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Abstract

Functionalization of nanocrystals is essential for their practical application, but synthesis on 

nanocrystal surfaces is limited by incompatibilities with certain key reagents. The copper-

catalyzed azide-alkyne cycloaddition (CuAAC) is among the most useful methods for ligating 

molecules to surfaces, but has been largely useless for semiconductor quantum dots (QDs) because 

Cu+ ions quickly and irreversibly quench QD fluorescence. To discover non-quenching synthetic 

conditions for Cu-catalyzed click reactions on QD surfaces, we developed a combinatorial 

fluorescence assay to screen >2000 reaction conditions to maximize cycloaddition efficiency while 

minimizing QD quenching. We identify conditions for complete coupling without significant 

quenching, which are compatible with common QD polymer surfaces and various azide/alkyne 

pairs. Based on insight from the combinatorial screen and mechanistic studies of Cu coordination 

and quenching, we find that superstoichiometric concentrations of Cu can promote full coupling if 

accompanied by ligands that selectively compete the Cu from the QD surface but allow it to 

remain catalytically active. Applied to the conjugation of a K+ channel-specific peptidyl toxin to 

CdSe/ZnS QDs, we synthesize unquenched QD conjugates and image their specific and voltage-

dependent affinity for K+ channels in live cells.
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Optical microscopy is the primary means of studying complex living systems, enabling real-

time analysis of individual cellular components at high spatial and temporal resolution. 

Semiconductor quantum dot (QD) nanocrystals are outstanding probes for light microscopy, 

with exceptionally high photostability, large optical cross-sections, large Stokes shifts, and 

demonstrated uses in multiplexed and single molecule experiments.1–3 Like other 

hydrophobic nanocrystals, QDs must be transferred to water and their surfaces 

functionalized to have any utility as imaging probes or biosensors.4–5 While a number of 

bioconjugation reactions have been adapted for QDs,6–9 others have been found to destroy 

the exceptional optical properties of the nanocrystal.10–11 Broadening the scope of QD 

surface conjugation chemistry is essential to expand the reach of QDs for imaging 

applications.

In the development of optical sensors of neuronal activity, we sought a method to conjugate 

QDs (Figure 1a) to the peptidyl tarantula toxin guangxitoxin-1E (GxTX), a 36-amino acid 

cystine knot peptide that binds Kv2 channel voltage sensing domains (Figure S1),12 which 

we have previously synthesized to contain propargylglycine alkyne sidechains for 

chemoselective bioconjugation.13 The Cu-catalyzed azide-alkyne 1,3-dipolar click coupling 

(CuAAC) is among the most widely used reactions for both bioconjugation14–16 and for 

modification of surfaces.17–18 CuAAC reactions are bioorthogonal, work well in dilute 

aqueous conditions, and require only a Cu ion catalyst and mild reducing agent to form 

covalent bonds between terminal alkynes and azides.19–21 However, Cu ions have been 

found to be exceptionally strong and irreversible quenchers of QD fluorescence, even with 

brief exposures at nanomolar concentrations (Figure 1c).7, 11, 22–23 Previous work has shown 

that Cu+ is primarily responsible for QD quenching7 and that large (>10 nm) and heavily 

crosslinked polymer networks are required to prevent Cu from reaching the nanocrystal 

surface.24–25 It is not clear whether this quenching is due to rapid Cu/Cd exchange26 or the 

Cu ions are acting as proximal electron traps, but in our initial experiments we observed no 

change in QD emission wavelength maximum or lineshape following Cu exposure (Figure 

1d). Our attempts to reverse Cu quenching by exposure to high affinity Cu ligands or excess 

Cd2+ were unsuccessful, even after extended incubations (Figure S2). While copper-free 

azide-alkyne coupling methods have been successful in eliminating copper toxicity from this 

reaction on cells27–28, the necessary strained alkynes are of limited use in certain complex 

structures such as 3-cystine knot peptides.13 Here, we report a 2000-reaction combinatorial 

FRET-based assay to screen for suppression of fast Cu quenching of QDs while maintaining 

Cu catalytic activity. Based on insight from this screen and mechanistic studies of Cu 

coordination and quenching, we find that superstoichiometric concentrations of Cu can 

promote full coupling if accompanied by ligands that selectively compete the Cu from the 

QD surface but allow it to remain catalytically active. With these conditions, we synthesize 

unquenched peptidyl toxin-QD conjugates and image their specific and state-dependent 

affinity for K+ channels in live mammalian cells.
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RESULTS AND DISCUSSION

