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The ability to explore cell signalling and cell-to-cell communication is essential for understanding cell biology and
developing effective therapeutics. However, it is not yet possible to monitor the interaction of cells with their
environments in real time. Here, we show that a fluorescent sensor attached to a cell membrane can detect signalling
molecules in the cellular environment. The sensor is an aptamer (a short length of single-stranded DNA) that binds to
platelet-derived growth factor (PDGF) and contains a pair of fluorescent dyes. When bound to PDGF, the aptamer changes
conformation and the dyes come closer to each other, producing a signal. The sensor, which is covalently attached to the
membranes of mesenchymal stem cells, can quantitatively detect with high spatial and temporal resolution PDGF that is
added in cell culture medium or secreted by neighbouring cells. The engineered stem cells retain their ability to find their
way to the bone marrow and can be monitored in vivo at the single-cell level using intravital microscopy.

M
onitoring cell functions and cell-to-cell communication in
the cellular environment has enormous implications for
cell biology and regenerative medicine1. In the area of

cell therapy there is also significant interest in better understanding
and tracking the fate of transplanted cells2,3. Unfortunately, probing
what cells ‘see’ and how they respond in real time to surrounding
signals (i.e. cytokines) is still a major challenge1. Conventional
assays, including flow cytometry, enzyme-linked immunosorbent
assay (ELISA), immunostaining and polymerase chain reaction
are valuable, but typically require stepwise staining, washing or
manipulation before analysis. Alternative approaches include stain-
ing cells with metabolically and chemically engineered probes or
nanoparticles4–6. However, most of these assays measure markers
under ‘static’ conditions and fail to monitor what cells sense in
real time, in a dynamic manner.

Fluorescence resonance energy transfer (FRET) sensors, particu-
larly those using genetically engineered proteins, have offered a way
to study protein expression, migration, conformational change and
protein–protein interactions, as well as to probe metal ions and
enzyme activities inside cells or on cell surfaces6–10. In addition, B
cells have been engineered as sensors for the identification of
pathogens; for example, a calcium-sensitive bioluminescent
protein engineered onto cells emits light in the presence of patho-
gens11. Others have reported a luciferase-engineered cell approach
that detects the local concentration of ATP at the cell surface12.
However, these approaches require complex genetic engineering
methods and cannot probe multiple markers simultaneously.

Recently, the cell membrane has been engineered using
chromatic polymer patches that produce light in the presence of
cell-membrane-disrupting molecules13. Although useful for
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Scheme 1 | Probing the cellular niche environment and signalling using cells

engineered with an aptamer sensor. Aptamer sensors that bind to signalling

molecules (PDGF in this case) are covalently attached to the surface of cells

(mesenchymal stem cells in this case). Signalling molecules secreted by

niche cells are detected by the sensor cells, and the fluorescent signal

generated is measured.
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predicting the cytotoxicity of molecules that perturb the cell
membrane, this approach lacks potential for the general study of
cell signalling.

In this Article, we present a simple, generic approach to using
real-time probes at the cell surface for examining intercellular sig-
nalling within the cellular environment using nucleic acid

aptamer sensors (Scheme 1). Specifically, we covalently attached
fluorescent aptamer sensors to the surface of cells to produce a
real-time signal when target molecule(s) contact the cell surface.
Aptamers are single-stranded oligonucleotides that can be generated
for a target molecule by an in vitro selection process (systematic
evolution of ligands by exponential enrichment; SELEX) with
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Figure 1 | Mechanism of PDGF aptamer sensors in solution. a, Original PDGF sensor described in ref. 28. When bound to PDGF, the aptamer changes from

an open structure to a complex with paired bases in the stem region. The two dyes are located closer to one another and yield a fluorescent signal.

b, Non-specific folding of the original sensor at elevated ionic strength in the presence of divalent metal ions. c,d, Engineered sensors. The terminal C–G base

pair (blue) is mutated to an A–G pair (red–blue) for less non-specific folding in the aptamer. Biotin moieties allow immobilization on the cell surface. In the

quench sensor (c), fluorescence of the FAM dye is quenched by a quencher molecule (Dabcyl) in the presence of 10 nM PDGF in PBS–/–. In the FRET

sensor (d), donor dye (Cy3) fluorescence decreases and acceptor dye (Cy5) fluorescence increases upon addition of 10 nM PDGF in PBS. Spectra in c and d

were recorded at room temperature.
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high affinity14–19. Aptamers can be readily engineered for thera-
peutics or as probes for targeting, imaging or biosensing by introdu-
cing functional moieties including modified nucleotides, biotin or
dyes during the chemical synthesis16–22.

We have focused on attaching an aptamer that recognizes the
platelet-derived growth factor (PDGF) onto the membrane of
mesenchymal stem cells (MSCs). The use of MSCs is attractive
because they can differentiate into different types of cells, including
osteoblasts, adipocytes and chondroblasts, and they can promote
angiogenesis and have immunomodulatory effects2. MSCs are cur-
rently being tested in over 100 clinical trials to regenerate damaged
tissue and treat inflammation2,23. Although the clinical trials have
met safety endpoints, some have recently failed to show efficacy23

and this is attributed in part to an incomplete understanding of
MSC biology, particularly how MSCs signal in their niche environ-
ment and communicate with other cells (i.e. endothelial cells,
immune cells and cancer cells)2,23. We address this issue by construct-
ing sensors for detecting PDGF, a potent chemoattractant that
recruits MSCs to inflamed tissue and tumours, and an important sig-
nalling molecule in the participation of MSCs in vascular regener-
ation and communication with activated endothelial cells or
tumour cells24–26. Importantly, PDGF aptamers and simple
aptamer-based PDGF sensors have been described27–29.

