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ABSTRACT: Interest in taking advantage of the unique spectral
properties of semiconductor quantum dots (QDs) has driven their
widespread use in biological applications such as in vitro cellular
labeling/imaging and sensing. Despite their demonstrated utility,
concerns over the potential toxic effects of QD core materials on
cellular proliferation and homeostasis have persisted, leaving in question
the suitability of QDs as alternatives for more traditional fluorescent
materials (e.g., organic dyes, fluorescent proteins) for in vitro cellular
applications. Surprisingly, direct comparative studies examining the
cytotoxic potential of QDs versus these more traditional cellular
labeling fluorophores remain limited. Here, using CdSe/ZnS (core/
shell) QDs as a prototypical assay material, we present a comprehensive
study in which we characterize the influence of QD dose (concentration
and incubation time), QD surface capping ligand, and delivery modality (peptide or cationic amphiphile transfection reagent) on
cellular viability in three human cell lines representing various morphological lineages (epithelial, endothelial, monocytic). We
further compare the effects of QD cellular labeling on cellular proliferation relative to those associated with a panel of
traditionally employed organic cell labeling fluorophores that span a broad spectral range. Our results demonstrate the important
role played by QD dose, capping ligand structure, and delivery agent in modulating cellular toxicity. Further, the results show that
at the concentrations and time regimes required for robust QD-based cellular labeling, the impact of our in-house synthesized
QD materials on cellular proliferation is comparable to that of six commercial cell labeling fluorophores. Cumulatively, our results
demonstrate that the proper tuning of QD dose, surface ligand, and delivery modality can provide robust in vitro cell labeling
reagents that exhibit minimal impact on cellular viability.

■ INTRODUCTION

Cellular labeling with fluorescent molecules is a central
technique in cell biology that continues to evolve with the
advent of new fluorescent probes possessing unique properties
and new methodologies for introducing them into cells. For
example, the coupling of fluorescent proteins with molecular
genetic engineering has enabled the real-time in vitro cellular
tracking of individual molecules and intracellular macro-
molecular structures.1,2 Similarly, the discovery and develop-
ment of novel materials such as cell-penetrating peptides
(CPPs)3,4 for the delivery of fluorescent probes into cells has
expanded the repertoire of tools available to investigate
biochemical processes in live cells. Over the past 10 years,
luminescent semiconductor nanocrystals, or quantum dots,
(QDs) have received enormous attention as highly fluorescent
probes with utility in in vitro labeling, imaging, and sensing
applications.5−7 QDs cumulatively manifest several inherent

spectral properties that make them superior alternatives to
more traditionally employed organic dyes and fluorescent
proteins for direct fluorescent/multiphoton probing of cellular
processes and as integral parts of Förster resonance energy
transfer (FRET)-based sensors.5−14

In recent years, significant advances on three fronts have
driven the implementation of QDs in in vitro labeling/imaging
applications: (1) new QD capping ligands for rendering the
nanocrystals colloidally stable in biological media, (2)
bioconjugation chemistries for the attachment of biomolecules
to the QD surface, and (3) methods for facilitated QD delivery
to cells, reviewed in refs 5 and 15−17. To date, the most
popular QDs for biological applications are still based on CdSe
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core materials as these represent the highest quality materials
offering the most control over nanocrystal spectroscopic
properties. Despite numerous demonstrations of relatively
nontoxic cellular QD delivery, concerns regarding the
cytotoxicity of released cadmium ions and the associated
oxidative stress remain.18−23 While these concerns are valid,
studies have pointed to the important role played by the QD
shell and capping ligand/surface coating in mitigating the
potential cytotoxicity of Cd2+-containing QDs within long-term
cell culture.22,24−31 For example, Cho et al. showed that in
MCF-7 cells incubated with QDs capped with mercaptopro-
pionic acid, CdTe core only QDs released measurable levels of
free Cd2+ ions, while in cells incubated with CdSe core/shell
QDs coated with a ZnS outer layer, intracellular Cd2+ levels
were maintained well below the level of detection.22 Further,
studies by Ryman-Rasmussen et al.29 and Hoshino et al.31,32

have shown the contribution of both carboxylic acid and amine
functions, respectively, in eliciting in vitro toxicity. Indeed, in
our previous work, the use of poly(ethylene glycol) (PEG)-
based ligands8,24,33 and smaller zwitterionic ligands34 facilitated
the realization of QD materials that manifest minimal
cytotoxicity in a variety of cellular labeling/imaging applica-
tions. Clearly, the important role of overcoating shells and
capping ligands in modulating the potential in vitro cytotoxicity
of QD materials is now well-established.35 Beyond cytotoxicity
itself, some detailed studies have also focused on the changes in

cellular function (i.e., gene expression) that result from QD
exposure.36,37

It is now accepted that to be relevant and meaningful, NP
toxicity testing should at a minimum: (1) utilize well-defined/
characterized materials; (2) explore a relevant range of material
concentrations that would be experimentally useful; and (3)
examine pertinent variables such as cellular exposure time.38,39

Concerted efforts in this direction are now beginning to
appear.18,36 One aspect of QDs that has been largely
overlooked is the assessment of QD-associated cytotoxicity in
comparison to that of traditional organic cell labeling
fluorescent probes that are commonly applied for live cell
labeling and imaging. The latter are generally accepted for all
manners of cellular imaging with the key determinant typically
consisting of not perturbing the actual experiment itself.40 Side
by side comparisons between QDs and fluorescent probes for
cellular imaging have focused almost exclusively on the relative
photophysical properties of each material.14 Indeed, reports on
the in vitro cellular toxicity of organic fluorophores themselves
are limited. For example, in a comprehensive 2009 review,
Alford et al. performed an exhaustive search of 26 biomedical
and chemical literature databases and found that while
significant toxicity data was available for the US Food and
Drug Administration (USFDA)-approved in vivo imaging dyes
indocyanine green and fluorescein, surprisingly little informa-
tion on many non USFDA-approved fluorophores was