Screening for non-quenching CuAAC reaction conditions

We anticipated that the amphiphilic polymer coatings commonly used to passivate QDs in 

water29–31 would offer a low-dielectric layer inhospitable to Cu ions, but initial CuAAC 

reactions with azide-bearing QDs showed only rapid quenching with no apparent 

conjugation (Figure 1). Addition of a series of Cu-coordinating ligands (Table S1) that have 

been shown to accelerate CuAAC cycloadditions32–35 did not measurably prevent quenching 

unless also completely preventing the cycloaddition. Given this poor initial reactivity, the 

complexity of the CuAAC mechanism,21, 36–39 and the number of components and 

concentrations that can be varied, we sought a high-throughput approach to screen for 

synthetic conditions that might create a Cu complex able to catalyze CuAAC cycloaddition 

but unable to interact directly with the nanocrystal. Previous FRET-based synthetic screens 

have been successful in discovery of catalysts and in improving the efficiencies of coupling 

reactions, including Cu+-mediated CuAAC couplings.40–44 While these screens have 

focused on maximizing coupling efficiencies, we faced the added challenge of optimizing 

the relatively slow Cu+-mediated coupling reaction in the presence of the rapid Cu+-

mediated quenching of nanocrystal fluorescence. For this screen, we synthesized an alkynyl 

cyanine compound as a fluorescent acceptor paired with aqueous azide-coated CdSe/CdS 

core/shell QDs with emission maxima at 625 nm and 90% quantum yield (Figure 2a, and 

Methods). Based on previous mechanistic21, 36–39 and empirical studies of CuAAC 

optimization,33, 45 we selected a series of parameters to vary, including Cu source, alkyne/

azide stoichiometry, reducing agent concentration, Cu-coordinating ligands,32–34 other 

counterions (in the form of buffer anions), and reaction time (Tables S1 and S2). Initial tests 

showed strong effects on both CuAAC coupling and quenching (Figure 2), as seen in the 

appearance Cy5 acceptor emission and maintenance of QD emission beyond the ~10 s that 

would be required for full quenching under standard CuAAC conditions (Figure 1c).

To expand the reach of the combinatorial screen, we carried out reactions in 96-well plates 

and measured spectra by plate reader. At specified time points, reactions were quenched by 

dilution into 10 mM EDTA solutions, and a full emission spectrum collected for each well. 

In a typical experiment, 8 reactions testing a single parameter were halted at 11 different 

time points to generate a 2-dimensional reaction series. A compilation of ~1200 such 

reactions (Figure 3a), plotting integrated QD intensity versus integrated Cy5 intensity, shows 

a small fraction of reaction conditions with strong emission at both wavelengths. To 

determine the maximal FRET efficiency for this system, we synthesized fully Cy5-ligated 

QDs using a parallel Cu-free reaction on these same QDs by first reducing the azides to 

amines and then coupling with Cy5 succinimidyl esters (Scheme S1). These QDs show no 

reactivity with alkynes through CuAAC coupling but do undergo efficient reaction with 

activated esters (Figure S3). Comparison of this emission (Figure 3a, black star) with the 

combinatorial Cu-mediated reactions, several conclusions are readily apparent. All points 

closest to the maximal FRET emission are at acidic pH (Figures 2b and 3a), suggestive of a 

surprising pH dependence. Reaction times >5 min are clustered near the axes, indicative of 

strong QD quenching (x-axis), minimal CuAAC coupling (y-axis), or loss of acceptor signal 

due to quenching of the QD donor. Low acceptor emission may arise from QD quenching, 
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little CuAAC activity, or both. While such conditions are useless as preparative synthetic 

conditions, they do highlight the need to find reaction conditions that enable complete 

CuAAC on unusually fast timescales.

Analysis of combinatorial screening data

To quantify which variables have the strongest effects on QD quenching and CuAAC 

coupling, we analyzed this spectral data for pairwise correlations between each parameter 

and either QD or Cy5 emission (Figures 3d–e and Table S3). The strongest effect on QD 

quenching is the dependence on reaction pH, with little measured quenching below pH 4 to 

full and rapid quenching above pH 8. Acceptor emission is largely indifferent to reaction pH, 

suggesting differences between Cu quenching and catalysis that can be leveraged to 

optimize non-quenching CuAAC couplings. Changes to Cu-coordinating ligand 

concentration did not significantly affect either reaction (Figures 3d–e), but we did observe 

major differences depending on the chemistry of the Cu coordination (Figure 2e and Table 

