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Abstract

Modulation of the fluorescence lifetime (FLT) of CdTeSe/ZnS quantum dots (QDs) by near-
infrared (NIR) organic chromophores represents a new strategy to generate reproducible pH-
sensing nanomaterials. The hybrid construct transfers the pH-sensitivity of photo-labile NIR
cyanine dyes to highly emissive and long lifetime pH-insensitive QDs, thereby inducing
reproducible FLT change from 29 ns at pH >7 to 12 ns at pH <5. This approach provides an
unparalleled large dynamic FLT range for pH sensing in the NIR wavelengths.
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Fluorescent molecular probes are useful for sensing many chemical and biological
processes, such as pH, ligand binding, enzyme activity, and salt concentrations.1~3 Because
of the critical roles acidity of mediums play in biological systems,*> a variety of
intracellular pH reporting strategies with organic dyes have been developed.® Recent efforts
to translate findings in cell assays to living organisms have led to concerted efforts to
develop pH-sensitive near-infrared (NIR) molecular probes and nanoparticles for assessing
the functional status of both cells and tissue.”~19 These sensors relied on fluorescence
intensity measurements using a reference calibration model or ratiometric fluorescence
techniques. The inherent difficulties with reproducibility of intensity measurements and the
complexity of implementing quantitative in vivo measurements with emissions at disparate
wavelengths (typically in the visible and NIR regions) have increased interest in the use of
fluorescence lifetime (FLT) technique for pH sensing because FLT is less dependent on
several factors that perturb intensity measurements,11-13

Despite these advances, changes in the FLT of NIR organic fluorophores in response to pH
are marginal. Reported FLT changes between acidic and basic mediums are <1 ns. Another
major limitation of using NIR organic dyes as pH sensors for intracellular pH measurements
is the poor photostability, which is amplified in FLT techniques, where longer signal
integration time is typically needed. An alternative approach is to use semiconductor
quantum dots (QDs), which offer significant advantages over conventional organic dyes.
These include broad absorption spectrum for flexibility in excitation wavelengths; large
multiphoton action cross sections for efficient multiphoton microscopy; narrow, sizetunable
emission for multicolor imaging; superior photostability for longitudinal studies; high
quantum yield for improving detection sensitivity; and long fluorescence lifetime to
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minimize interference from naturally occurring organic fluorophores.14-19 Although the
intrinsic spectral insensitivity of the QDs to the environmental changes favors
reproducibility of fluorescence data, surface coatings or labeling have been shown to alter
their spectral properties.2? This feature has been used to develop biosensors, where QD
fluorescence intensity is modulated by organic molecules through energy or electron transfer
processes.21-27 Most of these studies are based on visible light-emitting QDs and relied on
spectral shifts or luminescence intensity changes. Despite the enormous progress made with
these hybrid nanomaterials, the need for NIR pH sensors with large dynamic measurement
parameters for in vitro, cellular, and in vivo applications remains unmet.

Our goal in this study is to develop a general strategy for generating photostable NIR pH
sensors with large dynamic pH-sensing capability. The hybrid constructs incorporates the
excellent photophysical properties of QDs with the high pH sensitivity of NIR organic dyes.
Inversion of pH response can be achieved by switching from Forster resonance energy
transfer (FRET) to photoinduced electron transfer (PET) quenching processes.

We first prepared the NIR pH-sensitive carbocyanine dye, LS662 (Scheme 1), by the
method described previously.” LS662 exhibits absorption maxima in the NIR (750 nm) at
low pH, but gives a hypsochromic shift to the visible region (520 nm) as pH increases, with
a pKa of 5.2 (Figure S1). Above pH 7, the dye fluorescence was insignificant. The dye itself
is not suitable for FLT pH measurement because of its <0.2 ns FLT change in the
physiologic useful pH range of 4-7. However, these spectral properties are suitable for
developing FRET-based QD pH sensors by modulating the emission properties of QD at
either 500 nm or 750 nm with LS662.

CdTeSe QDs coated with ZnS and capped with cysteamine were synthesized and further
conjugated to LS662 (Scheme 1). The hybrid nanomaterials were purified by either dialysis
or centrifugation, followed by removal of the supernatant. (see Sl for detailed synthesis
procedures and characterization of CdTeSe/ZnS QDs and the QD-organic dye conjugates).
The cysteamine ligands served as amine reactive functionality and aided the stabilization
and solubility of the colloidal QDs in aqueous medium across a wide pH range.

Transmission electronic microscopy (TEM) of QD-dye conjugates showed an average
diameter of 9.4 nm, with fairly monodispersed distribution (Figure 1A,B). Both organic
surface ligands and conjugated dye molecules increased the QD hydrodynamic diameter to
~18.2 nm (Figure 1C), as determined by dynamic light scattering (DLS). Based on the de-
convolution of the absorption spectra of the QD-dye, a 1:8 QD:dye ratio was calculated
(Figure S4).

