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It is becoming increasingly clear that the nuclear architecture plays an essential role in the
genome maintenance and functions.[1] However, the study of nuclear structures, dynamics,
and functions presents a major challenge to biological scientists. The key challenge is the
imaging of nuclear components using conventional probes, such as fluorescent dyes or
proteins. Such probes provide weak signal and tend to rapidly photobleach (typically < 10
s), which limits both the temporal and spatial imaging resolution. An alternative is to use the
bright probes such as quantum dots (QDs). However, to get such relatively large-sized
probes into the nucleus requires overcoming the physical barriers of both the plasma
membrane and the nuclear envelope without imposing unintended side effects.[2]

With their bright fluorescence, photostability, and nanoscale size, QDs have emerged as an
alternative probe that complements fluorescent dyes and proteins.[3-5] One of the most
promising applications of QDs is molecular imaging in living cells.[3,4,6-11] However,
realization of the full potential of QDs for molecular imaging faces several problems,
including the relatively large size of QD-biomolecule conjugates and QD-target molecule
complexes,[6,10,11] the lack of strategies for targeting intracellular biomolecules,[4] the
instability of the antibody-mediated targeting,[6,11] QD multivalency,[10] and the
intracellular delivery of QDs.[2-5,9,12,13] In particular, the intracellular delivery of singly-
dispersed QDs into the cytoplasm or organelles, such as the nucleus, remains a major
challenge for live cell studies.[2-5,9,12,13] Because of this delivery problem, except for a
few studies,[8] the use of QDs for molecular imaging in living cells has been mostly limited
to visualizing plasma membrane proteins[6,7,9—-11] and biological processes related to
endocytosis.[13,14] The targeted delivery of QDs into the nucleus of living cells is even
more challenging, and the use of QDs within the nucleus is scarce.[2] Several research
groups have demonstrated the targeted nuclear delivery of QDs by using nuclear localization
signal (NLS) peptides.[2,12,16] However, the delivery efficiency strongly depends on the
size of NLS-QD complexes and the cell type and cycle.[2] Furthermore, because of the lack
of spatial, temporal, and quantitative control, the NSL-mediated delivery has only been
demonstrated to track the nucleus with QDs, but not to observe subnuclear events.[2,12]

In this regard, direct delivery methods, such as microinjection and nanoneedle-based
delivery, have shown better performance: they can deliver homogeneously or sparsely
dispersed QDs directly into the cytoplasm and the nucleus with no need for endosomal
escape.[5,12,17] However, the relatively large size and tapered shape of the injection pipette
makes microinjection liable to cell damage, especially for the nuclear delivery into small
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cells. The recently developed nanoneedle-based intracellular delivery method[17-19] has
the potential to achieve the best outcome for the targeted nuclear delivery as it is capable of
mechanically passing through both the cellular and nuclear membranes with minimal
intrusiveness, and locally delivering and releasing the attached probes with sub-microscale
precision. However, the previously reported nanoneedle-based method relies on the
endogenous regulatory mechanism of cells to break the disulfide bonds in the linker
molecules between the cargo and the nanoneedle.[17,18] This release process is thus not
under any external control and takes over 15 minutes as required.[17,18]

Herein we present a controlled delivery and release method that uses a cargo-carrying
nanoneedle (doubly served as a nanoscale electrode) to penetrate into the nucleus of a living
cell. To rapidly release the attached cargo inside the nucleus, we exploited an
electrochemical means to directly break the incorporated electrochemically-active bonds by
applying a small external electrical potential through the nanoneedle (Fig. 1a). The release
of the cargo is thus almost instantaneous and is externally controlled by adjusting the
magnitude and duration of the applied potential. We further show the use of this active
delivery method to deliver singly dispersed QDs into the nucleus.