S1). Strong chelators (e.g., cysteine) prevented quenching but also prevented any measurable 

CuAAC coupling, suggesting charged ligands can prevent Cu+ from reaching the 

nanocrystal surface but may also inhibit interaction with the alkyne.21, 36–37 Two triazole-

based ligands (THPTA and BTTAA) proved most effective at generating Cy5 FRET 

emission while ameliorating quenching (Table S1), and optimization with THPTA gave us a 

FRET spectrum most similar to that of the QD-Cy5 conjugate synthesized without Cu 

(Figure 3b). Previous work has shown that BTTAA is superior to other Cu ligands for 

promoting CuAAC coupling with hydrophobic substrates,33, 45–46 while in this case the QD 

surfaces and Cy5 are both hydrophilic, possibly explaining the differences seen here.

Mechanisms of Cu-mediated cycloaddition and quenching

To understand the results of the FRET screen, we examined the reactivity of other azide and 

alkyne compounds, as well as other amphiphilic polymer coatings. Changing the azide 

inorganic nanocrystal shell from CdS to ZnS had no significant effect (Figure S4), but 

conditions for passivating QDs with amphiphilic polymer proved critical, with added 

surfactant (e.g., oleic acid) in the hydrophobic QD dispersion essential for preparing 

aqueous QDs resistant to Cu quenching by diffusion to the nanocrystal surface (Figure 4). 

Changing the azide from nanocrystal to the organic fluorophore Cy3 (Scheme S2) led to 

higher optimal pH and longer reaction times (Figure S5). This suggests the low pH optimal 

for QD CuAAC is needed to slow quenching but has no significant effects on the 

cycloaddition, corroborating analysis from the pairwise variable analysis (Figure 3d–e). The 

optimal Cy3-Cy5 CuAAC conditions square well with previous findings for small molecule 

coupling,14, 44 while differences with the QD-Cy5 conditions suggest reaction conditions 

unique for QD substrates.

One explanation for these differences is that the polyacrylic acid-derived polymer 

passivating the QD (see ref 31 and Methods) concentrates Cu ions at the poly-carboxylate 

surface (Figure 4), close enough to CuAAC substrates to speed the reaction by more than an 

order of magnitude compared to small molecule CuAAC. This may also explain the pH 

dependence, in which low pH causes increased turnover of Cu ions from surface 

carboxylates. Another surprising finding of the screen is that a full equivalent of Cu (50 μM) 
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or more is required for CuAAC with the QD, but not the organic fluorophore (Figure S5). 

This suggests a certain fraction of the Cu is either unable to react, because it is coordinated 

to QD surface carboxylates, or to turn over, because Cu release from the substrate is slow 

until the reaction is quenched by a large excess of EDTA (Figure 4). Indeed, we found that 

allowing reactions to incubate in EDTA solution for extended periods typically led to 

increases in acceptor emission, although without full restoration of QD emission (Figure 

S6). This suggests that Cu ions are bound to the QD surface even after initial addition of 

EDTA, and some are bound very tightly, possibly in or on the inorganic nanocrystal.

To test whether Cu bound to the nanoparticle surface is responsible for QD quenching 

during CuAAC reactions, we included a series of benign divalent metal ions (i.e., Ca2+, 

Mg2+, Mn2+) in the reaction mixture in addition to Cu and Cu ligands. These added ions 

have been shown to neither quench QDs11, 47 nor interfere with CuAAC reactions,46, 48 but 

in these reactions, all reduced quenching and increased CuAAC coupling (Figure S7). In 

addition, using common passivation polymers where the number of surface carboxylates can 

be varied (poly(maleic anhydride-alt-octadecene); 49 Figure 1b and Scheme S3), we found 

that the rate of quenching decreases as the number of surface carboxylates decreases, while 

still allowing for the CuAAC coupling to occur (Figure S7). Compared to the PAOA surface 

polymer used in the high-throughput screen (Figure 3), for this polymer, higher Cu:QD 

stoichiometries are tolerated before QD quenching is observed (Figure S8). 

Superstoichiometric quantities of Cu do not quench QDs only with an appropriate excess of 

triazole THPTA ligand (Figure S8), suggesting a complex competition for Cu between QD 

surface carboxylates, the triazole ligand, the QD surface, and the alkyne (Figure 4). Tuning 

the ratios of Cu to triazole and alkyne yields both high coupling and low quenching, and this 

phenomenon is transferable across surface passivation polymers (Figure S9). In contrast to 

most previous studies of CuAAC conditions,15, 19, 34, 38 we find a 10-fold molar equivalent 

of Cu over the azide is most efficient (Figure S8), allowing for rapid (<2 min) reactions 

before QD quenching begins to become apparent. Our combinatorial approach also offers a 

large dataset to be mined for insight into aqueous CuAAC reactions and other mechanistic 

questions (Figures S10–S12).

