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ABSTRACT 

Programming and controlling molecular recognition in aqueous solutions is increasingly 

common, but creating supramolecular sensors that detect analytes in biologically relevant 

solutions remains a non-trivial task. We report here a parallel synthesis-driven approach to create 

a family of self-assembling dimeric sensors that we call DimerDyes, and its use for the rapid 

identification of salt-tolerant sensors for illicit drugs. We developed an efficient method that 

involves parallel synthesis and screening in crude form without the need to purify each potential 

sensor. Structurally diverse “hit” DimerDyes were re-synthesized, purified and were each shown 

to assemble into homodimers in water in the programmed way. DimerDyes provided a “turn-on” 

fluorescence detection of multiple illicit drugs at low micromolar concentrations in water and in 

saliva. The combination of multiple agents into a sensor array was successfully able to detect and 

discriminate between closely related drugs and metabolites in multiple important drug families. 

 

INTRODUCTION 

Supramolecular sensors, once limited to organic solvents and aqueous/organic mixtures, 

can now detect biologically relevant analytes even in salty aqueous solutions.1-9 Analyte 

detection in water is made more difficult and less predictable when the target is found in 

complex biological media. Examples of supramolecular sensing in human cells,10-14 enzyme-

supporting buffers,15-21 bacterial culture,22 and real biofluids23-26 now exist, but the de novo 

design of new sensing systems that work in complex biological media remains non-trivial.  



We recently reported a novel chemosensor, DimerDye 1 (DD1), that operates via an 

inherently salt-tolerant supramolecular sensing mechanism. The sensor contains a styryl-type 

merocyanine dye synthetically integrated into the calix[4]arene macrocycle.15 In water, the 

topology of DD1 leads to self-assembly in water into a non-emissive homodimer. Upon the 

addition of methyllysine-containing peptides that are good guests, the dimer disassembles and 

forms a fluorescent DimerDye-methyllysine complex (Figure 1a). We showed that DD1 was able 

to monitor the enzymatic methylation and demethylation of peptides in real-time. Due to the 

intrinsic salt tolerance of this molecular design, the sensor operated in the presence of high 

concentrations of NaCl, reducing agents, transition metal salts, and other enzyme co-factors.27  

 

Figure 1. a) Previous work: DD1 can monitor an enzymatic reaction that produces a 
trimethyllysine-containing peptide that is bound and detected by DD1. b) A cartoon illustrates 
the guest-induced disassembly and sensing mechanism of the self-assembled DimerDye. c) This 
work reports the development of a parallel synthesis and screening of diverse new DimerDyes 
(DDs) to detect cationic drugs in biological media. 



Parallel synthesis can give rapid access to sensor molecules. It provides a means to create 

many products in a quick and combinatorial fashion, and to screen a broad structural space 

without needing atom-by-atom design. Sensors created by parallel synthesis approaches have 

typically been inorganic or polymer-based,28-30 while relatively few examples of discrete organic 

sensing molecules have been generated in this way.31-34 One example of particular interest 

involved the condensation of a set of aromatic aldehydes with a set of heterocyclic nucleophiles 

to form 276 fluorescent styryl dyes.35 The reaction mixtures were tested directly in cells for 

organelle accumulation and 119 dyes were identified as responsive sensors, although no 

particular sensing mechanism or analyte binding functions had been included in the library 

design. This approach was attractive to us as the chromophores in the library resembled those of 

our styryl-based DimerDye.  

We report here a parallel synthesis-driven approach to creating new DimerDyes, and its 

use in a pilot study that rapidly identifies sensors for illicit drugs. Many classes of drugs, 

including opioids, amphetamines, tropane alkaloids, and anaesthetics, contain a hydrophobic 

cation in their structure that we hypothesized would be recognized by sulfonatocalix[4]arene-

based hosts. Since DD115 and other related molecules27, 36-37 can assemble and/or bind guests in 

competitive aqueous buffers, we envisioned that this property could be extended to sensing drugs 

in biofluids. Unlike most supramolecular host-guest projects, we eschewed the atomic design of 

sensors that would be highly specific for individual drug molecules. Instead, we developed a 

parallel synthesis and efficient crude screening process to quickly identify new sensors for the 

detection of a given analyte in a given solution. We also report the re-synthesis, detailed 

characterization of sensing mechanisms and limits of detection for a set of structurally diverse 

“hit” DimerDyes that arose from our screen. To demonstrate the broad scope of this new 

approach, we describe a sensor array that can identify members of multiple classes of illicit 

drugs.  