We used an individual boron nitride nanotube (~50 nm in diameter) coated with a thin layer
of gold (10-20 nm in thickness) as a nanoneedle (and an electrode), which was then attached
onto a conductive sharpened wire for easy handling (See Supporting Figure S1).[17, 20] The
nanotube is chemically synthesized and has a uniform diameter, high mechanical strength
and resilience, ideal as a membrane-penetrating nanoneedle as reported previously.[17, 20]
We attached a limited amount of cargo (streptavidin-conjugated QDs) by conjugating it on a
self-assembly monolayer (SAM) formed on the ~ 2 um long end segment of this gold-coated
nanoneedle (Figure 1b). The delivery of such tiny quantities of cargo limited by the
nanoscale size of the nanoneedle minimizes their interference with cell dynamics
experiments or with cell physiology. For example, excess QDs delivered into cells can
present background interferences from out-of-focus QDs, decreasing the signal-to-noise
ratio and thus making it difficult to track single QDs, besides interfering with cellular
functions.[14] More problematically, QDs are difficult to wash away once they are
introduced into cells.[3]

For the controlled release of cargo, we exploited the electrochemical desorption of the SAM
from the gold surface (Figure 2).[21-23] A two-electrode configuration was used with the
nanoneedle as a working electrode and a Ag/AgCI or Pt wire immersed in the cell medium
as a counter/reference electrode.[20] To determine the critical potential (versus the reference
electrode in the medium) and the kinetics of the QD release from the gold surface, we
measured the fluorescent intensity of QD functionalized gold surfaces in the medium as a
function of the increasing electrical potential applied on the gold surface, as shown in Figure
2a; and as a function of time when applying a constant electrical potential sufficient for the
release of the QDs (1.4 V versus Ag/AgCl wire in the medium), as shown in Figure 2b.
These control experiments showed that the onset of the QD release occurred at an electrical
potential of ~1.0 V and the total release could be completed within ~60 s. Because of the
different ionic environment in the cytoplasm and the nucleus (i.e., membrane potentials), the
actual critical potential and the kinetics of the QD release inside the nucleus would be
somewhat different from those obtained from these control experiments. However, because
of the small membrane potential (~0.1 V) compared to the applied potential of ~1.0 V, its
effect should not be significant for the release of QDs within the nucleus, as shown in our
experiment later.

We demonstrate this method by delivering QDs into the nucleus of living HelLa cells. We
used streptavidin-conjugated QDs with overall diameter of ~15-20 nm (Qdot 655
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streptavidin conjugates, Invitrogen). Notably, a previous study indicated that such
commercial QDs conjugated with NLS peptides (> ~25 nm in overall diameter including the
NLS peptides) did not enter the nucleus by the NLS-mediated delivery.[2] We did the
delivery experiment using a micromanipulator (InjectMan NI 2, Eppendorf) integrated in an
inverted fluorescence microscope (Leica) as described previously (see Supporting
Information).[17] Once the nanoneedle pierced through the plasma membrane and the
nuclear envelope and reached the target area, a small electrical potential was applied to the
nanoneedle (typically, <1.4 V versus Ag/AgClI wire for 30-90 s) to release the SAM and
thus the QDs; either a positive (oxidative) or negative (reductive) potential can be applied to
release the QDs.[21-23] Once the desired release was completed, the nanoneedle was
retracted from the cell. As the release is electrochemically controlled, we may program the
release by adjusting the magnitude and duration of the applied electrical potential. An added
benefit of this strategy is that the full electrochemical desorption of the SAM regenerates the
gold surface for the reuse of the nanoneedle.

After the delivery, we imaged the target cell using fluorescence microscopy. We detected
both slow-moving and fast-moving QDs within the boundary of the nucleus, showing their
confinement in the nucleus (Figure 3a and Supporting Information Movie S1). The size limit
of the passive diffusion of materials through the nuclear pore complex also excludes the
diffusive introduction of the QDs from the cytoplasm into the nucleus.[12] Additionally,
when we delivered QDs specifically into the cytoplasm, the QDs were confined in the
cytoplasm (see Supporting Figure S3).[17] Because of the substantial reduction of the
background signal from the out-of-focus QDs, as a result of delivering a tiny amount of
QDs, we could detect single QDs even with a simple epifluorescence microscope. The
release of QDs in cell occurred only when an electrical potential above a certain magnitude
was applied, confirming both the release of QDs through the electrochemical desorption of
the SAM and the initial stable attachment of QDs on the nanoneedle.[17] We did not
observe any distinct difference between the tested cells and their neighboring cells during
the time span of monitoring the cells (~30 minutes); the tested cells remained viable after the
penetration of the nanoneedle and the application of the electrical potential as assessed by
the cell shape and the trypan blue assay (see Supporting Information). The charge
introduced into the cell via the nanoneedle in the electrochemical release process did not
perturb the physiological milieu of the cell (see Supporting Information).

