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Implications of Quenching-to-Dequenching Switch in Quantitative Cell
Uptake and Biodistribution of Dye-Labeled Nanoparticles
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Abstract: A general strategy to carry out cell uptake and
biodistribution studies is to label nanoparticles (NPs) with
a fluorescent dye. However, the comparative study of different
dye-loaded NPs remains difficult owing to uncontrolled dye
quenching and de-quenching. Here we compared two types of
dye-labeled NPs and demonstrated their distinct properties.
NPs with dye molecules at a solid state suffer from dye
quenching, so the dye release and/or NP degradation in
biological environments leads to a several-fold increase of
fluorescence intensity despite the same amount of NPs, owing
to the state switch from quenching to de-quenching. In contrast,
NPs with dye molecules at a soluble state exhibit no quenching
effect. To standardize the comparative study, we propose two
possible solutions: using lower dye loading or using medium
analysis for quantifying cell uptake of NPs. This work provides
valuable insights into selecting valid quantification methods for
bio-nano studies.

Introduction

Numerous studies have reported the development of
a wide variety of nanoparticles (NPs) for drug delivery,[1] but
standardization is lacking in the field which makes it difficult
to compare different nanoparticle systems. Therefore, the
establishment of protocols for quantitative comparison of
different nanoparticle systems becomes urgent and impera-
tive. For preclinical evaluation, cell uptake and biodistribu-

tion studies have become a routine for studying nanoparticle
drug delivery.

Fluorescent labeling has been widely used in evaluating
cell uptake and biodistribution of various NPs.[2] Fluorescence
imaging serves as a powerful tool for monitoring NPs in vitro
and in vivo.[3] More importantly, the visualization of NPs
offers more sensible and direct evidence.[4] NPs are normally
labeled with fluorescent dyes either through encapsulation
inside the particles or conjugation on the particle surface.[5]

For example, fluorescent dyes can be encapsulated in
polymeric NPs and liposomes through hydrophobic interac-
tions.[6] They can also be dissolved in a hydrophobic phase
such as oil to make emulsion-based NPs.[7]

An underlying assumption is that the fluorescence inten-
sity correlates positively with the amounts of NPs accumu-
lated in cells or tissues and organs in mice. However, this is
not necessarily true for some NP systems, let alone the
comparison of different nano-systems, as many factors could
affect the fluorescence intensity in vitro and in vivo. For
example, the dispersion state of dye molecules in NPs gives
a very different readout. When most dyes present in the NPs
at a solid or an aggregate state, the aggregation-caused-
quenching (ACQ) effect comes into play.[8] It has been
reported that cells incubated with the same polymer NPs
having low (1 wt %) and high (3.6 wt%) dye loading yielded
opposite results in biodistribution study,[9] due to fluorescence
quenching, dequenching, and signal saturation.[10] Some
studies have utilized these quenching and de-quenching
effects at high dye loading for stimuli-responsive sensing
applications[11] as well as monitoring dye release from
polymer NPs.[12] However, the quenching effect at low dye
loadings has rarely been taken into consideration during
experimental design. More surprisingly many studies did not
even mention the dye loading of NPs,[13] which could lead to
wrong interpretation of data thus misleading conclusions.[9]

Actually, many dyes suffer from the ACQ effect,[14] and dyes
confined in solid NPs are often quenched to some extent even
at a commonly used loading dosage of 0.1–1% mainly
because of dye aggregation.[15]

In this study, we compared two different kinds of dye-
labeled nanoparticles using one widely used dye 1,1’-diocta-
decyl-3,3,3’3’-tetramethylindocarbocyanine perchlorate
(DiI), that is, DiI-loaded polymer NPs (DiI@Polymer) and
DiI loaded oil-core silica-shell NPs (DiI@Oil). For the
DiI@Polymer NPs, DiI molecules are trapped inside the solid
polymer NPs at a solid state, while for the DiI@Oil NPs, DiI
molecules are dissolved in the oil phase at a soluble state. To
our great surprise, we observed distinct cell uptake and
biodistribution results for the DiI@Polymer and DiI@Oil
NPs. To avoid the interference from continuing NP cell

