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Abstract

NIH-PA Author Manuscript

Fold-up fluorophore: A new paradigm for designing self-referencing fluorescent nanosensors is
demonstrated by interfacing a pH-triggered molecular conformational switch with quantum dots.
Analytedependent, large-amplitude conformational motion controls the distance between the
nanocrystal energy donor and an organic FRET acceptor. The result is a fluorescence signal
capable of reporting pH values from individual endosomes in living cells.
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Recent advances have given access to myriad engineered nanomaterials, ranging from
functional nanotubes and fluorescent nanocrystals (NCs) to oligonucleotide self-assemblies
and polymer nanoparticles. The integration of these nanomaterials with dynamic molecular
components will likely be a key concept in realizing their full potential.[1] In this regard,
combining NCs with molecular machines presents an unexplored strategy for modulating
NC properties in response to a specific stimulus. Here we outline this new paradigm through
designing a self-referencing, NC–nanomachine-based sensor. A conformational switch,
activated by a chosen specific analyte (here, H+ ions), is used to vary the efficiency of
energy transfer between the NC and an appended species. The analyte concentration is
reported by a ratiometric fluorescence signal that is quantifiable and robust across a variety
of imaging conditions, allowing for the high-resolution measurement of pH within
individual endosomes in HeLa cells. This study thus exemplifies the strategy of
disconnecting sensing and reporting functions to create a universal fluorescent sensor design
that addresses many of the challenges associated with harnessing the unique optical
properties of NCs.
Several intrinsic properties serve to make NC fluorophores attractive tools for advanced
imaging applications,[2] such as intravital multi-photon laser scanning microscopy,
multiplexing and single receptor tracking.[3] In particular, their narrow and tunable emission
spectra, high quantum yields, broad absorption profiles, high photostability, and large single
and multi-photon cross sections have propelled NCs to become useful complements to
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organic fluorophores and fluorescent proteins. These attributes provide strong motivation for
finding ways to incorporate NCs into fluorescent sensors: fluorescent sensors possessing the
optical properties of NCs will enable the noninvasive quantification of biochemical species
with high spatial and temporal resolution and with the ability to track changes over extended
periods from within complex living environments.[4]
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One of the most promising concepts for constructing NC sensors is to attach a second
chromophore (such as an organic dye or a transition metal complex) that can act as a
fluorescence resonant energy transfer (FRET) partner with the NC.[5] NC fluorophores make
ideal FRET donors – their narrow emission features can easily be tuned to match the
absorption spectrum of any acceptor, thus endowing the sensing construct with the favorable
optical properties of the NC. However, existing NC-based fluorescent sensors have yet to
demonstrate compelling performance. While analyte-induced cleavage,[6] displacement[7] or
chemical modification[8] can irreversibly modulate a FRET interaction and confer detection
abilities on a NC construct, continuous monitoring of analyte levels requires a reversible
response to analyte concentration. Furthermore fluorescent sensing within living
environments must ultimately address confounding factors such as variations in probe
concentration, excitation intensity, and collection efficiency,[8a,9] necessitating a selfreferencing output, commonly achieved by taking a ratio of fluorescence intensities at two
different wavelengths. The majority of reported NC-based sensors have thus exploited
analyte-sensitive dyes to provide both sensing and signaling functions, but resulting in
several significant shortcomings including the limited variety of available analyteresponsive dyes and difficulty of use in biological environments.[10]
Here we introduce a different approach that circumvents these limitations by separating the
optical signaling from the chemical sensing components. A chemically insensitive NC–
molecule FRET pair is connected through a linker that undergoes a reversible
conformational change upon binding to the analyte (Figure 1a). As energy-transfer
interactions are extremely sensitive to distance, conformational changes in the linker lead to
a substantial change in optical signal. Monitoring the emission from both fluorophores
therefore provides a sensitive, ratiometric response that can be used to track analyte
concentrations within microscopic biological environments. Maintaining specific pH values
and gradients is essential for many biological processes such as protein folding.
