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Quantifying nanoparticle delivery: challenges, tools, and 
advances
Mario Y Mata Corral*, Damian E Alvarez* and Wilson Poon

This review explores challenges and methods for quantifying 
nanoparticle delivery in therapeutic applications. We discuss 
three main approaches: (1) functional readouts that assess 
therapeutic effects post nanoparticle administration, (2) 
nanocarrier tracking that directly monitors the nanoparticle 
localization, and (3) cargo tracking that infers nanoparticle 
localization by measuring encapsulated agents or attached 
surface tags. Reanalysis of the Wilhelm et al. Cancer 
Nanomedicine Repository dataset found mixed quantification 
methodologies, which could cause misleading conclusions. We 
discuss potential pitfalls in each quantification approach and 
highlight recent advancements in novel technologies. It is 
important that researchers select appropriate quantification 
methods based on their objectives and consider integrating 
multiple approaches for a comprehensive understanding of in 
vivo nanoparticle behavior to facilitate their clinical translation.
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Introduction
Nanoparticles show great promise for drug and gene 
delivery applications. Nanoparticle-based carrier systems 
can enhance the solubility of hydrophobic drugs, extend 
blood circulation time, control temporal release of drugs, 
and deliver cargo to specific cell types. Nanoparticle 
delivery quantification is important because nano
particles need to access their intended target site at 
sufficient dosage to elicit their therapeutic function [1]. 
There are three main modes of quantifying nanoparticle 
delivery: (1) functional readouts, (2) nanocarrier tracking, 

and (3) cargo tracking (as shown in Figure 1a). It is in
appropriate to compare different nanoparticle delivery 
system designs when different measurement modalities 
are used. For example, in cancer nanomedicine, many 
meta-analyses have been conducted to evaluate tumor 
delivery of different nanoparticle designs. Notably, 
Wilhelm et al. systematically analyzed hundreds of na
noparticle tumor delivery datasets and found that only 
0.7% (median) of systemically administered nano
particles reached the tumor [2]. Other groups have re
fined or updated the inclusion criteria [3,4], considered 
additional measured parameters [5], or performed more 
comprehensive pharmacokinetic modeling [3,4,6] to 
quantify delivery efficiency more accurately. However, a 
significant conceptual gap still exists since the quantifi
cation methodologies are vastly different throughout 
literature. It is known that nanocarrier distribution can 
be different from its cargo distribution, and delivery of 
the therapeutic cargo may not yield sufficient observable 
functional effects [7–9], as shown schematically in 
Figure 1a. We reanalyzed Wilhelm et al. dataset and 
recategorized the entries as carrier or cargo tracking, and 
further subcategorized by analytical quantification tech
niques. Functional readout measurements were ex
cluded from the initial dataset already. Our reanalysis 
(Figure 1b) shows that ∼66% of entries used cargo 
tracking versus ∼34% used carrier tracking methods. 
Imaging-based techniques were preferred in cargo 
tracking entries (∼69%), whereas spectrometric techni
ques were majorly used in carrier tracking (∼78%). As 
such, it is evident that the delivery efficiency values and 
pharmacokinetic parameters derived from these nano
particle tumor delivery meta-analyses may be misleading 
due to the mixed quantification methodologies used, 
akin to comparing apples to oranges.

Functional readouts
Functional readouts encompass methodologies for mea
suring therapeutic activity, outcomes, and efficacy post 
nanoparticle administration as summarized in Figure 2a. 
In cancer nanomedicine, examples of functional read
outs include survival, disease remission, and tumor 
growth inhibition. Functional readout examples in gene 
delivery include transgenic protein expression or gene 
expression profile changes.

Transgenic reporter animals are becoming increasingly 
popular and useful in functional readout approaches. 
These animals are genetically engineered to express 
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fluorescent, bioluminescent, or other detectable markers 
upon a specific trigger. They are amenable to in vivo 
longitudinal tracking methods and ex vivo quantification 
or visualization techniques [10]. Two common types of 
transgenic reporter mice used to quantitate nanoparticle 
delivery are (1) Cre/lox systems and (2) reporter protein 
restoration systems as summarized in Figure 2b and c. 

In Cre/lox systems, Cre recombinase is delivered either 
as a gene or protein using nanoparticles. Cre re
combinase excises out the stop cassettes between loxP 
sequences that prevent downstream transcription from a 
strong promoter. This subsequently leads to production 
of a reporter protein in the specific cells to mark where 
nanoparticle delivery occurred. Ai9/Ai14 mice and 
mTmG mice are common Cre/lox reporter mice used for 
quantifying nanoparticle delivery. Ai9/Ai14 mice are also 
often used to evaluate nanoparticle-based delivery of 
CRISPR–Cas genome editors, where sgRNA guides 

direct Cas9 to the 5′ and 3′ loxP sites to excise the stop 
cassette and turned-on expression of the tdTomato re
porter [11,12]. In reporter restoration systems, a muta
tion in the coding sequence disrupts reporter protein 
function. Upon nanoparticle administration of genome 
editing tools, gene editing and repair correct the muta
tion to restore reporting activity. Examples of reporter 
restoration animals include the ΔeGFP [13] mouse with 
a frameshift mutation in eGFP transgene, and the LumA 
mouse with a nonsense mutation in the luciferase 
transgene [13]. 

