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Hydrogel nanoparticles (nanogels) are appealing probes for
use in chemical and biochemical sensing because of their
stability, biocompatibility, and softness."! Nanogels have been
reported™? for detection of several analytes, but mostly for
the macrorealm. Recently, fluorescent nanogels have been
reported® that are capable of transducing volume changes
into a change in fluorescence intensity, and nanoscale sensing
of temperature in the cytoplasm of living cells was demon-
strated.” Fluorescence is by far the most powerful method for
detecting the cellular dynamics of low-molecular-weight
species, including protons (pH), oxygen, and ions such as
calcium(IT) and chloride.””! Most sensing methods, including
those based on microscopy, are based on the measurement of
fluorescence intensity. Unfortunately, single-intensity-based
sensing is compromised by the local distribution of probes,
which often bind to proteins, and by drifts of light sources and
detectors. More robust signals can be obtained by two-
wavelength ratiometric methods, amongst others."! Herein we
present the first ratiometric fluorescent nanogel capable of
sensing pH values in the physiological range, that is, from six
to eight. It can be prepared rather simply from an inert but
biocompatible polyurethane polymer that was made pH-
sensitive by loading it with the pH indicator bromothymol
blue (BTB). Furthermore, it was rendered fluorescent by
addition of two standard fluorophores that undergo efficient
fluorescence resonance energy transfer (FRET) inside the
nanogel. The fluorophores coumarin 6 (C6) and Nile Red
(NR) were chosen to give a dual (green and red) fluorescent
signal that can be easily ratioed.

The nanogel (NG) was obtained by a modified reprecip-
itation method™® (see the Experimental Section). In essence,
an ethanol solution of a hydrogel containing both hydrophilic
and hydrophobic domains was dialyzed against water. As a
result, the polymer chains rearrange to form a three-dimen-
sionally stable nanostructure!!! based on mainly hydrophobic
interaction. The optical probes used in this work are then
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entrapped into this network. The polyurethane chosen is well-
suited for making such NGs because it contains both hydro-
philic and hydrophobic domains, is optically transparent
down to 300 nm, commercially available, and widely used in
medicine and in contact lenses. Importantly, the volume of the
NG particles is hardly affected by pH, which is mandatory
with respect to the efficiency of FRET and in terms of in vivo
sensing as it will not disturb cellular activities.”! Figure 1
shows a model of the chemical composition of such a NG-
based pH sensor bead.

“B o\ Polyurethane

@® Bromothymol Blue

d

® Nile Red

® Coumarin 6

Figure 1. Model of the ratiometric pH sensing nanogel used in this
work. Nile Red and coumarin 6 are located, on average, within the
distance over which FRET can occur (typically <10 nm) in the nanogel.
In contrast, no FRET is observed if the two fluorophores are placed in
plain aqueous solution.

The sensing capability of the NG architecture described
herein relies on two specific features. The first is the spectral
overlap of the absorption of the pH indicator BTB with the
dual emission of the fluorophores C6 and Nile Red (Fig-
ure 2a). The second feature is the efficient FRET (predom-
inantly red fluorescence at pH 7) that occurs between C6 and
NR in an aqueous suspension of NG, but not in aqueous
solution alone where they are too far apart (Figure 2b). The
mechanism of the pH-dependent FRET can be explained on
the basis of the spectra (Figure 2a). Upon photoexcitation of
C6 at 440 nm, green fluorescence is induced, with a peak at
520 nm, but part of the emission is transferred to Nile Red by
FRET. The red fluorescence of Nile Red (NR) resulting from
FRET has a peak at 620 nm. Sensitivity to pH is imparted
because BTB is yellow at pH values of less than 6, with an
absorption peak at around 435 nm. Therefore, a good fraction
of the green emission of C6 (the energy not transferred to
NR) is absorbed by the yellow form of BTB (present at low
pH), whereas the FRET-induced emission of NR is preserved.
In fact, the red fluorescence of NR is easily visible and
detectable (Figure 2b). At pH values above 8, however, BTB
is blue, with an absorption peak at 628 nm that strongly
overlaps the red emission of NR. As a result, it absorbs most
of the red fluorescence of NR. Correspondingly, the visible
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Figure 2. a) pH-dependent absorption of bromothymol blue in aque-
ous solution at pH 5.0, 7.0, and 9.0 (gray curves), and absorption and
emission spectra of coumarin 6 (C6) and Nile Red (NR) in ethanol.
b) The green fluorescence of a mixture of C6 and NR in ethanol/water
solvent (left), and the same components in the nanogel (NG) in
aqueous suspension under 365 nm illumination (right).

fluorescence of the NG is dominated by the green fluores-
cence of C6.

