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ABSTRACT: Photoswitchable semiconductor nanoparticles,
quantum dots (QDs), couple the advantages of conventional
QDs with the ability to reversibly modulate the QD emission,
thereby improving signal detection by rejection of background
signals. Using a simple coating methodology with polymers
incorporating a diheteroarylethene photochromic FRET
acceptor as well as a spectrally distinct organic fluorophore,
photoswitchable QDs were prepared that are small, biocom-
patible, and feature ratiometric dual emission. With pro-
grammed irradiation, the fluorescence intensity ratio can be
modified by up to ∼100%.
KEYWORDS: Quantum dots, FRET, photochromism, internal standard, ratiometric imaging

Since their inception semiconductor nanocrystals, or
quantum dots (QDs), have been applied widely in

biological imaging,1 most recently for multiplexed analysis,2

single particle imaging,3 prolonged real-time visualization,4 and
super resolution microscopy.5 QDs are particularly well suited
to these tasks due to their broad excitation, narrow emission,
photostability, and brightness. Despite their many virtues,
colloidal QDs are generally synthesized in organic solvents and
require surface modification in order to achieve solubility in
aqueous media and biocompatibility. These aims are met either
by replacing or by capping the original hydrophobic surface
ligands,6 techniques that also provide the main route to further
functionalization of the QDs for targeting and multiparametric
biosensing.7,8

Förster resonance energy transfer (FRET) is an efficient
technique for the modulation of QD fluorescence.9−12

Photochromic compounds (PCs) with two states differing in
absorption properties have been introduced as FRET acceptors
in a configuration we have previously termed pcFRET.13−15

The system constitutes a reversible switch based on FRET
under control by light. A very suitable family of photochromic
compounds for pcFRET comprises the thiophene-based
diheteroarylethenes,16 introduced by Irie,17,18 which have two
thermally stable states (open form, oPC, and photocyclized
closed form, cPC) that can undergo numerous photocycles
without fatigue. The open form can assume antiparallel and
parallel conformations of which only the former can undergo
photocyclization. Several water-soluble diheteroarylethene PCs
have been designed,19,20 but they still require a hydrophobic
microenvironment for optimum photoconversion.21

We have previously reported22 the design of photoswitchable
QDs (psQDs) based on the strategy introduced by the Parak
laboratory23 for solubilizing organic nanoparticles with coats of
amphiphilic comb-polymers. [In referring to the previously
reported psQD construct we will use the term Gen-1]. Such
polymer-capped QDs have been targeted to biological
applications in aqueous media.24,25 The amphiphilic polymer
can be functionalized both prior to or after nanoparticle
coating7 with various groups located either in the hydrophobic
interior or hydrophilic exterior of the coating polymer. In our
application, the wrapped QDs architecture permits placement
of the PC molecules in the hydrophobic compartment
demarcated by the outer surface of the semiconductor QD
and the polymer cap.22

We report here a new structural design that creates a
biocompatible photoswitchable QD with a secondary dye
(Alexa Fluor647 cadaverine) acting as an internal standard and
thus allowing dual-color, ratiometric sensing and imaging
(Scheme 1). The psQD is smaller than other related
constructs26−30 (∼5 nm diameter by EM, a ∼14 nm
hydrodynamic diameter; see Supporting Information), does
not exhibit fatigue, and is readily photomodulatable, such that
the emission can be externally controlled. The ratiometric
signal changes by ∼100% and allows sensitive, selective
detection by suppression of background and photobleaching
contributions using phase-sensitive techniques. These can be
applied in the steady-state31 as well as in the nanoseconds
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regime,32 in the latter case exploiting the different QD and
Alexa647 fluorescence decay kinetics.
The preparation of the dual-color psQDs begins with the

synthesis of the Alexa doped photochromic amphiphilic
polymer (Scheme 2). Certain modifications of the method-
ology previously reported for dye-doped poly(maleic anhy-
dride) based polymers22,33,34 were required for introducing the
double functionalization.
For the polymer synthesis 6 mg (1 μmole polymer, 40