Several caveats must be considered when assessing de
livery through reporter expression. First, fluorescence 
reporter mRNA may not yield sufficient expression de
tectable above background fluorescence in vivo [14]. 
Additionally, reporter expression timing must be fac
tored in as it typically takes hours after nanoparticle 
entry for expression and function initiation in cells [15], 

Figure 1  
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Reanalysis of Cancer Nanomedicine Repository data based on quantification methodology. (a) Example of using three modes of quantifying 
nanoparticle delivery — a mouse is injected with a nanoparticle where the nanocarrier is tagged with a red fluorescent dye, and the gene cargo that 
encodes for a blue fluorescent protein is tagged with a green fluorescent dye. In vivo animal imaging using the red fluorescence channel would be 
cargo-tracking, using the green fluorescence channel would be cargo-tracking, and using the blue fluorescence channel would be functional readout. 
Notably, overlaying all three fluorescent channels shows that the carrier, cargo, and expressed functional protein do not have the same biodistribution 
and delivery in the animal. (b) Reanalysis of Cancer Nanomedicine Repository information from Wilhelm et al. by nanoparticle delivery quantification 
method and analytical technique [2].   
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Figure 2  
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Functional readouts for quantifying nanoparticle delivery. (a) Examples of functional readouts for nanoparticle-based drug and gene delivery. (b) 
Schematic of the Cre/lox reporter system. (c) Schematic of the reporter protein restoration system.   
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which results in poor temporal resolution for quantifying 
nanoparticle delivery. Furthermore, reporter expression 
can persist over an extended period in vivo, but its level 
is influenced by many external factors unrelated to na
noparticle delivery. For example, using the single- 
sgRNA system with Cas9 editing in Ai9/Ai14 transgenic 
mice can randomly remove 1 or 2 of the 3 stop cassettes, 
leading to varied TdTomato expression and fluores
cence output [16,17]. Moreover, there can be in
accuracies in genetic recombination in Cre/lox systems 
after Cas9 editing and Cre-mediated recombination, 
which can decouple reporter expression from nano
particle delivery [18]. Reporter mice can also mis
represent delivery due to variations in cell types, their 
division rates, and preferred DNA repair mechanisms to 
affect reporter protein expression [19]. In summary, 
transgenic mice models offer valuable insights into na
noparticle function, but provide only semiquantitative 
nanoparticle delivery data. They can assist in studying 
nanoparticle behavior but should not be solely relied 
upon to make definitive claims about targeted delivery 
or reduced off-target effects. 

Carrier tracking 
Carrier tracking involves analyzing the distribution and 
localization of nanocarriers based on the intrinsic phy
sical properties of the tracked nanomaterial. The main 
carrier tracking methods in vivo include magnetic re
sonance imaging (MRI), ultrasound, near-infrared (NIR) 
fluorescence imaging, and computed tomography (CT) 
as shown in Figure 3a. 

MRI is commonly used to track superparamagnetic 
iron oxide nanoparticles (SPIONs) because the 
magnetic moments of the nanoparticles’ constituent 
iron oxide crystals can align with the MRI’s magnetic 
field. Clinically approved SPION formulations, in
cluding Feridex® and Feraheme™, can be tracked 
using MRI in vivo as negative contrast agents [20]. 
MRI tracking has sufficient deep tissue penetration 
for clinical use, but it is not linearly quantitative for 
nanoparticle concentration due to magnetic field in
homogeneities and intrinsic background magnetic 
signals [21]. Emerging magnetic particle imaging 
(MPI) techniques offer improved in vivo SPION lo
calization [22,23] by providing enhanced sensitivity 
and specificity since it generates positive contrast  
[23]. Additionally, MPI directly detects the elec
tronic magnetization of SPIONs, surpassing the nu
clear magnetization of protons seen in MRI by a 
factor of 108, thereby allowing the detection of sub
nanomolar iron concentrations from nanoparticles  
[23,24]. Ongoing efforts aim to upscale the size and 
availability of magnetic particle imagers to make 
them more accessible in clinical settings for patient 
use [22,24]. 

Although it has lower tissue penetration compared with 
MRI, ultrasound imaging is also a valuable tool for 
monitoring nanocarriers in vivo due to its clinical acces
sibility [25]. Nanoparticles in ultrasound imaging create 
contrast by scattering and reflecting acoustic waves due 
to their high-impedance mismatch with surrounding 
tissues [26]. Micro- and nanobubbles are commonly used 
ultrasound contrast agents that generate strong echo
genic responses [27]. Recent innovations in ultrasound- 
based tracking include the development of new acous
tically sensitive nanocarriers and evaluating their con
trast using higher-order harmonics and phase shift [28]. 
For example, novel acoustic gas-filled nanoscale protein 
nanostructures termed gas vesicles (GVs) have been 
developed with strong sound wave reflection capabilities  
[25,29]. Protein engineering can create GVs with distinct 
fundamental and harmonic responses, enabling multi
plexed ultrasound imaging through spectral analysis [30]. 
Additionally, GVs with adjustable collapse pressure en
hance ultrasound imaging sensitivity by controlling their 
intrinsic scattering pattern [30,31]. 

Another popular in vivo nanocarrier tracking metho
dology is NIR imaging, which uses NIR light-absorbing 
or NIR light-emitting nanoparticles as contrast agents  
[32]. Notably, NIR light can penetrate deeper into tissue 
compared with visible light due to reduced tissue scat
tering, absorption, and autofluorescence background  
[33]. Quantum dots and upconversion nanoparticles are 
commonly used with NIR imaging [34]. Recently, new 
strategies in signal analysis have harnessed the optical 
properties of NIR nanoparticles for delayed and persis
tent luminescence imaging [35]. Fan et al. engineered 
lanthanide-doped NIR nanoparticles with varying lu
minescence lifetimes spanning three orders of magni
tude, enabling time-domain-multiplexed in vivo imaging 
in mice [35]. Additionally, Pei et al. developed X-ray- 
activated, lanthanide-doped nanoparticles with long 
emission times for high-contrast in vivo imaging without 
external illumination, thereby greatly reducing back
ground noise from autofluorescence [36]. 