Cu-mediated click synthesis of QD bioconjugates

To test the relevance of these non-quenching CuAAC conditions to complex biomolecules, 

we coupled azide-bearing CdSe/CdS QDs with the tarantula toxin GxTX, an amphiphilic 36-

amino acid cysteine knot peptide.12–13 GxTX selectively binds to membrane-embedded 

voltage sensors of Kv2 channels in the resting state (Figure S1), and can be released by 

membrane depolarization.13 We synthesized and refolded Ser13Pra GxTX, where the alkyne 

sidechain is predicted to extend into extracellular solution12 and used CuAAC conditions 

from the combinatorial screen for conjugation. The reaction was limited to 90 s to limit the 

number of GxTX per QD (Figure S13) and minimize non-specific membrane staining. CHO 

cells with and without induced channel expression were incubated with QD-GxTX 

conjugates and imaged along with a cellular autofluorescence band outside of the QD 

emission (Figure 5). Cells with high levels of Kv2.1 expression show significant increases in 

membrane QD staining compared to cells with low Kv2.1 expression, or to cells stained with 

unconjugated QDs (Figure 5g). Membrane depolarization induced by the addition of high [K
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+]o solution decreases membrane staining to background levels (Figure 5e–f), demonstrating 

that binding is dependent on the conformational state of the channel and the QD-conjugated 

GxTX remains physiologically active. Because of their sensitivity to changes in membrane 

potential, these conjugates are a first generation QD-based voltage sensor, whose sensitivity 

and optical properties may be refined through choice of nanoparticle and toxin.

CONCLUSIONS

We have discovered rapid, non-destructive, and high-yield CuAAC reaction conditions with 

Cu+ concentrations that would normally fully quench QD emission in under 10 s. Compared 

to previous synthetic screens, the added challenge of maintaining catalysis while suppressing 

a faster side-reaction is apparent in the size of the screens: about 2000 reactions in this study 

versus 100–200 in most others.40–44 Some important discoveries from the screen include pH 

dependence of QD quenching, the superiority of triazole Cu ligands for QD coupling, and 

the advantages for superstoichiometric concentrations of Cu. These synthetic conditions are 

applicable to other molecules containing simple alkynes, including peptides, 

oligonucleotides, lipids, and carbohydrates,20 as well as to other imaging probes prone to Cu 

quenching, such as lanthanide-doped nanocrystals.50–51 This work demonstrates a 

combinatorial approach for adapting otherwise incompatible reactions to quantum dots, 

suggesting a more expansive view of organic synthetic possibilities on nanocrystal surfaces.

MATERIALS AND METHODS

Synthesis of CdSe/CdS core/shell quantum dots

Quantum dots were synthesized as reported2, 31 and characterized by TEM, DLS, UV-visible 

absorption, and fluorescence emission. See Supporting Information for full synthetic details.

Passivation of Core-shell CdSe/CdS Nanoparticles by poly(acrylic acid)-co-poly(n-
octylacrylamide)-co-poly(2-aminoethylacrylamide) (PAOA) amphiphilic copolymer

CdSe/CdS QD core/shells with emission maxima of 626 nm were dispersed in hexane with 

1% (v/v) oleic acid to 8 μM,; CdSe/ZnS QD core/shells (Ocean Nanotech) with emission 

maxima of 585 nm were diluted with hexane to 5 μM. Concentrations were determined by 

first exciton absorbance. For aqueous dispersion, PAOA (20 mg, 6.25 μmol, 3000-fold molar 

excess over QDs) was dissolved in 1 mL of MeOH and 19 mL of CHCl3. QDs in hexane 

(e.g., 250 μL of 8 μM 626 nm CdSe/CdS QDs, 2.0 nmol) were added with stirring, and the 

solvents were removed under a gentle stream of N2 overnight. The dry QD/polymer residue 

was then resuspended in 15 mL of 200 mM sodium bicarbonate buffer, pH 8.0. This 

suspension was sonicated for 30 minutes, heated in an 80 °C water bath for 60 minutes, 

slowly cooled in the bath to room temperature, and then sonicated for 30 minutes. Excess 

polymer was removed by spin dialysis (Amicon Ultra-15, 50 kDa MWCO), washing with 3 

× 15 mL of 100mM HEPES, pH 7.8. The retentate was diluted to 1 mL with HEPES buffer 

and centrifuged at 16100 × g for 5 min to remove residual polymer and insoluble aggregates. 