 

 

 

 

 

RESULTS 



 

Figure 2. Parallel synthesis provides a library of DimerDye chemosensors. a) Condensation 
reactions with aldehyde-bearing calix[4]arene, 1, and Het1–16 give DimerDyes, DD1–DD16. b) 
Aliquots of crude reaction mixtures show the characteristic colour changes that we use as a 
visual sign of reaction success for 13 out of 16 DimerDyes after heating mixture at 50°C in 
methanol for 6 hours. c) Two exemplary traces, showing UPLC-MS data for a successful 
synthesis (DD12) and a failed synthesis (DD6). See Supporting information for full UPLC-MS 
data of all runs. 

 

We first developed an efficient method for the parallel synthesis of new DimerDyes. We 

anticipated that varying the fluorophore on the edge of the binding pocket would create DDs 

with diverse homodimerization affinities and guest-binding selectivities, but that would retain the 



general features of disassembly-driven molecular sensing and salt tolerance that were found in 

the parent molecule DD1. We selected 16 heterocyclic nucleophiles (Het1–16) that form 

merocyanine fluorophores after condensation with the aldehyde precursor, 1 (Figure 2a). Our 

previous synthesis of DimerDyes involved heating at reflux 1 and Het1 with piperidine in 

methanol overnight.15 We quickly found that the protonated piperidinium by-product is itself a 

good guest that interferes with sensor screening. Instead, morpholine was selected as an amine-

containing base as its high hydrophilicity would minimize complexation with the hydrophobic 

binding pockets. Successful condensation reactions are indicated by a colour change after 6 

hours at 50°C (Figure 2b). UPLC-MS confirms product formation and reveals the extent of each 

reaction (Figure 2c and Supporting Information). 13 of the 16 DimerDye syntheses go to full or 

partial completion, while syntheses of DD6, DD7, and DD15 fail under the listed conditions. 

 
Figure 3. Scheme of parallel DimerDye synthesis and crude screening for nicotine and 
acetaminophen. a) Each DimerDye reaction occurs in a separate vial, heated in an aluminium 
block. b) The crude mixture is aliquoted to a black-walled 96-well plate and evaporated. c) The 
pellets are re-dissolved in buffered water and initial fluorescence is measured. The analyte of 
interest is added, fluorescence is measured again and the difference in fluorescence is 
determined. Blue bars = 10 µM nicotine, red bars = 10 µM acetaminophen. See Supporting 
Information for excitation and emission wavelengths used.  



 

A rapid, crude screening process successfully identified DimerDye sensors without first 

needing to purify each compound. The crude reactions were directly aliquoted into 96-well plates 

and the reaction solvent was allowed to evaporate (Figure 3a and 3b). The dried pellets were re-

suspended in sodium phosphate buffer (10 mM, pH 7.4). Nicotine was added as a model analyte. 

The increases in fluorescence in certain wells indicate the creation of good nicotine sensors. To 

confirm that the fluorescence change arises from host-guest binding, we counter-screened the 

library against acetaminophen, which is neutral and should not bind DimerDyes. Acetaminophen 

generates little to no fluorescence in all cases (Figure 3c).  

We selected a subset of structurally diverse sensors for follow-up mechanistic studies. 

From the fluorescence responses to nicotine, we selected DD1, DD4, DD8, DD12, and DD13 as 

active sensors to re-synthesize, purify and study. We also selected an inactive sensor, DD9, so 

we could learn more about the parallel synthesis and screening results.  

Each of the selected DimerDyes assembled into homodimers in water in the programmed 

way, regardless of the structure of the pendant groups. Selected sensors were obtained with 

modest yields (23–55%) after re-synthesis and purification by reverse-phase HPLC. 1H NMR 

spectra confirm each sensor exist as homodimers when dissolved in buffered-D2O. The signature 

feature of homodimerization is upfield shift and broadening of pendant group resonances due to 

encapsulation in the electron-rich calix[4]arene pocket. Aromatic resonances in the selected 

sensors shifted upfield by 1.23-3.69 ppm, while aliphatic (methyl) resonances shifted upfield by 

0.46-3.60 ppm (Table S1), compared to the shifts observed for the parent heterocycles. In all 

cases the protons farthest out on the pendant arm had the greatest upfield shifts. This indicates 

those protons are the most deeply buried in the pocket of the opposing calixarene in each dimer. 

1D DOSY NMR on DD4 confirmed that its hydrodynamic radius was typical for a dimeric 

assembly and larger than the non-dimerizing aldehyde precursor, 1 (Tables 1, S3, and S5). 

Interestingly, inactive sensor DD9 also shows clear signs of dimerization with the N-CH3 and 

ortho-proton shifted 2.50 ppm and 2.61 ppm, respectively.  