To accurately report dye-modulated pH response, the QDs and the surface coatings should
lack inherent pH sensitivity and have luminescence at about 520 nm or 750 nm to match the
spectral shift of LS662. Spectral analysis showed that the luminescence intensity of the
parent cysteamine-coated CdTeSe/ZnS QD750 lacks pH-sensitivity (Figure S2). In contrast,
the QD-dye conjugate revealed a biphasic absorption response to pH (Figure 2A). Unlike
LS662, which exhibited an inverse relationship with pH increase at 770 nm, the
luminescence of QD750 in QD750-LS662 increased with increase in pH at 750 nm (Figure
2B).

Because FRET efficiency is determined by the extent of spectral overlap between the QD
emission and the dye absorption, pH-dependent spectral shifts of dye absorption results in
the alteration of FRET efficiency. Based on the spectral properties of LS662, QD750
luminescence has excellent spectral overlap with the dye’s NIR absorption at low pHs. This
allows energy transfer from the QD to the dye molecules, resulting in the quenching of QD
emission. Additional quenching could be induced by PET from the dye’s tertiary amine to
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the QD.28 The expected shift in the dye’s absorption from 750 nm to 520 nm under basic pH
produced high QD750 luminescence (Figure 2). The small Stokes shift of the NIR dye,
coupled with a significant overlap of its fluorescence with QD750 emission, complicates
determination of the energy transfer efficiency (E) by changes in fluorescence intensity.
However, this parameter could be determined by FLT measurements.

Toward this goal, we explored the FLT-based pH sensitivity of the QD-dye conjugate in
different buffer solutions. FLT of the QDs alone has a small FLT pH response between 29
ns and 31 ns (Figure S2C). This narrow FLT change represents <10% of the native QD FLT,
and does not have the dynamic FLT range for pH sensing in heterogeneous mediums. In
contrast, the FLT decay profile of QD-dye conjugate at 750 nm emission showed significant
pH response (Figure 3A), decreasing from 29 ns at pH >7 to 12 ns at pH <5. A plot of the
FLT vs. pH showed a sigmoidal transition with a pKa of 5.2 (Figure 3B). This pKa mirrored
that of the dye using fluorescence intensity measurement, but with a reversal of the intensity
vs. pH response (Figure S1). This demonstrates that the organic dye imparted its pH
sensitivity to QDs with high accuracy, and provides a general strategy to improve the
photostability and signal dynamic range of organic pH-sensitive molecules.

To determine the FRET efficiency (E) by FLT, we used the equation, E=1-t,/tp, Where 15 is
12 ns (the QD750 FLT at pH 2 - all dye absorption overlaps with QD emission) and 1y is 29
ns (determined at pH 10 - no dye absorption overlap with QD750 emission). On this basis,
the FRET efficiency of ~60% was determined at the two extreme pH states. This validates
the choice of FLT instead of emission intensity as pH reporting parameter. At 60%, residual
QD emission is still significant, and without a ratiometric strategy, quantitative pH
measurement in cells and tissue would otherwise be complicated.

A potential strategy to incorporate ratiometric pH sensing is to label two different QDs
emitting at 520 nm and 750 nm with LS662 to match the absorption shift of the dye at
different pH. Thus, we prepared QD560-LS662, which was designed to have spectra overlap
with LS662 absorption in neutral to basic pH mediums (Figure S5A). As expected, FRET
efficiency of this construct increases as pH increases, resulting in a reversed FLT trend
compared to that of QD750-LS662 (Figure S5B,C). The QD560-LS662 also showed a
significant FLT change at 560 nm emission from 7 ns at pH >7 to 31 ns at pH <5, with a
pKa of 5.5 and FRET efficiency of ~77% between pH 2 (31 ns) and pH 10 (7 ns). Thus, FLT
alone or ratiometric pH measure with combined QD560-LS662 and QD750-LS662 can
successfully be used to determine quantitatively the pH of chemical and biological systems.

To validate that the induction of the pH-sensitivity on the QDs originated from pH-sensitive
organic dye, we conjugated QD750 to a non-pH sensitive dye, LS288 (Figure S8). This dye
has an absorption and emission maxima at 760 nm and 780 nm, respectively. The
photophysical properties of this dye, including absorption, emission and fluorescence
lifetime of QD750-L5288 construct were investigated at different pH values (Figure S6).
Upon conjugation of the dye to QD750, a significant pH-independent emission quenching
occurred, resulting in E of ~73% at all pH values between 2 and 10. Here, E was determined
by defining t, and 1y, as the FLT after (7 ns) and before (26 ns) dye conjugation. This finding
could be used to develop stable activatable probes that will restore QD fluorescence after
removal of the non-pH sensitive dye by enzymes or other biological events. More
importantly, the result confirms the role of organic pH dyes in imparting pH sensitivity to
QDs.

