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Abstract

We report a platform for the ratiometric fluorescent sensing of the endogenously generated
gaseous transmitter HoS in its aqueous form (bisulfide, or hydrogen sulfide anion) based on the
alteration of Forster resonance energy transfer from an emissive semiconductor quantum dot (QD)
donor to a dithiol-linked organic dye acceptor. The disulfide bridge between the two chromophores
is cleaved upon exposure to bisulfide, resulting in termination of FRET as the dye diffuses away
from the QD. This results in enhanced QD emission and dye quenching. The resulting ratiometric
response can be correlated quantitatively to the concentration of bisulfide, and was found to have a
detection limit as low as 1.36 + 0.03 pM. The potential for use in biological applications was
demonstrated by measuring the response of the QD-based FRET sensor microinjected into live
HeL a cells upon extracellular exposure to bisulfide. The methodology used here is built upon a
highly multifunctional platform that offers numerous advantages such as low detection limit,
enhanced photochemical stability, and sensing ability within a biological milieu.

Graphical abstract

H,S is a colorless, noxious and toxic gas that is mainly produced by the decomposition of
organic compounds or as a byproduct from various industries.” Studies have shown that H,S
is damaging to biological systems due to its high permeability through lipid membranes.Z’ 3
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Regardless, the gas has many significant biological roles. For example, H,S has recently

been recognized as an endogenously generated gaseous transmitter.” Biological production

of H,S can take place via enzymatic or non-enzymatic pathways. In mammalian systems,

physiological H,S levels are regulated by enzymessv 6 found in the brain and liver as well as

- . 738 . -

in nervous system and vasculature tissues. ' © The regulation of the gas has biologically

beneficial effects. For example, it has been shown that H,S has antioxidant effects’ and is an

anti-inflammatory agent. 0 H»S levels are also associated with cardioprotective and anti-

apoptotic effects,ll'13 the regulation of vascular tension, and controlling blood

pressure.M' 15 However, recent studies have indicated that H,S levels are related to diseases
16 17 S 18

such as cancer,” Down syndrome,” and Alzheimer's disease.

There is an ongoing debate concerning the concentration of hydrogen sulfide in cells, blood,
and in tissues. A wide range of 2-300 uM has been reported by different groups,lg'23 which
is likely the result of the use of different sampling techniques and detection methods.
Concentrations in the nanomolar range have also been repor'[ed.24 This is unfortunate as the
biological effects of H,S depends on its concentration, as the gas is cytoprotective at lower
levels while it is cytotoxic and causes apoptosis in human cells at higher concentrations.
Furthermore, to function as a gaseous transmitter the intracellular concentration of H,S has
to be high to activate the signaling mechanism, but it is consumed quickly to maintain the
whole tissue concentration at safe lower Ievels.24

The development of a reliable and efficient method for the detection of the H,S in biological
environments has a crucial importance to understand its role in many pathologies. Methods
of H,S detection such as chromatography, colorimetry, and electrochemical assays,zsv 26
suffer from poor biological compatibility, and require complicated sample preparation
processes. One strategy to address these issues is based on the fact that H,S dissociates in
aqueous solution to form an equilibrium between H,S <+ HS™ <+ S2°, where bisulfide (HS",
or hydrogen sulfide) is favored and is the target analyte “stand-in” for H,S. As such, the
design of fluorescent probes for bisulfide have attracted significant attention due to the
convenience, compatibility, and sensitivity of fluorescence methods that facilitate the real-
time detection of the analyte within biological environments. Sulfide-reactive fluorescent
probes have been designed based on different strategies such as metal-sulfide interaction,
reduction of azide and nitro groups, and nucleophilic addition; detailed mechanisms and
discussion of these systems can be found in recent reviews.””* Most of the reported probes
are single-emission turn-on sensors that can be difficult to quantify in a complex biological
environment. A ratiometrically responsive (i.e. color-changing and thus self-calibrating)
sensor addresses this problem, although there are few reports of such.%-% Herein, we report
a novel design of a QD-based energy-transfer sensor for detection of bisulfide ion in
solution. The response mechanism is based on the reducing ability of the ion that can cleave
the disulfide bond connecting the QD to dye. The action of the ion results in a loss of FRET
between green emitting QD donor and rhodamine dye acceptor that produces a ratiometric
fluorescence response to the presence of HS".
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Experimental Section