Figure 1. QD schematic and spectral properties of materials used in this study. (A) Schematic of QDs used for facilitated cellular QD delivery.
CdSe/ZnS (core/shell) QDs are capped with either charged DHLA ligands or neutral DHLA-PEG ligands terminating with hydroxy or methoxy
groups (structures shown in Table 1). For cellular delivery, the QDs are noncovalently associated with commercial cationic amphiphiles or histidine-
appended cell penetrating peptides (CPP). (B, C) Spectra of materials used in this study. Shown are the absorption and emission spectra of 550 nm-
emitting QDs and the various cell-labeling fluorophores investigated herein. The vertical dashed lines at 530 and 590 nm represent the two
absorbance wavelengths of the formazan product (reduced MTS cell proliferation reagent) used to assess cellular viability (described in Materials and
Methods). The absorption spectrum of the MTS/formazan product is provided in the SI (ABS, absorbance; EM, emission).
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available.41 To the best of our knowledge, limited to no
attempts have been made to perform a direct, comparative
analysis of the in vitro toxicities of QDs and organic

fluorophores. Such studies are clearly warranted to put QDs
into the context of these more traditional cell labeling materials
with respect to their effects on cellular proliferation during

Table 1. Select Properties of the Materials Utilized in This Study
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labeling and imaging. We note that the in vivo toxicity of QDs
in animal models is a far more complex subject and is not our
focus here.31,42

In this report, we conduct a comprehensive comparative
study of the in vitro cellular cytotoxicity of our in-house
synthesized CdSe/ZnS core/shell materials. Compared to
commercial QD preparations in which the surface character
cannot be controlled or is not known due to proprietary
concerns, the use of our in-house materials allowed us to
directly assess the effect of the QD surface ligand on cellular
toxicity. While varying the structure of the surface capping
ligand, we assessed the effect of our QD materials on the
cellular proliferation of a number of cell lines of different
morphological lineages when the materials were delivered via
several different facilitated delivery modalities. Our results
demonstrate that QD-associated cytotoxicity, when observed, is
a function of a number of factors including: QD ligand
structure, QD dose (concentration and time of incubation
during delivery), and the method of facilitated QD delivery.
Further, we note differences in the degree of cytotoxicity
among the various cell lines tested. Finally, we show that a
number of commercially available cell labeling fluorophores
utilized primarily for live cell imaging and tracking elicit varying
inhibitory effects on cellular proliferation within the concen-
tration range required for efficient labeling. Cumulatively, our
results place these QD materials within the context of more
traditionally used fluorophores for cellular labeling and
demonstrate that these QD materials can function as a
relatively nontoxic alternative to cell labeling fluorophore
probes under appropriate incubation and delivery conditions
within cell culture systems.

■ RESULTS
Rationale, Selection of Materials, and Assay Format.

Our goals in this study were twofold. First, we examined the
role played by the QD surface capping ligand coupled with the
QD dose and mode of QD delivery in mediating QD-induced
cytotoxicity. For this, QDs were exposed to cells in their native
state or in conjunction with facilitated uptake modalities; these
relied on conjugation to cell penetrating peptides (CPPs) and
the use of cationic amphiphile complexes such as Lipofectamine
2000 and PULSin. The second goal was to compare the above
effects to traditional cell-permeable fluorescent dyes when
applied for similar cellular labeling utility. Specifically, we
focused on the relevant concentration ranges over which each
of these respective materials achieve efficient labeling of cells
and cellular structures (endosomes and cytosol for QDs and
cytosol and nuclei for dyes) and we determine their
corresponding effects on cellular proliferation. As our previous
studies have demonstrated the cumulative role played by
delivery modality, concentration, and incubation time in
determining overall toxicity,33 care was taken in this study to
determine cellular toxicity at comparable levels of uptake of the
respective materials.
In this study we employed our in-house synthesized CdSe/

ZnS core/shell QDs as a prototypical platform (Figure 1a). In
previous studies, we have demonstrated the utility of these
materials in a variety of cellular applications including the two-
color labeling of endocytic vesicles,43 the delivery of QD-
appended cargos,44 the simultaneous multicolor labeling of
cellular structures using innate cellular uptake processes/
interactions,8 and the real-time sensing of cytosolic pH.45 We
have further employed these same QD materials as a platform

for the identification of multifunctional, multidomain peptidyl
motifs for the efficient endocytic uptake, and endosomal escape
of materials to the cellular cytosol.33 Importantly, throughout
these aforementioned targeted investigations, we observed
minimal perturbation of cellular proliferation over the dose
range (QD concentration and incubation time) utilized. As
shown in Table 1, three varieties of dihydrolipoic acid
(DHLA)-ligands were employed. DHLA, the shortest of the
ligand species, terminates in a carboxyl group which has to be
maintained in a charged state to mediate the colloidal stability
of the QD.43,46 Two DHLA-appended ligands containing PEG
were also queried; here, the PEG mediates colloidal stability in
contrast to charge. These ligands, referred to as DHLA-PEG-
OH and DHLA-PEG-OCH3, terminate in hydroxy and
methoxy functional groups, respectively. The DHLA-PEG-
OH has ∼12 ethylene oxide repeats (Mw ∼600) while the
DHLA-PEG-OCH3 has ∼15 (Mw ∼750). In previous studies,
these ligands have been shown to be relatively nonfouling and
to mediate superior QD colloidal stability over wide pH
ranges.24 It was noted in those studies, however, that during the
synthesis of the hydroxyl terminated DHLA-PEG-OH ligand,
the reduction step necessary for ring-opening to yield the
bidentate thiol anchoring group could decompose the ester
linkage.24,47 Further, the labile ester linkage could prove
susceptible to hydrolysis in cellular environments. Indeed,
these very issues spurred the development of non-ester-
containing DHLA-PEG ligands that terminated in a methoxyl
group.24,47