We envision that cell surface sensors can be delivered into a par-
ticular in vivo niche by means of delivery of an exogenous cell
source. In particular, MSCs have been shown to home to sites of

inflammation, bone marrow and to tumours2. Imaging of trans-
planted cells can then be achieved by intravital confocal microscopy
(IVM), which has been used previously in the study of stem cell and
leukocyte trafficking, cell functions and cell–cell interactions
in vivo1,30–32. Through the combination of cell-surface sensors, cell
homing and IVM, we hope the cell sensors can be used to study
intercellular signalling and cellular microenvironments in real
time, at single-cell resolution, in living animals.

Engineering aptamer sensors on the cell surface
A PDGF sensor based on a previously isolated aptamer sequence
has already been engineered27–29. This PDGF sensor harnesses
aptamer conformational changes that occur when binding to
PDGF, which brings two attached dyes within close proximity; the
crosstalk between the two dyes yields a fluorescence signal
(Fig. 1a). This sensor is highly selective and detects PDGF in the
picomolar range by producing an instantaneous signal27,28.
However, these sensors were designed to operate in the solution
phase and contain dyes at each end of the aptamer (Fig. 1a,b)27,28.
To enable binding to the cell surface, we first engineered the
aptamer sensor to have a surface anchoring moiety. As shown in
Fig. 1c,d, the original single-stranded PDGF aptamer is extended
at one end by a short oligonucleotide that can hybridize with its
complementary strand (details of DNA sequences are provided in
Supplementary Table S1). Two dyes, at desirable positions, and
anchor moieties (i.e. biotin) can be accommodated easily on these
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Figure 2 | Anchoring the engineered aptamer sensor to the cell surface. a, Schematic showing the chemistry approach used to attach sensors to MSCs.

b–e, Flow cytometry data using the Cy3 signal of the FRET sensor show successful conjugation of the aptamer sensor on the cell surface.
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two separated strands during DNA synthesis, and can then be
annealed together before anchoring onto cells.

The original PDGF sensor developed by Tan’s group undergoes
non-specific folding that occurs in the presence of divalent metal
ions (i.e. Mg2þ and Ca2þ) and thus produces a high background,
making it unsuitable for physiological conditions (Fig. 1b)27,28. To
overcome this issue, we mutated the aptamer sequence by changing
a C–G base pair in the stem to an A– –G non-base pair. Such a
mutation and the above-mentioned two-stranded sensor design
did not significantly impair the aptamer binding ability. We

engineered two types of sensors: a quench sensor (FAM/Dabcyl)
(Fig. 1c) and a FRET sensor (Cy3/Cy5) (Fig. 1d). The sensors
showed robust performance in the presence of divalent metal ions
(phosphate buffered saline, PBSþ /þ ) (Supplementary Fig. S1).
Note also that a temperature change (in the range from room tempera-
ture to 37 8C) does not have a significant impact on the binding
affinity of the aptamer to PDGF; rather, an elevated temperature
(i.e. 37 8C) disrupts the duplex stem and drives the equilibrium to
the unfolded state in the absence of PDGF, which therefore produces
a higher (beneficial) signal-to-noise ratio (Fig. 1b and data not shown).

Before PDGF After PDGF
c d

e

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
1

2

3

f

N
or

m
al

iz
ed

 fl
uo

re
sc

en
ce

4

5

PDGF 

1

2

3

4
5

0.1

1.0

1.5

2.0

2.5

1 10

Si
gn

al
 

PDGF concentration (nM)

b

a

C
el

l c
ou

nt

GM = 331

10 100 1,000

GM = 160

Log fluorescence

10 100 1,000
Log fluorescence

C
el

l c
ou

nt

Figure 3 | Aptamer sensor functions on the cell surface. a, Representative sensor performance data, examined using flow cytometry, for the quench sensor

immobilized on the MSC surface before and immediately after addition of 10 nM PDGF (GM, geometric mean). b, Sensor signal (defined as the ratio of GM

before and after addition of PDGF) versus concentration of PDGF in PBS–/–. c,d, Representative fluorescent microscopy images of sensor cell before and

immediately after addition of 10 nM PDGF in PBS–/–, respectively. e, PDGF (2 mM) was added to sensor-modified MSCs from the top/left corner (arrow

shows direction) using a pipette tip, and the image was recorded immediately. f, The PDGF gradient was separated into five regions using image analysis, and

the fluorescent intensities of 10 representative cells from each region were averaged and plotted. The sensor signal in region 1 is defined as 1; other regions

are normalized accordingly.
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The simple chemistry approach of attaching sensors on the cell
membrane bypasses the complex genetic, enzymatic or metabolic
engineering approaches used previously for modifying the cell
surface. Specifically, our cell modification procedure consists of
three steps involving treating cell surface amines with sulphonated
biotinyl-N-hydroxy-succinimide (NHS–biotin), followed by strepta-
vidin–biotin interactions (Fig. 2)33,34. Previously, using dye-conju-
gated molecules and flow cytometry, we showed that the cell
surface coverage (of biotin, streptavidin or target ligand) at
each step can be controlled by adjusting the reagent concentration
and reaction times during conjugation35 (D. Sarkar et al., data not
shown). Approximately 21,000 molecules are typically attached on
each MSC (D. Sarkar et al., data not shown). This method for func-
tionalizing the surface and the presence of ligands on the cell surface
did not affect the cell phenotype or homing ability33–35 (D. Sarkar
et al., unpublished observations).