Positron emission tomography (PET) and single-photon 
emission tomography (SPECT) use radiolabeled nano
particles for nuclear imaging [37]. PET uses positron- 
emitting isotopes, whereas SPECT uses gamma-emit
ting isotopes. These nuclear imaging techniques are 
highly sensitive to concentration but usually require X- 
ray computed tomography or MRI for anatomical re
ference [38]. Incorporating radioactivity into inorganic 
and polymeric nanoparticles directly can be achieved 
through various methods such as specific trapping or ion 
exchange of radionuclides into nanoparticle via co
ordination bonding, hot-plus-cold precursor synthesis, 
and proton beam activation [37,39]. For instance, 
Frellsen et al. trapped 64Cu into gold nanoparticles for 
PET imaging to study nanoparticle surface modification 
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Figure 3  
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effects on biodistribution and pharmacokinetics [40]. 
Zhao et al. doped gold nanoparticles with radioactive  
199Au for tracking tumor delivery via SPECT/CT ima
ging [41]. The practical use of intrinsic radioactive na
noparticles is limited due to safety concerns with 
prolonged radioactivity exposure to researchers and lo
gistical time constraints with regard to radioactive decay 
throughout the entire synthesis, transport, storage, and 
experimental processes [37,38]. New imaging methods 
allowing simultaneous PET and SPECT in vivo imaging 
may further enhance nanoparticle quantification using 
nuclear imaging in clinical settings [42]. 

Cargo tracking 
Cargo tracking involves inferring nanoparticle delivery 
by monitoring and measuring the presence of agents 
encapsulated inside nanoparticles or additional tags at
tached to their surface. Common encapsulated agents 

and conjugated tags include radiolabels, fluorescent 
dyes, DNA barcodes, drugs, and genes. However, this 
approach assumes that the cargo or tag remains coupled 
to the nanoparticle, which can be problematic. 
Nanocarriers often are designed to release their cargo in 
the body at specific sites for therapeutic purposes. 
Furthermore, various biochemical species in the body 
can break or displace chemical bonds on the nanoparticle 
surface [43,44] or disrupt the integrity of intact nano
particles [45], leading to unintended leakage of cargo or 
detachment of labeled tags as shown schematically in  
Figure 3b [46]. For example, a dual radiolabeling to track 
gold nanoparticles in mice found different biodistribu
tion profiles for the core and surface coating [47]. It is 
also important to note that addition of an exogenous tag 
or label can substantially alter nanoparticle behavior in 
vivo [48]. For example, Alamo et al. showed that 
ATTO488 and sulfo-Cy5 dye-labeled protein 

Figure 4  
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Ex vivo methods of quantifying nanoparticle delivery. (a) Schematic of ex vivo tracking methods for nanoparticle-based drug delivery, including broadly 
categorized quantification methods of imaging, spectrometry, immunodetection, and sequencing. (b) Summary table for compatibility of ex vivo 
quantification methods for different nanocarriers and cargo. 

Carrier versus cargo tracking methods for quantifying nanoparticle delivery. (a) Examples of carrier tracking methods for nanoparticle-based drug 
delivery, including ultrasound imaging, magnetic resonance imaging, NIR fluorescence imaging, and nuclear imaging such as PET and SPECT. (b) 
Examples of cargo tracking methods for nanoparticle-based drug delivery and potential pitfalls.   
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nanoparticles accumulated in off-target organs more with 
reduced tumor targeting compared with unlabeled na
noparticles [49]. 

Ex vivo carrier and cargo tracking 
In vivo nanoparticle delivery quantification offers the 
advantage of longitudinal tracking and best preserves 
the context of the entire biological system. Conversely, 
ex vivo quantification of nanoparticle delivery can pro
vide greater resolution, sensitivity, and precision [50]. Ex 
vivo methods require organ and tissue biopsy or ne
cropsy, and blood or bodily fluid collection following 
nanoparticle administration into an animal model of 
choice. Broadly categorized, various optical imaging, 
immunodetection, spectrometry, and sequencing tech
niques can be utilized to quantitatively assess the dis
tribution and concentration of nanoparticle carriers and/ 
or their cargo (as summarized in Figure 4). 

All in vivo imaging techniques for nanoparticle tracking 
described previously are amenable for ex vivo imaging as 
well. Notably, ex vivo imaging can yield improved re
solution and sensitivity since there are no movement 
artifacts and generally no constraint on imaging time  
[50]. There are also additional high-resolution imaging 
modalities that can be used for ex vivo nanoparticle 
quantification such as super-resolution microscopy [51], 
electron microscopy [52], and tissue clearing techniques 
to render the whole organs and animals transparent for 
3D optical imaging [53,54]. 

Immunodetection and histochemistry techniques 
leverage the specific binding between antibodies and 
antigens, or affinity between stains and chemical moi
eties to detect molecules within cells and tissues [55]. 
For example, antibodies against different exosomal 
marker proteins, including TSG101, CD63, and HSP70, 
can be used in Western blot, flow cytometry, and im
munofluorescence to track extracellular vesicles in cells 
and blood circulation [56]. In another example, Kor
angath et al. stained iron oxide nanoparticles using 
Prussian blue (Perl’s reagent) to visualize their dis
tribution in a mouse tumor in histology [57]. 

Spectrometric techniques are useful for measuring na
nocarrier and cargo concentrations in tissues. Mass 
spectrometry, combined with different sample separa
tion and introduction systems, can detect various ana
lytes of interest. Inductively coupled plasma mass 
spectrometry (ICP-MS) can measure trace levels of 
multiple elements in biological fluids at the same time  
[58]. For nanocarrier tracking, Albanese et al. used ICP- 
MS to simultaneously quantify cell uptake of metallic 
and semiconductor nanoparticles, normalizing for cell 
mass by also measuring endogenous magnesium [59]. 

For cargo tracking, Song et al. used liquid chromato
graphy–tandem mass spectrometry (LC–MS/MS) to 
quantitate the total versus released drug concentrations 
from polymeric nanoparticles in monkey plasma [60]. 
Mass spectrometric imaging additionally offers spatial 
nanocarrier and cargo concentration information, using 
techniques such as matrix-assisted laser desorption io
nization or laser ablation to raster serially across the 
tissue surface to extract analytes and map ion images 
with nanometer and micrometer resolution [61]. 

