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ABSTRACT

In this paper we present a new approach that allows spatially resolved local intracellular chemical sensing
using a hybrid magnetic chemical sensor which can be actively manipulated inside a cell. This approach
allows the sensor to be maneuvered to specific locations in the cell without the need of additional specific
biochemical targeting. The approach causes minimal interference within the cell as only a single particle
is needed to measure the chemical property at different sites inside the cell. In addition high differential
accuracy in measuring the chemical property can be achieved as the same sensor is used to measure
at different locations, and therefore the measurements are not affected by sensor-to-sensor variations.
To this end we couple a chemical sensor to a magnetic particle and use magnetic tweezers to position
and move the sensor inside the living cell in order to measure local chemical properties at different sites
inside the cell. We illustrate the potential of this approach by moving a phagocytosed hybrid pH-sensing

Phagocytosis

magnetic particle through a cell while simultaneously measuring the pH of the phagosome.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The living cell is a complex entity in which a vast number
of micro-environments and a myriad of cellular organelles co-
exist. The micro-environments are often separated from each other
by membrane boundaries of cellular organelles. Intracellular pro-
cesses strongly rely on the precise spatial and temporal distribution
of chemical metabolites and proteins that traffic between intra-
cellular organelles [1-4]. It is therefore important to visualize and
understand the spatially resolved intracellular distribution of spe-
cific chemical species. In order to study chemical distributions in
cells, it is essential to devise biophysical tools that will allow spa-
tially resolved measurement of individual chemical species with
high specificity and sensitivity.

Fluorescence microscopy has been the technique of choice for
quantitative intracellular measurements of chemical molecules.
Free fluorescent dyes can be delivered to cells for intracellular
sensing. Many different dyes are available whose fluorescence
intensities specifically depend on the concentration of specific
analytes (e.g. Ca2*, pH, O,). Although this fluorescent sensing prin-

Abbreviations: MT, magnetic tweezers; M270-FL-TR, dynal M270 beads labeled
with Fluorescein and Texas Red dyes; M270-0OG-TR, dynal M270 beads labeled with
Oregon Green and Texas Red dyes; M270-SNARF, dynal M270 beads labeled with
SNARF-4f dye.
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ciple has been successfully applied to cells, the free nature of the
dyes leads to some major drawbacks. Free dyes can be selectively
sequestered in different organelles, or bind non-specifically to pro-
teins and other cell components and are also difficult to target to
specific locations inside the cell [5]. For these reasons, this princi-
ple has been further refined by coupling the dyes to micrometer
and nanometer-sized particles and using these particles as intra-
cellular sensors [5]. This approach allows selective delivery of the
sensor for spatially resolved sensing. A very interesting example of
this approach is the development of polyacrylamide nanoparticles,
called PEBBLE sensors. PEBBLE sensors have been used for ratio-
metric sensing of ions like H*, Ca2*, Mg2*, Zn?*, Cu*/?* and Fe3*
[6]. PEBBLE phosphate sensors have been developed by embedding
fluorescent reporter proteins (FLIPPi) in polyacrylamide nanopar-
ticles [7]. Near-infrared phosphorescent probes to sense molecular
oxygen [8], sensors for reactive oxygen species like singlet oxygen
[9], hydroxyl radicals [10] and hydrogen peroxide [11] and ratio-
metric glucose sensors [12] have also been developed. In addition
to sensing specific chemical analytes, nanoparticle-based sensors
have also been developed for studying cellular processes like apop-
tosis [13] and lipid peroxidation [14].

Particle-based sensors used so far have shown great potential
for intracellular use and have solved most of the limitations asso-
ciated with the use of free fluorescent dyes. However a few issues
still remain. In particular, specific targeting to organelles is possi-
ble, but full control on their position within the cell has not yet
been possible. In addition, a large number of particles are needed
to carry out cell-wide experiments that may interfere with normal
cell function. In order to address these issues we here propose the
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use of magnetic particle-based sensors. Magnetic tweezers (MT)
have proven to be a versatile approach to move magnetic particles
inside living cells [15,16]. The use of magnetic tweezers relies on
the use of magnetic particles which can in turn be coupled to chem-
ical sensing molecules. The magnetic content of the particles allows
directed movement of the sensor within the living cell, controlled
by externally applied magnetic fields. We believe this approach
offers specific advantages over existing methods. (i) The sensor can
be maneuvered to specific locations in the cell without the need of
additional specific biochemical targeting. (ii) Minimized interfer-
ence of the sensor with the cell as only a single particle is needed
to measure the chemical property at different sites inside the cell.
(iii) High differential accuracy as the same sensor is used to mea-
sure at different locations, and the measurements are not affected
by sensor-to-sensor variations.

