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Abstract
The ability to straightforwardly deliver engineered nanoparticles into the cell cytosol with high
viability will vastly expand the range of biological applications. Nanoparticles could potentially be
used as delivery vehicles or as fluorescent sensors to probe the cell. In particular, quantum dots
(QDs) may be used to illuminate cytosolic proteins for long-term microscopy studies. Whereas
recent advances have been successful in specifically labeling proteins with QDs on the cell
membrane, cytosolic delivery of QDs into live cells has remained challenging. In this report, we
demonstrate high throughput delivery of QDs into live cell cytoplasm using an uncomplicated
microfluidic device while maintaining cell viabilities of 80–90%. We verify that the nanoparticle
surface interacts with the cytosolic environment and that the QDs remain non-aggregated so that
single QDs can be observed.
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Engineered nanomaterials have immense potential as live cell imaging tools, therapeutic
molecular delivery agents, or even as ways to manipulate live cells with external handles
such as light or magnetic fields.1 But much of these potential applications require that
nanomaterials be delivered into the cell cytosol. For example, quantum dots (QDs) as
fluorescent labels have provided new insights into cellular processes such as the dynamics of
receptor proteins.2,3 However, these applications have thus far been limited to proteins
localized on the outer cell membrane. Most nanoparticles, such as QDs, need to be
passivated with a polymer that renders the nanoparticles soluble in aqueous media, and this
also generally prevents them from passively diffusing across the cell membrane.
Microinjection and nanoneedle injection4,5 of nanoparticles is considered impractical due to
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specialized equipment/skills required and low throughput,6,7 while electroporation8,9 may
cause QD aggregation inside the cell. Therefore, most attempts to deliver QDs into the cell
cytoplasm have relied on QDs being endocytosed by the cell and escaping from the
endosome. Osmotic lysis of endosomes,10,11 endosome escape by positively charged
polymers12–15 and cell-penetrating peptides,11,16 and liposome-mediated delivery17 have
demonstrated some cytosolic delivery as supported by evidence including diffuse staining
patterns on confocal microscopy. Unfortunately, all suffer from some combination of low
reproducibility, low cell viability, incomplete endosome escape, and poor delivery
efficiency. In addition, such approaches require achieving a well-controlled dual conjugation
of an intracellular delivery handle and a cytosolic protein-targeting handle on the same
nanoparticle, which can be difficult. Despite reports of reliable cytosolic delivery of gold
nanoparticles,3,18 quantum dots have yet to be delivered into the cell cytoplasm in a robust
and scalable manner.19

Because QD delivery into the cell cytoplasm has remained difficult, the utility of QD
fluorescent labels in cell biology has been limited to fixed cell imaging or membrane protein
labeling1,19 of live cells.2 Fluorescence microscopy has provided countless insights into
cellular architecture, biomolecule interactions, and protein localizations thanks to brighter,
more stable fluorophores and fluorescent proteins (FPs). FPs in particular can be genetically
encoded, ensuring labeling specificity and proper intracellular localization. However, FPs
have shortcomings that may be complemented by the photostability, broad absorption
bandwidth, high absorption coefficient, and narrow emission of QDs.20 For example, QDs
are emerging as strong candidates for single-molecule, long-term tracking studies in
fluorescence microscopy because QDs provide an order of magnitude higher brightness than
FPs and are more photostable.19,21 Unlike FPs, QDs are exogenous to the cell and thus need
a conjugation handle that binds specifically to the protein of interest, in addition to being
directed into the cellular compartment where the protein resides. Recent work has addressed
the issue of specific conjugation through methods such as antibody targeting, streptavidin-
biotin labeling schemes, HaloTag-chloroalkane and acyl carrier protein-acetyl CoA
labeling.6,22 In this report, we address the cytosolic delivery challenge by using a
microfluidic device to deliver quantum dots to the cytosol and we confirm their delivery by
observing their interaction with the cytosolic environment.