For comparison to traditional fluorophores, we selected a
panel of seven cell-labeling fluorophores that have been used
widely in cell biological applications. While these probes all
share the common characteristic of being cell-permeant, they
differ in their structures (see Table 1), spectral properties and
mechanisms of action/cellular labeling. A comparison of the
spectra of these fluorophores and the QDs used in this study
are shown in Figure 1b,c and their relevant photophysical
properties are listed in Table S1. Among the probes selected for
analysis were the nucleic acid-labeling fluorophores Hoecsht
33342 and acridine orange which interact with DNA via minor
groove binding48 and intercalation,49 respectively. The
CellTracker Green BODIPY and CellTracker Red CMTPX
probes contain a chloromethyl group that reacts with thiol
groups, presumably located on glutathione, which is present in
the cytosol at concentrations of ∼10 mM.50 The resulting
fluorophore−glutathione adducts become cell-impermeant and
are retained within living cells through several generations,
partitioning among daughter cells during cell division.
Accordingly, they have been used as tools for the long-term
visualization of cells in culture51 and for the assessment of cell
viability.52 The BODIPY 630/650 methyl bromide fluorophore
has been used to visualize host cell−pathogen interactions53,54

while the SNARF 1 AM and BCECF-AM probes are widely
employed as pH indicator dyes due to their pH-dependent
emission spectra.55,56

The general assay format experimentally utilized here first
exposed a range of material (QDs, QD-complexes or dyes) to
target cells for 1, 4, or 24 h followed by cell proliferation for 72
h and finished with an assessment of cellular proliferation in
comparison to unexposed control cells. In the second part of
the assay, we determined the minimal concentration to achieve
efficient cellular labeling; this is defined as the labeling of a
minimum of 80% of cells quantified over multiple fields of view
in separate experiments. Lastly, we determine the correspond-
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ing cellular viability at this effective concentration. To
determine cellular viability, MTS cell proliferation or
cytotoxicity assays were performed in three cell lines

representing distinct cellular lineages/morphologies; human
embryonic kidney cells (HEK 293T/17 - epithelial), human
umbilical vein cells (EA.hy926 - endothelial), and human acute

Figure 2. Representative MTS cellular proliferation assay results. Shown are the results of proliferation assays for the time-dependent CPP-mediated
cellular delivery of 550 nm QDs to HEK 293T/17 (panel A), EA.hy926 (panel B), and THP-1 (panel C) cells. CPP alone, QDs alone, or QD-CPP
complexes were incubated with cells for the times indicated followed by washing and a 72 h proliferation period and assessment of cellular viability
by MTS assay. Each data point represents the mean ± standard deviation (SD) of wells performed in quadruplicate.

Table 2. Cytotoxicity of QDs and QD-CPP Complexes

aCellular viability assessed by MTS assay 72 h after initial incubation with material. The % viability shown in blue corresponds to the highest
concentration tested (200 nM QD alone, 5 μM CPP alone, or 200 nM QD/5 μM CPP complex). bIC50 values are in red and were determined by a
fit of the data to a three-parameter curvefit function.
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Figure 3. Comparative labeling concentrations and cytotoxicities for QDs and cell labeling fluorophore deliveries to epithelial cells. Shown are
representative images of HEK 293T/17 cells labeled with 550 nm QDs capped with DHLA-PEG-OCH3 ligands using various delivery agents (panel
A) or cell labeling fluorophores (panel B). Panels show the fluorescence corresponding to QD or fluorophore merged with DAPI (nuclei) and DIC
(except for the nuclear fluorophores Hoechst 33342 and acridine orange). Individual cells are outlined in white for clarity. For each image, the
concentration required to achieve a labeling efficiency of at least 80% is given ([QD]del or [fluor]del) along with the percent cellular viability
corresponding to that concentration. Scale bar is 50 μm. For all deliveries a 1 h incubation time was used except for Lipofectamine2000- or PULSin-
mediated QD delivery wherein a 4 h incubation time was used. Note that negligible cellular uptake was observed for QDs alone.

Figure 4. Comparative labeling concentrations and cytotoxicities for QDs and cell labeling fluorophore deliveries to endothelial cells. Shown are
representative images of EA.hy926 endothelial cells labeled with 550 nm QDs capped with DHLA-PEG-OCH3 ligands using various delivery agents
(panel A) or cell labeling fluorophores (panel B). Panels show the fluorescence corresponding to QD or fluorophore merged with DAPI (nuclei) and
DIC (except for the nuclear fluorophores Hoechst 33342 and acridine orange). Individual cells are outlined in white for clarity. For each image, the
concentration required to achieve a labeling efficiency of at least 80% is given ([QD]del or [fluor]del) along with the percent cellular viability
corresponding to that concentration. Scale bar is 50 μm. For all deliveries a 1 h incubation time was used except for Lipofectamine2000- or PULSin-
mediated QD delivery wherein a 4 h incubation time was used. Note that negligible cellular uptake was observed for QDs alone.
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monocytic leukemia (THP-1 - monocytic). See Methods
section for full description. This quantitative assay format has
been widely used to assess the effects of a myriad of materials
on cellular proliferation, including QDs33,57−61 and cell labeling
dyes.41

Cytotoxicity of the QDs and QD-CPP Complexes. We
began by analyzing the cytotoxicity of 550 nm emitting QDs
when incubated alone or as a complex with various agents for
their facilitated delivery using CPPs or cationic amphiphiles
(see below). The CPPs were ratiometrically self-assembled to
the QDs using metal-affinity coordination driven by the
peptides terminal His6 sequence. This assembly process just
requires mixing of the QD with peptide at a desired molar ratio,
occurs nearly spontaneously, and allows for control over the
number of peptides conjugated per QD.62 Previous studies have
shown that the current QDs can be controllably assembled to a
maximum of ∼50 ± 10 peptides.63

