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Abstract
Most studies about the interaction of nanoparticles (NPs) with cells have focused on how the physicochemical properties of 
NPs will influence their uptake by cells. However, much less is known about their potential excretion from cells. However, to 
control and manipulate the number of NPs in a cell, both cellular uptake and excretion must be studied quantitatively. Moni-
toring the intracellular and extracellular amount of NPs over time (after residual noninternalized NPs have been removed) 
enables one to disentangle the influences of cell proliferation and exocytosis, the major pathways for the reduction of NPs 
per cell. Proliferation depends on the type of cells, while exocytosis depends in addition on properties of the NPs, such as 
their size. Examples are given herein on the role of these two different processes for different cells and NPs.
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Introduction

Nanoscience has led to advances in physics, materials sci-
ence, and biology, thereby impacting on applications in elec-
tronics, photovoltaic devices, biosensing, and bioimaging [1, 

2]. Therefore, increasing amounts of different nanomaterials 
can be found in our daily life, not only in electronics such as 
smartphones, tablets, and television screens, but also in wall 
paints, clothing, and cosmetics. This constant exposure of 
our body to nanomaterials, whether unwanted or intended, 
has fueled research on the interaction of nanoparticles 
(NPs) and cells, providing new insights into their cytotoxic 
effects and helping to improve the design of nanomaterials 
to minimize hazardous effects on human health [3–6]. In 
addition, development of nanomedicines has also occurred 
for therapeutic or diagnostic purposes. Their high surface-
to-volume ratio, numerous functionalization possibilities, 
and particular optoelectronic and magnetic properties make 
nanomaterials attractive for use in applications such as thera-
nostics and bioimaging [1]. However, to achieve efficient use 
in those applications, it is necessary to be able to control and 
manipulate the number of NPs within the cells during a cer-
tain time window. Therefore, knowledge about cell uptake, 
metabolism, and excretion of NPs must be obtained [7].

There are many studies about the uptake of colloidal 
NPs by cells, in particular in vitro, but also in vivo. These 
have mostly focused on the influence of parameters such as 
the size, shape, surface charge, and surface functionality of 
the NPs on their intracellular accumulation kinetics [8, 9]. 
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However, many fewer studies have been carried out on what 
happens to the NPs once they are inside cells [10]. NPs may 
be, for example, intracellularly degraded [11], which in turn 
may affect their cytotoxic potential. Usually, the degrada-
tion products of NPs will result in increased cytotoxicity 
as compared with intact NPs, e.g., by releasing toxic ions 
[12–14]. There are also some reports about the excretion 
of NPs by exocytosis, in which, for example, a relationship 
with size was observed for transferrin-coated gold NPs with 
faster exocytosis rates for smaller NPs. However, their shape 
may also play a role, as rod-shaped NPs have been reported 
to exhibit faster clearance from cells than spherical-shaped 
NPs [7]. Similar to cell uptake, the type of functional groups 
on the surface of the NPs can influence their exocytosis 
[15–17]. Despite those examples, the total body of work on 
exocytosis is limited, and many fewer publications exist on 
the fate of internalized NPs [16, 18–21].

Before discussing several studies that included quanti-
tative analysis of the fate of internalized NPs, we want to 
point out that a key point when studying the interaction of 
NPs with cells is the quantitative aspect [22]. It is of utmost 
importance to know how the amount of NPs per cell var-
ies with time. This is of particular interest in the above-
mentioned scenarios of an environmental spill or exposure 
of humans to nanomedicines. Long-term toxic effects will 
depend on the rate at which NPs can be cleared by cells. 
For this reason, fundamental quantitative studies on their 
fate are important. We thus explain, based on a few recent 
studies, how quantitative studies of the cell uptake and clear-
ance of NPs can be conducted using mass spectrometry and 
fluorescence-based techniques. Based on these studies, we 
discuss the dependence of exocytosis on the size of the NPs, 
and the role that cell proliferation plays in the reduction of 
NPs per cell.

Proliferation versus exocytosis

In general, two different major pathways exist to reduce the 
amount of NPs (or their degradation products) per cell after 
their internalization by cells. To simplify the discussion, the 
NPs are first considered as one entity, neglecting their deg-
radation/decomposition. The first pathway is cell prolifera-
tion, where cell division results in the internalized NPs being 
passed to both daughter cells, thus reducing the number of 
NPs per cell [23]. The second pathway for NP reduction in 
cells is exocytosis, where NPs are excreted by the cells via 
exocytotic vesicles [16]. Depending on the type of cells and 
also the properties of the NPs, the respective importance of 
these two mechanisms varies [24].