Sequencing and related techniques are valuable tools for 
tracking and quantifying nucleic acid-based nanocarriers 
and cargo. Fluorescence in situ hybridization (FISH), 
and its many derived variants, uses fluorescent probes to 
label specific DNA or RNA sequences based on 
Watson–Crick base pairing for imaging [62]. For ex
ample, single-molecule FISH imaging can map the 
subcellular location of mRNA cargo delivered by lipid 
nanoparticles in fixed tissues [63]. Amplification 
methods can be additionally applied to enhance their 
limit of detection. Wang et al. developed origamiFISH, 
which uses hybridization chain reaction probes for up to 
1000-fold signal amplification to map DNA nanos
tructures in tissues at picomolar concentrations [64]. 
Next-generation sequencing (NGS) sequences short 
DNA or RNA at high throughput, scalability, and speed  
[65]. Assigning DNA barcodes to different nanoparticle 
designs allows simultaneously testing of thousands of 
designs in vitro and in vivo, with NGS used to evaluate 
delivery at the organ and cellular levels by sequencing 
the barcodes [66]. 

Conclusion 
In conclusion, quantifying nanoparticle delivery is 
complex due to the wide array of nanoparticle designs 
and the diverse methodologies used to track them. In 
this review, we discussed the three key approaches: 
functional readout, nanocarrier tracking, and cargo 
tracking. Functional readout evaluates therapeutic ef
fects or reporter activity post nanoparticle administra
tion. Nanocarrier tracking focuses on following the 
carrier itself within biological systems, while cargo 
tracking offers insights into the nanoparticles’ contents 
or conjugated labels. These methods each have their 
respective merits and limitations. Researchers need to 
choose the appropriate methods or integrate multiple 
approaches to obtain a more accurate and comprehensive 
understanding of nanoparticle behavior. Moving for
ward, the establishment of standardized methodologies 
for quantifying nanoparticle delivery should be prior
itized to enable effective comparisons of nanoparticle 
designs and formulations and accelerate their clinical 
translation. 

Challenges in quantifying nanoparticle delivery Mata Corral, Alvarez and Poon 7 

www.sciencedirect.com Current Opinion in Biotechnology 2024, 85:103042 



CRediT authorship contribution statement 
Conceptualization: WP, DEA, and MCC. Methodology: 
WP. Validation: WP, DEA, and MCC. Formal analysis: 
WP. Investigation: WP, DEA, and MCC. Resources: 
WP, DEA, and MCC. Data curation: WP, DEA, 
and MCC. Writing – original draft: WP, DEA, and MCC. 
Writing – review & editing: WP, DEA, and MCC. 
Visualization: WP, DEA, and MCC. Supervision: WP. 
Project administration: WP. Funding acquisition: WP 
and DEA. Both DEA and MCC contributed equally and 
have the right to list their name first in their CV. All 
authors contributed to the review and approved the 
submitted version. 

Data Availability 

Data will be made available on request. 

Declaration of Competing Interest 

The authors declare that they have no known competing 
financial interests or personal relationships that could 
have appeared to influence the work reported in this 
paper. 

Acknowledgements 
All authors declare no conflicts of interest. This work was supported by the 
University of Texas System STARS Program, and the University Research 
Institute (URI) award 14648682 as well as the Campus Office of 
Undergraduate Research Initiatives (COURI) SURPASS program at the 
University of Texas at El Paso (UTEP). During the preparation of this 
work, the authors used ChatGPT-3.5 in order to reduce the word count of 
this review. After using this tool, the authors reviewed and edited the 
content as needed and take full responsibility for the content of the pub
lication. 

References and recommended reading 
Papers of particular interest, published within the period of review, have 
been highlighted as:  

•• of special interest  
•• of outstanding interest  

1. Poon W, Kingston BR, Ouyang B, Ngo W, Chan WCW: A 
framework for designing delivery systems. Nat Nanotechnol 
2020, 15:10, https://doi.org/10.1038/s41565-020-0759-5 

2. Wilhelm S, et al.: Analysis of nanoparticle delivery to tumours. 
Nat Rev Mater 2016, 1:5, https://doi.org/10.1038/natrevmats. 
2016.14 

3. Cheng Y-H, He C, Riviere JE, Monteiro-Riviere NA, Lin Z: Meta- 
analysis of nanoparticle delivery to tumors using a 
physiologically based pharmacokinetic modeling and 
simulation approach. ACS Nano 2020, 14:3075-3095, https://doi. 
org/10.1021/acsnano.9b08142 

4. Chou W-C, et al.: An artificial intelligence-assisted 
physiologically-based pharmacokinetic model to predict 
nanoparticle delivery to tumors in mice. J Control Release 2023, 
361:53-63, https://doi.org/10.1016/j.jconrel.2023.07.040 

5. Ouyang B, et al.: The dose threshold for nanoparticle tumour 
delivery. Nat Mater 2020, 19:12, https://doi.org/10.1038/s41563- 
020-0755-z 

6. Price LSL, Stern ST, Deal AM, Kabanov AV, Zamboni WC: A 
reanalysis of nanoparticle tumor delivery using classical 

pharmacokinetic metrics. Sci Adv 2020, 6:eaay9249, https://doi. 
org/10.1126/sciadv.aay9249 

7. He H, Liu L, Morin EE, Liu M, Schwendeman A: Survey of clinical 
translation of cancer nanomedicines—lessons learned from 
successes and failures. Acc Chem Res 2019, 52:2445-2461, 
https://doi.org/10.1021/acs.accounts.9b00228 

8. Poon W, et al.: Elimination pathways of nanoparticles. ACS Nano 
2019, 13:5785-5798, https://doi.org/10.1021/acsnano.9b01383 