[*] Dr. G. Yang,[+] Dr. Y. Liu,[+] Dr. Y. Hui, Tengjisi, Prof. Dr. C.-X. Zhao
Australian Institute for Bioengineering and Nanotechnology,
University of Queensland
St. Lucia, Queensland (Australia)
E-mail: z.chunxia@uq.edu.au

Prof. Dr. D. Chen
Institute of Process Equipment, College of Energy Engineering,
Zhejiang University
Hangzhou (China),
and
State Key Laboratory of Fluid Power and Mechatronic Systems,
Zhejiang University
Hangzhou (China)

Prof. Dr. D. A. Weitz
John A. Paulson School of Engineering and Applied Sciences,
Harvard University
Cambridge, MA (USA),
and
Department of Physics, Harvard University
Cambridge, MA (USA)

[+] These authors contributed equally to this work.

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.202101730.

Angewandte
ChemieResearch Articles

How to cite:
International Edition: doi.org/10.1002/anie.202101730
German Edition: doi.org/10.1002/ange.202101730

&&&& � 2021 Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 2 – 12
� �

These are not the final page numbers!

http://orcid.org/0000-0002-6194-1918
http://orcid.org/0000-0002-6194-1918
http://orcid.org/0000-0002-6194-1918
http://orcid.org/0000-0002-6194-1918
http://orcid.org/0000-0003-1320-139X
http://orcid.org/0000-0003-1320-139X
http://orcid.org/0000-0003-1320-139X
http://orcid.org/0000-0003-1320-139X
http://orcid.org/0000-0002-3365-3759
https://doi.org/10.1002/anie.202101730
http://dx.doi.org/10.1002/anie.202101730
http://dx.doi.org/10.1002/ange.202101730
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202101730&domain=pdf&date_stamp=2021-05-11


uptake thus increasing fluorescence intensity, we designed
a one-off experiment. Basically, NPs are incubated with cells
for 15 min, followed by washing to remove free NPs. Then
cells containing the internalized NPs are collected and
incubated further, and the fluorescence intensity is monitored
over time. As the NP number does not change, it is expected
that the fluorescence intensity does not change at the
beginning followed by a gradual decrease due to dye
degradation. The DiI@Oil NPs behaved as we expected.
However, the DiI@Polymer NPs exhibited a completely
opposite phenomenon showing a several-fold increase of the
fluorescence intensity.

The striking fluorescence intensity increase of the DiI@-
Polymer NPs was carefully investigated using the Fçrster
resonance energy transfer (FRET) method. We found that
the dye release and/or NP degradation in biological environ-
ments resulted in a quenching-to-dequenching switch of the
DiI loaded in the NPs. In contrast, the DiI@Oil NPs have no
quenching effect because the DiI was dissolved in the oil core
as a non-quenched-soluble state, therefore their fluorescence
intensity remained stable during incubation. Similar phenom-
ena were also observed in in vivo study. These findings have
critical implications in using fluorescent labeling in cell and
animal studies of NPs. To address this challenge, we propose
two different approaches for future cell and animal compa-
rative studies.

Results and Discussion

We fabricated DiI@Polymer NPs using the most com-
monly used di-block copolymer poly(lactic-co-glycolic acid)-
poly(ethylene glycol) (PLGA-PEG; Supporting Information,
Figure S1 and Table S1). A model hydrophobic dye DiI was
co-precipitated with the polymer PLGA55k-PEG5k at a com-
mon dye loading of 1 wt %. We synthesized DiI@Oil NPs
using a nano-emulsion templating method (Supporting In-
formation, Figure S1 and Table S1).[7b, 16] DiI was dissolved in
the oil phase followed by emulsification and biosilicification
thus forming DiI-loaded oil-core silica-shell nano-capsules.
The DiI molecules in the DiI@Polymer NPs and DiI@Oil NPs
are in different states, with the former in a solid state and the
latter in a soluble state. Their different states in NPs have
profound implications in fluorescent quantification of cell
uptake and biodistribution studies of NPs.

