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ABSTRACT

We describe the synthesis and characterization of sodium-selective polymeric nanosensors that improves upon the lifetime and size of previous

fiberless nanosensors. Sonication is used to form the polymer nanospheres that contain all the components needed for ion sensing. Even
though the size is small (approximately 120 nm), the lifetime of these sensors in solution is on the order of a week. The surface coating has
also been optimized for stability, biocompatibility, and ease of chemical modification.

Much of our knowledge of intracellular ion signaling has lifetimes in solution, and were slightly large for intracellular
focused predominantly on calcium, indisputably important work, ranging from a reported 500 nm tqin in diametef?

in many of the fundamental processes of liféhe advent In this study, we describe the synthesis and characterization
of molecular probes for imaging calcium in single cells of jon-selective polymeric nanosensors that improve upon
provided information on spatial dynamics that would not the lifetime and size of previos 2 liquid polymer nanosen-

otherwise have been attained with other ion measurementsqgrs. Our goal was to make the system easier to produce in
techniques such as whole cell patch-cladfipn addition,  the |aboratory, lengthen the lifetime of the sensors in solution,
high-throughput analysis, essential for drug screening, hasang make the whole sensor smaller. We use three basic
also been made possible through the use of these ptébes. components in our system; molecular indicators that make

Since indicators available for other physiological ions, such he jon-extraction principle work, a plasticized polymer
as sodium and potassium, have not found the same utility, matrix, and a biocompatible coating.

the question remains as to the importance of these ions in
signaling. We know that sodium and potassium are essential
in the beat of the heart and the firing of a synapse, but little
is known about their spatial dynamics, with only a few
instances of hot spots or channel clustering being repéfted.
Fluorescent nanosensors, or PEBBLES, were first created
to extend the range of fluorescent indicators that could be
used for intracellular measurements by creating a biocom-
patible shell around the dy&8.The real power of particle-

The core of the sensor is composed of a standard optode
matrix, which contains plasticized poly(vinyl chloride),
chromoionopore, ionophore, and a negative lipophilic addi-
tive. The nanosensor was made more biocompatible and
stable in aqueous solution by including a surface modifier
that coats the nanosensor. The modifier is an amphiphilic
molecule that readily inserts into the hydrophobic sensor,
leaving the hydrophilic, biocompatible component on the
outside of the sensor exposed to the agueous environment.
Iilhe sensors are formed by addition of the optode in a 50:50

ion-selective optodes were first introduced by the Kopelman solution of tetrahydrofuran and dichloromethane to an

groupi® 2 These elegant sensors combined the versatility of . . o

; . . : ; , .. aqueous solution under intense sonication. The surface

ion-selective optical sensors with the size and biocompatibi- T . . . )
modifier is dissolved in the aqueous solution and inserts into

lity requirements of intracellular ion measurements. The bene—the nanosensor durina formation. Fiqure 1a shows an
fits of the decyl methacrylate-based nanosensors were. 9 - g

numerous; they were submicron, spherical, fluorescent, and'dezl.'f.zed _:_nrwlage (;f the naOrI!?sensordc_oalfd W'trl] Fhe sPuI;fgce
exquisitely selective for the ion of interest. In addition, the Ir'n(')d ' ;1er. € sutrhace modiier lljsed n |glIJ|reTh IS E'I't f
range of measurement was tunable to maximize sensitivity at 'pid, NOWEVET, others were explored as well. 1he aoility 0

physiological ranges. The only drawbacks were that these earlyghe I|p|dtta[[I totlr:]sert |n.tt())'|.tthe ?anr(;sensor;p d igm?m fs tta ble
sensors were time-consuming to make, suffered from short emonstrates the possibiity of surtace moditication for future
experiments. Theoretically, any chemistry linked to a lipid

* Corresponding author. E-mail: hclark@draper.com. tail could be attached to the surface of the nanosensor.
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was not drastic, but was expected as a greater amount of
PEG-lipid coated more surface area of the nanosphere. It
was observed that nanosensors with no coating aggregated
due to hydrophobicity of the polymer so a zero PEG-lipid
concentration was not included in these studies. Both size
and zeta potential show an exponential decay response to
T LT increasing amounts of PEG-lipid. The size of the nanosensors
B Diroct o 100 remained constant past 20@), while the zeta potential
a b E—e s became constant just beyond that concentration. At:2P0
. ] of PEG-lipid, the nanosensors were optimally coated and
Figure 1. Poly(ethylene glycol) coating of the nanosensor. () A remained separated in an aqueous suspension. Stability of
cartoon depiction of a nanosensor coated by PEG-lipid molecules. . . .. .
The lipid tail of the molecule inserts into the nanosensor leaving the nanosensors in solution, the critical determinant when
the PEG group to stabilize the sensor in an aqueous solution. (b)considering coatings, was analyzed by measuring the size
A TEM image of a PEG-lipid coated nanosensor. The nanosensorof the sensors 2 days after formation, Figure 2b. At this time,
is ~180 nm, which is approximately one standard deviation of the sjze of the nanosensors significantly increased at the lower
average nanosensor size. concentrations of PEG-lipid. However, at 200, the size
remained fairly constant. The slight increase may be due to