A limited number of examples on the coupling of chemical
sensing dyes to magnetic particles have been reported. Roberts
et al. loaded hybrid particles, MagMOONS, with Snarf-1f dye [17],
Anker et al. used magnetically controlled sensor swarms to mea-
sure pH using PEBBLEs with additional ferrite content [18], and Liu
etal. synthesized magnetic nanoparticles coupled with Fluorescein.
However, the particles used all have a low magnetic content and as
such their potential for use in intracellular MT manipulation exper-
iments are very limited. To our knowledge, only one study has so far
used the magnetic nature of the fluorescent sensors for movement,
relying on magnetically controlled sensor swarms to measure pH
using nanoparticles conjugated with a pH-sensitive dye (PEBBLEs)
[18].

In this paper we demonstrate a new approach for spatially
resolved intracellular chemical sensing. We develop a magnetic
particle-based pH sensor and demonstrate a proof-of-principle of
the proposed approach by measuring intracellular pH while simul-
taneously moving the sensor through the cell. Very interestingly,
the results obtained demonstrate that this approach can also be
used to actively interfere with specific cellular processes.

As an example of a proof-of-concept, we have chosen to utilize
the process of phagocytosis. During this process the magnetic par-
ticleis internalized by the cells in a so-called phagosome. As a result
of fusion of the phagosome with acidic cellular vesicles, the pH of
the phagosome drops from 6.8 to ~4.5. This change in pH allows
us to test the function of the magnetic pH sensor. In addition, an
external force can be applied on the phagosome using the MT. The
resulting displacement of the phagosome/magnetic particle sensor
within the cell can be followed using white light microscopy.

2. Materials and methods
2.1. Materials

Amino-terminated Dynabeads M270 (diameter 2.7 um, 20%
ferrite content resulting in a magnetic moment of ~150fAm?2)
were obtained from Dynal (Oslo, Norway). Sodium bicarbonate
(NaHCO3) was obtained from Merck (Darmstadt, Germany). Flu-
orescein, Oregon Green 488, and Texas Red with a succinimidyl
ester (SE) linker group and Snarf-4f with a carboxylic linker group
were obtained from Invitrogen - Molecular Probes Inc. (Eugene,
OR, USA). 2-(N-morpholino) ethanesulfonic (MES) and 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDAC)
were obtained from Sigma-Aldrich (Steinheim, Germany). Citric
acid (CgHgO7) and disodium hydrogen phosphate (Na,HPO4) used
for the pH buffer solutions were acquired from BDH laboratory
reagents (Karlsruhe, Germany) and Merck, respectively. Lab-tek
chambered coverglass (~0.15-mm thick borosilicate) was obtained
from Nalge Nunc International (Rochester, NY, USA). RPMI cell
medium was purchased from Sigma-Aldrich, while the fetal bovine

serum, HEPES, I-glutamine and antibiotic-antimycotic were from
Invitrogen — Molecular Probes Inc.

2.2. Preparation of pH buffers

0.1 M citric acid was mixed together with 0.2 M disodium hydro-
gen phosphate to obtain pH buffers from pH 3 to 8 as described by
Dawson et al. [19].

2.3. Functionalization of magnetic, pH-sensing particles

Three different pH-sensing magnetic particles were prepared.

2.3.1. Dynal M270 with Fluorescein and Texas Red (abbreviated
as M270-FL-TR)

The synthesis of M270-FL-TR is similar to the procedure pub-
lished by Ji et al. for the synthesis of pH-sensing polystyrene
particles [20]. SE functionalized Fluorescein was covalently coupled
to amino-terminated M270-particles. Stock amino-terminated
M270-particles (20 pl, 30 mgml~!) were diluted in sodium bicar-
bonate buffer (0.5ml 0.1 M). Next, 0.5ml of 900 wM Fluorescein
SE dissolved in sodium bicarbonate buffer was added to the parti-
cle solution. Next, Texas Red-X SE dissolved in sodium bicarbonate
buffer (0.5 ml of 600 wM) was added. This solution was placed on
a tube-rotator overnight at 4°C in the dark. Finally, the particles
were washed six times using magnetic separation to remove excess
dye.

