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A novel quantum dots (QDs) based biosensor was developed to monitor physiological pH changes in both
fixed and living cells by means of pH-dependent emission color of the QDs. In our system, the nominally
single-sized colloidal solution samples of the L-cysteine-capped CdTe QDs with intrinsically broadened
size distributions were prepared by employing aqueous synthesis technique. The quench of fluorescence
intensities of the QDs with a 16 nm red shift of the emission maximum and a color change from green
to yellow was observed with a slight pH decrease (from 7.0 to 6.8) in the system. This pH-dependent

Key W.‘"dsi emission could be attributed to the efficient exciton energy transfer from smaller QDs to larger ones,
Physiological pH change . . . N . .
Cell image which was controlled by electrostatic-tuned aggregation/disaggregation (low/high pH values) processes

of the QDs. In addition to high stability, the emission shift of the QDs was reversible for at least one
cycle under optimal conditions. Our pH biosensor may find potential application for monitoring the
intracellular pH changes in both physiological and pathological conditions.
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1. Introduction

Alarge number of cellular processes are sensitive to intracellular
pH (pH;) (Jones et al., 1995). Typically, a dramatic transformation
of the cell from a dormant to an active state has been found to be
almost exclusively achieved by a pH; change (Aronson and Boron,
1986). Clearly, pH; change is important for a variety of cellular
processes including cell proliferation and endocytosis (Helmlinger
et al., 1997; Martin and Jain, 1994; Schindler et al., 1996), and
also indicates some diseases (Ohmichi et al., 2005; Tang et al.,
2007.). Intracellular alkalinization is an early event in the stimu-
lation of mitogenesis in mammalian fibroblasts, where it may be
necessary for the initiation of DNA synthesis (Moolenaar et al.,
1984). Low pH also leads to various events such as hyperuri-
caemia, gout, and apoptosis (Matsuyama et al., 2000). Therefore,
pH; change is useful in understanding the regulation of cellular
function and can be employed to screen some diseases at their early
stage.

Among various methods currently available for the pH; sensing,
fluorescence technique is superior due to its high sensitivity and
non-destructive nature (Tang et al., 2007). Up to now, majority of
the sensing systems are based on the emission intensity changes.
However, many factors might affect the emission intensity (Jr et al.,
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2002). Therefore, the development of simple probes that will give a
measurable emission color change (Murphy, 2002) to visualize the
pH; change at a specific pH is highly desirable. Unfortunately, most
of the current available probes often show only a single emission
color that does not change substantially with pH (Ohmichi et al.,
2005).

To obtain a measurable emission color change, a large emis-
sion shift is necessary. Meanwhile, the emission maximum of the
probe must be located within a suitable wavelength range to sat-
isfy the visible color change with a given emission shift. Currently,
the design and development of the emission color-based sens-
ing system remains a challenge. In terms of fluorescence probe,
semiconductor nanoparticles or quantum dots (QDs) seem to be
a desirable candidate since the intrinsic size-dependent lumines-
cence properties of QDs (Alivisatos, 1996) allow us to choose
a proper emission wavelength through tuning the particle size,
which is different from conventional organic fluorescence dyes.
On the other hand, the large emission shift often results from the
reversible aggregation/disaggregation process of QDs (Moon et al.,
2009; Narayanan and Pal, 2006), which can be performed by tuning
non-covalent interaction between QDs, such as 7-m and hydrogen
bonding interactions (Liu et al., 2011).

Herein, we report a simple pH sensing system based on the
aggregation/disaggregation process of QDs, which is governed by
pH-tuned electrostatic interaction in single-sized L-cysteine (L-
cys)-coated CdTe QDs samples. The acute alteration in emission
color observed provides an intuitive indication for the physiological
pH; changes.
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2. Experimental
2.1. Materials

L-cys and Te powder (60 mesh, 99.999%) were purchased from
Alfa Aesar. NaBH,4, CdCl,-2.5H,0, HCl, NaOH and other routine
chemicals were acquired from Shanghai Reagent Co. All solutions
were prepared with double deionized water.