 

 

Table 1. 1D DOSY obtained diffusion coefficients and hydrodynamic radii of 1, DD4 alone and 
DD4 complexed to nicotine 



 
Diffusion 

Coefficient, 

m2/s 

rH, Å 

1 3.31 x 10-10 7.63 ± 0.02 

DD4 1.97 x 10-10 12.47 ± 0.15 

DD4 + 20 eq. 

nicotine 

2.52 x 10-10 9.74 ± 0.21 

 

The fluorescence responses arise from the disassembly of each DimerDye and host-guest 

complexation with analyte. 1H NMR titrations of nicotine into each DimerDye show resonances 

broadening partially or completely, indicating dimer disassembly and nicotine complexation at 

an intermediate timescale relative to NMR. Nicotine titrations into DD4 and DD12 most clearly 

show the host resonances returning from upfield-shifted locations and/or broadening (Figure 4a 

and Supporting Information). DD4 resonances stay sharp enough in the presence of 20 eq. 

nicotine to conduct 1D DOSY experiments, and as expected the hydrodynamic radius of DD4 

decreases to a value expected for a monomeric calixarene-nicotine complex (Tables 1 and S4). 

Comparing the NMR tubes before and after the addition of nicotine shows visible DD 

fluorescence only for the nicotine-containing samples when irradiated at 365 nm with a hand-

held UV lamp (Figures 4b and S16). This behavior is further confirmed with titrations of nicotine 

into DD12 monitored by fluorescence spectroscopy. The dimer alone is barely fluorescent when 

irradiated at 415 nm, but upon addition of nicotine the fluorescence emission at 640 nm increases 

(Figure 4c and Supporting Information). This turn-on fluorescence response is observed by all 

selected DimerDyes except for DD9, which shows nicotine complexation by NMR yet remains 

dark when irradiated with the UV hand-held lamp and when studied on a fluorescence 

spectrometer.  

 

 



 

Figure 4. Nicotine titrations reveal disassembly of dimer and formation of fluorescent DD–
nicotine complex. a) 1H NMR titrations of nicotine into DD12 (500 µM) show fluorophore 
resonances in either fast exchange by shifting downfield (red dotted lines) or in intermediate 
exchange and broadening (red stars) indicative of disassembly and formation of a nicotine host-
guest complex. b) Picture of NMR tubes with DD12 without nicotine (–) or with nicotine (+) 
when irradiated by a hand-held UV lamp. c) Fluorescence titrations of nicotine into DD12 (12 
µM) shows a dose-dependent increase in fluorescence. The red trace indicates [nicotine] = 240 
µM, while black line indicates no nicotine present. All samples are in NaH2PO4/Na2HPO4 (10 
mM, pH 7.4) buffer.  

 

DimerDyes provide turn-on fluorescence detection of different drugs at low micromolar 

concentrations in water and in saliva. Three exemplary drugs were chosen from different drug 

classes: nicotine, methylenedioxymethamphetamine (Ecstasy, or MDMA), and cocaine. In both 

water and saliva, all five selected DimerDyes detect all three drugs at low µM concentrations 

(Table S6 and S7). DD8 detects nicotine in water and in saliva with limits of detection at 3.4 µM 

and 18.6 µM, respectively (Figure 5a and b). Even MDMA, a secondary amine and therefore a 

weaker guest, induces a response from DD1 in both water and saliva with limits of detection at 

2.7 µM and 41.2 µM, respectively (Figure 5c and d). DD13 detects cocaine equally well in buffer 

and in saliva, with limits of detection of 2.7 µM in both fluids (Figure 5e and f).  



 
Figure 5. Exemplary fluorescence titrations of different drugs into DimerDyes in buffered water 
and saliva. Nicotine titrations into DD8 in a) buffered water and in b) saliva. MDMA titrations 
into DD1 in c) buffered water and in d) saliva. Cocaine titrations into DD13 in e) buffered water 
and in f) saliva. [DD] = 12 µM, red bold trace indicates [drug] = 240 µM, dashed black line 
indicates no drug present. “Buffer” is NaH2PO4/Na2HPO4 (10 mM, pH 7.4) and “Saliva” is a 1:1 
dilution of saliva with water; dilution is necessary to allow for accurate, bubble-free pipetting of 
saliva. See Supporting Information for the complete set of titrations. 

