization and
distribution
patterns of
nanocarriers for
spatio-temporal
evaluation

Immunoassays (ELISA)
(occasionally in combination
with ITHC)

PCR assays

MRI-based multimodal
imaging

(including SPIONs/USPIO/
MPIO;

occasionally in combination
with PET or SPECT)

Non-invasive

in vivo
Fluorescence fluorescence
imaging and macro-
fluorescent imaging
NPs
Ex vivo
fluorescence
microscopy

[31,163-165,181,209,268,405]

[109,165,166,170,213,407]

[58,59,166,211-218,224-226,240-249,408]

[89,93,100,129,144,242,253-282,284,289-293,413]

[262,294-336,342-344,357,416,417]

healthy / intact BBB

pathological BBB

healthy / intact BBB

Glioma
pathological
BBB

others

healthy / intact BBB
Glioma

Cerebral

ischemia (e.

g., middle

cerebral

artery
pathological occlusion)
BBB

others

healthy / intact BBB

Glioma

Alzheimer’s
Disease
Cerebral
pathological ischemia (e.
BBB g., middle
cerebral
artery
occlusion)

others

healthy / intact BBB

particle size not stated [181]
80 nm [406]
342 + 23.5 nm [405]

e Glioma, 83.82-91.56 nm [268]

Glioma, 185.0 + 3.0 nm [165]

Cerebral ischemia (middle cerebral artery occlusion), 95 nm [163]

Parkinson’s Disease, 220.1 + 11.2 nm [164]
Traumatic brain injury, 220 nm [31]
Metachromatic leukodystrophy, 100-310 nm [209]

particle size not stated [407]
100 nm [213]

100-150 nm [109]

185.0 + 3.0 nm [165]

Cerebral ischemia (middle cerebral artery occlusion), 106 + 9.84 nm and 128 + 7.65 nm

[166]

Spinal muscular atrophy, particle size not stated [170]
110 and 143 nm [244]

< 100 nm [58,213,240-243,246,247,249] [245,409]
100-211 nm [213,242] [214,215,224,225,245,408,410]

5 nm [59]
106 + 9.84 nm and 128 =+ 7.65 nm [166]
212 + 1 nm [211]

Traumatic brain injury, 40 nm [212]
Traumatic brain injury, 80 nm [218]
Melanoma brain metastasis, 274 nm [216]
Intracranial tumors, < 100 nm [217]
Intracranial hemorrhage, 120 nm [411]
Temporal lobe epilepsy, 10-20 nm [226]
Parkinson’s Disease, 313.5-495.4 nm [248]
Alzheimer’s Disease, 263.1 nm [412]

particle size not stated [254]

< 100 nm [129,253,255,260,263,414]

100 nm - 200 nm [256,258,259,264,265,267]
> 200 nm [257,262,282]

< 100 nm [100,242,261,268,269,271,289,292,293]
100-161 nm [144,242,270,271,290,291]
951.37 £+ 110.32 nm [415]

35 nm - 100 nm [89,275,277]

100 nm - 170 nm [93,276-281]

27.96 + 0.77 nm and 31.52 + 0.82 nm [274]
100 nm [273]
153.2 nm and 151.8 nm [272]

Parkinson’s Disease, 222.5 nm [266]

Traumatic brain injury, 100 nm, 200 nm, 800 nm [413]
Tumor (murine mammary carcinoma), 100 nm [284]
Particle size not stated [322]

< 100 nm [295,303,309,310,317,320,321,332,342,416]
100-200 nm [297,305,308,320,327,336]

(continued on next page)
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Table 1 (continued)

Type of assessment references BBB, disease, and size of NPs
e > 200 nm [262,320,330,333]
e <100 nm [311,312,324,326,344]
Glioma e 100-200 nm [300,313,325]
e > 200 nm [298,307,329]
Cerebral
:c}r‘;‘;‘(‘ﬁ:e‘ e <100 nm [294,315]
cejrebral e 100 nm - 200 nm [343,417]
e 200 nm [301]
artery
occlusion)
pathological Alzheimer’s e 100-200 nm [299,302,306]
BEB Disease e 350 nm [304]
Traumatic e 4.9 nm - 50 nm [323,357]

brain injury

others

healthy / intact BBB

In vivo
fluorescence
microscopy
(e.g., intravital [57,212,284,374,375,379,380,382,383,386,388,394-399]
multi photon
imaging and
FRET)

pathological BBB

50 nm - 100 nm [310,314,357]

Brain metastasis of triple negative breast cancer, 126 nm [328]
Cerebral malaria, 495 + 14.4 nm [296]

hypothermic circulatory-arrest brain injury, 6.70 nm [319]
pentylenetetrazole induced seizure, 220 + 78 nm [316]
isoniazid-induced seizure, 130-150 nm [331]

Krabbe disease, 149 + 6 nm — 191 4 18 nm [318]
cerebral palsy, 3.2-4.7 nm [334]

spinal cord injury, 5.2 + 1.3 nm [335]

< 100 nm [57,374,375,379,383,388,394,397]

100-200 nm [57,374,379,382]

> 200 nm [379] [394]

Parkinson’s Disease, 70.3 + 1.7 nm [396]

Parkinson’s Disease, 88.36 4+ 1.67 nm [398]

Traumatic brain injury, 40 nm [212]

Traumatic brain injury, < 200 nm [380]

Alzheimer’s Disease, 16 nm [395]

Glioma, 320 + 84 nm [386]

Tumor (murine mammary carcinoma), 100 nm [284]
Alteration of BBB permeability (e.g. increase of intracellular osmotic pressure), 10-100
nm [399]

CNS tuberculosis, 50-150 nm [418]

BBB: blood-brain barrier; ELISA: Enzyme-linked immunosorbent assay; IHC: immunohistochemistry; PCR: polymerase chain reaction; MRI: magnetic resonance imaging; SPIONs: superparamagnetic iron oxide nano-
particles; USPIO: ultrasmall superparamagnetic iron oxide; MPIO: micro-sized particles of iron oxide; PET: positron emission tomography; SPECT: single photon emission computed tomography; NPs: nanoparticles; FRET:

fluorescence resonance energy transfer.
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behavioral tests to assess the permeability and therapeutic function of
quercetin, a natural antioxidant, loaded into NPs in order to evaluate
memory function in experimental animal models of AD [88-90]. Typi-
cally, the Morris water maze [91-94], Y maze [91,95] and novel object
recognition test [96,97] are used to determine drug efficacy in AD by
showing an improvement in test performance. Other examples of brain
pathologies examined by behavioral testing are ischemic stroke [98] and
TBI [99]. We also previously demonstrated better CNS functional
outcome in traumatized mice after systemic injection of brain-derived
neurotrophic factor (BDNF) conjugated with poly (lactide-co-glyco-
lide) (PLGA) NPs using the Neurological Severity Score and passive
avoidance tests [31].