2.2. Instruments

A Hitachi-U-3010 spectrometer was used to record the UV-
visible spectra. Steady-state fluorescence measurements were
performed using a Hitachi F-4500 spectrofluorometer equipped
with a R3896 red-sensitive multiplier and a 1cm quartz cuvette.
Fluorescence lifetime measurements were performed with the
time correlated single photo counting technique on the com-
bined steady state and lifetime spectrometer (Edinburgh Analytical
Instruments, FLS920). Characterizations of transmission electron
microscopy (TEM) were carried out on Tecnai G2 20 ST (FEI) under
the accelerating voltage of 200 kV. The samples for TEM measure-
ments were prepared by the deposition of one drop of aqueous
dispersion on a copper grid coated with thin films of carbon, and
the solvent was removed by evaporation in air. The pH values were
measured with a model PHS-3C pH meter.

2.3. Preparation and purification of L-cys-coated CdTe QDs

CdTe QDs capped by L-cys were directly synthesized in water
and purified according to the modified literature procedure (Gao
et al., 1998). A mass of 0.2864 g (1.25 mmol) of CdCl,-2.5H,0 was
dissolved in 100 mL of double-distilled water, and 3.0 mmol of L-
cys was added under stirring, followed by pH adjustment to 11.2
by dropwise addition of 1M NaOH solution. The solution was
deoxygenated by bubbling N, through the solution for 40 min.
Freshly prepared, oxygen-free NaHTe was then injected into the
above solution with stirring. The molar ratio of Cd2*/cys/HTe~ was
1:2.4:0.5. The resulting mixture was heated at 100-120°C and
refluxed for different amounts of time to grow the particles to the
desired size. For the L-cys-coated CdTe QDs with the mean diameter
of 2.6 nm (QDs-1), the reflux time of 50 min was used.

To purify QDs-1, the crude solution of the nanoparticles was dia-
lyzed against NaOH aqueous solution at pH 11.0 to remove excess
precursor reagents with the dialysis membrane. The concentra-
tion of the crude colloidal solution of QDs-1 was estimated to be
6.0 mM according to the final concentration of NaHTe. The dialyzed
solution was diluted to 0.3 mM as a working solution for further
experiments.

2.4. Gel electrophoresis

Gel electrophoresis (BioRad, Hercules, CA) was employed to
investigate the effect of pH on the electrophoretic mobility of L-cys-
coated QDs. Lambda DNA/Hind Ill markers were used as references.
Agarose gels (1%) containing ethidium bromide were cast in neutral
pH buffer (pH 7.0, 10 mM MES) and in weak acid pH buffer (pH 6.8,
10mM MES). 0.1 M NaOH was used to adjust the pH of the buffers.
QDs solutions were separated on the 1% agarose gel, visualized, and
photographed under UV light.

2.5. QDs uptake by HepG2 human liver cancer cells

Human hepatocellular carcinoma cell lines (HepG2 cells, Man-
assas, VA) were maintained in DMEM (Life Technologies, Inc.,
Invitrogen, Carlsbad, CA) plus 10% heat-inactivated fetal bovine
serum at 37°C in a humidified incubator with 5% CO,. Cells were

subcultured for 24 h before experiments to produce a concentration
just below confluence. A volume of 50 wL of the QDs was added
to the DMEM over the cells and was incubated for 1h at 37°C.
Before performing fluorescence observations, cells were washed
with PBS three times. For cell fixation, HepG2 cells (grown in cov-
erglass chambers) were rinsed three times with PBS, immersed in
4% formaldehyde buffer (37% formaldehyde diluted with PBS) at
room temperature for 20 min, and finally washed three times with
PBS. Fixed cells were dried gently with compressed air.

3. Results and discussion
3.1. Characterizations of QDs-1

Compared with the synthesis of QDs in organic medium, aque-
ous synthesis provided high water-solubility (Xia and Zhu, 2008),
but often suffered from broad fluorescence. In our case, however, L-
cys-coated CdTe QDs synthesized following the latter strategy were
demonstrated to be a suitable probe.