9. Sun D, Zhou S, Gao W: What went wrong with anticancer 
nanomedicine design and how to make it right. ACS Nano 2020, 
14:12281-12290, https://doi.org/10.1021/acsnano.9b09713 

10. Li S, et al.: Overview of the reporter genes and reporter mouse 
models. Anim Model Exp Med 2018, 1:29-35, https://doi.org/10. 
1002/ame2.12008 

11. Staahl BT, et al.: Efficient genome editing in the mouse brain by 
local delivery of engineered Cas9 ribonucleoprotein 
complexes. Nat Biotechnol 2017, 35:5, https://doi.org/10.1038/ 
nbt.3806 

12. Tabebordbar M, et al.: In vivo gene editing in dystrophic mouse 
muscle and muscle stem cells. Science 2016, 351:407-411, 
https://doi.org/10.1126/science.aad5177 

13.
••

Gurumurthy CB, Quadros RM, Ohtsuka M: Prototype mouse 
models for researching SEND-based mRNA delivery and gene 
therapy. Nat Protoc 2022, 17:10, https://doi.org/10.1038/s41596- 
022-00721-7. 

SEND system is used endogenously for genetic components to package 
mRNA cargoes and deliver them to other cells via virus-like particles. 
Mice are the most commonly used animal model for studying human 
disease. Genetically modified mouse models, capable of expressing 
various combinations of SEND components in a controlled and in
ducible manner, have the potential to be valuable instruments for 
gaining a deeper understanding of this technology and adapting it for 
gene therapy purposes. 

14. Kauffman KJ, et al.: Rapid, single-cell analysis and discovery of 
vectored mRNA transfection in vivo with a loxP-flanked 
tdTomato reporter mouse. Mol Ther Nucleic Acids 2017, 
10:55-63, https://doi.org/10.1016/j.omtn.2017.11.005 

15. Payne S, De Val S, Neal A: Endothelial-specific cre mouse 
models. Arterioscler Thromb Vasc Biol 2018, 38:2550-2561, 
https://doi.org/10.1161/ATVBAHA.118.309669 

16. Arias A, Manubens-Gil L, Dierssen M: Fluorescent transgenic 
mouse models for whole-brain imaging in health and disease. 
Front Mol Neurosci 2022, 15:958222, https://doi.org/10.3389/ 
fnmol.2022.958222 

17. Metzger JM, et al.: Efficient in vivo neuronal genome editing in 
the mouse brain using nanocapsules containing CRISPR-Cas9 
ribonucleoproteins. Biomaterials 2023, 293:121959, https://doi. 
org/10.1016/j.biomaterials.2022.121959 

18.
•

Gendron WAC, et al.: Unlocking loxP to track genome editing in 
vivo. Genes 2021, 12:8, https://doi.org/10.3390/genes12081204. 

Repurposes Cre/loxP reporter mice to track delivery and function of 
SaCas9 and ErCas12a gene editors in vivo. The authors also performed 
next-generation sequencing to investigate the Cre/loxP repair juncture 
from Cre recombinase and CRISPR-Cas-based editing to show this 
process can be inefficient and inaccurate. 

19. Lang JF, Toulmin SA, Brida KL, Eisenlohr LC, Davidson BL: 
Standard screening methods underreport AAV-mediated 
transduction and gene editing. Nat Commun 2019, 10:1, https:// 
doi.org/10.1038/s41467-019-11321-7 

20. Patra JK, et al.: Nano based drug delivery systems: recent 
developments and future prospects. J Nanobiotechnol 2018, 
16:71, https://doi.org/10.1186/s12951-018-0392-8 

21. Zhu X, Li J, Peng P, Hosseini Nassab N, Smith BR: Quantitative 
drug release monitoring in tumors of living subjects by 
magnetic particle imaging nanocomposite. Nano Lett 2019, 
19:6725-6733, https://doi.org/10.1021/acs.nanolett.9b01202 

22. Próspero AG, et al.: Real-time in vivo monitoring of magnetic 
nanoparticles in the bloodstream by AC biosusceptometry. J 
Nanobiotechnol 2017, 15:22, https://doi.org/10.1186/s12951-017- 
0257-6 

8 Nanobiotechnology  

www.sciencedirect.com Current Opinion in Biotechnology 2024, 85:103042 

https://doi.org/10.1038/s41565-020-0759-5
https://doi.org/10.1038/natrevmats.2016.14
https://doi.org/10.1038/natrevmats.2016.14
https://doi.org/10.1021/acsnano.9b08142
https://doi.org/10.1021/acsnano.9b08142
https://doi.org/10.1016/j.jconrel.2023.07.040
https://doi.org/10.1038/s41563-020-0755-z
https://doi.org/10.1038/s41563-020-0755-z
https://doi.org/10.1126/sciadv.aay9249
https://doi.org/10.1126/sciadv.aay9249
https://doi.org/10.1021/acs.accounts.9b00228
https://doi.org/10.1021/acsnano.9b01383
https://doi.org/10.1021/acsnano.9b09713
https://doi.org/10.1002/ame2.12008
https://doi.org/10.1002/ame2.12008
https://doi.org/10.1038/nbt.3806
https://doi.org/10.1038/nbt.3806
https://doi.org/10.1126/science.aad5177
https://doi.org/10.1038/s41596-022-00721-7
https://doi.org/10.1038/s41596-022-00721-7
https://doi.org/10.1016/j.omtn.2017.11.005
https://doi.org/10.1161/ATVBAHA.118.309669
https://doi.org/10.3389/fnmol.2022.958222
https://doi.org/10.3389/fnmol.2022.958222
https://doi.org/10.1016/j.biomaterials.2022.121959
https://doi.org/10.1016/j.biomaterials.2022.121959
https://doi.org/10.3390/genes12081204
https://doi.org/10.1038/s41467-019-11321-7
https://doi.org/10.1038/s41467-019-11321-7
https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.1021/acs.nanolett.9b01202
https://doi.org/10.1186/s12951-017-0257-6
https://doi.org/10.1186/s12951-017-0257-6