Besides functional behavior, survival may also be used as outcome
parameter to assess nanoscale drug neurotoxicity/—protection. This
may help to assess drug efficacy, specifically for highly lethal neuro-
logical diseases, like cerebral palsy [84]. The most widely-used appli-
cation for survival studies is in high-grade brain cancer research such as
high-grade glioma or brain metastases in different animal models
[100-112].

The idea to measure the changes in CNS function as evidence for NPs
crossing the BBB is usually inexpensive, fast, robust, and therefore offer
a good screening approach for various drug-delivery platforms. How-
ever, using behavioral outcome as a read-out for a drug’s ability to
penetrate the BBB has obvious limitations. Firstly, it is susceptible to
many confounding factors such as the animal’s individual phenotype,
specifically in certain strains and using specific models of pathology.
Measurements can often be subjective and should therefore be carried
out in a strictly blinded manner. Moreover, the impact of the therapeutic
agent on peripheral receptors (i.e. pain receptors) or the potential for
harmful accumulation of the drug in peripheral organs could also affect
animal behavior, thereby complicating the interpretation of results.
Behavioral assays do not offer insight into the specific mechanism
responsible for crossing of the BBB, meaning the specific sequence of
events leading to the observed changes in behavior is left open for
speculation, i.e. increase in half-life of certain coatings, enhanced BBB
crossing, blockage of P-glycoprotein, action through peripheral nervous
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system (PNS) etc. When CNS pathology is present, i.e. in brain trauma or
stroke, inherent BBB dysfunction has to be assumed when interpreting
data and drawing conclusions. Moreover, behavioral studies provide no
spatial information on specific accumulation within affected brain
compartments relevant for the studied pathology, such as the motor
cortex for assessing motor function, the substantia nigra specifically for
PD or the amygdala in pain related studies. Consequently, behavior may
serve as a proxy for a drug’s efficiency, but needs to be complemented by
further analysis to resolve its mechanistic and spatio-temporal profile,
since the path between drug introduction and effect remains obscure
(Fig. 3).

2.2. Quantitative methods for analyzing nanocarrier transport across the
blood-brain barrier

Quantitative drug distribution assessment methods are useful for
confirming the presence of a loaded drug within the targeted organ, i.e.
the brain, to shed light on its kinetics within the living organism
(Table 1B).

Measuring NP mass is one approach to assessing the concentration of
(metallic) nanoparticles in a target sample. Various techniques, such as
UV-visible spectroscopy [113], Atomic absorption spectrometry [114],
Matrix-assisted Laser Desorption/Ionization Mass Spectrometry
(MALDI-MS) [115-117] and inductively coupled plasma mass spec-
trometry (ICP-MS) [118,119] rely on direct NP mass measurement in
order to ascertain tissue concentration. These methods offer distinct
advantages, providing high-resolution measurements, allowing for
analysis at the level of individual nanoparticles within a liquid sample.
Furthermore, they do not rely on fluorescent/radioactive tags which
might be altered during biological/histological processing.

In contrast, high-performance liquid chromatography (HPLC) is a
method separating molecules with different binding affinities to an
absorbent and commonly used to analyze a drug’s concentration in a
target sample with high specificity and sensitivity [120,121]. HPLC as-
says are standard for estimation of in vivo pharmacokinetics of NPs by
determining plasma concentration levels of a loaded drug over time
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[122-130] or biodistribution of drug-loaded nanocarriers by measuring
concentrations of their components in different organs [131-137] (i.e.
brain, liver, kidney, spleen, lungs or heart). Effectively, the pharmaco-
logical profile of nanocarriers can be determined using HPLC
[138-146]. HPLC may also be used to assess BBB permeability by
measuring brain concentration levels of nanocarrier components in the
brain, for instance to characterize a newly developed nanocarrier
[147-152] or application method such as focused ultrasound (FUS)
[153,154]. More commonly, however, chromatography is used to
measure the drug quantity loaded into a nanoparticle, thus allowing to
also determine the releasing capabilities of the specific carrier
[155-162].

Enzyme-Linked Immunosorbent Assay (ELISA) is an enzyme-based
immunoassay, commonly used for the detection of target analytes in
biological tissues. ELISA may be used to evaluate nanoparticle or drug
concentrations in the brain after systemic administration. For instance,
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we previously used this approach to quantify BDNF concentrations in
mice brains after application of PLGA-NP encapsulated BDNF in an an-
imal model of TBI [31]. Similar approaches were used in nanocarrier
studies assessing BDNF application after focal cerebral ischemia [163],
vascular endothelial growth factor (VEGF) concentrations in an animal
PD model [164] or Bevacizumab administration in a mouse glioblas-
toma model [165].

Finally, PCR may be used for NP distribution studies in the brain
[166], for instance by measuring RNA abundance after administration of
downregulating proteins or siRNA through NPs. NP technology en-
hances PCR quality and efficiency by improving yield, primer-DNA
binding, replication, and thermal cycling [51,167]. Inmuno-PCR com-
bines the advantages of PCR and ELISA, using fluorescence-labeled oli-
gonucleotides for heightened sensitivity [168,169]. Seo et al. quantify
miRNA in glioblastoma using qtPCR after administration of anti-miRNA-
loaded NPs [109]. Shabanpoor et al. measure level of full-length SMN2
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transcript after delivery of a splice-switching phosphorodiamidate
morpholino oligonucleotide in a mouse spinal muscular atrophy (SMA)
model [170].