QD delivery into the cytosol
The microfluidic, intracellular delivery device which we use here to deliver aqueous QDs
into the cytosol, and its mechanism of delivery23 are illustrated in figure 1a–b. In this
device, cells are rapidly deformed as they pass through a constriction in a microfluidic
channel, thus resulting in the formation of transient membrane disruptions. Macromolecules,
such as QDs, may then diffuse into the cytosol during the life-time of these disruptions (Fig
1b).23 Here we combine this microfluidic device with a new generation of recently described
biologically compatible QDs.24 The QDs used throughout this study were coated with a
poly-imidazole ligand (PIL) comprised of multiple metal-chelating imidazole groups and
multiple water-solubilizing, passivating poly(ethylene) glycol (PEG).24 The particular PIL
that coated the QDs imaged in figure 1c had no functionality other than providing
biocompatibility through PEG groups.24 Confocal microscopy images show that HeLa cells,
detached and round after flowing through the microfluidic device, have diffuse cytoplasmic
QD staining throughout different z-sections of the cell (Fig 1c, top). The diffuse staining
persists even after 48 hours, following incubation and adherence of the cells at 37 °C in 5%
CO2 (Fig. 1c, bottom). The diffuse QD fluorescence is dimmer at 48hrs, likely due to cell
division (Fig 1c). The device delivered QDs (~13 nm hydrodynamic diameter) into ~40% of
the live cell population at a throughput rate of ~10,000 cells/s (Fig S6C). Cell viability was
>80% as measured by flow cytometry (Fig S6A). The viability of treated cells as measured
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by flow cytometry, the diffuse staining on the confocal images, and the cell’s ability to
adhere are consistent with delivery of QDs into the cytoplasm of a live cell.

To confirm that the fluorescence indeed arises from QDs delivered to the cytosol as opposed
to QDs sequestered in endosomes, we designed a nanoparticle engineered to change its
emission profile upon interaction with the reducing environment of the cytosol. The
reduction potential inside the cell cytoplasm is −260 to −220 mV and is primarily dictated
by the maintenance of high concentrations (5–10 mM) of the tripeptide glutathione.25,26

Therefore, by measuring the fluorescence of a QD-dye construct whose emission changes
when exposed to the cytosolic environment, we can simultaneously determine the
localization and chemical accessibility of the delivered nanoparticles. We engineered a QD-
dye construct comprising of a green emitting QD (λemission = 541 nm) that acts as an energy
donor to a carboxy-X-Rhodamine (Rox) dye (λemission = 610 nm), conjugated through a
reducible disulfide bond (Fig 2a). Thiol groups that were incorporated into the PIL formed
disulfide bonds with thiolated Rox dyes. The absorbance spectrum of the purified construct
has absorbance features of both QD (green arrow) and Rox (red arrow) (Fig 2b) at an
average of 13 Rox dyes per QD, effectively quenching the QD fluorescence (Fig 2c). This
construct serves as an irreversible sensor of the specific reducing environment in the cytosol.
When the QD is selectively excited by a laser at 488 nm (microscopy) or 405nm (flow
cytometry) while the disulfide bridges are intact, the construct undergoes FRET so that Rox
emission in the red dominates. In a solution assay, the cellular reductant glutathione cleaves
the disulfide bridges, releasing Rox dyes and allowing the QD fluorescence to recover (Fig
2d). The non-thiol based reductant tris-(2carboxyethyl)phosphine also allows QD
fluorescence recovery, indicating that the release of Rox from the QD surface is not via PIL
displacement by glutathione (Fig 2e). Rox fluorescence may not completely disappear due to
some of the disulfide bridges being sterically hindered by long PEG groups on the PIL, and
due to some small amount of non-specific interaction between the dye and the QD surface.