Experiments revealed general trends with regards to the role
played by the QD capping ligand, delivery vehicle, and
incubation time. Figure 2 shows representative cellular
proliferation assay data for the cell lines investigated here (for
both QDs alone and QD-CPP complexes) as a function of QD
concentration, incubation time, and surface capping ligand. The
corresponding cytotoxicity results including percent cellular
viability at the highest exposure concentration and IC50 (half
maximal inhibitory concentration) values when reached are
summarized in Table 2. Incubation of cells with QDs alone
proved largely innocuous with almost no uptake noted at
incubation times of 1 h and demonstrated cellular viabilities of
nearly 75% or greater noted for the different capping ligands

across all cell lines for the highest QD concentration tested
(200 nM) except for THP-1 monocytic cells in the presence of
DHLA-QDs; viability 68.5%. Indeed, these viabilities correlate
well with the minimal nonspecific binding observed for these
materials (Figure 3a and Figure 4a) and confirm our previous
findings.33,43 Interestingly, DHLA-PEG-OH was the only
capping ligand that elicited significant and consistent toxicity,
with inhibition of proliferation of all three cell lines first
apparent at 4 h incubation and reaching a maximum upon 24 h
incubation. Here, IC50 values of 210−400 nM were noted
across all three cell lines tested, suggesting the susceptibility of
the labile ester linkage to extracellular esterases64,65 leading to
the formation of poly(glycolic acid) and other adducts such as
aldehydes; these have been reported to inhibit cellular
proliferation in multiple cell lines in vitro, as reviewed in ref 66.
The use of peptides for the cellular uptake of QDs and other

nanoparticle (NP) materials has been established as one of the
most popular and effective delivery modalities given the
peptides’ small size, ease of synthesis, and advancements in
NP-peptide bioconjugation chemistries.17,67,68 Here, when
incubated with cells for 1 h as a complex with a nine-arginine
containing CPP self-assembled via His6-metal coordination to
the QD surface at a ratio of 25 CPP/QD, efficient cellular
uptake of all QDs was noted at 100 nM QD. Again, efficient
cellular labeling was defined as the labeling of a minimum of
80% of cells quantified over separate experiments. As shown in
Figure 3a the QDs adopted a perinuclear morphology
consistent with QD endocytosis and sequestration as has
been reported previously for peptides of this nature.3,4,43

Similarly, efficient uptake was observed in EA.hy926 cells at 100

Table 3. Cytotoxicity of QD-Cationic Amphiphile Complexes

aCellular viability assessed by MTS assay 72 h after initial incubation with material. The % viability shown in blue corresponds to the highest
concentration tested (200 nM QD-cationic amphiphile complex or equivalent amount of amphiphile alone). bIC50 values are in red and were
determined by a fit of the data to a three-parameter curvefit function.
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nM QD (Figure 4a). Not only did this dosing regime (100 nM
QD/1 h incubation) result in robust cellular labeling, it was
coupled with cellular viabilities reflecting that under these
delivery conditions the materials were well tolerated across
multiple cell lines. Of particular note was the viability exhibited
by CPP complexes of DHLA-PEG-OCH3-capped QDs where
viabilities of nearly 80% or greater were noted in all three cell
lines tested. Increasing the incubation time to 4 h did not
negatively impact cellular viability. This result is notable,
particularly within the context of the cellular delivery of QDs
bearing mixed peptide surfaces (e.g., where one peptide
mediates cellular uptake while a second directs localization to
subcellular organelles/structures69 or serves a sensing function).
In these instances, longer incubation times are often required to
facilitate optimal localization or sustained sensing, and our
results indeed suggest that our QD materials are well-tolerated
over this operational window. The only ligand species that
manifested an appreciable degree of cytotoxicity when delivered
as a CPP complex was again the DHLA-PEG-OH ligand. Here,
we were able to measure IC50 values of ∼400 nM in EA.hy926
endothelial cells (incubation time of 4 h) while IC50 values of
150−400 nM QD were observed in all three cell lines when the
incubation time was increased to 24 h. No significant
deleterious effect on viability was noted for the CPP alone
regardless of cell line or incubation time used.
Cytotoxicity of the QD-Amphiphile Complexes.

Cationic amphiphiles are quite commonly employed for the
efficient delivery of QDs for the purpose of in vitro labeling and
imaging.15,33,70,71 Here, we analyzed the cytotoxicity of QDs
when delivered to cells using two commercial cationic
amphiphile preparations: Lipofectamine 2000 (LF2000) and
PULSin. LF2000 consists of a proprietary cationic liposome
formulation containing a neutral colipid which is believed to
complex with (negatively charged) molecules to aid them in

overcoming electrostatic repulsion at the cell membrane.
PULSin is a proprietary amphiphilic polymer originally
designed as a cytosolic delivery agent for proteins. In contrast
to CPP-mediated QD delivery, the use of amphiphiles requires
longer incubation regimes (typically on the order of 3−4 h) to
achieve effective cellular QD uptake at 100 nM QD.33,70

LF2000 has been shown to deliver QDs to endosomes33 as well
as to the cellular cytosol70 and we have previously shown that
PULSin mediates the partial escape of endocytosed QDs to the
cytosol, although this process requires 4−5 days after initial
delivery and is coupled with a moderate degree of cytotoxicity
that is largely attributable to the added presence of the PULSin
delivery agent in the complex.33 For assays with the cationic
amphiphiles, QDs were mixed with materials at the
concentrations and times indicated prior to cellular exposure
(see the Methods section).
In the current study, these agents alone exhibited clear cell

line-dependent effects on cellular proliferation for the 4 h
delivery incubation time, exhibiting viabilities that ranged from
57% (THP-1) to 80% (HEK 293T/17) for LF2000 or 70%
(HEK 293T/17) to 92% (EA.hy926) for PULSin. Cellular
viability data are summarized and presented in Table 3 (see also
Figures S2 and S3 for cell proliferation plots for LF2000 and
PULSin, respectively). Focusing on the 4 h incubation window
(the time frame required for efficient QD-amphiphile labeling
of 80% of cells), LF2000-QD-DHLA-PEG-OCH3 complexes
efficiently labeled the endosomal compartments of HEK 293T/
17 cells when delivered at 100 nM and this was coupled with a
viability of 68% (Figure 3a). These same complexes also
effectively labeled EA.hy926 cells, although the viability was
significantly reduced to 49% (Figure 4a). Comparable viabilities
were obtained for LF2000-delivered DHLA and DHLA-PEG-
OH capped QDs over the time course of this incubation regime
while extending the incubation time to 24 h exacerbated effects