While quantitative assays have become a staple in pharmacological
evaluation of nanomedicine studies, limitations have to be addressed
which have to be considered when analyzing data: Firstly, a significant
drawback involves tissue homogenization during processing which
limits exact brain localization (Fig. 4A). Recent studies have attempted
to overcome these limitations by adopting a tissue compartmentaliza-
tion approach, separating the brain into different tissue types such as
parenchyma and endothelium [171] or different compartments such as
cortex, hippocampus, cerebellum or striatum [172-176] (Fig. 4B).
Moreover, in tumor studies, dividing the brain into healthy and
tumorous tissue facilitates a better understanding of drug permeability.
For instance, Sulheim et al. separate the brain into its tumor bearing and
non-bearing hemispheres and measure drug concentration levels [177].
Others separate the brain into tumorous and non-tumorous tissue, thus
determining the increase of drug accumulation at the site of the tumor
and relating it to enhanced tumor uptake, hence claiming improved
efficiency of either NP composition, i.e. coatings specifically targeting
tumor cells, or application methods such as focused ultrasound (FUS)
[104,178-180].

Further, beside missing information on tissue compartmentalization,
quantitative assays often lack insight into precise spatial distribution at
cellular or sub-cellular levels. Bode et al. merge quantitative ELISA data
with qualitative immunohistochemical (IHC) stainings to investigate the
blood clearance rate and in vivo biodistribution of labeled NPs in the
brains of Wistar rats after intravenous injection [181]. They assess
peptide quantity in rat brains and CSF for drug delivery, as well as liver
for clearance. Immunohistochemistry (IHC) additionally provides
increased spatio-temporal resolution in the brain localization of NPs.

Additionally, objective quantification and comparison of NPs across
different studies remain challenging [17]. One way is to measure total
NP mass, which provides no information on carrier or drug bio-
distribution in off-target organs or elimination pathways. Wyatt et al.
address this issue in a murine model of brain metastatic breast cancer by
comparing intracranial, intracardiac and intravenous application of
camptothecin and measuring concentrations in tumor vs. healthy brain
[182]. Subsequently, they determine effectiveness of BBB crossing by
calculating the ratio of injected dose to concentration in the tissue (% of
initial dose; %ID). Several studies use this same approach to evaluate
nanocarrier pharmacokinetics [183,184]. A slightly more specific
measurement can be done by forming the ratio between nanocarrier-
encapsulated drug concentration levels within the plasma and the tis-
sue of interest (e.g. the brain) (% ID/g of tissue) [185] and even at
different time-points (%ID/time) [186-192]. This has the advantage
considering plasma elimination, therefore adhering to pharmacokinetic
principles, i.e. absorption, distribution, metabolism, and elimination. In
general, standardizing biodistribution calculations will aid in objec-
tively assess the extent of NP crossing.

Chromatography may also be used to evaluate various pharmaco-
logical applications to determine which shows the highest brain accu-
mulation. Intranasal application bypasses the BBB as it involves drug
absorption through the nasal mucosa and transportation along the ol-
factory and trigeminal nerve into the brain [193,194]. Nanomedicine-
based studies have consequently used chromatographic techniques to
compare intranasal to oral or systemic application [195-201]. Li et al.
analyze NR2B9c peptide released from nanocarriers after intranasal and
intravenous application at specific time-points examining specific brain
region and plasma levels [202]. This combination of spatial and tem-
poral distribution aids in understanding the pharmacokinetics and
—dynamics of intranasal application. Shobo et al. use liquid chroma-
tography in combination with mass spectrometric imaging to investigate
and visualize drug localization in the brain after intranasal application
[203].

Another inherent drawback of quantitative assays involves animal
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sacrifice at each time-point, increasing the required animal count and
hindering longitudinal tracking of biochemical and physiological pro-
cesses within the same animal over time. To address this, Zhu et al.
elegantly use microdialysis [204,205] for continuous measurement of
brain levels in the same animal over time to compare intranasal and
intravenous application [206]. Their work demonstrated improved
brain drug delivery via intranasal administration (Fig. 4B). However,
microdialysis also presents several disadvantages. Firstly, it does not
permit differentiating between vascular and parenchymal concentra-
tions, limiting the spatial information. Secondly, the possibility of dis-
rupting the vascular integrity remains, since the dialysis process creates
an area around the probe in which all solutes capable of crossing the
probe membrane are depleted [207]. Changes in the neurochemical
milieu may affect basal levels and/or the pharmacological responsive-
ness of the substance under study. Lastly, microdialysis has limited time
resolution (>1 min), which limits the dynamic assessment of NP bio-
distribution. More typically, 10-min collection periods are employed
[207].

Further limitations of quantitative assays included sample dilution
and contamination, affecting readout and data interpretation (Fig. 4C).
Contamination in PCR assays may lead to non-specific product ampli-
fications by incorporation of incorrect nucleotides. Further, quantitative
assays fail to distinguish between bound and free peptide, which is
crucial to assess drug bioavailability. In HPLC specifically, variability of
endogenous growth factor levels can interfere with the level of com-
pound carried by NPs, which is essential for data interpretation, notably
in pathological conditions [31,208]. Further, using incorrect standards
and controls may overestimate tissue drug release [209] (Fig. 4C).
Strategies to enhance ELISA therefore involve brain vasculature perfu-
sion with saline pre-processing to remove blood residues, sufficient
blocking and thorough washing of samples, as well as using the correct
standards to improve sample and result quality.

Dahlmann et al. propose a novel high throughput method for char-
acterization of in vivo targeted nanocarriers by making use of specific
nucleic acid barcodes [210] (Fig. 4D). These lipid barcoded NPs, when
pooled and injected into live animals, allow quantitative biodistribution
measurement across tissues using PCR deep sequencing. Currently, this
approach is only validated for liver and lung, while its application to
brain targeting holds promise for improved spatial distribution
understanding.

In conclusion, quantitative assays are valuable yet limited for
detecting BBB permeability. They efficiently assess biochemical pro-
cesses and quantify nanocarrier-based solutions in tissues for pharma-
cokinetic and biodistribution studies. However, these assays have
restricted ability to precisely localize nanocarriers and understand their
dynamics or interactions within target tissues. While useful for proof of
principle and indirect drug efficacy assessment, they lack insights into
drug delivery mechanisms and tissue targeting due to the absence of
spatial or temporal trajectories of NPs. Processing target tissues involves
homogenization, centrifugation and separation of the biomatrix,
yielding quantitative but not structural details at cellular or sub-cellular
levels. Hence, these assays are often complemented by imaging tech-
niques like fluorescent or radiographic imaging for comprehensive
analysis.