 

We next explored the combination of multiple agents into a sensor array. This approach 

has distinct advantages over the use of single sensors designed for individual analytes. Often 

chemosensors cross-detect many analytes that are present in a complex mixture. Instead of re-

designing a chemosensor to improve selectivity, the original system can be expanded to form an 

array of chemosensors that cross-react with many analytes but to different extents. This complex 

output is a unique fingerprint for each analyte. Multivariate analysis, including methods like 

principal component analysis (PCA) and linear discriminant analysis (LDA), can analyze the 

‘fingerprints’ by both reducing the dimensionality of the data and creating a useful way to 

represent the differential responses. Anslyn et al. first developed these techniques for a wide 

variation of applications, including sensor arrays that can differentiate flavonoids in wine38 and 



those that can classify different cancer cells.39 Others have used supramolecular array sensors to 

differentiate chemical marks on histone proteins,40-41 different anions in toothpaste,42 and protein 

recognition from pattern-generating multi-dye probes.43  

 

A sensor array of five DimerDyes was successfully able to detect and discriminate 

between closely related drugs and metabolites in multiple drug families. We studied 

amphetamines, opiates, and alkaloids, and included nicotine and acetaminophen alongside each 

different drug family as these two drugs are commonly found in individuals. Figure 6a shows 

that the active drugs, MDMA and methamphetamine (MA), are discriminated from their 

respective metabolites, methylenedioxyamphetamine (MDA) and amphetamine (A), even though 

each differs from its metabolite by only a single methyl group. The array in Figure 6b also 

differentiated between cocaine, its main metabolite benzoylecgonine, as well as lidocaine and 

procaine, which are common adulterants found in illegally purchased cocaine.44 Figure 6c shows 

a 3D score plot that highlights the discrimination between heroin and its metabolite 6-

monoacetylmorphine (6-MAM), while oxycodone and oxymorphone are not perfectly 

discriminated as both clusters of replicate data are nearly overlapping. 

DimerDyes can function individually or as an array of sensors. Each sensor cross-reacted 

as expected with each drug, but the uniqueness of the generated fluorescence fingerprint was 

sometimes limited.45 This is highlighted by the low variance (< 5%) along the second principal 

component (F2) in the amphetamines and anaesthetics class. This suggests that in some settings 

DimerDyes might be able to operate independently and not necessarily within an array. The 

benefit of the DD array is the easy visualization of the data for drug identification. It is easier to 

map combinations of drugs with common adulterants or their metabolites by the PCA score plots 

rather than fluorescence bar graphs (Figure S32). 



 
Figure 6. Principal component analysis (PCA) score plots distinguish between different members 
and classes of drugs by five DimerDye sensors (DD1, DD4, DD8, DD12, DD13) operating 
within an array. a) PCA plot of amphetamines are well discriminated with samples clustered and 
separated from each other. b) PCA plot of anaesthetics c) 3D PCA plot of opioids. Red dotted 
lines map the parent drug to its main metabolite. Structures in each class are shown to the right. 
Red motifs are recognized by the calixarene pocket. Each sample cluster is enclosed by 95% 



confidence ellipses.  [DD] = 12 µM, [drug] = 100 µM and in a NaH2PO4/Na2HPO4 (10 mM, pH 
7.4) buffer. 

 

 

DISCUSSION 

The final, parallel synthetic step described here gives access to new agents with a 

common sensing mechanism, but with varying photophysical properties and guest-binding 

properties. The successful structures included merocyanines based on N-methylpyridinium (DD1 

and DD8), indolinium (DD4), bipyridinium (DD12) and N-phenylpyridinium (DD13). The new 

DD sensors have tunable excitation and emission wavelengths (λexc 380-475 nm, λem 570-640 

nm), with Stokes shifts between 95 nm and 215 nm. The variable structures in this small 

DimerDye library also translated into different binding properties for different drugs. The 

quinolinium dyes, DD9 – DD11, were not as guest-responsive due to an unpredicted 

photophysical deficiency rather than poor self-dimerization or guest recognition. This highlights 

the strength of the parallel synthesis and crude screening process, as it would allow us going 

forward to avoid the wasted effort in synthesizing, purifying, and characterizing a sensor only to 

find that it is inoperative for an unknown reason.  

These new supramolecular agents have sensitivities in real biological solutions that meet 

or approach the values seen in real human samples. DimerDyes remain functional in saliva that 

often contains 3 g/L of proteins and 20 – 100 mM concentrations of various salts.46 To our 

knowledge, there are only a few supramolecular chemosensors that operate in biofluids, like 

urine, which reflects the difficulty of working in such medium.23-24, 47 Drug concentrations in 

saliva reach low µM within an hour of consumption and we have shown that our DimerDye 

sensors can detect at or near these concentrations.48-52 For example, MDMA concentrations reach 

35 µM in saliva 1.5 hours after consumption,48 while cocaine can be present in saliva at 1 µM 

after 2 hours.49, 52  

The power of a sensor array to detect many analytes without the need for excellent 

specificity or rational design was demonstrated with the combination of five different 

DimerDyes (DD1, DD4, DD8, DD12, DD13). From our nicotine, MDMA, and cocaine titrations, 

we noticed that subtle changes in drug structure induced small but significant changes in 



fluorescence responses. Those differences translated into substantial success when the DDs were 

deployed in a sensor array. The combination of our five sensors and PCA plots, we were able to 

reasonably distinguish between each member within a drug class. A jackknife analysis showed 

that we were also able to successfully classify 100% of members within the opioid and 

anaesthetics families, and to achieve 96% success in the amphetamines family (see Supporting 

Information).  