Table 4. Cytotoxicity of Selected Cell Labeling Fluorophores

aCellular viability assessed by MTS assay 72 h after initial incubation with material. The % viability shown in blue corresponds to the highest
concentration tested. Manufacturer’s suggested working concentration for each fluorophore is in parentheses. bIC50 values are in red and were
determined by a fit of the data to a three-parameter curvefit function.
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on cellular proliferation in both cell lines. Notably, these
complexes were less impactful to THP-1 cells and in the case of
the DHLA-PEG-OCH3 ligand a modest degree of induction of
cellular proliferation was observed. Similar observations have
been noted, for example, in Caco-2 epithelial adenocarcinoma
cells incubated with low nM concentrations of CdS QDs coated
with maltodextrin.72 Cell line- and ligand-dependent effects on
cytotoxicity were observed for PULSin-delivered QDs. As
shown in Figure 3a, delivery of 100 nM QD (DHLA-PEG-
OCH3 capped) resulted in QD delivery to the cytosol coupled
with 70% viability in HEK 293T/17 cells. Comparable viability
results were noted for the other two ligands and for THP-1
cells.
These results reflect several key points regarding the

cytotoxicity associated with facilitated delivery of QDs. Clearly,
cytotoxicity, when observed, is a cumulative function of QD
dose, capping ligand, delivery vehicle, and the cell line used.
Further, it appears that these variables must be iteratively
optimized to determine the conditions required to strike a
balance between efficient labeling and concomitant cytotoxicity.
Taken in this context, it is clear that, for the QDs under study
here, the CPP-mediated delivery that is shown affords an
optimal balance of efficient cellular QD labeling coupled with
short incubation time regimes while mitigating inhibitory
effects on cellular proliferation across multiple cell lines. QDs
complexed with cationic amphiphiles, while efficient labeling
tools, are coupled with increased cytotoxicity and require
longer initial incubation times and subsequent culture times to
mediate their effects.
Cytotoxicity of Selected Cell Labeling Fluorophores.

Using the same approach as that for the assessment of QD
cytotoxicity (1, 4, and 24 h cellular exposure of a range of dye
concentrations), we used proliferation assays to determine the
incubation time-dependent cytotoxicity associated with cellular
labeling using the selected panel of seven cell-permeant
fluorophore probes. Table 4 summarizes the cellular viability
results of these commercial cell-labeling probes assayed at the
manufacturer’s suggested working concentration range for
cellular labeling (see Figure S4 for cell proliferation assay
data plots). Examination of the data for 1 h incubation
demonstrates that across multiple cell lines the majority of dyes
except the CellTracker Red and SNARF 1 exhibited measurable
IC50 values that were within the manufacturer’s recommended
concentration range for cellular labeling. The CellTracker
Green BODIPY only elicited toxicity in the HEK cells while the
Hoechst 33342 and acridine orange DNA stains affected HEK
and EA.hy926 cells. It is worth noting that the THP-1 cells
showed minimal susceptibility to the antiproliferative effects of
most of the fluorescent probes, with the exception of BODIPY
630/650 and BCECF for which IC50 values of 84 and 61 μM
were obtained at a 1 h incubation time.
An empirical titration of each fluorophore was again

performed to ascertain the minimal concentration required
for effective labeling of our test cell lines (80% of cells, data not
shown). As shown in Figure 3b, at the concentration
determined for efficient labeling, nearly all of the probes
displayed >80% viabilities in HEK 293T/17 cells (except
acridine orange − see below) showing that the dyes were well
tolerated under these delivery conditions. Similar results were
obtained for the fluorophore labeling of EA.hy926 cells (Figure
4b). Interestingly, the minor groove binding probe Hoechst
33342 elicited no deleterious effects on the proliferation of any
of the cell lines tested at the 0.01 μM exposure concentration.

The one fluorophore that did exhibit considerable cytotoxicity
was the DNA intercalator acridine orange. At an 80% efficient
labeling concentration of 1 μM, this probe inhibited the
proliferation of both HEK 293T/17 and EA.hy926 cells by
∼50% upon 1 h incubation. This result, coupled with previous
reports showing acridine orange to inhibit mitosis73 and to
induce binucleation in chondrocytes,74 reflects the cytotoxic
potential of this probe. Still, it remains one of the most widely
used probes for nuclear staining in fluorescence imaging75 and
flow cytometry76 in live cells.

■ DISCUSSION AND CONCLUSIONS
Our first goal was to put into context the potential in vitro
toxicity of our CdSe/ZnS QDs as a function of a number of
different parameters essential to their use in cellular labeling
applications. These factors include (1) the nature of the
capping ligand used to promote colloidal stability and
biocompatibility, (2) the delivery modality used to facilitate
QD cellular internalization, and (3) the dosage (concentration
and incubation time) required to achieve efficient cellular
labeling. We queried these factors in three different cell lines
representing various morphological lineages (epithelial, endo-
thelial, and monocyte) to assess their cumulative role in cellular
labeling. We find that for both native QDs and QD-CPP
complexes assembled with nanocrystals displaying all three
ligands, no significant impairment of cellular viability is noted
for 1 h delivery times. The DHLA-PEG-OH materials manifest
the most cytotoxicity, 7 out of 8 reported IC50 values in Table
2. This is not an extraordinary finding given the labile nature of
the ester group present in this ligand and its association with
inhibition of cellular proliferation.64−66 We note that cellular
exposure to LF2000 alone can inhibit cellular proliferation and
that use of this amphiphilic polymer in conjunction with all
three types of QDs appears to induce significant cytotoxicity
(see Table 3). Interestingly, use of PULSin to deliver QDs only
elicits significant cytotoxicity in EA.Hy926 cells suggesting a
potential contraindication between this polymer and some
aspect of endothelial cell function or metabolism. More
importantly, at the minimal exposure concentrations and
times needed for efficient cellular labeling of ∼80% of cells,
the QD-CPP (DHLA-PEG-OCH3 ligands, 0.1 μM, 1 h) has
minimal impact on viability (<20% inhibition) while QD-
LF2000 or QD-PULSin complexes (DHLA-PEG-OCH3
ligands, 0.1 μM, 4 h) are more inhibitory (∼30−50%
inhibition), see Figures 3 and 4.
The relatively innocuous nature of CPP-mediated QD

delivery compared to cationic amphiphile-mediated uptake
further substantiates the role of peptide-mediated delivery as
among the most robust in terms of combined uptake and
minimal toxicity.33,43,44,77,78 CPPs are inherently small,
biocompatible, and biodegradable, and can be relatively
nontoxic for particular nanoparticle delivery applications.68,79,80