First, we discuss cell proliferation. As mentioned above, 
upon cell division, internalized NPs are passed to both 
daughter cells [23], thus reducing the number of NPs per 

cell. One can imagine that the proliferation rate may impose 
a limit on the amount of NPs that can be internalized per 
cell. As shown in Fig. 1, the time a cell needs to divide 
is typically on the time scale of days, whereas endocytosis 
occurs on the time scale of hours [24]. The longer the time 
needed for a cell to proliferate in comparison with the time 
needed to endocytose NPs, the more NPs can accumulate per 
cell. In contrast, in the (unrealistic) hypothetical case that 
the time for one proliferation cycle would be much faster 
than the time needed to endocytose NPs, cells would divide 
faster than they could uptake NPs, thus the amount of NPs 
per cell would remain minimum. In general, the cell prolif-
eration rate is highly cell dependent [24]. Splitting of NPs 
between cells is thus cell type dependent, so for quantitative 
fate studies of NPs, the proliferation time of the investigated 
cells should be determined.

The second pathway for NP reduction in cells is exocy-
tosis, where NPs are excreted through exocytotic vesicles 
by cells and thus the number of intracellular NPs decreases. 
To perform a quantitative estimation of such NP reduction 
via exocytosis, residual NPs after the exposure first need to 
be removed from the extracellular medium (i.e., there are 
no longer NPs in the extracellular medium). Then, the rise 
in the NPs in the extracellular medium due to exocytosis 
must be measured at different time points. This can be done, 
for example, using elemental analysis techniques such as 
inductively coupled plasma mass spectrometry (ICP-MS). 
This enables a quantification of the amount of NPs excreted 
from the cells by exocytosis. Figure 2 shows exemplarily 
the exocytosis efficiency of differently sized gold NPs for 
human and horse stem cells [24]. It can be clearly seen that, 
independent of the cell type, the 5-nm gold NPs had higher 

Fig. 1   Comparison of cell division of primary mesenchymal stem 
cells (MSCs) of different origins and murine alveolar macrophages 
(MHS) over time, where Ncell is the number of cells in culture ver-
sus the initial amount of seeded cells (N0,cell). The time interval after 
which Ncell/N0,cell doubles is the average time a cell needs for one pro-
liferation cycle. Image taken with permission from Sun et al. [24]
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exocytosis rates than the 100-nm gold NPs, which is sup-
ported by earlier studies [7, 25]. This study thus suggests 
that smaller NPs (here 5 nm diameter) are exocytosed to a 
much greater extent than larger NPs (here 100 nm).

The results shown in Figs. 1 and 2 indicate that, after 
endocytosis, the amount of NPs in the cells is determined by 
two factors: first, how fast the cells proliferate, and second, 
how large the NPs are and thus the role of exocytosis.

The advantage of mass‑balanced studies

Based on the finding that both proliferation as well as exo-
cytosis are important to determine the amount of NPs per 
cell, the assay shown in Fig. 3 was developed for quantitative 
investigation of the fate of internalized NPs. Monitoring the 
amounts of exocytosed NPs is only one part of the story; 
It is also necessary to quantify the remaining intracellular 
NPs, which will provide greater insight into the fine bal-
ance between proliferation and exocytosis and allow study 

of the kinetics. The necessary experimental steps are shown 
in Fig. 3.

This scheme was used to investigate the fate of lumines-
cent Eu- and Bi-doped GdVO4 NPs [27] of around 35 nm 
core diameter in adherent cell cultures [26]. The NP concen-
trations determined in the cells and the extracellular medium 
over time are shown in Fig. 4. In a first step, the uptake 
of NPs from the extracellular medium was quantified using 
ICP-MS. The expected time-dependent increase of intracel-
lular NPs was observed (Fig. 4Ai), whereas the extracellular 
NP concentration remained almost unchanged as shown in 
Fig. 4Aii. This is a good example of how, in most exposure 
conditions, there is an “infinite” reservoir of extracellular 
NPs, i.e., the uptake is not limited by the availability of 
extracellular NPs in the medium. In a second step, the free 
NPs were removed from the extracellular media, then the 
time-dependent concentration of NPs inside cells and in the 
extracellular medium was measured. The obtained quantita-
tive data are shown in Fig. 4Bi, ii. Interestingly, the amount 
of intracellular NPs remained almost constant over time 
(Fig. 4Bi), indicating that, in this case, exocytosis was not 

