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A hydrogel based nanosensor with an
unprecedented broad sensitivity range for pH
measurements in cellular compartments

M. Zhang,“*“ R. V. Sendergaard,** E. K. P. Kumar, J. R. Henriksen, D. Cui,’ P.
Hammershgj,% M. H. Clausen,” and T. L. Andresen®

Optical pH nanosensors have been applied for monitoring intracellular pH in real-time for about tw~
decades. However, the pH sensitivity range of most nanosensors is too narrow, and measurements th 't
are on the boarder of this range may not be correct. Furthermore, ratiometric measurements of acidic
intracellular pH (pH < 4) in living cells are still challenging due to the lack of suitable nanosensors. n
this paper we successfully developed a multiple sensor-fluorophore based nanosensor with an
unprecedented broad measurement range from pH 1.4 to 7.0. In this nanosensor, three pH-sent -~
fluorophores (difluoro-Oregon Green, Oregon Green 488, Fluorescein) and one pH-insensiti -
fluorophore (Alexa 568) were covalently incorporated into a nanoparticle hydrogel matrix. With «..»
broad range quadruple-labelled nanosensor all physiological relevant pH levels in living cells can be
measured without being too close to the limits of its pH-range. The nanosensor exhibit. .

susceptibility to interference by other intracellular ions at physiological concentrations. Due to -
positive surface charge it is spontaneously internalized by Hela cells and localizes to the lysosome-
where the mean pH was measured at 4.6. This quadruple-labelled nanosensor perform accur: e
measurements of fluctuations of lysosomal pH in both directions, which was shown by treatment with
the V-ATPase inhibitor bafilomycin A; or its substrate ATP in Hela cells. These measurements indica.e
that this novel quadruple-labelled nanosensor is a promising new tool for measuring the pH of acic ¢

compartments in living cells.

Introduction

In eukaryotic cells, compartmentalization provides distinct and
functionally specialized pH environments separate from the
cytosol, and pH is part of regulating the function of organelles
and proteins. For example, the acidic pH of lysosomes is
involved in the degradation of biomolecules like proteins and
nucleic acids."* In mitochondria the difference in pH across the
inner membrane is utilized to store energy.’ Furthermore, the
fluctuations of intracellular pH in living cells are recognized as
a cellular regulator involved in diverse physiological and
pathological processes, such as controlling the conformation
and function of proteins,* cell proliferation and cell cycle
progression.’ It has also been shown that the low extracellular
pH often observed in tumour environments is a result of
increased glycolysis in the cancerous cells and that the ability to
survive this low pH is linked to tumour growth.*” Thus, real-
time accurate quantification of the pH distribution and

This journal is © The Royal Society of Chemistry 2013

fluctuations in living cells will further advance o «
understanding of dynamic cellular processes.

Today, many pH-sensitive fluorescent indicators are identifie '®
and optical monitoring of intracellular pH has conventionally
been obtained by loading cells with these free dyes, ther
detecting single fluorescence intensity,”'® but great effort hav.
been made to develop ratiometric fluorescent pH
nanosensors.'' ' The main advantage of measuring pH by u e
of ratiometric sensors is the elimination of the influence of tue
local concentration of the pH-sensitive fluorophores, which s
otherwise impossible to control. Generally ratiometric
nanosensors can be based on various matrices like silica,
polymers, quantum dots and carbon nanotubes.'>'® Th_,
covalently incorporate two or more fluorophores, usually i
pH-sensitive and one pH-insensitive, to provide the ratiometr .
properties.'” But also nanoparticles based on two fluorophor. s
with opposing pH sensitivities'® provide ratiometric properti
as well as sensors based on fluorescence resonance eners

transfer (FRET).' Generally, the nanoparticle matrices exhibit
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excellent biocompatibility and shielding of the fluorophores

intracellular 20

from components like large proteins.
Furthermore, the covalent conjugation of the fluorophores
provides full control of the fluorophore ratio and thereby the
nanosensor emission ratio. Positively charged nanosensors are
spontaneously internalized through endocytosis by most cells,?!
but additionally, the attachment of different ligands can drive
the internalization to specific compartments in the cells. These
advantages of nanoparticle based pH sensors makes them
powerful tools for pH imaging in cells and other biological
fluids.