        

CONCLUSION 

 

This approach to developing new sensors is accessible, efficient and flexible. The parallel 

synthesis approach that we report here will be easily expanded upon, enabling the discovery of 

more DimerDye sensors that work for different cationic analytes, and that operate in different 

biological solution conditions. The promiscuity of sulfonated calixarenes, coupled with the 

general success of this approach in salty water, combine to suggest that this concept can be 

applied to many different cationic analytes in many different aqueous solutions. Expanding the 

diversity libraries using known synthetic approaches will generate a library of crude sensors that 

could be quickly tested for the ability to detect any given cationic analyte in its native biological 

fluid.35 Furthermore, we envision that this parallel approach can be expanded to include other 

dye-appended macrocycles to identify sensors for a wider variety of biological analytes.  
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1.  General methods and materials 
1H, 13C, and 1D DOSY were recorded on a Bruker Avance Neo 500 MHz spectrometer unless otherwise 
indicated and processed with MestReNova by Mestrelab Research S.L. Deuterated solvents were purchased 
from Sigma Aldrich and NaH2PO4/Na2HPO4 (50 mM, pD 7.4) in D2O were prepared, and the pD was adjusted 
with 1 M NaOD/DCl solutions. Accurate mass spectra determinations for novel compounds were done on a 
Thermo Scientific Ultimate 3000 ESI-Orbitrap Exactive. Purities were determined using a Waters UPLC-MS 
equipped with UV/Vis and QDa detector, with an Aquity UPLC BEH C18 1.7 uM (21 x 50 mm) column run 
with a gradient of 80% H2O (+0.4% FA)/20% CH3CN (+0.4% FA) to 50% H2O (+0.4% FA)/50% CH3CN 
(+0.4% FA) over 4 minutes at 0.6ml/min.  All UV-Vis and fluorescence titrations and spectra were collected 
on a BioTek Cytation-5. Titrations and dilutions were conducted in NUNC black-walled, optical bottom 96-
well plates. Infrared (IR) spectra were obtained using a Perkin Elmer 1000 FT-IR spectrometer. Data are 
represented as follows: frequency of absorption (cm–1), intensity of absorption (s = strong, m = medium, w = 
weak, br = broad). Melting points were collected on a Gallenkamp Melting Point apparatus.  
Compound 1 was prepared following literature protocol.1 Heterocyclic compounds were synthesized from 
previously reported literature.2-4  
All drugs except nicotine were purchased through Sigma Aldrich in 1mg/ml ampules dissolved in methanol 
or acetonitrile. To avoid adding organic solvent to DD array, the ampules were evaporated of organic solvent 
over a gentle stream of nitrogen overnight. The residue was re-dissolved in water and aliquoted to form stock 
solutions (1 mM) in NaH2PO4/Na2HPO4 (10 mM, pH 7.4). S-(-)-nicotine was purchased from Alfa Aesar. 
Stock solutions of DimerDyes 1, 4, 8, 12, 13 (1 mM) were prepared in NaH2PO4/Na2HPO4 (10 mM, pH 7.4) 
with concentrations accurately checked against a reference standard by quantitative NMR before being 
further diluted to a working stock (200 µM).  

a. 1D DOSY procedure 

For each DOSY experiment, the 90° pulse is determined by measuring the pulse length at 360° by a zg pulse 
sequence and dividing by four. The T1 relaxation was estimated through an inversion recovery (t1ir1d) pulse 
sequence. The relaxation time for each experiment was set to be 10-times the estimated T1. For each 
experiment, the Δ was set to 50 or 100 ms. The δ was determined by finding a 90-95% intensity difference 
between the first and last spectra in the power array via a stebpgp1s1d pulse program, see calculations below 
for δ used for each experiment. The pulse sequences used for 1D DOSY was stebpgp1s. After pre-processing 
through TopSpin, the area under the peaks of interest was selected and plotted as a function of the field 
gradient strength (G). These points were fitted to extract the diffusion coefficient, D. The hydrodynamic 
radius, rH, was calculated with Stokes-Einstein equation with the following parameters: viscosity of water 8.7 
x10−4 Pa·s at 300 K.   