Materials and Instrumentation

1,2,4-benzenetricarboxylic anhydride (97%), 3-diethylaminophenol (97%), 4-
(dimethylamino) pyridine (DMAP, =98%), DL-dithiothreitol (>98%), D-(+)-glucose
(>99.5%), L-cysteine (97%), L-glycine (>98.5%), L-lysine (>98%), potassium bisulfate
(=99%), trimethylamine (TEA, =99%), zinc chloride (=98%), and high molecular weight
polyvinyl chloride were purchased from Sigma-Aldrich. Glutathione (reduced, 98%),
sodium sulfide nonahydrate (>98%), and N,N’-disuccinimidyl carbonate (DSC, 98%) were
purchased from Acros. Sodium sulfate (anhydrous, >99%), sodium sulfite (anhydrous,
>98%), and sodium thiosulfate pentahydrate (= 99.5%) were purchased from Fisher
Chemicals. Sodium thiocyanate (98%) was purchased from Alfa Aesar. Mono-t-boc-
cystamine-HCI was purchased from Fisher Scientific. Bis(2-ethylhexyl)sebacate (=98%) was
purchased from TCI America. The QD-functionalization reagent methoxypolyethylene
glycol 350 carbodiimide (MPEG 350 CD),33 Rhodamine B piperazine,34 and 40%
octylamine-modified poly(acrylic acid) (PAA)35 were prepared according to previously
published protocols. 1H NMR spectra were recorded on a Bruker Avance DRX 400 NMR
spectrometer. UV-vis absorbance spectra of the samples were taken using a Varian Cary 300
Bio UV/vis spectrophotometer, and fluorescence emission spectra were obtained using a
custom-designed Horiba Jobin Yvon FluoroLog spectrophotometer. Dynamic light
scattering (DLS) experiments were performed on a Malvern Zetasizer Nano. HeLa cells
(CCL-2) were purchased from American Type Culture Collection. Dulbecco's modified
eagle medium (DMEM, 10-014 CV) and 0.25% trypsin/2.21 mM EDTA were purchased
from Corning Cellgro®. MEM non-essential amino acids (11140) and HEPES (15630-080)
were purchased from Gibco®. Micropipette preparation glass bottom culture dishes
(P50G-1.5-14-F) were purchased from Matek Corporation (Ashlan, MA). XenoworksTM
Microinjection Systems, P-1000 pipette puller and borosilicate glass tubes (BF100-78-10)
were used for microinjections (Sutter Instruments, Novato, CA).

Bisulfide-reactive Carboxyrhodamine B Synthesis

The bisulfide-reactive rhodamine B derivative used in this study was synthesized following
the outline in Scheme 2.

Synthesis of Carboxyrhodamine B (3)

A mixture of 3-diethylaminophenol 1 (1.03g, 6.05 mmol), and 1,2,4-benzenetricarboxylic
anhydride 2 (0.6 g, 3.02 mmol) was heated to 195 °C in the presence of a catalytic amount
of ZnCl, under a nitrogen atmosphere for 1 h. The resulting red mixture was cooled to room
temperature, and dissolved in 5% NaOH solution. The mixed isomers of carboxyrhodamine
B were precipitated out of the solution by acidification using HCI (pH=1). 5- and 6-
carboxyrhodamine B 4 isomers were separated as TEA salts by flash chromatography
(DCM:MeOH:TEA 4:1:0.5).36 Solvents were evaporated under reduced pressure. Each
isomer was dissolved in ETOAc (40 mL), and washed with 1M KHSO,4 (3x30 mL), brine
(30 mL), and dried over anhydrous Na,SO, to obtain pure 5-carboxyrhodamine B (575 mg,
39%), and 6-carboxyrhodamine B (452 mg, 30%). 1H NMR data are shown in Figure S1 of
the supporting information.
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Synthesis of 6-Carboxytetraethylrhodamine N-Hydroxysuccinimide ester (6)

6-carboxyrhodamine B 5 (100 mg, 0.2 mmol), DMAP (122 mg, 1 mmol), and TEA (140 pL,
1 mmol) were dissolved in dry DCM (10 mL). DSC (105 mg, 0.4 mmol) was added, and the
mixture was stirred under nitrogen atmosphere at room temperature for 1 h. After 1 h the
reaction was quenched by addition of AcOH (120 pL, 2 mmol), and the final product was
purified by flash chromatography using 1% AcOH in acetone followed by
MeOH:DCM:AcOH (9:89:2) as eluent (65% yield). 'H NMR data are shown in Figure S2 of
the supporting information.