2.3. Qualitative and quantitative imaging modalities: localization and
distribution patterns of nanocarriers for spatio-temporal evaluation

2.3.1. MRI-based multimodal imaging

Earlier studies using MRI-based imaging modalities in NP research
focused on morphological characterization post-treatment, e.g. lesion
size after targeted drug-carriers application [166,211-214] (Table 1C).
While offering longitudinal pharmacodynamic insights non-invasively,
these approaches lack details on NPs’ brain penetration efficacy. The
subsequent evolution in nanomedicine introduced NPs as contrast
agents for diagnostic use. These agents usually consist of an MRI contrast
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NP core, sometimes incorporating or surrounded by targeting molecules,
improving contrast via selective tissue accumulation. Gao et al. devel-
oped gold nanoprobes for selective glioma penetration triggered by the
tumor’s acidic environment and concomitant activation of MR, enabling
more precise surgery [58]. Various other NP formulations have been
specifically designed for contrast enhancement [215-217]. Miller et al.
compared three contrast-enhancing NPs with different hydrodynamic
sizes and relaxation properties to assess their uptake and retention ki-
netics following intravenous injection in a controlled cortical impact
mouse model of TBI, assessing BBB crossing through particle accumu-
lation within the brain tissue [218]. MRI however lacks resolution for
nano-level targets and provides limited insight into molecular mecha-
nisms of treatments, essentially underutilizing nanocarriers diagnostic
potential. NP accumulation enhances signal-to-noise ratio, aiding MRI-
based brain targeting, yet interpreting results requires caution since
signal intensity cannot be seen in linear proportion to particle accu-
mulation. More importantly, many brain-derived components affect
MRI relaxation rates, additionally affecting data interpretation. Conti
et al. devised a protocol aimed at aligning in vivo observations with a
theoretical in vitro model of NPs behavior, thereby enhancing compre-
hension of NP dynamics and clearance in live animals. [219]. Briefly,
they introduce a mathematical model capable of accurately forecasting
the temporal evolution of Gadolinium-based NP distribution within the
brain subsequent to BBB permeabilization induced by focused ultra-
sound (FUS). Initially, the researchers evaluate NP diffusion character-
istics in vitro using agarose gel, followed by validation within the rat
brain environment. This stepwise procedure enables the normalization
of in vivo observations to raw in vitro data, facilitating MRI data refine-
ment and enhancing interpretability.

Superparamagnetic iron oxide nanoparticles (SPIONs) offer promise
as negative contrast agents due to their paramagnetic properties,
impacting MRI via T1 and T2 relaxation times [220,221]. Their long
blood half-life [222], easy surface modification and excellent biocom-
patibility [223] make them ideal for assessing BBB permeability. SPIONs
serve as contrast agents and drug carriers in brain disease models like
tumors [224,225] or epilepsy [226]. Optimal SPION size (10-50 nm)
balances elimination and phagocytosis, thereby increasing agent half-
life [227]. These ultrasmall superparamagnetic iron oxide (USPIO)
NPs may prove ideal for BBB leakage or brain targeting discovery, but
struggle with resolution, since even the most advanced high-resolution
MRIs can so far only provide imaging within the micrometer range
[228]. Aiming to increase signal and resolution, larger micro-sized
contrast agents (MPIO) were developed, thereby increasing signal in-
tensity. This however impedes the discovery of BBB permeability/tar-
geting due to their bigger size. MPIOs enabled molecular imaging of
brain vessels, demonstrated by targeting endoluminal vascular cell
adhesion molecule-1 (VCAM-1) by large MPIOs to showcase acute brain
inflammation in mice [229,230]. Conclusively, MPIOs are able to carry
sufficiently high amounts of contrast material to induce detectable
changes in MRI, while USPIOs are based on the principle of accumula-
tion [230]. These contrast agents have been employed in various
neurological pathologies, including ischemia [231,232], various
neurodegenerative diseases [233,234] or brain cancer [235], with ad-
vancements in biodegradable matrix-based magnetic particles [236].
Biodegradable MPIOs show promise for clinical translation, fostering
relevance for human usage.

The introduction of NPs to various imaging modalities, i.e. MRI,
positron emission tomography (PET) or single photon emission
computed tomography (SPECT) mark a significant diagnostic break-
through in the past decade [237]. Multimodal imaging merges separate
images, offering insights into NP biodistribution, cargo, and associated
biochemical processes [238]. Further, the direct translation to the
clinical setting makes these imaging modalities highly relevant for an-
imal studies. Debatisse et al. use gadolinium-labeled NPs of different
sizes for PET/MRI to image and quantify their transfer rate to charac-
terize BBB permeability in a mouse ischemic stroke model treated with
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ciclosporin A [59]. PET offers significant improvements compared to its
predecessors in terms of direct visualization of dynamic metabolic
processes. However, PET’s limited spatial resolution and lesion detect-
ability pose challenges in evaluating subtle permeability changes or
small regional differences, particularly for sub-molecular processes in
BBB crossing, requiring cautious interpretation [239].

To address these limitations, modifications of NPs for dual imaging
leverage the benefits of both PET/MRI and, for example, fluorescent
imaging [240,241]. Cui et al. employ a dual-targeting strategy
combining magnetic guidance and transferrin receptor-binding peptide
T7 for targeted delivery in an in vivo orthotopic glioma mouse model,
enabling tracking of brain accumulation by using fluorescence imaging,
synchrotron radiation X-ray imaging and MRI simultaneously [242].
Other studies also adopt dual targeting strategies, enhancing brain pa-
thology characterization by combining contrast enhancers like SPION or
gold particles [243-246]. Others incorporate dual targeting with MRI-
guided focused ultrasound to boost BBB permeability [247-249],
correlating MRI data with fluorescent signals in corresponding brain
areas.

Multimodal scanners merge advantages of different imaging tech-
niques, enhancing overall quality and readout (Fig. 2). MRI offers higher
resolution (25 to 100 pm) but low sensitivity, while PET provides high
specificity but lower resolution (1-2 mm) [250]. The challenge is
reaching the necessary resolution for quantitative and qualitative
assessment of BBB penetration by NPs, which is mostly limited to organ-
level detection.

