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ABSTRACT: Targeted delivery of molecular cargos to speciﬁc
organelles is of paramount importance for developing precise
and eﬀective therapeutics and imaging probes. This work
describes a disulﬁde-based delivery method in which mixedcharged nanoparticles traveling through the endolysosomal
tract deliver noncovalently bound dye molecules selectively into
mitochondria. This system comprises three elements: (1) The
nanoparticles deliver their payloads by a kiss-and-go mechanism
 that is, they drop oﬀ their dye cargos proximate to
mitochondria but do not localize therein; (2) the dye molecules
are by themselves nonspeciﬁc to any cellular structures but
become so with the help of mixed-charge nanocarriers; and (3)
the dye is engineered in such a way as to remain in mitochondria for a long time, up to days, allowing for observing dynamic
remodeling of mitochondrial networks and long-term tracking of mitochondria even in dividing cells. The selectivity of
delivery and long-lasting staining derive from the ability to engineer charge-imbalanced, mixed [+/−] on-particle monolayers
and from the structural features of the cargo. Regarding the former, the balance of [+] and [−] ligands can be adjusted to limit
cytotoxicity and control the number of dye molecules adsorbed onto the particles’ surfaces. Regarding the latter, comparative
studies with multiple dye derivatives we synthesized rationalize the importance of polar groups, long alkyl chains, and disulﬁde
moieties in the assembly of ﬂuorescent nanoconstructs and long-lasting staining of mitochondria. Overall, this strategy could
be useful for delivering hydrophilic and/or anionic small-molecule drugs diﬃcult to target to mitochondria by classical
approaches.
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The most eﬀective mitochondria-penetrating small-molecule
probes are hydrophobic and feature a delocalized positive
charge.5 In this context, a popular platform for mitochondria
targeting is the triphenylphosphonium (TPP+) lipophilic
cation(s),6,7 used to deliver to mitochondria antioxidants,7
drug payloads,8−10 biosensors,5,11 and ﬂuorophores.11,12 The
positive charge drives the accumulation of various membranepermeant TPP+ and alkyl-TPP+ conjugated compounds inside

itochondria are double-membrane-bound, dynamic
organelles important in energy production, intrinsic
apoptosis pathway(s), and intracellular calcium
1
signaling. They can form intricate networks2,3 characterized
by high ATP production in healthy interphase cells or convert
into a collection of vesicular “fragmented mitochondria” upon
severe cell stress or cell death or during cell division.1 The overall
morphology of these structures emerges from balanced fusion
and ﬁssion events, both of which are facilitated by direct physical
interactions with cytoskeleton-bound motor proteins2 or other
organelles, such as endoplasmic reticulum (ER), late endosomes, and lysosomes.4 Visualizing and tracking these dynamic
interactions is critical for understanding mitochondria’s roles in
health and disease.1
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Figure 1. Structure of mixed-charge nanocarriers for mitochondrial delivery and of ﬂuorescent ligands. (a) Scheme of gold nanoparticles (Au
NPs) with core diameters d = 5.1 ± 0.1 nm, functionalized with positively charged N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride
(TMA) [+] (blue) and negatively charged 11-mercaptoundecanoic acid (MUA) [−] (red) ligands30 and serving as a carrier of noncovalently
bound disulﬁde-based ﬂuorescein ligands (here, FL-C10-SS-C10-COOH, compound 3a). The cartoon illustrates some possible noncovalent
interactions (e.g., cation−π interactions between FL ligand’s xanthene group, circled in green, and TMAs). Hydrophobic interactions between
alkyl linkers of on-NP ligands and ﬂuorescent ligands are essential for long-lasting mitochondrial staining. The composition shown is roughly
for [+/−]9:3/FL nanoparticles corresponding to the ratio of [+] to [−] for surface ligand ratio χTMA:χMUA = 80:20 (see also Figure 2). The ligands
are shown in aqueous solutions at pH 7.4, at which most MUA end-groups are deprotonated and ﬂuorescein is in its dianionic form.34,35
Cationic TMA ligands promote cellular uptake and binding of anionic ligands, while anionic MUA ligands limit the particles’ overall
cytotoxicity. The long alkyl chains bearing disulﬁde bonds are essential for speciﬁc, bright, and long-lasting mitochondria staining. (b) Other
ﬂuorescent ligands/small molecules used in this study. For simplicity, ﬂuorescein moieties here are shown in lactone form.

ﬂuorescent lipophilic cations, including rhodamine derivatives16
and MitoTracker dyes,17 have also been used for mitochondria
visualization in cells. Due to super-resolution ﬂuorescence
microscopy, some excellent advances have recently been
achieved using these existing probes to track short-term
intramitochondrial dynamics at high spatiotemporal resolution.18−20 Even so, the low photostability, high background
ﬂuorescence, and high photoinduced toxicity17,18,20 associated
with mitochondrial fragmentation and swelling are still the key
problems that limit their use for long-term visualizing of

the mitochondrial matrix and/or membranes due to the highly
electronegative potential across the inner mitochondrial
membrane6 (−150 to −180 mV and hyperpolarized −220 mV
for cancer mitochondria). At the same time, the lipophilicity of
the cation determines the kinetics of accumulation and
membrane versus matrix localization.6,7 Notable drawbacks of
TPP+ are that it is nonﬂuorescent and that conjugation to TPP+
moieties proved insuﬃcient to localize some hydrophilic6 (cellpenetrating peptides13) and/or anionic (carboxyﬂuorescein,14
gadolinium chelates15) molecules to mitochondria. Other
B

https://doi.org/10.1021/acsnano.1c01232
ACS Nano XXXX, XXX, XXX−XXX

ACS Nano

www.acsnano.org

Article

and nontoxic, and oﬀer high ﬂuorescence quantum yields.34−36
Because FL itself is not selectively targeting any organelles (see
later in the text), we used it within larger ligands shown in Figure
1. Molecules FL-C10-SS-C10-COOH, FL-C5-SS-C5-COOH,
and FL-C10-SS-C10-FL feature a disulﬁde moiety, often used in
redox-sensitive pro-drugs/nanocarriers37,38 to enhance their
cellular uptake and release of the drug molecules into the
cytoplasm.39,40 The ﬁrst two of these disulﬁdes have terminal
carboxylic acid groups, which, we anticipated, should mediate
electrostatic and/or hydrogen-bonding interactions with
MCNPs’ ligands (enhancing other noncovalent interactions
between FL’s phenyl and xanthene rings and the on-particle
SAMs). Direct comparisons between them could provide insight
into the importance of the alkyl chain length, whereas
comparison between FL-C10-SS-C10-COOH and FL-C10-SSC10-FL would further establish the signiﬁcance of the COOH
group. In addition, FL derivatives with simple alkane chains (FLC5 and FL-C10) were synthesized and tested as controls. The
syntheses of all these ligands were straightforward and are
detailed in the Experimental Section, Schemes S1 and S2,
Figures S1−S10.
In a pH = 7.4 PBS solution, the UV−vis absorbance and
ﬂuorescence emission maxima were λabs = 498 nm and λem = 521
nm for FL-C10-SS-C10-FL and λabs = 493 nm and λem = 521 nm
for FL-C10-SS-C10-COOH (see Figure S11 for data on all FL
derivatives), in both cases corresponding to the dianionic form
of ﬂuorescein (as shown in Figure 1a)34−36 and indicating that
the same light source used for ﬂuorescein (e.g., 488 nm laser) can
be used for excitation of these molecules in cells. On the other
hand, FL-C10-SS-C10-FL (but not FL-C10-SS-C10-COOH)
exhibited partial FRET-mediated self-quenching, likely due to
small Stokes shift of FL dye and π−π stacking of nearby FL
moieties (Figure S12, see also ref 41).
Supramolecular Assembly of Mixed-Charge/Fluorescein Nanoparticles. With the components described in the
previous section, we followed two protocols for the formation of
MCNPs coated with FL-containing ligands: (1) coassembly in
which TMA, MUA, and FL-containing ligands were all
simultaneously present in the solution; and (2) sequential
assembly in which the MCNPs covered with TMA and MUA
ligands were prepared separately and were only then coated with
FL-containing ligands. The outcomes were generally similar in
that the nanocarriers made by either of the two methods could
deliver FL cargo (in particular, mixed disulﬁdes FL-C10-SSC10-COOH and FL-C5-SS-C5-COOH) selectively to the
mitochondria. The minor, but signiﬁcant, diﬀerence is that
NPs prepared by coassembly oﬀered longer-lasting labeling (up
to 72 h), which can be attributed to the diﬀerences in the
interactions operative during the assembly process. These
aspects are detailed in subsequent subsections.
MCNP/FL Systems Prepared by Coassembly. In this
approach, Au NP cores (0.065 mmol in terms of Au atoms)
stabilized by dodecylamine were exposed to the mixture of
TMA, MUA, and FL ligands. The entire process took place in a
mixture of nonpolar toluene and aprotic, moderately polar
dichloromethane, that is, in a medium in which COOH groups
on the MUA and FL ligands were protonated. After soaking in
the mixture of ligands for 18 h, the excess/unbound ligands were
removed by multiple rounds of washing, precipitation, and
ultimately dispersing the particles in pH ≈ 8 water (cf.
Experimental Section). The procedure was similar for all FLcontaining ligands, and its key outcomes are illustrated here for
the FL-C10-SS-C10-COOH asymmetric disulﬁde. To prepare

mitochondrial movements in living cells. In addition, the wideranging time scales of mitochondrial rearrangements (spanning
from minutes to days, ∼102 to 105 s)21 grant that no single
mitochondria tracking dye can meet all the needs. Only a few of
these probes (MitoTracker dyes and C-Naphox-based MitoPB
Yellow) are retained by covalent binding to mitochondrial
proteins,17,20 and even fewer remain in the mitochondria for
very long times,22 while most of them leak out of spontaneously
depolarizing mitochondria over short time scales (min to h).23,24
Here, we present a strategy for mitochondria-targeting
without conjugation to TPP+ moieties6 or mitochondriatargeting peptides.5 Speciﬁcally, we transform an inexpensive,
widely used, nontoxic, and anionic ﬂuorescein dye (5-aminoﬂuorescein)which by itself has no aﬃnity for any speciﬁc
cellular structuresinto a series of ﬂuorescent nanodyes that
target mitochondria with high speciﬁcity and stability. Our
system comprises two components: (1) asymmetric alkane
disulﬁdes with one arm terminated in ﬂuorescein;25,26 and (2)
mixed-charge gold nanoparticles, MCNPs, covered with mixed
self-assembled monolayers comprising oppositely charged
alkanethiolates.27,28 The dye molecules (1) associate with
MCNPs (2) via noncovalent interactions. These particles then
serve as nanocarriers that facilitate cellular uptake and release of
noncovalently bound ﬂuorescein ligands near mitochondrial
membranes, thereby recovering ﬂuorescence quenched by Au
cores and marking mitochondria with excellent speciﬁcity.
Unlike other commercially available MitoTrackers, ﬂuorescent
nanodyes show longer retention times (days) in mitochondria.
Long-lasting retention of the ﬂuorescent ligands in mitochondria is rationalized by a combination of their gradual release from
endolysosomal reservoirs and covalent binding to mitochondrial
proteins.

RESULTS AND DISCUSSION
Design of the Nanocarrier System. We and others have
studied cellular uptake of water-soluble gold nanoparticles
(NPs) functionalized with mixed self-assembled monolayers
(mSAMs) comprising various proportions of positively [+] and
negatively [−] charged alkane-thiolate ligands,28,29 typically
N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride,
TMA, and mercaptoundecanoic acid, MUA.30 In particular,
we recently showed that particles covered with net-positive
mSAMs are not only readily internalized by various types of
cells27,31 butunlike purely positive TMA NPs, which are
generally toxic to mammalian cells32,33are also well tolerated
in mice31 and display cancer-speciﬁc cytotoxicity.30 At higher
concentrations, the MCNPs can selectively kill cancer cells
through the pH-dependent assembly of micron-size crystals in
cancer lysosomes.28,30 In noncancerous cells, these particles
display low cytotoxicity because of limited aggregation in
autophagosomes and their clearance through exocytosis.30
Here, we combined these uptake and low-toxicity properties
with the ability of the MCNPs to serve as carriers of other
molecules noncovalently bound on MCNPs’ surfaces. We
anticipated that the net-positive MCNPs would target
mitochondria whose membranes are negatively charged. To
this end, we synthesized gold nanoparticles with core diameters
d = 5.1 ± 0.1 nm and functionalized them with diﬀerent
proportions of TMA and MUA thiols, as described previously27,30,31 (Figure 1). As the noncovalently bound cargo, we
used molecules containing ﬂuorescein (FL) ﬂuorophores. FL
and its derivatives are appealing because they are among the few
ﬂuorophores approved for clinical use, are common, aﬀordable,
C
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Table 1. Structure and Surface Characteristics of Mixed-Charge Fluorescein Nanocarriers/Nanoparticles
NPs

molar ratio of ligands in
solution TMA:MUA/ [+]:[-]

zeta potential
[mV] pH
7.2−7.4a

hydrodynamic diameter,
DH, from DLS [nm]b

hydrodynamic diameter,
DH, from FCS [nm]c

ligand shell thickness
from TEM [nm]e

FL
molecules/
NPf

[+]/FL
[+/−]9:3/FL
[+/−]6:6/FL
[+/−]3:9/FL
[−]/FL
[+] = 100:0
[+/−]9:3 = 80:20

12:0
9:3
6:6
3:9
0:12
12:0
9:3

29.0 ± 2.1
25.5 ± 3.0
16.2 ± 2.5
−18.3 ± 5.1
−34.1 ± 1.3
27.0 ± 1.4
20.2 ± 1.4

7.7 ± 0.5
7.6 ± 0.4
7.6 ± 0.1
7.3 ± 0.5
7.5 ± 0.7
8.0 ± 0.1
7.6 ± 0.4

8.26 ± 0.10
9.55 ± 0.14
8.33 ± 0.20
7.66 ± 0.10
7.60 ± 0.14
NAd
NA

2.51 ± 0.75
3.80 ± 1.42
2.55 ± 0.61
2.25 ± 0.41
2.18 ± 0.46
2.00 ± 0.12
1.94 ± 0.16