Even though ratiometric measurements eliminate the influence
of the local concentration of the pH-sensitive fluorophore, most
ratiometric pH nanosensors are still limited by their pH
sensitivity range. We previously reported a triple-labelled
nanosensor incorporating two pH-sensitive fluorophores and a
reference fluorophore into a nanoparticle to extend the pH
sensitivity range to almost the double of conventional dual-
labelled

fluorophore.?>*® These triple-labelled nanosensors have been

sensors  containing only one pH-sensitive
used for measurements of the endosomal-lysosomal system”* as
well as for mapping the pH of the digestive system in the
Caenorhabditis

theoretical pH measurement range of 3.2 — 7.0, but the effective

nematode elegans”> The sensor has a
sensitivity range is actually only 3.6 - 6.9 as described earlier.*®
Both our measurements of lysosomal pH, when taking the full
distribution of measurements into account, and the
measurements by Chauhan et al. are approaching the lower
limit of pH 3.2 and many measurements are thus in the border
region between 3.2 and 3.6. As there is only an insignificant
change in the optical readout at these pH values a pH
distribution will look the same even though the actual pH is not.
For some applications where measurements are performed on
dynamic pH fluctuations or where many different treatments
influencing the pH are tested, it is necessary to have a
nanosensor with a sufficient pH sensitivity range. It is therefore
essential to develop a new nanosensor with an even wider pH
sensitivity range. A nanosensor capable of measuring pH values
lower than 3 will also reveal if the lower pH values obtained in
previous studies are precise or in fact even lower. Furthermore,
to our knowledge, no optical pH sensor applicable for extreme
acidic pH has been developed for intracellular measurements,
why the pH of certain compartments is still unclear. As an
example it has been reported that the pH of some large acidic
vesicles in metastatic breast cancer cells is potentially lower
than 4,” although this measurement may be questionable as it
was measured with a fluorescein dye with a pK, value of 6.5,
below pH 5.5.

Furthermore, the canaliculus of gastric parietal cells functions

precluding any precise measurements
as storage of hydrochloric acid and it was reported that the pH
of this about 1.7

microelectrodes.”® There are no reports to confirm these results

compartment  is measured by
by optical pH nanosensors and ratiometric measurement of low
pH (< 3) in living cells remains challenging.

Thus development of a nanosensor capable of covering an even
wider pH range including extreme acidic pH is interesting. In
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this article we first present the incorporation of the pH-sensitive
fluorophore difluor-Oregon Green (DFOG) in a nanosensor
with two other pH-sensitive fluorophores, namely Oregon
Green (OG) and Fluorescein (FA) as well as the pH-insensitive
fluorophore Alexa 568. This yields a pH nanosensor wi*= -
potential for measuring the full pH range of 1.4 — 7.0. Here w~
evaluate this quadruple-labelled nanosensor by determining .'s
precise measurement range and its susceptibility to interference
After

internalization by HeLa cells we determine it to be located

by other metal ions. spontaneous endosomal
lysosomes where we also perform quantification of pH F -

analysis of the cellular images obtained by confoc !
microscopy. The results indicate that the pH of lysosomes is in
excellent agreement with what we have previously reported **
Finally, we used ATP (adenosine 5'-triphosphate disodium salt
hydrate) to introduce a decrease in the normal lysosomal pH to
manifest that the quadruple-labelled nanosensor is indecu
capable of measuring lower pH values and is a promising tc ..
for pH measurements of highly acidic compartments in livi _

cells.