The quench sensor (Fig. 1c) functioned well on the cell surface,
and the addition of PDGF resulted in a decrease in fluorescence
(Fig. 3). Sensors on the cell surface respond to PDGF within
seconds; the sensor signal quantitatively correlates with the concen-
tration of PDGF added into the cell solution (Fig. 3b) and is specific
to PDGF (Supplementary Fig. S2). Because the quench sensor does
not have an internal reference and the signal may be influenced by
external factors (including sensor site density and medium con-
ditions), the FRET sensor (Fig. 1d) was also used to quantitatively
detect PDGF. The non-specific background signal is minimized in
this case because the signal produced is based on the ratio of
decreased Cy3 fluorescence and increased Cy5 fluorescence

(Supplementary Fig. S3). Moreover, the detection range of sensors
on the cell surface spans from several hundred pM to low nM
levels, which is within the range of serum PDGF concentrations
(400–700 pM under physiological conditions, or higher under
pathological conditions such as tumours)36,37. Data from both the
quench sensor and the FRET sensor in different culture media
(PBS–/–, PBSþ /þ and MSC medium with 15% fetal bovine
serum (FBS)) are presented in Supplementary Fig. S4.

Spatial-temporal sensing using sensor-engineered cells
To determine whether sensors on cells produce a fluorescence signal
in real time that can be resolved with high spatial resolution at the
single-cell level, PDGF was added in close proximity to the cells
though a micromanipulator-mounted microneedle coupled to a
microinjector (Supplementary Fig. S5). Fluorescence imaging
showed spatial variation of the signal intensity over the cell
surface, which evolved over time as more PDGF was transported
by the impinging flow to the cell surface (Fig. 4a). We also simulated
the evolution of PDGF concentration in the vicinity of a cell using a
three-dimensional unsteady convection–diffusion mass transport
model (described in the Supplementary Information and Fig. S6).
The evolution of PDGF concentrations on the surface of the cell
was consistent with the observed fluorescence quenching behaviour;
the model predicted a transition of the PDGF concentration in the
vicinity of the cell from 0 nM at t¼ 0 to 40 nM at t¼ 6 s (Fig. 4b).
Given that this aptamer sensor, when attached on the cell surface,
detects PDGF in the range of �1–10 nM (Fig. 3b), the timescale
of a cell response is consistent with the timescale required for the
PDGF concentration to change.

The development of sensors that can be used to examine cell-
to-cell communication in real time at a single-cell level is invalu-
able for elucidating mechanisms of intercellular communication.
Based on a microwell assay developed by Love and co-workers38,
we show that our sensor MSCs can detect PDGF secreted by
neighbouring cells. On a polymeric substrate containing an array
of microwells, we added sensor-modified MSCs and PDGF-produ-
cing MDA-MB-231 cells39 (PDGF production was confirmed and
quantified by ELISA; see Supplementary Methods). Cells settle by
gravity into the microwells, which contain subnanolitre volumes
(0.1 nl) with different combinations of cell ratios (sensor
MSC:PDGF-producing MDA-MB-231 cells¼ 1:0, 1:1, 1:2, 1:3þ ;
Fig. 5). The fluorescence signal of the sensor MSCs was imaged
continuously over time (6 h) as PDGF was produced by the
MDA-MB-231 cell. As shown in Fig. 5, sensors on the MSC
surface indeed produced a fluorescence signal that correlated
directly with the number of MDA-MB-231 cells in the same
microwell with the sensor MSC. In contrast, no significant signal
difference was observed in the sensor signal when sensor MSCs
were incubated alone or with native MDA-MB-231 cells (not
engineered to secrete PDGF; Supplementary Fig. S7).

In vivo monitoring of sensor-engineered cells
As a first step towards using cell surface sensors to monitor the cellu-
lar environment, cell function and intercellular signalling in vivo, we
tested the feasibility of using IVM to monitor the engineered cells
after transplantation. To examine if aptamer conjugation affects the
natural homing ability of MSC to bone marrow, both native and
aptamer–MSC were injected simultaneously into Balb/c mice, and
bone marrow imaging was performed 24 h post-injection40. Using a
fluorescence confocal and multiphoton intravital imaging system
that tracks single cells in living animals, we observed �30 cells per
image stack for both sensor-engineered MSCs and native MSCs
(Fig. 6a,b,c). The transendothelial migration of aptamer–MSC and
unmodified MSC was not statistically different, P¼ 0.116 (Fig. 6d).

Given that the FRET system is desirable for in vivo studies as it
provides a ratio of two distinct fluorescent dyes, thereby minimizing
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Figure 4 | Spatial-temporal imaging of a single MSC functionalized with

the quench sensor demonstrates that PDGF sensing correlates with data

generated from a computational model. a, PDGF (2 mM) was injected

30 mm from the cell using a microneedle, as indicated by the orange arrow

(Supplementary Fig. S5 includes a representative light microscope image

showing the microneedle juxtaposed to the cell surface). The signal was

quenched as PDGF engaged the sensor while moving across the cell

surface as a function of time, as observed by fluorescent microscopy.

b, Concentration of PDGF on the cell surface as predicted from a

three-dimensional computational mass transport model (described in

Supplementary Information). Scale bar, 10 mm.
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the non-specific background signal, we designed a simple oligonu-
cleotide (FRET-probe, Supplementary Table S1) to address
whether we could sense a change in FRET signal in a live mouse.