b. Fluorescence titrations in diluted saliva 

Saliva was prepared for handling by centrifugation (3400 rpm, 15 min) at 4°C to remove suspended solids. 
The supernatant was pipetted into a second conical tube containing an equal volume of water to reduce 
viscosity and foaming. To avoid multiple, foam-inducing transfers of saliva to form stocks, each DimerDye 
was directly pipetted into empty wells of a NUNC black-walled plate in a set of triplicates. The 1:1 
saliva:water mixture was added to form a final [DD] = 12 µM at 100 µL. Separately, each drug (nicotine, 
MDMA, cocaine) was diluted in the 1:1 saliva:water mixture with a final [DD] = 12 µM and [drug] = 240 
µM. This was serial diluted to achieve a [drug] = 240 µM – 4 µM. 

c. General Synthesis of select DimerDyes 

The protocol used for parallel synthesis and screening is described below. For all re-synthesized DimerDyes, 
the synthesis was as follows: 1 (50 mg) and Het4/8/9/12/13 (1.1 eq.) were dissolved in methanol (2 mL) 
along with morpholine (40 eq.) and heated at reflux for 12 hours. Cold ether was added to induce 
precipitation and the suspension was transferred to a 50 mL conical tube. After centrifugation (3400 rpm, 5 
min) a pellet was formed and the supernatant was decanted and discarded. The pellet was re-suspended in 
fresh cold ether and the centrifugation, decanting process was repeated two more times. The pellet was re-
dissolved in the indicated eluent composition and filtered. A Shimadzu HPLC with a 280 nm and 370 nm 



detector was used to purify the final product with a Phenomenex Luna C18, 250 mm x 22 mm, 5 µM 
preparative column.  

 

 
DD4. Het4 was prepared as previously reported.2 Purified with a gradient of 85% H2O (+0.1% TFA)/15% 
CH3CN (+0.1% TFA) to 50% H2O (+0.1% TFA)/50% CH3CN (+0.1% TFA) over 20 minutes. The fractions 
were collected and lyophilized to yield a yellow/orange fluffy solid (27 mg, 44%). Mp: decomposed > 
260°C. FT-IR (cm–1): 3229 (br), 1585 (m), 1535 (w), 1479 (m), 1447 (w), 1292 (w), 1163 (s), 1135 (s), 1036 
(s), 786 (m), 749 (w), 626 (s), 543 (m). 1H NMR (500 MHz, D2O): δ 7.79 (s, 1H), 7.78 (s, 1H), 7.63 (d, J = 
16.3 Hz, 1H), 7.55 (s, 2H), 7.48 (s, 2H), 7.32 (s, 2H), 6.55 (d, J = 15.7 Hz, 1H), 6.35 (d, J = 6.7 Hz, 1H), 
5.90 (br, 1H), 4.57 (d, J = 13.7 Hz , 2H), 4.27 (br, 1H), 4.10 (d, J = 12.2 Hz, 2H), 3.88 (br, 1H), 3.63 (d, J = 
12.2 Hz, 2H), 3.54 (s, 3H), 3.43 (d, J = 13.7 Hz, 2H), 1.36 (s, 6H). 13C NMR (76 MHz, DMSO): δ 180.7, 
161.2, 153.9, 152.1, 151.4, 143.0, 141.9, 138.7, 138.5, 132.6, 129.7, 128.2, 127.9, 127.8, 127.2, 126.4, 126.2, 
125.6, 122.6, 114.2, 108.4, 51.4, 33.7, 31.2, 30.6, 25.8. HR-MS (M+ m/z): Calculated for C41H38NO13S3+ 
848.14998, Found 848.14938. 

 
DD8. Het8 was prepared as previously reported.3 Purified with a gradient of 90% H2O (+0.1% TFA)/10% 
CH3CN (+0.1% TFA) to 70% H2O (+0.1% TFA)/30% CH3CN (+0.1% TFA) over 23 minutes. The fractions 
were collected and lyophilized to yield a yellow fluffy solid (20 mg, 35%). Mp: decomposed > 300°C. FT-IR 
(cm-1): 3288 (br), 1621 (m), 1598 (m), 1451 (w), 1132 (s), 1111 (s), 891 (w), 786 (w), 732 (w), 623 (s), 583 
(s).  1H NMR (500 MHz, D2O): δ 7.69 (d, J = 1.4 Hz, 2H), 7.63 (d, J = 1.8 Hz, 2H), 7.36 (s, 2H), 7.14 (d, J = 
6.1 Hz, 1H), 7.09 (s, 2H), 6.96 (s, 1H), 6.67 (d, J = 6.1 Hz, 1H), 6.67 (d, J = 15.5 Hz, 1H), 6.27 (d, J = 16.5 
Hz, 1H), 4.34 (d, J = 3.5 Hz, 2H), 4.32 (d, J = 3.1 Hz, 2H), 3.53 (d, J = 13.4 Hz, 2H), 3.48 (d, J = 13.8 Hz, 
2H), 0.79 (s, 3H), 0.54 (s, 3H). 13C NMR (126 MHz, DMSO): δ 153.9, 152.3, 151.7, 149.6, 140.0, 139.7, 
128.8, 127.4, 127.3, 127.2, 126.4, 126.3, 30.4, 18.2. HR-MS (M+ m/z): Calculated for C37H34NO13S3+ 
796.11868, Found 796.11754. 