2.3.2. Dynal M270 with Oregon Green and Texas Red
(abbreviated as M270-0OG-TR)

The same procedure was used as for the M270-FL-TR particles
but instead of Fluorescein, 0.5ml of 900 WM Oregon Green was
used.

2.3.3. Dynal M270 with SNARF-4F (abbreviated as M270-SNARF)

Stock M270-particle solution (20wl, 30mg/ml) was sus-
pended in 2-(N-morpholino) ethanesulfonic (MES) pH 6.15 Goods
buffer (0.5 ml). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDAC, 50mg) was dissolved into MES buffer
(0.5ml), added to the particle solution and incubated for 5min.
Then a Snarf-4f solution in MES buffer (0.5 ml, 200 wM) was added
to the solution and incubated for 2 h at 4°C in the dark, while mix-
ing continuously. Finally, the particles were washed six times using
magnetic separation to remove excess dye.

2.4. Fluorescence spectroscopy

The excitation spectra of M270-FL-TR and M270-OG-TR parti-
cles were measured using a fluorescence spectrophotometer (Cary
Eclipse - Varian, Palo Alto, US). Oregon Green and Fluorescein were
excited at 488 nm and the emission was measured from 500 to
600 nm with a step size of ~1 nm and a bandwidth of 10 nm. For
Texas Red, an excitation of 543 nm was used and the emission was
collected from 600 to 650 nm. Fluorescence spectra of M270-SNARF
were measured using a Safire2 plate reader from Tecan (Grodig,
Austria). The particles were excited at 543 nm, and the emission
was measured from 565 to 750 nm. The nominal slit width was cho-
sen such to have a spectral bandwidth of 10 nm for both excitation
and emission.

2.5. Confocal microscope imaging

A Carl Zeiss (Gottingen, Germany) LSM 510 confocal laser scan-
ning microscope (CLSM) was used to image individual particles.
Single-track imaging was used to observe individual M270-SNARF



S. Shekhar et al. / Sensors and Actuators B 148 (2010) 531-538 533

Table 1

Fluorescence excitation wavelength, A, and detection filters used in the confocal
microscope and wavelength ranges used to determine fluorescence peak area to
determine fluorescence ratio R from spectroscopy results.

A1 (nm) Channel 1 Az (nm)  Channel 2 R
(nm) (nm)
M270-FL-TR ~ 488 500-550 543 565-615 Ch. 1/Ch. 2
M270-OG-TR 488 500-550 543 565-615 Ch. 1/Ch. 2
M270-SNARF 543 565-615 543 650-750 Ch. 1/Ch. 2

particles. Multi-track imaging was used to image individual M270-
FL-TR and M270-OG-TR particles. The observed channels with their
corresponding excitation wavelengths and detector filters are given
in Table 1 for all particles used.

2.6. Ratiometric analysis of fluorescence spectra

From each fluorescence spectrum a fluorescence intensity ratio,
R, was calculated. Table 1 shows the wavelength ranges used to
determine the fluorescence peak areas in the measured fluores-
cence spectra and the subsequent ratio calculation. To compare the
ratios obtained by fluorescence spectroscopy and confocal imag-
ing, the ratio found at pH 7 was indexed to 1 by normalizing all
measured ratios by the ratio obtained at pH 7.

2.7. Ratiometric analysis of confocal images

The fluorescence emission ratios, R, of individual particles in the
confocal images were obtained using a custom script written in
Image] (National Institute of Health). First, the position of the par-
ticles in the images was determined by applying an appropriate
threshold and subsequent particle detection. In case of M270-FL-TR
and M270-0G-TR particles, channel 2 related to the pH-insensitive
dye was used for particle detection, while channel 1 was used
in case of M270-SNARF particles. Only spherical particles with
an expected size of ~2.7 wm were chosen for further analysis. In
this way, particle aggregates and/or other impurities were ignored.
The integrated fluorescence intensity of each detected particle was
calculated for both channels and the fluorescence ratio R was deter-
mined by dividing the integrated intensity of the particle in channel
1 by the integrated intensity of channel 2. Finally, the average flu-
orescence ratio and the standard deviation were calculated.