Fig. 2   Percentage of exocytosed differently sized gold NPs in human 
primary mesenchymal stem cells (MSCs; A) and horse MSCs 
(B) at different time points. Image taken with permission from 

Sun et  al. [24]. The NPs used here had Au cores with diameters 
from 5 to 100  nm and were all coated with the same polymer, viz. 
poly(isobutylene-alt-maleic anhydride)-graft-dodecyl (PMA)

Fig. 3   Scheme of fate studies. 
Cells are exposed to NPs for the 
exposure time texp, after which 
excess NPs are removed from 
the cell medium by rinsing with 
fresh medium. Then, after a 
further incubation time tinc, the 
proliferation rate and the intra- 
and extracellular NP concen-
tration are determined. Image 
taken with permission from Liu 
et al. [26]
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the major pathway for NP loss from the cells. Nevertheless, 
a slight increase of the extracellular NP concentration in the 
cell medium was observed (Fig. 4Bii), which should be due 
to exocytosis. However, the amount of exocytosed NPs was 
very small compared with the number of NPs that remained 
internalized in the cells. This low extent of exocytosis can be 
explained by the size of the NPs of ca. 35 nm, which accord-
ing to the data shown in Fig. 2 leads to less exocytosis than 
for smaller NPs of 5 nm diameter, for which massive exo-
cytosis has been reported. However, if one does not analyze 
the total amount of internalized NPs, but instead the amount 
of NPs internalized per cell, this amount of internalized NPs 
per cell decreases over time. This is due to proliferation, 
i.e., the almost constant amount of remaining internalized 
NPs is distributed among an increasing number of cells, thus 
the amount of NPs per cell is reduced. It has been pointed 
out that it is very important to be aware of how different 
methods for determining the amount of internalized NPs 
operate. Flow cytometry, for example, is a single-cell-based 
method and thus quantifies the amount of NPs per cell. Mass 
spectrometry (e.g., ICP-MS) is an ensemble-based measure-
ment detecting the total amount of NPs in the cells. Thus, 
to determine the amount of NPs internalized per cell from 
ICP-MS data, the total amount of internalized NPs must 
be normalized by the actual number of cells in solution, 
which increases over time because of proliferation [26]. In 
summary, the main loss of internalized NPs over time in 
the example described in Fig. 4 is due to proliferation, e.g., 
the redistribution of internalized NPs among an increasing 

number of cells. The absolute amount of internalized NPs 
remaining stays almost unchanged, while only a small frac-
tion is exocytosed. The NPs thus remain intracellular and 
are not cleared from cells [26]. Such mass-balanced studies, 
i.e., measuring the intracellular as well as the extracellular 
concentration of NPs over time, offers a convenient internal 
control over experimental errors; for example, where the 
sum of the intracellular and extracellular amounts of NPs 
does not remain constant over time, NPs must have been lost 
during experimental procedures (e.g., washing steps), which 
would bias a quantitative analysis.

Taking into account NP degradation

In the mass-balanced uptake and fate study illustrated 
in Fig. 4, NPs were regarded as a static entity; i.e., ions 
released from the NPs inside endosomes/lysosome would 
stay together (i.e., colocalize) with the NPs, either intra-
cellularly or extracellularly. However, in a more realistic 
scenario, degradation products from the NPs may have a 
different fate than the NPs themselves. To monitor such pro-
cesses, different parts of NPs can be marked with different 
labels. Fluorescence-based techniques are, for example, a 
versatile tool to study the degradation of fluorescent NPs in 
the cellular environment [28]. One of the most popular types 
of fluorescent NPs is semiconductor nanocrystals (quantum 
dots, QDs), which exhibit properties such as sharp and size-
tunable emission bands. Their nanometric size and good 