The DiI@Polymer (PLGA55k-PEG5k) and DiI@Oil NPs
were incubated with an ovarian cancer cell line SKOV3 for
15 min, followed by washing with phosphate-buffered saline
(PBS) three times to remove free NPs (Figure 1 a,b). Then
cells containing the internalized NPs were collected (regarded
as 0 h) and incubated in medium solutions for 8 h (denoted as
one-off cell uptake method). The fluorescence intensity was
monitored (Figure 1c,d; Supporting Information, Figures S2
and S3). At the beginning (0 h), the DiI@Polymer NPs were
observed mainly around the cell membrane with weak
fluorescence. Then at 2 h, the cytoplasm of cells was
illuminated with brighter fluorescence (shown as green
color). More interestingly, the fluorescence intensity in-
creased significantly over time from 2 h to 8 h. After 8 h,

the fluorescence intensity started to decrease probably due to
dye degradation (Supporting Information, Figure S4). This is
counterintuitive as the numbers of DiI@Polymer NPs in the
cells remained near constant. The significant increase in
fluorescence intensity was not due to the increased NP
uptake. This significant increase of the fluorescence intensity
during incubation occurred for other dyes as well, for
example, the green fluorescent, lipophilic carbocyanine dye
3,3’-dioctadecyloxacarbocyanine perchlorate (DiO; Support-
ing Information, Figure S5). In contrast, the DiI@Oil NPs
demonstrated a bright fluorescence around the cell mem-
brane at 0 h. Over time, the fluorescent signal moved from the
cell membrane to the cell cytoplasm, and the fluorescence
intensity slightly decreased with time. Also, the quantitative
flow cytometry results correspond well with the qualitative
confocal laser scanning microscopy (CLSM) images (Fig-
ure 1e). The fluorescence intensity of DiI@Polymer NPs
incubated with SKOV3 cells increased 2.6 times from 0 to 8 h,
while DiI@Oil NPs only exhibited a slight decrease (16%)
over time (Figure 1 f).

For both the DiI@Polymer and DiI@Oil NP systems, NP
number associated with the SKOV3 cells remained near
constant as the free NPs were removed after the initial 15 min
incubation. In addition, the efflux of dye was minimal (2 % at
2 h incubation; Supporting Information, Figure S6) and the
cells were washed each time before the measurement to
minimize the effect of efflux. The gradual decrease of the
DiI@Oil NP fluorescence suggested the slow degradation of
dyes in cells. While the dramatic fluorescence increase of the
DiI@Polymer in cells was unexpected as the DiI loading
(1 wt %) was low, dye quenching due to ACQ should have
been avoided. However, when we compared the quantum
yield (F) of the DiI@Polymer NPs having different dye
loading (Figure 1g), strikingly, 1 wt% DiI loading in the
DiI@Polymer showed a significant ACQ with a quantum yield
of 13%. And the ACQ diminished with the decreasing of dye
loading until 0.02 wt % which had a similar quantum yield as
0.01 wt % of dye loading (F = 73%). Based on this experi-
ment, it is clear that the DiI@Polymer NPs suffer from
considerable ACQ at the DiI loading of 1 wt %. Therefore,
the significant fluorescence increase of the DiI@Polymer in
cells was probably attributed to the dequenching of the solid
state DiI over time. This quenching-to-dequenching switch of
the DiI molecules during cell incubation resulted in the
increase of the fluorescence intensity despite the constant
number of DiI@Polymer NPs in the cells.

To further investigate the in vitro behavior of the
DiI@Polymer NPs (1 wt % DiI loading) during the quench-
ing-to-dequenching switch, the fluorescence intensities of
three different DiI@Polymer (PLGA10–15k, PLGA10k-PEG5k,
PLGA55k-PEG5k) NPs were compared (Figure 2a; Supporting
Information, Figures S1 and S7, Table S1). All the three NPs
demonstrated a significant increase of the fluorescence
intensity during incubation despite the near constant NP
numbers in cells, while the fluorescence intensity of PLGA10–

