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Abstract

We report a photoactivable nanoprobe for cell labeling and tracking. The nanoprobe enables all
targeted cells to be imaged (at 680 nm) as well as specific cells to be photoactivated using 405 nm
light. Photoactivated cells can then be tracked (at 525 nm) spatiotemporally in a separate channel
over prolonged periods.

Keywords
Photoactivation; nanoprobe; cell labeling; targeting; biomarkers

Labeling single cells or selected subpopulations of cells in a spatiotemporally controlled
manner is important for studying cellular migration,[* immune cell behaviorl?] as well as
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tumor growth or metastasis formation.[3! To date, a variety of labeling approaches have been
developed such as engrafting genetically distinct cells,[l microinjecting dyes,! or
electroporating single cells with DNA.[81 Among the various labeling approaches, light-
regulated methods have received particular attention on account of their capability for fine
spatial and temporal control of labeling.["]

Photolabeling requires specific fluorescent probes, which are either genetically encoded
proteins[®9] or exogenously applied dyes.[!0] The advantages of the former probes are the
ease with which they can be generated as well as the specificity of their expression.[!1] The
disadvantage of these probes, however, is that their fluorescence diminishes with protein
turnover, i.e. photolabeled cells usually restore their native protein (and thus lose color)
within a couple of days. In contrast, while the latter probe types are temporally stable,
currently available “caged” small molecule fluorochromes have several drawbacks. Their
most significant drawback is perhaps their inability to visualize fluorochromes prior to
photoconversion; in rare instances this is possible but only with large amounts of light.[*2]

In this study, we hypothesized that specifically designed, biocompatible nanomaterials could
be used as synthetic scaffolds for creating multichannel cellular labeling agents. Using these
scaffolds, not only would it be possible to target nanomaterials to a particular cell type but
more importantly, multiple functionalities could be grafted onto a single nanoparticle
surface to adapt it to a diversity of applications.[13] Herein, we describe the synthesis of an
imageable and photoactivable nanoprobe (PANP) that allows dual-color optical labeling of
cells in a spatiotemporally controlled fashion (Scheme 1). PANP can be visualized at 680
nm, photoconverted at 405 nm, and labeled cells can be imaged at 525 nm. To demonstrate
the use of this technique for labeling in a cellular setting, macrophage cells with an affinity
for dextran coated particles were used.[24] The versatility of the method was then
demonstrated by adapting it to dual-color optical labeling of over-expressed epidermal
growth factor receptor (EGFR) biomarkers on the surface of human epithelial carcinoma
A431 cells.

In designing PANP, we initially used amine functionalized cross-linked dextran stabilized
nanoparticles.[¥3] This particular type of nanoparticle was chosen for its stability,
biocompatibility, non-toxicity and /77 vivo macrophage targeting ability.[14] PANP was
created by first conjugating succinimidyl esters of VT680 (VivoTag 680) and then adding
“caged' fluorescein to the remaining amine functionalities on the nanoparticle. In this
construct, VT680 provides single-color imaging in the far red region for probe
identification, while cell-selective photoactivation of “caged' fluorescein generates an
additional color for dual-color imaging. Conjugation of VT680 and “caged' fluorescein was
evident from the absorption spectra of the PANP (Supporting Information, Figure S1). The
number of VT680 and “caged' fluorescein molecule attached to a single nanoparticle was
estimated ~8 and 30, respectively. [150.] Measurement of the hydrodynamic diameter by
dynamic light scattering (DLS) showed PANP to have a diameter of ~32 nm, indicating that
aggregation of nanoparticles did not occur after conjugation (Supporting Information, Figure
S2). The fluorescence properties of PANP, both before and after light activation, were
characterized using a Tecan fluorescence microplate reader. Figure S3 (Supporting
Information) shows the absorption and the fluorescence spectra of the free dyes. Prior to
light activation, PANP showed high fluorescence emission from the VT680 fluorophore
(inset Figure 1), but no detectable fluorescence from the caged fluorescein moieties. There
was likewise no measurable change in the fluorescence spectral feature of PANP following
its incubation in phosphate buffer or cell culture media for >24 hours at 37. Subsequent
illumination with long wavelength ultraviolet light (>365 nm), however, resulted in
photolytic cleavage of the o-nitrobenzyl caging groups on PANP, which thus lead to an
increased in fluorescein fluorescence. Figure 1 shows the increase in fluorescein
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fluorescence after different durations of light illumination. These results demonstrate that
PANP behaves as a dual-color probe with “continuously on' VT680 fluorescence as well as
photoactivable fluorescein fluorescence.