To determine whether this method can deliver singly-dispersed QDs, we measured the
fluorescence intensity of slow-moving QDs. The detection of fast-moving QDs, especially
those with low fluorescence, was still difficult due to their random diffusion in the three-
dimensional environment of cell (this also made difficult the absolute quantification of the
already tiny amount of delivered QDs). The acquired blinking behavior, typically only
present for single QDs, indicated that the QDs were mostly single (Fig. 3b and Supporting
Information Movie S2).[3,6,9,17] Small QDs clusters were also seen near the release site,
mostly less mobile, resulted probably from their trapping to intracellular structures upon
release. To demonstrate the capability of tracking single QDs and determine the dynamic
behavior of the QDs in the nucleus, we applied the single-molecule tracking technique
(Figure 3c). The mean-square displacement (MSD) of moving QDs showed that QDs could
freely diffuse in the nucleoplasm at a similar rate (with a diffusion coefficient D of ~0.01-2
um?/s, mean = 0.5 + 0.7 um?/s, n = 8) as in the cytoplasm (D = ~0.1-4 pm?/s);[17] but,
these values might be underestimated as overall it was more difficult to track fast-diffusing
QDs than slow-diffusing ones. The tracking of the diffusive QDs can also be used to probe
the local physical properties within the nucleus by bio-microrheology (the nuclear delivery
of probe particles has been a major obstacle in nuclear bio-microrheology measurement).
[24] The viscosity of fluid can be related to the diffusion coefficient according to the
Stokes—Einstein relation, D = kT/(6znr), where k is the Boltzmann’s constant, T is the
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absolute temperature, 7 is the viscosity, and r is the hydrodynamic radius of the particle
(QDs). Taking r to be ~ 12.8 nm for QDs (estimated from the diffusion coefficient of QDs in
aqueous solution of ~17 pm?2/s,[25]), the “nanoscale” viscosity inside the nucleus was
determined, from the locally measured diffusion coefficient, to be ~5-2000 cP. These result
suggests that the local viscosity in the region where QDs travel (probably, chromatin-poor
domains) is similar to that of the cytoplasm that we measured previously,[17] favorable for
molecular transport processes through diffusion within the nucleus.[1,26-28] It also
indicates that the physical environment of the nucleus is heterogeneous, consistent with
published results.[1,29]

This spatially and now temporally controlled cellular delivery of QDs serves as the first step
towards providing alternative new strategies to study biology within the nucleus of living
cells, which would otherwise be technically challenging or even impossible. For example, in
combination with effective molecular targeting strategies of nanoparticles, which are already
under active research,[4,6,10,11] this method can potentially enable the use of nanoparticles,
such as quantum dots and magnetic nanoparticles, as molecular probes for simultaneous
imaging and manipulation of single biomolecules (a major challenge in single-molecule
studies)[30] in the nucleus and for observation of subnuclear structures and events.[29]
Technically, it is also possible to apply this method for the direct intracellular delivery of
biomolecules, such as proteins and DNA, which has been demonstrated previously outside
cells.[21,23] For this applications, although a recent study showed that proteins were still
active after an electrical potential-induced release from a TiO electrode (after applying a
much higher electrical potential of 5 V than that used in our study),[31] the effect of the
applied electrical field on the functionality of the delivered biomolecules needs a more
thorough examination, especially when the biomolecules are directly conjugated on the
nanoneedle without a layer of insulating linker molecules. Finally, a major concern in the
application of this method for cellular studies is its limited throughput. One way to
overcome that is to automate the delivery process or adapt it to an array of
nanoneedles[32,33]. For example, by integrating this electrochemical release concept with
the delivery method demonstrated in a most recent study that showed the use of a substrate
patterned with a large array of vertical and fixed Si nanowires for the efficient delivery of
DNAs, RNAs, peptides, proteins and small molecules into cells[33], a spatially and
temporally-programmed release and delivery into cells at a large scale may be realizable, if
in such applications, the spatial precision (the sub-cellular precision) of the delivery is not of
the chief requirement.