23. Sehl OC, Gevaert JJ, Melo KP, Knier NN, Foster PJ: A perspective 
on cell tracking with magnetic particle imaging. Tomography 
2020, 6:315-324, https://doi.org/10.18383/j.tom.2020.00043 

24. Graeser M, et al.: Human-sized magnetic particle imaging for 
brain applications. Nat Commun 2019, 10:1, https://doi.org/10. 
1038/s41467-019-09704-x 

25. Ling B, et al.: Biomolecular ultrasound imaging of 
phagolysosomal function. ACS Nano 2020, 14:12210-12221, 
https://doi.org/10.1021/acsnano.0c05912 

26. Li L, et al.: Fundamentals and applications of nanoparticles for 
ultrasound-based imaging and therapy. Nano Sel 2020, 
1:263-284, https://doi.org/10.1002/nano.202000035 

27. Peng C, Chen M, Spicer JB, Jiang X: Acoustics at the nanoscale 
(nanoacoustics): a comprehensive literature review. Sens 
Actuators A Phys 2021, 332:112925, https://doi.org/10.1016/j.sna. 
2021.112925 

28. Yusefi H, Helfield B: Ultrasound contrast imaging: fundamentals 
and emerging technology. Front Phys 2022, 10:791145, https:// 
doi.org/10.3389/fphy.2022.791145 

29. Szablowski JO, Bar-Zion A, Shapiro MG: Achieving spatial and 
molecular specificity with ultrasound-targeted biomolecular 
nanotherapeutics. Acc Chem Res 2019, 52:2427-2434, https:// 
doi.org/10.1021/acs.accounts.9b00277 

30.
••

Kim S, Zhang S, Yoon S: Multiplexed ultrasound imaging using 
spectral analysis on gas vesicles. Adv Healthc Mater 2022, 
11:2200568, https://doi.org/10.1002/adhm.202200568. 

An innovative advancement in ultrasound imaging technology discusses 
GV, gas-filled nanostructures that are naturally produced by buoyant 
microorganisms that allow them to navigate aquatic environments. GVs 
possess gas-filled cores enclosed by protein shells that allow air pas
sage without internal water condensation, resulting in strong sound 
wave reflection capabilities due to their air content. 

31. Sawyer DP, et al.: Ultrasensitive ultrasound imaging of gene 
expression with signal unmixing. Nat Methods 2021, 18:8, 
https://doi.org/10.1038/s41592-021-01229-w 

32. Chang Z, et al.: Near-infrared dyes, nanomaterials and proteins. 
Chin Chem Lett 2019, 30:1856-1882, https://doi.org/10.1016/j. 
cclet.2019.08.034 

33. Cao J, Zhu B, Zheng K, He S, Meng L, Song J, et al.: Recent 
progress in NIR-II contrast agent for biological imaging. Front 
Bioeng Biotechnol 2020, 7:487, https://doi.org/10.3389/fbioe.2019. 
00487 

34. Nagy-Simon T, Potara M, Craciun A-M, Licarete E, Astilean S: 
IR780-dye loaded gold nanoparticles as new near infrared 
activatable nanotheranostic agents for simultaneous 
photodynamic and photothermal therapy and intracellular 
tracking by surface enhanced resonant Raman scattering 
imaging. J Colloid Interface Sci 2018, 517:239-250, https://doi.org/ 
10.1016/j.jcis.2018.02.007 

35.
•

Chen Y, Wang S, Zhang F: Near-infrared luminescence high- 
contrast in vivo biomedical imaging. Nat Rev Bioeng 2023, 1:1, 
https://doi.org/10.1038/s44222-022-00002-8. 

In this review article, the authors discuss pivotal engineering obstacles 
that must be overcome to facilitate the effective clinical adoption of NIR 
luminescence imaging. These formidable challenges encompass the 
refinement of imaging contrast through strategic enhancements in 
fluorescent probe design, the mitigation of tissue autofluorescence, and 
the optimization of local luminescent probe accumulation within 
the body. 

36. Pei P, et al.: X-ray-activated persistent luminescence 
nanomaterials for NIR-II imaging. Nat Nanotechnol 2021, 16:9, 
https://doi.org/10.1038/s41565-021-00922-3 

37. Goel S, England CG, Chen F, Cai W: Positron emission 
tomography and nanotechnology: a dynamic duo for cancer 
theranostics. Adv Drug Deliv Rev 2017, 113:157-176, https://doi. 
org/10.1016/j.addr.2016.08.001 

38.
•

Skotland T, Iversen TG, Llorente A, Sandvig K: Biodistribution, 
pharmacokinetics and excretion studies of intravenously 
injected nanoparticles and extracellular vesicles: possibilities 

and challenges. Adv Drug Deliv Rev 2022, 186:114326, https://doi. 
org/10.1016/j.addr.2022.114326. 

This comprehensive review article offers an in-depth examination of the 
merits and limitations associated with diverse imaging modalities, in
cluding PET, SPECT, MRI, Ultrasound, CT, and optical imaging, in the 
context of whole-body nanoparticle biodistribution studies. Additionally, 
it delves into the realm of cellular and tissue microscopy, alongside an 
exploration of various mass spectrometry methodologies. 

39. Wu S, et al.: Radioactive polymeric nanoparticles for biomedical 
application. Drug Deliv 2020, 27:1544-1561, https://doi.org/10. 
1080/10717544.2020.1837296 

40. Frellsen AF, et al.: Mouse positron emission tomography study 
of the biodistribution of gold nanoparticles with different 
surface coatings using embedded Copper-64. ACS Nano 2016, 
10:9887-9898, https://doi.org/10.1021/acsnano.6b03144 

41. Zhao Y, et al.: Gold nanoparticles doped with 199Au atoms and 
their use for targeted cancer imaging by SPECT. Adv Healthc 
Mater 2016, 5:928-935, https://doi.org/10.1002/adhm.201500992 

42.
•

Uenomachi M, et al.: Simultaneous in vivo imaging with PET and 
SPECT tracers using a Compton-PET hybrid camera. Sci Rep 
2021, 11:1, https://doi.org/10.1038/s41598-021-97302-7. 