2.3.2. Fluorescence imaging and fluorescent NPs

Fluorescent imaging offers rapid signal acquisition across various
time scales [251] and allows simultaneous detection of multiplexed
assays at cellular and subcellular levels using fluorophores emitting
different colors [252]. Recent advancements have notably enhanced
detection sensitivity, facilitating faster and easier single-molecule
detection. Fluorescent labeling offers qualitative and quantitative real-
time information on the target analyte, both in vivo and in real-time
(Table 1C).

2.3.2.1. Non-invasive in vivo fluorescence macro-imaging. By far, the
most popular method for live brain biodistribution and qualitative
analysis is in vivo non-invasive fluorescence imaging. It uses a sensitive
camera to detect fluorescence emission from fluorophores at a macro-
scopic level in whole-body living small animals, relating spatial-
temporal intensities to NP biodistribution. This approach is commonly
employed in nanomedicine studies to monitor real-time NP bio-
distribution by injecting a customized NP solution and measuring fluo-
rescence intensity at different time-points [129,253-258] as well as
brain accumulation, to test BBB permeability of a drug [259-267]
(Fig. 5A). It’s used notably in brain tumor studies for assessing targeted
brain accumulation [100,268-271] and in ischemic stroke studies to
detect changes in fluorescence intensity between affected and unaf-
fected brain hemispheres [272-274]. Alzheimer’s disease (AD) studies
have also used this method to monitor NP accumulations in the brain,
indicating enhanced plaque targeting and blood-brain barrier (BBB)
opening and helping to understand general biodistribution in various
organs and elimination rates over time [89,93,275-282].

Non-invasive in vivo fluorescence imaging provides quick and cost-
effective biodistribution quantification, but faces limitations due to
photon absorption, scattering, and auto-fluorescence in tissues, hinder-
ing accurate detection and quantification [283]. Traditional low emis-
sion wavelengths (~500 nm) like green fluorescent protein or luciferase
systems can interfere with tissue auto-fluorescence, complicating signal
separation from background noise. Enhancing signal-to-noise ratio in-
volves shifting to near-infrared wavelengths and using brighter fluo-
rescent agents like Cy5.5 and Cy7.5 encapsulated particles [284].
Advancements in near-infrared region II (NIR-II) imaging beyond 1000
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nm exhibit reduced interference with auto-fluorescence, enabling
deeper tissue imaging with improved stability and sensitivity [285].
However, whole-body fluorescence imaging lacks cellular/subcellu-
lar scale resolution [250], impeding precise evaluation of NP bio-
distribution within specific brain compartments (Fig. 1) or
understanding BBB targeting mechanisms (Fig. 5A). Moreover, beyond
the inherent challenges associated with detecting and distinguishing
NPs within various compartments of the brain, it is imperative to
consider the mechanisms governing their clearance and potential shifts
between compartments. Notably, transport proteins like LRP1 play a
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pivotal role in shuttling substances like Ap and other LRP1-targeted
nanocarriers from the brain into the bloodstream for metabolic pro-
cessing [286,287]. Therefore, remaining cognizant of the possibility of
NP translocation from one compartment to another within the obser-
vation period is paramount. Shi et al. enhanced BBB penetration by
creating angiopep-2 peptide-decorated chimaeric polymersomes (ANG-
CP) as a nontoxic and brain-targeting non-viral vector to boost the RNAi
therapy for human glioblastoma in vivo [288]. Their research demon-
strates the remarkable capacity of ANG-CP for BBB transcytosis, evident
through a substantially elevated efflux ratio of 2.4 compared to 1.0 in
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control counterparts, likely mediated via LRP-1 overexpressed on brain
capillary endothelial (bEnd.3) cells. Notably, Shi et al. utilized biolu-
minescence imaging to discern and quantify this augmented BBB
penetration, shedding light on the promising potential of ANG-CP for
targeted brain delivery in therapeutic contexts. Combining in vivo fluo-
rescence with ex vivo confocal imaging addresses this by offering more
precise NP localization within tumorous tissues [242,289-293]. Yang
et al. demonstrate this approach, defining the mechanism of
doxorubicin-loaded NP uptake in glioma tissue by co-staining brain
sections with tumor-associated macrophage markers (TAMs) [144],
showing higher co-localization of their NPs with anti-inflammatory M2
macrophages compared to free doxorubicin. Consequently, non-invasive
in vivo fluorescence imaging is valuable for capturing the dynamic
accumulation of particles but require complementation of higher-
resolution techniques for a comprehensive understanding of NP
behavior within biological systems (Fig. 5A).

2.3.2.2. Ex vivo fluorescence microscopy. Ex vivo fluorescence imaging is
used to further evaluate and confirm the biological behavior and
localization of fluorescent nanocarriers at target sites and investigate
their distribution in various tissues by measuring fluorescent intensity
levels in the brain [294-296] or in different organs [297-300] by
microscopy.

Assessing BBB permeability for nanoparticles by ex vivo fluorescence
microscopy is not standardized and varies across labs. Some groups
indirectly evaluate drug effect of a nanocarrier on biochemical processes
in the brain. Specifically, inflammatory changes in the brain, such as
reactive astrocytosis, microglia activation, and neuronal integrity, can
be visualized and quantified [301,302]. A more direct method involves
labeling NPs with fluorescent markers and tracking their distribution in
tissues. Gonzalez-Carter et al. visualize distribution of avidin-
functionalized nanomicelles (avidin-NMs) within the mouse brain
after i.v. injection [303]. Other studies similarly use fluorescent NPs to
track their localization within the brain [304-306], observed as speckle-
like structures with corresponding emission parameters within the ves-
sels or vessel wall [307,308], as well as in the surrounding parenchyma
[262,309], cortex [310], brain tumor [311-313] or with unspecified
localization [314-318].

Immunohistochemistry (IHC) stains cellular components to locate
NPs. Reports study fluorescently-labeled NPs co-stained with neurons,
microglia, and astrocytes, assessing distribution based on size and
composition [319-323]. Wen et al. show fluorescent glycolipid-like NPs
in tumor tissue and revealed increased vasculature permeability by
staining for claudin-5, characterizing BBB breakdown [324]. To enhance
visualization, combining in vivo fluorescent labeling and ex vivo immu-
nohistochemical staining via co-labeling techniques may be used. Han
et al. display NP localization in vessels and tumor cells after i.v. injec-
tion, suggesting brain entry through trans- or paracellular transport
across the BBB [325]. Kang et al. co-stain gold NPs with CD31, an
endothelial marker, and CD146, a marker of glioblastoma cells,
revealing particle interactions in tumor tissue [326]. NPs can mostly be
observed as speckle-like structures in brain cell bodies and their
respective processes [327-330], indicating vesicular transport
[331,332].