Results and discussion

Design and synthesis of the nanosensors

Measurements of pH with many of previously investigated
optical sensors rely on the acid dissociation constant (K,) of 2
pH-sensitive fluorophore. In general, the potential sensitiviy
range of a nanosensor is the pK, + 1, which generates a narrow
working range of maximum 2 pH units. The pH sensitivi y
range can be expanded by incorporating two pH-sensitive
fluorophores into the nanoparticles, which have previously
reported.”*?**? Along with a reference fluorophore this yielde ~
a triple-labelled nanosensor with a pH sensitivity range .f
almost 4 pH units. This principle of combining multiple pH
sensitive optical molecules has also been exploited by de Sil a
et al. who mixed the naked fluorescent molecules in an aqueous
solution.*

We therefore considered that it should be possible to design anu
synthesize a quadruple-labelled nanosensor, with an ev n
broader sensing pH range and the design included three ph
sensitive fluorophores with adjacent pK, values and a referenc-
fluorophore. For this purpose, we used the pH-sens. -~
fluorophores DFOG, OG and FA. In its free form DFOG has a
pK, value of 3.7,°' however; once it is conjugated through its
carboxylic acid to the amines of a nanoparticle it obtains a . .,
value of 3.0 in a dual-labelled nanosensor (one pH-sensiti 2
The DFOG may th -
complement the other two pH-sensitive fluorophores OG (pl~
= 4.1) and FA (pKa = 6.0) that have been used together i~
previous triple-labelled nanosensors and broaden the tota' ~™

and one reference fluorophore).

sensitive range.
The three pH-sensitive fluorophores and the referen e
fluorophore were covalently incorporated into a polyacrylamide

cross-linked matrix as depicted in Figure 1.

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 lllustration of the components of the nanosensor. The nanosensor was
prepared by reverse microemulsion of the different acrylamides mentioned.
Hereafter, the four fluorophores were covalently attached to the free amine
groups. FITC: Fluorescein isothiocyanate, DFOG: difluoro-Oregon Green, OGITC:
Oregin Green isothiocyanate.

A detailed description of the synthesis of the nanoparticle and
the conjugation of the fluorophores 1is presented in
Supplementary methods. Leaching of fluorophores from the
cells and from the particle is avoided by covalent binding of the
fluorophores, which also ensures a constant ratio between the
fluorophores in the hydrogel particle, which is important for
correct ratiometric imaging. Moreover, the matrix shields the
fluorophores from intracellular components like proteins, which
may alter the fluorescence irrespective of pH.

pH sensitive fluorophores with other pK, values that fits with
the needs may substitute the fluorophores used in this study.
The following important considerations should be taking into
account; the fluorophores should have high sensitivity and
specificity for protons, preferably the fluorophores should have
identical excitation and emission maxima and similar quantum
yields. But most importantly, the pK, values of the pH-sensitive
fluorophores should be separated by a minimum of 1.5 and a
maximum of 2.0 pH units in order to obtain an extended pH
range with optimal pH sensitivity throughout. A more detailed
description of the design and application of multiple-labelled
nanosensors have been published.*?

Evaluation of the nanosensor

The quadruple-labelled nanosensor was mixed with buffers of
ascending pH and absorbance and emission spectra were
recorded. The optimal excitation wavelength for the pH
sensitive fluorophores DFOG, OG and FA was determined to
be 500 nm and the maximum emission intensity was collected
at 523 nm. For the reference dye Alexa 568 the optimal
excitation and emission wavelengths were 568 and 597 nm,
respectively. Emission spectra in response to pH are presented
in Supplementary Figure S1. The combined emission spectrum
of the pH-sensitive fluorophores shows a pH sensitivity range
from approx. 1.4 to 8.1 with a 50 fold increase in intensity. The
that this
fluorophore has slight pH sensitivity between 1.4 and 4.2 as

spectrum of the reference fluorophore reveals

well. However, the change in intensity is only 2.2 fold and as

This journal is © The Royal Society of Chemistry 2012
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this is independent of the fluorophore concentration it will not
change even though more reference fluorophores should be
introduced to the nanosensor. The ratio of fluorescence
emission intensities obtained at 523 and 597 nm at each pH
value (Fs,3/Fs97) canbe expressed as a function of pH. A d- !
labelled sensor with one pH-sensitive fluorophore follows -