To test the biocompatibility, photoactivation and feasibility of the tagging approach, we
initially used the macrophage RAW cell line. Having the ability to color code macrophages
with spatiotemporal resolution would represent an important research tool for tracking the
migration of such cells to disease sites under various conditions.[*6-18] In this experiment,
RAW cells were first incubated with PANP for 3 hours. The cells were then washed to
remove excess nanoparticle and fixed for subsequent imaging with confocal laser scanning
microscopy (CLSM; Olympus FVV1000). As shown in the inset of Figure 2A (left), the
labeling of RAW cells was verified by the presence of a strong fluorescence signal in the
VT680 channel emanating from the cells. To activate the second color for dual-color
labeling, cells within a small square area of the visual window were then exposed to a 405
nm light. Microscopic photoactivation was performed by sequential line scanning with the
405 nm diode laser. At the same time, fluorescence images (in the fluorescein channel) were
acquired by exciting with a 473 nm diode laser and then collecting the emitted light using
BA490-590 band-pass filter. As shown in Figure 2A (center and right), fluorescein
fluorescence was activated in these cells following a brief period of light illumination.
Indeed, fluorescence was seen to increase over time, reaching saturation within 3 minutes of
image acquisition time (Figure 2B); the increase in fluorescein fluorescence was ~40 fold.
Importantly, when the photoactivated region (square area) was imaged under lower
magnification, only cells with fluorescein fluorescence appeared in the photoactivated
region; this demonstrated that labeling of RAW cells could be restricted to a spatially
defined region (Figure 2C). Finally, to distinguish dual-labelled cells from other RAW cells,
CLSM images were acquired in both the fluorescein and VT680 channels. As presented in
Figure 2D, merged images revealed co-localized fluorescein and VT680 fluorescence in
photoactivated cells. Having the ability to differentiate photoconverted cells from native
cells could have important applications for macrophage biology. In particular, the
technology could be used to monitor the long distance migration of cells between organs,
using fluorescence-activated cell sorting (FACS) of harvested tissues.

While the above studies exploited the phagocytic ability of macrophages to photoconvert
cells, we were also interested in photoconverting non-phagocytic cells such as primary
cancer cells. For this experiment, we selected human epithelial carcinoma A431 cells, in
which the overexpression of epithelial growth factor receptors (EGFR) were used to target
nanoparticles to the cell surface using bioorthogonal chemistry.[19.20] Specifically, the
approach involved using #rans-cyclooctene (TCO) and tetrazine (Tz) to target PANP to
EGFR.[20] As shown in Figure 3A, A431 cells were initially incubated with TCO-modified
primary antibodies (TCO-Ab). Tz-modified PANP (Tz-PANP) were then coupled to the
antibodies via a highly specific bioorthogonal cycloaddition between the TCO and Tz
moieties. Subsequent imaging with CLSM revealed a strong fluorescence signal in the
VT680 channel emanating from the A431 cell surface (inset of Figure 3B, left), which
indicated that Tz-PANP had successfully localized to membrane-associated EGFR.
Exposure of the cells to 405 nm laser light then activated fluorescein fluorescence, which
could also be readily detected by CLSM (Figure 3B, center and right). Imaging at lower
magnification later demonstrated spatially restricted activation of these cells (Figure 3C). By
merging the images (from both the fluorescein and VT680 channels), dual-labelled cells
could be easily differentiated from other targeted cells (Figure 3D). Similar results were also
obtained with SK-BR-3 cancer cells, after targeting the overexpression of HER2/neu, and
photoactivating the cells for dual-color labeling (Supporting Information, Figure S4). This
demonstrates that this labeling method could be applied to a diverse range of biomarkers.
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Next, we determined the feasibility of the photoactivation in live cells. A431 cells grown on
a 6 well culture plate were tagged with Tz-PANP using bioorthogonal chemistry. Live cells
were photoactivated and imaged through the medium using a 20x water immersion
objective. As shown in Figure 4A, spatially restricted activation of fluorescein fluorescence
was observed only in cells exposed to 405 nm light. Figure 4B shows the merged
fluorescence image, where dual-labelled cells (or even part of a cell) could be easily
distinguished from the single label cells. Fluorescein activation and the appearance of dual-
labelled cells was also evident from flow cytometry analysis (Supporting Information,
Figure S5). Photoactivated dual-labelled cells imaged over time showed the internalization
of the PANP into the endosomes and the movement of the endosomes inside the cells
(Supporting Information, Moviel). No change in cellular morphology was observed during
the activation process or even during the imaging period, indicating minimal phototoxicity
from the light irradiation process.[10¢.d.f.d]