Ex vivo fluorescence imaging may also assess novel NP application
methods. Jain et al. apply dye-loaded polymeric NPs and free dye to the
nasal mucosa to investigate NP uptake [333]. Zhang F. et al. use ex vivo
immunofluorescence imaging to assess different formulations of
dendrimer-based NPs after intraamniotic administration for treatment
of cerebral palsy in rabbit fetuses [334]. They use a unique approach
based on the ability of the fetus to swallow amniotic fluid and compare
intraamniotic application with oral administration, tracing NP transport
across the intestinal villi and BBB to the brain vasculature. Zhang Y.
et al. demonstrated brain accumulation of chemically functionalized
gold NPs through intramuscular injection into the diaphragm of rats and
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transportation to the spinal cord and brainstem as a retrograde labeling
method of motor neurons [335]. They elegantly show BBB crossing by
visualizing NP signal in the phrenic nucleus of the ipsilateral injection
side only. Thomson et al. study magnetic immunoliposomes’ brain dis-
tribution with external magnetic force to open the BBB [336]. Their
results imply that application of magnetic force leads to the extravasa-
tion of fluorescently-labeled NPs, indicating BBB opening. Similarly,
sonopermeation has been shown to enable the safe and effective delivery
of nanomedicine to the brain, with multimodal imaging highlighting
that smaller-sized drug delivery systems more efficiently penetrate the
brain, offering promising strategies for treating central nervous system
disorders [337].

Ex vivo fluorescence imaging offers the highest resolution among
fluorescent-based methods, enabling precise evaluation of NP distribu-
tion in various brain pathologies at organ and cellular levels using mi-
croscopy. Compared to non-invasive live fluorescence macroimaging,
this system provides distinct advantages, such as high-resolution three-
dimensional analysis of the entire brain or co-localization analysis by
employing immunohistochemical markers for post hoc labeling of
cellular and subcellular structures using different emission wavelengths
in addition to fluorescent particles. However, some limitations must be
addressed for accurate scientific interpretation. The short tissue pene-
tration of fluorescent light due to scattering and auto-fluorescence cre-
ates high background tissue fluorescence in the brain [338] (Fig. 5B).
Importantly, auto-fluorescent components in tissue, like intracellular
vesicles such as endosomes, exhibit sizes (10-100 nm [339]) and
emissions similar to NPs. Biomolecules like NADH, folic acid, and retinol
emit light in the range of 450-500 nm, while riboflavin, flavin co-
enzymes, and flavoproteins emit in the range of 520-540 nm [340].
Moreover, lipofuscin and lipofuscin-like pigments show broad auto-
fluorescence (480-700 nm [341]), complicating their differentiation
from fluorescently labeled nanocarriers due to similar morphology.

We propose a method to differentiate NP fluorescence from tissue
auto-fluorescence by collecting signal both in the red and green chan-
nels, since the emission wavelength of auto-fluorescent emitters usually
is broader compared to the specific emission of fluorophores [342].
Subtracting the auto-fluorescent signals from brain images reveals true
NP signals at single-particle level. This method is recommended for
widespread use to distinguish between auto-fluorescence and NPs.
Similarly, Xu et al. measure vascular wall auto-fluorescence in the green
channel to avoid interference with NP signals within the thrombus in a
mouse ischemic stroke model [343]. Séhédic et al. suggested spectral
imaging to monitor tissue auto-fluorescence, red fluorescent protein-
labeled cells and NPs labeled with DiD dye, excluding interference and
capturing real signals [344].

Another key challenge is detecting individual NPs smaller than 200
nm, which is below the resolution of most optical microscopes. Brighter
particles may enhance signal-to-noise ratio, thus improving detection.
Organic dyes used in fluorescence imaging, which have the advantage of
biodegradability and low toxicity, have brightness limitations [345,346]
compared to inorganic fluorescent NPs [347,348]. Inorganic NPs like
quantum dots [349-351], nanodiamonds [352], and carbon dots [353]
are popularly used due to their brightness. Conversely, fluorescent
organic NPs made from organic dyes offer an attractive alternative,
addressing challenges like poor biodegradability, potential toxicity, and
limited brightness [354]. In this respect, we should highlight compre-
hensive reviews about current advances of dye-loaded polymeric [355]
and lipidic [356] NPs, showcasing their varied optical properties, size
flexibility, and potential clinical application due to their use of biode-
gradable materials (Fig. 5B).

Besides brightness limitations of individual particles, achieving suf-
ficient brightness for brain-targeted detection remains difficult due to
brain barriers limiting carrier penetration. Smaller particles (10-50 nm)
aid tissue penetration but contain fewer fluorophores [357], whereas
increasing fluorophore load risks aggregation-caused quenching [355],
both counterproductive to brightness and signal acquisition. Novel
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strategies, like using bulky hydrophobic counterions with ionic dyes
[358,359] was shown to resolve the problems of aggregation-caused
quenching and leakage of dyes in polymeric [360,361] and lipidic NPs
[362], enhancing NP fluorescence significantly. We developed a super-
bright lipid nanoemulsion loaded with rhodamine B and linked with
fluorinated tetraphenylborate (TFB), a bulky counterion, successfully
showing size-selective crossing of NPs across the BBB after brain trauma
[357]. High dye loading in NPs may additionally lead to fluorophore
leakage, reducing the signal further [363]. This leakage is a primary
cause of signal misinterpretation, often causing false positive results in
drug-delivery studies since it results in overestimation of particle
amounts and reduced imaging performance due to higher cellular up-
take of leaked dye [364]. Commonly used fluorophores like Rhodamine
B or Atto-488 can have high leakage rates (20-68%) when loaded into
liposomes [364]. Coupling fluorophores with bulky counterions like TFB
or modifying them with apolar alkyl chains makes them more hydro-
phobic and less prone to leakage (Fig. 5C). Additionally, Forster reso-
nance energy transfer (FRET) between encapsulated dyes can assess dye-
loaded NP stability and counteract leakage. Klymchenko et al. demon-
strate substantial differences in leakage between Nile Red and its hy-
drophobic analogue NR668 in vivo [365]. When assessing NP
accumulation via fluorescence, it is important to note that measuring
absolute values should be avoided. This is because the fluorescence in-
tensity of the synthesized NP can be notably influenced by different
factors such as, dye degradation, quenching or pH sensitivity [366].