Changes in the fluorescence profile of the construct, as measured by flow cytometry and
confocal microscopy, were used to confirm the delivery of QD-disulfide-Rox constructs to
the cell cytoplasm. When exposed to the reducing cytosolic environment, the cleavage of the
disulfide bonds disrupts the FRET process from the QD to the dye. Therefore, upon
exclusive excitation of the QD, QD channel fluorescence increases while Rox channel
fluorescence decreases with time. Live HeLa cells were treated by the microfluidic device in
a solution with a high concentration of QD-disulfide-Rox, incubated for 5 minutes, and
washed to remove excess QDs before adding cell culture media (these are referred to below
as the treated cells). Control cells were incubated with QD-disulfide-Rox for 5 minutes
instead of being treated by the microfluidic device, and washed before being placed in cell
culture media (See Supplementary information for procedure and 40 minute incubation
control). The Rox and QD channel fluorescence of these treated and control cells were
observed by both confocal microscopy and flow cytometry.

Under the confocal microscope, the diffuse fluorescence that appears across the cytoplasm
of treated cells progresses from strongly red to strongly green (Fig 3a, top. See
supplementary for additional images). Control cell images show some non-specific binding
on the outer membrane as demonstrated by the ring-shaped fluorescence, and there is no
increase in green channel signals (Fig 3a, bottom). These effects are consistent with the
expected cleavage of cytosolic disulfide bonds which reduce the FRET effect. In figure 3b,
the line graph plots the average QD and Rox channel intensity per cell after correcting for
cell-to-cell differences in delivered fluorescent material by normalizing for total
fluorescence, for treated and control cells and autofluorescence. For treated cells, the graph
shows a cross over between 2–4 hours of incubation where the QD fluorescence rises above
the Rox fluorescence. Interestingly, the treated cell Rox signal is shown to stabilize above
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autofluorescence levels after 9 hours. This is consistent with results from solution assays,
where some FRET remained after reduction. The observed diffuse staining and increase in
QD signal and reduction in Rox signal strongly support cytosolic delivery and subsequent
disulfide bond cleavage. The QD fluorescence in control cells, quenched by FRET to the
Rox, appears indistinguishable from autofluorescence (Fig 3b, Fig S7). The control cells
display some Rox fluorescence above autofluorescence at early time points, which then
steadily decreases. This is attributed to non-specific interactions between QD-S-S-Rox and
the surface of the cell, followed by re-solvation of the constructs into the medium.

Flow cytometry measurements (Fig 4) confirm that the QD-disulfide-Rox constructs can
interact with the cytosolic environment. Flow cytometry measurements were recorded on all
live cells, encompassing both delivered (~35% of the treated cell population, Fig S14) and
undelivered cells. Figure 4a shows the average fluorescence per cell of the treated and
control populations. The average QD fluorescence rises initially for the treated cells,
peaking at ~9 hrs and falling gradually thereafter, in contrast to the QD fluorescence of the
control cell population, which stays comparable to autofluorescence levels. This is
consistent with the cytosolic reduction of disulfide bridges between the QD and dye inside
the treated cells followed by dilution of fluorescence constructs by cell division. The Rox
fluorescence for both the treated and control cells start high and drop within the first 2 hrs.
This drop is attributed to the re-solvation into the medium of particles that had become
bound to the cell surface during incubation. The average Rox fluorescence in the treated cell
population appears similar to control cells due to the presence of undelivered cells within the
treated population. The presence of both delivered and undelivered cells within the treated
population can be distinguished in the histograms of QD and Rox intensity (Fig 4b). With
increasing time, the fluorescence histograms become bimodal for treated cells but stay
unimodal for control cells. QD fluorescence rises with time in a subset of the treated cell
population (Fig. 4b, left), further supporting the disruption of the FRET process in the
cytosol of treated and delivered cells. Rox fluorescence decreases overall as membrane-
bound constructs are re-solvated into the medium, but a subset of the treated cell population
retains Rox fluorescence. This is consistent with the incomplete reduction of QD-S-S-Rox
bonds observed in confocal microscopy. The viability of the treated cell population, as
measured by propidium iodide staining, is within 10% of the control population at all time
points (Fig. 4c). Our cell viability of >90% relative to the control group compares favorably
to alternative methods such as electroporation and polymer-based methods, which have
yielded post-treatment viabilities as variable as 0–50%27 and low as 40–60%,28 respectively.