Aqueous QD dispersions were stored under ambient conditions.
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Passivation of QDs by poly(maleic anhydride-alt-1-octadecene) (PMAO) amphiphilic 
copolymer

PMAO (30 mg, 1.33 μmol, 16 monomer units per nm2 of QD surface) was dissolved in 1 mL 

of acetone and 14 mL of CHCl3. QDs in hexane (e.g., 250 μL of 8 μM 626 nm CdSe/CdS 

QDs, 2.0 nmol) were added with stirring, and the solvents were evaporated under a gentle 

stream of N2 overnight. The QD/polymer residue was then resuspended in 15 mL of 50 mM 

sodium borate buffer, pH 9.0, with desired ratios of primary amines for reaction with maleic 

anhydrides (Scheme S3). This suspension was sonicated for 30 minutes, heated in an 80 °C 

water bath for 60 minutes, slowly cooled in the bath to room temperature, and then sonicated 

for 30 minutes. Excess polymer was removed by spin dialysis (Amicon Ultra-15, 50 kDa 

MWCO), washing with 3 × 15 mL of 100 mM HEPES, pH 7.8. The retentate was diluted to 

1 mL with HEPES buffer and centrifuged at 16100 × g for 5 min to remove residual polymer 

and insoluble aggregates. Aqueous QDs were further purified by size exclusion 

chromatography (HiPrep 16/60 Sephacryl S-500HR, GE Healthcare), and aqueous QD 

dispersions were stored under ambient conditions.

Synthesis of azide-coated QDs

PAOA-wrapped QDs (2 μM, 1 mL) in 100 mM HEPES, pH 7.8, and SE-PEG4-N3 

(ThermoFisher, 50 mM in DMSO, 100 μL) in DMSO were combined in a 1.5-mL centrifuge 

tube and shaken for 1 hour on a rotary mixer. The reaction mixture was diluted to 500 μL 

with Milli-Q water, and excess PEG reagent was removed by spin dialysis (50 kDa MWCO), 

washing with 3 × 500 μL of Milli-Q water. The retentate was diluted to 1 mL with Milli-Q 

water and stored under ambient conditions.

Synthesis of PEG4-amino coated QDs

Azide-coated QDs (2 μM, 100 μL) were mixed with sodium borohydride (100 mM, 100 μL) 

in 100 mM sodium bicarbonate buffer, pH 10.0, and stirred in a vented glass vial for 2 hours. 

The reaction was ended and remaining borohydride destroyed by addition of 2 mL of 100 

mM phosphate buffer, pH 4.5, followed by stirring for 30 minutes. The reaction mixture was 

diluted to 500 μL with 100 mM HEPES, pH 7.8, and the QDs were purified by spin dialysis 

(50 kDa MWCO), washing with 3 × 500 μL of HEPES buffer. The retentate was diluted to 

100 μL with HEPES buffer and stored under ambient conditions.

Synthesis of Cy5-alkyne

Propargylamine (0.8 μL, 12.5 μmol) was dissolved in 400 μL of 100 mM HEPES pH 7.4, 

which was added to 1 mg of dry Cy5 succinimidyl ester (1.26 μmol, GE Healthcare). The 

reaction was vortexed well, briefly centrifuged, and incubated overnight in the dark. The 

alkyne product was purified on a C18 HPLC column (Vydac) using a linear 2–60% CH3CN 

gradient with 0.1% TFA over 30 min, with product eluting at 21 min (28% CH3CN). MS, 

C36H44N3O7S2 (MH)+ calculated: 694.25; found: 694.8. Fractions containing product were 

pooled and lyophilized to 0.83 mg (94% yield) of dark blue film.

Syntheses of Texas Red-alkyne and Alexa Fluor 594-alkyne were performed under similar 

conditions and eluted at 49% and 37% CH3CN respectively. MS, Texas Red-alkyne, 
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C40H45N4O7S2 (MH)+ calculated: 757.27; found: 757.5; Alexa Fluor 594-alkyne, 

C38H38N3O10S2 (MH)+ calculated: 760.18; found: 760.4.