Synthesis of N-(2-((2-aminoethyl)disulfanyl)ethyl)-3’,6’-bis(diethylamino)-3-oxo-3H-spiro
[isobenzofuran-1,9’-xanthene]-6-carboxamide (8). 6-carboxytetraethylrhodamine N-
hydroxysuccinimide ester 6 (58.4 mg, 0.1 mmol),mono-t-boc-cystamine-HCI (28.81 mg, 0.1
mmol), and TEA(14 uL, 0.1 mmol) were dissolved in dry DCM, and stirred under nitrogen
atmosphere at room temperature over night. The next day the solvent was evaporated under
reduced pressure, and the resulting residue was purified by flash chromatography
(DCM:MeOH 85:15) to obtain compound 7. For boc deprotection, the resulting compound
was dissolved in DCM (4 mL), and then CF3COOH (2 mL) was added. After the mixture
was stirred for 2 h under a nitrogen atmosphere at room temperature, the solvent was
evaporated under reduced pressure. The product was purified by flash chromatography
(DCM:MeOH:TEA 4:1:0.5) to obtain compound 8 (81% yield). Optical and 1H NMR data
are shown in Figures S3, S4a of the supporting information.

QDs Synthesis, PVC Modification, and Water Solubilization

CdSe/CdznS core/shell QDs were synthesized according to previously published
protocols.37 Approximately 0.5 g of the crude sample was processed by addition of a small
amount of isopropanol followed by methanol to induce flocculation. The supernatant was
discarded, and the precipitate was dried under vacuum. The QDs were dissolved in 2 mL of
THF, and 50 pL of a PVC coating solution®® (50 mg high molecular weight polyvinyl
chloride and 100 mg of bis(2-ethylhexyl) sebacate dissolved in 5 mL of THF) was added.
The mixture was stirred gently overnight, after which the solvent was evaporated under
reduced pressure. Next, 65 mg of amphiphilic 40% octylamine-modified PAA was added to
the QDs followed by ~3 mL of dry THF. The solution was sonicated for several minutes to
dissolve the polymer completely. We believe that the hydrophobic portions of the polymer
coordinate to pores in the PVC coating,39 which is why the QDs dispersed into 0.1 M NaOH
solution after the solvent was evaporated under reduced pressure. The solution was dialyzed
to neutrality to remove excess polymer. The solution was then filtered through a 0.2 um
syringe filter to yield a monodisperse plastic-coated water-soluble QD solution. The fact that
the materials passed through the filter and remained colloidally stable indicated that the
materials were not agglomerated. Samples without P\VC modification were prepared by
repeating the procedure above without the addition of the PVVC coating solution. These
materials were used in cell imaging studies. As such, their quantum yield was measured to
be 0.54 vs. fluorescein,40 see Figure S4b of the supporting information.
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Compound 8 Dye Conjugation to QDs

Cell Culture

A solution of ~5 mg of MPEG 350 CD dissolved in 0.5 mL of water-solubilized CdSe/
CdZnS QDs (1.24 x 107® M) was stirred for 30 min. Next, a sub-milligram quantity of
compound 8 was dissolved in pH 8 phosphate buffer and was added drop-wise to the
activated QD solution until the dye emission appeared to slightly dominate the dots under
illumination with a black light. Next, 2 mL of pH 8 phosphate buffer was added, and the
reaction was allowed to stir overnight. The next day, dialysis was performed using
centrifugation filters to remove excess unreacted dye. The QD sulfide sensor solution was
then diluted to working concentration of 3.43 x 108 M using pH 7.4 Tris-HCI buffer. The
conjugation yield for the unmodified (PVC free) dots was calculated to be 42% by
comparing absorbance spectra before and after dialysis, and the number of the dye per QD
was determined to be 1.3 based on the absorptivity of the dye component.