sigmoidal function described by

Ry
10(PKa-pH) 11

R = + Ry (1)
where R is the ratio of fluorescence intensities of the p} -
sensitive to reference fluorophores at the corresponding pH. .
= R,.i»» the ratio for the fully protonated form and (R; + Ry) =
R,... the ratio for the fully deprotonated form. pK, is t e
specific pK, value of the fluorophore when incorporated into 2
nanoparticle matrix. Equation 1 is in accordance with what has
previously been reported.”*** A quadruple-labelled nanosensor
with three pH-sensitive fluorophores follows an extend o
version of equation 1:

_ Ry Ra R3
R= 10(PKay-pH) 11 + 10Kaz-pH) 11 + 10(PKaz-pH) 11 + kR
2

where R is the ratio (Fs,3/Fs97) of fluorescence intensities af
given pH value. Ry = Ry, the ratio for the fully deprotonated
form and (R; + R, + R; + Rp) = Ry, the ratio for the fullv
protonated form. pK,1, pK,2 and pK,3 are the specific p’.,
values of the pH-sensitive fluorophores (DFOG, OG and FA,
when conjugated into the quadruple-labelled nanosensor. T ¢
calibration curve is presented in Figure 2a where it has bec..
normalized by subtraction of R,,;, and division by (R, — R, __
We obtained the following pK, values for the fluorophores *
this quadruple-labelled nanosensor: pK,prog = 2.4, pKaog = 4.1
and pK,ra = 6.0. This gives us a theoretical response range of
pH 14 - 7.0 with a 22 fold increase in ratio. As t e
measurements that are converted to pH are ratios between
intensities any pH-sensitivity of the reference fluorophore w (l
also be implemented in the calculation of pH. If the ph-
sensitivity of the reference fluorophore is oppositely direct d
compared to the sensing fluorophores this will benefit the
overall sensitivity range of the nanosensor. However, if the pH
sensitivity of the reference fluorophore has the same direc. =
in the same pH interval as the sensing fluorophores, as is the
case with our quadruple-labelled nanosensor, the sensitivity
will be reduced. However, as the signal from the referc.. -
fluorophore only changes 2.2 fold compared to 50 fold for t' 2
sensing fluorophores this does not make a significant impact « -
the overall sensitivity of the nanosensor.

As mentioned, the theoretical range of this quadruple-labelle”
nanosensor is pH 1.4 to 7.0. However, the actual effect~
sensitivity range is probably smaller due to measuremenrt
uncertainties and an inherent distribution of te
measurements.”® The distribution of measurements is, among
other factors, influenced by the distribution of fluorophores n
the nanosensor. In our nanosensor we obtained the following ix

J. Name., 2012, 00, 1-3 | 3
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Fig. 2 (a) In vitro calibration of the quadruple-labelled nanosensor by
fluorometry. Ratiometric measurements of the nanosensor in different buffers
are related to pH and fitted to equation 2. The obtained ratios were normalized

by subtraction of R, and division by (Rmax — Rmin). Mean + SD. (b) Influence of
other ions on nanosensor signal. 1 mM of the ions was added to the buffer and
the ratios of the emission intensities were measured and compared to the
measurement without addition of ions (control).

values (normalized): Rprog = 0.18, Rog = 0.39 and Rg, = 0.43.
These numbers represent the contribution of intensity of each of
the pH sensitive fluorophores that was incorporated into the
particle. In the ideal sensor the R values should be as close to
each other as possible.