Synthesis of Cy3-Azide

1-Amino-11-azido-3,6,9-trioxaundecane (0.8 μL, 4.0 μmol, Sigma) was dissolved in 20 μL 

of 200mM sodium bicarbonate pH 8.2, which was added to dry Cy3 succinimidyl ester (150 

μg, 196 nmol, GE Healthcare). The reaction was vortexed well, briefly centrifuged, and 

incubated overnight in the dark. The azide product was purified on a C18 HPLC column 

(Vydac) using a linear 2–60% CH3CN gradient with 0.1% TFA over 30 min, with product 

eluting at 18 min (22% CH3CN). MS, C39H54N6O10S2 M– calculated: 829.33; found: 829.5. 

Fractions containing product were pooled and lyophilized to 0.13 mg (79% yield) of dark 

pink film.

Cu-QD quenching and reversal

Emission spectra were measured on a Fluoromax fluorometer (Horiba Jobin Yvon) from 10 

nM dispersions of PAOA-encapsulated CdSe/CdS QDs with 405 nm excitation. A solution 

of Cu(OAc)2 and sodium ascorbate was quickly mixed into the QDs to give final 

concentrations of 10 μM and 20 μM, respectively. Emission at 625 nm was measured at 1-s 

intervals for 2000 s, and full emission spectra were recorded both before and after the kinetic 

experiment. For reversal tests, ligands were added to a final concentration of 10 mM, with or 

without 1 mM CdCl2. Emission at 625 nm was measured at 5-min intervals for 30 h, with 

full emission spectra recorded both before and after the kinetic experiment.

Combinatorial CuAAC FRET assay

In a typical reaction, two reagent mixtures were prepared prior to reaction initiation in the 

following order: Tube A: 40 μL of 2 μM QD-PEG-N3 (0.08 nmol), 12 μL of 350 μM Cy5-

alkyne (4.2 nmol), and 10 μL of 50 mM phosphate-citrate buffer, pH 4.5. Tube B: 8 μL of 

500 μM CuSO4 (4 nmol), 8 μL of 50 mM sodium ascorbate (400 nmol), and 2 μL of 20 mM 

THPTA (40 nmol) in Milli-Q water. Solution B was rapidly mixed into Solution A, and time 

points were taken 1, 2, 3, 4, 5, 7, 10, 15, 20, and 30 min after mixing, by removing 7-μL 

aliquots and adding into 350 μL of 10 mM EDTA solution in wells of a black wall 96-well 

assay plate. Fluorescence spectra were measured in a SpectraMax Gemini EM fluorescence 

plate reader (Molecular Devices) with 405 nm excitation and recorded with a 1-nm step size 

from 550 – 750 nm. Each reaction series contained an internal standard of unmodified QDs 

for concentration scaling. Spectra on key samples were also collected in cuvets in a 

fluorometer.

Data analysis

Reaction parameters and corresponding spectral data were imported into JMP (SAS 

Institute, Inc.) for data manipulation and statistical analysis. All trials were scaled to QD 

concentration prior to cross-parameter comparisons. Each scaled spectrum was integrated 

from 600 – 630 nm for the QD emission value and from 670 – 700 nm for the Cy5 emission 

value. The Pearson product-moment correlation coefficient and its significance were 

calculated for each reaction parameter paired with both the QD emission and Cy5 emission 
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to determine the influence of each variable.52–54 Coefficients near zero show no dependence 

between variables, and values near ±1 indicate highly correlated responses to changes in the 

parameters. The reaction from each ligand type that displayed maximum FRET signal was 

scaled for concentration, and a difference spectrum was generated by subtraction of the 

unmodified QD signal. The 670 – 700 nm integrated emission from the difference peak was 

used as a relative measure of maximum ligand efficacy (Table S1).

Non-quenching CuAAC reaction conditions on QDs

For reactions at acidic pH: aqueous QDs (2 μM, 40 μL) were mixed with 12 μL of 350 μM 

alkyne and 10 μL of 80 mM phosphate-citrate buffer pH 4.5. In a separate tube, 8 μL of 5 

mM CuSO4, 8 μL of 50 mM sodium ascorbate, and 2 μL of 100 mM THPTA were mixed 

well and added to the first tube with rapid mixing. After 2 minutes, the reaction was 

quenched into 400 μL of 10 mM EDTA solution.

For reactions at physiological pH: aqueous QDs (2 μM, 40 μL) were mixed with 12 μL of 

350 μM alkyne, 2 μL 100 mM Ca(NO3)2 or MgSO4, and 8 μL of 100 mM HEPES buffer pH 

7.4. In a separate tube, 8 μL of 2.5 mM CuSO4, 8 μL of 50 mM sodium ascorbate, and 2 μL 

of 50 mM THPTA were mixed well and added to the first tube with rapid mixing. After 30 

seconds, the reaction was quenched into 400 μL of 10 mM EDTA solution.