These data are shown in Figure S5 of the supporting information. The characteristic FRET
distance (R,) was determined to be 5.95 nm using the methods outlined in ref. 37
Furthermore, the FRET efficiency was determined to be >70% for both plastic coated and
unmodified water-soluble QD/dye conjugates based on the quenching of the donor
fluorescence intensity shown in Figure S6. The high efficiency observed in the PVC
modified QDs is surprising given the hydrodynamic radius determined from DLS
measurements. We hypothesize that the porous nature of the PVC coating, due to the
addition of the plasticizer,39 allows the dye to interpolate within the coating such that FRET
efficiency is enhanced.

HeLa cells were maintained in DMEM (+) (DMEM supplemented with 10% FBS, 1x MEM
non-essential amino acids and 15 mM HEPES) at 37 °C and 5% CO,. The cells were
passaged with 0.25% trypsin/2.21 mM EDTA.

Microinjection and Fluorescence Microscopy

HeLa cells were grown to 60-70% confluency in a glass bottom dish before microinjection.
Micropipettes were prepared by the following parameters: heat, ramp-42; pull, 80; velocity
30; time 100; and pressure, 400. Micropipettes were loaded with the sensor solution by
capillary action and the solution was injected into the cytosol by using the following
microinjector parameters: transfer pressure: 15 hPa; injection width, 0.2 sec; injection
pressure 3000 hPa. Fluorescence images of the injected cells were acquired after 20 min
using an epi-fluorescence microscope (Axiovert 200, equipped with AxioCam MRm CCD
camera and Axiovision software (V 4.6.1.0), Carl Zeiss, Inc.) modified with a UV LED
emitting at 365 nm (UV-LED-365, Prizmatix, Ltd.). All images were obtained with a 63x/
1.25 N.A. EC Plan Neofluar oil-immersion objective (Carl Zeiss, Inc.) and G365 excitation
filter. Emission filters (535 = 25 nm and 610 + 37.5 nm) were used to separately image and
measure the quantum dot and dye emission intensities. The same settings were used to
acquire images before and after the addition of sodium sulfide solution. All images are dark
current corrected. Signal intensity was determined from ROIs in the cytoplasm using the
Image J software (v 1.47) package.41
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Results and Discussion

Considering the equilibrium pK, ~ 7.0 for H,S <+ HS™ and the significantly higher pK;, of
HS + 82',42 it is not surprising that the H,S / HS™ ratio within the cells is believed to be
equal, and that almost 80% of the H,S is in the form of anionic state in extracellular fluid
and plasma. Furthermore, HS™ is a stronger nucleophile compared to cysteine, glutathione,
and other anions such as chloride and hydroxide. This feature can be utilized for selective
sensing of H,S via a nucleophilic displacement mechanism of HS™ under biological
conditions.

The wide variation in reported concentration levels discussed above is likely due to the
choice of technique and approach. The employment of harsh chemical conditions for analyte
extraction and sampling may alter the quantity of sulfur containing species. Moreover,
technical limitations involved in some methods result in indirect detection of H,S.
Regardless, the employment of reactive fluorescent probes has advantages, including
minimal sample preparation, direct visualization of the analyte, high sensitivity and
(possibly) low detection limit, and non-destructive detection in biological environments.43
Concerning fluorescence-based sensing, activation of a chromophore by an analyte provides
a relatively background-free signal that is easy to interpret. However, one cannot ascertain
the effect of analyte concentration within a complex environment such as a cell. For
example, if no emission is observed from a cell nucleus, is that because no analyte is present
or due to the fact that the probe did not diffuse through the nuclear membrane?

These issues are addressed by the use of ratiometrically reporting chromophores, which
change color in the presence of the analyte. As a result, the spectrum of the probe provides
the analytical metric, rather than the fluorescent probe intensity. Ratiometric fluorescent
sensors can be prepared by conjoining a donor / acceptor pair of chromophores that engage
in FRET, the efficiency of which is altered by the action of the analyte. Such sensitivity can
be imparted by cleavage of the donor-acceptor link by the activity of the analyte that results
in the termination of the energy transfer. As such, the emission of the donor becomes more
dominant, which alters the integrated emission ratio.** 45 Since cleavage of a disulfide bond
by HS is facile, linking a dye to a QD via a disulfide bond can be incorporated within a
ratiometric fluorescent sensing strategy. To this end we have synthesized a
carboxyrhodamine B derivative with an amine-terminated linker containing a disulfide bond.
This chromophore can act as an acceptor for a green-emitting water-soluble quantum dot
donor after carbodiimide coupling the two together (Scheme 1); see Figure S6 & S7 of the
supporting information for spectroscopic data. The disulfide bond cleaves upon exposure to
HS", causing the dye to diffuse away from the QD and terminating FRET. This was
confirmed by measuring the filtrate of samples that were exposed to Na,S solution after
dialysis, see Figure S8.

