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In this work, quantum dots (QDs) of various heterostructured compositions and shell thicknesses are used
as Forster or fluorescence resonance energy transfer (FRET) donors and acceptors to optimize QD-QD
FRET sensing through materials design. While several reports have highlighted the advantages of using QD-
dye, rather than dye—dye, FRET in sensing applications, QD—-QD FRET has lagged behind in development as
a result of high background signal from direct acceptor excitation. However, in designing sensors for longi-
tudinal studies, QD—-dye sensors are limited by the photostability of the fluorescent dye. While fluorescence
generally affords higher sensitivity than absorbance-based readouts, the instrumentation needed for detect-
ing fluorescence can be expensive, motivating the development of sensors bright enough to be seen by
eye or imaged with cheap consumer electronics. Harnessing the exceptional brightness of QDs, our study
focuses on the development of QD—-QD FRET pairs where color change is achieved for visual readout and
instrument-free sensing. We demonstrate that bulk semiconductor material characteristics can be used to a
priori predict and tailor the behavior of QD-QD FRET systems, and our findings show that it is possible to
create QD donors that are brighter than their acceptors through concerted compositional and morphologi-
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cal choices in heterostructured QDs. This is significant for developing visual sensors, as we show that the
most profound color change occurs when the direct acceptor emission is lower than that of the donor.
Finally, the use of an optimal cadmium-free QD-QD FRET pair is presented in a pH sensor that shows a
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Introduction

Semiconductor quantum dots (QDs) are effective fluorescent
labels due to their outstanding brightness as well as excep-
tional chemical- and photostability;' their use as donors in
Forster resonance energy transfer (FRET)-based biosensors has
been particularly successful. FRET is a non-radiative dipole-
dipole energy transfer that results in donor fluorescence
quenching and acceptor brightening. By looking at the change
in acceptor to donor emission, ratiometric sensors can be
designed.”™ Using ratiometric output for sensing is advan-
tageous as it is self-calibrating and therefore less sensitive to
fluctuations in sensor environment.”

The majority of QD-based FRET sensors use a QD as a
donor to a fluorescent protein (FP) or dye (FD) acceptor.®™?
These have several photophysical advantages over FRET
systems using only FPs and/or FDs. Broadband QD absorbance
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large range of pH-dependent color change with bright, instrument-free readout.

in the UV enables selective excitation of QD donors, whereas
the comparatively narrow absorbance bands exhibited by FPs
and FDs often leads to direct excitation of the acceptor. In con-
trast, QD-QD FRET has not been as well explored as QD-FP(D)
FRET for sensing applications."*"> The broadband nature of
QD absorbance profiles makes direct excitation unavoidable,
confounding analyses based on the observation of sensitized
emission from the acceptor. This issue can be circumvented by
evaluating changes in the donor fluorescence lifetime instead,
as it is not directly impacted by high acceptor background
signal, but the experimental setup and analysis of these
measurements can be more difficult and time consuming than
collecting and analyzing spectral data. Furthermore, PL life-
time instrumentation is less ubiquitous and rarely outfitted
with plate readers that facilitate measurement of many sample
conditions. More recently, QDs have been used very success-
fully as FRET acceptors for lanthanide complexes.'® In these
systems, time-gated PL measurements can be used which are
much simpler than lifetime measurements and available with
many commercial plate readers.

However, due to their exceptional brightness, the develop-
ment of QD-QD FRET for point-of-care sensors (POCs) with
easy to read visual output could be of interest—specifically,
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sensors exhibiting visible color change. POCs are portable
devices meant for fast diagnostic screening at or near the
patient site of care. To truly make an impact, sensors of this
type should not only be fast and accurate, but also cheap and
easy to use.'” For POCs that use FDs, both colorimetric and
fluorescence read-out can be achieved, with fluorescent read-
out often being more sensitive.'®'® However, the instrumenta-
tion needed for the detection of fluorescence can be expensive,
motivating the development of POCs bright enough to be seen
by eye or imaged by cheap consumer electronics.”® In this
area, the enhanced brightness and stability of QDs would be a
huge advantage. Extrapolating the benefits of ratiometric
sensing, using QD-QD FRET for color change may hold poten-
tial in further increasing sensitivity and improving sensor
robustness. Therefore, we focus on developing material
systems where color change is observed upon the induction of
FRET. To achieve this, several QD-QD FRET pairs were syn-
thesized and tested in aggregation-based FRET assays. Their
spectral outputs were compared, and we show that it is poss-
ible to create a QD-QD FRET system that exhibits visual color
change.

We examine energy resonance transfer from a donor QD to
an acceptor QD through both PL intensity and PL lifetime.
Previous reports of QD-QD FRET most often focus on funda-
mental photophysical observations,*'* but several describe
sensing applications as well.>*” The vast majority of the
reports use red- and green-emitting semiconductor nanocrys-
tals comprising the same material—i.e., both donor and accep-
tor QDs are CdSe***”*>?% or CdTe.*****° Composition-consist-
ent examples suffer from fundamental limitations in their
optimization and applications. Specifically, because the
absorption cross-section of the larger, redder-emitting accep-
tor QD is by definition higher than that of the smaller, bluer-
emitting donor QD, the background due to direct acceptor
excitation can overwhelm the system, making PL intensity
measurements challenging to interpret.'* We hypothesize that
tuning the relative absorbances of the donor and acceptor
using different compositions of QDs would enhance preferen-
tial donor excitation sufficiently for PL-based observations of
QD-QD FRET. Furthermore, heterostructured QDs exhibiting
increasing absorption cross-sections with thicker shells® may
be leveraged to promote preferential excitation of the donor
QDs over acceptor QDs.

Results and discussion

Resonance energy transfer efficiency is influenced by the
quantum yield (QY) of the donor (®p), the molar extinction
coefficient of the acceptor (¢4), and the donor-acceptor dis-
tance (rpa). The visual output of the sensor is dependent on
the relative brightness of the donor and acceptor, which
means that the donor absorptivity (¢p) and acceptor QY (@D,)
are relevant as well. In this study, we utilized multiple donor
and acceptor QDs to vary these specific parameters. We
discuss the observed differences in energy transfer and photo-
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luminescence (PL) spectra and link these to theoretical foun-
dations of energy transfer to establish a better understanding
of how material choices influence energy transfer efficiency
and the visual output of QD-QD energy transfer.

