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Ratiometric pH nanosensors with tuneable pK, were prepared by
entrapping combinations of two pH-sensitive fluorophores (fluores-
cein isothiocyanate dextran (FITC-D) and Oregon Green® dextran
(OG-D)) and a reference fluorophore (5-(and-6)-carboxyte-
tramethylrhodamine dextran (TAMRA-D)), in a biocompatible
polymer matrix. Dual-fluorophore pH nanosensors permit the
measurement of an extended dynamic range, from pH 4.0 to 7.5.

Accurate determination of pH, and particularly its effects on
submicron compartments of cells, is of great interest to the scientific
community.’® Advances in optical technology have driven the
development of tools small enough to characterise diverse microen-
vironments.* Initial efforts were directed towards reducing the
dimensions of analyte sensitive optodes.> However, it was soon
established that the fluorophores at the tip of an optode are all that
are required to make measurements.®® Fluorescent pH polymeric
nanosensors represent an advance that harnesses the benefits of both
pulled optical fibres and free fluorophores, whilst overcoming some
of their inherent weaknesses.>*!

Fluorescent pH polymeric nanosensors are spherical probes, less
than 1000 nm in diameter. They are composed of an inert matrix,
such as polyacrylamide, which entraps, or is covalently bound to
transducers in the form of fluorescent dyes.*'* The matrix shields the
fluorophores from cellular interferents and protects cellular compo-
nents from the dye. Free dyes have been found to interact with bio-
logical components, either triggering cellular toxicity, e.g. as a result
of photoexcitation, and/or hindering sensing capabilities, due to
protein binding."

Polyacrylamide nanosensors typically consist of two fluorophores
that emit at different wavelengths.'* One fluorophore is an indicator
which produces a signal proportional to the analyte concentration. In
contrast, a second fluorophore provides a reference signal, insensitive
to the analyte of interest. The combination of dyes permits accurate
ratiometric measurements to be made.** The fluorescence emission
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can be quantified with the use of analytical techniques such as fluo-
rescence spectroscopy and widefield or confocal microscopy. Due to
their small size, nanosensors can also provide high spatial resolution
when compared to pulled optical fibres.’

pH-sensitive fluorescent nanosensors have previously been repor-
ted,”>'**® however, they are restricted when using commercially
available fluorophores to a defined pK, and a limited pH range of
measurement.” For pH-sensitive fluorophores the pK, is generally
the pH at which the fluorophore shows half its maximal response.
More importantly, the pK, is the pH at which the fluorophore
exhibits its greatest sensitivity to changes in pH. Therefore, a nano-
sensor which contains a fluorophore that has a pKj, that can be tuned
to a defined pH is highly desirable. For example, being able to derive
maximal sensitivity from a sensor at selected pH would be of great
value when monitoring cellular processes, such as apoptosis where
small changes in pH are thought to be key.?**

Typically a pH-sensitive fluorophore responds in a sigmoidal
manner to changes in pH, allowing the dynamic range and detection
limit of the fluorophore to be determined. For a pH-sensitive fluo-
rophore the dynamic range can be considered as the pH range
between its minimal and maximal response. Whereas, the detection
limit is the pH between the intersection of the lower and upper
asymptote and the linear portion of the calibration curve.® The
detection limit has predominantly been used to characterise the
measurement range for ion-selective electrodes and in some cases
optodes. 2

It has previously been reported that chemical sensors using
a combination of absorbance based pH-sensitive dyes give optodes
with an extended range of pH measurement®2’ and indeed this is the
principle behind Universal Indicator Solution.?® Using an analogous
approach we have applied this theory to fluorophore based pH
measurements where we have immobilised two pH-sensitive fluo-
rophores within a polyacrylamide nanoparticle to produce
a pH-sensitive nanosensor with extended measurement range and
tuneable pK,.