Study showed the feasibility of a Compton-PET hybrid camera by si
multaneously imaging a tumor-bearing mouse injected with 18F-FDG 
(PET tracer) and a 111In-labeled ligand (SPECT tracer). 

43. Patterson JT, Asano S, Li X, Rader C, Barbas CFI: Improving the 
serum stability of site-specific antibody conjugates with 
sulfone linkers. Bioconjugate Chem 2014, 25:1402-1407, https:// 
doi.org/10.1021/bc500276m 

44. Zagorovsky K, Chou LYT, Chan WCW: Controlling 
DNA–nanoparticle serum interactions. Proc Natl Acad Sci USA 
2016, 113:13600-13605, https://doi.org/10.1073/pnas.1610028113 

45. Rai R, Alwani S, Badea I: Polymeric nanoparticles in gene 
therapy: new avenues of design and optimization for delivery 
applications. Polymers 2019, 11:4, https://doi.org/10.3390/ 
polym11040745 

46. Lacroix A, Vengut-Climent E, de Rochambeau D, Sleiman HF: 
Uptake and fate of fluorescently labeled DNA nanostructures in 
cellular environments: a cautionary tale. ACS Cent Sci 2019, 
5:882-891, https://doi.org/10.1021/acscentsci.9b00174 

47. Rambanapasi C, et al.: Dual radiolabeling as a technique to track 
nanocarriers: the case of gold nanoparticles. Molecules 2015, 
20:7, https://doi.org/10.3390/molecules200712863 

48. Hughes LD, Rawle RJ, Boxer SG: Choose your label wisely: 
water-soluble fluorophores often interact with lipid bilayers. 
PLoS One 2014, 9:e87649, https://doi.org/10.1371/journal.pone. 
0087649 

49. Álamo P, et al.: Fluorescent dye labeling changes the 
biodistribution of tumor-targeted nanoparticles. Pharmaceutics 
2020, 12:1004, https://doi.org/10.3390/pharmaceutics12111004 

50. MacKenzie-Graham A: In vivo vs. ex vivo magnetic resonance 
imaging in mice. Front Neuroinform 2012, 6:19, https://doi.org/10. 
3389/fninf.2012.00019 

51. Andrian T, Muela Y, Delgado L, Albertazzi L, Pujals S: A super- 
resolution and transmission electron microscopy correlative 
approach to study intracellular trafficking of nanoparticles. 
Nanoscale 2023, 15:14615-14627, https://doi.org/10.1039/ 
D3NR02838K 

52. Sindhwani S, et al.: The entry of nanoparticles into solid 
tumours. Nat Mater 2020, 19:5, https://doi.org/10.1038/s41563- 
019-0566-2 

53. Syed AM, et al.: Liposome imaging in optically cleared tissues. 
Nano Lett 2020, 20:1362-1369, https://doi.org/10.1021/acs. 
nanolett.9b04853 

54. Syed AM, et al.: Three-dimensional imaging of transparent 
tissues via metal nanoparticle labeling. J Am Chem Soc 2017, 
139:9961-9971, https://doi.org/10.1021/jacs.7b04022 

55. Magaki S, Hojat SA, Wei B, So A, Yong WH: An introduction to the 
performance of immunohistochemistry. Methods Mol Biol 2019, 
1897:289-298, https://doi.org/10.1007/978-1-4939-8935-5_25 

Challenges in quantifying nanoparticle delivery Mata Corral, Alvarez and Poon 9 

www.sciencedirect.com Current Opinion in Biotechnology 2024, 85:103042 

https://doi.org/10.18383/j.tom.2020.00043
https://doi.org/10.1038/s41467-019-09704-x
https://doi.org/10.1038/s41467-019-09704-x
https://doi.org/10.1021/acsnano.0c05912
https://doi.org/10.1002/nano.202000035
https://doi.org/10.1016/j.sna.2021.112925
https://doi.org/10.1016/j.sna.2021.112925
https://doi.org/10.3389/fphy.2022.791145
https://doi.org/10.3389/fphy.2022.791145
https://doi.org/10.1021/acs.accounts.9b00277
https://doi.org/10.1021/acs.accounts.9b00277
https://doi.org/10.1002/adhm.202200568
https://doi.org/10.1038/s41592-021-01229-w
https://doi.org/10.1016/j.cclet.2019.08.034
https://doi.org/10.1016/j.cclet.2019.08.034
https://doi.org/10.3389/fbioe.2019.00487
https://doi.org/10.3389/fbioe.2019.00487
https://doi.org/10.1016/j.jcis.2018.02.007
https://doi.org/10.1016/j.jcis.2018.02.007
https://doi.org/10.1038/s44222-022-00002-8
https://doi.org/10.1038/s41565-021-00922-3
https://doi.org/10.1016/j.addr.2016.08.001
https://doi.org/10.1016/j.addr.2016.08.001
https://doi.org/10.1016/j.addr.2022.114326
https://doi.org/10.1016/j.addr.2022.114326
https://doi.org/10.1080/10717544.2020.1837296
https://doi.org/10.1080/10717544.2020.1837296
https://doi.org/10.1021/acsnano.6b03144
https://doi.org/10.1002/adhm.201500992
https://doi.org/10.1038/s41598-021-97302-7
https://doi.org/10.1021/bc500276m
https://doi.org/10.1021/bc500276m
https://doi.org/10.1073/pnas.1610028113
https://doi.org/10.3390/polym11040745
https://doi.org/10.3390/polym11040745
https://doi.org/10.1021/acscentsci.9b00174
https://doi.org/10.3390/molecules200712863
https://doi.org/10.1371/journal.pone.0087649
https://doi.org/10.1371/journal.pone.0087649
https://doi.org/10.3390/pharmaceutics12111004
https://doi.org/10.3389/fninf.2012.00019
https://doi.org/10.3389/fninf.2012.00019
https://doi.org/10.1039/D3NR02838K
https://doi.org/10.1039/D3NR02838K
https://doi.org/10.1038/s41563-019-0566-2
https://doi.org/10.1038/s41563-019-0566-2
https://doi.org/10.1021/acs.nanolett.9b04853
https://doi.org/10.1021/acs.nanolett.9b04853
https://doi.org/10.1021/jacs.7b04022
https://doi.org/10.1007/978-1-4939-8935-5_25