Quantum dot donors and acceptors

Using established protocols,>***" we synthesized donor and

acceptor QDs exhibiting green (510-560 nm) and red (650 nm)
emission with minimal emission peak overlap using both
CdSe and InP cores. These wavelengths were chosen to facili-
tate the creation of visual sensors with colors that are clearly
distinguishable by eye. The CdSe-based donor is a core-
alloyed-shell Cd,Zn,_,Se,S;_, QD (D1) with a thick enough
shell to maintain its QY after ligand exchange for water solubi-
lity; this thick shell also makes it the largest QD used in the
study at ~10 nm in diameter. Three InP-based donors were
synthesized using InP cores with different core/shell and core/
shell/shell structures of varying ZnSe shell thickness controlled
through successive ion layer adsorption and reaction (SILAR)-
based shell depositions. The sample with no ZnSe (D2, InP/
7ZnS, where 7 indicates the number of rounds of SILAR depo-
sition) is completely comprised of ZnS, while QDs with thin
(D3) and thick (D4) ZnSe shells were synthesized through 4
and 7 SILAR rounds, respectively, before ZnS capping
(Table 1). The red acceptor QD (InP/3ZnS) was designed to be
relatively small, with only the necessary shells to ensure PL in
aqueous media.

Absorbance and PL were measured with optical and fluo-
rescence spectroscopy, respectively. Transmission electron
microscopy images were analyzed to determine the size of the
semiconductor particles (Table 1 and Fig. S1t). Assessment of
fluorophore brightness and FRET parameters relies on convert-
ing the absorbance spectra to wavelength-dependent molar
extinction coefficients, ¢,. The precise determination of &
requires carefully taken absorbance measurements, elemental
analysis, and TEM imaging/sizing of each QD sample, which
can be both time and material consuming. Alternative
methods for estimating ¢ have been reported but, depending
on the approach, may only apply to QDs of a specific compo-
sition or synthesized in a specific manner.*>** For example, if
theoretical calculations are used, the amount of error associ-
ated with the calculation of different material types and
heterostructures can differ, making comparison between
systems difficult. Our estimation of ¢ assumed that the
location of the QD first absorption peak (1s peak) is dictated
by the size of its core. All of the QDs used in this study exhibit
Type-I band alignments where the lowest energy gap is not
substantively affected by shell size,'® making this an accepta-
ble approximation. For each QD, the molar extinction coeffi-
cient at the 1s peak was estimated using previously reported
empirical fit formulas for core-only QDs of the appropriate
material*® and scaling the absorption spectra to this point to
determine the molar extinction coefficients for the full absorp-
tion spectrum.®® It should be noted that this approximation
may be less accurate for the alloyed CdSe donor,

Cd,Zn,_,Se;S;_), as its core is not as well defined.
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Table 1 Quantum dot properties
Heterostructure” PLyjax (NM) FWHM (nm) £400° M em™) Radius? (nm) Derrcr,’ (%) D o° (%) Bu,o’ x10°
D1 Cdenl_xSeySI_y 510 30 170 000 5.0+ 0.6 30.2 +1.0 28.9+0.3 49
D2 InP/7ZnS 560 63 360 000 2.2+0.3 11.7 £ 2.5 0.7 £0.3 3
D3 InP/4ZnSe/3ZnS 555 61 940 000 2.0+0.2 17.0+£1.3 4.2 +0.6 40
D4 InP/7ZnSe/3ZnS 560 47 2400 000 2.3+0.3 16.1 £ 0.2 4.6 £0.2 110
Al InP/3ZnS* 650 69 1100000 1.7+£0.2 14.6 £ 0.7 1.4+0.2 15

“Used as the acceptor QD; all other samples were used as donors. > QD composition. The first QD is an alloyed structure that forms a CdSe/ZnS
QD with an alloyed interface based on the differential reactivities of the precursor materials; remaining heterostructures formed through SILAR
deposition of shells on pre-made cores. The numbers before the shell compositions indicate the number of rounds of SILAR deposition, not
final yield of shelling reaction. ¢ e,o, determined using published empirical equations correlating 1s peak position to core size and &5 to map &
to the entire QD absorption spectrum. ¢ Sizing based on TEM images (n = 76-212). ® Absolute quantum yield measurements taken with an inte-
grating sphere.” QD brightness in water calculated by multiplying &40, and ®y,0 and rounding to the nearest thousand.

Inducing QD-QD FRET with pH dependent aggregation assays

To efficiently compare QD-QD FRET pairs, we needed a simple
and efficient way to induce FRET. Unfortunately, while a few
examples exist,>>*® it is non-trivial to link two QDs in a pre-
cisely controlled manner.'* In FRET systems employing QDs
paired with molecular species, the large surface area of the QD
acts as a scaffold for the attachment of multiple moieties, each
of which can only bind a single QD. Well-established
methods'>*”*® for linking dyes, fluorescent proteins, or
lanthanide complexes to QDs for biosensing include histidine
based self-assembly’®*® and traditional covalent coupling
methods such as carbodiimide crosslinking.>® In QD-QD
FRET, both the acceptor and donor present multiple binding
sites, which can cause unwanted and inhomogeneous aggrega-
tion,>® limiting assay reproducibility. As an alternative to
directed conjugation of QD donors and acceptors, previous
reports indicate that QD-QD FRET can be induced by aggregat-
ing the nanoparticles in either organic** or aqueous® solu-
tion. While perhaps less controlled, aggregation-based assays
benefit from the simplicity of their preparation.