52
94
82
47
12
0
0

a

Particles’ zeta potentials. bThe hydrodynamic diameters (DH) as determined with dynamic light scattering (DLS). cThe hydrodynamic diameters
(DH) as determined with ﬂuorescence correlation spectroscopy (FCS). dNA = not applicable. eLigand shell thickness from TEM images shown in
Figure 2e and Figure S13. fThe average numbers of ﬂuorescein ligand molecules per nanoparticle corresponding to the experiments shown in
Figure 2c. For comparison, parameters for [+/−] NPs without ﬂuorescein[+] = 100:0 referring to cationic/pure-TMA NPs and [+/−]9:3 = 80:20
referring to NPs with surface composition of χTMA:χMUA = 80:20are also shown. All data are mean ± SD; for a,bn = 3 independently synthesized
batches of NPs; for cm = 5 measurements, similar results were observed from n = 2 independently synthesized batches of NPs; for en > 121
nanoparticles; f n = 3 independent experiments. Fluorescein (FL) nanoparticles (NPs) were prepared by the coassembly method with FL-C10-SSC10-COOH as described in the Experimental Section.

overall DH ≈ 7.6 nm. On the other hand, FCS measurements
summarized in Figure 2f and Figure S15a−c revealed that
particle size increased with the number of FL-C10-SS-C10COOH ligands they carried (for example, mixed-charge
particles with ∼94 FL/NP were larger than anionic ones with
∼12 FL/NP by ∼1.85 nm; Table 1). One should keep in mind
that low contrast between the refractive indices of the ligand
shell and solvent typically precludes accurate measurements of
small changes in the particle diameters with DLS.46 FCS,
however, allows for the detection of particle size changes above 1
nm.45 Irrespective of such interpretations, the ligand shells can
be directly visualized by TEM imaging of nanoparticles
counterstained with phosphotungstic acid. The TEM results
agree with the FCS ﬁndings (Figure 2e, Table 1; see images for
all nanoparticles in Figure S13). Of note, the shells are also
thicker than TMA/MUA monolayers on MCNPs prepared
without any FL ligands; this result is in line with disulﬁdes not
adsorbing directly onto gold but, instead, forming a
chemisorbed shell around the TMA/MUA monolayer.
MCNP/FL Systems Prepared by Sequential Assembly. To
further probe the formation of the on-particle shells, we
performed experiments in which we ﬁrst functionalized the Au
NPs with monolayers of TMA and MUA thiols and only then
exposed them to FL-containing ligands. Because MCNPs are
not soluble in organic solvents, they were suspended in water; in
such an environment, at pH > 8, the COOH groups are
deprotonated, enabling ion-pair interactions (e.g., between TMA
groups in the ligand shell and MUAs in FL disulﬁdes). Despite
such diﬀerences, the assemblies that formed had similar sizes to
those formed by coassembly (Figure S15); the thickest shells
were observed for FL-C10-S-S-C10-COOH ligands.
Selective and Long-Term Staining of Mitochondria.
Optimal Staining with Asymmetric Disulﬁdes. Irrespective of
the preparation method (coassembly or sequential assembly),
the MCNPs decorated with FL-C10-S-S-C10-COOHbut not
these ligands alonetargeted the mitochondria selectively. This
performance was similar for 48 h, but for later times (72 h), only
the coassembled [+/−]9:3/FL particles retained bright ﬂuorescence in mitochondria. In fact, our NPs were more eﬀective
for long-term staining than commercial MitoTracker Green
dye17a standard dye to label mitochondria18,20whose
ﬂuorescence signal decayed steadily with time (see also Figure
S16). These trends are illustrated and quantiﬁed in Figure 3 for

particles with diﬀerent compositions, the molar ratios of [+] to
[−] ligands in solution were 12:0, 9:3, 6:6, 3:9, and 0:12 (total
amount of 0.065 mmol), which, according to our previous
studies of MCNPs, should yield surface ligand ratios χTMA:χMUA
of 100:0, 80:20, 61:39, 30:70, and 0:100, respectively.27,42 The
ratios of FL ligands to the total [+] and [−] ligands that yielded
water-soluble, nonaggregated ﬂuorescent nanoparticles ranged
from 1:60 to 1:96 (Table 1, Figure 2a,e,f). We note that at this
low disulﬁde content and with signiﬁcantly slower kinetics of
adsorption of disulﬁdes versus thiols onto Au,43,44 we expected
that the disulﬁdes would not be covalently bound to the Au cores
but rather chemisorbed onto the MUA/TMA shell; we will
substantiate this claim by experiments described later in the text.
As illustrated in Figure 2d, the ﬁve types of particles thus
prepared had zeta potentials varying from −34.1 to +29.0 mV;
that is, close to the potential of MCNPs functionalized with the
same concentrations of TMA/MUA thiols but no FL disulﬁdes.
As could be expected, the AuNP cores quenched the
ﬂuorescence of the FL ligands. To assess the degree of this
quenching and quantify the numbers of FL ligands on the NPs,
we compared ﬂuorescence intensities before and after Au core
digestion with potassium cyanide, KCN (see Experimental
Section). The treatment with KCN recovered quenched
ﬂuorescence of nanoparticles, on average by a factor of f ≈
11.5 (11, 15, 16, 7, and 8.5 for [+]/FL, [+/−]9:3/FL, [+/−]6:6/
FL, [+/−]3:9/FL, and [−]/FL NPs, respectively); see Figure 2b.
Subsequently, the total number of FL-C10-SS-C10-COOH
ligands attached to the diﬀerent types of ﬂuorescein nanoparticles was estimated by relating the ﬂuorescence intensities
after etching the cores to the calibration curves obtained by
KCN treatment of known amounts of the free ligands brieﬂy
mixed with Au NPs (Figure S14; see details in the Experimental
Section). We found that a larger number of FL-C10-SS-C10COOH ligands was associated with mixed-charge than with
singly charged nanoparticles. On average 52, 94, 82, 47, and 12
ligands per nanoparticle were associated with [+]/FL, [+/−]9:3/
FL, [+/−]6:6/FL, [+/−]3:9/FL, and [−]/FL nanoparticles,
respectively (Figure 2c, Table 1).
To characterize the ﬂuorescent ligand shells in more detail,
hydrodynamic diameters, DH, of the particles were determined
by either dynamic light scattering (DLS)30 or ﬂuorescence
correlation spectroscopy (FCS).45 On one hand, DLS measurements conﬁrmed that all particles were uniform in size with an
D
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Figure 2. Properties of the mixed-charge nanoparticles decorated with ﬂuorescent disulﬁde assemblies. (a) Normalized UV−vis spectra for
various ﬂuorescein nanoparticles prepared by the coassembly method with FL-C10-SS-C10-COOH (see Figure 1a) and standard mixed-charge
80:20 NPs30 without ﬂuorescein (gray curve overlapping with colored curves). The subscripts indicate the ratios of [+] to [−] ligands present in
solution during ligand exchange reaction (see Experimental Section). All nanoparticles were nonaggregated (see also NP sizes in Table 1). (b)
The quenching eﬀect of Au cores was assessed by comparing ﬂuorescence intensities for nanoparticle solutions (2 nM in PBS, λex = 495 nm)
before (dashed lines) and after (solid lines) Au core digestion with potassium cyanide. (c) Total number of ﬂuorescein ligands adsorbed onto
various nanoparticles (see Experimental Section and Figure S14). For (a) and (b), representative spectra from n = 3 independent experiments
are shown; (c) n = 3 experiments; data are mean ± SD, horizontal lines indicate median values, and rectangular markers show the mean values.
(d) Zeta potentials for various mixed-charge ﬂuorescein nanoparticle assemblies, [+/−] FL NPs, are plotted as a function of the ligand shells’
composition, χTMA:χMUA, at physiological pH ≈ 7.2−7.4. [+] = 100:0/pure-TMA NPs; [+/−]9:3 = MCNPs with χTMA:χMUA = 80:20 (gray
diamonds). The ratios of [+] to [−] ligands in solution are indicated by the subscripts, and the resulting surface ligand ratios, χTMA:χMUA, were
established previously for mixed-charge NPs by core etching/NMR.27,31 Data are mean ± SD, n = 3 independently synthesized batches of NPs.
(e) TEM images of nanoparticles with the ligand layer visualized by staining with phosphotungstic acid show thicker ligand shells (marked in
red) for ﬂuorescein nanoparticles [+/−]9:3/FL (ii) as compared to 80:20 MCNPs (i) (see Table 1 and Figure S13). Scale bar: 20 nm. (f)
Hydrodynamic diameters (DH) of coassembled ﬂuorescein/[+/−] nanoparticles were obtained from ﬂuorescence correlation spectroscopy
(FCS) measurements (see Table 1 and Figure S15). The gray dashed line indicates the value of DH for bare 80:20 MCNPs from dynamic light
scattering (DLS). Data are mean ± SD, m = 5 measurements; similar results were observed with n = 2 independently synthesized batches of NPs.
Note that FCS sizes are consistent with the number of FL ligands shown in (c).

commensurate with the initial values (see subsequent sections).
In contrast, the ﬂuorescence intensity of mitochondria labeled
with MitoTracker Green decreased by ∼50% within the ﬁrst 24
h and was close to background levels by 72 h. Lastly, we show
that nanocarriers with on-NP ligands featuring alkyl linkers are
essential for long-lasting mitochondria staining with asymmetric
disulﬁdes. In contrast, nanocarriers incorporating hydrophilic
ethylene-glycol linkers generate speciﬁc but short-lived staining
(Figure S19).
We also examined the suitability of our nanoparticles for
visualizing the dynamic rearrangements of mitochondria
networks3 in living cells. Because typical mitochondria are
∼0.75−5 μm2 in size and their dynamics occur on time scales
from seconds to minutes, their tracking does not necessarily

MCF10A cells plated at low density to allow for cell division,
exposed to the dyes for a short time (1 h), followed by the
removal of the dyes, replacement of media, and imaging of live
cells daily (up to 72 h, a time when cells grew to a conﬂuent
monolayer). The unimpeded cell division evidences the
excellent biocompatibility of ﬂuorescein nanoparticles. Additional control experiments showed that short-term incubation
with [+/−]9:3/FL did not signiﬁcantly compromise cell viability
(see Figure S17 for complete cytotoxicity data) or mitochondrial
function (Figure S18). Of note, despite the ongoing cell division,
which would typically “dilute” ﬂuorescent probes, there was a
considerable (∼20% of initial ﬂuorescence intensity) increase in
the ﬂuorescence intensity 24−48 h after the labeling with
[+/−]9:3/FL NPs; at 72 h, the ﬂuorescence intensity was still
E
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Figure 3. Long-term mitochondrial labeling after short exposure to ﬂuorescein nanoparticles. MCF10A cells were labeled for 1 h with (a)
coassembled nanoparticles: 50 nM [+/−]9:3/FL NPs where the FL ligand is FL-C10-SS-C10-COOH or (b, c) with sequentially assembled
nanoparticles: 80:20 NPs (50 nM) mixed with (b) 3a, FL-C10-SS-C10-COOH, or (c) 3d, FL-C10 (5 μM, 18 h assembly time), or with (d) 200
nM MitoTracker Green dye (without any nanoparticles). Next, dyes were removed, media was replaced, and cells were imaged immediately (1 h
= control), 24, 48, or 72 h after the labeling. Scale bars = 10 μm. Images are shown after background subtraction (see Experimental Section).
The increasing numbers of cells per image over time reﬂect cell division. (e) The graph shows normalized ﬂuorescein’s ﬂuorescence intensity in
mitochondria (expressed as % of control/1 h) for coassembled [+/−]9:3/FL NPs (magenta), sequentially assembled FL-C10-SS-C10-COOH +
80:20 NPs (green), sequentially assembled FL-C10 + 80:20 NPs (purple), and MitoTracker Green (gray) corresponding to images shown in
(a)−(d). Data are mean ± SD, n ≥ 10 cells; m ≥ 50 measurements of individual ROIs for each time point. (f) Time-lapse confocal images of
living U2OS osteosarcoma cells with mitochondria stained using [+/−]6:6/FL NPs (100 nM, 2 h). Red arrows mark a rapidly extending
mitochondrial tubule; asterisk marks a subsequent ﬁssion event. See corresponding Supplementary Movies 1−4. Scale bar = 10 μm.