Use of LF2000 to facilitate cellular uptake of QDs can,
however, have some toxic side effects, and this is indeed
corroborated by several other reports.33,70,81 Use of this
polymer should thus be carefully considered within the context
of a given application. In contrast, use of PULSin to facilitate
QD cellular uptake only elicits a significant effect on one cell
line which suggests that the choice in cell line used must also be
a critical experimental consideration. It is important to note
that a majority of cell lines used in bionanoresearch are, for all
intents and purposes, transformed cell lines. This means that
they are significantly dedifferentiated and immortal, display
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heterogeneous chromosome counts, and may not reflect the full
function, metabolism, and susceptibility or immunity of that
same cell in primary form.81,82 As expected, we also note
general trends where more cytotoxicity is correlated with either
longer incubation times or higher exposure concentrations. The
results in achieving effective cellular labeling suggest that
empirically determining a minimal or “acute” dosage where
cells are efficiently labeled while minimizing cytotoxicity should
be a first and critically important consideration for mitigating
potential adverse effects on viability.
Understanding of the role played by the capping ligand in

modulating QD−cell interactions continues to grow. Prom-
inent researchers such as Nel, Chan, Dawson, Hamad-Schifferli,
and others have posited (probably correctly) that it is not the
nanoparticles themselves that will drive a cellular response, but
rather the presentation and concentration of surface function-
alizing molecules (i.e., ligands) and biologicals (mostly
proteins) displayed in an outer layer on the nanoparticle called
a corona that will be seen by the cell and elicit a response.84−87

Given this, use of any surface ligand that could have detrimental
cellular effects, such as that seen from putative hydrolysis of the
DHLA-PEG-OH ligands here, should be avoided. Although the
DHLA ligands are quite small and do not manifest significant
cytotoxicity, they are still hampered by solubility issues.
Gratifyingly, the DHLA-PEG-OCH3-liganded QD materials
appear to be quite innocuous. In general, use of PEGylated
nanoparticles may be one of the more consistently safer
approaches for cellular labeling. Indeed, PEG moieties have a
long history of being both safe and accepted for widely
disparate biological and medical use, and many PEGylated QD
materials are commercially available or easily assembled. In
particular, their nonfouling properties can help mitigate many
potential issues associated with opsonization.
The comparative analysis of effects on cellular proliferation

between our in-house synthesized QDs and a representative set
of organic dyes commonly used for cellular labeling is perhaps
the most important aspect of this study. As studies of this
nature do not appear to be present in the literature, we felt such
an analysis was vital to place QD utility into the context of
organic dyes, given the enormous popularity QDs have
achieved over the past ten years in cellular labeling, imaging,
and sensing.15,16,88,89 We found that 5 of the 7 dyes tested elicit
significant effects on cellular viability using the labeling
concentration range suggested and these effects are exacerbated
as exposure time to the cells is increased. Interestingly, SNARF
1 which is perhaps the closest to fluorescein in structure
appears to be quite innocuous with no significant effects on
cellular viability in any configuration tested. Additionally,
examining the concentration required for efficient labeling
with the dye panel and the corresponding cellular viabilities in
comparison to the QD-CPP (Figures 3 and 4) shows that
almost all the dyes do not elicit a significant effect (<20% loss
of viability). In this configuration, only acridine orange
manifests a significant effect of ∼50% loss of viability. We do
qualify this result with the fact that acridine orange is a nuclear
dye and that our QD labeling assays did not label the cellular
nuclei. We recognize that, aside from the nuclear stains, the
dyes are all cytosolic while the QD-CPP complexes are
primarily located in endosomes. However, we point out that
such endocytic sequestration is the principal fate of QDs taken
up by almost all cells irrespective of delivery modality.79,90,91

Nevertheless, examining cellular viability outcomes in con-
junction with the efficient labeling result suggests that when

used in an appropriate context for cellular labeling applications
(i.e., proper tuning of QD dose, surface ligand, and delivery
modality), QDs are comparable to most organic dyes used in
the same role and can function as robust in vitro cell labeling
reagents that exhibit minimal impact on cellular viability.
In summation, for cellular labeling applications with QDs the

identification of dosing conditions required for efficient cellular
labeling/imaging will be an iterative process. Our data
demonstrate the cumulative role played by many factors on
mediating QDs’ effects on in vitro cellular proliferation
including ligand structure, dosage, and use of CPP or
amphiphile for facilitating cellular uptake. Our results also
point to cell-line dependent differences and confirm the
importance of the combination of empirical, iterative testing
of labeling efficiency coupled with an assessment of
cytotoxicity. Most importantly, across multiple cell lines, our
QDs elicit in vitro cytotoxicities that are comparable to many
commonly used cell labeling fluorophores. Clearly, the choice
of using QDs for cellular labeling should not be made on
preconceived notions of toxicity but rather on whether they are
the appropriate fluorophore for the targeted application.

■ MATERIALS AND METHODS
Materials. DAPI (4′,6-diamidino-2-phenylindole), 2-mer-

captoethanol, and paraformaldehyde were purchased from
Sigma Aldrich (St. Louis, MO). Lipofectamine 2000 trans-
fection reagent, cell culture grade phosphate buffered saline
(PBS), and Dulbecco’s Modified Eagle’s Medium containing 25
mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) (DMEM-HEPES) were obtained from Invitrogen/Life
Technologies, (Carlsbad, CA). PULSin transfection reagent
was a product of Polyplus-transfection (New York, NY). 96-
well cell culture cluster microtiter plates were obtained from
Corning-Costar (Corning, NY). All other materials/reagents
were obtained as noted in the text.