Furthermore, in the extracellular space, low pH is an important hallmark of many tumor
microenvironments. These bio-applications and others provide an imperative for improved
tools capable of accurately monitoring pH in living systems with high spatial and temporal
resolution.[11]
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Certain cytosine-rich oligonucleotide sequences are known to undergo folding or unfolding
in response to changes in pH, depending on the protonation state of the cytosine imino
group.[12] Recently, a ratiometric pH sensor was created by appending two molecular
fluorophores to one such sequence, allowing pH changes in the endosomes of haemocytes to
be monitored.[13] To create a NC-based sensor in which a reversible conformational change
is transduced into an optical response, a simpler pH-responsive oligonucleotide was selected
(Figure 1c). This sequence is capable of cycling between two well-defined conformations:
an extended duplex-overhang structure and a folded CT-motif triplex. The effective pKa for
this transition is ideal for achieving greatest sensitivity in mildly acidic biological
environments.[14] The relatively rigid DNA adduct helps to ensure that the two ends of the
switch are held far apart in the unfolded state. Protonation of cytosine imino groups in the
single-stranded region results in folding to allow Hoogsteen triplet base-pairing interactions
in the major groove of the duplex. This conformational change dramatically alters the
distance between the termini of the DNA adduct (Figure 1c). In order to build the NC-based
pH sensor, 5(6)-carboxy-X-rhodamine (Rox) – a pH insensitive fluorophore – was installed
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at the 3′ overhang end of the 35-mer (Figure 1c). At the opposite end of the construct, a thiol
at the 3′ terminus of the 16-mer acted as a handle for attachment to polymer-coated NCs.
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We have previously demonstrated compact, biocompatible and bright NCs based on
polymeric imidazole ligands (PILs) such as 1 (Figure 1b).[15] Water-soluble CdSe/CdS
core–shell NCs, emitting at 560 nm, were prepared using PIL 1. Activation of the primary
amines with the heterobifunctional linker sulfosuccinimidyl-4-(Nmaleimidomethyl)
cyclohexane-1-carboxylate (sulfo-SMCC) then allowed covalent attachment of the thiol on
the hybridized double-stranded oligonucleotide (see supplementary information for details).
Successful conjugation of the oligonucleotide to the nanoparticles was confirmed by the
UV-Vis absorption spectrum, featuring both the inorganic NC and organic dye peaks (Figure
S2). A linear fit of this spectrum to reference NC and DNA–Rox spectra gave an average
coupling stoichiometry of 3.6 DNA–Rox units per NC.
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When placed in phosphate buffers of varying pH and excited at 460 nm, the construct
exhibits a time-invariant emission, comprising two features at wavelengths corresponding to
the NC (λPLmax = 560 nm) and Rox (λPLmax = 610 nm) components (Figure 2a). As Rox
absorbs minimally at 460 nm, this indicates excitation through energy transfer from the NC.
On varying pH from 8.0 to 6.1, a dramatic change in the relative intensity of these two
features is observed (Figure 2). At high pH values, strong emission from the NC and poor
FRET efficiency to Rox is observed, consistent with the unfolded oligonucleotide switch
holding the donor and acceptor far apart. As pH is lowered, NC emission becomes
increasingly quenched, with concomitant enhancement of emission from the Rox. This is
consistent with increasing FRET efficiency from the NC to Rox as the folded triplex
conformation of the oligonucleotide brings the NC energy donor and Rox energy acceptor
closer in space.
A practical parameter for expressing sensor response is the proportion of green channel
emission (using 590 nm as a cutoff) compared to the total integrated emission. A plot of this
ratio shows a sigmoidal response (Figure 2b, black squares), with maximum sensitivity
around pH 7.0, in line with the characteristics of the oligonucleotide conformational
switch.[14] This pH range for conformational switching is ideal for imaging mildly acidified
biological microenvironments. The sensor response was found to be robust to changes in
both temperature and in electrolyte content (Figure 2c), it was reproducible across several
samples and the construct could be recovered, stored and re-used with no adverse effects
(see supplementary information). Furthermore, a control construct with Rox dyes coupled
directly to amino-PIL coated NCs with no oligonucleotide linker showed no variation in the
ratio of emission across the same pH range (Figure 2b, blue circles).