Fig. 4   A Uptake of NPs over 
time in presence of NPs in the 
extracellular medium, and B 
loss of NPs over time when free 
NPs had been removed from the 
extracellular medium, both as 
functions of the NP concentra-
tion CNP. The absolute amounts 
of (i) intracellular NPs and (ii) 
NPs in the extracellular medium 
are reported. Image take with 
permission from Liu et al. 
[26]. These data were obtained 
with HeLa cells and Eu- and 
Bi-doped GdVO4 NPs of around 
35 nm core diameter, coated 
with the polymer polyacrylic 
acid (PAA)
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photostability makes them good labels for bioimaging or 
biosensing [1, 29, 30]. A convenient method to render QDs 
biocompatible is to overcoat them with an amphiphilic poly-
mer [31, 32]. Once in a biological environment, a protein 
corona is formed on their surface, which also impacts on 
their interaction with cells [33, 34]. Thus, the description 
of a “complete” NP must take into account at least three 
different entities: the NP core (here QDs), the surface coat-
ing, and the corona of adsorbed proteins [35]. The fate of 
such complex NP structures within the cellular environment 
can be studied by using different colors of fluorescence for 
the different compartments and fluorescence microscopy. 
For this purpose, fluorescent labels to encode the polymer 
shell and the protein corona made by human serum albu-
min (HSA) have been used [36]. Together with the intrinsic 
fluorescent QD core of around 5.5 nm diameter, these hybrid 
structures thus had three differently fluorescent components, 
which enabled them to investigate the fate of these three 
compartments independently in cell cultures. Similar to the 
studies illustrated in Fig. 4, after endocytosis of QDs, the 
remaining free QDs were removed from the medium by rins-
ing, and the intracellular fluorescence of the three different 

NP compartments was monitored over time by using flow 
cytometry. To distinguish between exocytosis- and prolif-
eration-caused reduction of intracellular fluorescence, the 
experiments were carried out without (Fig. 5Ai) and with 
(Fig. 5Aii) the presence of an exocytosis blocker. As seen 
in Fig. 5Aii, when exocytosis was blocked, the three differ-
ent NP compartments remained jointly intracellular, while 
only after > 10 h was there a loss in intracellular fluores-
cence. This loss in fluorescence, which was identical for all 
three different NP compartments, was caused by prolifera-
tion. From these experimental data, it cannot be concluded 
whether the NPs remained structurally intact, but even if 
parts of the polymer shell or adsorbed proteins detached 
from the NP cores, they would have remained together in 
the same endosomes/lysosomes and could not have been 
excreted by the cells via exocytosis (which was blocked). 
The time > 10 h after which intracellular fluorescence started 
to reduce could be reasonably explained by proliferation 
(cf. the data in Fig. 1). When cells divide, endosomes/lys-
osomes are split between the daughter cells, thus the kinetics 
of fluorescence loss would be the same for the three dif-
ferent NP compartments. In contrast, without the presence 

Fig. 5   Three different compartments of quantum dots were fluo-
rescence labeled by different colors: quantum dots (QDs) with their 
intrinsic fluorescence, the polymer surface coating with the organic 
fluorophore ATTO (ATTO488; ATTO-TEC GmbH, #AD488-91) 
[36], and human serum albumin as model protein with the organic 
fluorophore Cy7 (Sulfo-Cyanine7 NHS ester, Lumiprobe, #25320). 
The reduction of intracellular fluorescence after free NPs in the 

extracellular medium around cells with endocytosed NPs had been 
removed by rinsing. Image taken with permission from Carrillo-Car-
rion et al. [36]. These data were recorded with HeLa cells and CdSe/
ZnS NPs with a core diameter of around 5.5 nm, coated with the pol-
ymer poly(isobutylene-alt-maleic anhydride)-graft-dodecyl (PMA), 
which was fluorescence labeled with ATTO
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of the exocytosis blocker, there was a different kinetics of 
fluorescence loss for the three different NP compartments 
(Fig. 5Ai), which was also faster for all three compartments 
than the proliferation-related kinetics. This fast component 
of intracellular fluorescence loss can thus be ascribed to exo-
cytosis. In contrast to the larger NPs illustrated in Fig. 4 (ca. 
35 nm core diameter), for the small QDs (ca. 5.5 nm core 
diameter) exocytosis was an efficient pathway for the reduc-
tion of the number of intracellular NPs per cell over time. 
In addition, one can see that the NPs decomposed inside 
endosomes/lysosomes; i.e., parts of the surface coating and 
adsorbed proteins came off the NP cores and were thus exo-
cytosed with a different kinetics. When the proteins were 
chemically cross-linked to the polymer coating, the NPs 
remained intact; i.e., all three NP components were exocy-
tosed with the same kinetics (Fig. 5B).