 
DD9. Het9 was prepared as previously reported.3 Purified with a gradient of 85% H2O (+0.1% TFA)/15% 
CH3CN (+0.1% TFA) to 50% H2O (+0.1% TFA)/50% CH3CN (+0.1% TFA) over 18 minutes. The fractions 
were collected and lyophilized to yield an orange fluffy solid (30 mg, 50%). Mp: decomposed > 300°C. FT-
IR (cm-1): 3287 (br), 1593 (m), 1567 (m), 1535 (w), 1476 (w), 1449 (w), 1134 (s), 1109 (s), 1035 (s), 626 (s), 
544 (s). 1H NMR (500 MHz, D2O): δ 7.81 (d, J = 2.3 Hz, 2H), 7.76 (d, J = 1.9 Hz, 2H), 7.67 (d, J = 8.6 Hz, 
1H), 7.33 (s, 2H), 7.30 (d, J = 6.5 Hz, 1H), 7.17 (d, J = 6.5 Hz, 1H), 6.97 (s, 2H), 6.68 (br. 1H), 6.64 (d, J = 
15.6 Hz, 1H), 6.47 (d, J = 16.2 Hz, 1H), 6.41 (br. 1H), 5.79 (d, J = 9.1 Hz, 1H), 4.45 (d, J = 13.6 Hz, 2H), 



4.31 (d, J = 13.7 Hz, 2H), 3.60 (d, J = 13.1 Hz, 2H), 3.53 (d, J = 13.1 Hz, 2H), 2.05 (s, 3H). 13C NMR (126 
MHz, DMSO) δ: 153.0, 152.2, 150.5, 140.4, 138.2, 128.8, 128.1, 127.9, 127.7, 127.4, 126.9, 126.7, 125.6, 
116.1, 43.6, 31.2, 30.9. HR-MS (M+ m/z): Calculated for C40H34NO13S3+ 832.11868, Found 832.11788. 

 
DD12. Het12 was prepared as previously reported.3 Purified with a gradient of 85% H2O (+0.01% TFA)/15% 
CH3CN (+0.01% TFA) to 50% H2O (+0.01% TFA)/50% CH3CN (+0.01% TFA) over 23 minutes. The 
fractions were collected and lyophilized to yield an orange fluffy solid (35 mg, 55%). Mp: decomposed > 
300°C. FT-IR (cm-1): 3240 (br), 1615 (m), 1591 (m), 1453 (w), 1156 (s), 1111 (s), 1037 (s), 886 (w), 785 
(w), 657 (m), 624 (s), 547 (s). ). 1H NMR (500 MHz, D2O): δ 7.67 (d, J = 5.1 Hz, 1H), 7.69 (d, J = 2.1 Hz, 
2H), 7.58 (br, 1H), 7.55 (d, J = 2.1 Hz, 2H), 7.42 (d, J = 6.1 Hz, 1H), 7.38 (s, 2H), 7.30 (s, 2H), 7.24 (s, 2H), 
7.05 (d, J = 16.1 Hz, 1H), 6.80 (d, J = 16.1 Hz, 1H), 6.42 (s, 1H), 5.94 (br, 1H), 4.36 (d, J = 14.4 Hz, 2H), 
4.33 (d, J = 14.4 Hz, 2H), 3.55 (d, J = 12.4 Hz, 2H), 3.52 (d, J = 12.8 Hz, 2H), 3.12 (s, 3H), 0.45 (s, 3H). 13C 
NMR (126 MHz, DMSO): δ 154.1, 151.5, 146.9, 142.1, 140.0, 123.0, 129.1, 127.9, 127.7, 127.5, 127.0, 
126.9, 125.2, 120.6, 46.1, 31.4, 31.1, 21.1. HR-MS (M+ m/z): Calculated for C42H37N2O13S3+ 873.14523, 
Found 873.14435. 
 