FRET is a highly distance-dependent phenomenon whereby
the energy transfer efficiency (E) is proportional to the donor—
acceptor distance (rpa) to the inverse sixth power, ie., E «
rpa °. In a well-dispersed solution, the QDs are too far apart
for FRET to occur, whereas after aggregation, they are extre-
mely close, facilitating energy transfer. We performed our
aggregation studies in aqueous media, inducing clustering of
QDs coated with a dithiolate zwitterion called compact ligand
4 (CL4)>® through a change in pH (Fig. 1). The colloidal stabi-
lity of CL4-coated QDs from pH 5-13 is imparted through
charge-charge repulsion and, therefore, highly affected by the
protonation state of two carboxyl groups that impart the par-
ticle hydrophilicity.>® For the aggregation assay, we compared
well-dispersed QDs in phosphate buffered saline (PBS), pH 7.4
(no FRET), to aggregated QDs in citrate buffer, pH 3.5 (FRET).
We confirmed aggregation through DLS at neutral and acidic
pHs (Fig. 1A and B), PL spectra of dispersed and aggregated
QDs (Fig. 1C and D), and PL decays (donor lifetimes, Fig. S27)
of select pairs. To circumvent potential errors arising from the
molar extinction coefficient estimations and to facilitate the
rapid screening of a number of different QD-QD FRET pairs,
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the ratio of acceptors to donors was pegged to the ratio of their
absorbances at 400 nm, rather than molar ratio.

Addition of increasing amounts of the acceptor QD
increases the intensity of the acceptor peak emission arising
from direct acceptor emission. As long as the overall assay con-
centration is moderate and the particles are well-dispersed, the
donor peak intensity does not change with the addition of the
acceptor (Fig. 1C). Aggregation of the particles causes a
decrease in the donor emission relative to the dispersed state
due to collisional quenching and donor-donor FRET (a.k.a.
homoFRET). When acceptor QDs are co-aggregated with the
donors, FRET between the two species is evident through the
acceptor concentration-dependent quenching of the donor.
The acceptor emission intensity increases significantly due to
the energy received from the donor (Fig. 1D). By normalizing
the spectra of the dispersed and aggregated mixtures to the
donor peak intensity, it is easier to see how the acceptor emis-
sion dominates the PL spectra in the aggregated/FRET case
(Fig. 1E and F). This transition from donor-dominant to accep-
tor-dominant fluorescence is the key to the visual FRET
sensor.

Most assays had an acceptor to donor absorbance ratio
(AbSa400/AbSp4go) Of O to 4, but in assays that used D1, whose
QY was very high compared to that of the acceptor, the ratio
was extended from 0 to 40. Depictions of the PL spectra and
acceptor/donor fluorescence intensity ratio (F,/Fq4) for all assays
is comprehensively depicted in the ESI (Table S17).

Linking fluorimeter output with color change

For potential point of care (POC) applications, it is important
for sensor readouts to be fast and easy to decipher.>® Previous
reports have shown that large changes in brightness can be
used for visual detection,® but color change is an additional
way to provide such a read-out.>® In order to optimize QD-QD
FRET for color change, we correlated the color change
observed in digital images of the aggregation assays with PL
spectra of the same samples (Fig. 2). Color can also be directly
calculated by using color matching functions and mapping the
emission spectrum to a standard color space (Fig. 2D and E).
To investigate color change, we examine the ratio of the
donor and acceptor emission intensities (F,/F4), which in this

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Representative data from a QD-QD aggregation assay. CL4 is
used to impart water solubility to the QDs. At pH 7.4 (top-left), the car-
boxyl groups on CL4 are predominantly negatively charged, while they
are protonated at pH 3.5 (top-right). This causes aggregation as indi-
cated by DLS measurements of QD solutions at (A) pH 7.4 and (B) pH
3.5. The photoluminescence (PL) of mixed solutions in (C) dispersed and
(D) aggregated states with the acceptor to donor absorbance ranging
from 0, 0.5, 1, 2, to 4, as indicated by the light to dark transition in trace
color. The difference in the y-axis ranges in C and D arises from the self-
quenching/homoFRET of the donor when aggregated, resulting in lower
donor emission even in the absence of the acceptor. (E, F) When the
spectra in C and D are normalized to the donor peak height, the
enhancement in the acceptor emission and the change in ratio between
the donor and acceptor peak intensities is apparent. Data shown use an
InP-based QD with a thin ZnSe shell (D3) as the donor.

case is effectively the ratio of red to green PL intensity. In the
two examples shown in Fig. 2, the color difference between the
donors (greenish yellow vs. bluish green for D3 and D1,
respectively), yields visual color outputs that are noticeably
different for the two pairs. When using D3 (Fig. 2A), the F,/Fq4
of the non-aggregated samples is <1 for all absorbance ratios
tested. In this case, visible color change emerges in wells with
F,/F4 > 1 after aggregation; the most visible color change corre-
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sponded to the largest AF,/Fq. When using D1, no color change
was seen when Abspyoo/AbSpaoo < 4. However, the F,/F4 in the
unaggregated system was still very low (<0.2), so the assay was
repeated with the donor diluted by a factor of 10 to obtain
AbSp400/AbSpago = 0, 5, 10, 20 and 40. In this case, F,/Fq at pH
7.4 was >1 when Absp,00/AbSpage = 20. Although the AF,/Fq4 is
greatest at the highest acceptor to donor ratio (40x), color
change is difficult to discern. Because F,/F4 > 1 before aggrega-
tion, the acceptor emission color is already well represented
both in the spectrum and visual presentation. Thus, when
aggregation promotes FRET, there is perhaps an intensity
change, but no visible color change. In contrast, when Abs4o0/
Abspago = 10, Fo/Fq is <1 at pH 7.4 and >1 at pH 3.5; although
the AF,/Fq is lower than when Abspso0/AbSpso > 20, color
change was easiest to discern using the 10x ratio. Looking
across multiple samples, the change from F,/Fq <1 to F,/Fq > 1
was a consistent criterion for visual detection of color change.
This benchmark is used in future discussion, and therefore the
F,/F4 =1 line is clearly marked for ease of data interpretation.