μmoles monomer) of PMA (Sigma-531278, MW ∼6000) was
introduced into a dry 10 mL flask. Two milliliters of a
DMF:DMSO solution of Alexa647 cadaverine (Invitrogen, A-
30679; 0.16 μmoles, or 4 molecules per 1000 maleic anhydride
monomers) were added. The solution was stirred at 60 °C for
90 min and then 7.7 mg (14 μmoles) of PCahx [6-amino-N-(3-
(3,3,4,4,5,5-hexafluoro-2-(2-methylbenzo[b]thiophen-3-yl)-
cyclopent-1-enyl)-2-methylbenzo[b]thiophen-6-yl)hexanamide;
for synthetic details of PCahx see Supporting Information] was
added in the minimal possible volume of tetrahydrofuran. The
PCahx is a diheteroarylethene PC with a 6 carbon linker
terminating in a primary amine. This linker positions the PC
closer to the QD than in the Gen-1 psQD as well as increasing
the yield of conjugation to the polymer. From prior experience
with PCahx, we anticipated a conjugation yield of ∼20%,
corresponding to ∼3 PC groups/polymer. We simplify the

terminology by henceforth referring to PCahx as PC.
Dodecylamine (1.85 mg, 10 μmoles) was added to the flask
and the reaction was left overnight at 60 °C. An additional 3.7
mg (20 μmoles) of dodecylamine was added and allowed to
react for 4 h. The product was purified and characterized as
previously described.22 The nomenclature adopted for the
polymer product represents modifications to the polyisobuty-
lene-alt-maleic anhydride backbone as percentages of anhydride
rings coupled to the added molecules. Thus, the final polymer
is denoted PMA 7PC 75C12 0.3Al; for every 1000 original
maleic anhydride monomers there are 750 dodecylamine
chains, ∼70 PC molecules, and 3 Alexa647.
We utilized Series A CSS 540 nm QDs CdSe/CdS/ZnS

core−shell−shell nanoparticles35 (CAN GmbH, Hamburg)
emitting at 540 nm and rendered soluble in organic solvents by
lipophilic surface ligands (TOPO/TOP/HDA). The coated
QDs were transferred to an aqueous medium and purified
following a simple, previously reported methodology.22 The
polymer self-assembly is directed by interdigitations of the
aliphatic chains with the lipophilic ligands on the QD surface.
The PC is preferentially localized to the hydrophobic
microenvironment established by the QD surface ligands and
the dodecylamine chains of the polymer. The hydrophilic
Alexa647 and pendant carboxylic groups are presumed to

Scheme 1. Dual-Color psQD Schematica

aThe fluorescence of the QD is modulated by the photoconversion of
the PC while the Alexa647 fluorescence is constant. The PC in the
open form (oPC) is photoconverted with UV irradiation to the closed
form (cPC), which can then be photoreversed by direct excitation with
visible light, or via FRET from the QD acting as a donor.

Scheme 2. Spectral Signature of Dual-Color psQD
Components and Chemical Architecture of Conjugated
Polymera

a(A) Superposition of absorbance (solid lines) and emission (filled
areas) spectra of PC, QD, and Alexa647, demonstrating the PC
spectral overlap with the QD but not with the Alexa647. The spectra
are normalized by their peak values. (B) Schematic of photochromic
amphiphilic comb polymer doped with Alexa647.
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extend into the aqueous medium, conferring a negative surface
charge and solubility to the nanoparticle. The final construct is
denoted a dual-color psQD (dual-color photoswitchable
quantum dot). The properties and data presented below were
determined in 50 mM Na-borate buffer, pH 9.0, under aerobic
conditions. Stability was maintained in the pH range 7−12 and
no adverse effects were perceived upon lowering the salt
concentration to 0.5 mM. The properties of the dual-color
psQDs were unaltered after storage for 6 months.
The absorption and fluorescence spectra at 20 °C of dual-

color psQDs were acquired on a Cary 100 UV−vis
Spectrophotometer and a Cary Eclipse Fluorimeter (Varian),
respectively. The concentrations of the nanoparticle solutions
were in the range of 0.1−0.5 μM. For fluorescence measure-
ments, the maximum absorbance of the solution was
maintained at <0.1 to avoid internal filter effects and trivial
reabsorption, and low levels of excitation light were utilized for
monitoring the system so as to avoid photoconversion of the
PCs. The phase transfer shifted the peak of the QD emission to
550 nm and led to a reduction of the quantum yield to 0.26, a
value similar to that reported for other polymer-coated QDs.36