As there is an upper limit to the total number of fluorophores
that can be conjugated to a single nanoparticle, it is easy to
envision that when more and more different fluorophores are
introduced into the particle design, the amount of each
fluorophore in each particle is decreased and the variation in
number of fluorophores per particle becomes larger, relatively,
than for e.g., a dual-labelled nanosensor. This complicates and
reduces the repetitiveness in synthesis and therefore limits the
number of different fluorophores it is reasonable to incorporate

into a nanoparticle sensor. We believe that for some
applications it is overall beneficial to use a quadruple-labelled
nanosensor, but incorporating five or more different

fluorophores will impose unmanageable complications. A more
detailed description of this issue is presented in the
Supplementary information along with Supplementary Figure
S2, which illustrates the distribution of such measurements for
this quadruple-labelled nanosensor.

Even though the biocompatible matrix of the quadruple-
labelled nanosensors shields the fluorophores from interactions

with intracellular macromolecules, smaller ions still interact

4| J. Name., 2012, 00, 1-3

with the fluorophores. We tested the interference of the most
common intracellular ions on the response of the new
nanosensor. To a buffer of pH 3.7 we added 1 mM of each of
the following ions: Ca**, K¥, Mg?*, Zn>" and Na* and measured
(Fs553/Fs97). The rec~ -
presented in Figure 2b show that the ratio dos not change, ar~

the ratio of emission intensities

the calculated pH will thereby also be the same. TL's
demonstrates that the nanosensor is not influenced by

intracellular ions.

Intracellular localization of the nanosensor

The quadruple-labelled nanosensor is positively charged and <
thus spontaneously internalized by HeLa cells when added to
the media. We have previously shown that positively charg d
polyacrylamide particles are located in lysosomes after
incubation for 24 hours. However, this has only been performed
for a rhodamine B labelled particle and not for the fuu
nanosensor with all pH-sensitive fluorophores.* T .
distribution of the quadruple-labelled nanosensor in HeLa ce’

was analyzed by colocalization with Lysotracker® Deep Re’

which can be separated from the fluorophores of the nanosens 'r

(Figure 3). We observed significant co-localization =<
quantified by the overlap coefficient and a Pearson’s correlauw..
coefficient,” which were 0.83 and 0.85, respectively. ™ .«

demonstrates that the quadruple-labelled nanosensor is located
in lysosomes after 24 h.

Intracellular pH measurements

To perform intra-lysosomal pH imaging, HeLa cells we ¢
incubated with the quadruple-labelled nanosensor for 24 hou.
and imaged by confocal microscopy. Along with «* -
experiment a pH calibration curve is obtained of the nanosense-
in buffers with different pH values on the confocal microsco, e
with the same settings as for the cell images. The emission
intensity ratio of each pixel in an image is then converted tc a
pH value via the calibration curve and a histogram of pH can bc
constructed as well as images coloured according to a | {1
colour scale. Figure 4a shows measurements in HelLa cel..
before and after different treatments. The upper panel sho' s
raw fluorescence images of cells with an overlay of the grec.
and red channels and in the bottom panel are the same celle
presented, coloured according to a linear pH scale. Figur b
shows pH histograms of the measurements presented in the
images of Figure 4a. Between five experiments the mean pH of
the untreated cells is 4.6 = 0.1 (mean + SEM (Standard errc

the mean), n = 5). This is consistent with what we har2
previously reported.”* In this paper we utilized an identic »'
nanoparticle matrix and obtained comparable size and zet >
potential measurements. We therefore believe that our
previously reported cytoxicity data and intracellular calibration
are applicable to the present quadruple-labelled nanosensor
These data

concentration and no difference between intracellular and

revealed no cytotoxicity at the employ d

buffer calibration, indicating that the nanosensor is r it
influenced by intracellular macromolecules.?*