For the assays discussed in this section, quenching of the
donor is seen when titrating the system with an acceptor at pH
7.4, indicating that inner filter effects and/or collisional quench-
ing were present (Table S11).°® In the following sections, the
donor and acceptor concentrations were decreased by a factor of
5, and this phenomenon was significantly reduced or elimi-
nated, except in the cases where Absa400/AbSpago = 5.

Comparing QD donors with InP and CdSe cores

Many examples of QD-QD FRET in the literature use core-only
donors and acceptors of the same semiconductor, usually
CdSe or CdTe.?*?%3%39 In that context, we first examine the
differences in QD-QD FRET output when using heterostruc-
tured donors with different core materials. Our ideal QD-QD
FRET pair for visual sensing comprises a bright donor, a less
bright acceptor, and a minimized distance between the donor
and acceptor. The importance of reducing the donor-acceptor
distance—in this case dictated by the size of the donor and
acceptor QDs—to maximize FRET efficiency is well known and
based on the extreme distance dependence of energy transfer
noted above. The relevance of the relative brightness of the
QDs is based on the need to transition a pair from F,/Fgq <1 to
F,/Fq > 1 through FRET to produce a change in hue; as dis-
cussed above, visible color change is severely limited if the
emission spectrum is already dominated by the acceptor color.

Brightness is the product of the fluorophore molar extinc-
tion coefficient (¢) and QY (Table 1).°° When QD pairs of the
same composition are used, the larger, redder QD acceptor
absorbs more than the donor;’” if the QY of the donor and
acceptor are similar, the higher brightness of the acceptor will
overwhelm donor emission. In breaking away from compo-
sition consistent QD-QD pairs, we converted bulk semi-
conductor characteristics into QD-specific parameters to
predict the best core material to use in order to minimize
acceptor brightness with respect to the donor. We first used
the Brus equation to calculate QD size over the relevant range
of QD emission wavelengths and then calculated the QD size-
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Fig. 2 Transition from F,/F4 < 1 to F,/F4 > 1 facilitates visual color change. F,/F4 plots for QD—QD pairs using (A) D3 and (B) D1. Images of the wells
measured are shown as insets to correlate color with PL. Dashed horizontal line indicates F,/F4 = 1. The point at which clear color change is visible is

boxed in red in the plots as well as in the inset images. Mean + SD, n = 3.

(C) PL spectra and plate assay image (inset) of the aggregated system using

D3 as a donor. Colored squares under each well are colors determined by mapping the PL intensity to the (D) CIE1976 chromaticity diagram. (E) The
chromaticity diagram is enlarged and cropped to show the colors calculated from the FRET assay (open circles), which fall along the line between

the donor and acceptor emission colors (solid circles).

dependent molar extinction coefficients for those core
materials in aqueous media (Fig. 3A and B). InP and CdSe par-
ticle sizes are very similar for the same emission wavelength
<~525 nm. Above ~525 nm, however, the size of the CdSe core
steeply as the quantum confinement energy
approaches the CdSe bulk bandgap at 712 nm. Given the
similar sizes of the InP and CdSe cores for donor emission
~550 nm, either a CdSe (Fig. 3C) or InP (Fig. 3D) donor paired
with an InP acceptor minimizes the rp, of the FRET pair; an
InP acceptor would also absorb less excitation illumination
than a CdSe acceptor (Fig. 3A), decreasing the likelihood of the
direct acceptor emission overwhelming the donor emission
signal. However, the lower molar extinction coefficient of the
InP acceptor also correlates to a reduced acceptor absorbance
in the calculation of the spectral overlap integral, J, which in
turn leads to a shorter characteristic Forster distance (Ro, the
donor-acceptor distance exhibiting FRET efficiency of 50%).

To offset decreased R, FRET efficiency can be enhanced by
integrating multiple acceptors per donor (Fig. S31), in which
case it is advantageous for the donor brightness to be greater,
rather than equal to, acceptor brightness. The donor bright-
ness can be enhanced by increasing absorption, increasing
QY, or both. Increasing @ is doubly effective, as it also
increases R, (eqn (2)). Ry, when using D1 is 30-40% higher
than when using any of the other donors presented in this
report. The large alloyed shell of D1 not only contributes to
absorbance, but helps to retain @ after ligand exchange
resulting in a brightness more than three-fold larger than that
of the acceptor. While brightness tuning was achieved this
way, the increased size of the donor becomes an issue in FRET
sensing, highlighting the importance of using an acceptor
with minimized size—in our case an InP based acceptor.

increases

5758 | Analyst, 2020, 145, 5754-5767

Given that there are several contributing factors that are
both beneficial and detrimental to FRET efficiency, we deter-
mine rpa/R, values for each QD-QD pair to assess their relative
FRET potential (Table 2). Lower rpa/R, values are expected to
correlate with more efficient energy transfer, as rpa/Ry < 1
corresponds to a minimum donor-acceptor distance that is
lower than the Forster distance for that pair. The shortest poss-
ible distance between two aggregated QDs can be estimated as
the sum of their radii; however, the ligand coating is likely to
add distance.’® In the worst-case scenario, the ligand on both
QDs is fully extended, adding two times the extended length of
CL4 to rpa. These two situations (ie., no ligand vs. fully
extended ligand) represent the minimum and maximum esti-
mated rp, values given in Table 2, respectively. Most likely, the
ligands interdigitate, and the actual value for rp, lies some-
where within this range.

When comparing systems using D1 (Fig. 3C) and D3
(Fig. 3D), both show a substantial change in F,/F4 with aggre-
gation. Comparing the values for rpa/R,, it is expected that the
pair using an InP donor (D3) would exhibit more FRET at the
same acceptor/donor molar ratio (Table 2). Observed FRET
efficiencies reported in Table 2 are derived from lifetime
measurements (Fig. S2t1) and confirm this trend. However,
aggregation-based assays can be difficult to analyze; the accep-
tor-donor ratios are not precisely controlled, and quenching
from donor-donor interactions skew results'® (Fig. S21). To
design a color change system, however, AF,/F; and the
maximum AbS400/AbSpso0 Where F,/Fq of the system <1
(Table S1f) is more important than the FRET efficiency, E.
Comparing D1 and D3 paired with A1, F,/Fq is less than 1 at
PH 7.4 at Absas00/AbSpage Of 40 and 4, respectively, with AF,/Fyq
= 2.3 for both.