15k NPs increased much faster than those of the PLGA10k-
PEG5k and PLGA55k-PEG5k NPs, showing a 4.7-fold increase
at 8 h in contrast to a less than a three-fold increase of the
DiI@PLGA55k-PEG5k NPs. It may be attributed to the slower
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Figure 1. Comparison of two nanoparticle systems: DiI@Polymer NPs and DiI@Oil NPs. a) Schematic illustration of the one-off cell uptake
experiment of the DiI@Polymer NPs. NPs are taken up by cells and then free NPs are washed away. The cells show weaker fluorescence at this
beginning but stronger fluorescence after incubation. b) Illustration of the one-off cell uptake experiment of the DiI@Oil NPs. The fluorescence of
the cells remains stable during incubation. Representative CLSM images for incubation of DiI@Polymer NPs (c) and DiI@Oil NPs (d). The same
CLSM settings were applied to all groups. Scale bar, 10 mm. The quantitative fluorescence intensity of SKOV3 cells measured by the flow
cytometry for the DiI@Polymer (e) and DiI@Oil (f) NPs incubated with cells for 8 h in the one-off cell uptake experiment. g) The quantum yield
of DiI@Polymer NPs (PLGA55k-PEG5k) with different dye loadings (1, 0.5, 0.1, 0.05, 0.02, and 0.01 wt% DiI). The mean� s.d. from three
independent replicates is shown. N.S.P>0.05, ***P<0.001, analyzed by one-way ANOVA.
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Figure 2. Cell uptake and fluorescence intensity change of DiI@Polymer NPs and DiI@Oil NPs in the one-off cell uptake experiment.
a) Intracellular fluorescence change of different DiI@Polymer NPs including PLGA10–15k, PLGA10k-PEG5k, and PLGA55k-PEG5k in cell culture medium.
b) Intracellular fluorescence change of PLGA55k-PEG5k DiI@Polymer NPs in different cells. c) Schematics of two possible dequenching routes: dye
release or polymer swelling. Representative CLSM images showing the internalization of DiI@Polymer NPs (d) and DiI@Oil NPs (e) and their
transport to lysosomes, scale bars are 10 mm. The Scheme (f), spectra (g), and FRET ratio (h) of dye release kinetics of the DiI@PLGA-Cy5 NPs
(Cy5-labeled DiI-loaded PLGA10–15k NPs) from 0 to 8 h in SKOV3 cells. The Scheme (i), spectra (g), and FRET ratio (k) degradation kinetics of
PLGA-Cy3Cy5 NPs (Cy3 and Cy5 co-labeled PLGA10-15k NPs) from 0 to 8 h in SKOV3 cells. The mean� s.d. from three independent replicates is
shown. *P<0.05, **P<0.01, ***P<0.001, analyzed by two-way ANOVA.
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release of DiI from PLGA-PEG NPs as the presence of PEG
could reduce esterase action thus slowing down the degrada-
tion of the polymer.[17] These different dequenching kinetics
may have interference on the comparison of cell uptake of
NPs made from different materials. Furthermore, we incu-
bated the same DiI@Polymer (PLGA55k-PEG5k) NPs with
three different types of cells, including macrophage
(RAW264.7), cancer (SKOV3), and endothelial (HUVECs)
cells. We found very different dequenching kinetics (Fig-
ure 2b), suggesting the universal phenomenon of the quench-
ing-to-dequenching switch in different cells and different
polymer NPs. Based on this phenomenon, we can infer that
the fluorescence intensity in biodistribution studies using
fluorescence-labeled NPs may not accurately reflect the NP
concentration, which may also result from the different
digestion kinetics of various cells. We speculate that the
quenching-to-dequenching switch could be caused by two
possible mechanisms: 1) dye release,[18] so less quenching and
recovery of fluorescence signal; and 2) NP swelling thus
bigger particle and further distance between dye molecules so
less quenching (Figure 2 c). Consequently, the different dye
release or particle swelling kinetics of different NPs and in
different cells would lead to different recovery speeds of the
fluorescence intensity.