The FRET probe carries Cy3 and Cy5 in close proximity, which
initially projects a Cy5 signal when exciting Cy3. To examine if
the FRET probe was viable in bone marrow in vivo (a key
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Figure 5 | Real-time sensing of PDGF secretion from neighbouring MDA-MB-231 cells by sensor-engineered MSCs. Left panel: representative images of

microwells containing different numbers of PDGF-producing MDA-MB-231 cells (green) in the same well with sensor MSC (red) at time t¼0 (n is the

number of MSCs used in the analysis). MDA-MB-231 is genetically engineered to secrete PDGF that is fused with a GFP tag. To be distinguishable, the

quench sensor in this set of experiments is labelled with a red dye (Cy5), and with Iowa Black RQ as a quencher. Cy5/Iowa Black RQ and FAM/Dabcyl

perform similarly (Supplementary Fig. S9). Right panel: fluorescence of sensor MSC declining during the course of PDGF production. The signal, which is

defined as the percentage of MSCs that have fluorescence intensity less than 50% of their initial value at the indicated time, correlates with the number of

PDGF-producing MDA-MB-231 cells in the same well as a sensor MSC.
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requirement for our sensor to work), we performed acceptor photo-
bleaching of the Cy5 moiety in situ using a 635 nm laser, and a
switch from Cy5 (red) to Cy3 (green) signal resulted
(Supplementary Fig. S8). This experiment clearly suggests that it
is feasible to use IVM to track transplanted sensor-engineered
cells and monitor their signalling with the target molecules in
their in vivo niche environment.

Conclusions
We have developed a simple cell-surface sensor platform that
permits signalling to be monitored within the cellular environment,
in real time, in vitro and potentially in vivo. Aptamer sensors can be
readily modified with sensing molecules and surface anchors, and
the binding affinity, folding and secondary structures can be engin-
eered by mutating the aptamer sequences (Fig. 1)41. Furthermore,
aptamer sensors for a large variety of target molecules can be
obtained using (automated) SELEX14–20,42,43. We have shown that
MSCs engineered with an aptamer can be detected in mouse bone
marrow by IVM 24 h post-transplantation, and the communication
between FRET dyes is retained, suggesting that nucleic-acid-sensor
conjugated fluorophores are functional on the cell surface for at least
one day under physiological conditions. If required, nucleic acid
stability towards nuclease degradation in vivo can be improved
without impairing the binding affinity and signalling performance
by incorporating protecting groups such as poly(ethylene glycol)
(PEG), phosphorothioates and locked nucleic acids41.

We are currently engineering a reversible ‘structure switch-
ing’44,45 PDGF aptamer that has a covalent linker and complemen-
tary DNA (cDNA) that will compete with PDGF binding. Through
this approach, when the PDGF concentration decreases, the bound
PDGF, which is in competition with the cDNA, will dissociate
quickly, allowing the rise and fall of signals to be monitored in
real time.

Our cell surface sensors can be resolved spatiotemporally at the
single-cell level (Fig. 4) and this is significant because cells
respond to cues in their microenvionment in both time and
space46. Furthermore, the sensor could respond quantitatively to
PDGF added to the culture medium or secreted by adjacent cells.
This is useful for reporting on the state of cell signalling under phys-
iological or pathological conditions such as inflammation. The
49 mer PDGF sensor sequence used in this study is �16 nm
when fully stretched in a duplex format47, and is expected to
adopt a three-dimensional, tertiary structure upon binding to
PDGF, leading to a dynamic radius less than �8 nm. At this
scale, the aptamer sensors sense signalling molecules at or near
the cell surface. Note also that the local cytokine concentration in
the vicinity of the cell surface is often distinct from the bulk
medium because of delayed diffusion due to unstirred layer effects
or degradation by cell-surface enzymes48. Our approach may there-
fore provide significant advantages over traditional in vitro tech-
niques (such as ELISA) that can only assess bulk concentration of
cytokines, and may serve as a new tool to quantitatively measure sig-
nalling molecules or potentially drugs at the cell surface with high
spatiotemporal resolution under physiological conditions.

Our long-term goal is to use the natural homing ability of specific
cell types to deliver sensors to particular niches (such as bone
marrow, lymph nodes, inflamed tissue or tumours) to monitor inter-
cellular communication in real time in vivo. Cell homing is a specific
and highly regulated, multistep process that includes cell rolling,
adhesion and transendothelial migration and is mediated by specific
receptor–ligand interactions2. Direct placement of sensors into such
environments would otherwise not be feasible without an invasive
approach that may affect cell signalling. An important component
of our approach is the use of IVM to monitor single cells in real
time in living animals, and at a temporal and spatial resolution
that is not presently possible with other techniques1,30–32.

Previously, we and others have applied IVM to study the traffick-
ing of leukocytes, haematopoietic stem cells and MSCs31,32

(D. Sarkar et al., unpublished observations). In such studies, cells
are typically labelled with lipophilic dyes or fluorescent proteins
that can ‘passively’ indicate the location of a cell, but cannot
report the phenotype or the properties that define the cellular
microenvironment. In contrast, the cell-surface sensor approach
makes use of functional aptamer sensors that dynamically
monitor intercellular signalling in real time. Our ongoing work
focuses on further engineering our FRET sensor to have a high
signal-to-noise ratio under physiological conditions to monitor
PDGF levels produced in the MSC niche by activated endothelial
cells, tumour cells or in response to injury. In our experience, a
signal-to-noise ratio of .4 is required for in vivo imaging. This
work will ultimately lead to a better understanding of MSC biology,
particularly in PDGF-signalling, including tissue regeneration,
angiogenesis, immunomodulatory and tumour modelling24–26.