Dynamic light scattering was performed to analyze the further incorporation of PEG-Iipid into the nanosensor, but
size and distribution of the nanosensors. The average sizdN€ Sensors showed no signs of aggregation. We found no
using 200ug of PEG-lipid as the surface modifier was 123 further size changes in the stable suspensions after 2 days.
+ 44 nm, as measured with a particle sizer. The technique ©On the basis of these results, 209 of PEG-lipid was used
was consistent, with an RSD of 2.4%. All sensors were 85 the surface modifier throughout the rest of the experiments
smaller than 220 nm, after filtration through a standard filter UNIess it is otherwise noted.
to remove larger particles. TEM images were obtained in  The relative amounts of the individual components neces-
order to confirm the size, and an example of a 180 nm sary for the optode to function were altered until an ideal
particle is shown in Figure 1b. Currently, we have no size response curve was generated. The component concentrations
tunability, although conceivably changes in the solvent ratio were derived from previous publications using similar
used could give us some small degree of control. Other components and theoretical values found from established
experiments, shown below, confirmed that the nanosensorsequations defining optode functid#.'> The ratios of the
are stable in an aqueous solution and do not aggregate. components control the concentration range of the nanosen-

The amount of surface modifier necessary to achieve sors as well as the resolution within this range. In this case,
stability in solution was analyzed. PEG-lipid was added the nanosensors were designed to monitor sodium at physi-
during the formulation of the nanosensors at different ologically relevant levels. The intracellular sodium concen-
concentrations, and the diameter and zeta potential weretration is roughly 10 mM for most cells. Therefore, a sensor
determined, Figure 2a. Both the size, reported in diameter, with a half-maximal response centered on this value will have
and the zeta potential increased as more PEG-lipid wasa higher resolution at physiologically relevant concentrations.
added. The zeta potential, a measure of surface chargeThe composition used for these sensors produced a concen-
became more negative, and therefore the nanosensors becantetion range with a half-maximal response ©20 mM,
more stable in the aqueous solution. The increase in sizedetermined by fitting a sigmoidal curve to the data plotted
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Figure 2. The size and zeta potential of the nanosensors were determined with varying concentrations of PEG-lipid. (a) The size (squares)

is reported as the diameter of the nanosensor and the zeta potential (triangles) is reported in millivolts. Both represent an average and
standard deviation of three separate batches. (b) The change in size of the nanosensors 2 days after formation. The data represent an
average plus standard deviation of three measurements from one batch of nanosensors at each PEG-lipid concentration. Data are shown as
percent change of the diameter of the nanosensor from day 0 to day 2.
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average and standard deviation of five calibrations over the

1.0 course of 8 days from one batch of nanosensors and were
repeatable through multiple batches.
0.8 Here we define the resolution of the nanosensors to be

the change in sodium concentration from the intracellular
concentration capable of producing a 1% change in fluores-

o cent signal on the instrument with which the sensors were
O calibrated. This value correlates to the steepness of a linear
T 04 fit of the calibration curve at 10 mM sodium and is a good

% indication of the ability of the nanosensors to detect relevant

0.2 % concentration changes resulting from sodium signaling. The

resolution of the sensor in this range, based on a sigmoidal

0.0 curve fit to the data, is 370M. As a physiological point of

reference, astrocytes have been reported to produce changes
s 4 s 8 7 8 of 20—30 mM in sodium concentratiof§.Other cells do not
produce such drastic concentration changes; however, the
sensors are capable of providing spatial resolution when used
Figure 3. The response of the nanosensors to sodium. The With microscopy, allowing localized sodium responses that

nanosensors were diluted in a buffered solution and subsequentare higher than total cell sodium concentrations for excitable
additions of sodium were made to obtain the calibration curve. The g||s.

data are represented as-la, wherea = (Imax — Inatp)/(Imax — : . . . .
Imin), ina- IS the intensity (excite 570, emit 680) at the concentration The dynamics of sodium S|gnallng of cells are quite-fast
of sodium being measured amg, and | are the intensities at ~ sodium channels open for mere milliseconds. Thus, to follow

zero sodium ash 1 M sodium, respectively. A theoretical response a channel opening in real-time, both the sensor response time
curve is also shown (solid black line). The data shown were obtained gnq the instrument acquisition time must be kept small.