Combinations of pH-sensitive fluorophores, fluorescein iso-
thiocyanate dextran (FITC-D) and Oregon Green® dextran (OG-D),
and a reference fluorophore 5-(and-6)-carboxytetramethylrhodamine
dextran (TAMRA-D) were immobilised in an acrylamide based
nanosensor matrix. OG-D and TAMRA-D were synthesised
through conjugation to amino dextran 10 000 My, with succinimidyl
ester forms of the fluorophores prior to entrapment.? Dynamic light
scattering of the nanoparticles showed a single distribution centred at
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Fig. 1 Normalised ratiometric calibration curves for nanosensors con-
taining varying OG-D:FITC-D percentages and incorporating TAMRA-
D as a reference. Percentage of FITC-D, with respect to OG-D, is
increasing from the left. The calibration curves are fitted to a sigmoidal
function each with R? values greater than 0.99 (see the ESIt for further
details).
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Fig. 2 (a) Normalised second derivatives of calibration curves for
nanosensors containing varying OG-D:FITC-D and incorporating
TAMRA-D as a reference. (b) Graph illustrating the change in pK, and
effective dynamic range with increasing proportions of FITC-D, with
respect to OG-D. The effective dynamic range is fitted to a linear plot
with a R? value of 0.98. Error bars represent standard error mean (n = 3).
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Fig. 3 Emission (a) and calibration curves (b) for FITC-D, OG-D (1 : 1
ratio) and TAMRA-D nanosensors. Excitation/emission of FITC-D and
OG-D at 488 nm/520 nm and TAMRA-D at 540 nm/577 nm. The cali-
bration curve is fitted to a sigmoidal function with a R* value of 0.99 and
pK, of 5.5 (see the ESIf for further details). Error bars representative of
the standard error mean fall within the data points. (c) Residual errors of
sigmoidal fit.

a diameter of 40 nm, in agreement with previously published data (see
the ESIt for experimental details).'>3

The tuning of pK, was demonstrated by varying the initial
concentrations of FITC-D and OG-D during the preparation of
nanosensors. Fig. 1 shows the change in pH calibration curves as the
OG-D:FITC-D percentage is varied through successive increases in
FITC-D concentration. This change is accompanied by an increase in
the pK, for the nanosensors, from 4.8 to 6.4, corresponding to
a change from OG-D to FITC-D. These values are comparable to
previously reported pK, solution values for Oregon Green® and
fluorescein of 4.7 and 6.4, respectively.®

Taking the second derivative of the sigmoidal pH response curve
allows improved visualisation of the dynamic range of pH
measurement, Fig. 2a. The effective dynamic range, the region where
the pH response is most sensitive to changes in pH, is the pH range
between the maxima and minima points in the second derivative
curve. Using this approach, nanosensors consisting of a single pH-
sensitive fluorophore, only OG-D (0% FITC-D) or FITC-D (100%
FITC-D), have an effective dynamic range of approximately 1.15 pH
units, Fig. 2b. Whereas, for nanosensors containing both FITC-D
and OG-D fluorophores combined in a 1:1 ratio the effective
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dynamic range is maximised, to 2.01 pH units. Therefore, through
careful selection of the ratios of FITC-D to OG-D, the pK, can be
tuned to create a nanosensor with maximal sensitivity at a desired
pH, Fig. 1, and an extended pH measurement range, Fig. 2a.

Nanosensors containing both FITC-D and OG-D, ina 1 : 1 ratio,
have overlapping emission curves, which peak at approximately 520
nm and increase in intensity when the pH is increased from 3.5 to 8.0,
Fig. 3a. Using TAMRA-D as a reference dye, ratiometric measure-
ments can be made over the range of pH 4.0 to 7.5, Fig. 3b.

In conclusion, fluorescent nanosensors with tuneable pK, and size
of approximately 40 nm have been demonstrated. When FITC-D
and OG-D were combined in a 1 : 1 ratio and immobilised within the
nanosensors the effective dynamic range was extended to 2.01 pH
units as opposed to 1.15 pH units for sensors containing the indi-
vidual fluorophores. We believe tuneable nanosensors will be of great
value when applied to biological systems where nanosensors can be
designed to have a specific pK,, so that sensitivity in a narrow pH
range can be maximised. Additionally, the development of sensors
with an extended dynamic range will enable simultaneous measure-
ment of both cytoplasmic and endosomal pH, potentially eliminating
the need to perform multiple experiments with more than one type of
nanosensor containing different pH-sensitive fluorophores.
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