It is well recognized that intracellular NP degradation
primarily occurs at lysosomes,[19] so the process of NP
trafficking to lysosomes was monitored using co-localization
experiments. Figure 2d,e shows the internalization of DiI@-
Polymer NPs and DiI@Oil NPs in the SKOV3 cells and their
transport to lysosomes over 8 h. The yellow (merged from red
and green) spots in the merge images indicated the co-
localization of NPs and lysosomes. The fluorescence intensity
increase of DiI@Polymer NPs occurred when the NPs were
transferred from the cell membrane into lysosomes, and the
DiI started to switch from a quenched state to a non-
quenched state at 2 h (Figure 2 d; Supporting Information,
Figure S8). The DiI@Oil NPs crossed the cell membrane and
accumulated at lysosomes (Figure 2e; Supporting Informa-
tion, Figure S9). However, as the DiI was in the non-
quenched state before incubation, the fluorescence intensity
did not change along with incubation due to the absence of
the state change during incubation.

To further validate our hypothesis about drug release and/
or polymer swelling, we designed two FRET experiments to
further explore the intracellular behavior of DiI@Polymer
NPs in SKOV3 cells. FRET has been widely used for
investigating drug release kinetics which involves the energy
transfer from one dye to the other, shifting the fluorescence
emission. FRET can be used to monitor the integrity and
disassembly of fluorescent dye-loaded NPs thus providing
valuable spatial and kinetic information.[20] DiI (donor) and
Cy5 (acceptor) are a FRET pair, and the FRET effect occurs
at the proximity (usually less than 10 nm) between the two
dyes (Figure 2 f). We synthesized Cy5-labeled DiI loaded
PLGA10–15k NPs (DiI@PLGA-Cy5 NPs, Table S1), which
were incubated with SKOV3 cells using the one-off cell
uptake method. Figure 2g shows that the Cy5 peak was
dominating at 0 h, suggesting the successful formation of
FRET as a result of the close distance between DiI

encapsulated in the NPs and Cy5 on the NP surface. At 2 h,
a significant recovery of the DiI emission as well as the
dramatic decrease of the FRET ratio suggested the partial
separation of DiI and Cy5 (Figure 2h), mainly due to the
release of DiI thus the quenching-to-dequenching switch of
DiI in DiI@Polymer NPs.

On the other hand, to investigate whether the polymer
NPs were swelling and/or degrading during cell uptake
experiments, we used Cy3 (donor) and Cy5 (acceptor) as
a FRET pair. PLGA10–15k-NH2 polymer was self-assembled to
PLGA NP via nanoprecipitation firstly. Then Cy3-NHS and
Cy5-NHS (molar ratio 1:1) were conjugated to the PLGA NP,
with both Cy3 and Cy5 presenting on the particle surface, so
excitation of Cy3 would result in Cy5 emission (Figure 2 i and
Table S1). Similarly, the PLGA-Cy3Cy5 NPs were incubated
with SKOV3 cells. Figure 2 j shows that the presence of Cy5
peak at 0 h, suggesting the successful formation of FRET. The
steady recovery of the Cy3 emission, as well as the gradual
decrease of the FRET ratio from 2 h to 8 h, indicated the
gradual separation of Cy3 and Cy5 (Figure 2k) as a result of
the NP swelling. Again, it is proved that polymer swelling also
plays some roles in the quenching-to-dequenching switch of
DiI in DiI@Polymer NPs. These two FRET experiments
demonstrate that both DiI release and polymer swelling
contributed to the dequenching of DiI in polymer NPs. As
different polymers have different swelling and release proper-
ties, they exhibit different levels of dequenching in cell
experiments.