This journal is © The Royal Society of Chemistry 2020
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radii of 5.0 + 0.6 nm, 2.0 + 0.2 nm, and 1.7 + 0.6 nm, respectively.

Effect of donor QD shells on FRET efficiency and ratiometric
output

We hypothesized that enhancing donor absorption through
shelling with a composition that contributes to &,9o would
support the preferential excitation of the donor QD, improving

Table 2 Calculated FRET parameters for each donor—acceptor pair
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FRET metrics. We have previously shown that CdSe/xCdS/2ZnS
QDs of increasing shell thickness can exhibit up to a 40-fold
enhancement in ¢, greatly increasing the brightness of the QD,
enabling the creation of a visual sensor.® ZnS is traditionally
used to terminate the surface of QDs, as its wide bandgap
(3.61 eV, 343 nm)*® further confines the exciton to the core
while passivating the surface for enhanced PL.*°*" ZnSe also
has a relatively large bandgap (2.69 eV, 460 nm)**> and absorbs
at a common QD excitation wavelength (400 nm) while ZnS
does not; most ZnSe-shelled QDs are also capped with a thin
shell of ZnS to passivate surface traps and protect the material
from oxidation.”® We compared InP-based QDs of similar
emission wavelength and particle size, but with varying ZnSe
shell thicknesses, as donors to the InP acceptor (Fig. 4A-C).
The QY of the ZnSe-shelled QDs are higher than that of the QD
with no ZnSe, resulting in increased R, (Table 2). Comparison
of the estimated extinction coefficients (Table 1 and Fig. 4D)
shows that the acceptor absorbs significantly more (3.1x) than
the donor with no ZnSe (D2) at 400 nm because they possess
similar non-absorbing shells, but the InP core of the acceptor
is larger. With the ZnSe shell contributing to €409, D2 absorbs
similarly to the acceptor (0.85x) and D4 absorbs more (2.2x).
QD absorbance is enhanced up to 6.7x (D4 vs. D2) by including
ZnSe in the heterostructure composition.

F,/F4 increases after aggregation for all pairs but is much
higher both before and after aggregation when using the QD
with no ZnSe. While high F,/Fq at pH 7.4 is expected for this
donor because of the low &p,, the larger AF,/F4q contradicts
the expected outcome when comparing rps/R, for the InP
based QD donors. When the fold change in F,/Fy4 from pH 7.4
to pH 3.5 (Fig. 4E) is considered, however, the relative F,/F4 for
D2 at the two pHs does not change regardless of absorbance
ratio. The degree of energy transfer should increase with
increasing acceptors per donor,*” and therefore the uniformity
of the fold change implies that energy transfer is low or
absent. When the fold change values are replotted as a func-
tion of molar ratio (Fig. 4F), it is apparent that number of
acceptors per donor is much lower in when using D2, making
it a much less efficient energy transfer system. This ratio could
be increased, but F,/F4q is already >1 when the donor and

RO pa (nm) rl)A/RO Etheory (n = 1)6 Eobserved (I’l = 1)0 AFa/Fdd
QD donor Acceptor J? (x10'*M~'em™ nm?) (nm) Min-max’ Min-max  Min-max Min-max (AbS A400/AbSD400)
Cd,Zn,_,Se,S;_, (D1) InP/3ZnS 2.60 72 6.7-10.3+0.6 0.93-1.4  0.10-0.61 0.20-0.78 2.3 (40)
InP/7ZnS (DZ) InP/3ZnS 2.82 3.9 3.9-7.5+£0.4 1.00-1.9 0.02-0.50 0.55-0.86 1.2 (1)
InP/4ZnSe/3ZnS (DS) InP/3ZnS 2.84 5.3 3.6-7.2+£0.3 0.68-1.3 0.14-0.91 0.37-0.76 2.3 (4)
InP/7ZnSe/3ZnS (D4) InP/3ZnS 2.91 5.4 4.0-7.6 £+ 0.4 0.74-1.4 0.11-0.86 0.10-0.66 2.1 (4)

@ Overlap integral calculated using eqn (3) and the estimated molar extinction coefficient given for the InP/3ZnS acceptor given in Table 1. ” The
min-max values given correspond to the sum of the donor and acceptor QD radii and the summed radii + estimated extended length of
CL4 multiplied by 2 (3.6 nm), respectively. Error shown is the standard deviation of TEM particle sizing (76-212). The min-max values given for
palRo and Epgprheory are calculated using the min-max values given for 5.  Experimentally obtained FRET efficiencies calculated by evaluating
the degree of donor lifetime quenching as given in eqn (4) at an acceptor/donor molar ratio (n) of 1 (estimated using the molar extinction coeffi-
cients given in Table 1). Min-max values of the experimentally observed FRET values are calculated by normalizing to the donor only sample at
pH 3.5 and normalizing to the donor lifetime of the sample at the same donor/acceptor ratio at pH 7.4, respectively. ¢ AF,/Fq at the highest
ADbSp400/Abspyo Where F,/Fgq < 1 before aggregation; Absay0/Abspago at highest AF,/F4 indicated in parentheses.
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Fig. 4 F,/F4at pH 7.4 and 3.5 are shown for the (A) D2—-A1, (B) D3-Al, and (C) D4-A1 pairs. These donors have undergone 0, 4, or 7 rounds of ZnSe
SILAR addition, respectively. The particles are all comparable in size with radii r = 2.2 + 0.3, 2.0 + 0.2, and 2.3 + 0.3 nm, respectively, given by TEM
imaging and sizing analysis. (D) Estimated molar extinction coefficients indicate that donor D4 absorbs 6.7x more than D2 and 2.2x more than Al at
excitation wavelength 400 nm. (E) Plotting the fold change in F,/Fy illustrates that the QD with no ZnSe performs poorly as a FRET donor. (F) Re-
plotting fold change against acceptor/donor molar ratios, it is apparent that the number of acceptor QDs per donor QD is relatively low for the

experiments using D2.

acceptor QDs are at the same concentration, so increasing the
acceptor concentration is not an effective way to achieve color
change for this system.