56. Yang Z, et al.: Large-scale generation of functional mRNA- 
encapsulating exosomes via cellular nanoporation. Nat Biomed 
Eng 2020, 4:1, https://doi.org/10.1038/s41551-019-0485-1 

57. Korangath P, et al.: Nanoparticle interactions with immune cells 
dominate tumor retention and induce T cell–mediated tumor 
suppression in models of breast cancer. Sci Adv 2020, 
6:eaay1601, https://doi.org/10.1126/sciadv.aay1601 

58. Wilschefski SC, Baxter MR: Inductively coupled plasma mass 
spectrometry: introduction to analytical aspects. Clin Biochem 
Rev 2019, 40:115-133, https://doi.org/10.33176/AACB-19-00024 

59. Albanese A, Tsoi KM, Chan WCW: Simultaneous quantification of 
cells and nanomaterials by inductive-coupled plasma 
techniques. J Lab Autom 2013, 18:99-104, https://doi.org/10. 
1177/2211068212457039 

60. Song W, Tweed JA, Visswanathan R, Saunders JP, Gu Z, Holliman 
CL: Bioanalysis of targeted nanoparticles in monkey plasma via 
LC-MS/MS. Anal Chem 2019, 91:13874-13882, https://doi.org/10. 
1021/acs.analchem.9b03367 

61. Gorman BL, Torti SV, Torti FM, Anderton CR: Mass spectrometry 
imaging of metals in tissues and cells: methods and biological 
applications. Biochim Biophys Acta (BBA) - Gen Subj 
2023,130329, https://doi.org/10.1016/j.bbagen.2023.130329 

62. Huber D, Voith von Voithenberg L, Kaigala GV: Fluorescence in 
situ hybridization (FISH): history, limitations and what to expect 
from micro-scale FISH? Micro Nano Eng 2018, 1:15-24, https:// 
doi.org/10.1016/j.mne.2018.10.006 

63.
•

Rothgangl T, et al.: In vivo adenine base editing of PCSK9 in 
macaques reduces LDL cholesterol levels. Nat Biotechnol 2021, 
39:8, https://doi.org/10.1038/s41587-021-00933-4. 

Uses a combination of functional readouts and cargo tracking to eval
uate the distribution and therapeutic efficacy of a lipid nanoparticle- 
based delivery system for adenine base editing. The authors used 
single-molecule FISH techniques to map mRNA delivery and developed 
new ex vivo clonal expansion techniques on limited cell samples to 
enable deep coverage whole genome sequencing to look at on-target 
and off-target editing from the delivery. 

64.
•

Wang WX, et al.: Universal, label-free, single-molecule 
visualization of DNA origami nanodevices across biological 
samples using origamiFISH. Nat Nanotechnol 2023,1-12, https:// 
doi.org/10.1038/s41565-023-01449-5. 

Describes the development of a novel technique called origamiFISH that 
uses signal amplification of FISH probes to enable single-molecule 
mapping of DNA origami-based nanostructures in cells and tissues. 
OrigamiFISH is designed to universally work for all DNA origami scaf
folds, has a picomolar detection limit, can be multiplexed to investigate 
multiple barcoded DNA origami nanostructures, and for the first time 
enables distribution studies as early as 1 min after uptake. 

65. Metzker ML: Sequencing technologies — the next generation. 
Nat Rev Genet 2010, 11:1, https://doi.org/10.1038/nrg2626 

66. Lokugamage MP, Sago CD, Dahlman JE: Testing thousands of 
nanoparticles in vivo using DNA barcodes. Curr Opin Biomed 
Eng 2018, 7:1-8, https://doi.org/10.1016/j.cobme.2018.08.001  

10 Nanobiotechnology  

www.sciencedirect.com Current Opinion in Biotechnology 2024, 85:103042 

https://doi.org/10.1038/s41551-019-0485-1
https://doi.org/10.1126/sciadv.aay1601
https://doi.org/10.33176/AACB-19-00024
https://doi.org/10.1177/2211068212457039
https://doi.org/10.1177/2211068212457039
https://doi.org/10.1021/acs.analchem.9b03367
https://doi.org/10.1021/acs.analchem.9b03367
https://doi.org/10.1016/j.bbagen.2023.130329
https://doi.org/10.1016/j.mne.2018.10.006
https://doi.org/10.1016/j.mne.2018.10.006
https://doi.org/10.1038/s41587-021-00933-4
https://doi.org/10.1038/s41565-023-01449-5
https://doi.org/10.1038/s41565-023-01449-5
https://doi.org/10.1038/nrg2626
https://doi.org/10.1016/j.cobme.2018.08.001

	Quantifying nanoparticle delivery: challenges, tools, and advances
	Introduction
	Functional readouts
	Carrier tracking
	Cargo tracking
	Ex vivo carrier and cargo tracking
	Conclusion
	CRediT authorship contribution statement
	Data Availability
	Declaration of Competing Interest
	Acknowledgements
	References and recommended reading