To elucidate the sensing mechanism, three model polyur-
ethane NGs were prepared and studied. The first (model NG-
1) contains BTB and coumarin 6 (C6) only, the second (model
NG-2) BTB and Nile Red (NR) only, and the third (model
NG-3) C6 and NR only. The results (Supporting Information,
Figure S1) underpin the FRET-based sensing mechanism
(including optical filter effects). The pH-dependence of the
fluorescence of model NG-1 (BTB/C6) is similar to that of the
pH-sensing nanogel. Its emission (peaking at 500 nm)
increases with pH (Supporting Information, Figure S1a),
and is ascribed to pH-dependent changes in the absorption
of BTB as discussed above. The competition in the absorption
at around 420 nm between C6 and BTB may play a role in the
enhancement of C6 emission but is insignificant in compar-
ison to the decrease in the reabsorption of the C6 emission.
Otherwise, the fluorescence intensity of model NG-2 (BTB/
NR) at 450 nm excitation would increase initially with pH,
then decrease. In fact, the 620 nm emission does not show
such an effect (Supporting Information, Figure S1b). There-
fore the pH sensitivity of the pH nanogel solely arises from
the pH-dependent reabsorption of the fluorescence of C6 by
BTB. The ratio Irgy):lrso of the model NG-3 (C6/NR)
remains virtually independent of pH (Supporting Informa-
tion, Figure S1c).

The ratio of the three dopants in the gel was empirically
optimized under the following considerations: 1) doping
should not impair the collapse and cross-link of the polymer,
and hence the formation of the NG, and 2) the ratio of the
indicator BTB to C6 and to NR should result in emissions of
comparable intensities. In the optimized system, the ratio of
the fluorescence intensities at 620 and 520 nm is about 1.0 at
pH 7.4. Transmission electron microscopy images (Support-
ing Information, Figure S2) reveal that the dried NGs have a
well-formed spherical shape, with diameters ranging from 20
to 30 nm. In aqueous suspension, however, the hydrophilic
NGs possess a much larger hydrodynamic diameter (137 nm),
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as revealed by dynamic light scattering (Supporting Informa-
tion, Figure S3).

Fluorescence emission spectra of the NGs at various pH
values under 450 nm excitation are shown in Figure 3a. The
peaks at 500 nm and 620 nm are assigned to C6 and NR,
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Figure 3. a) Fluorescence spectra of the ratiometric pH-responsive
nanogels (NGs) at 450 nm excitation at pH values of 4.92, 5.29, 5.91,
6.24, 6.47, 6.64, 6.81, 6.98, 7.38, 7.73, 8.04, 8.34, 8.67, and 9.18. b) pH
calibration plot of the ratiometric NGs. The experimental data (e)
were calculated from the ratio of the fluorescence intensities at

620 nm and 500 nm. The line is a fit of the function given in the
Supporting Information, Eq. (1), and yields an apparent pK, of 7.64.

respectively. There is a very strong and inverse change in the
dual emission with pH: the emission of C6 increases with pH,
whereas that of NR decreases. This effect is quite favorable in
that the ratio of the two intensities can be measured and
related to pH. The ratio of emission intensities of NR (at
620 nm) and of C6 (at 500 nm) versus pH is plotted in
Figure 3b. An almost ninefold change in the ratio (from 3.5 to
0.4) is observed on going from pH 5 to pH 9. The pK, value of
BTB in the NG was determined to be 7.64 at 22°C.
Interestingly, the pK, is higher than in water (6.8 at
25°C),!" but lower than in plain hydrogel (8.8 at 22°C).1

Ratiometric fluorescent nanoparticles (not NGs) have
been reported before that are capable of sensing intracellular
pH. They can be classified according to their action: In the
first category, the ratio arises from the signals of a pH-
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sensitive probe and a pH-insensitive reference fluoro-
phore;[*1% in the second, the signal ratio arises from two
inversely varying bands.'” If part of a FRET system, they are
critically sensitive to the distance of the fluorophores
involved. This distance can vary, irrespective of a constant
pH value, in the order of 10 m for various reasons,
including changes in conformation, ionic strength, and
bivalent metal ions.'¥ In the pH-sensitive NGs reported
herein, the probes are located inside the polymer matrix. pH-
dependent swelling is another cause for erroneous results
when sensing pH. Remarkably, the hydrodynamic diameter of
the NG used in this work in buffer solutions of pH 4.9 and
pH 9.2, respectively, is 127 and 132 nm, which is approx-
imately the same as in aqueous dispersion of pH 7.0 (137 nm).