Discussion

The presented examples describe how to perform quanti-
tative measurements to investigate the cellular entry and 
excretion of NPs using ICP-MS and fluorescence-based tech-
niques. Two main pathways must be considered to explain 
the reduction of NPs per cell over time after all NPs in the 
extracellular medium have been removed, viz. cell prolifera-
tion and exocytosis. Proliferation depends on the cell type 
used; no NPs are secreted to the extracellular medium, but 
the amount of NPs per cell is diluted due to cell division. 
Exocytosis of NPs, i.e., their secretion to the extracellular 
medium, shows strong size dependence, where smaller NPs 
are exocytosed more quickly than larger NPs, as shown in 
the sketch in Fig. 6.

One can thus consider two extreme cases. Firstly, for 
larger NPs and rapidly proliferating cells, the main loss 
of internalized NPs per cell over time will be due to cell 

proliferation, i.e., the redistribution of internalized NPs 
among an increasing number of cells, whereby the total 
amount of intracellular NPs remains almost constant with-
out NP clearance from cells [26] but the amount of NPs 
per cell decreases due to the increasing number of cells. In 
contrast, for small NPs and slowly proliferating cells, exocy-
tosis would be the main factor determining the decrease of 
the amount of NPs per cell over time. To separate these two 
processes, mass-balanced studies are required, i.e., recording 
the number of NPs inside cells as well as in the extracellular 
medium. After NP removal from the extracellular medium, 
NPs found after some time in the extracellular medium must 
be due to exocytosis. Monitoring of the NP concentration 
in the extracellular medium thus allows exocytosis to be 
monitored. Measuring the amount of intracellular NPs per 
cell, on the other hand, is a convenient approach to monitor 
proliferation. In case no extracellular NPs are detected, any 
decrease in the amount of intracellular NPs per cell over 
time is due to proliferation.

In principle, the arguments discussed herein are general, 
i.e., do not depend on the type of NP, in particular whether 
the NPs are degradable. If the NPs can degrade intracel-
lularly (for this topic, we refer to the reviews [10, 35, 37]), 
upon proliferation the degradation products would still be 
passed to the daughter cells. However, as the degradation 
products will be smaller than the original NPs (while other 
physicochemical properties such as hydrophobicity may also 
change), the rate of exocytosis will change. While the exper-
imental examples discussed herein are based on two-dimen-
sional cultures of adherent cells, in principle the argument 
that both proliferation and exocytosis must be considered 
when analyzing the time-dependent intracellular NP dose 
holds also true in in vivo scenarios. However, naturally, pro-
liferation as well exocytosis rates will be different in tissue.

Cell proliferation may actually vary significantly between 
different cell types [38, 39]. This might potentially influence 

Fig. 6   Sketch of A proliferation and B exocytosis, the two pathways by which the amount of NPs per cell can decrease
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treatment with NP-based pharmaceutical agents. Would 
administered NPs in a tumor be diluted faster by the highly 
prolific malignant cells than by less prolific cells, thus reduc-
ing their efficiency? This is an interesting question, which 
however is complicated to address in vivo. Also, exocytosis 
may vary significantly between different cell types. Would 
exocrine and endocrine secretory cell types use the secre-
tory granules for exocytosis of NPs? This could be relevant 
for making extracellular membrane-coated NPs. Exosomes 
are one subclass of extracellular vesicles (EVs), which are 
lipid-based vesicles secreted by cells [40, 41], and which 
can be considered as natural NPs. By feeding cells with arti-
ficially made NPs (such as the Au NPs, Eu- and Bi-doped 
GdVO4 NPs, and CdSe/ZnS NPs illustrated in Figs. 2, 4, 
and 5), upon exocytosis these NPs will be coated with cellu-
lar membranes [42]. Better understanding of the kinetics of 
NP exocytosis may thus help the production of extracellular 
vesicle-coated NPs.

Acknowledgements  This work was supported by BMBF Germany 
(Concert Japan 2018, #01DR19006) and Fraunhofer Attract (Fraun-
hofer-Gesellschaft). Y.K., Y.L., B.Q., Y.H., and Z.L. were supported 
by Chinese Scholarship Council. A.A.A.A was supported by the IIE 
Scholar Rescue Fund (IIE-SRF). M.M. was supported by the Ger-
man Cancer Foundation. K.D.W. acknowledges the European Union’s 
Horizon 2020 research and innovation program under the Marie 
Skłodowska-Curie grant agreement no. 846764. C.S.C. thanks Gipuz-
koa Foru Aldundia (Gipuzkoa Fellows program; grant number 2019-
FELL-000018-01 / 62/2019) for financial support. This work was per-
formed under the Maria de Maeztu Units of Excellence Programme 
– Grant No. MDM-2017-0720 Ministry of Science, Innovation and 
Universities.