turn, rapidly rearranged by subsequent ﬁssion and/or fusion
events. The rapid extension of mitochondrial tubules, called
dynamic mitochondrial tubulation, has been reported previously
and could be mediated by molecular motors pulling the
mitochondrial tubules along the microtubule tracks2 or
hitchhiking on contacting late endosomes/lysosomes.4 We
note that most previous studies documenting mitochondrial
network dynamics with time-lapse imaging (requiring repeated
exposures of the same cells) have used genetically encoded
fusion proteins (for example, mEmerald-Tomm20 outer
membrane protein2−4) to mark mitochondria. This is because
small-molecule dyes are more likely to cause photoinduced
mitochondrial swelling and fragmentation (thus precluding the
observation of network dynamics), which is partially alleviated

require advanced super-resolution approaches.2,4 As elsewhere
in this paper, we used confocal laser scanning microscopy
(CLSM) to image mitochondria in cells labeled with ﬂuorescein
nanoparticles (here, [+/−]6:6/FL NPs in more sensitive U2OS
ﬁbrosarcoma cells; see Experimental Section) every ∼3 s for up
to ∼10 min duration (i.e., with temporal resolution similar to
other studies, see ref 4 and references therein). Such movies
revealed continuous remodeling of the highly interconnected
mitochondrial networks (Supplementary Movies 1−4). Specifically, the peripheral mitochondrial tubules displayed rapid
extensions and sideway sliding/displacements followed by
retractions and/or ﬁssion events at the distal ends. Some of
such extended tubules fused to the side of another
mitochondrion, forming new network nodes, which were, in
F
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Figure 4. Functional group requirements for mitochondria targeting. (a) Confocal microscopy images of various ﬂuorescein nanoparticle
assemblies incubated with MCF10A cells for 1 h. Fluorescein (FL) nanoparticles were prepared by the sequential assembly in which 50 nM
80:20 [+/−] NPs were mixed with various FL derivatives either for 20 min or 18 h in an aqueous solution. The concentrations of FL derivatives
were such as to give assemblies with ∼100 ﬂuorophores per nanoparticle: 2.5 μM for FL-C10-SS-C10-FL and 5 μM for all other compounds.
Representative images are shown without background subtraction; n = 11−19 images/cells per treatment. Scale bars = 10 μm. (b) Bar plots
showing the signal-to-background ratios (S/B) for free ﬂuorescein derivatives (white bars) and sequentially assembled particles shown in (a)
(patterned bars). S/B > 3 corresponds to speciﬁc mitochondrial localization (see Experimental Section). Data are mean ± SD, m = 15
G
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Figure 4. continued
measurements from n = 5 cells. (c) The sizes of sequentially assembled nanoparticles from ﬂuorescence correlation spectroscopy (FCS)
measurements evidence that all ﬂuorescein derivatives were associated with the [+/−] particles (see Figure S15). Sizes of the particles with
associated ﬂuorescein derivatives are indicated in color; free ligands in gray; percentages indicate proportions of free to particle-associated
ligands; gray dashed line shows the sizes of 80:20 NPs without ﬂuorescein ligands obtained from dynamic light scattering (DLS). nd =
undetectable with FCS. NA = data not available; FCS measurements for symmetric disulﬁde FL-C10-SS-C10-FL were not possible due to high
FRET-based quenching. Data are mean ± SD, m = 5 measurements.

Asymmetric Disulﬁdes Covalently Bind to Cellular
Proteins. To determine if asymmetric disulﬁdes, FL-C10-SSC10-COOH, could covalently bind to cellular proteins through
disulﬁde bonds,50 we performed SDS-PAGE analysis under
nonreducing conditions. We show that asymmetric ﬂuorescein
ligands were conjugated to cellular proteins with a wide range of
molecular weights (although the proﬁles of bound proteins were
not identical; see Figure 5, top panel, and Figure S22) both in
cell lysates or when delivered to mitochondria in living cells with
80:20 mixed-charge nanocarriers. As expected, the FL-C10
ligand lacking a disulﬁde bond did not bind to cellular proteins.
In addition, we show that similar to MitoTracker dyes,17,20
mitochondria staining with asymmetric disulﬁdes is compatible
with formaldehyde ﬁxation (Figure S23) and partially resistant
to mitochondria depolarization (Figure S24). Speciﬁcally, ∼66%
of ﬂuorescence intensity from [+/−]9:3/FL NPs remained in the
mitochondria after dissipation of the negative potential across
the inner mitochondrial membrane with a protonophore
carbonyl cyanide-4-(triﬂuoromethoxy)phenylhydrazone
(FCCP) (Figure S24).
Mitochondrial Localization of Fluorescent Ligands. Focusing on the best-performing FL-C10-SS-C10-COOH ligands, we
studied details of their intracellular localization by live-cell
confocal microscopy. Short-term incubation (∼1 h) of HT-1080
ﬁbrosarcoma cells with diﬀerent types of MCNPs (50 nM)
decorated with these ligands resulted in varying degrees of
mitochondrial localization (Figure 6). All but purely anionic
[−]/FL NPs delivered FL ligands to mitochondria with
excellent speciﬁcity, as evidenced by the Pearson’s correlation
coeﬃcient, PCC, between ﬂuorescein signal and MitoTracker
Red images being close to unity (PCC ≈ 0.8−0.9, Figure 6a,d).
The brightness of mitochondria labeling (quantiﬁed as
ﬂuorescence intensity in mitochondria; Figure 6a) correlated
the numbers of ligands per nanoparticle detected in ex vivo
experiments (see Figure 2c) with [+/−]9:3/FL nanocarriers
yielding the brightest signal. Surprisingly, even net-negative
surface charge [+/−]3:9/FL NPs (violet, Figure 6a) gave a signal
localized to mitochondria, albeit with less intense ﬂuorescence.
Next, we considered localization to mitochondria versus
lysosomes, which are of particular interest because, as previously
shown,30 lysosomes readily accumulate MCNPs. To this end, we
visualized the lysosomes with LysoTracker Red (λem = 590 nm)
and simultaneously exposed the cells to our [+/−]9:3/FL NPs
(λem = 521 nm). In separate experiments, cells were incubated
with [+/−]9:3/FL NPs along with mitochondria-selective
commercially available MitoTracker Red (λem = 599 nm). As
quantiﬁed in Figure 6b,c, ﬂuorescein’s signal was rapidly and
persistently localized to mitochondria but not the lysosomes.
We also showed that such mitochondrial targeting generalizes
to both cancer and normal cells of various types. As shown in
Figure 6e, PCC coeﬃcients between FL and MitoTracker Red
images were high (PCC > 0.75) for HT-1080, MDA-MB-231,
PC3M, MCF10A, and Rat2 cells with 1 h incubation. Only in
mouse embryonic ﬁbroblasts, MEFs, was the delivery of FL

by the addition of oxygen scavengers and/or antioxidants, such
as Trolox, to the imaging medium.18,19 Notably, we performed
the imaging in native media without any such additives, and,
apart from a few exceptions, we did not observe such signs of
phototoxicity. Speciﬁcally, cancer cells, such as U2OS, were
more sensitive to more cationic [+/−]9:3/FL NPs, but were
successfully imaged by using less cationic [+/−]6:6/FL particles
(see Figure 3f and Supplementary Movies 1−4).
Staining with Other Fluorescent Ligands: The Role of Long,
C10-Alkyl Chains and Disulﬁde Bonds. To further understand
the importance of speciﬁc structural elements of our nanocarriers for selective mitochondrial staining, we performed a
series of control experiments with various ﬂuorescein derivatives
from Figure 1, either absorbed on MCNPs or alone. Before cell
studies, we assessed whether these molecules formed assemblies
with mixed-charged nanoparticles by measuring the particle
sizes. Reliable FCS measurements could be performed in all
cases, except for symmetric disulﬁde, FL-C10-SS-C10-FL, which
was almost nonﬂuorescent, most likely due to the aforementioned FRET-based quenching and aggregation. The FCSdetermined sizes, DH, ranged from 7.4 to 9.9 nm (from smallest
to largest: FITC < FL-C5 < FL-C10 < FL-C5-SS-C5-COOH <
FL-C10-SS-C10-COOH); see Figure S15.
Confocal microscopy results summarized in Figure 4a,b
showed that despite the ability to bind to proteins through its
isothiocyanate group,47 nanoparticle assemblies prepared with
commercially available ﬂuorescein isothiocyanate (FITC) did
not accumulate in mitochondria but stained entire cells/
cytoplasm nonspeciﬁcally (note: FITC by itself initially stained
the entire cells followed by its rapid leakage out of the cells).
Similarly, the starting material for ﬂuorescein disulﬁde synthesis,
5-ﬂuoresceinamine, 5-FAM, neither on its own nor with
MCNPs accumulated in the mitochondria (Figure S20). To
test if membrane anchoring48,49 alone (without disulﬁde bond
and the terminal COOH group) is suﬃcient for speciﬁc
mitochondrial localization, ﬂuorescein derivatives with shorter
and longer alkyl chains (FL-C5; FL-C10) were synthesized. FLC5 did not label any particular structures in cells (Figure S20).
FL-C10, on the other hand, partially stained mitochondria,
cytoplasm, nucleus, and network-like structures resembling ER;
such a nonspeciﬁc staining pattern was observed for both free
FL-C10 molecule and FL-C10/MCNP particles. Moreover, this
staining was short-lived (Figure 3c and Figure S21).
As mentioned previously, only particles carrying FL-C10-SSC10-COOH showed speciﬁc mitochondrial localization with
high signal-to-background (S/B) ratios, while ones with shorter
asymmetric disulﬁde (FL-C5-SS-C5-COOH; Figure 4) showed
speciﬁc but low-intensity staining of mitochondria. Of note,
particles decorated with symmetric disulﬁde (FL-C10-SS-C10FL; Figure 4)whose ﬂuorescence ex vivo was quenched due to
FRETalso resulted in bright though slightly less speciﬁc
mitochondrial staining. This ﬁnding might suggest that
disulﬁdes are cleaved into thiols or undergo disulﬁde-thiol
exchange in mitochondria.
H
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(quantiﬁed by ﬂuorescence intensity in mitochondria, Figure
7a,b) were energy-dependent processes that proceeded, in part,
through nonendocytic mechanisms. Moreover, internalization
via various endocytic pathwaysincluding the clathrinmediated endocytosis, caveolin pathway, and to a lesser extent
macropinocytosiswas essential for speciﬁc and bright staining
of mitochondria.
TEM images conﬁrmed nonendocytic and endocytic uptake
and revealed instances of nanoparticle “endosomal escape” in
∼18% of endosomes observed in MCF10A cells (Figure 7e,f). In
HT-1080 ﬁbrosarcoma cells, more prominent endosomal
disruption (∼37% of endosomes) was observed for [+]/FL
NPs (associated with higher toxicity; Figure S17) and again
more modest eﬀects (∼20% of endosomes) for [+/−]9:3/FL
NPs, suggesting gradual “endosomal escape” of the latter
particles.
Importantly, gold nanoparticles were not detected in the
mitochondrial matrix or membranes with TEM (see “empty”
mitochondrion next to the multivesicular body, MVB,
containing nanoparticles in Figure 7e, iii). Dark-ﬁeld microscopy observations were consistent with TEM in that they
detected the formation and dispersion of perinuclear aggregates
of Au nanoparticles over time, but not nanoparticles and/or
their aggregates inside the mitochondria (Figure 7d). We
performed additional live-cell imaging experiments to identify
the vesicles harboring the nanocarriers. Au NP aggregates were
imaged with label-free confocal reﬂection mode (CRM).30 Since
the numbers of detectable Au NP clusters for coassembled
[+/−]9:3/FL NPs were lower than numbers for sequentially
assembled NPs, we studied the latter in detail and the former
only at later time points (Figure 7g). In this context, we make
two observations: (1) nanocarriers rapidly (by 1 h) appear in
vesicles positive for Rab7a or Lamp1 with only a small
proportion detected in vesicles positive for Rab5a; (2) 24 h
after labeling, almost all Au NPs clusters colocalized with
Lamp1-vesicles. Speciﬁcally, 96 ± 4% of sequentially assembled
and 90 ± 11% of coassembled Au NP clusters colocalized with
Lamp1-vesicles. At the same time, 56 ± 14% of sequentially
assembled and 78 ± 11% of coassembled Au NPs clusters
colocalized with Rab7-vesicles, suggesting that a large fraction of
vesicles harboring nanocarriers were positive for both Rab7a and
Lamp1. Of note, both Lamp1- and Lamp1/Rab7-vesicles are
considered terminal vesicles (as opposed to intermediates) in
the endolysosomal transport pathway51 (Figure 7g,h). These
results are consistent with our previous results described in ref
30 (though endolysosomal damage assessed with a galectin
puncta assay and the swelling of lysosomes were not observed;
see Figures S25 and S26). They indicate that nanoparticles act as
the carriers delivering ﬂuorescent ligands to mitochondria but
do not necessarily permeate mitochondrial membranes.
Proposed Mechanism for Targeting of Fluorescent
Dyes to Mitochondria with Mixed-Charge Nanocarriers.
The results described in previous sections substantiate a
mechanism in which MCNPs serve as selective “transporters”
of noncovalently bound ﬂuorescent ligands to mitochondria
(Figure 8). The FL-C10-SS-C10-COOH ligands we used are, by
themselves, nonspeciﬁc to any organelle and are mostly cell
membrane-impermeable, necessitating a mechanism, preferably
other than TPP+ cations, for cellular internalization. Charged Au
NPs have been used to deliver cargoes (oligonucleotides or
drugs)52 to the cytoplasm. Still, apart from ultrasmall Au NPs (3
nm),53 they are not known to accumulate in the mitochondria,
which is also the case for our MCNPs that transit to perinuclear