The response of the pH-sensing NG towards changes in
pH is in the order of several seconds, obviously because of its
small size and high hydrophilicity. The reproducibility of the
fabrication of the NGs is excellent, as demonstrated by
determining the pK, values of several batches. Plots of the
ratio Jre):lris0y (Supporting Information, Figure S4) are
almost identical and yield very similar pK, values. The NGs
are also quite stable in aqueous suspension. The average
hydrodynamic diameter of a one-month-old sample
decreased to 125 nm (that is, it decreased by 11 nm; Support-
ing Information, Figure S3, right). Moreover, only minimal
dye leakage is found after a period of one month (Supporting
Information, Figure S5). On the other hand, on cycling from a
rather low (4.98) to a rather high (9.18) pH value results in
signal drift and a decrease in relative signal change (Support-
ing Information, Figure S6), which is probably a result of
leaching of BTB from the NG.

The storage stability at near-neutral pH values is assumed
to result from several effects, and may partly result from
hydrophobic interaction between the hydrophobic chain of
the polymer and doped molecules, similar to that in other
hydrogels."! In addition, hydrogen bonding will contribute to
the attractive forces in the NGs, mainly because of the
presence of hydroxy, imino, and phenol groups in the
hydrogel and in BTB, and because of the hydrogen-accepting
nature of the heterocyclic dyes.!""'?! Dye loading of hydrogels
based on hydrophobic interaction alone usually results in low
loading capacities!'”! and leaching.!

The NGs were introduced into living epithelial normal rat
kidney (NRK) cells grown on glass slides to demonstrate the
feasibility of intracellular sensing of pH. Particle uptake was
achieved by exposing the cells to the NG particles for 24 h. A
good fraction of the particles was actively incorporated by the
cells, presumably by vesicular uptake mechanisms. Extracel-
lular NG particles were then washed off prior to microscopic
inspection. The micrographs in Figure 4 show an optical x,y
section through the center of the cell bodies. The particles are
localized inside the cytoplasm but not the nucleoplasm. The
inhomogeneous distribution of particles indicates an accu-
mulation in intracellular organelles, such as the endoplasmic
reticulum or the Golgi apparatus (see the arrows in Fig-
ure 4a).

The cells were imaged in physiological buffer of pH 7.4.
The fluorescence of the two fluorophores (coumarin 6 in
Figure 4a; Nile Red in Figure 4b) were recorded separately
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Figure 4. Fluorescence micrographs of NRK cells incubated with a

pH 7.4 buffer and loaded with the pH-responsive nanogel. a) Fluores-
cence of the coumarin dye (C6) acquired in the green channel (scale
bar=20 pm); b) fluorescence of Nile Red acquired in the red channel;
c) overlay of (a) and (b).

using individual excitation and emission filters. It should be
noted that the efficiency of FRET (and thus intracellular pH)
cannot be recorded with this experimental setup. The overlay
of the two images (Figure 4c) reveals perfect co-localization
of the fluorophores inside the nanogel particles.

In conclusion, the first ratiometric fluorescent NG for
sensing pH is presented. It can be easily prepared and made
pH-responsive by addition of a pH probe and a ratiometric
FRET system. We expect that this approach is applicable to
the construction of various other kinds of sensing NGs by
replacing the respective indicator dyes (probes) by indicators
for other ions, provided they have appropriate spectral
properties. Thus, this approach is likely to have a wide
scope in terms of intracellular chemical sensing.

Experimental Section
For details of the instruments and materials used, see the Supporting
Information.

Preparation of the sensing nanogel: The pH probe bromothymol
blue (BTB; 0.4 mg), and the dyes 7-diethylamino-3-benzothiazolyl-
coumarin 6 (C6; 0.4 mg) and Nile Red (NR; 0.04 mg) were co-
dissolved in 20 g of a 500 ppm solution of the polyurethane hydrogel
(PU) in an ethanol/water (9:1, v/v) mixture. The resultant ratio of PU/
BTB/C6/NR is 200:4:4:0.4 (w/w). The mixtures were thoroughly
stirred for 1 h, then dialyzed against distilled water for 24 h, with an
interval of 2-3h to exchange the water. Finally, the aqueous
dispersion of the nanogel was filtered through a 0.2 um filter to
remove large aggregates. The resultant suspension was used in further
experiments (including spectral characterization, TEM, dynamic light
scattering, studies on effects of pH and ageing, and with model
nanogels 1, 2, and 3).
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