Finally, chemistry-based cell engineering approaches have
recently been developed to study cell-immobilized signalling moi-
eties both in vitro and in vivo in living animals4,5,49. For example,
Bertozzi et al. reported the labelling of fluorophores on glycans
using click chemistry in zebrafish, which permitted them to visualize
glycan expression in vivo4. It is conceivable that in addition to lab-
elling exogenous transplanted cells, the site-specific labelling of
endogenous cells with ‘sensing molecules’ may become a valuable
tool with which to monitor physiological and pathological
changes in vivo. We anticipate that our study will serve as a
gateway for the future development of a large toolkit of cell-
surface sensors that biologists could routinely apply to elucidate
cell biology both in vitro and in vivo.

Methods
Engineering aptamer sensors onto the MSC surface. MSCs (�1 M after
trypsinization) (see Supplementary Information for routine MSC culture) were
dispersed in biotin–NHS solution (1 mM in PBS–/–, 1 ml), and the solution was
allowed to incubate for 10 min at room temperature. After washing, streptavidin
solution (50 mg ml21 in PBS–/–, 1 ml) was then used to treat the cells for 5 min.
Finally, biotin-modified sensor solution (two DNA strands were first annealed at
5 mM each in PBSþ /þ at 90 8C for 3 min and cooled at room temperature for
30 min, 200 ml) was added, and the suspension was incubated for 5 min at room
temperature. The cells were then washed once by PBS–/– and subsequently used for
experimentation. The fluorescent nature of the sensors allowed the conjugation step
to be easily followed by flow cytometry (BD FACS Calibur flow cytometer) then
analysed using Cell Quest software.

Microneedle experiment. Microneedle experiments were performed using a
microinjector (FemtoJet, Eppendorf ) with Eppendorf Femtotips and an Eppendorf
micromanipulator (InjectMan NI 2, Eppendorf ) (Supplementary Fig. S5). Glass
microneedles with inner tip diameters of �3 mm were made using a micropipette
puller (P-97 Sutter Instrument Company). Microneedles were backfilled with the
PDGF (2 mM in PBS–/–) using Eppendorf Femtotips Capillary Pipet Tips
Microloaders. The microneedle, controlled by a micromanipulator, was lowered
onto a dish with sensor-engineered MSCs settled on the surface in PBS–/–,
positioned at a defined lateral distance (�40 mm) from the settled cells and at a
height of �30 mm from the underlying substrate. PDGF was released from the
micropipette by applying a defined pressure (26 hPa). Simultaneously, phase
contrast and fluorescence images of the cells were collected sequentially with a 1 s
interval exposure time. Between 10 and 12 cells were measured in each experiment.

Computational model for PDGF transport in microneedle experiment. See
Supplementary Information.

Cell–cell communication microwell assay and analysis. Time-course microwell
assays were performed following previously reported protocols with some
modifications38. The fabrication of the microwell is presented in the Supplementary
Information. A sensor MSC suspension (1 × 105 cells/ml) was first placed on the
surface of the array and cells were permitted to settle into the microwells by gravity.
After 2 min, excess cells were washed away with serum-free media. Next, PDGF-
producing MDA-MB-231 cells (1 × 105 cells/ml) in medium containing 15% FBS
were loaded into the wells as described above. After a brief incubation at 37 8C with
5% CO2, the array was delivered to the microscope for imaging. All images were
acquired on an automated inverted fluorescence microscope (Zeiss Observer Z-1,
Carl Zeiss Inc.) equipped with a stage incubator (PM S1) and incubation chamber
for live-cell imaging (37 8C, 5% CO2). Phase and fluorescence (GFP and Cy5)
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micrographs were collected every 3 min for 6 h. A total of �3000 microwells were
imaged at each time point. A custom-written image analysis program was used to
identify the location and fluorescence intensity of each cell in the microwell array, as
described previously38. A MATLAB script was written to track the fluorescence
signal intensity of each sensor MSC over the 6 h time course. The signal intensity of
each sensor MSC was normalized to the signal intensity at t¼ 0 min to account for
the baseline cell-to-cell variation in sensor MSC intensity. Sensor MSCs were
divided into groups based on the number of PDGF-producing MDA-MB-231 cells
residing in the same microwell (0, 1, 2 or 3þ). More than 100 MSCs (see Fig. 5 for
exact numbers) from each group were tracked. The fraction of sensor MSCs in each
group with signal intensity less than 50% of the initial signal intensity was calculated
at each time point.

Animals and intravital confocal microscopy. See Supplementary Information.
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Materials  

All DNA (names and sequences in Table S1) were obtained from Integrated DNA Technologies (IDT). 

Recombinant PDGF-BB and PDGF-BB ELISA kit were purchased from R&D systems (Minneapolis, MN). 