Figure 5. Asymmetric ﬂuorescein disulﬁdes covalently bind to
cellular proteins. MCF10A cell lysates (10 μg protein) were
incubated with each ﬂuorescein derivate (2 nmol) at 37 °C for 1 h
(lanes 1, 2). Alternatively, 80:20 NPs (50 nM) were mixed with FLC10 or FL-C10-SS-C10-COOH (5 μM) for 18 h at rt; to label
mitochondria, the mixture was incubated with MCF10A cells at 37
°C for 6 h, followed by cell lysis (lanes 4, 5). MCF10A cell lysate
without ﬂuorescent dyes/NPs (lane 6). The samples were resolved
by SDS-PAGE (10 μg/lane for 1, 2, and 6 or 30 μg/lane for 4, 5; lane
3 was empty). The gels were imaged for ﬂuorescence and stained
with Coomassie blue or analyzed by Western blotting (WB) with an
anti-FITC antibody; std, protein standards. The arrow points at free
ﬂuorescein ligands running at the front of the gel, Fl.int. (a.u.) =
ﬂuorescence intensity, arbitrary units. Representative images of
three independent experiments are shown. See also Figure S22.

ligands to mitochondria somewhat slower with PCC ≈ 0.47 at 1
h and PCC = 0.7 ± 0.09 at 6 h.
Uptake Mechanism and the Fate of MCNP Carriers. To
determine the mechanism of the cellular internalization of
mitochondria-targeted ﬂuorescein nanoparticles, we treated
MCF10A cells with [+/−]9:3/FL NPs in the presence of various
endocytosis inhibitors (Figure 7). These experiments revealed
that overall cellular uptake of the nanocarriers (assessed by
quantifying gold amounts in cells by inductively coupled plasma
atomic emission spectroscopy, ICP-AES, Figure 7c) and,
consequently, mitochondrial localization of ﬂuorescent ligands
I
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Figure 6. Selective localization of ﬂuorescent, asymmetric-disulﬁde ligands to mitochondria. (a) Fluorescence intensity (a.u. = arbitrary units)
of ﬂuorescein in the mitochondria following short exposure of HT-1080 ﬁbrosarcoma cells to various FL NPs (50 nM, 1 h), prepared by the
coassembly method with FL-C10-SS-C10-COOH (see Figure 2). n > 10 cells, m > 50 intensity measurements for each NP type. Representative
confocal images are shown in panel (d). (b) The colocalization of ﬂuorescent ligands delivered with [+/−]9:3/FL NPs (50 nM) (magenta) with
mitochondria (marked with MitoTracker Red = MTR, solid lines) or with lysosomal organelles (marked with LysoTracker Red = LT, dashed
lines) in HT-1080 was quantiﬁed as Pearson’s correlation coeﬃcient, PCC. Fluorescent labeling of mitochondria was rapid (∼1 h) and
persistent (here, up to 6 h, but see Figure 3 for up to 72 h). At the same time, there was no overlap between ﬂuorescence from ﬂuorescein ligands
and LysoTracker Red. Data shown are mean ± SD, n > 10 cells. (c) Quantiﬁcation of the ﬂuorescein’s ﬂuorescence intensity in mitochondria
(FL in Mito; empty boxes) versus lysosomal organelles (FL in Lyso; patterned boxes) in HT-1080 cells. Data shown are from n > 12 cells, m > 60
intensity measurements. Data in (a) and (c) are displayed as box-and-whisker plots where the boxes delineate the 25th to the 75th percentiles of
the data; whiskers show minimal and maximal values for each data set, horizontal lines indicate median values, and rectangular markers show
the mean values. (d) Mitochondrial delivery of ﬂuorescent ligands by various nanocarriers in HT-1080 ﬁbrosarcoma cells (ﬂuorescence
intensity quantiﬁcation shown in (a)), representative merged confocal microscopy images. Data are mean ± SD, n = 12−38 cells for each NP
type. (e) Representative images for additional cancerous (MDA-MB-231, PC3M) and noncancerous cell types (MCF10A, Rat2, and mouse
embryonic ﬁbroblasts, MEF) treated with [+/−]9:3/FL NPs. Data are mean ± SD, n = 10−31 cells for each cell type. MitoTracker Red (red), FLC10-SS-C10-COOH (green), and colocalization (overlap in yellow). Images are shown after background subtraction. The brightness and
contrast for individual color channels were adjusted with NIS-Elements Imaging Software v. 4.50.00 (see Experimental Section). Scale bars: 10
μm.

cytoplasm/near mitochondria. These particles themselves do
not penetrate mitochondrial membranes and, within ∼72−96 h,
are removed from cells through exocytosis (as shown in ref 30).
In more detail, the following cellular/biochemical mechanisms (Figure 8) seem plausible, though many aspects certainly
call for further studies:
Cellular Uptake and Gradual Endosomal Escape. First, the
particles are internalized into cells through several nonendocytic
and endocytic pathways, the latter being essential for the bright
mitochondria staining (as shown in Figure 7). Then, the

endolysosomes. Given these results, we propose that MCNPs
serve as carriers of ﬂuorescent ligands by facilitating their cellular
uptake, endosomal escape, and, ﬁnally, their gradual release near
mitochondria, possibly even through localized delivery via
endolysosome−mitochondria interactions.54,55 The marked
increase (∼20%) in the ﬂuorescence intensity 24−48 h after
short exposure to [+/−]9:3/FL NPs (see Figure 3a,e), as well as
live-cell microscopy observations, suggests the formation of
endolysosomal reservoirs of the particles carrying quenched
ﬂuorescein ligands, which are gradually released into the
J
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Figure 7. Role of endocytosis and endolysosomal reservoirs in mitochondria staining with ﬂuorescent ligands. Eﬀects of various endocytosis
inhibitors on (a, b) mitochondrial localization of ﬂuorescent ligands (here, FL-C10-SS-C10-COOH) delivered by nanocarriers in MCF10A
cells. “Control” corresponds to the condition where the inhibitors were omitted. Inhibitors (pathway inhibited): NaN3+2DOG = 0.1% sodium
azide and 50 mM 2-deoxyglucose (all ATP-dependent pathways); amiloride, 50 μM (Na+/H+ exchangers/macropinocytosis); ﬁlipin, 5 μg/mL
(caveolin-mediated endocytosis); chlorpromazine, 20 μM (clathrin-mediated endocytosis); 4 °C (all endocytic processes). Data in (b) are
displayed as box-and-whisker plots where the boxes delineate the 25th to 75th percentiles of the data; whiskers show minimal and maximal
values for each data set, horizontal lines indicate median values, and rectangular markers show the mean values. n = 30 cells; m = 150
measurements of individual areas/ROIs. Statistical comparisons were made for each inhibitor group versus NP-treated control group (without
inhibitors), *p < 0.05, **p < 0.00001, one-way ANOVA, Tukey’s post hoc test. Confocal images in (a) are shown after background subtraction
and equal brightness adjustment performed with NIS-Elements Imaging Software v. 4.50.00. Scale bar = 10 μm. (c) Eﬀects of the same
endocytosis inhibitors on the uptake of [+/−]9:3/FL nanocarriers in MCF10A cells. Data are mean ± SD; n = 4, 5 independent experiments, *p <
0.05, **p < 0.00001, one-way ANOVA, Tukey’s post hoc test. (d) Dark-ﬁeld microscopy images showing [+/−]9:3/FL nanoparticle aggregation
(yellow-orange spots at t = 1, 24 h after labeling) in MCF10A cells. Control shows cells in the absence of NPs, and blue/green spots in the
K
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Figure 7. continued
control cells correspond to the light scattered by organelles. Scale bar = 10 μm. (e) TEM images show nonendocytic (deﬁned by single NPs or
small aggregates in peripheral cytoplasm, blue arrows in i and iii) and endocytic (ii, iii) uptake of [+/−]9:3/FL NPs. Endo = early endosome;
MVB = multivesicular body, a.k.a. late endosome; Mito = mitochondrion. Red arrows indicate endosomal escape of nanoparticles; in iii, NPs
escape endosomes very close to “empty” mitochondrion not harboring NPs. MEF in ii and MCF10A in i and iii are shown here (see Figure S27
for similar images for cancer cells). Scale bars = 200 nm. (f) Quantiﬁcation of endosomal escape observed in TEM images shown in (e).
MCF10A: e = 33 endosomes from n = 4 cells, MEF: e = 19, n = 5 cells; HT-1080: e = 25, n = 8 cells. (g, h) Colocalization of Au NP clusters with
vesicles marked with Rab5a-TagRFP (early endosome), Rab7a-TagRFP (late endosome/lysosome), and Lamp1-TagRFP (lysosome/
autolysosome). The data are displayed as split violin plots (n = 10−35 cells); blue lines show median values, and dashed lines indicate the 25th
and 75th percentiles of the data. For merged images shown in (h), the brightness/contrast for individual color channels was adjusted with NISElements software. Scale bars: large images, 10 μm; insets, 5 μm. Fluorescent ligands stain mitochondria (blue), while nanocarriers (imaged
label-free with confocal reﬂection microscopy, green) accumulate in endolysosomal vesicles (Tag-RFP, red) in contact with mitochondria. For
all experimental details, see the Experimental Section.

Mitochondrial Import and Covalent Binding to Mitochondrial Proteins. Both ﬂuorescein thiols and/or disulﬁdes could
traverse the mitochondrial outer membrane (OM) through the
aqueous channels generally referred to as porins (or in
mammalian cells, voltage-dependent anion channels, VDACs),
which have an estimated pore diameter of d ≈ 3 nm53 and permit
free diﬀusion of molecules smaller than ∼5−10 kDa.6,60 In
contrast to the cytoplasm and mitochondrial matrix, the aqueous
environment between mitochondrial outer and inner membranes, so-called intermembrane space (IMS), is somewhat
oxidizing and supports the formation of disulﬁde bonds between
the thiol groups in proteins and small molecules, including
glutathione. As a result, ﬂuorescein moieties could covalently
bindﬂuorescein thiols spontaneously, disulﬁdes via thiol−
disulﬁde exchange in an enzyme-mediated mannerto one of
∼158 identiﬁed IMS proteins, ∼90% of which contain at least
one cysteine.61 Among these cysteine-rich proteins are several
isoforms of aforementioned porins/VDACs, each having several
reduced cysteine residues (four for VDAC2 and three for
VDAC3), most of them exposed toward the IMS.62 To support
this hypothesis, in Figure 5, we show that asymmetric ﬂuorescein
disulﬁdes covalently bind to mitochondrial proteins. Still
another possibility is that ﬂuorescein thiols/disulﬁdes could
traverse the mitochondrial inner membrane (IM) to be
imported into the mitochondrial matrix via one or several
metabolite anion carriers used to import glutathione (dicarboxylate carrier, oxoglutarate carrier),60 anionic polymers (pyruvate
carrier),63 or unsubstituted ﬂuorescein (glutamate−aspartate
exchanger, or tricarboxylate and α-ketoglutarate carrier
proteins).64 While the work by Terlouw et al.64 (using high
concentrations, 100 μM, of ﬂuorescein in isolated mitochondria) suggests ﬂuorescein itself may possess an inherent
tendency to accumulate in the mitochondria, we showed here
that, in cells, none of the small ﬂuorescein derivatives (FITC, 5aminoﬂuorescein, FL-C5; 5 μM) localized to mitochondria,
neither on their own nor when associated with MCNPs (Figure
S20).
Thiol/Disulﬁde-Mediated Fluorophore Accumulation in
the Mitochondria. An alternative route for translocation across
the inner membrane could be proposed based on the evidence
that including thiol-reactive moieties (strained cyclic disulﬁdes,
or poly(disulﬁdes), or even single reactive cysteine) enhances
the ability of various synthetic biomacromolecules to traverse
the plasma membrane resulting in improved cellular uptake.39,40
The exact mechanism(s) of this thiol-mediated uptake39,40 is
poorly understood. This process is thought to involve an attack
of the labile disulﬁde bond by cell surface reactive cysteine thiol,
resulting in a mixed disulﬁde−protein complex which is

particles with intact ligand shells undergo gradual and possibly
localized endosomal escape, the process aided by the presence of
the positively charged ligands on the particles (Figure 7d,e). We
note that the ligand shells are not “removed” by lysosomal
proteases or acidic pH in endolysosomes (see Figure S28). On
the contrary, ligand shells could be reinforced inside endosomes
due to the additional hydrogen-bonding and hydrophobic
interactions between protonated on-particle MUAs and
ﬂuorescein ligands. Upon “escaping” into the higher-pH
(∼7.2) cytoplasm, ligand shells could be restructured by now
deprotonated MUAs switching from hydrogen-bonding to ionpair interactions.
Fluorescent Ligand “Release”/Detachment from MCNPs.
To fully utilize the on-particle positively charged TMA endgroups for driving the mitochondrial accumulation, ﬂuorescein
disulﬁdes would have to be released preferably near mitochondrial membranes, possibly via or aided by direct endosome−
mitochondria membrane contact sites.4,55 Such direct physical
cross-talk between the two organelles has been observed during
the transfer of endosomal iron54 or cholesterol57 to mitochondria. Moreover, the number of Rab5-positive endosomes in
contact with mitochondria increases upon oxidative stress.58
That said, normal (e.g., nonfragmented, tubular) mitochondrial
morphology in our experiments (shown in Movies 1 and 2) rules
out severe, but perhaps not mild particle-induced oxidative
stress (the latter could enhance the constitutive cross-talk
between mitochondria and endosomes). In addition, mitochondria−lysosome close contacts with ∼10 nm distance between
the membranes and lasting on average for ∼10 s have been
documented in healthy, untreated cells.59 These contacts are
made by ∼15% of all Lamp1-vesicles at any given time, are
distinct from mitophagy, and are regulated by Rab7 GTP
hydrolysis.59 Given that our nanocarriers accumulate exclusively
in Lamp1- or Rab7a/Lamp1-vesicles (Figure 7g,h), the gradual
release of ﬂuorescent ligands could be mediated through such
contact sites. Notably, mitochondria staining was not accompanied by galectin3 puncta (Figure S25), indicating nondestructive ligand transfer from endolysosomes to mitochondria. In the absence of such direct delivery, any ﬂuorescein
disulﬁdes released freely in the cytoplasm would be reduced by
the excess of reduced glutathione and numerous thiol
oxidoreductases in the cytosol.37,60 Our experiments showing
the bright mitochondrial staining with the symmetric ﬂuorescein
disulﬁdes, FL-C10-SS-C10-FL, which are undergoing FRETmediated self-quenching in the oxidized state ex vivo, conﬁrm
the cleavage of the disulﬁde bonds taking place in the reducing
environment of the mitochondrial matrix and/or cytoplasm.
L
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Figure 8. continued
reservoirs and the covalent binding to mitochondrial proteins may
contribute to the long-lasting retention of ﬂuorescein thiol/disulﬁde
ligands in mitochondria. See the Results and Discussion section for
more details.