In summary, we describe the development of a nanomaterial-based imaging agent platform
that allows (a) single-color photolabeling of specific cells in one channel (e.g. 680 nm), and
(b) light-regulated spatiotemporally controlled photoswitching (405 nm), which causes cells
to fluoresce in a separate channel (525 nm) without overlap. The benefit of this approach is
that it enables labeled cells (dual-color labeled) to be easily identified from new cells
infiltrating the area (initially single-color labeled) at a given site of interest. We demonstrate
this selective targeting and dual-color labeling technique in two important cell culture
models, namely macrophage immune cells and cancer cells. In addition to /n vitro models,
we expect that this method will also be applicable to /n vivo settings, where the trafficking
of these cell types could be monitored over prolonged periods. For example, the infiltration
of macrophages to solid tumors could be assessed in relation to both tumor growth as well as
to therapeutic outcome.[16:171 We believe that this labeling technique would likewise be
useful for studying the dynamics of other immune cells /n vivo, in particular, the migration
of various immune cells and their continual redistribution throughout the body, both of
which are critical for regulating immune responses and for generating effective host
responses to tissue insults.[?] We expect that this method will also be useful to label
intracellular organelles or for studying dynamic events inside cells by functionalizing the
PANP with intracellular targeting motifs.[22] This labeling technique could further be
improved by utilizing faster photocleavable group or two-photon cleavable group.[10¢.dl we
envision that use two-photon for activation will enhance tissue penetration and reduce
phototoxicity for /n vivo applications. Some of these areas are under investigation in our lab.

Experimental Section
Preparation of PANP

To prepare PANP, we used cross-linked dextran-coated iron oxide nanoparticles with an
iron oxide core of ~3 nm and overall hydrodynamic diameter of ~30 nm. The synthesis of
amine-terminated nanoparticles and their conjugation with VT680 fluorophores were both
done using a previously reported protocol.l1%°] To attach caged fluorescein moieties to the
nanoparticles, VT680 conjugated nanoparticles (1 mg Fe) were mixed with succinimidyl-
ester of caged fluorescein (0.216 mg, Invitrogen) in PBS solution (2.5 mL, pH 8) containing
10% sodium bicarbonate (0.1 M) for 4 hours. VT680 and caged fluorescein conjugated
nanoparticles were subsequently concentrated using membrane filtration (Millipore Amicon,
MW(CO 30,000). The PANP was then purified using Sephadex G-100 (GE Healthcare)
column, with PBS as the eluent buffer. PANP was again concentrated using membrane
filtration (Millipore Amicon, MWCO 30,000) and stored at 4.
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Preparation of Tz-PANP

PANPs (0.75 mg Fe) were mixed with succinimidyl-ester of tetrazine (0.200 mg) in PBS
solution (2.5 mL, pH 8) containing 10% sodium bicarbonate (0.1 M) for 4 hours. The Tz-
PANP was subsequently concentrated using membrane filtration (Millipore Amicon,
MW(CO 30,000) and then purified using Sephadex G-50 (GE Healthcare) column, with PBS
as the eluent buffer. The Tz-PANP was again concentrated using membrane filtration
(Millipore Amicon, MWCO 30,000) and stored at 4°C.