The photochrome composition of the dual-color psQD was
determined by resolving the absorbance spectrum into its
constituent contributions. The A525 of the dual-color psQDs
with all the PC in the open form was assumed to originate
exclusively from the semiconductor, thus permitting an
estimation of the nanoparticle concentration. The increment
in A540 upon UV irradiation was assigned to changes in the
relative concentrations of oPC and cPC. The concentrations of
cPC, and thus of total PC and number of PCs per QD, were
obtained from the known differences in extinction coefficients
and the cPC fraction in the photostationary state (αPS, see
below). The A650 originated solely from the Alexa647 and thus
an Alexa647/QD ratio could also be computed. In interpreting
the data, we assumed random distributions of the PC and
reference probes on the polymer and of the polymer on the
QD. The calculations yielded mean values of 1.2 ± 0.1
Alexa647 and 35 ± 1 PC per QD, corresponding to ∼400−500
monomers of polymer (or ∼10−13 polymers) per QD. The
polymer content was one-half that of the Gen-1 psQD. The
more efficient packing was reflected in the ease of QD coating
and phase transfer. From the low value for Alexa647, the
fractional distributions for QDs with 0, 1, 2 and >2 probes
would be 0.30, 0.36, 0.22, and 0.12, respectively.
Scheme 2A shows the most pertinent spectral properties of

the individual components of the dual-color psQD. The latter
exhibited two emission wavelengths, 550 and 666 nm,
corresponding to the QD and Alexa647, respectively. Both
emissions could be elicited over a broad excitation band
corresponding to the QD. As indicated above, QDs can act as
FRET donors,10,37−39 in this case not only to the PC groups
but also to the Alexa647, which will thus exhibit emission upon
excitation throughout the QD excitation band. The computed
Förster transfer parameter13 (Ro), the donor−acceptor distance
for which the energy transfer efficiency is 0.5, are the following:
QD-oPC, 1.3 nm; QD-cPC, 4.1 nm; QD-Alexa647: 4.1 nm,
assuming two-thirds for the value of orientation factor κ2. The
similar values for QD-cPC and the QD-Alexa647 result from
compensation of the lesser spectral overlap in the latter case by
the much larger extinction coefficient of Alexa647, resulting in a
similar overlap integral (J).13

We define an emission ratio (ER) as the Alexa647 emission
at 666 nm divided by the QD emission at 550 nm. Alexa647

can be excited selectively from 580 to 660 nm. Thus, the ER is
adjustable by selection of one or more excitation band(s). In
the experiments described below, the selected excitation
wavelengths of 400 and 600 nm were optimal in that they
correspond to minima in the PC absorbance.
Reversible photoswitching of the PC probe in the dual-color

psQD was achieved by alternating irradiation with UV light
(340 ± 10 nm, 1.1 mW cm−2) and visible/green light (545 ±
10 nm, 6.2 mW cm−2). Sequential pulses (∼10 s) of either UV
or visible light were utilized to achieve the two photostationary
states,14,22 the first consisting exclusively of oPC, and the
second of a distribution between oPC and cPC established by
UV irradiation. Further references to the photostationary state
assume the latter condition. The changes in the absorbance and
fluorescence spectra of the dual-color psQD upon passing from
the open to the closed states are shown in Figure 1. The

Figure 1. Spectroscopic monitoring of dual-color psQD. Irradiation
consisted of consecutive 10 s pulses of either UV or visible light until
no further change was observed; UV, 340 ± 10 nm (irradiance 1.1 mW
cm−2) and vis, 545 ± 10 nm (irradiance 6.2 mW cm−2). Temperature,
20 °C. (A) Absorbance spectra (B) Fluorescence spectra of dual-color
psQD with excitation at 400 nm. (C) Fluorescence spectra of dual-
color psQD with excitation wavelength at 400 nm for QD detection
and 600 nm for Alexa647 detection. The 600 nm excitations are
represented by two colors (orange, red); the signals differed very
slightly.
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photostationary state of PC conjugated to the polymer
corresponds to a 22% conversion (αPS = 0.22) of the open to
the closed states (for calculations and details see Supporting
Information 1B). The photoconversion process of the dual-
color psQD is more complex due to the photoreversion caused
by FRET from the QD to the cPC and the existence of two
subpopulations differing in FRET efficiency (see below). Thus,
the photostationary state corresponds to a lower αPS than in the
case of the free or polymer-conjugated PC (see calculations and
discussion below).
The maximum observed quenching of fluorescence at the