From the absorption spectrum it can be seen that there is only
an obvious absorption peak (the first electronic transition of the
QDs) located at 506 nm, no any fine structures are observed at
shorter wavelength (Fig. S1A). The characteristic of the absorp-
tion indicates a rather wide size distribution of the QDs, which
results from the effect of Ostward ripening of aqueous synthesis.
The band-edge emission of the QDs is 551 nm, and the corre-
sponding full width at half-maximum (FWHM) is about 52 nm
(Fig. S1A). It should be pointed out that the large FWHM here is just
a very ideal property for obtaining a large emission shift. The mean
diameter of the QDs is 2.6 + 0.4 nm with size distribution §=15%
(Fig. S1B, C), as determined by high resolution transmission elec-
tron microscopy (HRTEM) (Fig. S1D). The QD size obtained from
HRTEM is in consistent well with that estimated by the first absorp-
tion maximum using the empirical formula (D=(9.8127 x 10~7)
A3 —(1.7147 x 1073) A2 +(1.0064) A —194.84) reported by Peng
group (Yu et al., 2003). In the following experiments, L-cys-capped
CdTe QDs with 2.6 +0.4nm in diameter (QDs-1) were chosen for
intuitive color change within the given emission shift. The room
temperature fluorescence quantum yield (QY) of the crude colloidal
solution of QDs-1 was estimated to be 23.28% using Rhodamine 6G
as reference. The rather high QY of QDs-1 could provide enough
emission intensity to facilitate the observation of the fluorescence
quenching at lower pH values.

3.2. pH-dependent emission change of QDs-1

QDs-1 were highly sensitive to the small pH changes under
physiological conditions. Fig. 1 showed the emission quenching of
the QDs-1 resulting from a decrease of the solution pH value. Sig-
nificantly, a slight pH change from 7.0 to 6.8 induced a 16.4nm
emission red-shift (from 554.4 nm to 570.8 nm). Meanwhile, TEM
images revealed that aggregation of QDs happened as the pH
decrease from 7.6 to 6.8 and that finely monodispersed QDs were
formed when the pH changed from 6.8 back to 7.6 (Fig. S2).

It was noted that the collective opto-electrical properties of
quantum dot materials was influenced by mutual interdot inter-
actions. There are two important interactions, i.e. exciton energy
transfer (EET) and electronic coupling (Koole et al., 2006; Wuister
et al.,, 2005). In our case, the electronic coupling between the QDs-
1 was weak, since no significant changes in the absorption spectra
of QDs-1 were observed (data not shown). Therefore, the emission
quenching and red-shift of QDs upon aggregation was most likely
attributed to the EET mechanism, where exciton energy of higher
bandgap QDs was migrated to smaller bandgap QDs or defect states
(Koole et al., 2006).
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Fig. 1. Fluorescence spectra (top) and emission colors (bottom) of QDs-1 in aqueous
solutions of different pH.

The aggregation process of reversibility often results from the
non-covalent interactions between particles (Liu et al., 2011). The
gel electrophoresis experiment results (Fig. 2) indicated that the
QDs migrated quickly towards the positive electrode at pH 7.0,
which may be due to the presence of more negative surface charges
of the particles. At pH 6.8, which may be the isoelectric point (pH;p,)
of these particles, the QDs with a lower surface charge stayed very
close to their original position. Obviously, electrostatic repulsion
between QDs was strong enough for them to be generally isolated
at a high pH (>pH;p). Conversely, the electrostatic repulsion was
weakened near the pHjp,. Thus, the predominantly hydrophobic
interactions induced the aggregation of the QDs, which triggered
the EET process.

Further evidence for the energy transfer in the QDs-1 clusters
was obtained from the time-resolved fluorescence spectroscopy
data (Table S1). Fig. S3 showed the fluorescence decay curves for
the QDs-1 at two different pH values. A decrease of the decay time
was observed as the pH decreased from 7.0 to 6.8, which would
originate from the additional decay channels provided by acceptor
QDs in clusters. In addition, the fluorescence decay recovered when
the pH changed from 6.8 back to 7.0, suggesting that the additional
decay channels abated with the disintegration of the QDs clusters
due to the electrostatic repulsion between QDs.

The clustered QDs-1 were stable for hours and gave no obvious
change in the emission wavelength at a given pH value (Fig. S4). The
reversibility of this pH-dependent emission was checked through
monitoring the emission change of the solution of QDs-1 during
a pH cycle between 7.6 and 6.6. A reasonable reversibility of the
emission wavelength was retained for at least one cycle (Fig. S5),
although an about 20% intensity loss was observed due to the
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Fig. 2. Gel electrophoresis experimental results.