By increasing the size of the ZnSe layer in the donor QD,
the QD extinction coefficient increases, resulting in higher
acceptor to donor ratios when titrating the assays by absor-
bance. As a result, when comparing the thin- (D3) and thick-
shelled (D4) donors, the fold change in F,/Fy of D4 is a bit
larger when plotted against absorbance ratios (Fig. 4E).
However, when using the estimated extinction coefficients to
replot the data against molar ratio (Fig. 4F), the 4-shell donor
exhibits a slightly higher fold change at equivalent acceptor/
donor ratios. The R, is similar for 4- and 7-shell QDs, so the
4-shell QD (r = 2.0 nm) performs a little better at the same
acceptor to donor molar ratios than the 7-shell QD (r = 2.3 nm)
due to its smaller size.

Increased @, enhances FRET efficiency

Because of its influence on R,, increasing @p increases the
amount of energy transfer in any specific donor-acceptor
pair. The QYs of QDs water solubilized with small molecule
ligands are often severely diminished in the ligand
exchange process, but some groups have reported that the

5760 | Analyst, 2020, 145, 5754-5767

introduction of zinc during the procedure increases the QY
of QDs in the water phase.®® We used this method to ligand
exchange D3 and modestly increased its @ from 4.2% to
6.8%. While this degree of change is not enough to signifi-
cantly alter F,/Fy before aggregation (Fig. 5A and B), the
fold change in F,/Fy between the dispersed and aggregated
states is clearly improved by the higher &p. In fact, the
donor with higher QY shows change in F,/F4 that results in
color change starting at a lower absorbance ratio (1:1) than
the donor with lower QY (1:2), indicating that it has poten-
tial not only for making a brighter sensor, but also a more
sensitive one.

Test sensor

Lastly, we demonstrate the efficacy of QD-QD FRET to trans-
duce color change in a test sensor. In an extension of our foun-
dational aggregation assays, we demonstrate that the charge-
based aggregation of the CL4-coated QDs can be harnessed to
produce a QD-QD FRET-based pH sensor. Because CL4 is
negatively charged, this sensing paradigm could also apply to
positively charged analytes such as cationic elemental salts,
biomolecules, pharmaceuticals, or metabolites. Additionally,
the lessons learned throughout this study could be used to

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Improving donor quantum yield improves FRET output. F,/F4 plots of aggregation assays using D3 ligand transferred with CL4 (A) normally

and (B) in the presence of zinc to enhance QY (4.2 — 6.8%). (C) Fold change in F,/F4. Means + SD, n = 3.

improved other QD-QD FRET sensor designs described the lit-
erature and summarized in the referenced review.'*

In the screening studies, we showed data from neutral and
very low pHs, to ensure complete transition between the dis-
persed and aggregated states. However, the degree of protona-
tion of CL4 is a function of pH,** and therefore the aggregation
dynamics at different pHs should differ, allowing for a range
of colors to be produced. Here, the thick ZnSe-shelled donor
(D4) and InP acceptor are mixed at a 1 to 4 absorbance ratio
for pH titration. Significant color change occurs (Fig. 6A)
between pH 3.5 and 7.5. Upon the addition of base, the pH of
each sample is raised above neutral, resulting in the redisper-
sion of the QDs. All samples returned to a color indicative of
full redispersion (Fig. 6B), indicating reversibility of the system
and providing further confirmation that color change results
from aggregation-induced FRET. As pH cycling induces no per-

manent changes to the QDs or the CL4 coating, the QD-QD
FRET-based pH sensor should be fully reversible and respon-
sive as long as colloidal stability persists. Further detailed
studies into the reversibility of the aggregated state in response
to harsh or gentle aggregation protocols will demonstrate the
physical and photophysical durability of QD-QD FRET sensors
as well as any hysteresis in the spectral response.

A signal response curve was created by plotting F,/Fy as a
function of pH (Fig. 6C). The pH ranges and sensor response
of this QD-QD FRET-based pH sensor are comparable to other
QD-based pH sensors that have been published,”*®* but the
magnitude of the ratiometric change is somewhat lower in the
QD-QD FRET case due to higher background signal from
direct acceptor excitation. Because the focus of this work was
to create QD-QD FRET pairs with visual output for instru-
ment-free or economical read-out, the images were also ana-

65 7.5 9.0 +2uL
1N ' "
woo BREBERA
C D
4= 0.9 3.7
Y Red Channel 324
31 0.71 2.7-
° \ O
w \ £ =, 2.2-
©2 - \ 8 0.5 =
- \ - 1.7
VL PRI, TR 0.3 1.2+
T Green Channel 0.71
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Fig. 6 Example pH sensor. (A) Image of an aggregation assay using D4 at an Absas400/Abspago ratio of 4 undergoing FRET at different pHs shows a
wide range of colors. (B) Image of the assay after addition of base shows change in color (lowered F,/Fg4) indicating reversibility of the system. (C) F,/
F4 as a function of pH evaluated using PL spectra obtained from a fluorimeter. (D) Pixel intensities in the red and green channel of the image normal-
ized to the sum of red and green intensities evaluated using Imaged. (E) The red/green pixel intensity ratio plotted as a function of pH shows a
similar trend to the F,/F4 plot obtained using a fluorimeter.
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lyzed using ImageJ to demonstrate a method for quantitative
assessment without the use of laboratory grade instrumenta-
tion using the ratio of pixel intensities in the red and green
channel for each tube obtained (Fig. 6D). The red/green inten-
sity ratio tracks very similarly to the trend seen when plotting
F,/Fq obtained from PL measurements using a fluorimeter
(Fig. 6E). While this construct does not allow for sensing above
neutral pH, the viability of using QD-QD FRET for color-
change sensing is demonstrated. Some commercially available
PH strips consist of multiple indicator pads using different pH
sensitive dyes that change color at different cut-offs for extend-
ing the sensing range. Similarly, different ligands that show
differing protonation responses to pH could be used to extend
the sensing range of the QD-QD FRET systems.