Reactions may be purified by spin dialysis, washing with 500 μL of 20 mM HEPES, pH 7.4, 

containing 500 μM EDTA, and then with 3 × 500 μL of 20 mM HEPES, pH 7.4. Yields of 

both reactions are estimated to be >90% based on fluorescence measurements in comparison 

to control QD conjugates.

Synthesis of QD-GxTX conjugates

Alkyne-bearing guangxitoxin-1E mutants were synthesized as previously described.13 Two 

reagent mixtures were prepared prior to reaction initiation in the following order: Tube A: 

40 μL of 2 μM QD-PEG-N3 (0.08 nmoles), 2 μL of 2.3 mM Ser13Pra GxTX (4.6 nmoles) in 

50% DMSO, 10 μL of Milli-Q water, and 10 μL of 50 mM phosphate-citrate buffer pH 4.5. 

Tube B: 8 μL of 500 μM CuSO4 (4 nmoles), 8 μL of 50 mM sodium ascorbate (400 nmoles), 

and 2 μL of 20 mM THPTA (40 nmoles) in Milli-Q water. Tube B was rapidly mixed into 

tube A, allowed to react for 90 s, and then quenched in 400 μL of 10 mM EDTA. QD-GxTX 

conjugates were purified by spin dialysis (50 kDa MWCO, Amicon), washing with 500 μL 

of 20 mM HEPES, pH 7.4, containing 500 μM EDTA, and then with 3 × 500 μL of 20 mM 

HEPES, pH 7.4. The retentate was diluted to 160 μL with HEPES buffer and stored under 

ambient conditions.

Cell Culture

CHO-K1 cells were maintained in tissue culture-treated polystyrene dishes (Nunc) at 37 °C 

in a 5% CO2 atmosphere in Ham’s F-12 media (Sigma) containing 10% fetal bovine serum 

(FBS, Gibco) and 1% penicillin–streptomycin solution (Life Technologies). A CHO-K1 cell 

line expressing rat Kv2.1 voltage-gated potassium channels13 was cultured with 1 μg/mL 

blasticidin (ThermoFisher) and 25 μg/mL zeocin (Invitrogen) to retain transfected vectors. 
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Before experiments, 1 μg/mL minocycline was added to the cell media 2 days prior to 

imaging to induce Kv2.1 expression.

Live Cell Imaging

Cells were plated in 8-chamber culture slides (Ibidi) 2 days prior to imaging experiments 

and imaged in neuronal external solution (NES; concentration in mM: 3.5 KCl, 135 NaCl, 

1.5 CaCl2, 1 MgCl2, 10 HEPES, pH 7.4 with NaOH). Cells were incubated in freshly 

prepared 5 nM QD-GxTX or 5 nM QD-PAOA in NES for 20 minutes on ice to prevent 

endocytosis of nanoparticles, and then washed with 3 × 400 μL of NES immediately prior to 

imaging under ambient conditions. Confocal images of the focal plane at the chamber 

interface were obtained using an inverted Zeiss LSM710 system with a 1.4 N.A. 63x 

Apochromat oil immersion objective. QD emission was excited using a 405 nm diode laser 

with an MBS-445 main dichroic beam splitter, and emission was collected from 560 – 610 

nm. Cellular autofluorescence was excited with the same 405 nm diode laser with an 

MBS-405 main dichroic beam splitter, and emission was collected from 450 – 500 nm. To 

increase K+ concentration for cell depolarization, NES was aspirated from the wells and 

replaced with NES containing 135 mM KCl and 3.5 mM NaCl. High-[K+] images in Figure 

5 were taken 5 minutes after NES replacement. Regions of interest (ROI) were manually 

drawn around 100 cells from a single well for each imaging category. Total integrated pixel 

intensity was calculated for both 560 – 610 nm QD fluorescence and 450 – 500 nm 

autofluorescence, and a ratio of the two was calculated within each ROI. The data were 

pooled for each imaging category and a Student’s t-test was used to determine statistical 

differences in mean intensity ratios for each category (Figure 5). All cell imaging and 

statistics shown were taken in the same imaging session with the same reagents. Similar 

results were obtained for 3 separate experiments with different batches of cells and GxTX-

QDs. Images and analysis in Figure 5 are for cells at >80% confluence coinciding with 

GxTX-QDs synthesized within the prior 24 h.