Fluorescence characterization of PANP

Fluorescence characterization of PANP was performed using a 0.25 mg of Fe/ml solution of
PANP in PBS solution (pH 7.4). 200 pl solution of PANP was placed on a 96 well
microplate. The solution of PANP under investigation was irradiated using a long
wavelength handheld UV lamp (6W, UVP, LLC). Fluorescence spectra at various time
intervals were recorded using a Tecan fluorescence microplate reader.

Labeling of RAW cells

RAW cells were cultured in Dulbecco's Modified Eagle Medium (DMEM), supplemented
with fetal bovine serum (FBS; 10%), penicillin and streptomycin (1%), and L-glutamine
(1%). RAW cells were maintained at 37°C in a humidified atmosphere containing 5% CO2.
For labeling, RAW cells were grown to confluency in an 8-well chamber slide before
experiment. After washing with PBS, cells were incubated with 400 .1 of PANP solution
(0.15 mg of Fe/ml) in cell culture media at 37°C. After 3 h, PANP solution was removed
and the cells were washed 3 times with PBS. Cells were fixed afterwards using 100 .| of 4%
PFA solution. Following careful washing with PBS for 3 times, Vectashield mounting
medium was added to the samples prior to imaging with confocal microscopy.

Labeling of A431 cells

Human A431 cancer cells were cultured as described for RAW cells. For experiment cells
were grown on 8 well chamber slides. A431 cells were washed 3 times with PBS before
incubation with antibody. In a typical two step bioorthogonal targeting, A431 cells were first
incubated with 100 .l of TCO-Ab (10 pg/mL) in cell culture media for 15 minutes at room
temperature. Following aspiration and washing with PBS (3 times), the cells were mixed
with 250 I of Tz-PANP (25 pg of Fe/mL) in PBS (containing 1%BSA and 2% FBS) at
room temperature. After 15 min, Tz-PANP solution was removed and the cells were washed
3 times with PBS. Cells were fixed afterwards using 100 pl of 4% PFA solution. Following
careful washing with PBS for 3 times, Vectashield mounting medium was added to the
samples prior imaging with confocal microscopy.

For live cell experiment, A431 cells were grown on a 6 well plate. Live cells were tagged
with PANP using bioorthogonal approach. Cells were then covered with culture medium

containing 15 mM HEPES buffer. Cells were placed on a warm plate and imaged through
the medium using a 20x water immersion objective.

Imaging and photoactivation of cells

Cells were imaged with a customized Olympus FVV1000 based on a BX61-WI confocal
microscope (Olympus America). Images were collected with a XLUMPLFLN 20x water
immersion objective (NA 1.0, Olympus America). Photoactivation, fluorescein imaging, and
VT680 imaging were performed by sequential line scanning using a 405 nm, a 473 nm and a
635 nm diode laser, respectively, in combination with a DM405/488/559/635 nm dichroic
beam splitter. Emitted light was then separated and collected using SDM473 and SDM560
beam splitters and BA490-590 and BA655-755 band-pass filters (all Olympus America).
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Output power of the 405 nm laser was 0.905 mW. Pre and post photoactivation images were
collected with the 405 nm laser off. Photoactivation occurred only with the 405 nm laser
light. There was no photoactivation observable by 473 nm or 635 nm laser light even after
long time exposure at high power.