Experimental Section

Surface functionalization of nanoneedles

The gold-coated nanoneedle was prepared using a boron nitride nanotube as described
previously.[17,20] A self-assembled monolayer (SAM) of biotin-terminated thiols was
formed on the surface of the gold-coated nanoneedle by incubating the nanoneedle in 0.5
mM biotin-terminated tri(ethylene glycol)undecanethiol (Nanoscience instruments) or
biotin-terminated tri(ethylene glycol)hexadecanethiol (Asemblon) in ethanol for 12 hours.
Streptavidin-coated QDs (Qdot 655 streptavidin conjugates, Invitrogen) were conjugated by
incubating the nanoneedle in 40 nM streptavidin-coated QDs in borate buffer (50 mM, pH
9.0) containing 1% bovine serum albumin for 30 minutes. A more detailed procedure is
described previously.[17]

Cell culture and imaging

HelLa cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum, 100 U/ml penicillin and 100 pg/ml streptomycin at 37 °C under 5% CO,.
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Images were acquired using a Leica inverted epifluorescence microscope with a 63x 1.32
numerical aperture oil-immersion objective, a charge-coupled device camera
(C4742-95-12ERG, Hamamatsu), and a QD filter set for QD 655 (Chroma). The acquisition
time for QD imaging was 50-500 ms. For the QD imaging inside the nucleus, to avoid the
possibility of detecting QDs at the top or bottom of the nucleus, the nucleus envelop in the
bright-field mode was identified and the cell on the same focal plane in the fluorescence
mode was imaged.[17]

QDs were tracked in sequential fluorescence images of a cell using ImageJ.[34] The mean-
square displacement (MSD) was computed as described previously.[17]

Cell viability tests

Cell viability was examined using the trypan blue assay (0.4%, Invitrogen). After the
penetration of the nanoneedle into cells and the application of a potential (1.4 V for 60 s),
the cells were incubated at 37 °C under 5% CO, for about 10 minutes. After the incubation,
individual cells were visually examined in serum-free medium with trypan blue (0.08%).
The cells excluded the dye, indicating their viability (n = 5). To track individual cells, cells
were placed on gridded cell culture dishes for the viability tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Electrochemically controlled delivery of QDs into a living cell. a) Schematic describing the
delivery and release principle of cargo through a membrane penetrating nanoneedle:
applying a potential larger than the critical potential (~1.0 V) to the nanoneedle induces
desorption of a SAM and thus release of QDs. b) Procedure for surface functionalization of
a gold-coated nanoneedle and attachment of streptavidin-coated QDs.
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Electrochemically controlled release of QDs from gold surfaces in Dulbecco’s modified

Eagle’s medium (DMEM). a) Fluorescence intensity versus applied potential on a gold

surface functionalized with QDs via biotin-terminated thiols (biotin-terminated tri(ethylene

glycol)hexadecanethiol) (top). The fluorescence of the gold surface was measured after
applying a potential for 30 s sequentially. Applying a potential larger than the critical

potential (~1.0 V) induced the desorption of the SAM and thus the attached QDs and their
diffusion into the bulk solution, decreasing the fluorescence signal. Corresponding
fluorescence images at the labeled electrical potentials of the gold surface in gray scale are
shown at the top of the panel, showing gradual loss of the fluorescence. b) Fluorescence

intensity versus time curve of a gold surface functionalized with QDs at a constant applied
potential of 1.4V versus Ag/AgCl wire in DMEM. The fluorescence intensity decreased as
the SAM and the attached QDs were desorbed and diffused into the bulk solution.
Corresponding fluorescence images at the indicated time are shown at the top of the panel.
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Figure 3.
Delivery and tracking of single QDs inside a nucleus. a) Delivery of QDs into the nucleus of

a living HeLa cell: fluorescence image (left, bright spots showing delivered QDs) and the
corresponding bright-field images (right) of the cell on a focal plane. The dotted line
indicates the boundary of the nucleus. Scale bar, 10 um. b) Typical time trace of the
fluorescence intensity (m) of a slow-moving QD, indicated by the arrow in (a), showing the
blinking pattern, plotted with the background signal (o) of neighboring areas. ¢c) MSD
versus time data of QDs in the nucleus, showing three types of characteristic motions: free
diffusion (A and e), confined diffusion (o) and virtually stationary during the observation
(o) (left). The solid lines are the fit of free and confined diffusion models.[9,17] The freely-
diffusing QDs in the plot have D values of 0.3 and 2 um#/s. Tracking of QDs in the nucleus,
showing freely diffusing and confined QDs (right). Scale bar, 1 um.
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