internalized via short-lived membrane pores and then released
into the cytoplasm by thiol−disulﬁde exchange with cytosolic
glutathione.39,40 Here, we propose that analogous mechanisms
may promote the accumulation of locally released small
molecules/ﬂuorophores bearing labile disulﬁde bonds in the
mitochondrial matrix. Upon translocation across the mitochondrial inner membranesimilar to traversing the plasma
membranedisulﬁde molecules will move from an oxidizing
(IMS/extracellular) to a reducing (matrix/cytosol) environment. In the mitochondrial matrix, the concentrations of
exposed, reactive protein thiols (e.g., cysteines) are ∼25-fold
greater than glutathione concentrations, suggesting that
interactions with protein thiols will dominate over interactions
with glutathione.56 Also, in the higher pH of the mitochondrial
matrix (pH ≈ 7.8−8.0), as compared to the cytosol (pH ≈ 7.2),
the protein thiols (with typical pKa ≈ 8.3) will be ∼5-fold more
reactive than anywhere else in the cell50,56 for the processes
requiring thiolate anions (S−), including thiol−disulﬁde
exchange. In the context of the current work, the deprotonated
thiolate groups of exposed cysteine residues in the matrix will
attack ﬂuorescein disulﬁdes (or mixed-FL disulﬁde complexes)
more readily than in the cytoplasm, resulting in covalent
attachment of the ﬂuorescein moieties to the mitochondrial
proteins’ cysteines via disulﬁde bonds50,65 (as mentioned above
and shown in Figure 5).
Lastly, our experiments with various ﬂuorescein derivatives
showed that the disulﬁdes ﬂanked by longer, C10 alkyl linkers
were essential for the speciﬁc, long-lasting mitochondria
staining. Much less intense, though still speciﬁc, staining
observed with shorter disulﬁdes (compare FL-C5-SS-C5COOH; see Figure 4) indicates that longer (alkyl) linkers may
be needed for eﬃcient translocation across the lipid bilayer,
similar to the reports for polydisulﬁde compounds.39

Figure 8. Proposed mechanism of mitochondrial targeting of
ﬂuorescent ligands with mixed-charge nanocarriers. Mixed-charge
ﬂuorescein nanocarriers/nanoparticles (FL NPs) (described in
Figure 1) are internalized into the cytoplasm and endosomes (also
called multivesicular bodies, MVBs) via endocytic and nonendocytic uptake pathways, respectively (1 and 1*). After endosomal escape (2), particles release noncovalently bound ﬂuorescein
ligands in the vicinity of mitochondrial membranes (3), thereby
recovering ﬂuorescence quenched by Au cores and marking
mitochondria with intense ﬂuorescence. Fluorescein ligands (likely
a mixture of disulﬁdes and thiols due to the reducing environment in
the cytoplasm) can traverse the mitochondrial outer membrane
(OM) via porins/voltage-dependent anion channels (VDACs) (4)
to enter intermembrane space (IMS). Further accumulation in the
matrix could be mediated by import across the inner membrane
(IM) via metabolite anion carrier proteins (4*). Alternatively,
ﬂuorescein disulﬁdes may traverse the IM via dynamic covalent
disulﬁde exchange.39 Due to the IMS’s oxidizing environment, any
ﬂuorescein thiols could spontaneously form disulﬁde bonds (−S−
S−) with protein or small molecular weight thiols therein.
Fluorescein disulﬁdeson their own or in an enzyme-mediated
fashioncould undergo thiol−disulﬁde exchange with the reduced
cysteine residues (cysteine sulfhydryl groups indicted with −SH)
exposed to the IMS or the matrix, as a result reversibly binding to
mitochondrial proteins through the disulﬁde bonds (5 and 5*). Due
to slightly alkaline mitochondrial pH (∼7.8−8), protein thiols (with
typical pKa ≈ 8.3) in the matrix are ∼5-fold more reactive for
processes requiring thiolate anions (S−) than elsewhere in the
cell.50,56 The continuous, slow release from endolysosomal

CONCLUSION
We demonstrated that mixed-charge nanoparticles could act as
eﬃcient nanocarriers delivering to the mitochondria mixed alkyl
disulﬁdes harboring anionic ﬂuorophores. These disulﬁdes stain
mitochondria with high speciﬁcity for unexpectedly long times
(days). While using reversible disulﬁde linkages is not new in
drug delivery and biotechnology,37,38 and for enhancing cellular
uptake,39,40 we are unaware of any reports where disulﬁde bonds
play a crucial role in speciﬁc mitochondrial targeting. Also, using
a range of MCNPs, even those with a net negative charge, allows
for limiting the cytotoxicity and confers versatility to our
approach. We envision that many other ﬂuorophores and smallmolecule drugs containing charged and/or aromatic groups (for
interactions with on-particle TMAs and MUAs) could also be
delivered to mitochondria when chemisorbed onto chargedmatched MCNPs. This strategy could be useful for targeting
highly hydrophilic, anionic small-molecule drugs that are
diﬃcult, if not impossible, to drive into mitochondria by TPP+
cations.6
M
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BacMam 2.0 (C10586), and CellLight late endosomes−RFP BacMam
2.0 (C10589) reagents were from ThermoFisher Scientiﬁc. Glutaraldehyde (cat. no. 16539-06) was from Electron Microscopy Science.
Tris-glycine buﬀer 10× w/SDS (cat. no. TR2015-100-00) was from
Biosesang. Glass-bottom cell culture dishes (cat. no. P35G-1.5-20-C,
P50G-1.5-30-F) for life cell experiments were from MatTek.
Acrylamide/Bis solution, 40%, 29:1 (cat. no. 1610146), was from
Bio-Rad. Tris-HCl (1.5 M, pH 8.8) was from Elpis Biotech. Tris-HCl (1
M, pH 6.8, cat. no. K0342010) was from Komabiotech. Skim milk
(nonfat powder, cat. no. SKI400-500) was from Biopure. Formaldehyde (16%, cat. no. 18505) was from Ted Pella. BLUeye prestained
protein ladder (cat. no. PM007-0600) was from GeneDirex, Inc.
Extracellular O2 consumption assay (cat. no. ab197243) was from
Abcam.
Synthesis of Fluorescein Disulﬁde Ligands. The aromatic
amino group of 2 (per notation in Schemes S1 and S2) exhibited low
reactivity in dimethylformamide (DMF), translating into a low
eﬃciency of the acylation reaction. The formation of symmetrical
disulﬁde 3b was not observed in DMF, but monoacylated product 3a
(asymmetric disulﬁde) was formed with some starting material also
recovered after puriﬁcation. The 1H NMR spectrum of 3a featured
characteristic CH2COOH and CH2CONH-FL signals (two triplets,
respectively), and the spectroscopic data matched the expected
structure. A diﬀerent reactivity was found when acetone was used as
the solvent, whereby acylation was eﬃcient and symmetrical disulﬁde
3b was isolated with ease. Acetone was used in a straightforward
synthesis for compounds 3d and 3e. In all cases, spectroscopic data
matched with the structures expected. For details, see Schemes S1 and
S2 and Figures S1−S10.
General Synthetic Method for Compounds 1a−d. Following a
procedure reported elsewhere,67 a two-neck round-bottom ﬂask
containing a stirring bar was loaded with a solution of the respective
acid (5.0 mmol) and 16.5 mL (16.5 mmol) of thionyl chloride (1 M in
DCM) in dry toluene (60 mL); the solution was stirred and reﬂuxed
under a nitrogen atmosphere for 3 h. After this time, the volatiles were
evaporated under a high vacuum for 1 h. The crude obtained was used
without further puriﬁcation.
11-((11-((3′,6′-Dihydroxy-3-oxo-3H-spiro[isobenzofuran1,9′-xanthen]-5-yl)amino)-11-oxoundecyl)disulfanyl)undecanoic acid (FL-C10-SS-C10-COOH, 3a). In a round-bottom
ﬂask loaded with a stirring bar under a N2 atmosphere, 1a (5.0 mmol)
was dissolved in anhydrous DMF (10 mL) and was added to a solution
containing 5-aminoﬂuorescein 2 (3.47 g, 10 mmol) and NEt3 (2.02 g,
20 mmol) in anhydrous DMF (25 mL). The reaction mixture was
stirred at rt for 16 h. After this time, the volatiles were removed under
reduced pressure and the residue was puriﬁed by silica gel ﬂash column
chromatography (CH2Cl2/MeOH, 1:1), aﬀording 1.53 g (20%) of 3a
as an orange powder. Rf = 0.41 (CH2Cl2/MeOH, 10:1). 1H NMR (500
MHz, CD3OD): δ = 8.35 (s, 1H), 7.84−7.88 (m, 1H), 7.15 (d, 1H, J =
8.3 Hz), 6.66−6.70 (m, 2H), 6.60−6.64 (m, 2H), 6.52−6.56 (m, 2H),
2.71 (t, 4H, J = 7.3 Hz), 2.43 (t, 2H, J = 7.3 Hz), 2.30 (t, 2H, J = 7.3 Hz),
1.52−1.80 (m, 8H), 1.22−1.45 (m; 24H). 13C NMR (125 MHz,
CD3OD): δ = 176.3, 173.7, 169.9, 152.8, 140.5, 128.8, 127.7, 126.6,
124.3, 114.6, 112.2, 110.1, 102.1, 38.4, 36.6, 33.6, 29.2, 29.2, 29.1, 29.1,
29.0, 29.0, 28.9, 28.9, 28.9, 28.8, 28.8, 28.1, 28.0, 25.4, 24.7. HRMS
(ESI): [M + H]+ calcd for C42H54NO8S2 764.3291; found 764.3285.
11,11′-Disulfanediylbis(N-(3′,6′-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9′-xanthen]-5-yl)undecanamide) (FL-C10SS-C10-FL, 3b). 1b (5.0 mmol) was dissolved in anhydrous acetone
(5 mL) and then added into a solution of 0.694 g of 5-aminoﬂuorescein
(2.0 mmol) in anhydrous acetone (25 mL). The reaction mixture was
stirred at room temperature for 16 h. After this time, the solid formed
was ﬁltered oﬀ and dried under vacuum, aﬀording 0.874 g (80%) of 3b
as a yellow powder. The compound was used without further
puriﬁcation. 1H NMR (500 MHz, CD3OD): δ = 8.60 (s, 2H), 8.18
(d, 2H, J = 8.2 Hz), 7.46−7.58 (m, 4H), 7.39−7.43 (m, 2H), 7.30 (s,
4H), 7.10−7.15 (m, 4H), 2.70 (t, 4H, J = 7.3 Hz), 2.50 (t, 4H, J = 7.3
Hz), 1.52−1.80 (m, 8H), 1.22−1.45 (m; 24H). 13C NMR (125 MHz,
CD3OD): δ = 173.9, 170.1, 166.6, 158.8, 141.4, 132.5, 131.1, 129.9,
123.2, 121.3, 119.1, 116.5, 101.9, 47.1, 38.4, 36.7, 29.2, 29.1, 28.9, 28.9,