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 Location of nanosensor in Hela cells. Co-localization of the quadruple- g
labelled nanosensor (green channel) with Lysotracker’ Deep Red (red channel). Lt 0.04
Hela cells were treated with the nanosensor for 24 h and thus incubated with
the Lysotracker for 30 min. before they were observed by confocal microscopy.
Scale bar, 15 pm. representative of three independent experiments. 0.02
In order to illustrate that this new quadruple-labelled 0

nanosensor is indeed able to measure changes in pH in both
directions we treated the cells with either an inhibitor or an
activator of the Vacuolar—type H'-ATPase (V-ATPase),’¢
which is responsible for acidification of the lysosomes. The
cells were either treated with the inhibitor bafilomycin A, that
should result in an increased pH> or with ATP thereby
increasing the action of the V-ATPase and thus decreasing
lysosomal pH.*® From the pH images of Figure 4a it is observed
that the pseudo colour of the cells treated with bafilomycin A;
turned blue, whereas the ATP treated cells are more yellow
compared to the green colour of the untreated cells. From the
pH frequency histograms in Figure 4b the pH of the
bafilomycin A; treated cells is 5.9 + 0.0 (mean + SEM, n = 5)
and the mean pH of the ATP treated cells is 3.9 = 0.1 (mean *
SEM, n = 4). Both of them significantly different form the
mean pH of the untreated cells.

The ATP was added to the medium as the disodium salt
hydrate. In order to test that the observed decrease in pH was
due to the ATP and not the increased concentration of sodium
or the increased osmolarity of the solution, we tested the effect
of treating cells with an equivalent amount of Na,SO,. With a
mean pH of 4.7 £ 0.1 (mean + SEM, n = 4) this sample showed
no significant difference in pH when compared to untreated
which neither the high
concentration nor the high osmolarity of the ATP sample are

cells, indicates that sodium
responsible for the observed change in pH. To further confirm
that the decrease in lysosomal pH is due to consumption of the
increased amount of ATP by the V-ATPase pump, cells were
first treated with the inhibitor bafilomycin A; in order to block

the action of the pump and then treated with ATP. The mean

This journal is © The Royal Society of Chemistry 2012

Fig. 4 pH measurements in Hela cells. (a) Hela cells with internalized quadruple-
labelled nanosensors after 24 h were either left untreated or treated with eitk
ATP or bafilomycin A; (Baf) where after they were imaged by confc al
microscopy. The intensity ratios of each pixel were converted to pH via the
respective calibration curve and the images were colour coded according
common pH scale. Scale bars, 15 um. (b) Histograms showing the pH
distributions of the nanosensor signals presented in (a). Mean = SEM (n > .5
images). No measurements are below the lower limit of the nanosensor of - *
1.4. The following percentages of measurements are above the upper limit of
the nanosensor of 7.0: 0.3%, 0.8% and 15% for the ATP, untreated and ! ar
treated samples, respectively. Representative of four independent experiment.

pH observed for this sample was 6.0 = 0.0 (mean + SEM, n= "
which is not significantly different from cells treated with
bafilomycin A, alone. These results are presented in Figure 5 s
well as in Supplementary Figure S3 and indicate that both the
ATP and the bafilomycin A; acts directly on the V-AT" ..
pump, and that this pump is responsible for controlling the p..
of the lysosomes.

The measurements of low pH due to treatment with ATP cou'd
have been obtained with a simpler nanosensor containing fewer
pH-sensitive fluorophores. However, not knowing in advan .e
how much the pH will drop makes it difficult to design thc
optimal dual- or triple-labelled nanosensor with an appropriatc
pH sensitivity range. Furthermore, using this quadruple labell .u
nanosensor enabled us to analyze the pH response to se\c.u
different treatments in the same experiment with the sar .
calibration curve. To show that the wide pH range of th s
quadruple-labelled nanosensor is necessary in order to perfor
measurements with both ATP and bafilomycin A; with o »
sensor, we have also performed some measurements with a

J. Name., 2012, 00, 1-3 | 5
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Fig. 5 Control experiments of the treatments of nanosensor containing cells.
Hela cells with internalized quadruple-labelled nanosensors for 24 h were either
left untreated or treated with Na,SO,, bafilomycin A; (Baf) or bafilomycin A;
followed by ATP (Baf — ATP). The intensity ratios of each pixel were converted to
pH via the respective calibration curve and the images were colour coded
according to a common pH scale. Scale bars, 15 um. representative of four
independent experiments.