The system was tested using freshly-prepared sodium sulfide in pH 7.4 Tris-HCI buffer
solution to represent an H,S source. The fluorescent response of the sensor shown in Figure
1a was quantified by fitting multiple Gaussian functions to the sulfide-dependent emission
spectra to separate the QD and dye components. The integrated emission ratio of the QD:dye
was plotted as a function of the HS™ concentration (Figure 1a), which shows a linear
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correlation. The detection limit was determined to be 21.6 + 0.4 UM using the bootstrap
method.*® Note that the detection limit of ratiometric sensors is scalable with concentration
to within reasonable limits as determined by the detection efficiency. As such, the sensor
was diluted by 10x, reanalyzed, and was found to have a detection limit of 1.36 + 0.03 uM
using the data shown in Figure 1b. To study the selectivity, the ratiometric response of the
QD-dye complex was measured after exposure to various thiols and amino acids in pH 7.4
Tris-HCI

Several control experiments were conducted to investigate the mechanism of sensing and
identify possible pitfalls of the method. For example, a Rhodamine B derivative was used as
the organic chromophore as it was believed to have a minimal intrinsic sensitivity to
environmental factors. However, an amide bond-coupled (and thus non-sulfide reactive) QD/
Rhodamine B piperazine chromophore responded to bisulfide ion in a nearly-identical
manner to that observed in the QD/bisulfide-reactive dye system (see Figure S9 of the
supporting information). Further investigation revealed that the absorption of Rhodamine B
piperazine is suppressed when titrated with HS- (Figure S10a), which would result in a
ratiometric response in the coupled chromophore due to a modulation of the FRET
efficiency. The response shows a linear correlation between the integrated QD:dye emissions
ratio versus HS- concentration to 150 uM of bisulfide under the conditions employed. The
response saturated above this range, which was not true for the reduction-sensitive FRET
system discussed above. This is likely due to the difference in analyte recognition
mechanisms; regardless, the amide-bonded coupled chromophore was not used in further
studied due to this limitation.

Given that Rhodamine B was found to have an intrinsic response to the presence of the
analyte, we also investigated the absorption of the bisulfide-reactive carboxyrhodamine dye
due to exposure to Na,S and found an even stronger response as shown in Figure S10b.
These data suggest that the ratiometric response of the sensor shown in Figure 1 may be due
to both dye cleavage and suppression of the dye's absorptivity. However, cleavage of the
QD-dye linker must ultimately be responsible for the observations due to the lack of
saturation behavior and the irreversibility of the reaction.

While Figure 1a shows that the emission of the QD/bisulfide-reactive carboxyrhodamine B
dye has a clean response to bisulfide exposure with a clear isosbestic point appearing at
~570 nm, the absolute intensity of the sensor's emission was reduced as seen in the
unnormalized spectra in Figure S11a. It was determined that the overall loss of fluorescence
efficiency was due to bisulfide quenching of the QD donor component. As such, several
avenues were explored to protect the QD from quenching by the analyte, one of which was
to coat the QDs with polyvinyl chloride (PVVC) before water solubilization with 40%
octylamine-modified poly(acrylic acid). These water soluble, “plastic-coated” QDs were
conjugated to the bisulfide-reactive carboxyrhodamine B dye and were then titrated with
bisulfide solution. The emission and linear response of this sensor are shown in Figure S11b,
where it can be see that the plastic coating reduced quenching of the QDs due to HS”
exposure. The ratiometric response to bisulfide was linear (Figure S12) with a detection
limit of 41.9 + 0.3 uM; in fact these data appear nearly identical to that shown in Figure 1.
However, DLS results shown in Figure S13 reveal that the plastic-coated QDs are ~ 150 nm
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in diameter which is a significant increase from ~ 8.5 nm observed in un-modified water-
soluble dots. Furthermore, these dots did not diffuse freely and distribute themselves evenly
in live cells after microinjection, most likely due to their large size. As a result, these
samples were not examined further, and all experiments with sulfide sensing in live cells
were performed using sensors that were not modified with PVC coating.