Single QD tracking in cell cytosol
The QD delivery platform also enabled single molecule imaging by delivering unaggregated
QD-disulfide-Rox constructs, as the observed emission intermittency is consistent with
single QDs.29 For this experiment, QD-disulfide-Rox constructs were delivered into the
cytosol followed by a 10 hour incubation and imaged on an epifluorescence microscope.
The 10 hour incubation ensured that the QD fluorescence from inside the cytosol has
recovered via disulfide bond reduction; epifluorescence microscopy was used to ensure that
enough photons are collected. We observed several blinking QDs when cells were treated by
the device at low QD concentrations (Fig. 5). Intensity traces of blinking QDs in the cytosol,
shown in the bottom panel of figure 5, appear non-binary as a result of long acquisition bin
times (500 ms). Translational cell movements were deemed minimal during the time frame
of the acquisition (~1 min). This proof-of-concept experiment highlights the possibility of
observing single molecule events within the cell cytosol by delivering QDs as fluorescent
labels using this device.
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In summary, we have demonstrated nanoparticle delivery into the cell cytosol using a novel
microfluidic device. By observing the cleavage of QD-disulfide-Rox by cytosolic
reductants, we show that the nanoparticle surface interacts with cytosolic components. The
delivery platform, introduced and explained in full elsewhere,23 enables us to deliver QDs
into the cell cytoplasm at high throughput without any cell penetrating or endosome
escaping ligands, or laser ablation,30 while conserving cell viability and QD integrity. The
delivery efficiency of 35% may be further increased by increasing the number of
microfluidic constrictions, changing constriction dimensions, or increasing the number of
treatment cycles. Unlike most of the current cell penetrating peptide or positive charge-
assisted delivery methods, our approach does not require dual conjugation of an intracellular
delivery handle and a cytosolic protein-targeting handle on the same nanoparticle. By
dispensing the need for the former, we mitigate the concerns of cross-reactivity, unequal
reactivity efficiencies of conjugation strategies, and conjugation stoichiometry. Therefore,
we garner significant flexibility in QD construct design, paving the way for intracellular
protein labeling and tracking. We expect this method to enable cytosolic delivery of many
fluorescent nanomaterials with complex designs that target intracellular proteins and
organelles through proven protein-targeting strategies such as streptavidin-biotin, HaloTag-
chloroalkane, and sortase tagging.6,22

Experimental section
Preparation of water-soluble QD and QD-disulfide-Rox constructs

CdSe/CdS core–shell quantum dots and Polymeric imidazole ligand (PIL) were synthesized
according to previously reports.24 The PILs used throughout this work were two types: one
consisting of 50% methoxy-terminated oligo(ethyleneglycol) sidechains, and 50% histamine
sidechains and one consisting of 40% methoxy-terminated oligo(ethyleneglycol) sidechains,
20% lipoic acid sidechains, and 40% histamine sidechains. The native hydrophobic trioctyl
phosphine and trioctyl phosphine oxide NC ligands were displaced by PIL following a
previously described procedure.24 Briefly, CdSe/CdS core–shell quantum dots in
trioctylphosphine/octadecene were precipitated with acetone and methanol. After
centrifugation, the supernatant was discarded and the pellet re-dispersed in chloroform. This
solution was added to PIL in chloroform under stirring. After 10 minutes, methanol was
added and stirring continued for a further 30 minutes. After this time, the solution was
diluted with an ethanol/chloroform mixture (1:1 v/v) and precipitation induced by the
addition of hexane. The nanoparticles were collected by centrifugation, and the supernatant
discarded. The resulting product was dissolved in water, filtered through a 0.2 μm HT
Tuffryn membrane and dialyzed against PBS, pH 7.4 buffer. The concentration of the
recovered solution was determined by UV-Vis spectroscopy.

Cytosolic delivery of QD constructs
The etched silicon wafer was manufactured, cleaned, and processed as described elsewhere;
the detailed cytosolic delivery protocol is also described elsewhere.23 Briefly, for cytosolic
delivery, cells were aliquoted into a PBS solution containing QD. The cell-QD solution was
pipetted into the microfluidic device and driven through the channels at constant pressure,
followed by a 5 min incubation period. After this incubation period, excess QDs were
separated by centrifugation. For the control population, the cells were simply exposed to the
QD solution for an amount of time equivalent to the cytosolic delivery protocol.