triple-labelled nanosensor. These measurements are presented
in Supplementary Figure S4. The nanosensor could measure the
pH of untreated and bafilomycin A; treated cells. However,
measurements performed in cells manipulated to have an
intracellular pH of 3.0 could not be obtained. Since the lower
limit of the triple-labelled nanosensor is 3.6, all the obtained
ratios on these cells are too low to be converted to a pH. Thus
the only way to present these measurements is collectively as
one point at <3.6 in the pH histogram. As almost half of the pH
measurements of the ATP treated cells presented in Figure 4 are
below 3.6 it would not have been possible to perform these
measurements with the triple-labelled nanosensor.

Conclusion

We have incorporated the pH-sensitive fluorophore DFOG into

a nanoparticle matrix and determined the conjugated
fluorophore to have a pK, value of 2.4. Together with the two
known pH-sensitive fluorophores OG and FA and the reference
dye Alexa 568, it was incorporated into a nanoparticle to
produce the novel quadruple-labelled nanosensor with a wide

pH-sensitivity range from pH 1.4 to 7.0. This range covers the
physiological pH range in all living cells. In HeLa cells we
demonstrated that the sensor provided reliable quantitative pH
measurements of the lysosomal pH with mean values ranging
from pH 3.9 to 6.0 after different treatments. The acidic pH
measurements in HelLa cells also highlight its potential
application in real time quantification of pH in acidic

compartments of many other living systems.

6 | J. Name., 2012, 00, 1-3

Experimental

Materials and reagents

BIS-TRIS propane, maleic acid, citric acid, Adenosine 5'-
triphosphate disodium salt hydrate (ATP), bafilomycin

Dulbecco’s modified Eagle’s medium (DMEM) and penicill?
and streptomycin were obtained from Sigma-Aldrich. Feu:l

bovine serum (FBS) was obtained from Almeco A/S.

Synthesis of difluoro-Oregon Green

DFOG was prepared by acid-catalyzed condensation of 2.

difluororesorcinol and 1,2,4-benzenetricarboxylic acid

giving 5(6)-carboxy-2’,4’,5*,7’-
(DFOG)

procedure reported by Haugland er al.?'

methanesulfonic acid

tetrafluorofluorofluorescein according to t e

Characteristics of the nanoparticle employed

Synthesis of the cross-linked poly(acrylamide) nanoparticle a a
conjugation of fluorophores are described in the Supplementa_,
methods. The characteristics of the employed nanosensor we
analyzed by dynamic light scattering (DLS) and zeta potent. 1
using a ZetaPALS anal
(Brookhaven Instruments Corporation) yielding a size of 53 = _
nm and a zeta potential of 26 + 4 mV. The obtz =
concentration was 6.25 mg/mlL.

measurements, carried out

Characterization of nanosensor by spectrofluorometry

An in vitro calibration curve was constructed by fluorescencc
measurements of the nanosensor at 0.125 mg/mL in 60 m
buffers (20 mM BIS-TRIS propane (pKa: 6.8; 9.0), 20 miv.
citric acid (pKa 3.1; 4.8; 6.4), 20 mM maleic acid (pKa: = °
6.2) and 140 mM KCIl) from pH 1.4 to 8.1. Absorbance ar °
emission spectra were obtained using an Olis upgraded SL.1
based spectrofluorometer to determine the optimal excitation
and emission wavelengths. The calibration curve was th s
obtained by excitation at 500 (pH sensitive fluorophores) ana
568 nm (reference fluorophore) with emission at 523 and 5 7
nm, respectively. The ratio of the emission intensities a.
increasing pH values were plotted to produce a calibrati n
curve.

In order to evaluate the influence of other metal ions on th-
nanosensor signal, 1 mM KCI, NaCl, MgCl,, CaCl, or Z.. ™'~
was added to the pH 3.7 buffer and the ratio of the emission
intensities was measured and compared to the measurement
without addition of ions. The osmolality of all the samples w. -
approx. 0.3 osmol/L.