2.8. Phagocytosis assay

RAW 264.7 cells were incubated overnight in a chambered cover
glassat 37 °Cand 5% CO, atmosphere. The chamber was then placed
on the CLSM microscope stage that was maintained at 37 °C. The
cell culture medium was replaced with RPMI medium without FCS
and I-glutamine, but with 30 mM HEPES in order to maintain the
appropriate medium pH. In addition, pH-sensing magnetic parti-
cles (approx. 4 x 10° particles/ml of medium) were added. Particle
internalization and subsequent acidification of the phagocytosed
particles was recorded by time-lapse imaging (both fluorescent and
transmission images were taken every 45 s during 40 min).

2.9. Particle tracking

To measure the displacement of the particles inside cells the
position of the particle was determined in each measured frame
using a custom-written Labview application. The accuracy of this
method is ~8 nm in both directions of the measuring plane. To
achieve this accuracy the particle has to be slightly out of focus
such that the observed diffraction pattern is clearly distinct from
other cellular organelles or structures.

Fig. 1. (a) Schematic representation of the magnetic tweezers set-up. The current
in the coil is computer-controlled. F,, denotes the magnetic force exerted on the
particle by the magnetic tweezers. The magnetic tweezers set-up is assembled on a
Zeiss LSM 510 confocal laser scanning microscope. (b) Photograph of the MT set-up.
It consists of an iron rod with an electric coil wrapped around it. The iron rod is
positioned using a micromanipulator. The MT is placed on a confocal fluorescence
microscope.

2.10. Magnetic tweezers

A single pole magnetic tweezers consisting of an iron rod with
a sharp tip (feature size 100 wm) was used. Magnetic fields are
generated using an electrical coil wrapped around the rod (250
ampere-turns). The magnetic tip was positioned accurately using
a xyz micromanipulator. The magnetic tweezers were integrated
with the CLSM. Using viscosity-drag calibrations, the maximum
magnetic force that can be exerted on a M270 particle was deter-
mined to be ~1nN at a distance of 10 wm from the pole tip to
~0.1nN at a distance of 100 wm from the pole tip. A schematic
of the set-up is shown in Fig. 1a and a photograph of the MT set-
up placed on a confocal fluorescence microscope stage is shown in
Fig. 1b.

3. Results

The data obtained with the M270-FL-TR and the M270-OG-TR
particles are comparable to the data obtained for M270-SNARF par-
ticles. We limit the data presented here to M270-SNARF particles
because these particles rely on a single dye, which simplifies the
assay. Data from the M270-FL-TR and the M270-OG-TR particles
can be found in the supplementary information. The fluorescence
emission spectra of M270-SNARF particles in various pH buffers
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Fig. 2. Fluorescence emission spectra of M270-SNAREF particles in various pH buffer
solutions. The wavelength ranges of the two measuring channels are denoted by the
two dotted boxes.

ranging from pH 3 to 7 are shown in Fig. 2. The ratio of the
intensities of channel 1 and channel 2 is a measure of the pH. The
total intensity for the two channels was calculated by integrating
the intensity between specific wavelength ranges (see Table 1 and
Fig. 2).

CLSM images of fluorescence emission for channel 1 and chan-
nel 2 were acquired by using appropriate band-pass filters. The
ranges of wavelengths of the band-pass filters have been summa-
rized in Table 1. We verified that the shape and size uniformity
of particles was maintained after the dye functionalization proce-
dure (Fig. 3). The M270-SNARF particles remained mono-disperse
in solution. Uniformity of size and shape prevents differences in
uptake and trafficking of the particles due to structural differences
[21,22]. These particles show significant signal in both channels
in the pH range 3-7. Variations in the amount of dye per par-
ticle were evaluated by comparing the fluorescence intensities
for different particles. Particle-to-particle variation in intensity is

Fig. 3. Confocal fluorescence microscopy image of M270-SNARF particles on a glass
substrate recorded for channel 2 (660 nm peak) at pH 5. The image shows that the
magnetic particles remain mono-dispersed and do not show any appreciable change
in their size and structure as a result of their chemical functionalization.