Quantum Dots and Capping Ligands. The QDs used in
this study were CdSe/ZnS core/shell nanocrystals with
emission maxima centered at 550 nm. QD synthesis was
performed stepwise using the high temperature reaction of
organometallic precursors (trioctylphosphine selenium
(TOP:Se), cadmium acetylacetonate, diethyl zinc, and
hexamethyldisilathiane) in a hot coordinating mixture of
TOP/TOPO and hexadecylamine, as described previously.92

QDs were made hydrophilic by exchanging the native
hydrophobic ligands with either DHLA (dihydrolipoic acid)
or poly(ethylene glycol) (PEG)-appended DHLA (DHLA-
PEG). In this study, two variants of the DHLA-PEG capping
ligand were used, wherein their distal ends terminated in either
a hydroxy or methoxy functional group. These ligands are
referred to herein as DHLA-PEG-OH and DHLA-PEG-OCH3,
respectively, and their synthesis is described in detail in refs 24
and 25. The spectra and structures of the QD surface ligands
used in this study are shown in Figure 1 and Table 1,
respectively.

Cell Labeling Fluorophores. Hoechst 33342, acridine
orange, CellTracker Green BODIPY, CellTracker Red
CMTPX, BODIPY 630/650 methyl bromide, carboxylic acid
SNARF 1-acetoxymethyl ester (SNARF 1 a.m.), and BCECF
were purchased from Invitrogen (Carlsbad, CA). The relevant
spectra of the cell labeling fluorophores used herein are shown
in Figure 1.

Synthesis of CPP. The cell-penetrating peptide (CPP,
R9GGLA(Aib)SGWKH6) used in this study is described in ref
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33. The polyarginine tract (R9) that mediates cellular uptake is
separated from the polyhistidine tract (H6) (for peptide self-
assembly to the QD surface) by a linker domain (GGLA(Aib)-
SGWK). Aib is the artificial residue alpha-amino isobutyric acid.
Peptide synthesis was performed using Boc-solid phase peptide
synthesis, purified by HPLC and characterized by electrospray
ionization mass spectroscopy.43,93 The CPP was desalted,
quantitated, lyophilized and stored at −20 °C until needed
using methods similar to that described in ref 94.
Cell Lines and Cell Culture. HEK 293T/17 (epithelial),

EA.hy926 (endothelial), and THP-1 (monocytic) cell lines
were obtained from American Type Culture Collection
(ATCC, Manassas, VA). HEK 293T/17 and EA.hy926 cells
were grown as adherent monolayers in complete growth
medium (Dulbecco’s Modified Eagle’s Medium (DMEM;
purchased from ATCC)) supplemented with 1% (v/v)
antibiotic/antimycotic and 10% (v/v) heat inactivated fetal
bovine serum (ATCC). THP-1 cells were grown in suspension
in RPMI-1640 (ATCC) containing 10% fetal bovine serum and
0.05 mM 2-mercaptoethanol. All cells were cultured in T25
flasks and incubated at 37 °C under 5% CO2 atmosphere in a
humidified incubator. A subculture was performed every 3−4
days as described.43 All cells in this study were used between
passages 3 and 10.
Cellular Delivery of Quantum Dots, Quantum Dot-

Delivery Agent Complexes, and Cell Labeling Fluoro-
phores. For delivery experiments, cells were seeded in
complete growth medium (typically ∼1 × 104 cells/well) into
the wells of Lab-Tek 8-well chambered #1 borosilicate
coverglass (Nalge Nunc, Rochester, NY) and cultured over-
night. Prior to the addition of materials for cellular delivery, the
cells were washed once with PBS. For incubation of cells with
QDs alone, a stock solution of QDs was diluted into DMEM-
HEPES. QD-CPP bioconjugates were formed by diluting the
CPP into DMEM-HEPES followed by the addition of a stock
solution of QDs to achieve a ratio of 25:1 (CPP:QD). The CPP
was self-assembled onto the QD surface for 20 min prior to
addition to the cells.33 QD-Lipofectamine 2000 complexes were
generated by incubation of QDs with the reagent for 20 min in
DMEM-HEPES at a ratio of 1 μL Lipofectamine 2000 per 1.5
pmol QD. QD-Pulsin reagent complexes were formed by
dilution of the QDs into HEPES buffer (pH 8.2) followed by
addition of the transfection reagent (1 μL reagent per pmol
QD). The final assembled complexes were diluted into
DMEM-HEPES then added to the cells. For labeling of cells
with cell staining dyes, the as-supplied materials were diluted
into DMEM-HEPES and incubated with the cells according to
the manufacturer’s instructions. For all materials, imaging was
performed on a concentration range of delivered materials to
empirically determine the minimum concentration required for
robust staining, defined as the reproducible labeling of at least
80% of cells.
Microscopy and Image Analysis. The intracellular

distribution of QDs was analyzed by differential interference
contrast (DIC) and epifluorescence microscopy using an
Olympus IX-70 total internal reflection fluorescence micro-
scope equipped with 60× and 100× oil immersion objectives.
Samples were excited using a Xe lamp and images were
collected using standard filter sets for DAPI, FITC (for QDs),
TRITC, and Cy5. Merged images were generated using Adobe
PhotoShop. Quantification of cellular uptake of QDs and cell
labeling fluorophores was performed in either PhotoShop or
Image J.