Primary human MSCs were obtained from the Center for Gene Therapy at Texas A&M which has a grant 

from NCRR of the NIH, Grant # P40RR017447. PDGF-BB producing human MDA-MB-231 cells, provided 

by Prof. Jain at Massachusetts General Hospital, were genetically engineered using retrovirus 

transduction following a previously established protocol.1  α-MEM, Fetal Bovine Serum (FBS), L-

Glutamine and Penn-Strep were purchased from Invitrogen. Sulfonated biotinyl-N-hydroxy-succinimide 

(NHS-Biotin), streptavidin, trypsin/EDTA solution, PBS-/- (NaCl 137mM, KCl 26.8mM, Na2HPO4 8.1mM, 

KH2PO4 1.5mM) and PBS+/+ (PBS-/- supplemented with 0.9 mM CaCl2 and 0.5 mM MgCl2) were 

purchased from Sigma. 

Mesenchymal Stem Cell Culture and Characterization 

Primary human MSCs were isolated from human marrow of healthy consenting donors and thoroughly 

characterized as previously described before sending to the researchers 2, 3. Before use, we further 

confirmed the basic characteristics (i.e. CD90+, CD29+, CD106+, CD34-, CD45-) of MSCs using flow 

cytometry. MSCs were adherent on tissue culture plate and were maintained in MSC medium that 

consisted of 15% FBS, 1% (v/v) L-Glutamine, 1% (v/v) Penn-Strep, and α-MEM. To detach cells from 

plates for passaging or experiments, cells were incubated in 1 × trypsin/EDTA solution at 37 °C for 3 min. 

MSCs at passage number 4-6 with confluency of ~ 80% were used for all experiments.  

Computational model for PDGF transport in microneedle experiment  

 We built a computational model to estimate the local concentration of the PDGF near the cell. The 

following simplifying assumptions were made:  
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1. The flow is determined primarily by the direction and magnitude of injection velocity, and 

pipette body has minimal effect on the flow profile. This allows us to model the pipette as a thin 

vertical tube (Figure S6) and the direction of injection (30o) and magnitude of velocity (100 μm/s) 

are similar to those used in the experiment.  

2. The flow is assumed to be symmetric about the pipette (one vertical plane of symmetry) 

allowing us to model only half of the computational domain. 

3. It is assumed that the cells do not alter the flow pattern appreciably. Thus, we model only one 

cell (the cell of interest, which was photographed in the micro needle experiment), as a 

hemispherical cap, in our computational domain. 

4. The cell surface concentration of aptamer was assumed to be low such that binding of PDGF on 

the surface does not appreciable alter the local PDGF concentration.   

The computational domain was created and meshed in the commercial software GAMBIT (preprocessor 

of FLUENT, Ansys Inc.) using tetrahedral elements with edge lengths graded from 1 μm (boundary 

elements) to 3 μm (elements in the bulk fluid) (Figure S6).  The meshed volume was exported into the 

computational software FLUENT (Ansys, Inc.) and the appropriate boundary conditions were applied 

(Figure S6). An unsteady incompressible laminar fluid flow model along with non-reacting species 

transport was chosen. This model uses finite volume method to discretize the continuity, Navier-Stokes 

and the mass transport equations shown below (gravity was neglected):  

( ) 0ρϑ∇ =



 

2( ) ( ) P
t

ρϑ ϑ ρϑ μ ϑ∂ + ∇ = −∇ + ∇
∂

   


 

2C C D C
t

ϑ∂ + ∇ = ∇
∂


  
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where ρ is the fluid density, ϑ


 is the fluid velocity vector in cartesian coordinates, P is the static 

pressure, μ is fluid viscosity, C is the concentration  of the transported species and D is the coefficient of 

diffusion of the species in the medium. The material properties used in our simulations were: ρ=998.2 

kg/m3, μ= 0.001003 kg/m-s, molecular weight of water = 18.01 Da, molecular weight of PDGF-BB=24.3 

kDa, D=1x10-10 m2/s 4. A segregated solver along with 1st order implicit time stepping method was used. 

The pressure was discretized using PRESTO scheme while the momentum and species equation used a 

2nd order upwind scheme (both are inbuilt options in the software). The injected stream is assumed to 

have a PDGF mass fraction of 1 (accordingly, the calculated mass fraction of PDGF is interpreted as the 

concentration relative to the injected value).  Unsteady simulations were performed with time step of 

0.1 s with a maximum of 50 iterations per time step.  The solution was terminated when all the residuals 

were below 10-4. The initial condition was no flow, and no PDGF present in the geometry (i.e. mass 

fraction of water is 1). The simulation was run in double precision mode. 

PDGF-BB production by MDA-MB-231 cells determined by ELISA  

The amount of PDGF-BB produced by genetically engineered or wild-type MDA-MB-231 cells was 

quantified using an ELISA kit following a protocol provided by R&D Systems. It was determined that 

PDGF is continuously secreted to a total concentration of ~1.75 nM in 6 h, which falls in the detection 

range of our cell surface sensors.  

Fabrication of microwell 

Microwell arrays were prepared by injecting a silicone elastomer mixture (polydimethylsiloxane (PDMS), 

Dow Corning Inc.) into a mold and curing at 70°C for 2h. The prepared arrays were 1 mm thick and 

bound to a glass slide. Each array consisted of ~85,000 microwells (each 50 µm × 50 µm × 50 µm) 

arranged in 7 x 7 blocks. Arrays were treated for 30 s in an oxygen plasma chamber (Harrick PDC-32G) to 

render the surface sterile and hydrophilic.  
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Animals and intravital confocal microscopy 

All mice were housed according to IACUC guidelines and used for experiments when 6-10 weeks old. 