Fig.4. Fluorescence ratio R of M270-SNARF particles in different pH buffers as deter-
mined from fluorescence spectroscopy (crosses)and CLSM (open circles). The grayed
area indicates the relevant physiological pH range for phagocytosis (pH 4.5-6.8).

typically within 20% for both the channels. The variations in fluo-
rescence ratios (as a measure of pH) are found to be much smaller
as will be discussed later.

Fig. 4 shows the fluorescence ratio R as function of the pH as
calculated from both the fluorescence spectroscopy data (for an
ensemble of particles) and the CLSM data (of individual particles).
The results from both methods are in good agreement. The depen-
dence of the observed fluorescence ratio on the pH are similar to
those found in literature for free dye [23,24].

Fig. 5 shows the standard deviation opy in the measured pH as
a function of the pH derived from the expression:

or(pH)
C’pH(pH) = m (1)
where oy is the standard deviation in the ratio R obtained from
the CLSM data and calculated as the particle-to-particle variation,
and dR/dpH is the gradient in the R versus pH plot. The standard
deviation oy reflects the particle-to-particle variation in R mea-
sured at a given pH. The value of opy is smaller than 0.8 at pH 7 and
rapidly decreases with decreasing pH until pH 5.5, where o, <0.2.
The M270-SNARF particles are most sensitive between pH 5 and
6. It is important to note that measurement of pH changes deter-
mined using the fluorescence ratio R obtained for a single particle
is achieved with a much higher accuracy of 0.03, calculated as the
standard deviation of a time series of pH measurements using a sin-
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Fig. 5. Standard deviation o,y as a function of pH for the M270-SNARF particles.
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gle M270-SNAREF particle at pH 7 (data not shown). This means that
the accuracy achieved when measuring changes in pH (e.g. inside a
phagosome during phagocytosis of a single particle) as a function of
time is more than an order of magnitude higher than the accuracy
achieved in absolute measurements of pH.

For live cell experiments, RAW 264.7 macrophages were
allowed to internalize M270-SNARF particles. The subsequent
phagosome acidification was monitored in real-time using CLSM.

Fig. 6a shows a set of time-lapse images (CLSM images of chan-
nels 1 and 2 overlayed on white light transmission image) of an
M270-SNARF particle being phagocytosed by a macrophage (See
Supplementary Information for the full movie). In these images
the (false) color of the M270-SNARF particle is a measure of local
pH. The particle color slowly changes to green, i.e. a decrease in
signal in channel 2 and an increase in channel 1, demonstrat-
ing the acidification of the particles (lower pH). During this time,

Fig. 6. (a) Time-lapse CLSM images of a M270-SNARF particle being phagocytosed by a RAW 264.7 macrophage. The elapsed time between each image is 225 s. The images
shown are an overlap of white light transmission image, CLSM image taken at channels 1 (false color green) and channel 2 (false color pink). The resulting color is indicative
for the ratio R which in turn is a measure of the pH of the phagosome. The observed color change from pink at the first frame to green in the last frame indicates a pH drop
from approximately 6.8 to 5.0. The scale bar corresponds to 5 wm. (See Supplementary Data for full movie). (b) The figure shows a plot of displacement and pH of the particle
as a function of time. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 7. Fluorescence ratio of phagocytosed (open symbols) and non-phagocytosed
(solid symbols) M270-SNARF particles over time. Each curve represents the data
obtained for a single particle. Similar results were obtained for multiple experiments
and only a representative subset of the data has been shown here.

the particle is also seen to move towards the cell nucleus. Fig. 6b
shows a plot of displacement (with respect to the nucleus) and
pH of the particle as a funtion of time. From the figure it is seen
that the particle continues to move even after the acidification
has stopped. Particles that were not taken up by macrophages
did not show any significant change in fluorescence over
time.