Quantification of Cytotoxicity. The cytotoxicities of
QDs, QD-peptide/QD-transfection reagent complexes, and
cell staining dyes were assessed using the Promega CellTiter96
Aqueous One Solution cell proliferation assay. This assay is a
colorimetric method for determining the number of viable cells
after incubation with a material of interest. The One Solution
reagent contains a novel tetrazolium compound [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium, inner salt; MTS] and an electron
coupling reagent (phenazine ethosulfate; PES). PES has
enhanced chemical stability, which allows it to be combined
with MTS to form a stable solution. The MTS tetrazolium
compound is bioreduced by cells into a blue formazan product
that is soluble in tissue culture medium. This conversion is
accomplished primarily by NADPH or NADH produced by
dehydrogenase enzymes in metabolically active (viable)
cells95,96 and the absorbance of the resulting colored product
is proportional to the number of viable cells in the well. Cells
were seeded to the wells of 96-well tissue culture-treated
microtiter plates at the following initial densities: HEK 293T/
17 cells (doubling time (DT) per ATCC, ∼24 h): 4000 cells/
well; EA.hy926 cells (DT, ∼31 h): 4000 cells/well; THP-1 cells
(DT, 35−40 h): 5000 cells/well. These cell seeding densities
were determined empirically to ensure that the resulting color
formation at the assay end point was within the linear range.
Various times of incubation (1, 4, and 24 h) of the materials
with the cells were purposefully used to determine the effects of
short- (acute), mid-, and long-term (chronic) incubation
regimes on cellular proliferation. Following the incubation
period on the cells, the materials were removed and the cells
were washed once with fresh culture media. Following this
wash and replacement with fresh media, the cells were allowed
to proliferate under standard culture conditions for 72 h at
which time the MTS reagent (20 μL) was added to each well
and incubated for 4 h to allow sufficient color formation. The
formazan product resulting from reduction of the MTS reagent
absorbs over a wide range (∼400−650 nm) of the visible
spectrum with an absorbance maximum at 490 nm. Thus, the
absorbance of each well was read at either 530 nm (for the red-
absorbing fluorophores) or 590 nm (for the blue/green-
absorbing fluorophores and QDs) (see Table S1 for details).
When sufficient cytotoxicity was noted, IC50 values were
determined using a three parameter curvefit function within
SlideWrite analysis software (v 7.01, Advanced Graphics,
Rancho Santa Fe, CA). When IC50 values were not reached,
the percent cell viability corresponding to the highest
concentration tested is reported. Data are reported as the
average ± standard deviation (SD) of wells performed in
quadruplicate.
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M., Stütz, A. M., Jauch, A., Aiyar, R. S., Pau, G., Delhomme, N.,
Gagneur, J., Korbel, J. O., Huber, W., and Steinmetz, L. M. (2013) The
genomic and transcriptomic landscape of a HeLa cell line. G3: Genes,
Genomes, Genet., DOI: 10.1534/g3.113.005777.
(83) Freshney, R. I. (2010) Culture of animal cells: a manual of basic
technique and specialized applications, 6th ed., Wiley-Blackwell,
Hoboken.
(84) Park, S., and Hamad-Schifferli, K. (2010) Nanoscale interfaces
to biology. Curr. Opin. Chem. Biol. 14, 616−622.
(85) Nel, A. E., Madler, L., Velegol, D., Xia, T., Hoek, E. M. V.,
Somasundaran, P., Klaessig, F., Castranova, V., and Thompson, M.
(2009) Understanding biophysicochemical interactions at the nano-
bio interface. Nat. Mater. 8, 543−557.
(86) Lynch, I., Cedervall, T., Lundqvist, M., Cabaleiro-Lago, C.,
Linse, S., and Dawson, K. A. (2007) The nanoparticle−protein
complex as a biological entity; a complex fluids and surface science
challenge for the 21st century. Adv. Colloid Interface Sci. 134−135,
167−174.
(87) Walkey, C. D., Olsen, J. B., Guo, H., Emili, A., and Chan, W. C.
W. (2011) Nanoparticle size and surface chemistry determine serum
protein adsorption and macrophage uptake. J. Am. Chem. Soc. 134,
2139−2147.

(88) Mattoussi, H., Palui, G., and Na, H. B. (2012) Luminescent
quantum dots as platforms for probing in vitro and in vivo biological
processes. Adv. Drug Delivery Rev. 64, 138−166.
(89) Hotzer, B., Medintz, I. L., and Hildebrandt, N. (2012)
Fluorescence in nanobiotechnology: sophisticated fluorophores for
novel applications. Small 8, 2297−2326.
(90) Iversen, T. G., Skotland, T., and Sandvig, K. (2011) Endocytosis
and intracellular transport of nanoparticles: present knowledge and
need for future studies. Nano Today 6, 176−185.
(91) Symens, N., Soenen, S. J., Rejman, J., Braeckmans, K., De
Smedt, S. C., and Remaut, K. (2012) Intracellular partitioning of cell
organelles and extraneous nanoparticles during mitosis. Adv. Drug
Delivery Rev. 64, 78−94.
(92) Clapp, A. R., Goldman, E. R., and Mattoussi, H. (2006) Capping
of CdSe-ZnS quantum dots with DHLA and subsequent conjugation
with proteins. Nat. Protoc. 1, 1258−1266.
(93) Schnolzer, M., Alewood, P., Jones, A., Alewood, D., and Kent, S.
B. (1992) In situ neutralization in Boc-chemistry solid phase peptide
synthesis. Rapid, high yield assembly of difficult sequences. Int. J. Pept.
Protein. Res. 40, 180−193.
(94) Sapsford, K. E., Farrell, D., Sun, S., Rasooly, A., Mattoussi, H.,
and Medintz, I. L. (2009) Monitoring of enzymatic proteolysis on a
electrochemiluminescent-CCD microchip platform using quantum
dot-peptide substrates. Sens. & Act. B: Chem. 139, 13−21.
(95) Berridge, M. V., and Tan, A. S. (1993) Characterization of the
cellular reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT): subcellular localization, substrate dependence,
and involvement of mitochondrial electron transport in MTT
reduction. Arch. Biochem. Biophys. 303, 474−482.
(96) Berridge, M. V., Herst, P. M., and Tan, A. S. (2005) Tetrazolium
dyes as tools in cell biology: new insights into their cellular reduction.
Biotechnol. Annu. Rev. 11, 127−152.

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc4001917 | Bioconjugate Chem. 2013, 24, 1570−15831583