Aptamer-modified MSCs (labeled with DiD) and native MSC (labeled with DiO) or FRET probe-modified 

MSCs (106 cells/100 µL PBS) were injected via retro-orbital injection into anesthetized female Balb/C 

mice. 24 h after the injection, the mice were anaesthetized by an intraperitoneal injection of a 

Ketamine/Xylazine cocktail at 100 mg/kg / 15 mg/kg body weight and prepared for in vivo imaging by 

making a small incision in the scalp to expose the underlying dorsal surface of the skull.  High-resolution 

images were acquired through the intact mouse skull of a live mouse using a non-commercial 

confocal/multi-photon microscope specifically designed for live animal imaging.7, 8 Circulating blood was 

stained through delivery of rhodamine-dextran conjugate (Invitrogen, 70kDa) at 10 mg/kg just before 

imaging.  DiO was imaged using 491nm excitation (Dual Calypso, Cobolt AB, Stockholm, Sweden) and 

509-547 nm emission (Semrock, Rochester, NY), DiD was imaged using 635nm excitation (Radius, 

Coherent, Santa Clara, CA) and 667-722 nm emission (Omega Optical, Brattleboro, VT). Rhodamine was 

imaged using 561 nm excitation (Jive, Cobolt AB, Stockholm, Sweden) and 573-613 nm emission 

(Semrock, Rochester, NY) whereas collagen in bone was imaged via second harmonic generation using 

an 880nm incident two-photon laser source (Mai Tai HP, Spectra-Physics, Irvine, CA) and a 432-482 nm 

bandpass filter (Semrock, Rochester, NY).  Z-sections were acquired using 5 um steps.  To measure 

extravasation, fluorescent images from different channels must remain aligned during image acquisition, 

therefore rhodamine, DiO, and DiD images were acquired simultaneously during z-stack acquisition. 

Image analysis was performed using ImageJ (NIH, Bethesda, MD).  Statistical differences between MSC 

and aptamer-MSC transmigration were determined using the Fisher exact test. 

For experiments where MSCs were labeled with FRET probe, fluorescence images were acquired before 

and after photobleaching of the FRET acceptor (Cy5).  Images were acquired using 532 nm excitation 

from a solid-state laser (Dual Calypso, Cobolt AB, Stockholm, Sweden) and the Cy3 and Cy5 fluorescence 
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were detected through a 570-620 nm bandpass filter (Chroma Technologies, Rockingham, VT) and a 

650-760 nm bandpass filter (Chroma Technologies, Rockingham, VT), respectively.  The frame rate of the 

microscope was fifteen frames per second.  Images were captured, after averaging fifteen frames, using 

a Macintosh computer equipped with an Active Silicon snapper card (Active Silicon Chelmsford, MA).  

Each channel was acquired individually, but simultaneously, in 8-bit grayscale and merged to form an 

RGB image, with Cy3 fluorescence in the green channel and Cy5 fluorescence in the red channel, using 

custom developed software (iPhoton). 

The FRET acceptor, Cy5, was photobleached by illuminating the region of interest (330 x 330 µm) with 

approximately 3.6 mW of power (measured after the microscope objective) for 3 minutes using a 635 

nm helium-neon laser (Radius, Coherent Inc., Santa Clara, CA). 

 
Table S1. Names and sequences of DNA molecules used in this study. 

Names Sequences (5’->3’) 

Quench-FAM FAM-AAG GCT ACG GCA CGT AGA GCA TCA CCA TGA TCC TGT GTG GTC TAT GTC 
GTC GTT CG 

Quench-Dabcyl Biotin-CGA ACG ACG ACA TAG ACC ACA-Dabcyl 

Quench-Cy5 Cy5- 

AAG GCT ACG GCA CGT AGA GCA TCA CCA TGA TCC TGT GTG GTC TGT GTC G 

 

Quench-IBRQ Biotin-CGA ACG ACG ACA TAG ACC ACA-Iowa Black RQ 

FRET-Cy5 Cy5-AAG GCT ACG GCA CGT AGA GCA TCA CCA TGA TCC TGT GTG GTC TGT GTC G 

FRET-Cy3 Biotin-CGA CAC AGA CC/Cy3/A CA 

FRET-probe Cy3-TT-Cy5-TTTTTTTT-Biotin 
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Figure S1. Performance of original and engineered PDGF sensor in solution (PBS+/+).  The sensor was 

engineered by changing a C-G base pair to A- -G non base pair. Y axis represents the signal that is 

defined as the ratio of fluorescence, obtained by flow cytometry, before and after addition of PDGF. 10 

nM sensor molecules were used in this experiment and spectra were recorded immediately at room 

temperature. 
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Figure S2. Binding specificity of the PDGF aptamer sensor on the MSC surface. Y axis is the ratio of 

fluorescence signal (at 520 nm) before and after adding tested molecule (20 nM in PBS). bFGF: basic 

fibroblast growth factor; IGF-1: insulin-like growth factor-1. 
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Figure S3. Calibration curve of the FRET sensor on the MSC surface for quantifying PDGF concentration. 

Signal is defined as the fluorescence decrease of donor dye (Cy3) × fluorescence increase of acceptor 

dye (Cy5) on MSC at a particular PDGF concentration. Each signal value (y-axis) represents the average 
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fluorescence intensity from ~ 60 individual cells imaged by fluorescent microscopy at 37°C in PBS-/-. 

FRET sensor modified MSCs were excited by a 568 nm laser and emissions were measured at 607 nm 

and 670 nm for Cy3 and Cy5, respectively. 

 

 

Figure S4. (a) Performance of the quench sensor and (b) FRET sensor immobilized on the MSC surface in 

different solution. Medium contains 15% FBS, 1% (v/v) L-Glutamine, 1% (v/v) Penn-Strep, and α-MEM. 