Colocalization

HeLa cells were cultured in DMEM supplemented with 10 ¢
FBS and 100 Ul/ml penicillin and streptomycin at 37 °C i~ =
5% CO, humidified incubator. For imaging, cells were kept in
full growth medium without phenol red. For co-localizati n
studies, HeLa cells were seeded in 8-well Ibidi p-slides for 24
hours and then treated with 10 pg/mL nanosensor in full grow h
medium for an additional 24 hours. The cells were then washcu

This journal is © The Royal Society of Chemistry 2012
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three times with PBS supplemented with heparin, once with
PBS and kept in imaging medium for observation by confocal
microscopy. For identification of lysosomes, cells were treated
with 50 nM LysoTracker® Deep Red in imaging medium for
30 min. in the incubator, washed three times with PBS and kept
in imaging medium for an additional 30 min. in the incubator
before analysis. The nanosensor and Lysotracker were
visualized by the following excitation/emission ranges 496/501-
560 nm 633/700-800 nm, respectively. These excitation and
emission ranges were preferred in order to exclude overlap of

emissions.

Cell imaging

HeLa cells were seeded in 8-well Ibidi p-slides for 24 hours.
Once the cells were in the exponential stage, the cells were
loaded with
overnight. The cells were then washed with heparin and PBS to

10 pg/mL quadruple-labelled nanosensor
remove surface bound nanosensors and kept in imaging
medium or treated with bafilomycin A;, ATP disodium salt
hydrate or Na,SO,. The following treatments were performed
in imaging medium: 200 nM bafilomycin A1l for 45 min. 100
mM ATP or 100 mM Na,SO, for 30 min. or first 200 nM
bafilomycin A; for 45 min. followed by 100 mM ATP. The
cells were hereafter studied by confocal microscopy. The
bafilomycin A; treated cells was the first sample to be imaged,
as it was expected to yield the highest emission intensity values
of the pH sensitive fluorophores due to an increase in pH. The
setup of the microscope (including gain and laser power) was
hereafter kept constant throughout the imaging of the following
groups and calibration curve. Images were captured by a Leica
TCS SP5 AOBS
water/immersed objective (Leica Microsystems, Germany) and

confocal microscope with a 63x
sequential excitation at 496 and 561 nm with emission ranges
of 501-560 nm and 566-600 nm, respectively. Two bright field
images were also collected, one for each of the two laser lines,
496 and 561 nm, to correct for fluctuation in laser power.

Calibration of nanosensor by confocal microscopy

In vitro calibration curves were generated from fluorescence
images of the nanosensor at 3.125 mg/mL in the same buffers
as used for the characterization by spectrofluorometry. 2.5 pL
of the nanosensor containing buffers at increasing pH values
were transferred to a diagnostic microscopy slide and sealed
with a cover glass. The microscope was focused in a plane
within the solution, and images were acquired with the same
settings (laser power, gain and resolution) as were employed for
the imaging of cells with internalized nanosensor. Images were
corrected for background by subtraction of an average value for
each channel obtained by imaging of pure buffer. The
fluorescence images were then corrected for laser power
fluctuations by normalization with the corresponding bright
field images, and mean * SD of pixels in an image of
nanosensor in buffer solution was plotted against pH values.

Image analysis

This journal is © The Royal Society of Chemistry 2012
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Every image series obtained in each of the cellular treatments
were background subtracted according to the background
obtained during calibration and images were then normalized
according to the bright field images. Further image analysis was
performed with a pixel by pixel analysis method as - -
previously reported.’* Briefly, image processing was used i~
order to determine which pixels are actual signal frcm
nanosensors, and the included pixels were then converted to pH
via the calibration curve. Representative images are thus re-
coloured according to a linear pH colour scale and | ~
histograms are presented as mean + SEM (n > 10 images).
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