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A deeper understanding of the underlying chemomechanical and photophysical processes
can be gained by examining the Förster model, which describes well the efficiency of energy
transfer from a NC to an acceptor conjugated to it. When multiple acceptors are conjugated
to each NC, the ensemble FRET response can be reproduced by assuming a Poisson
distribution of coupling stoichiometries.[16] The equations for these calculations are
presented in the supplementary information. Comparing a set of modeled FRET efficiencies
to the experimentally observed efficiencies (Figure 2d) at low and high pH, we can infer that
the donor–acceptor separations in the all-folded and all-unfolded states are 6.3 nm and 9.4
nm, respectively (Figure S11). These values are consistent with the physical dimensions of
the sensor construct measured by dynamic light scattering (DLS) measurements (Figure 2e).
The sensor hydrodynamic radius was found to be invariant with pH at 9.4 nm. This
corresponds very well with the donor–acceptor distance calculated for the unfolded state
using FRET theory and suggests that the size of the nanoconstruct is defined by the doublestranded DNA region (including its solvation shell) irrespective of pH. In the unfolded state,
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the single-stranded component does not extend into solution beyond the existing solvation
shell. Furthermore, the hydrodynamic radius of the PIL-coated NCs prior to conjugation
with the DNA was measured as 6.1 nm, suggesting that in the folded state the Rox dye is
located as close to the NC as possible (6.3 nm from FRET), without penetrating the polymer
coating.
Robust maintenance of the sensor response under a variety of environmental conditions in
vitro gives confidence that the design can be applied to image pH variation in living
systems. As a proof of concept, we probed the pH of endosomes in human adenocarcinoma
cells. It is well known that during endosome maturation, there is a significant pH drop from
early endosomes to the late endosomes through action of H+-ATPases,[17] yet it remains
challenging to probe live cell endosome pH values, track the acidification of endosomes
over time, and develop a complete understanding of this dynamic process.
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The sensor response was first calibrated by imaging in buffers of varying pH under a
confocal microscope. The sample was excited at 488 nm and the image acquired
simultaneously in the green NC channel (560–580 nm) and the red Rox channel (590–620
nm). The proportion of green channel intensity as a fraction of the total intensity at different
pH values is shown in Figure 3a. Although absolute intensities are affected by changing
excitation wavelength and green and red channel widths, the power of the ratiometric
approach is that the sigmoidal sensor response is maintained (Figure 3a, black squares). The
control construct, which lacks the oligonucleotide conformational switch, again shows no
such variation in PL response with pH.
The sensor constructs were then endocytosed into HeLa cells by incubation at 37 °C for 10
minutes. Following rinsing to remove excess sensor, incubation at 37 °C was continued for
0, 10, 20 and 30 minutes prior to imaging. Qualitatively, punctate staining characteristic of
endosomes was apparent in all healthy cells examined, with these features closer towards the
center of each cell at later time points. As illustrated for the example shown in Figure 3b, the
images were processed to calculate the average proportion of green channel fluorescence
(see supplementary information for details) for each identifiable endosomal structure within
multiple cells at each time point. The ratio values (Figure 3c) show a clear decrease with
increasing time, consistent with progressive acidification of the endosomes. No such
variation was observed upon incubation of cells with the control construct, which lacks the
oligonucleotide conformational switch (Figure S10). Comparing the ratio values with those
from the calibration (Figure 3a) reveals an average drop in pH from > 7.4 to < 6.9 over the
course of the experiment, with significant numbers of vesicles showing pH values of ~6.0 by
the last time point recorded.
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Our pH resolution here is limited by the variation in the number of DNA–Rox moieties per
QD. The Poisson distribution of stoichiometries that describes the construct population gives
rise to a distribution of fluorescence ratios. At the single QD level, individual sensors will
exhibit different emission profiles for the same pH, depending on the number of appended
DNA–Rox units. This effect becomes significant for endosomes whose sizes can only
accommodate on the order of a dozen NC sensors, giving rise to a distribution of measured
pH values at any given time point. While the natural biological variability in pH amongst
endosomes has been found to be as high as +/− 0.2 pH units,[18] the variability in construct
stoichiometry can be assigned as the major contributor to the distribution in observed pH
within the same time points observed in this experiment (error bars, Figure 3c). This
distribution is also reflected in the range of ratios obtained using the non-sensing control
constructs (error bars, Figure S7).