Fig. 3. Bright-field image (A) and fluorescence images (B and C) of the living HepG2
cells incubated with QDs-1 taken after addition of a pH 6.8 buffer (B) and subsequent
addition of chloroquine (C) using blue filters. The scale bar=20 wm.

quenching effect of dissolved oxygen (Fig. S6) (Xia et al., 2007).
Here, the reversible emission shifts provided a clear and acute color
change, which formed the basis for monitoring alterations in phys-
iological pH even with the naked-eye.

3.3. Application of QDs-1 to intracellular pH change indication

To evaluate the suitability of QDs-1 as an intracellular pH indi-
cator, the effects of pH on the emission color in fixed cells were
explored. Considering that QDs-1 was a probe for cytosol at a
6.8-7.4 pH range (Sun et al., 2007; Pal and Parker, 2007), human
hepatocellular carcinoma cell lines (HepG2 cells, Manassas, VA)
containing QDs-1 were chosen and fixed with formaldehyde; the
samples were then mixed with 150 mM phosphate buffer solutions
adjusted to specific pH values by adding 0.1 M NaOH or HCI drop-
wise to obtain the desired pH +0.1. Fig. S7 showed the fluorescence
microscopic images of the dried fixed HepG2 cells taken before and
305 after adding buffer. The fluorescence of the cells changed from
green to yellow after adding pH 6.8 buffer, but remained green after
adding pH 7.0 buffer, corresponding to the observations in Fig. 1.
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Next, we incorporated QDs-1 into living cells and examined
the effects of pH. Bright field transmission image (Fig. 3A) after
incubation with QDs-1 showed the clear contour of the living
cells. Phosphate buffer solutions (0.1 M, pH 6.8) were first used to
decrease the intracellular pH, and led to a yellow emission (Fig. 3B).
Subsequently, a solution of chloroquine (0.1 mM) was used. Chloro-
quine is a weakly basic amine that tends to concentrate in the
lysosomes of living cells and causes an intravesicular pH increase
(Caplan et al., 1987; Liu et al., 2007). After 10 min of chloroquine
treatment, the fluorescence changed to green due to the pH increase
(Fig. 3C). These results demonstrated that L-cys-coated CdTe QDs
could be applied to quickly indicate the slight variation of intracel-
lular physiological pH.

From Fig. 3 italso can be confirmed that the cells are viable under
the experimental conditions. The clear contour of the cells showed
in Fig. 3A indicated that most of the cells are adherent cells (Jones
and Grainger, 2009). Meanwhile, Fig. 3B and C showed that the
emission color mainly located in the edge of the nucleus, where the
lysosomes were concentrated (Zhou et al., 2010). If the cells were
dead, lysosomes would have been broken (Kirkegaard and Jadtteld,
2009), and the specific emission distribution would be lost. Clearly,
the cytotoxicity of QDs-1 was not obvious. The survival time of
living cells is at least 6 h after incubation with QDs-1 according to
our observation, which is important for monitoring pH change of
some cellular processes.

Largely, the toxicity of QDs in biological systems is not depen-
dent on the QDs particle itself but on the amount of free Cd2* in
solution of QDs (Cho et al., 2007; Hoshino et al., 2004). For designing
less-toxic QDs, it is important to select hydrophilic biomolecules to
dissolve QDs in water (Hoshino et al., 2004). In our case, the QDs-
1 was well modified by L-cys, a hydrophilic biomolecule, and was
purified carefully before the imaging test. Furthermore, the imaging
was performed in the vicinity of pH 7.0, in which QDs-1 could be
stabilized by means of the possible secondary coordination (Gao
et al,, 1998) between the carboxyl O atom from L-cys and the Cd
atom at the CdTe particle surface. All of these may be favorable for
decreasing the leakage of Cd?* and maintain the activity of the cells.

4. Conclusions

Here we have demonstrated a simple method for tracking
intracellular physiological pH changes, based on an efficient EET
process in the nominally single-sized colloid solution samples of
the L-cysteine-capped CdTe QDs with intrinsically broadened size
distributions. With the rational design of the QD surface chemistry,
it is promising to develop a general emission color change-based
sensing strategy for other analytes or processes.
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