550 nm peak upon exposure to UV light was 52% (mean 48 ±
2%). Irradiation with visible light restored the fluorescence to
the initial state. Using a single excitation wavelength (400 nm),
the ER changed from 0.13 to 0.22 (66% increase). By exciting
both probes individually (QD at 400 nm, Alexa647 at 600 nm),
the ER changed from 4.0 to 8.0 (100% increase). The
difference in ER values is due to the correlated decreases in
both the QD and Alexa647 emission in the single excitation
mode. Quenching of the QD by the cPC also reduces FRET to
the Alexa647 because of the additional competing deactivation
pathways of the QD (Figure 1B). When excited directly, the
Alexa647 standard was unaffected by the photoconversion of
the PC, resulting in a considerably larger ER change. A slight
photobleaching was evident upon prolonged irradiation.
The dual-color psQD were cycled through the open-closed

states by alternating lengthy (180 s) exposures to UV or visible
light and monitoring the QD and Alexa647 emissions (Figure
2). The first irradiation with UV led to a significant decrease in

the Alexa647 signal while subsequent cycles produced a more
moderate decrease indicative of photobleaching (Figure 2A).

The latter effect could be minimized by eliminating oxygen
from the solution with scavengers.40 We attribute the initial
step to redistribution of the Alexa647 from the more viscous
interior to the exterior of the polymer coat, lowering the
quantum yield due to facilitation of bond rotation.40 The
hypothesis was supported by an observed decrease in FRET
from the QD to the Alexa647 (data not shown). The slight
reversible steps in Alexa647 emission were independent of the
state of the PC since they were observed when irradiating
repeatedly at any given wavelength.
The QD did not exhibit photobleaching but some photo-

brightening was evident (compensated in Figure 2A by
normalization). Photobrightening is an inherent property of
many QDs41,42 and we observed the phenomenon in naked
QDs as well as polymer-coated QDs not functionalized by dyes.
The influence of this phenomenon can be minimized by prior
irradiation.43 The photomodulation of QD fluorescence was
robust over the 15 measured cycles in which the ER changed by
87 ± 4% (Figure 2B). Neither fatigue due to the photo-
degradation of the PC nor spontaneous thermal reversal of cPC
was evident at room temperature. Thus, the state of the dual-
color psQD was controlled solely via the selected mode of
irradiation.
The dual-color psQD constitutes an inherently complex

photophysical system by virtue of incorporating a QD donor
and two distinct families of acceptors, one of which (the PC)
undergoes photoinduced chemical transformations. As in the
case of the Gen-1 psQDs,22 the intermediate as well as the
photostationary states of the PC groups generated with pulses
of irradiation are heterogeneous in terms of the open/closed
form distribution. It was necessary to again invoke the existence
of two distinct acceptor populations differing in PC number
and FRET efficiency as the simplest means for accommodating
the combined absorbance and fluorescence transition data
(Figure 1A,B; Supporting Information).
The original photophysical model22 has been improved in

the ensuing treatment, both in details of the formalism and the
nature and number of parameters fit to the data.22 We define
two classes (1,2) of cPC FRET acceptors, class 1 arbitrarily
being more FRET efficient. This feature is reflected in two
parameters, the total number of groups per QD, n1,2, and the
FRET parameter, γ1,2 = (Ro/rDA)

6
1,2 where Ro is the Förster

distance and rDA the donor−acceptor distance, one or both of
which can vary between the two classes. The assumptions
within the model are that the photochromic parameters are the
same for both populations such that in absence of FRET the
photostationary state for the two PC populations is ∼0.22 upon
exposure to UV (340 nm) irradiation. Ultraviolet light leads to
photocyclization of oPC as well as photoreversion of cPC to
oPC induced by direct excitation and indirectly via pcFRET
(QD→cPC), whereas visible light induces photoreversion of
cPC only by direct excitation.
Two coupled differential equations describe the time course

of the oPC→cPC transition in the two acceptor populations to
the photostationary state upon exposure to UV light (c1,2[t] =
cPC[t]/QD; o1,2[t] = oPC[t]/QD; n1,2 = c1,2[t] + o1,2[t]):

ρ′ = − −

−

c t k Q n c t k Q c t

k Q E t

[ ] ( [ ]) [ ]