The efficacy of the sensor in live cells was investigated. HeLa cells were microinjected with
~1.5 pumol of the QD/bisulfide-reactive carboxyrhodamine dye and were incubated for 5
min. Wavelength-selective microscopic images were obtained using 535 £ 25 nm and 610

+ 37.5 nm bandpass filters for the QD and dye channels, respectively. Next, the cells were
treated with a 200 pM bisulfide solution for an additional 20 min, after which time they were
re-imaged as shown in Figure 3. The detailed changes in the intensities of the QD and dye
signals are quantified in Table S1. The average enhancement in the intensity of the QD
signal (+17%) and quenching of dye intensity (-29%) confirms the potential use of the
ratiometric sensor for the detection of bisulfide in biological environments. To verify that the
enhancement in the QDs' emission was due to FRET modulation, HeL A cells were
microinjected with water-soluble QDs and were imaged before and after sulfide solution
exposure in the same manner as discussed above (Figure S14). The results showed a drop in
intensity of the QD emission (-9%). This confirms that the ratiometric response observed in
the cells was not due to a singular, intrinsic response of QDs due to Na,S exposure.

We attempted to quantify the /n vitro data by comparing them to the calibration curve shown
in Figure S15 generated by measuring the emission of the sensor in liquid drops of bisulfide
standards using the same microscope system. Unfortunately, the /n vitro data is not sensibly
consistent with this calibration with regard to the observed QD:dye emission ratios and the
magnitude of response due to exposure to 200 UM of the analyte. This result was not entirely
unexpected as previous attempts to quantitatively measure the pH in tumor
microenvironments using QD-based ratiometric sensors was found to be similarly
problematic.40 As such, it is likely that quantitative biological measurements require the use
of calibration standards that have similar chemical and biological composition as the sample.

Conclusion

In conclusion, a QD-based FRET platform has been developed for sensing aqueous bisulfide
ions within biological environments. The probe has a detection limit of 1.36 + 0.03 UM in
buffer and is selective towards HS- compared to the other thiols including amino acids. The
self-calibrating response of the sensor, in addition to the positive qualities of QDs such as
high quantum yield and photostability, make this probe a unique tool for the qualitative
detection of the H,S (via aqueous bisulfide) concentration changes in complex biological
matrices.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Normalized emission of the coupled QD/bisulfide-reactive carboxyrhodamine dye
(compound 8) sensor (3.4 x 108 M) upon exposure to HS". Also the ratio of the integrated
emission of the QD donor over the dye acceptor as a function of HS™ concentration reveals a
21.6 £ 0.4 uM detection limit. (B) The same for the QD/bisulfide-reactive
carboxyrhodamine dye sensor at 10x dilution (3.4 x 10 M) reveals a lower detection limit

of 1.36 + 0.03 pM.
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Figure2.
Fluorescence intensity ratio change in response to various relevant analytes (25 uM). The

data are normalized against the response to bisulfide.
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Figure 3.
Two sets of fluorescence images of HS™ detection in HeLa cells. The cells are imaged with

optical filters to separately measure the donor QD vs. dye acceptor emissions as labeled in
the figures. Before: Image prior to sodium sulfide addition. After: The same after exposure
to sodium sulfide solution.
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Scheme 1.
Mechanism of the ratiometric response of the sensor based on FRET modulation.

Anal Chem. Author manuscript; available in PMC 2017 June 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Shamirian et al. Page 15

(o]
OH isomers separation HOOC O N,
ZnCl \/ ﬂashchrarnalognm:ﬁrwI O
195 °C 40 min DCM MeOH:TEA
(4:1:0.5)
HOOC™ /

j« ( m " H
N 0 ~ T 0 N‘x./ \\zo\gzN\/"‘\slsx/"\NHz
CLI Y ascome (L)
o] =TT o o] e
libia O TEA, 1h, rt. O DCM, TEA, 12h, r.t.
0 N-O O
5

6

R ¢
- Cn
ercoon_ 0
DCM o
PNy e

S
H,N_ /%

HfS’s
%P‘\g 7 8

(o] 1
N o N
@ - 0 B i i T CLC
pH 8 buffer, 12h, rt. o 0
H ,S-fﬂ O 0
HZNJS @\gm./‘“s

Scheme 2.
Synthesis of the bisulfide-reactive carboxyrhodamine B dye, and subsequent conjugation to

water-soluble QDs.
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