EXPERIMENTAL SECTION
Materials. Ligand Synthesis and Nanoparticle Assembly. Unless
otherwise noted, all manipulations during ligand synthesis were
performed under an atmosphere of nitrogen using standard Schlenk
techniques. Also, all chemicals, including solvents and reagents, were
used from commercial sources without further puriﬁcation. Bis(10carboxydecyl)disulﬁde (cat. no. DI 005-m10), N,N,N-trimethyl-2-(2(2-[3-mercaptopropyloxy]ethoxy)ethoxy)ethoxy ammonium chloride
(EG3-TMA), N,N,N-trimethyl-2-(2-(2-(2-[3-mercaptopropyloxy]ethoxy)ethoxy)ethoxy)ethoxy ammonium chloride (EG5-TMA), 2(2-(2-[3-mercaptopropyloxy]ethoxy)ethoxy)ethoxy acetic acid (EG3MUA), 2-(2-(2-[2-(2-[3-mercaptopropyloxy]ethoxy)ethoxy]ethoxy)ethoxy)ethoxy acetic acid (EG5-MUA), and N,N,N-trimethyl(11mercaptoundecyl)ammonium chloride (TMA; cat. no. FT 006) were
from ProChimia Surfaces (Gdansk, Poland). Fluorescein disulﬁde
derivatives are also available from Prochimia Surfaces at https://
prochimia.com/. The following reagents were from Sigma-Aldrich: 5aminoﬂuorescein (5-FAM, compound 2; cat. no. 201626), dodecylamine (DDA, cat. no. D222208), 11-mercaptoundecanoic acid (MUA;
cat. no. 450561), triethylamine (cat. no. T0886), ﬂuorescein 5(6)isothiocyanate (FITC; cat. no. F3651), tetramethylammonium
hydroxide solution (TMAOH, cat. no. 331635), phosphotungstic
acid hydrate (Sigma, cat. no. 79690), potassium cyanide (cat. no.
60178). Thionyl chloride (1 M in DCM) was obtained from the Tokyo
Chemical Industry (TCI; cat. no. 7719-09-7). Toluene (cat. no.
AH347-4), methanol (cat. no. AH230-4), and acetone (cat. no. AH0104) were from Honeywell. Dichloromethane (amylene-stabilized, cat.
no. 39116) and glycerol (cat. no. A16205) were from AlfaAesar.
Cell Culture and Biologicals. Human ﬁbrosarcoma HT-1080 (cat.
no. CCL-121), human breast epithelial cells MCF10A (cat. no. CRL10317), human breast adenocarcinoma MDA-MB-231 (cat. no. HTB26), Rat2 ﬁbroblast cell line (cat. no. CRL-1764), and osteosarcoma U2 OS (cat. no. HTB-96) were from American Type Culture Collection
(ATCC). Mouse embryonic ﬁbroblasts and PC3M prostate cancer cells
were gifted by X. Tong (Northwestern University Medical School,
Chicago). The U2OS-mCherry-galectin366 cell line was gifted by H.
Wodrich. Cell lines have not been independently authenticated.
Dulbecco’s modiﬁed Eagle’s medium (DMEM; cat. no. 11995-065),
Dulbecco’s modiﬁed Eagle’s medium/nutrient mixture F-12 (DMEM/
F-12; cat. no. 11330-032), Leibovitz-15 medium (cat. no. 21083-027),
gentamycin (cat. no. 15750-060), penicillin/streptomycin (cat. no.
15070-063), 0.05% trypsin-EDTA (cat. no. 25300-054), and horse
serum (cat. no. 16050-122) were from Gibco. Insulin (cat. no. I1882),
hydrocortisone (cat. no. H0888), cholera toxin from Vibrio cholerae
(cat. no. C8052), baﬁlomycin A1 from Streptomyces griseus (cat. no.
B1793), bovine ﬁbronectin (cat. no. 341631), sodium azide (cat. no.
71289), 2-deoxy-D-glucose (cat. no. D8375), amiloride hydrochloride
hydrate (cat. no. A7410), ﬁlipin complex from Streptomyces f ilipinensis
(cat. no. F9765), chlorpromazine hydrochloride (cat. no. C8138),
leupeptin (cat. no. L2884), E-64d (cat. no. E8640), oligomycin A (cat.
no. 75351), sodium dodecyl sulfate (SDS, cat. no. 75746), protease
inhibitor cocktail (cat. no. P8340), Coomassie brilliant blue G-250 (cat.
no. B0770), ethylenediaminetetraacetic acid (EDTA, cat. no. E6758),
N,N,N′,N′-tetramethylethylenediamine (TEMED, cat. no. T9281),
ammonium persulfate (cat. no. A3678), and Tween-20 (cat. no. P1379)
were from Sigma-Aldrich. Carbonyl cyanide-4-phenylhydrazone
(FCCP; cat. no. CAY-15218) was from Cayman Chemical. Fetal
bovine serum (FBS, cat. no. TMS013BKR) was from Millipore.
Epidermal growth factor (EGF; cat. no. AF-100-15) was from
Peprotech. PBS, phosphate-buﬀered saline, 1× without Ca and Mg
(cat. no. 21040CVR), was from Corning. LIVE/DEAD viability/
cytotoxicity kit for mammalian cells (cat. no. L3224), MitoTracker Red
CMXRos (cat. no. M7512), MitoTracker Green FM (cat. no. M7514),
tetramethylrhodamine (TMRM, cat. no. T668), LysoTracker Red
DND-99 (cat. no. L7528), Pierce 660 nm protein assay (cat. no.
22662), Pierce ECL Western blotting substrates (cat. no. 32106),
Triton X-100 (cat. no. 28314), anti-FITC antibody (cat. no. 71-1900),
goat anti-rabbit secondary antibody (cat. no. 31460), CellLight early
endosomes−RFP BacMam 2.0 (C10587); CellLight lysosomes−RFP
N
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28.8, 28.0, 25.4. HRMS (ESI): [M + H]+ calcd for C62H65N2O12S2
1093.3979; found 1093.3974.
6-((6-((3′,6′-Dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9′xanthen]-5-yl)amino)-6-oxohexyl)disulfaneyl)hexanoic acid
(FL-C5-SS-C5-COOH, 3c). In a round-bottom ﬂask loaded with a
stirring bar under a N2 atmosphere, 1b (5.0 mmol) was dissolved in
anhydrous DMF (10 mL) and was added to a solution containing 5aminoﬂuorescein 2 (3.47 g, 10 mmol) and NEt3 (2.02 g, 20 mmol) in
anhydrous DMF (25 mL). The reaction mixture was stirred at rt for 16
h. After this time, the volatiles were removed under reduced pressure
and the residue was puriﬁed by silica gel ﬂash column chromatography
(CH2Cl2/MeOH, 10:1), aﬀording 0.686 g (22%) of 3c as a dark orange
powder. Rf = 0.39 (CH2Cl2/MeOH, 10:1). 1H NMR (400 MHz,
CD3OD): δ = 8.32 (d, J = 2.0 Hz, 1H), 7.86 (dd, J = 8.3, 2.0 Hz, 1H),
7.15 (d, J = 8.3 Hz, 1H), 6.67 (d, J = 2.4 Hz, 2H), 6.62 (d, J = 8.8 Hz,
2H), 6.54 (dd, J = 8.7, 2.5 Hz, 2H), 3.10−2.82 (m, 1H), 2.80−2.63 (m,
3H), 2.54−2.42 (m, 2H), 2.31 (m, 2H), 1.95−1.21 (m, 12H). 13C
NMR (101 MHz, CD3OD): δ = 173.44, 173.42, 169.93, 160.14, 152.81,
140.46, 128.82, 127.82, 126.58, 124.37, 114.70, 112.30, 110.15, 102.12,
102.00, 50.61, 38.09, 38.05, 36.41, 33.52, 33.23, 28.50, 28.42, 28.11,
27.61, 27.60, 27.56, 27.54, 27.46, 24.91, 24.89, 24.32, 24.19. HRMS
(ESI): [M + H]+ calcd for C32H34NO8S2 624.1725; found 624.1711.
N-(3′,6′-Dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9′xanthen]-5-yl)undecanamide (FL-C10, 3d). 1c (1.5 mmol) was
dissolved in anhydrous acetone (5 mL) and then added into a solution
of 0.5 g of 5-aminoﬂuorescein (1.4 mmol) in anhydrous acetone (5
mL). The reaction mixture was stirred at room temperature for 16 h.
After this time, the solid formed was ﬁltered oﬀ and dried under
vacuum, aﬀording 0.51 g (70%) of 3d as an orange powder. The
compound was used without further puriﬁcation. 1H NMR (400 MHz,
CD3OD): δ = 8.59 (d, J = 2.1 Hz, 1H), 8.13 (dd, J = 8.4, 2.2 Hz, 1H),
7.48 (d, J = 9.1 Hz, 2H), 7.39 (d, J = 8.3 Hz, 1H), 7.28 (d, J = 2.3 Hz,
2H), 7.14 (dd, J = 9.2, 2.3 Hz, 2H), 2.47 (t, J = 7.5 Hz, 2H), 1.76 (p, J =
7.4 Hz, 2H), 1.51−1.21 (m, 14H), 0.95−0.84 (m, 3H). 13C NMR (101
MHz, CD3OD): δ = 173.90, 166.68, 141.39, 132.40, 131.05, 123.34,
118.83, 101.91, 36.67, 31.67, 29.30, 29.24, 29.08, 29.04, 28.92, 25.36,
22.34, 13.04. HRMS (ESI): [M + H]+ calcd for C31H34NO6 516.2386;
found 516.2384.
N-(3′,6′-Dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9′xanthen]-5-yl)heptanamide (FL-C5, 3e). 1d (1.5 mmol) was
dissolved in anhydrous acetone (5 mL) and then added into a solution
of 0.5 g of 5-aminoﬂuorescein (1.4 mmol) in anhydrous acetone (5
mL). The reaction mixture was stirred at room temperature for 16 h.
After this time, the solid formed was ﬁltered oﬀ and dried under
vacuum, aﬀording 0.42 g (65%) of 3e as a yellow powder. The
compound was used without further puriﬁcation. 1H NMR (400 MHz,
CD3OD): δ = 8.62 (s, 1H), 8.15 (dd, J = 8.3, 2.2 Hz, 1H), 7.54 (dd, J =
9.3, 1.2 Hz, 2H), 7.41 (d, J = 8.3 Hz, 1H), 7.33 (d, J = 1.9 Hz, 2H),
7.22−7.14 (m, 2H), 2.48 (t, J = 7.5 Hz, 2H), 1.82−1.71 (m, 2H), 1.46−
1.37 (m, 4H), 0.97 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CD3OD):
δ = 173.89, 170.41, 166.48, 158.99, 141.45, 132.65, 131.26, 130.04,
123.11, 121.44, 119.27, 116.65, 101.91, 36.64, 31.17, 25.07, 22.81,
22.11, 12.92. HRMS (ESI): [M + H]+ calcd for C26H24NO6 446.1604;
found 446.1598.
Characterization of Fluorescein Derivatives. For analytical
thin-layer chromatography, silica gel on TLC Al foils 60/F254 was used
(Sigma-Aldrich 60778) and visualized with UV irradiation (254 and
365 nm). Flash column chromatography was performed on silica gel 60
Å 220−440 mesh (Sigma-Aldrich 60738). NMR spectra were recorded
on a Varian INOVA 500 MHz FT-NMR spectrometer (working
frequencies of 500 MHz for 1H and 125 MHz for 13C nuclei) and on a
Bruker Advance III HD 400 MHz FT-NMR spectrometer (working
frequencies of 400.22 MHz for 1H and 100.65 MHz for 13C nuclei).
Chemical shifts are reported in ppm and referenced to the residual
nondeuterated solvent frequencies: for CD3OD, δ = 3.31 for 1H and δ =
49.0 for 13C. The 1H signals are abbreviated as follows: s = singlet, d =
doublet, t = triplet, q = quartet, p = pentet, m = multiplet. Highresolution mass spectra were obtained on a JEOL AccuTOF-DART 4G
mass spectrometer.