[ ]

1 oc oc,uv 1 1 co co,uv 1

QD co,vis 1

Figure 2. Spectroscopic monitoring of dual-color psQD cycled
through open-closed states. Irradiation was for a continuous 180 s;
340 ± 10 nm (irradiance 1.1 mW cm−2) and 545 ± 10 nm (irradiance
6.2 mW cm−2). Temperature, 20 °C. (A) Emission of QD after each
irradiation with excitation at 400 nm and detection at 550 nm.
Emission of Alexa647 after each irradiation with excitation at 600 nm
and detection at 666 nm. (B) Change in the ER during each cycle
upon transition from the open to the closed state.
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in which the rate constants koc, kco, and kQD, for the forward and
reverse photoreactions, and the QD-induced (via pcFRET)
reverse reaction respectively, are products of the known
irradiance and absorption cross sections. The corresponding
quantum efficiency values Qoc,uv (for photoconversion of the
antiparallel conformer), Qco,uv, Qco,vis, and γ1, γ2, n1 and n2 are
fitted variables, two of which are dependent; ρ, the fraction of
the photocyclization-competent antiparallel isomer of oPC,
equals 0.40 according to NMR determinations. This value is
maintained by dynamic equilibration with the unreactive
parallel isomer during photoconversion. The FRET efficiencies
E1 and E2 and thus the extent of QD quenching (eq 1) vary in
time and are interdependent due to the different time courses
of c1 and c2.
We simultaneously fit the photoconversion to cPC (c1,2) and

the QD quenching (quenching %) as a function of the
incremental UV irradiation dose using eq 1 and the
FindMinimum routine of Mathematica (Wolfram Research).
The fits are shown graphically in Figure 3 and Supporting
Information S5 and the corresponding parameters are given in
Table 1. The dual population model represents the data very
well. Compared to the Gen-1 psQD, the new psQD has far
fewer photochromic groups in total with only ∼3 in class 1, yet
the FRET parameters γ1,2 are 4-fold and 8-fold greater,
respectively, and the corresponding (rDA/Ro)1,2 30% lower,
resulting in a higher quenching efficiency in the photostationary
state (50% vs 40%). The larger value of γ1 in the dual psQD
probably reflects a reduction in rDA of the class 1 PC, which due
to the added linker were placed up to 8.5 Å closer to the QD
surface than in the Gen-1 psQD. The Ro computed for the QD-
cPC pair is 4.1 nm in both systems, such that if we ascribe the
differences in γ1 (see Table 1) to positional effects alone, class 1
acceptors would be located 8.3 Å closer to the donor in the
Gen-2 system, which is in excellent agreement with the
stereochemical calculation. The linker may also result in better
packing and orientation of the class 2 PC within the polymer/
surface ligand matrix, accounting for the parallel reduction in γ2.
The large absorption cross-section of the QD accounts for 84

and 75% of the A340 in the open and photostationary PC states,
respectively and leads to the condition kQD ≫ koc, kco reflected
in the much faster equilibration (Figure 3B, inset) as well as in
the displacement of the photostationary state to a very low
steady-state value of α1,PS. Interestingly, both α1,PS and α2,PS
were similar for the two psQD generations. The derived
quantum efficiency of photocyclization (Qoc, 0.4−0.5) signifi-
cantly exceeds that for photoreversion (Qco,uv, 0.1−0.2), which
is also less efficient for excitation with visible light (or via

FRET) (Qco,vis, 0.01−0.02) compared to UV light. This result
may be due to the intervention of additional, more efficient
photoreversion pathways accessible to higher excited states in
the latter case.44 The reverse cycloreversion reaction, induced
by visible light (546 nm) and analyzed by corresponding
adjustment of the physical constants and starting condition of
eq 1, yielded a slightly larger estimate for Qco,vis of 0.04 (Figure
S5 in Supporting Information).
The above properties account for the nonintuitive phenom-

enon of very effective QD quenching despite the very low value
of α1. That is, the system exhibits a “ping-pong” or “autoreset”
property in the presence of ≥1 class 1 or a larger number of
class 2 cPC group(s). Excitation of the QD (favored under all
conditions due to its very large absorption cross-section) is
accompanied by a large probability of FRET transfer to the
cPC. As a consequence, light emission of the QD is aborted and