To explore the generality of the pH sensing strategy, we prepared a pH-sensitive

heptamethine dye LS664, which fluoresces in acidic environment, but quenches
fluorescence by PET mechanism under neutral and basic conditions (Scheme 1 and Figure
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S7). This dye has absorption maxima of 760 nm below pH 4, which shifts to 810 nm above
pH 5, generating the nonfluorescent analogue. Both absorption and emission spectral
analyses at different pH values gave pKa of 3.2. Using a similar method described for the
synthesis of QD750, we prepared cysteamine coated CdTeSe/ZnS QD emitting at 760 nm
(QD760, Figure S9) to overlap with the absorption maxima of LS664 under acidic
conditions. The QD-dye conjugate, QD-dye (QD760-LS664) was prepared and its pH-
dependent FLT response was investigated (Figure 4). If FRET was the primary quenching
mechanism, we would expect QD emission quenching at pH <4 and significant emission
intensity at pH>5. Instead, the QD emission quenching increased with pH, as reflected by
the FLT plot (Figure 4). The mechanism of luminescence quenching and enhancement by
LS664 is not fully understood at this time, but previous studies have shown that amines are
electron donors to QDs and could be involved in PET mediated QD emission quenching.28
Although QD760 is coated with cysteinamine, which could serve as electron donor under
basic conditions, we did not observe PET with the analogous QD750. Since the major
difference between the two QD formulations are the dyes, we attribute this quenching to
PET from the amine groups on the indolium ring of LS664 to the QD under basic
conditions. The obtained pKa value from the sigmoidal fit of the lifetime decay profile is
3.5, which is also consistent with the pKa of LS664 alone. This demonstrates the feasibility
of applying pH-sensitive dyes with PET capability to modulate the FLT of QDs. However,
delineation of the exact process by which LS664 perturbs the spectral properties of QD
needs further exploration.

In summary, we have developed new pH-sensitive QD-organic dye hybrid nanomaterials by
imparting the pH-sensing properties of NIR dyes to photostable QDs possessing large FLT
sensitivity scale. In particular, perturbation of the QD’s FLT by FRET or PET processes
illustrates the generality of the approach. The QD FRET donors are readily custom-
engineered to match the acceptor’s absorption features of a pH sensitive dye used to
modulate the FLT of QDs. This new approach allows environmentally insensitive QDs to
become highly efficient pH sensors for a variety of potential environmental and biological
applications. For example, the large two-photon (2P) action cross sections of QDs and the
deep tissue penetration NIR light ideally position these sensors for use in multiphoton
microscopy of molecular processes across large spatial scales ranging from cells to thick
tissue. Moreover, direct 2P excitation of the highly photostable QDs prevents the rapid
photobleaching of the NIR pH-sensitive cyanine dyes, which readily occurs under high
intensity lasers.”

Supplementary Material
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Figure 1.

(A) Representative TEM image of QD750-LS662 construct. The scale bar is 50 nm. (B)
Histogram of the particle size measured from TEM images with the diameter of 9.37 nm *
1.13 nm (£12.1%) (C) DLS measurement of QD750-LS662, showing hydrodynamic
diameter of 18.17 nm + 2.40 nm (x 13.2%).
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Figure 2.

(A) UV-vis absorption spectra of QD750-LS662 conjugate at different pH values. (B)
Fluorescence spectra of QD750-LS662 conjugate at different pH values. The excitation
wavelength is 488 nm.
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Figure 3.

(A) FLT decay profile of the QD750-LS662 conjugates at different pH values. (B) The

sigmoidal fit of the FLT vs. pH, with a pKa of 5.2.
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NaCl
pH Buffer solution
2.00 23.2
247 23.0
3.00 21.7
3.52 206
4.00 17.9
5.00 17.1
6.00 16.5
7.00 16.0
8.00 16.2

(A) Lifetime profile of the QD760-LS664 conjugate, red solid line is the sigmoidal fit of the

curve. The pKa obtained is 3.5. (B) The table of lifetime obtained from QD760-LS664

conjugate at different pH mediums; the buffer used is hydrion buffer. Two additional points

are added between pH 2 and 4 by titrating 0.1M NaCl solution using HCI or NaOH to

optimize the sigmoidal fit of the titration curve.
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Scheme 1.
Illustration of the processes involved in the QD pH-sensing induced by pH-sensitive organic
dyes.
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