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Synthesis and Characterization of Mixed-Charge Fluorescein Nanoparticles. DDA-protected gold NPs with Au core
diameters d ≈ 5.1 nm were synthesized as previously described.30
The ligand exchange for the standard MCNPs (without ﬂuorescein)
was also performed as described previously by Borkowska et al.30 To
obtain hydrophilic 80:20 (EG3/EG3) and 80:20 (EG5/EG5) MCNPs,
the ligands were exchanged to mixtures of EG3-TMA with EG3-MUA
or EG5-TMA with EG5-MUA (see structures in Figure S19) in the
molar ratio 75:25 in solution.
Coassembly in an Organic Solvent. The coassembly with
ﬂuorescein ligands was performed according to the procedure reported
in ref 30 with the following modiﬁcations. DDA ligands were removed
from DDA-Au NPs (0.065 mmol) by adding methanol (25 mL) and
allowing NPs to precipitate for ∼4−4.5 h. Precipitated Au NPs were
redissolved in toluene. The desired ratios of TMA/MUA thiols and
ﬂuorescein disulﬁde ligands (FL-C10-SS-C10-COOH) were dissolved
in dichloromethane (5 mL) by sonication for ∼10 min.
The total amounts of ligands added were 0.065 mmol, and the molar
ratios of TMA to MUA thiols in solution were 100:0, 75:25, 50:50,
25:75, and 0:100 corresponding to [+]/FL, [+/−]9:3/FL, [+/−]6:6/FL,
[+/−]3:9/FL, and [−]/FL nanoparticles, respectively. The mixture of
MUA and ﬂuorescein disulﬁdes in the absence of TMA did not dissolve
completely in dichloromethane. To improve the solubility of [−]/FL
NPs, 65 μL of triethylamine was added to FL-C10-SS-C10-COOH
(3a) with MUA in dichloromethane (5 mL). The ratios of the charged
ligands to ﬂuorescein disulﬁde ligands were optimized separately. The
ratios of 12:1, 24:1, and 48:1 yielded aggregated nanoparticles and were
not used further. The ratios of 60:1 to 96:1 yielded nonaggregated
ﬂuorescein nanoparticles and were used for all subsequent experiments.
After the removal of DDA ligands, the precipitated NPs were
dissolved in toluene (10 mL). Then, a mixture of TMA/MUA/FL-C10SS-C10-COOH ligands in dichloromethane (5 mL) prepared as
described above was added, and solutions were incubated for ∼18 h in
the dark. The solvent was then removed, and precipitates were washed
with dichloromethane (3 × 25 mL) and acetone (30 mL). Finally,
acetone was removed, and the precipitates were dried in a stream of
air.30 Dried precipitates were dissolved in deionized water, resulting in
∼2 μM stock solutions of FL NPs. MUA ligands were deprotonated by
adjusting the pH of NP solutions with TMAOH (0.2 M) to pH ≈ 8, and
NP solutions were ﬁlter-sterilized with 0.22 μm cellulose acetate ﬁlters.
The concentrations of NPs within the text are always speciﬁed in terms
of NPs. Thus, prepared nanoparticles were stable when kept at room
temperature for up to three months.
Disulﬁdes were not expected to undergo considerable ligand
exchange but interacted with on-nanoparticle TMA/MUA end-groups
via noncovalent interactions, not signiﬁcantly altering zeta potentials
(see Figure 2d). As a result, it is reasonable to assume that the resulting
on-particle ligand ratios of [+] to [−] ligands are similar to standard
mixed-charge nanoparticles (without ﬂuorescein) as previously
reported27,31,42 and as shown in Figure 2d.
Sequential Assembly. In selected control experiments (Figures 3, 4,
and S19 as indicated), nanoparticle−ligand assemblies were prepared
by mixing standard mixed-charge nanoparticles with χTMA:χMUA = 80:20
or 80:20 (EG3/EG3) and 80:20 (EG5/EG5) (50 nM) with various
ﬂuorescein derivatives (FL-C10-SS-C10-FL, 3b, 2.5 μM; all other
compounds, 5 μM) for 20 min or for 18 h (time equivalent to the ligand
exchange in the coassembly scheme described above) just before the
incubation with cells. Here, the maximal used concentrations (FL-C10SS-C10-FL, 3b, 2.5 μM; all other compounds, 5 μM) corresponded to
∼100 ﬂuorescein molecules per nanoparticle and were similar to the
number of ﬂuorescein ligands bound to [+/−]9:3/FL NPs (as shown in
Figure 2c). Stock solutions (1 mM) of various ﬂuorescein derivatives
and small molecules were prepared in ethanol.
UV−Vis and Fluorescence Spectroscopy. The absorbance spectra
of FL NPs were measured using plastic cuvettes (1 cm) and collected by
a Cary 5000 UV−vis−NIR spectrophotometer (Agilent Technologies).
Fluorescence spectra were taken using a QuantaMaster 400 steady-state
spectroﬂuorimeter (Photon Technology International, USA).
Zeta Potentials and NP Sizes. The zeta potentials and hydrodynamic diameters, DH, were measured using a ZetaSizer Nano ZSP
O
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rat ﬁbroblast cells, and U2OS osteosarcoma cells were obtained from
the American Type Culture Collection (ATCC). PC3M human
prostate adenocarcinoma68 and mouse embryonic ﬁbroblasts were
gifted by Prof. Xin Tong (Northwestern University Medical School,
Chicago, IL, USA). HT-1080, Rat2, MEF, and U2OS cells were grown
in DMEM supplemented with 10% FBS and 25 μg/mL gentamycin.
PC3M cells were grown in RPMI-1640 supplemented with 10% FBS
and 25 μg/mL gentamycin. MCF10A cells were cultured in DMEM/
F12 supplemented with 5% horse serum, 20 ng/mL EGF, 10 μg/mL
insulin, 0.5 mg/mL hydrocortisone, 100 ng/mL cholera toxin, and
penicillin/streptomycin (10 000 units/mL penicillin and 10 000 μg/
mL streptomycin). All cell lines, except MDA-MB-231, were
maintained at 37 °C, 5% CO2 in a humidiﬁed incubator. MDA-MB231 cells were cultured in Leibowitz-15, L-15, media supplemented
with 10% FBS and 25 μg/mL gentamycin at 37 °C without CO2 (in air
atmosphere) as speciﬁed by ATCC. Unless otherwise speciﬁed, cell
labeling with FL NPs/dyes and imaging were performed in the native
media (complete cell culture media, including FBS) for each cell type.
Cell Viability Assay. The viability of cells (HT-1080 = cancer, MEF
= normal) was assessed with a LIVE/DEAD viability/cytotoxicity kit.
Brieﬂy, cells were seeded in 24-well polystyrene plates in their native
media 24 h before the exposure to FL NPs. The media was replaced
with fresh media containing various FL NPs in concentrations of 5, 10,
25, 50, 100, and 200 nM, and cells were incubated for an additional 2 or
24 h at 37 °C, 5% CO2 in a humidiﬁed incubator. No NPs were added to
control cells. After nanoparticle exposure, live cells were stained with
calcein-AM (0.5 μM) and dead cells with ethidium homodimer-1
(Ethd, 1 μM) dyes and imaged using the IncuCyte ZOOM automated
microscope system ﬁtted with 20× objective (live-cell analysis system
IncuCyte ZOOM, Essen BioScience, Inc.). Live/dead cells were
enumerated by ImageJ’s cell counter plugin (NIH, MA, USA). The
ﬂuorescence from FL NPs did not interfere with the LIVE/DEAD assay
performed with an IncuCyte ZOOM microscope equipped with a 20×
objective.
Mitochondrial Membrane Potential. MCF10A cells were
treated with 0.5 μM FCCP for 10 min, 12 μM olygomycin A for 6 h,
and [+/−]9:3/FL NPs, [+/−]6:6/FL NPs, or 80:20 NPs assembled with
5 μM FL-C10-SS-C10-COOH for 1 h. NPs were used at 50, 25, and 10
nM concentrations. No inhibitors or NPs were added to control cells. A
20 nM TMRM dye was added for the last 30 min of incubation with
olygomycin A and NPs and 30 min after FCCP. Live-cell images were
recorded with a Nikon AR1 confocal microscope.
Oxygen Consumption Rates. MEF cells were plated in 96-well
plates and grown until ∼80% conﬂuency. Cells were incubated for 1 h at
37 °C with oligomycin A (13 μM) as a positive control, MitoTracker
Green (400 nM), MitoTracker Red (400 nM), and [+/−]9:3 and
[+/−]6:6/FL NPs at 50, 25, and 10 nM concentrations. The oxygen
consumption rates were determined using the extracellular O 2
consumption assay kit (ab197243, Abcam) following the manufacturer’s directions.
Cell Fixation. MCF10A cells were incubated with 50 nM [+/−]9:3/
FL NPs, 50 nM 80:20 NPs assembled with 5 μM FL-C10-SS-C10COOH, 500 nM MitoTracker Green, or 500 nM MitoTracker Red for 1
h or 200 nM TMRM for 30 min. After incubation, cells were washed
with PBS and ﬁxed with 4% formaldehyde at rt for 15 min. Fixed cells
were washed three times with PBS before imaging. Live and ﬁxed cell
images were recorded with a Nikon AR1 confocal microscope.
SDS-PAGE and Western Blot Analysis of Fluorescent Ligand
Binding to Cellular Proteins. MCF10A cells were lysed in modiﬁed
IP buﬀer (25 mM Tris·HCl, 150 mM NaCl, 1% Triton X-100, 1 mM
EDTA, 5% glycerol, pH 7.4, with the addition of protease inhibitor
cocktail) at 4 °C. The lysates were sonicated for 15 min and centrifuged
at 3000g at 4 °C for 10 min to remove the nuclear fraction, and the
supernatant was collected. The concentrations of solubilized proteins
were determined (Pierce 660 nm protein assay kit, Thermo Scientiﬁc,
22662) and adjusted to 1 mg/mL. The samples were mixed with 7×
loading buﬀer (10% glycerol, 1.5 M Tris, pH 8.8) and resolved by SDSPAGE (10 or 30 μg protein/lane) under nonreducing conditions
without heating. Two identical gels were run in some experiments: one
for ﬂuorescence and Coomassie imaging, the other for immunoblotting.