Figure 3. Photoconversion data and fits. Dual-color psQDs were
irradiated with 340 ± 10 nm UV light, irradiance 1.1 mW cm−2 [⊙,
Data]; [red line, Fit] or 365 nm UV light, irradiance 1.05 mW cm−2

[●, Data] for 1−15 s, absorbance and fluorescence spectra were
recorded, and then a new pulse was applied. (A) Mean value of cPC
molecules per QD as a function of irradiation time. (B) Fluorescence
quenching of QD as a function of irradiation time. Inset: Quenching %
corresponding to the two classes of acceptor as a function of time: blue
line, Class 1; black line, Class 2. (C) Fluorescence quenching of QD as
a function of mean value of cPC molecules per QD.
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the acceptor PC reverts to the open state with fairly high
efficiency.
Figure 3 also features data for UV photoconversion at 365

nm, a more accessible wavelength for fluorescence microscopy.
Because of the less favorable oPC/cPC absorption cross-section
ratio, the photostationary state was displaced to lower values of
αPS, and QD quenching diminished in accordance with the
universal quantitative relation between quenching and cPC/
QD content, established by exposure to 340 nm (Figure 3C).
We measured the fluorescence decay kinetics of the dual-

color psQD in different states to confirm that the observed
photomodulation was due to FRET. The decays of the parent
QD and psQD were complex (Figure 4), requiring four

exponential components for the QD (and two for the
Alexa647) to adequately represent the time course of excited
state deactivation. In such Type II QDs, the exciton hole is
confined to the core while the electron is delocalized in the core
and first shell.42 The outer liganded passivation shell accounts
for a high quantum yield of core−shell−shell QDs.35 The lower

value of the final psQD indicates the presence of surface traps
equilibrating with the radiative process of hole−electron
recombination and/or the presence of defects and ligands
contributing to nonradiative pathways.45

The psQD time-resolved decays of samples undergoing
photoconversion cycles are best interpreted by examining the
individual lifetimes and amplitudes (Figure 4), as well as two
derived global means: amplitude weighed lifetime, ⟨τ⟩amp and
intensity weighed lifetime, ⟨τ⟩int (Table 2). Analysis by an

extended exponential (exp[−(t/τext)β])41,45 was also carried out
but did not provide additional insights. FRET systems with
donors presenting multiple decays are generally represented in
terms of ⟨τ⟩amp since for a given impulse response amplitude
this quantity reflects the total emission under the decay
curve.46,47 In fact, ⟨τ⟩amp diminished by 47 ± 3% (2.6→ 1.4 ns)
in three successive oPC → cPC transitions, a value identical to
that obtained from the steady-state emission and also indicative
of a lack of undetected dark states.46 The corresponding change
in ⟨τ⟩int was smaller (40%). The individual four decay constants
(τ1−4: ∼0.5, 4, 13, 60 ns)48 did not vary systematically during
photocycling but the amplitudes, amp2,3,4 strongly reflected the
global quenching, decreasing by 30, 71, and 68%, respectively,
upon photocyclization (Figure 4B,C). On the basis of the decay
intensities, components 2 and 3 were the major contributors to
the QD emission.
There was a significant decrease in the ⟨τ⟩amp of QDs coated

with an unmodified amphiphilic polymer upon passing to the
dual-color psQD system. Previous investigations49 have
rationalized this effect in terms of FRET and/or screening
processes but we propose that the coating efficiency plays a
larger role in our system. A polymer only containing pendant
alkyl chains will coat more efficiently than one carrying
voluminous dyes such as PC and Alexa647. The Alexa647
probe exhibited a slightly shorter lifetime when conjugated to

Table 1. Analysis of the UV-Induced Photoconversion and QD Quenching Kineticsa

psQD Qoc Qco,uv Qco,vis n1 n2 γ1 γ2 koc kco kQD E1,PS E2,PS α1,PS α2,PS (rDA/Ro)1 (rDA/Ro)2

Gen-2 0.44 0.14 0.015 3 32 6.6 0.08 0.01 0.08 2.2 0.26 0.24 0.02 0.20 0.7 1.5
0.6 3.0 1.4 1.2 1.6 4.8 2.0

Gen-1 0.52 0.17 0.015 14 81 1.5 0.01 0.01 0.08 0.8 0.32 0.03 0.03 0.18 0.9 2.1
aGen-2, this study; Gen-1, PMA 6 PC 70 C12, from ref 22. Values in italics, relative deviations in % beyond which the increase in SSQ (sum of
squares) of the fitting routine exceeds 10%. The units of koc, kco, and kQD are s−1.