Confocal microscopy
Images were taken on live cells using the C1 confocal on a Nikon TE2000-U inverted
microscope with a 60x water-immersion lens. Fluorescence samples were excited at 488 nm
from an argon-Ion laser. Emission was collected with a 585 Long-Pass dichroic mirror for
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QD541 fluorescence collection through 535/30 filter and Rox fluorescence collection
through a 605/30 filter. A single image is an average from n=8 scans.

Flow cytometry
Fluorescence was measured using a LSR Fortessa (BD Biosciences). QD constructs were
excited at 405 nm and emission was collected with a 525/50 filter for QD541 and a 595
Long-Pass filter for Rox. Dead cells were sorted out from the sample by discarding cells
showing propidium iodide fluorescence excited at 488 nm and measured through a 695
Long-Pass filter.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Schematic of the microfluidic device and flow of cells. (b) Hypothesized method of entry
for nanoparticles. Images not to scale. (c) Overlay of transmission and confocal fluorescence
images, followed by z-section confocal fluorescence images of treated cells delivered with
QDs. Top, immediately after treatment and bottom, after 48 h incubation at 37 °C and 5%
CO2. The diffuse staining pattern is constrained to the cytoplasm and the nanoparticles
appear not to enter the nucleus (dark region within the cell). Scale bar is 10 μm.
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Figure 2.
Construct design, absorbance, and stability in various media. (a) A schematic of the free
poly-imidazole ligand (PIL) prior to conjugation with the dye and coating the QDs (left),
and of the resulting QD-disulfide-Rox construct (right) (image not to scale). (b) The
absorbance spectrum of the QD-disulfide-dye construct. Excitation at 488 nm and at 405 nm
provided exclusive absorption by the QDs throughout the experiment. (c) The stability of
fluorescence energy transfer from QD to Rox for the construct in full culture media at 37 °C
and 5% CO2, demonstrating that the disulfide bond is not cleaved in the extracellular
environment. (d) Cleavage of the disulfide bond by the cytosolic reductant glutathione, as
shown by the recovery of QD fluorescence. (e) Recovery of QD fluorescence upon
treatment by the non-thiol reductant tris(2-carboxyethyl)phosphine, further supporting the
cleavage of the disulfide bond.
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Figure 3.
Live cell confocal microscopy images and fluorescence intensity analysis demonstrating
cytoplasmic staining and chemical accessibility of QD surface. (a) Images of treated cells
(top) and control cells (bottom). The appearance of diffuse green fluorescence is present
only in treated cells. Scale bar is 10 μm. (b) Change in intensity as a function of time in the
green and red channels. Because n<20 at each time point, fluctuations in total average
fluorescence were corrected by normalizing to the 0 h time point. See Supplementary
Information for a larger scale line graph of fluorescence in control cells and
autofluorescence (Fig S7).
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Figure 4.
Flow cytometry measurements of average cell fluorescence and viability. (a) Average
fluorescence of QD (left) and Rox (right) per cell, showing an increae in QD fluorescence
only in treated cells. Rox fluorescence in both treated and control cells is at autofluorescence
levels by the 24 h time point. (b) Histogram of the distribution of fluorescence intensities
among treated and control cells at select time points, in the QD channel (left) and Rox
channel (right). QD delivery is estimated to have occurred in at least 35% of the cell
population (Fig S14). Grey areas are meant to guide the eye in the movement of
fluorescence intensity histogram peaks. (c) Viability of control and treated cells as measured
by propidium iodide.
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Figure 5.
Epifluorescence imaging of unaggregated single QDs within the cell cytosol after device
treatment with a 10 nM QD solution (top), and blinking traces of the three QDs labeled A,
B, and C (bottom, green lines) with autofluorescence (bottom, grey lines). QD blinking
traces appear to be non-binary due to long acquisition bin times (500 ms). Scale bars are 10
μm.
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