Conclusions

In this work, QDs of different compositions and hetero-
structures are used as FRET donors and acceptors in order to
illuminate how materials design can be used to optimize QD-
QD FRET sensing. We show that bulk semiconductor material
characteristics can be used to a priori predict and design a
QD-QD FRET system to meet the needs of a given application.
The study focused on the development of FRET pairs where
color change is seen for use in instrument-free sensing. The
requirement for visual color change necessitated a change
from a spectrum dominated by the donor emission (F,/Fq < 1)
to a spectrum dominated by the acceptor emission (F,/Fq > 1)
in the transition from the no-FRET state to FRET state. In the
context of this criterion and the fact that FRET efficiency can
be enhanced by pairing multiple acceptors with a single
donor, it is important that the donor QD exhibit higher bright-
ness at the excitation wavelength than the acceptor. Our find-
ings show that it is possible to create QD donors that are
brighter than their acceptors by changing the composition
and size of their shell. For green-emitting InP QDs, the incor-
poration of a ZnSe shell can enhance the QD’s estimated
molar extinction coefficient nearly 7-fold. By increasing the
thickness of the ZnSe shell, absorption of the green QD can
surpass that of a red QD with a larger InP core, successfully
creating QD-QD pairs where acceptor emission is less than
donor emission, even at acceptor to donor ratios >1. Finally,
an optimal FRET pair using an InP/7ZnSe/3ZnS donor paired
with an InP/3ZnS acceptor was used as a test pH sensor that
shows a large range of pH dependent color change. These
results show that it is possible to engineer bright, cadmium-
free, visible color change sensors using QD-QD FRET.

Experimental

Materials

For QD synthesis, 99.95% cadmium oxide (CdO, Alfa Aesar),
99.99% zinc acetate (ZnAc, Sigma-Aldrich), and 99.99%
indium acetate (InAc, ACROS Organics) were used to make
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cation precursors while 99.99% selenium (Se, pellets, Sigma-
Aldrich) and 99.5% sulfur (S, ACROS Organics) were used for
anion precursors. Octadecence (Tech, 90% ODE, Sigma-
Aldrich), oleic acid (Tech, 90% OA, Sigma-Aldrich), oleylamine
(Tech, 70% Olam, Sigma-Aldrich), 97% trioctylphosphine
(TOP, Sigma-Aldrich), and trioctylphosphine oxide (TOPO,
Sigma-Aldrich) were used as solvents and coordinating ligands
during synthesis. Quantum dots were cleaned and stored in
organic solutions post-synthesis using hexane (Sigma-Aldrich),
chloroform (CHCl;, J.T. Baker), ethanol (EtOH, anhydrous,
Sigma-Aldrich), and methanol (MeOH, Sigma-Aldrich). For
CL4 synthesis, alpha-lipoic acid (LA, Sigma Aldrich), 97% N,N'-
carbonyldiimidazole (CDI, Alfa Aesar), ethylenediamine (EDA,
Sigma-Aldrich), methyl acrylate (ACROS Organics), lithium
hydroxide (LiOH, Sigma-Aldrich) and sodium borohydride
(NaBH,, ACROS Organics) were used. Zinc nitrate hexahydrate,
(reagent grade, 98%, Sigma Aldrich) was used for metalated
ligand transfer. Buffered solutions were prepared by using
phosphate buffered saline packets (pH 7.4, Sigma-Aldrich),
sodium citrate dihydrate (Sigma-Aldrich) and citric acid
(Fisher Chemicals).

Quantum dot synthesis

The precursors used for QD synthesis included cadmium
oleate (Cd(OA),), zinc oleate (Zn(OA),), indium oleate (In
(OA);), sulfur (S: ODE) and selenium (TOP : Se or Se : ODE), the
syntheses of which have been previously described.>**®° A pre-
mixed S/Se solution was made by mixing the Se and S precur-
sors at a 1:1.5 molar ratio before diluting with TOP to a final
Se concentration of 1 M and S concentration of 1.5 M.

CdSe cores were nucleated as previously described by a hot-
injection synthesis.®” Size and emission color of the cores can
be modulated by changing the amount of time at which the
solution is allowed to react at 270 °C. For our study, we made
CdSe cores with an emission peak at 580 nm by letting the
solution react for 5 minutes (mins) before allowing it to cool to
room temperature (RT). To shift the emission maximum of the
QD to 650 nm and protect the surface of the emissive core, a
single CdSe shell was added followed by 1 CdS and 2 ZnS
shells in a successive ion layer adsorption and reaction (SILAR)
procedure as previously reported.®®”

Synthesis of large core-alloyed-shelled Cd based QDs was
done by slightly modifying a single step one-pot method
reported by Bae et al.*! Specifically, 5 mL of 0.2 M Zinc Oleate
(Zn(OA),) and 0.4 mL of 0.2 M Cd(OA), were mixed in a
100 mL round bottom flask (rbf) under argon and degassed
under vacuum at 80 °C for 30 min before heating to 300 °C.
While the solution was heating, a syringe containing 2 mL of
TOP:Se:S solution was prepared in the glovebox. Once the
cation solution reached 300 °C, the anion solution was quickly
injected and left to react for 15 min before turning off the
temperature controller and allowing the reaction solution to
cool to room temperature.

InP cores were synthesized in a method previously reported
by Toufanian et al.*® For green emitting donors, medium InP
cores were used and ZnSe or ZnS shelled on top via SILAR. The
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starting reaction flask was seeded with 100 nmols of InP cores
in a 10% Olam/ODE solution at a final volume of 10 mL. ZnSe
shelling was performed using 0.2 M Zn(OA), and 0.2 M
Se : ODE, while ZnS shelling was done using 0.2 M S: ODE as
the sulfur precursor. Red emitting InP/3ZnS acceptors were
made in the same method using larger cores.