Fig. 7 shows some examples of the changes in fluorescent inten-
sity ratio R of M270-SNARF particles as a function of time during
phagocytosis of these particles by RAW 264.7 macrophages. For
comparison, traces of particles that are not phagocytosed during
the experiment are also displayed. The fluorescence ratios R are
normalized such that at the beginning of the experiment the ratio
R=1.The pH of the cell culture medium was determined to be 6.8.
During the assay, some particles are engulfed by macrophages and
are acidified as indicated by the increase in the ratio from R=1 to
R~ 2. The increase in fluorescence ratio corresponds to a decrease
in pH from pH 6.8 to ~4.5. The acidification of the phagosome
takes around 5 min, after which the compartmental pH stabilizes.
The particles which remain outside the macrophages all show a
small increase in the fluorescence ratio which may be most likely
attributed to a small drift in the medium pH or to differential
photo-bleaching between Snarf-4f and the autofluorescence of the
particles. Measurement of the change in pH using M270-SNARF
particles has been carried out on at least 25 different cells. They
all show similar time-dependent reduction in pH. However, the
movement of the particle towards the nucleus varied depending
upon the position on the plasma membrane where the particle gets
internalized.

Next, an external magnetic force was applied on the M270-
SNAREF particle allowing the manipulation of the sensor inside the
cell while simultaneously measuring the local pH. Fig. 8a shows an
example of an M270-SNARF particle that is phagocytosed by a RAW
264.7 macrophage and then moved actively through the cell by the
magnetic tweezers. The pH change inside the phagosome contain-
ing the M270-SNARF particle is monitored simultaneously. In this
example the MT is placed within a distance of 100 wm from the cell
and the applied force is ~100 pN. The average velocity of the par-
ticle during manipulation was measured to be 25 nm/s. In Fig. 8b
the displacement of the M270-SNARF particle and the measured
pH as a function of time is plotted for the example given in Fig. 8a.
Fig. 8b also shows the position of the particle with respect to the
cell. Clearly when the particle/phagosome reaches the cell periph-
ery, the movement is limited by the elasticity of the cell membrane.
However, the amplitude of the force is such that the membrane

Fig. 8. (a) White light transmission microscopy image of a pH-sensing magnetic
particle phagocytosed by a RAW 264.7 macrophage, with an overlay of the particle
trajectory which is color-coded for pH of the phagosome. The white arrow indicates
the direction of the applied force (100 pN) on the magnetic particle by the MT. The
green circle indicates the final position of the particle. At t=0s, the MTis switched on,
at t=14min, the MT is switched off. The dotted white line denotes the cell boundary.
The scale bar corresponds to 5um (See Supplementary Data for the full movie).
(b) Position (solid line) and pH (dashed line) of the magnetic particle (shown in
Fig. 8a) under the application of a magnetic force plotted against time. Insets in
the figure schematically show the position of the bead relative to the cell and the
direction of the applied force at different time-points in the experiment. When the
particle reaches the periphery of the cell (indicated by the horizontal dotted line)
the elasticity of the membrane prevents further displacement of the particle. After
switching off the magnetic tweezers (indicated by the black arrow), the particle is
pushed back by the elastic membrane. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)

deforms. After 14 min, when the MT is switched off, the particle
moves inwards as a result of the elasticity of the cell membrane.
Interestingly the pH appears to further decrease after the particle
is pushed more inside the cell by the elastic forces of the mem-
brane. This suggests that by active repositioning of the phagosome
itis possible to influence the maturation of the phagosome. Similar
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behaviour has been observed in 4 out of 20 phagosomes that were
spatially manipulated.

4. Discussion

We have shown that it is possible to measure a local intracellular
chemical property in a spatially resolved manner while simulta-
neously remotely moving the magnetic particle inside a cell. We
have developed a chemical sensor that can be spatially controlled
by functionalizing magnetic particles with a fluorescent dye sensi-
tive to a particular chemical species. The fluorescent dye allows the
measurement of the chemical property and the magnetic content
of the particle allows for the intracellular manipulation, thereby
together allowing local and spatially resolved chemical sensing.

One of the problems encountered in the fabrication of chemi-
cal sensing magnetic particles is that the magnetic content of the
particle may limit the sensing properties of the dye. For instance,
Anker et al.reported the loss of all pH-sensing capabilities of Snarf-1
when coupled to high magnetic content particles [18]. Further-
more, the fluorescence intensity may be quenched on the surface of
a magnetic core by non-radiative energy transfer or by the strong
absorption of the transmitted light by the core [25]. Also, Liu et al.
showed a large red shift and peak narrowing in the fluorescence
intensity of fluorescein when coupled to magnetic nanospheres
[26]. In our experiments, the match between the measured fluo-
rescence ratios with those reported in literature suggests that that
the pH-dependent fluorescence of Snarf-4f was not influenced by
the coupling of the dye to the magnetic particle [27].