(Malvern, UK) with 50 nM solutions of FL NPs in water, pH = 7.4. The
pH was adjusted with TMAOH. DH was measured by DLS in 173°
backscatter mode. The hydrodynamic diameters of FL NPs were DH ≈
7.3−7.7 nm (see Table 1).
Fluorescence Correlation Spectroscopy. For FCS measurements,
10 nM solutions of various coassembled FL NPs as well as a 50 nM
solution of sequentially assembled mixed-charged nanoparticles with
various ﬂuorescein derivatives were prepared in 1× PBS diluted in
dH2O (1:25) (pH around 7.4). Each nanoparticle solution was diluted
to 2 nM (except for sequentially assembled mixed-charged nanoparticles with FL-C10-SS-C10-FL (3b) ligand, where 10 nM was used)
with a 1× PBS diluted in dH2O (1:25) just before the FCS analysis. FCS
measurements were performed as previously described45 using a Leica
TCS SP8X confocal microscope ﬁtted with 100×, 1.4 NA (numerical
aperture) oil immersion objective lens. For most samples, diﬀusion
coeﬃcients were obtained from a single-component normalized
ﬂuorescence correlation curve, except for sequentially assembled
mixed-charged nanoparticles with FL-C10-SS-C10-COOH (3a) and
FL-C5-SS-C5-COOH (3c) ligands, where a two-component normalized ﬂuorescence correlation curve was used. The diameters of
ﬂuorescein nanoparticles were calculated from the particle diﬀusion
coeﬃcient values using the Stokes−Einstein equation (see Figure S15,
Table 1, and Table S1).
TEM. The diameters of the gold core and the ligand shells’ widths
were quantiﬁed from transmission electron microscopy (TEM) images.
The ligand shells were visualized by staining samples with
phosphotungstic acid. TEM samples were prepared by placing 3 μL
drops of 100 nM aqueous nanoparticle solutions directly onto the
carbon-coated copper grids (200 mesh) and dried for 60 min under
vacuum. Then 3 μL of 2% w/v aqueous solution of phosphotungstic
acid was drop-casted on every grid. After 20 min, the excess liquid was
collected with ﬁlter paper, and the sample was dried under a vacuum for
60 min. TEM images were acquired using a JEOL JEM-1400
microscope (120 kV, JEOL, USA) and analyzed using ImageJ software
(NIH, MA, USA). The mean gold core diameter was d = 5.1 ± 0.1 nm
(n ≥ 1000 nanoparticles). The widths of the ligand shells varied from
∼2.2 nm for [−]/FL to ∼3.8 nm for [+/−]9:3/FL NPs (n ≥ 121
measurements per nanoparticle type), as shown in Table 1.
Estimation of the Number of Nanoparticle-Associated
Fluorescein Ligands. To determine the number of ﬂuorescein
ligands bound to the nanoparticles, the gold cores were digested with
potassium cyanide (KCN) and recovered ﬂuorescence (λex = 495 nm,
λem = 515 nm) was related to the calibration curves. To ensure that the
calibration solutions contained the same ions (MUA−, TMA+, and
Au3+) at concentrations comparable to the test samples, separate
calibration curves using standard MCNPs (without ﬂuorescein) and
known concentrations of FL-C10-SS-C10-COOH (3a) were constructed for each nanoparticle type as follows. First, a series of dilutions
of FL-C10-SS-C10-COOH (3a) ligand in PBS pH 7.4 was prepared
from the stock solution of 2 mg/mL in ethanol. Corresponding MCNPs
(2 nM) were then dispersed in solutions of FL-C10-SS-C10-COOH
ligand. Speciﬁcally, [+]/pure-TMA NPs were used to generate
calibration solutions for [+]/FL NPs, 80:20 for [+/−]9:3/FL NPs,
61:39 for [+/−]6:6/FL NPs, 30:70 for [+/−]3:9/FL NPs, and [−]/pureMUA NPs for [−]/FL NPs. An example of a calibration curve is shown
in Figure S14. To prepare test samples, diﬀerent types of ﬂuorescein
nanoparticles were dispersed in PBS to yield 2 nM solutions. To etch
the gold cores, 20 μL of 3 M KCN was added per 1.5 mL of the
calibration solutions or the test samples and incubated at room
temperature for 2 h. The intensity of ﬂuorescence was measured using 2
nm slits, λex = 495 nm, λem = 500−750 at 24 °C immediately after
etching. Fluorescence intensities at λmax = 515 nm were backgroundcorrected by the subtraction of blanks, where blank samples contained 2
nM MCNPs + 20 μL of KCN (without FL-C10-SS-C10-COOH) in
PBS. The concentration of ﬂuorescein ligands attached to NPs was
determined based on the linear ﬁt of the calibration data with the
intercept ﬁxed at 0. The experiment was repeated independently three
times for each FL NPs.
Cell Culture. HT-1080 human ﬁbrosarcoma, MDA-MB-231 human
breast adenocarcinoma, MCF10A human breast epithelial cells, Rat2
P
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After ﬂuorescence imaging (Amersham ImageQuant 800 Fluo, Cytiva),
the gels were stained with 0.1% Coomassie brilliant blue G-250 in
methanol/acetic acid for 1 h, destained in methanol/acetic acid for 12−
18 h, washed with Milli-Q water, and imaged to visualize proteins
(Amersham ImageQuant 800 Fluo, Cytiva). For immunoblotting, the
resolved proteins were electrotransferred onto PVDF membranes (1 h,
100 V) followed by blocking with 5% skimmed milk in 0.1% Tween-20
in PBS at rt for 1 h. The membranes were then incubated with primary
anti-FITC antibody (dilution 1:1000; Invitrogen,71-1900, rabbit) at 4
°C for 14 h followed by secondary antibody (1:5000, ThermoFisher
Scientiﬁc, 31460, goat anti-rabbit) at rt for 2 h. The blots were
developed with Pierce ECL Western blotting substrates (ThermoFisher
Scientiﬁc, 32106) and imaged with Amersham ImageQuant 800 Fluo,
Cytiva.
Confocal Fluorescence Microscopy. Cells (HT-1080, MCF10A,
MEF, Rat2, MDA-MB-231, PC3M, and U2OS) were plated into glassbottom cell culture dishes coated with 25 μg/mL ﬁbronectin 24 h
before imaging. Unless speciﬁed otherwise, cells were stained in their
native media containing 50 nM FL NPs for 1 h at 37 °C. For costaining
experiments, 20 nM MitoTracker Red (to stain mitochondria), 50 nM
LysoTracker Red (to stain lysosomes), or 20 nM TMRM (to stain
mitochondria) dyes were added for the last 30 min of FL NP treatment.
Then, media containing dyes and NPs were removed, and cells were
kept in their native media for imaging. For time-lapse imaging
(Supplementary Movies 1−4), U2OS cells were stained with 100 nM
[+/−]6:6/FL NPs in antibiotic- and FBS-free DMEM for 2 h, then
transferred to full culture media for imaging. For the galectin puncta
assay (Figure S25), U2OS-mChery-galectin3 cells were stained with
100 nM [+/−]9:3/FL NPs for 1 h in DMEM, then transferred to full
culture media for imaging. For colocalization of nanocarriers and
endolysosomal markers (Figure 7g,h), MCF10A cells were transduced
with TagRFP-Rab5a, TagRFP-Rab7a, or TagRFP-Lamp1 by using
CellLight BacMam 2.0 reagents. Cells were stained with 50 nM
[+/−]9:3/FL NPs or 50 nM 80:20 + 5 μM FL-C10-SS-C10-COOH in
DMEM, 2% FBS for 1 h, then transferred to full culture media and
imaged at indicated times. For some cell types/media combinations,
labeling in antibiotic-free, low-serum DMEM yielded brighter staining.
Live-cell images were recorded with a Nikon AR1 confocal microscope
ﬁtted with 100×, 1.45 NA or 60×, 1.4 NA oil immersion objectives and
an LU-NV laser unit (Nikon, Japan) housing 488 nm (for exciting FL),
561 nm (for exciting MitoTracker Red, LysoTracker Red, TMRM, or
TagRFP), and 638 nm (for confocal reﬂection mode) laser lines.30 For
FL ﬂuorescence intensity, colocalization, and lysosomal diameter
analysis, high-resolution midplane x−y images of single live cells
appropriately labeled were acquired using Galvano scanner mode. At
the same time, time-lapse movies were obtained by using Resonant
scanner mode. Temperature and CO2 concentrations were maintained
using a stage-ﬁtted incubator system and gas mixer from Live Cell
Instruments (Seoul, South Korea). All cells were imaged in their native
media and 5% or 0% CO2 levels (as speciﬁed in the Cell Culture
section).
Mitochondrial Localization in the Presence of Endocytosis
and Protease Inhibitors. To determine the mechanism of cellular
uptake, MCF10A cells were pretreated with the following endocytosis
inhibitors for 1 h at 37 °C in their native media: 0.1% sodium azide
(NaN3) + 50 mM 2-deoxyglucose (2DOG) for the depletion of
adenosine triphosphate (ATP), 50 μM amiloride for the inhibition of
macropinocytosis, 5 μg/mL ﬁlipin for the inhibition of caveolaemediated endocytosis, 20 μM chlorpromazine for the inhibition of
clathrin-mediated endocytosis. To assess the role of lysosomal
proteases, HT-1080 cells were pretreated with the following protease
inhibitors for 1 h at 37 °C in their native media: 150 μM leupeptin to
broadly inhibit cysteine, serine, and threonine proteases, 100 μM E64 to
inhibit speciﬁcally cysteine proteases, or 100 nM baﬁlomycin A1 to
inhibit V-ATPases and lysosomal acidiﬁcation. Then, 50 nM [+/−]9:3/
FL NPs were added for an additional 1 h without replacing the media.
Finally, media containing the inhibitors and FL NPs was discarded, and,
for imaging, cells were kept in their native media containing the
respective inhibitors. Control cells were incubated with 50 nM
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[+/−]9:3/FL NPs without inhibitors. Live-cell images were recorded
with a Nikon AR1 confocal microscope.
Dependence on Mitochondria Membrane Potential.
MCF10A cells were treated with 0.5 μM FCCP for 10 min, followed
by labeling with 50 nM [+/−]9:3/FL NPs for an additional 1 h. Before
imaging, media containing FCCP and NPs was removed and replaced
with media containing 0.5 μM FCCP. Alternatively, cells were ﬁrst
labeled with 50 nM [+/−]9:3/FL NPs for 1 h followed by discarding
media with NPs and the addition of media containing 0.5 μM FCCP for
10 min before imaging. The dissipation of mitochondrial membrane
potential with both pre- and post-treatment with FCCP was conﬁrmed
in separate experiments by observing the leakage of TMRM dye out of
mitochondria. No FCCP was added to the control cells. Fluorescence
intensity in mitochondria and quality of labeling in cells treated with
FCCP were compared with staining in control cells.
Quantiﬁcation of Cellular Uptake of Mixed-Charge Fluorescein Nanoparticles by ICP-AES. MCF10A cells were cultured in
12-well polystyrene plates and allowed to adhere overnight. Cells were
pretreated with endocytosis inhibitors (as described above), followed
by the addition of 50 nM [+/−]9:3/FL NPs. Uptake experiments were
performed in native media at 37 °C, except where cells were placed at 4
°C for 1 h followed by labeling with FL NPs for 1 h at 4 °C to inhibit all
endocytic processes generally. Positive control corresponds to the
treatment with NPs in the absence of inhibitors, while negative control
corresponds to cells cultured with neither NPs nor inhibitors. Then,
media containing NPs and inhibitors was removed by gently washing
cells twice with PBS. Adherent cells were detached from the plates using
cell scrapers, transferred to microtubes, and centrifuged at 1200 rpm
(305g) for 30 min at 4 °C. The numbers of cells in each sample were
determined with a Countess II FL automated cell counter (ThermoFisher Scientiﬁc). The supernatant was gently removed, and cell pellets
were suspended in 200 μL of freshly prepared aqua regia and sonicated
for 30 min. The samples were diluted with distilled water up to 5 mL,
and the amounts of gold (Au) in cells were determined with ICP-AES
(Varian 700-ES, USA) as previously described.30
Cellular Localization of Mixed-Charge Fluorescein Nanoparticles by TEM. Cells (HT-1080, MCF10A and MEF) were
exposed to 50 nM [+/−]9:3/FL NPs or [+]/FL NPs for 1 h. Media with
NPs was removed, and cells were washed with PBS and ﬁxed with 2%
glutaraldehyde and 2% paraformaldehyde solution in PBS/sodium
cacodylate buﬀer (50:50) at 4 °C for 50 min. After ﬁxation, cells were
harvested, collected in microcentrifuge tubes, and sent to the Korea
Basic Science Institute (KBSI, Chuncheon Center, Chuncheon City,
South Korea), where they were postﬁxed with 2% osmium tetroxide,
stained with 2% uranyl acetate, and embedded in propylene oxide and
Eponate. Then, 80 nm thick sections were cut with a Leica Ultracut
UCT ultramicrotome, placed on grids, and examined on a Zeiss LEO
912AB or JEM-2100 (JEOL, USA) electron microscope as previously
described.30
Dark-Field Microscopy. MCF10A cells were cultured in glassbottom cell culture dishes in their native media for 24 h. Cells were
stained with 50 nM [+/−]9:3/FL NPs in native media for 1 h.
Afterward, media with NPs was discarded, and cells were kept in L-15
media containing FBS, at 24 °C, for the imaging. Live dark-ﬁeld
microscopy images were recorded with an Olympus IX73 inverted
microscope equipped with a high numerical aperture (NA 1.2−1.4)
water condenser (Olympus U-DCW) and a 60× oil immersion
objective (0.65 NA). The samples were illuminated with a 100 W
tungsten lamp, and dark-ﬁeld/color images were recorded with an
Olympus DP22 digital camera ﬁtted to the microscope through an
eyepiece adapter. Image acquisition was controlled by Olympus Cell
Sens Dimension software (version 1.18).
Data Analysis. Unless otherwise speciﬁed, all processing and
analysis of confocal images were performed using NIS-Elements
Advanced Research Software v. 4.50.00 (Nikon, Japan).
Quantiﬁcation of Pearson’s Correlation. Colocalization was
quantiﬁed by determining the Pearson’s correlation coeﬃcient between
the green (FL NPs) and red (MitoTracker Red or LysoTracker Red)
images within the regions of interest (ROIs) as follows. First, the
background for the two images was subtracted until no considerable
Q
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signal remained in the nucleus. Then, arbitrarily shaped ROIs were
drawn around the cell’s mitochondria-containing area (or lysosomalcontaining area), excluding the nucleus and peripheral NP aggregates
attached to the cell surface. PCC for ROI was computed.
Quantiﬁcation of Colocalization of Au NP Clusters and
Endolysosomal Markers. Threshold masks were applied to identify
Au NP clusters (from Reﬂection channel) and Rab5a-, Rab7a-, or
Lamp1-vesicles (from TagRFP/red channel) and generate binary
masks for respective channels. The intersecting objects with area > 0.05
μm2 were automatically enumerated with NIS-Elements software.
Colocalization was expressed as the percentage of Au NP clusters that
overlapped with the vesicles in the given TagRFP channel.
Quantiﬁcation of Fluorescence Intensity. The brightness of
mitochondrial staining was assessed by quantifying ﬂuorescence
intensity for ﬂuorescein in the mitochondria. All confocal images
used for intensity quantiﬁcation were obtained with identical
microscope settings at 12-bit depth with intensity levels below
saturation levels. For all analyzed images, the background was
subtracted until no considerable green signal remained in the nucleus.
For ﬂuorescence intensity in mitochondria (FL in Mito), randomly
chosen circular ROIs with diameters of ∼2.1 μm were drawn within the
mitochondria-containing area of each cell, and mean intensity in the
green channel (FL NPs) was recorded for each ROI. Mitochondriacontaining areas were deﬁned by MitoTracker Red for costained cells in
Figure 6d,e, or by intense ﬂuorescence in the green channel for cells
stained only with FL NPs in Figures 6 and 7. For each treatment, a total
of m ≥ 50 ROI/area measurements from n ≥ 10 cells were analyzed. For
ﬂuorescence intensity in lysosomes (FL in Lyso), ROIs were drawn
within lysosomes (deﬁned by LysoTracker Red staining), and the mean
intensity in the green channel (FL NPs) for each ROI was recorded.
Quantiﬁcation of Signal-to-Background Ratio. No background
subtraction was performed for the signal-to-background ratio measurements. ROIs were drawn in randomly chosen areas within
mitochondria (= signal) or over adjacent cytoplasm (= background),
and mean intensity in the green channel for each ROI was recorded.
Mean intensity values in mitochondria were divided by mean intensity
values in the cytoplasm to obtain the S/B ratio. For each treatment, a
total of m = 15 ROI/area measurements from n = 5 cells were analyzed.
Quantiﬁcation of Lysosome Diameter. HT-1080 cells were cells
that were cultured in a glass-bottom dishes for 24 h. Afterward, the
medium was replaced with a fresh one containing 50 nM cationic FL
NPs ([+]) or mixed-charge FL NPs ([+/−]9:3) for 1 or 6 h. For the last
30 min of nanoparticle treatment, cells were labeled with 50 nM
LysoTracker Red and imaged immediately. Untreated cells served as
controls. Lysosomal sizes were analyzed by quantifying the average
diameters of LysoTracker Red-labeled vesicles using “cell count
analysis” application in NIS-Elements AR 4.50.00 software as described
previously.30 Brieﬂy, threshold masks were applied to identify the
lysosomes. Vesicles with diameters of < 0.3 and > 3 μm were excluded
from the analysis.
Statistical Analysis. Data were analyzed using Microsoft Excel and
OriginPro software. Data in bar graphs and line plots are presented as
mean ± SD. For data displayed in box-and-whisker plots, boxes
delineate lower and upper quartiles of the data, middle lines show
median values, small rectangles show mean values, and whiskers show
minimal and maximal values for each data set. For the statistical
analysis, one-way ANOVA followed by Tukey’s post hoc test for
multiple comparisons or other statistical tests indicated in ﬁgure
legends were performed using OriginPro Software. Results were
considered signiﬁcantly diﬀerent when p < 0.05. Signiﬁcant diﬀerences
are denoted with an asterisk(s) as follows: *p < 0.05, **p < 0.00001, or
ns when diﬀerences were not statistically signiﬁcant.
Movie Processing. Movies were postprocessed and prepared for
publication by using NIS-Elements software v4.50.00. Speciﬁcally, the
rolling average (ND image average) was computed over four
consecutive frames, an advanced denoising ﬁlter with denoising
power set at zero was applied, and the brightness/contrast was adjusted.
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