CL4 synthesis and ligand exchange were performed exactly
as described in a previous report.® ‘Metalated’ ligand transfer
with CL4 was carried out in a modified protocol previously
described by the Snee group.®® Zinc nitrate (Zn(NOs),) was
weighed and added directly to 1 mL of CL4 to a final concen-
tration of 0.2 M. 1 M NaOH was added dropwise to the solu-
tion while stirring until the Zn was fully dissolved (~pH
10-12). The Zn/CL4 solution was used for ligand exchange in
the same protocol when using CL4 alone. In samples contain-
ing Zn/CL4, QDs were aggregated to the sides of the vial after
overnight ligand exchange. They were re-dispersed in 0.2 M
NaOH before filtering on a 0.1 pm syringe filter and buffer
exchanging into 0.2 M NaHCO; by spin filtration (3x) on a
30 kDa centrifugal filter.

Quantum dot characterization

PL spectra were taken with QDs in cuvettes or in plates using
the Microwell plate reader attachment on a HORIBA (Nanolog
FL3-2iHR) fluorimeter. QDs were excited at 400 nm (slit width
(SW) = 5 nm) and emission was collected using a 300 x
500 grating centered around 600 nm (SW = 5 nm). QY
measurements were taken using the quanta-p integrating
sphere attachment and calculated using HORIBA’s
FluorEssence software. For QY measurements, QDs were
excited at 400 nm (SW = 3 nm) and emission was collected
using a 100 x 450 grating centered around 550 nm (SW =
3 nm). Absorbance measurements were taken in a 1 cm path-
length cuvette on a Nanodrop 2000c spectrophotometer.
Forster distance calculations were performed using MATLAB.

QD-QD FRET aggregation assays

Aggregation assays were performed in 384-well black bottomed,
non-binding Corning well-plates. For plate assays, QD stocks
were diluted in diH,0 immediately prior to their use. Donor and
acceptor QDs were diluted to Abs,, of 0.1 and Abs,g, of 0.4,
respectively, with the exception of assays shown in Fig. S2: row 2
and Table S1: rows 1 & 41 which were made at concentrations 5
times higher. In assays with Abs400/AbSpago = 0, 5, 10, 20 and
40, donor absorbance was equal to 0.05 and acceptor absor-
bance was equal to 2. A 1 to 2 serial dilution of the acceptor
QDs produced four solutions with final Abs,q, of 0.05, 0.1, 0.2,
0.4, plus an acceptor-free control (i.e., diH,O). Equal volumes
(60 pL) of donor and acceptor solutions were mixed in
Eppendorf UVettes resulting in five solutions with a donor
Abs, g0 of 0.025 and acceptor to donor absorption ratios of 0, 0.5,
1, 2. For the donor only solution, 60 pL of diH,0 was added.
20 pL of each solution was then added to the well-plate in sextu-
plicate. 20 uL of PBS, pH 7.4, was added to three of the wells,
while citrate, pH 3.5, was added to the other three, resulting in
three independently aggregated measurements at each pH. The
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pH of stock solutions was measured using a pH meter (Thermo
Scientific, Orion Dual Star). PL spectra were collected as indi-
cated above. For photographs, a UV lamp was used (Spectroline
XX-15A, 365 nm, 120 V, 60 Hz, 0.7 A) for excitation and a camera
phone (Samsung Galaxy S6 Edge+) used to collect images. For
images depicting QDs in 200 uL PCR tubes, solutions were
pipetted out of the black well plates and into the tubes.

FRET analysis

The aggregation-based FRET assays are analyzed the same way
as conjugation-based FRET assays. Namely, FRET efficiency,
E, is distance dependent to the inverse 6™ power:

nR,°®
E=—"29%
NRo® + Ipa®

(1)

where 7 is the acceptor to donor molar ratio, rp, is the dis-
tance between the center of the donor and acceptor molecules,
and R, is the Forster distance of the donor-acceptor pair,
defined as the distance at which a FRET pair will experience
50% energy transfer efficiency. The Forster distance can be
used to compare donor-acceptor pairs, as it is calculated using
fluorophore properties:®*

K> P, J 6
Ry(nm) = 0.02108{ - (M—l p— nm4>} (2)

where @y, is the quantum yield of the donor molecule, 7 is the
refractive index of the solvent, %, is the dipole orientation of
the donor and acceptor molecules, and J* is the pair’s overlap
integral in units of wavelength (nm). In systems where it is
assumed that the dipoles are randomly oriented in time, x* =
2/3. J* describes the overlap between the donor emission spec-
trum, Fp(1), and acceptor absorption spectrum or molar extinc-
tion coefficient, ex(1).%>

P (M)A (3)

FRET efficiency can also be calculated using experimentally
observed changes in the donor’s fluorescence (PL or lifetime)
as given by eqn (4)

F
DA 1 TDA (4)

where Fp, and Fp are the donor photoluminescence in the
presence and absence of the acceptor, respectively, and 7pa
and 7p are the donor photoluminescence lifetime in the pres-
ence and absence of the acceptor, respectively.

Calculating material-dependent QD properties

The relationship between QD size and emission wavelength for
any material can be roughly estimated with the Brus equation
(Fig. 3A and eqn (5)):°®

/1 1
AE(r) = Egap ten (m* +"Th) (5)
e
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where AE is the calculated QD emission energy in eV, Egy, is
the semiconductor material bulk bandgap, m; and mj, are the
electron and hole effective mass, respectively, 4 is Planck’s
constant, and r is the radius of the QD.

A particle’s size independent absorption coefficient, x,, can
be estimated using effective medium approximations:*’

2n
W= |fur|*2nk
S
on,* (6)

(n2 — k2 + 2ng2)*+4(nk)?

lfirl*=

where n and k are the refractive index and extinction coeffi-
cient of the material, ng is the refractive index of the solvent,
and fir is the local field factor. The particle molar extinction
coefficient (Fig. 3B) is calculated from the material absorption
coefficient through the following:”°

_ NaVapp,

= "In(10) @)

where Vqp is the volume of the QD, and N, is Avogadro’s
number.
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