Lastly, sample preparation (e.g. fixation, permeabilization, cutting
etc.) can decompose fluorophores or NPs, hindering further evaluation.
Detergents like Triton X-100 or Tween-20 used for cell lysis or per-
meabilization commonly destroy certain NPs, especially organic parti-
cles like lipidic ones [367], while inorganic particles such as those
derived from metals (quantum and carbon dots, silica NPs) and organic
polymeric NPs remain unaffected. Paraformaldehyde fixation may cross-
link tissue molecules but not all types of NPs, leading to NP loss during
tissue washing in staining procedures, hampering signal detection in
fluorescent methods [368]. Scanning whole brain sections with intense
laser light for prolonged periods may cause photobleaching and reduce
fluorescent signals. Moreover, fixed and treated samples emit high auto-
fluorescence that interferes with NP fluorescence.

To address these issues, a novel method of fluorescent correlation
was recently described [357]. Briefly, the mouse brain vasculature was
labeled in vivo by injecting fluorescent lectin before sacrificing the ani-
mal (Fig. 5D). Then confocal images of coronal sections were acquired,
collecting fluorescent signal from injected NPs and lectin. This method
retained maximum NP signal while preserving vascular landmarks
stained with lectin. Subsequent IHC staining reduced NP signal drasti-
cally while preserving lectin signal. Scanning the IHC-stained sections
and using lectin as a landmark allowed correlation of NP fluorescence
with newly stained cell signals, i.e. microglia [357].

Finally, for precise localization of NP signals within intricated brain
structures—whether nestled within the brain parenchyma, traversing
the brain’s vascular system, or confined within the endothelium of the
BBB—Correlative Light and Electron Microscopy (CLEM) emerges as an
innovative technique. CLEM integrates the capabilities of both Light
Microscopy (LM) and Electron Microscopy (EM). Cellular structures are
first imaged under LM, and the identical structures acquired under EM to
obtain their ultrastructure. Information obtained by LM can be linked to
the ultrastructure of the region of interest. This synergistic approach
furnishes a structural framework for elucidating cellular behaviors.
Achieving such correlation necessitates the identification of specific
landmarks. These landmarks can be delineated through various means,
such as laser branding, leveraging inherent anatomical features like
blood vessels and cell bodies, or employing engineered markers like
genetically expressed tags or nanoparticles [369]. Furthermore, recent
advancements have showcased the efficacy of fluorescent lipidic NPs in
delineating microthrombi nestled within cerebral capillaries. Their
heightened lipidic density renders them detectable not only through

228

Journal of Controlled Release 371 (2024) 216-236

confocal and two-photon microscopy but also in EM, enabling the
evaluation of single nanoparticle behavior in subcellular resolution in-
side brain endothelial cells dynamically [357,370]. For an in-depth
exploration of the latest advancements and future prospects in the
realm of CLEM, readers are directed to an exhaustive review authored by
Hayashi et al. [371].

TFB: tetraphenylborate; FRET: fluorescence resonance energy
transfer; IHC: immunohistochemistry; NPs: nanoparticles. Created with
BioRender.com.

2.3.2.3. In vivo fluorescence microscopy. Ex vivo brain imaging relies on
tissue fixation, potentially altering temporal fluorescent signal trajec-
tories. Intravital multi-photon imaging addresses this by providing high-
resolution, real-time signal acquisition in living animals. This method
offers dynamic, accurate physiological information, detailing NPs’
behavior within brain tissue and their movement from vasculature.
Intravital microscopy in nanotechnologies allows detailed observa-
tion of NPs within brain tissue and their movement from vessels. Single-
or multi-photon microscopy, popular for live imaging, involves excita-
tion of administered fluorophores by photons in the live animal, col-
lecting the emitted signal [372]. Single-photon microscopy enables fast
and high-resolution live imaging acquisition based on a point-by-point
scanning, but faces limitations in deeper tissue depths due to strong
light scattering [373]. Rabanel et al. address this issue by utilizing
zebrafishes’ translucent properties, microinjecting NPs into the circu-
lation of live zebrafish and testing different densities of PEG coatings for
their BBB crossing abilities by observing characteristic speckle-like
structures within vessels and some particles outside the vessel wall
[374]. Chen et al. expanded this approach by microinjecting NPs into
zebrafish brain, blood, and spinal cord [375]. They noted rapid NP
accumulation throughout the brain but observed limited extravasation
into surrounding tissue, suggesting distinct NP behaviors between sys-
temic blood injection and brain-specific injection in live zebrafish.
2-photon microscopy (2-PM) offers increased imaging depth due to
longer wavelength, minimizing tissue scattering and photodamage
[376]. Multi-photon microscopy reduces scattering by exciting in situ
fluorophores with multiple photons [377]. It also utilizes second-
harmonic generation (SHG) for non-linear imaging which is more
resistant to bleaching and does not saturate with higher illumination,
providing unique contrasts for live cell and tissue imaging comple-
mentary to fluorescence [378]. Baghirov et al. assess mesoporous silica
NP permeability across the BBB using 2-photon imaging but do not
observe significant extravasation into the brain parenchyma [379].
Zinger et al. use intravital microscopy for capturing the cerebrovascular
targeting of fluorescent NPs before and 24 h after TBI and NP admin-
istration [380]. To confirm the presence of NPs within the vasculature,
they stained the vessel wall with collagen IV and visualized NPs both in
and outside of the vasculature. Al-Ahmady et al. elegantly combine
intravital 2-photon microscopy with MRI and IHC, describing a biphasic
extravasation of liposomes following stroke in mice [381]. Further, to
test brain-targeted receptor-mediated transcytosis, Kucharz et al. per-
formed intravital 2-photon imaging after systemic application of trans-
ferrin receptor-targeted 135-nm liposome NPs in the brain vasculature
of mice [382]. They load liposomes with Atto550 or Atto488 fluorescent
dye, co-labeled the vasculature using FITC and demonstrate NP-
associated punctates inside the vessel wall, as well as in the surround-
ing extravascular space. The authors conclude that transcytosis-
mediated brain entry of NPs occurs mainly at the level of post-
capillary venules as they are the point-of-least resistance in the BBB
[382]. Moreover, this study demonstrated that the retention of NPs in
the brain is dynamic and highly depends on clearance systems, like the
paravascular glymphatic transport, which can only be evaluated
through dynamic visualization systems. In our own work, we use
intravital 2-PM to demonstrate real-time single particle motion and
tracking in different brain compartments [57]. Ultra-bright polymeric
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74-nm NPs made from biocompatible poly(methyl) methacrylate loaded
by rhodamine coupled with a bulky counterion are used to show
Brownian movements of the individual particles inside the sub-
arachnoid space as well as particle extravasation through the BBB
after brain injury. In a different study, we test low-dense lipoprotein-
dependent receptor-mediated transport in brain capillaries and show the
retention of 74 nm poloxamer 188 coated PLGA NPs inside brain
endothelial cells (BECs) [342]. Further, the biodistribution of individual
NPs is characterized ex vivo using confocal microscopy with additional
co-stainings. Anraku et al. demonstrate a time-dependent distribution of
their glycosylated nanocarriers using 2-PM for two hours and performed
co-staining for endothelial cells, neurons, microglia, and astrocytes to
elucidate particle trajectories across the BBB [383].