Funding  Open Access funding enabled and organized by Projekt 
DEAL.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Wegner KD, Hildebrandt N (2015) Quantum dots: bright and ver-
satile in vitro and in vivo fluorescence imaging biosensors. Chem 
Soc Rev 44(14):4792–4834

	 2.	 Reiss P et al (2016) Synthesis of semiconductor nanocrystals, 
focusing on nontoxic and earth-abundant materials. Chem Rev 
116(18):10731–10819

	 3.	 Meng H et al (2009) A predictive toxicological paradigm for the 
safety assessment of nanomaterials. ACS Nano 3(7):1620–1627

	 4.	 Bastús NG, Puntes V (2018) Nanosafety: towards safer nanoparticles 
by design. Curr Med Chem 25(35):4587–4601

	 5.	 Lin S et al (2018) Nanomaterials safer-by-design: an environmental 
safety perspective. Adv Mater 30(17):1705691

	 6.	 Dussert F et al (2021) Evaluation of the dermal toxicity of InZnP 
quantum dots before and after accelerated weathering: toward a 
safer-by-design strategy. Front Toxicol 3:636976

	 7.	 Chithrani BD, Chan WCW (2007) Elucidating the mechanism of 
cellular uptake and removal of protein-coated gold nanoparticles of 
different sizes and shapes. Nano Lett 7(6):1542–1550

	 8.	 Nazarenus M et al (2014) In vitro interaction of colloidal nanoparti-
cles with mammalian cells: what have we learned thus far? Beilstein 
J Nanotechnol 5:1477–1490

	 9.	 Ma X et al (2017) Colloidal gold nanoparticles induce changes in 
cellular and subcellular morphology. ACS Nano 11:7807–7820

	10.	 Feliu N et al (2016) In vivo degeneration and the fate of inorganic 
nanoparticles. Chem Soc Rev 45(9):2440–2457

	11.	 Kreyling WG et al (2015) In vivo integrity of polymer-coated gold 
nanoparticles. Nature Nanotechnol 10(7):619–623

	12.	 Veronesi G et al (2019) In vivo biotransformations of indium phos-
phide quantum dots revealed by X-ray microspectroscopy. ACS 
Appl Mater Interfaces 11(39):35630–35640

	13.	 Clift MJD et al (2011) The uptake and intracellular fate of a series of 
different surface coated quantum dots in vitro. Toxicol Appl Phar-
macol 286(1–3):58–68

	14.	 Abdelmonem AM et al (2015) Charge and agglomeration dependent 
in vitro uptake and cytotoxicity of zinc oxide nanoparticles. J Inorg 
Biochem 153:334–338

	15.	 Bartczak D et al (2012) Exocytosis of peptide functionalized gold 
nanoparticles in endothelial cells. Nanoscale 4(15):4470–4472

	16.	 Oh N, Park JH (2014) Endocytosis and exocytosis of nanoparticles 
in mammalian cells. Int J Nanomed 9(Suppl 1):51–63

	17.	 Ho LWC et al (2021) Effect of surface modification with hydro-
carbyl groups on the exocytosis of nanoparticles. Biochemistry 
60(13):1019–1030

	18.	 Dombu CY et al (2019) Characterization of endocytosis and exocy-
tosis of cationic nanoparticles in airway epithelium cells. Nanotech-
nology 21:355102

	19.	 Bourquin J et al (2019) Reduction of nanoparticle load in cells by 
mitosis but not exocytosis. ACS Nano 13:77759–77770

	20.	 Cui X et al (2017) Length effects on the dynamic process of cellular 
uptake and exocytosis of single-walled carbon nanotubes in murine 
macrophage cells. Sci Rep 7(1):1518

	21.	 Jiang X et al (2010) Endo- and exocytosis of zwitterionic quantum 
dot nanoparticles by living cells. ACS Nano 4(11):6787–6797

	22.	 Ashraf S et al (2020) Quantitative particle uptake by cells as ana-
lyzed by different methods. Angew Chem 59:5438–5453