It is known that long blood circulation time is a prereq-
uisite for targeted drug delivery NPs. So, NP stability in
circulation is critical. DiI showed very different fluorescence
intensity in PBS and FBS at the same dye concentration
(Supporting Information, Figure S10), with FBS showing
about 10 times higher fluorescence intensity than that in
PBS, demonstrating the effective dye-stabilizing effect of the
surface-active biomolecules in FBS such as albumin and
lipoproteins,[21] which led to stronger emission of DiI. To
mimic the in vivo circulation environment, we further
investigated the stability and release kinetics for the 1 wt%
DiI@Polymer NPs (DiI-loaded PLGA55k-PEG5k NPs) (Fig-
ure 3a). 300 mgmL�1 NPs were incubated in FBS at 37 8C with
gentle shaking for 48 h. The fluorescence intensity remained
almost constant in the first 4 hours, indicating that the
particles were stable within a short period of incubation.
Then a continuous growth of the fluorescence intensity was
observed from 8 to 48 hours, confirming the presence of the
quenching-to-dequenching switch of DiI@Polymer NPs in
FBS. The dequenching kinetics of the NPs in FBS was slower
compared to the intracellular experiments (Figure 2a,b). To
investigate the dequenching mechanism of DiI@Polymer NPs
in FBS, similar FRET experiments were conducted. The
DiI@PLGA-Cy5 and PLGA-Cy3Cy5 NPs were incubated in
FBS at 37 8C with gentle shaking for 48 h. Similar trends in
FRET spectra and FRET ratio were observed for DiI@PL-
GA-Cy5 (Figure 3c,d) and PLGA-Cy3Cy5 NPs (Figure 3e,f),
indicating that the increased fluorescence of DiI@Polymer
NPs in FBS was attributed mainly to the dequenching of DiI
because of dye release and polymer swelling, similar to the
cell experiments as discussed above. In contrast, the fluores-
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cence intensity of DiI@Oil NPs remained unchanged over
time in FBS for 48 h (Figure 3b) due to their good stability in
FBS.

The quenching-to-dequenching switch of DiI@Polymer
NPs was also observed by other researchers. Trofymchuk
et al. reported an increase of the overall average fluorescence
intensity of their dye-loaded PLGA NPs in the presence of
FBS,[10] as PLGA can be degraded by both acidic pH and
enzymes in cells, as well as salt, serum proteins and their
catalyzing effect.[22] Temperature also plays a critical role in
PLGA degradation, and the elastic modulus of PLGA NPs
was found to decrease significantly in water at 37 8C.[23] The
swelling and/or degradation mechanism of PLGA NPs in FBS
could also be explained by the adsorption of serum proteins
onto the NP surface thus reducing the stability of particles.[24]

The catalyzing effect of divalent ions (Ca2+, Mg2+) in FBS
might also accelerate the degradation of PLGA.[25]

To examine whether this quenching-to-dequenching
switch also occurs in vivo, we synthesized 1 wt % DiR@Pol-
ymer NPs (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindotricarbo-
cyanine iodide-loaded PLGA55k-PEG5k NPs) and injected
them into mice (Supporting Information, Table S1). The
whole-body fluorescence intensity of mice was recorded over
time (Figure 4 a,b). From 0 to 6 h, a gradual reduction of the
fluorescence intensity was observed due to the rapid clear-
ance of the NPs in vivo. However, the fluorescence intensity
of the whole body underwent a significant increase from 6 to
24 h, indicating that the fluorescence increase owing to the
dequenching surpassed the fluorescence decrease resulting

from the clearance of the dyes, thus an overall increase of the
fluorescence intensity. After 24 h, the clearance of the DiR
dominated again and led to a steady decrease. This decrease-
increase-decrease trend was clearly observed from images of
a representative mouse and the average fluorescence intensity
of the whole body for all 4 mice.

Additionally, we synthesized DiR@Oil NPs (DiR-loaded
oil-core silica-shell NPs) and injected them into mice
(Supporting Information, Table S1). From 0 to 72 h, a gradual
reduction of the fluorescence intensity was observed and no
significant increase of whole-body fluorescence intensity of
mice was observed at any time points, suggesting the absence
of the state switch of DiR of the DiR@Oil NPs (Figure 4c,d)
as DiR was dissolved in the oil core of the DiR@Oil NPs thus
no quenching effect (Supporting Information, Figure S11).
The in vivo environment is complex consisting of both serum
circulation and cell uptake. Therefore, similar to our in vitro
results for cell experiment (Figure 2) and FBS experiment
(Figure 3), the dequenching of DiR@Polymer NPs in vivo was
primarily due to dye release and the swelling and/or
degradation of polymers.