Molecular Docking

The model of GxTx-1E—Kv1.2-Kv2.1 chimera complex was performed using ROSETTA as 

described previously.12 Briefly, the voltage sensor of a Kv1.2-Kv2.1 channel (PDB 2R9R)55 

was docked with a GxTx-1E NMR structure (PDB 2WH9).56 After energy minimization, the 

lowest energy binding model most consistent with alanine scan mutagenesis was selected for 

rendering. Molecular renderings were produced using the UCSF Chimera package from the 

Computer Graphics Laboratory, University of California, San Francisco.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Copper-mediated click reactions on QD surfaces. (a) CuAAC reaction of alkynes with 

amphiphilic polymer-coated core/shell QDs, listing reaction variables tested in this study. (b) 

Structures of surface polymers and azide linkers. (Left) Polyacrylic acid-based amphiphilic 

random co-polymer,30–31 with azide PEG linker modification. (Right) Co-maleic anhydride-

octadecene polymer29, 49 modified with azide PEG linkers and inert PEG amines. 

Stoichiometries are estimates based on polymer molecular weights, and positions of 

monomers are random. (c) Kinetic emission of 10 nM QDs with and without exposure to Cu 

ions. (d) QD emission spectra before (blue) and after (green, shown magnified 100-fold) 

addition of 20 μM Cu+.
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Figure 2. 
FRET-based screen for improved CuAAC reaction with minimized QD quenching. (a) 

Absorbance (dashed) and emission (solid) spectra for CdSe/CdS QD donor (blue) and Cy5 

acceptor (red). (b–e) Optimization of FRET emission spectra following 405-nm excitation, 

for reactions varying: (b) pH: 3.5 (blue), 5.0 (red). 7.5 (green), 9.0 (purple). (c) time (min): 1 

(blue), 5 (red). 10 (green), 20 (purple). (d) ascorbate concentration (Cu eq.): 0 (blue), 2 

(green). 20 (red), 100 (purple). (e) ligand (all 10 Cu eq.): L-cysteine (blue), THPTA (red), 

BTTAA (green), L-methionine (purple). See Supplemental Information Methods for full 

reaction details. Best CuAAC conditions are highlighted.
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Figure 3. 
Combinatorial fluorescence analysis of ~1200 CuAAC reaction conditions for QDs. (a) 

Integrated Cy5 acceptor emission (670 – 700 nm) versus integrated QD emission (600 – 630 

nm) for all reaction conditions. Circled data points are fully Cy5-conjugated control (black 

star) and closest CuAAC conditions (teal circle). (b) Emission spectra of unmodified QDs 

(red), control Cy5-conjugated QDs (purple), and optimized Cy5 CuAAC-conjugated QDs 

(teal). (c) Emission spectra of identical Cy5-QD CuAAC reactions with (teal) and without 

(black, shown magnified 10-fold) THPTA ligands and phosphate-citrate buffer, pH 4.5. (d–e) 

Pairwise correlations of reaction variables for QD emission (d) and Cy5 emission (e).
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Figure 4. 
CuAAC chemistry and Cu quenching mechanisms on amphiphilic polymer-coated QDs. 

Copper ions may quench QDs by diffusion through the hydrophobic layer to the inorganic 

crystal or by acting as proximal charge traps when coordinated to surface carboxylates. 

Peptidyl toxin is shown in dark blue; THPTA ligand in light blue; CdSe core as yellow; and 

ZnS or CdS shell as gray. Exact structures of Cu-ligand, Cu-QD, and M2+-polymer are 

unknown.
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Figure 5. 
Live cell imaging of QD-GxTX conjugates on CHO cells expressing Kv2.1 channels. 

Representative confocal images of QD-GxTX in cells with (a) high and (b) low Kv2.1 

channel expression. Yellow is QD emission and blue is cellular autofluorescence. Cells with 

(c) high and (d) low Kv2.1 expression show similar levels of binding for QDs without 

conjugated GxTX. Kv2.1-expressing cells stained with QD-GxTX (e) at resting membrane 

potential and (f) after K+-induced membrane depolarization. Scale bar is 20 μm. (g) 

Statistical analysis of emission intensities in (a) – (f) using 560 – 610 nm (QD) and 450 – 

500 nm (autofluorescence) integrated emissions. Error bars are standard error. P values: 

**** ≡ p < 0.0001, * ≡ p < 0.2 (not significant). N = 100 cells.
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