from the nanosensors during 8 days after formation and represen . .
the average and standard d%viatioyn of five separate calibr;tions. tBecause of the.small S|ze.of the seqsorﬂo nm diameter),
the response time to sodium is estimated to be on the order
of microsecond$?'” To obtain fast acquisition times, it is
not realistic for the instrument, such as a confocal micro-
scope, to make a ratiometric measurement because the time
it takes to switch between two wavelengths can be cumber-
= (Imax — Inar)/(max = Tmin) (1) some and dividing the emission onto multiple detectors
reduces the signal-to-noise, a critical parameter when acquir-
wherela+; is the intensity at the concentration of sodium ing rapidly. Thus, while a ratiometric calibration gives
being measured anig, and s are the intensities at zero  comparable calibrations and is superior for a quantitative
sodium ad 1 M sodium, respectively. The theoretical Measurement, for our purposes, we chose to calibrate using
response curve for the nanosensors is also plotted in Figure2 single wavelength.
3; this is based on an equation described previously by The nanosensors were also tested in parallel for selectivity
Tsagkatakis et dPf The data were generated by taking the over potassium. Potassium is much more prevalent inside

log aNa*/aH+

in Figure 3 (fit curve not shown). The data are represented
as 1— a, as previously defined b¥
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Figure 4. Lifetime of the nanosensors and the effects of component leaching. The lifetime was determined by running calibrations on the
nanosensors over the course of 8 days. Two surface modifiers were used; total brain ganglioside (squares) and PEG 550 lipid (circles). (a)
The intensity values (excite 570, emit 680) obtained at a sodium concentration of 10 mM were compared to the original intensity of the
nanosphere at day 0 and plotted. The values were extracted from the calibration curve generated for each experiment. (b) The intensity of
the sensors at baseline, or zero sodium. The degree of chromoionophore leaching was determined from this plot.
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the cell ¢~~140 mM) than sodium. However, addition of 144

potassium showed no measurable response up to 1 M. In
other words, the nanosensors are completely selective for
sodium over potassium for intracellular concentrations. A 14
similar result was previously shown in a study using the same l
sodium ionophore in plasticized PV€The selectivity for 1
sodium over potassium in that case was 2.5 orders of§
magnitude. This would be just barely detectable in the > 067
concentrations that were explored and confirms the selectivity
determined here.

One of the major improvements of the sensors demon-
strated in this study is the lifetime in solution. Optodes are
prone to component leaching, which limits the ability to
respond accurately and repetitivéfyAs the size of the
optode becomes smaller, the surface area to volume ratio_. . I

Figure 5. Biocompatibility of the nanosensors. The nanosensors

!ncreases and the. 'am(.)unt of component leaching alfsowere incubated with HEK 293 cells in culture and an MTT assay
increases. The additive is the component that most readilyyas performed 24, 48, and 72 h postincubation. The experiments
leaches due to its lower lipophilicity. Other additives were were carried out in groups of 8 for control, nanosensors, gold
explored but were unable to produce better results. Figurenanoparticles, and fluospheres. The data were compared to the
4a shows the ability of the nanosensors to produce repeatablé;ontm' for each time series and the average and standard deviation
. . were plottedp < 0.01 compared to control denoted By

responses to sodium concentration over the course of 8 days
in solution. Initially, there was a slight decrease in the _ o
response at 10 mM, but for the PEG-lipid coated nanosen-Served well as a negative control for the assay, giving an
sors, the decrease leveled off and the sensors produced thidication of assay robustness.

same response. Interestingly, coating the sensors with a [N summary, we present here an improved model for an
different surface modifier, total ganglioside extract, did not intracellular sodium nanosensor based on optode technology.
prevent leaching, perhaps indicating that the synthesizedThe sensors were tuned to achieve an ideal response to

PEG_||p|d provides a barrier that allows the sensors to retain intracellular sodium concentrations. They have a lifetime in
the components after the slight initial loss. solution of over a week and were shown to be biocompatible.

The original intensity of the sensors does not change overFuture .work VY'" explore the uses of these sensors n
time for the PEG-lipid coated nanosensors, Figure 4b. This measuring sodium responsein cells. Thes‘? New sensors will
implies that the chromoionophore itself is not leaching out allow intracellular sod!um mea_surements_5|mllgr to 'Fhose of
of the sensor. However, the sodium concentration required caImur_n, thus advancing the field of sodium signaling and
to achieve half-maximal response slightly decreases over thedeteCt'On‘
time period, shown in Figure 4a. This is reflected by the
standard deviation seen in Figure 3 as well. Therefore, one
of the components is slightly leaching, and the change in
the response over time indicates that it is indeed the additive.
The slight degree of additive leaching that is seen, however,
is not as destructive as it might be imagined. In most cellular
ion measurement experiments, a calibration is performed at
the end to allow the conversion of fluorescent signal to ion
concentration. This procedure would eliminate the effects
of the minor leaching that occurs when the sensors are usetReferences
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over extended periods of time.

The nanosensors in this study also showed ideal biocom-
patibility. The cytotoxicity was determined by incubating the
nanosensors overnight with HEK 293 cells and measuring
the degree of cellular injury with an MTT assay. These results
were compared to other nanoparticles and are shown in
Figure 5. The sodium nanosensors show no cellular toxicity
compared to controls over the course of 72 h after incubation.
This result is also seen for 100 nm diameter gold nanopar-
ticles, which were used as a positive control due to their
generally accepted biocompatibility. Twenty nm latex spheres
were used as a negative control for the assay. The 100 nm
spheres of the same variety and surface chemistry showed
no negative effects and thus were not shown. This size effect
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