The presence of this quenching-to-dequenching switch in
serum, cells as well as in vivo raise a significant question about
the reliability and accuracy of using dye-labeling methods to
investigate cell uptake and biodistribution studies. Different
release and swelling kinetics of different NP further compli-
cate the problem. Therefore, it is critical to develop more
accurate methods to address these challenges. Herein, we
present two possible solutions.

Figure 3. Stability of DiI@Polymer NPs and DiI@Oil NPs in FBS. 1 wt% DiI@Polymer NPs (a) and DiI@Oil NPs (b) were incubated in FBS for
48 h. The fluorescence intensity was measured by a plate reader at different times. The spectra (c) and FRET ratio (d) of DiI@PLGA-Cy5 NPs from
0 h to 48 h in FBS. The spectra (e) and FRET ratio (f) of the PLGA-Cy3Cy5 NPs from 0 h to 48 h in FBS. The mean�s.d. from three independent
replicates is shown. N.S.P>0.05, ***P<0.001, analyzed by one-way ANOVA.
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Firstly, lowering dye loading in NPs might offer a possible
solution to minimize the dequenching (Figure 5a). The
DiI@Polymer NPs with dye loading from 1 to 0.02 wt% were
incubated with SKOV3 cells (Supporting Information, Ta-
ble S1). The dequenching was observed from 1 wt % down to
0.1 wt % DiI loadings, and the dequenching degree correlates
reversely with the dye loading. We did not observe any
quenching at 0.05% and 0.02 % DiI loading, whereas the
fluorescence signal was very low due to the low dye
concentration. Therefore, lowering dye loading is able to
reduce dye quenching, but also decrease fluorescence inten-
sity significantly as well, which compromises the sensitivity
and accuracy of experiments, so not ideal for in vitro and in
vivo studies.

The second method is called the medium analysis method.
Basically, instead of analyzing the fluorescence intensity of
cells as done in traditional methods, the medium containing
NPs is collected and then dissolved in solvents to quantify the
NP amount in the medium, then calculate back to get the NP
uptake result. In contrast to the traditional method using flow
cytometry (Figure 5b), we prepared two NP samples with one
as the control group containing no cells and the other one as
the test group (Figure 5c). The NPs in the test group were
incubated with cells as usual, whereas the NPs in the control
group were incubated just with the medium. After incubation,
both media containing NPs were analyzed. The difference
between fluorescence intensities from these two groups was
determined as the cell uptake of NPs. This method eliminates

the impacts from the dequenching as well as the quenching
effect of the loaded dyes, so it provides a more accurate
quantification method that does not require very careful
consideration of the dye loading or dye concentration. By
replacing the dye with drugs, this method allows the direct
quantification of cell uptake of drug-loaded NPs.

As a demonstration, we used three different DiI@Polymer
NPs, DiI@PLGA10–15k, DiI@PLGA10k-PEG5k, and DiI@PL-
GA55k-PEG5k NPs, all with 1 wt % DiI loading. They were
incubated with SKOV3 cells at the same DiI concentration,
and then their cell uptakes were quantified using both the
traditional flow cytometry method and the medium analysis
method (Figure 5d). After normalization against the
DiI@PLGA10k-PEG5k group, we can see very different results
from these two methods. For both the DiI@PLGA10–15k and
DiI@PLGA55k-PEG5k groups, the flow cytometry method
gave higher uptake than the medium analysis method. If we
compared the NP uptake results using these two different
methods, we would draw very different conclusions. But as we
discussed, the medium analysis method gives more accurate
results showing that the DiI@PLGA10–15k can be taken up by
SKOV3 cells more preferably followed by DiI@PLGA10k-
PEG5k then DiI@PLGA55k-PEG5k NPs.