The accuracy of pH measurements of M270-SNAREF is typically
within ~0.3 pH units, whereas the accuracy to measure pH changes
with a single particle is ~0.03 pH units. This accuracy is in the
same order of magnitude as that typically found for Fluorescein
coupled to non-magnetic polymer or silica particles. For instance,
McNamara et al. [28] and Peng et al. [29] reported accuracies of 0.1
and 0.05, respectively. However, these are derived from fluores-
cence spectroscopy measurements on bulk samples. The accuracy
may be further improved by reducing the autofluorescence of the
Dynabeads.

Since the accuracy in measuring pH changes using a single
particle is an order of magnitude larger than the absolute pH mea-
surements, the use of a single particle that can be maneuvered
to different positions within the cell may yield more accurate
data than the use of multiple particles randomly distributed inside
the cell. This observation illustrates one of the advantages of the
approach developed here compared to those that use non-magnetic
sensor particles.

During the process of phagocytosis the particle remains
enclosed in a membrane. However, the sensing particles can
easily be introduced directly into the cytoplasm, nucleus or other
organelles using available techniques like micro/picoinjection,
gene-gun delivery, liposome incorporation, nonspecific or
receptor-mediated endocytosis with surface-conjugated translo-
cating proteins/peptides, and membrane-penetrating TAT peptides
used by human immunodeficiency virus [5].

The particles used in this work are relatively large; however we
have earlier shown that it is possible to magnetically manipulate
much smaller (350 nm) magnetic particles inside a living cell [ 16]. It
should therefore be straightforward to develop magnetic particle-
based chemical sensors using particles of various sizes depending
upon the specific application.

Although here we have used pH as a measurable property, the
principle of using magnetic particles for chemical sensing, as is
demonstrated here, is not limited to measuring pH in phagosomes
alone but can also be applied to sense other analytes. For exam-
ple, a Ca?* sensing fluorescent dye can be attached to the magnetic

particle and the particle can be moved through the cell (both in the
cytoplasm and inside organelles) to measure local calcium concen-
trations. Moreover, multiple dyes sensing different analytes can,
in principle, be attached to the same magnetic particle thus per-
mitting simultaneous measurement of multiple chemical species
provided there is no significant overlap between the spectra of the
dyes.

Besides the measurement of chemical properties at different
sites within the cell, the approach developed here also shows other
promising applications in the field of cell biophysics. One inter-
esting concept is to use the application of force, or the movement
of organelles to interfere with the normal functioning of the cell.
Simultaneously the response of the cell can be monitored. One
possibility is to study the relationship between maturation of the
phagosome and its intracellular position. Phagocytosis involves
the transport of the particle-containing compartment (phagosome)
from the plasma membrane to the cell nucleus. During this normal
movement of the phagosome towards the nucleus, the phagosome
fuses with lysosomes which leads to the acidification of the com-
partment. Currently it is unknown, how important the position of
the phagosome is in relation to acidification. The magnetic nature
of our sensor permits us to alter the movement of the phagosome
towards the nucleus, i.e. retard the movement and keep the particle
at the plasma membrane or accelerate the particle’s movement to
the nucleus. In the future this system could also be used to study
the effect of accelerating or retarding the movement on the rate
of acidification. Additionally these particles could also be used for
studying the chemical response of a cell to mechanical stimulation
or vice-versa, for example with muscle cells that react mechanically
to a change in local chemical concentration.

5. Conclusions

We have successfully developed a new approach that allows
spatially resolved local intracellular chemical sensing using a
hybrid magnetic chemical sensor which can be actively manipu-
lated using magnetic tweezers. As a proof-of-principle we have
moved a pH-sensing magnetic particle inside a living cell while
simultaneously measuring the local pH. In addition it appears to be
possible to actively interfere with the cell function by manipulating
cell organelles with the magnetic tweezers. Finally, we believe that
this method is a promising new tool to study intracellular processes.
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