While intravital 2-PM provides dynamic, high-resolution, three-
dimensional visualization of NP behavior and therefore gives valuable
information of the particles’ spatio-temporal distribution inside the
brain, many factors should be considered when interpreting results,
especially in order to accurately analyze BBB function in healthy and
injured subjects. Firstly, the animals’ physiological parameters must be
considered, which are likely to influence BBB integrity and drug per-
formance. The long exposure to anesthesia needed for intravital imaging
as well as cranial window preparation might lead to BBB dysfunction
[384] and may therefore be important confounding factors. Severe
phototoxicity caused by 2-photon laser can cause damage of the brain
and subsequent leakage of the BBB [385]. Next, interpretation of the
acquired signal remains limited, since different possibilities of what can
be seen could be argued: individual particles, aggregates of particles, or
endosomes containing fluorophores leaked out from particles. Despite
deeper penetration of the laser, imaging quality is typically restricted
due to light scattering and high background auto-fluorescent signal
[386], rendering NP detection outside of the vasculature difficult due to
reduced imaging quality.

Finally, an important restriction of in vivo fluorescence microscopy is
the restricted field of view, since its size is defined by anatomical limi-
tations of the cranial window preparation. Partly, these drawbacks may
be solved by the usage of non-invasive in vivo skull clearing techniques
[3871, which additionally have the advantage of preventing inflamma-
tion of the brain and maintaining regular CSF circulation, both phe-
nomena impaired after cranial window preparation. Additionally, three-
photon microscopy may significantly advance the imaging field by its
use of wavelengths beyond 1200 nm and subsequent ability to penetrate
much deeper into the tissue, thus enabling direct imaging of NPs bio-
distribution in the hippocampus, ventricles or choroid plexus [388].

For future nanomedicine approaches, Forster or fluorescence reso-
nance energy transfer (FRET) presents new possibilities. FRET involves
non-radiative energy transfer between excited donor and acceptor flu-
orophores through dipole coupling [389,390], only occuring when the
intermolecular distance is smaller than the Forster radius, generally
below 10 nm, ideal for the detection of interactions between molecules
in vivo at nanometer scale [391]. It distinguishes intact nanocarriers
from degrading ones, allowing real-time content release localization
within tissue based on donor or acceptor channel signal intensity
[284,392,393]. Few studies so far have implemented FRET for brain
accumulation assessment in targeted drug delivery. Initial studies used
FRET nanoprobes in zebrafish for BBB kinetics [394-396], followed by
implementation in murine models. Liu et al. use FRET-based NPs
composed of AIE luminogens and NIR dyes with enhanced three-photon
near-infrared emission for a novel approach of in vivo brain angiography
of the mouse brain vasculature [397]. FRET improves single particle
signal, imaging depth, and resolution due to small fluorophore size
[390]. Other studies use FRET to not only visualize the vasculature, but
further assess particle degradation for potential drug release within the
brain tissue in various brain pathology models [57,398-400] indicating
BBB permeability. However, FRET’s fragility requires careful imple-
mentation and continuous multimodal nanocarrier development for
future use [401].
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In summary, reliable fluorescent nanocarriers for imaging need
specific attributes: adequate brightness, near-infrared excitation/emis-
sion, chemical and photo-stability, and proper surface chemistry (often
PEGylation) for extended circulation and minimal non-specific in-
teractions [402,403]. Specific tissue targeting necessitates ligands like
antibodies or aptamers [404]. Nanocarriers for medical use should be
non-toxic, biocompatible, and soluble in biological fluids. Standardiza-
tion of NP preparation and handling is crucial for reproducibility across
laboratories [365]. Studies using in vivo/ex vivo confocal and multi-
photon imaging typically involve smaller (<100 nm) NPs, while alter-
native detection methods like MRI, PCR, and ELISA tend to involve
larger NPs (>100 nm), as outlined in Table 1.

3. Conclusions

In recent years, many well-established detection modalities have
been introduced to assess BBB permeability of nanocarriers for specific
targeted drug delivery to the brain (Fig. 2). Indirect approaches, such as
behavioral studies allow the assessment of drug efficacy in the brain for
substances that typically struggle to reach the CNS. Quantitative assays,
such as immune- and chromatographic assays, directly measure drug
concentrations within the target tissue, while various imaging modal-
ities enable evaluation of NP behavior in the living organism, both
statically ex vivo as well as dynamically in vivo. Among these modalities,
fluorescence imaging with nanoparticles stands out, enabling both high
resolution imaging down to single-particle detection by multiphoton
intravital microscopy, and whole-body imaging through near-infrared
macroscopy methods. These biodistributional analyses promise ad-
vancements in sophisticated nanocarriers and contrast agents with
improved detection capabilities, potentially setting new standards in
nanotechnology. The ultimate objective is to identify individual parti-
cles at subcellular levels and monitor dynamic changes. Correlating
different detection methods and continually advancing multimodal
probes will facilitate more precise investigations at high spatial and
temporal resolutions. This advancement holds the potential to yield
groundbreaking insights into the pathophysiology of various brain dis-
eases, paving the way for enhanced diagnostic and therapeutic
strategies.
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