Similarly, for biodistribution studies of dye-labeled NPs in
vivo by fluorescent imaging, similar medium analysis methods
could be applied, which has already been used in classical in
vivo drug distribution studies. Typically, the drug is extracted
from homogenized tissues using a solvent and then analyzed

Figure 4. Comparison of DiR@Polymer NPs and DiR@Oil NPs in vivo. DiR@Polymer NPs and DiR@Oil NPs were injected into mice, and
fluorescence photographs were taken at different times. a) Photographs of one representative mouse in (b), the DiR@Polymer NPs showing
obvious fluorescence intensity increase from 6 h to 24 h in vivo. c) Photographs of one representative mouse in (d) and the DiR@Oil NPs
showing no fluorescence intensity increase in vivo. The same equipment settings were applied for all photographs and the fluorescence intensity
of the whole body was analyzed by ImageJ. Data are reported as mean� s.d. (n = 4). **P<0.01, analyzed by one-way ANOVA.
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to determine its concentration. This is more reliable, and its
concept is the same as the medium analysis method we
propose here. Compared to the first method that reduces dye
loading, the second method offers a more accurate and
reliable method for quantification of cell uptake and biodis-
tribution studies, as well as comparative studies of different
NP systems both in vitro and in vivo.

Conclusion

We have demonstrated a ubiquitous quenching-to-de-
quenching switch of dye-labeled NPs especially for dye-
labeled polymer NPs, which occurs in both in vitro quanti-
tative cell uptake and in vivo biodistribution studies. When
these dye-labeled NPs interact with biological systems (cell
culture medium, cells, and organs to animals), dye undergoes
a quenching-to-dequenching switch, leading to a significant
increase of fluorescence intensity. This switch is mainly due to

Figure 5. Two proposed strategies to minimize dye quenching effect. 1) Lower dye loading; 2) medium analysis. The dequenching level (a) in
different dye loadings with the same NP concentration for the NP suspensions. PLGA55k-PEG5k NP suspensions with 1, 0.5, 0.1, 0.05, and
0.02 wt % DiI loadings were incubated with SKOV3 cells using the one-off cell uptake method. b) The traditional flow cytometry (FC) method
analyzes the fluorescence from cells to determine the cell uptake of NPs containing dye, which may lead to false results due to the dequenching.
c) A more accurate medium analysis (MA) method to determine cell uptake of NPs loading hydrophobic dyes. The control and test samples are
prepared. After incubation, the medium containing free NPs is collected, and solvents are then added to dissolve the dye to eliminate the ACQ
effect. Subsequently, the fluorescence intensity difference of the control and test sample is measured as the cell uptake of NPs. d) Cell uptake of
DiI@Polymer NPs fabricated using different polymers: PLGA10–15k, PLGA10k-PEG5k, and PLGA55k-PEG5k, determined by the FC and MA methods.
The cell uptake was normalized to the PLGA10k-PEG5k group. These two different methods demonstrated different uptake results. The mean�s.d.
from three independent replicates is shown for (a) and (d). N.S.P>0.05, *P<0.05, **P<0.01, ***P<0.001, analyzed by one-way (a) and two-
way (d) ANOVA.
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dye release and polymer swelling and/or degradation. Many
factors affect the kinetics of the dequenching including NP
materials, local environments, and cell types. These phenom-
ena make it problematic to directly compare NP cell uptake
and biodistribution using traditional quantification methods,
as the fluorescence intensity becomes dynamic owing to
dequenching thus cannot accurately represent NP concen-
tration. To address the quenching and dequenching problems,
we proposed two possible solutions: using lower dye loading
and using medium analysis for quantifying cell uptake of NPs.
This study highlights that it is vital to design in vitro cell
uptake and in vivo biodistribution experiments carefully,
especially for comparing different NP systems. On the other
hand, although the quenching-to-dequenching switch is
undesirable for comparative studies, it provides new oppor-
tunities for investigating the degradation of NPs and the
release of dyes from NPs.
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Implications of Quenching-to-
Dequenching Switch in Quantitative Cell
Uptake and Biodistribution of Dye-
Labeled Nanoparticles

A ubiquitous quenching-to-dequenching
switch of dye-labeled nanoparticles in
vitro and in vivo is presented. When dye-
labeled nanoparticles interact with bio-

logical systems (cell culture medium,
cells, and organs to animals), the dye
undergoes the switch, causing a sig-
nificant increase of fluorescence intensity.
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