Signal for the quench sensor is defined as the ratio of geometric means of the flow cytometry histogram 

before and after addition of PDGF. Signal for the FRET sensor is defined as the fluorescence decrease of 

donor dye (Cy3) × fluorescence increase of acceptor dye (Cy5) based on the geometric means in the flow 

cytometry histogram. 20 nM PDGF was used and measurement was performed immediately at room 

temperature. 
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Figure S5. A representative example how PDGF was injected by microneedle. 

 

Figure S6: Modeling of PDGF concentration around the sensor-cell. a) Computational domain used for 

modeling the PDGF transport in the microneedle experiment. The boundary conditions are shown (blue 

text) along with their values (red text). The dimensions are also shown. Note that the flow is determined 

primarily by the direction and magnitude of injection velocity, and pipette body has minimal effect on 
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the flow profile. This allows us to model the pipette as a thin vertical tube (a) and the direction of 

injection (30o) and magnitude of velocity (100 μm/s) are similar to those used in the experiment.  b) 

Discretized computational domain showing the tetrahedral elements used for meshing. 

 

Figure S7. No significant signal difference on sensor-MSCs in the presence and absence of non-

genetically engineered MDA-MB-231. The signal is defined as the percentage of MSCs that have 

fluorescence intensity less than 50% of their initial value at the indicated time. Note that the 

fluorescence intensity of the quench sensor on the cell surface may be influenced by external factors 

including the sensor site density per cell and medium conditions including pH, temperature, and 

composition, which may explain the difference observed in the overall fluorescence quenching between 

this experiment and the experiment reported in Figure 5.  
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Figure S8. Representative in vivo IVM images of FRET-probe-modified MSCs that homed to the skull 

bone marrow in the live mice. Images were taken 24 h after systemic infusion of cells via retro-orbital 

injection. a, c and b, d are images acquired before and after in situ photobleaching of Cy5, respectively. 

Cy3 fluorescence was acquired in the green channel and Cy5 fluorescence was acquired in the red 

channel.  Scale bar is 50 µm. 
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Figure S9. The performance of the quench sensor using Cy5/Iowa Black RQ before and after addition of 

PDGF (10 nM) in PBS-/-. 

 

References 

1. Au, P. et al. Paradoxical effects of PDGF-BB overexpression in endothelial cells on engineered 
blood vessels in vivo. The American Journal of Pathology 175, 294-302 (2009). 

2. Sekiya, I. et al. Expansion of human adult stem cells from bone marrow stroma: Conditions that 
maximize the yields of early progenitors and evaluate their quality. Stem Cells 20, 530-541 (2002). 

3. Sarkar, D. et al. Chemical Engineering of Mesenchymal Stem Cells to Induce a Cell Rolling 
Response. Bioconjugate Chemistry 19, 2105-2109 (2008). 

4. Haugh, J.M. Deterministic model of dermal wound invasion incorporating receptor-mediated 
signal transduction and spatial gradient sensing. Biophysical Journal 90, 2297-2308 (2006). 

5. Ogunniyi, A.O., Story, C.M., Papa, E., Guillen, E. & Love, J.C. Screening individual hybridomas by 
microengraving to discover monoclonal antibodies. Nature Protocol 4, 767-782 (2009). 

6. Han, Q., Bradshaw, E.M., Nilsson, B., Hafler, D.A. & Love, J.C. Multidimensional analysis of the 
frequencies and rates of cytokine secretion from single cells by quantitative microengraving. Lab 
Chip 10, 1391-1400 (2010). 

7. Runnels, J.M. et al. Imaging molecular expression on vascular endothelial cells by in vivo 
immunofluorescence microscopy. Mol Imaging 5, 31-40 (2006). 

8. Celso, C. et al. Live-animal tracking of individual haematopoietic stem/progenitor cells in their 
niche. Nature 457, 92-97 (2009). 

 

© 2011 Macmillan Publishers Limited.  All rights reserved. 

 


	nnano.2011.101 (1).pdf
	Cell-surface sensors for real-time probing of cellular environments
	Engineering aptamer sensors on the cell surface
	Spatial-temporal sensing using sensor-engineered cells
	In vivo monitoring of sensor-engineered cells
	Conclusions
	Methods
	Engineering aptamer sensors onto the MSC surface
	Microneedle experiment
	Computational model for PDGF transport in microneedle experiment
	Cell–cell communication microwell assay and analysis
	Animals and intravital confocal microscopy

	Scheme 1  
	Figure 1  Mechanism of PDGF aptamer sensors in solution.
	Figure 2  Anchoring the engineered aptamer sensor to the cell surface.
	Figure 3  Aptamer sensor functions on the cell surface.
	Figure 4  Spatial-temporal imaging of a single MSC functionalized with the quench sensor demonstrates that PDGF sensing correlates with data generated from a computational model.
	Figure 5  Real-time sensing of PDGF secretion from neighbouring MDA-MB-231 cells by sensor-engineered MSCs.
	Figure 6  Bone marrow homing and transmigration of aptamer-labelled MSCs.
	References
	Acknowledgements
	Author contributions
	Additional information

	nnano.2011.101-s1.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    35.29000
    35.29000
    36.28000
    36.28000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50000
    8.50000
    8.50000
    8.50000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG PRINT PDF Job Options. 4th September 2006. PDF 1.3 Compatibility. Adds Trim and Bleed boxes top Nature pages where none exist.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