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The application of NCs to study complex living systems has the potential to yield molecular
level information with unprecedented spatial resolution together with the ability to track
changes over long periods of time. Using molecular machines to control the optical
properties of NC constructs presents a new and flexible approach to designing sensors that
realize this goal. By transducing a mechanical property rather than an optical property, we
separate the sensing and signaling functions. Such sensors are no longer constrained to
operate within the parameters defined by available analyte-sensitive fluorophores. The
conjugation chemistries employed here are universal and so any FRET pair of fluorophores
can be employed, including the attractive possibility of creating all-NC ratiometric sensors.
Likewise, the conformational switch may be optimized per analyte and concentration range
without necessitating a change to the fluorescent components or imaging setup.
Oligonucleotide conformational switches triggered by other simple stimuli have been
characterized,[12] along with DNA-based aptamers that exhibit a conformational change on
binding non-nucleotide targets,[19] while the field of supramolecular chemistry has provided
a host of synthetic receptors that undergo a conformational change on guest binding.[20] The
sensor design reported here demonstrates that any of these systems may be harnessed in a
NC–nanomachine sensor. Achieving control over nanoconstruct stoichiometry is a key
challenge that now must be addressed. While applications that involve imaging large
numbers of NC fluorophores (such as mapping the tumor environment) are not limited by
the distribution of NC valencies, NC constructs with precisely defined stoichiometry would
allow quantitative measurement even for applications involving only a few NC-sensors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Sensor design and constituent parts. a) Schematic illustration of sensor design wherein a
fluorescent NC (green) is conjugated to one or several molecular fluorophores (red) through
an analyte-sensitive linker. Binding of a specific analyte (blue) to the linker triggers a
conformational change that alters the donor–acceptor distance, hence changing the FRET
efficiency and therefore eliciting a wavelength ratiometric optical response. b) Chemical
structure of PIL ligand 1. Monomer units were arranged randomly; ratio x:y:z was 1:2:1, and
typically x+y+z = n ~ 16 (i.e., an average of 32 monomer units per chain). c) pH-Responsive
oligonucleotide triplex–duplex conformational switch, bearing carboxy-X-rhodamine and
thiol functionalities. Not drawn to scale.
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Figure 2.

Spectroscopic characterization of the sensor. a) Sensor photoluminescence spectra on
excitation at 460 nm in PBS buffers with differing pH values at 25 °C. Solid black line at
590 nm indicates cutoff wavelength for integration of intensities in ‘green’ and ‘red’
channels. Spectra were corrected for variation in concentration using absorbance
measurement at excitation wavelength. b) Proportion of total emission intensity in ‘green’
channel (as defined in a) as pH is varied at 25 °C for the sensor (black squares) and a control
NC–Rox construct that lacks the oligonucleotide switch. c) Sensor performance under
varying environmental conditions. PBS (phosphate buffered saline): (10 mM phosphate, 137
mM Na+, 2.7 mM K+); Cytosol buffer: 10 mM phosphate, 139 mM K+, 12 mM Na+;
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Divalent buffer: 12 mM phosphate, 137 mM NaCl, 2.7 mM KCl, 0.9 mM Ca2+, 0.5 mM
Mg2+. d) Efficiency of energy transfer from NC to Rox components with varying pH. e)
Cartoon representation of sensor construct and operation, indicating inorganic core radius as
determined by TEM and hydrodynamic radii of unfunctionalized and functionalized watersoluble NC constructs, as determined by DLS (see supplementary information for further
details).
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Figure 3.

Application of sensor for confocal imaging of endosomal pH in live cells. a) Proportion of
total emission in green channel on confocal imaging of the sensor (black squares) and the
control (blue circles) constructs in phosphate buffers with varying pH. b) Representative raw
image, false-colored ratiomap, and picked endosomes of a cell from the 10 min + 20 minute
group. c) Emission ratios for endosomes found in cells incubated with the sensor construct
for a 10 minute pulse period followed by 0, 10 minute, 20 minute, and 30 minute chase
periods (endosome n = 11, 36, 16, 31 respectively). (Scale bar = 10 µm)
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