Figure 4. (A) Fluorescence-detected excited-state decays determined
at 550 nm. (B) Individual decay constants normalized by the values for
the oPC state. Absolute decay constants: oPC (initial state) τ1−4,
[0.48; 3.8; 12.7; 60 ns]; photostationary state τ1−4, [0.45; 3.12; 12.2;
66 ns]. (C) Individual amplitudes, normalized by the oPC values. The
amplitudes were converted to a common absolute scale by division by
Σampi,counts·τi and multiplication by the steady-state spectrafluorimeter
intensities. Relative amplitudes for the oPC state, amp1−4, [1; 0.25;
0.10; 0.007] and for photostationary state; amp1−4, [1; 0.17; 0.03;
0.002].

Table 2. Amplitude Weighed Mean Lifetime ⟨τ⟩amp and
Intensity Weighed Mean Lifetime ⟨τ⟩int of the Dual-Color
psQD in the Two Photostationary States, and of Controls,
Measured on a FluoroLog (Horiba Jobin Yvon) TCSPC
System (Lifetime Values in ns)

QD
detectiona

polymer
coatedc

dual-color psQD
oPC (Vis)

dual-color psQD
oPC, cPC (UV)d

⟨τ⟩amp 8.5 ± 0.1 2.6 ± 0.5 1.4 ± 0.1
⟨τ⟩int 22.2 ± 0.2 13.8 ± 0.2 8.2 ± 0.2
Alexa647
detectionb in solution

dual-color psQD
oPC (Vis)

dual-color psQD
oPC, cPC (UV)d

⟨τ⟩amp 1.28 ± 0.01 1.18 ± 0.01 1.14 ± 0.01
⟨τ⟩int 1.17 ± 0.06 1.06 ± 0.05 1.02 ± 0.02

aExcitation with nanoLED N-320 nm and detection at 550 nm.
bExcitation with nanoLED N-560 nm and detection at 660 nm.
cCANdot CSS 540 nm QDs coated with amphiphilic polymer lacking
PC and Alexa probe. dPhotostationary state (oPC and cPC
equilibrium) established by UV irradiation.
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psQD than in solution but the sensitivity to PC photocyling
was negligible.
In conclusion, we have prepared a water-soluble dual-color

nanoparticle with ratiometric imaging capabilities. The
technique is based on coating a QD with a dye-doped
amphiphilic photochromic polymer providing solubility in
aqueous media. The dual-color psQD are distinguished by
small size (5.5 nm diameter with a 14 nm hydrodynamic
diameter), biocompatibility, a broad excitation spectra, dual
emission at 550 and 666 nm, a tunable emission ratio with up
to 100% change upon photochromic switching, and distinct
fluorescence lifetimes for the different components and states.
A very advantageous feature of the psQD system is the
prominent quenching of the QD exerted by low degrees of
photoconversion. This effect, attributable to pcFRET as
indicated above, should greatly facilitate achieving the
modulation required for sensitive lock-in detection.31

The properties of the dual-color psQD should lead to
manifold applications in cellular imaging, particular due to the
greater sensitivity, selectivity, and background rejection
afforded by the dual emission and photoswitchable ratiometric
signals. We envision the potential of using laser light sources for
precise control of the ER of single nanoparticles, as in single-
particle tracking. Numerous combinations of dyes, sensors, and
nanoparticles are feasible since the polymer preparation can be
fine-tuned to obtain different functionalities as well as
improving existing ones. For example, the addition of a linker
to the PC group placed the FRET acceptor closer to the QD,
such that the photochromic quenching of the psQD increased
by 30% while the number of PC groups required decreased by
60% in comparison to the Gen-1 constructs. Because of their
decay kinetics, the psQDs are also ideal for FLIM. Additional
PC tailoring such as improved photoconversion and red-shifted
spectra could further improve the utility of the nanoparticles in
the cellular context, for example, in imaging strategies for pulse-
chase experiments based on spatiotemporally structured
illumination. The psQD probes may also be suited for
applications in super-resolution microcopy.5,50
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