	23.	 Parak WJ et al (2002) Cell motility and metastatic potential studies 
based on quantum dot imaging of phagokinetic tracks. Adv Mater 
14(12):882–885

	24.	 Sun X et al (2019) Tracking stem cells and macrophages with gold 
and iron oxide nanoparticles—the choice of the best suited particles. 
Appl Mater Today 15:267–279

	25.	 Nold P et al (2017) Optimizing conditions for labeling of mesenchy-
mal stromal cells (MSCs) with gold nanoparticles: a prerequisite for 
in vivo tracking of MSCs. J Bionanotechnol 15:24

	26.	 Liu Z et al (2020) Biodegradation of bi-labeled polymer-coated 
rare-earth nanoparticles in adherent cell cultures. Chem Mater 
32:245–254

	27.	 Escudero A et al (2016) Synthesis and functionalization of mono-
dispers near-ultraviolet and visible excitable multifunctional Eu3+, 
Bi3+:REVO4 nanophosphors for bioimaging and biosensing applica-
tions. Nanoscale 8:12221–12236

http://creativecommons.org/licenses/by/4.0/


	 ChemTexts (2022) 8:9

1 3

9  Page 8 of 8

	28.	 Chanana M et al (2013) Physicochemical properties of protein-
coated gold nanoparticles in biological fluids and cells before and 
after proteolytic digestion. Angew Chem Int Ed 52(15):4179–4183

	29.	 Hildebrandt N et al (2017) Energy transfer with semiconductor 
quantum dot bioconjugates: a versatile platform for biosensing, 
energy harvesting, and other developing applications. Chem Rev 
117(2):536–711

	30.	 Lin C-AJ et al (2007) Bioanalytics and biolabeling with semiconduc-
tor nanoparticles (quantum dots). J Mater Chem 17(14):1343–1346

	31.	 Ali Z et al (2011) Multifunctional nanoparticles for dual imaging. 
Anal Chem 83(8):2877–2882

	32.	 Pellegrino T et al (2004) Hydrophobic nanocrystals coated with 
an amphiphilic polymer shell: a general route to water soluble 
nanocrystals. Nano Lett 4(4):703–707

	33.	 Cedervall T et  al (2007) Understanding the nanoparticle-
protein corona using methods to quantify exchange rates and 
affinities of proteins for nanoparticles. Proc Natl Acad Sci USA 
104(7):2050–2055

	34.	 Lynch I et al (2007) The nanoparticle–protein complex as a biologi-
cal entity; a complex fluids and surface science challenge for the 21st 
century. Adv In Colloid Interface Sci 134–35:167–174

	35.	 Roy S et al (2019) Assembly and degradation of inorganic nanopar-
ticles in biological environments. Bioconj Chem 30:2751–2762

	36.	 Carrillo-Carrion C et al (2019) Triple-labeling of polymer-coated 
quantum dots and adsorbed proteins for tracing their fate in cell 
cultures. ACS Nano 13:4631–4639

	37.	 Soenen SJ et al (2015) (Intra)cellular stability of inorganic nanopar-
ticles: effects on cytotoxicity, particle functionality, and biomedical 
applications. Chem Rev 115(5):2109–2135

	38.	 Yang N, Ray SD, Krafts K (2014) Cell proliferation. Encyclopedia 
of toxicology, 3rd edn. pp 761–765

	39.	 Jiang Z et al (2021) A conserved expression signature predicts 
growth rate and reveals cell and lineage-specific differences. PLoS 
Comput Biol 17(11):e1009582

	40.	 Phillips W, Willms E, Hill AF (2021) Understanding extracellular 
vesicle and nanoparticle heterogeneity: novel methods and consid-
erations. Proteomics 21(13–14):2000118

	41.	 Doyle LM, Wang MZ (2019) Overview of extracellular vesicles, 
their origin, composition, purpose, and methods for exosome isola-
tion and analysis. Cells 8(7):727

	42.	 Fathi P, Rao L, Chen X (2020) Extracellular vesicle-coated nano-
particles. View 2(2):20200187

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Quantitative considerations about the size dependence of cellular entry and excretion of colloidal nanoparticles for different cell types
	Abstract
	Introduction
	Proliferation versus exocytosis
	The advantage of mass-balanced studies
	Taking into account NP degradation
	Discussion
	Acknowledgements 
	References