Supplementary Material

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

Schematic showing the spatiotemporally-controlled dual-color optical labeling strategy
using photoactivable nanoprobe (PANP) targeted to a specific cell type. A) VT680 and
“caged' fluorescein-conjugated PANP was used to label cells of interest (e.g. phagocytic
macrophages or human epithelial carcinoma A431 cells). All labeled cells were visible at
680 nm. Dual-color labeling of cells was achieved with high spatial and temporal resolution
following their activation with 405 nm laser light. Light exposure to a selected population of
cells lead to activation of fluorescein fluorescence, and thus dual-color (VT680 and
fluorescein) labeling of cells. Activation of cells and corresponding real-time imaging was
achieved using confocal laser scanning microscopy (CLSM). B) The chemical structure of
PANP and its photocleavage reaction under 405 nm light. The photolytic reaction removes
the two o-nitrobenzyl caging groups, which leads to activation of fluorescein fluorescence.
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Fluorescence characterization of PANP. Before irradiation, PANP only showed detectable
fluorescence in the VT680 channel (inset, excitation wavelength = 670 nm). Irradiation with

long wavelength ultraviolet light lead to an increase in fluorescein fluorescence. A time

course of the photo-uncaging process was monitored by fluorescence spectroscopy. As the
photochemical reaction continued, an increase in fluorescence (excitation wavelength = 470

nm) was observed over time.
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Spatiotemporally controlled dual-color labeling of macrophage RAW cells. A) RAW cells
were incubated with PANP and washed before imaging. Left inset, a CLSM image of RAW
cells before photoactivation, where the entire population of PANP-labeled RAW cells are
visible in the VT680 channel (pseudo-colored red). Left, prior to photoactivation (t=0 min),
no fluorescence signal was detectable in the fluorescein channel. Center and right,
fluorescein fluorescence of PANP was activated by a 405 nm laser light on the confocal
microscope. Increasing light exposure lead to an increase in the fluorescein signal from cells
(pseudo-colored green), detectable from the CLSM images acquired after 1 min and 3 min.
Microscopic photoactivation was performed by sequential line scanning with the 405 nm
diode laser, where exposure time per voxel (~1 wm3) was set at 10 s per image. The total
exposure time to 405 nm light of ~1 wm3 is ~100 ws (for image acquired at 1 min) and ~300
s (for image acquired at 3 min). B) Increase in fluorescence in the fluorescein channel is
plotted against image acquisition time. Continuous scanning of the cells with 405 nm light
leads to an increase in fluorescein signal of the RAW cells over time till saturation is
reached after about 3 min of image acquisition. C) Spatially restricted activation of PANP.
Here, the activated region was imaged under lower magnification. The CLSM image shows
cells with fluorescein fluorescence restricted to the photoactivated region of the imaging
slide (central square). D) A merged CLSM image showing fluorescent signals from both the
fluorescein and VT680 channels. The light exposed area (central square) contains dual-color
labelled RAW cells.
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Figure 3.

Spatiotemporally controlled dual-color labeling of the A431 cells. A) Antibody mediated
two-step labeling approach. TCO-Ab against the biomarker of interest (EGFR) were
targeted to A431 cells and then used as scaffolds for bioorthogonal coupling of Tz-PANP in
live cells. B) Left inset, a CLSM image of the A431 cells showing VT680 fluorescence
(pseudo-colored red) from the cell surface. Left, unlike the VT680 channel, no fluorescence
signal was detectable in the fluorescein channel. Center and right, subsequent exposure of
the cells to 405 nm laser light resulted in fluorescein fluorescence (pseudo-colored green)
from the cell surface. Fluorescence intensity increased with increasing light exposure time.
C) A CLSM image showing the presence of fluorescein fluorescence from the cell surface,
restricted to the photoactivated region of the imaging slide (central square). D) A merged
CLSM image showing fluorescent signals from both the fluorescein and VT680 channels.
The light exposed area (central square) contains dual-color labelled A431 cells.
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Figure4.

Live cell photoactivation experiment showing spatiotemporally controlled dual-color
labeling of live A431 cells. A) The CLSM image showing A431 cells with fluorescein
fluorescence restricted to the photoactivated region (central square). B) A merged CLSM
image showing fluorescent signals from both the fluorescein and VT680 channels. The light
exposed area (central square) contains dual-color labelled A431 cells.
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