 
DD13. Het13 was prepared as previously reported.4 Purified with a gradient of 85% H2O (+0.1% TFA)/15% 
CH3CN (+0.1% TFA) to 50% H2O (+0.1% TFA)/50% CH3CN (+0.1% TFA) over 20 minutes. The fractions 
were collected and lyophilized to yield an orange fluffy solid (14 mg, 23%). Mp decomposed > 280°C. FT-
IR (cm-1): 3229 (br), 1618 (m), 1587 (m), 1489 (w), 1451 (w), 1200 (s), 1133 (s), 1110 (s), 1036 (s), 878 (w), 
760 (w), 624 (s), 549 (s). 1H NMR (500 MHz, D2O): δ 8.28 (d, J = 6.8 Hz, 2H), 7.72 (d, J = 7.0 Hz, 2H), 
7.58 (s, 2H), 7.46 (d, J = 2.1 Hz, 2H), 7.40 (d, J = 2.1Hz, 2H), 7.30 (d, J = 15.8 Hz, 1H), 7.26 (s, 2H), 6.72 
(d, J = 16.1 Hz, 1H), 6.18 (d, J = 6.92 Hz, 2H), 5.10 (br, 2H), 4.45 (d, J = 12.7 Hz, 2H), 4.27 (d, J = 12.7 Hz, 
2H), 4.13 (br, 1H), 3.59 (d, J = 13.3 Hz, 2H), 3.45 (d, J = 12.7 Hz, 2H). 13C NMR (126 MHz, DMSO): δ 
155.0, 154.6, 151.5, 144.0, 143.3, 142.8, 139.9, 131.2, 130.6, 130.2, 129.3, 127.9, 127.8, 127.7, 127.5, 127.0, 
126.9, 124.8, 123.7, 120.6, 31.5, 31.1. HR-MS (M+ m/z): Calculated for C41H34NO13S3+ 844.11868, Found 
844.11786.	  



2. 1H and 13C NMR spectra 

 
 

 



 

 



 

 
 



 

 
 



 

 
 
 
 
 
 
 
 
 
 
 



3. Additional 1H NMR characterization of dimer assembly 

 
Table S1. Chemical shift differences between key resonances of DD and their respective Het. 

 Het1 DD1 Δδ   Het8 DD8 Δδ 
N-CH3 4.33 0.66 3.67  H1 4.14 0.54 3.60 
ortho 8.59 7.35 1.24  H2 2.56 0.79 1.77 
meta 7.87 6.42 1.45  H3 8.47 6.66 1.81 

     H4 7.62 7.15 0.47 
     H5 8.47 6.68 1.79 
         

 Het4 DD4 Δδ   Het12 DD12 Δδ 
H1 4.00 3.54 0.46  H1 8.59 7.94 0.65 
H6 1.55 1.36 0.19  H2 7.55 5.90 1.65 
H2 7.70 6.35 1.35  H3 2.50 0.45 2.05 
H3 7.59 4.27 3.32  H4 7.63 6.40 1.23 
H4 7.57 3.88 3.69  H5 4.12 3.12 1.00 
H5 7.78 5.90 1.88  H6 8.69 7.68 1.01 

     H7 7.91 7.41 0.5 
     H8 7.93 7.25 0.68 
         

 Het9 DD9 Δδ   Het13 DD13 Δδ 
H1 4.54 2.04 2.50  H1 7.59 4.13 3.46 
H2 8.41 5.80 2.61  H2 7.59 5.10 2.49 
H3 8.17 6.45 1.72  H3 7.59 6.17 1.42 
H4 7.96 6.72 1.24  H4 8.79 8.28 0.51 
H5 8.29 7.68 0.61      
H6 7.84 7.19 0.65      
H7 8.97 7.30 1.67      

 
 
	  



4. Development of parallel synthesis and screening method 

 
 

 
Figure S1. Establishing conditions that allow efficient synthesis of all DDs. a) Het1-16 used for condensation 
reactions b) Fluorescence spectra (λex. 390 nm) of DD1 with nicotine (50 µM) increases when changing the 
reaction time from 1.5 h (dotted line) to 6 h (solid line). c) The response of each crudely synthesized DD to 
nicotine (10 µM) after reacting with either 40 eq. of morpholine (black bars) or 20 eq. of morpholine (gray 
bars).  
 
Procedure for parallel synthesis of DDs: An aluminum heating block (CombiBlocks, ChemGlass) held 4 
dram vials which each contained a 1:1 mixture of 1 and one heterocyclic nucleophile (1.5 mM), along with 
morpholine (40 eq., 5 µL) in methanol (1 mL). The mixtures were capped, heated and stirred behind a blast 
shield for 6 hours at 50°C to afford coloured solutions. The solutions were sonicated to re-dissolve dried 
DimerDyes along the walls. The solutions were aliquoted (10 µL) into NUNC black-walled, clear-bottomed 
96-well plates and dried in a 37°C oven for 4 hours. The dried pellets were re-suspended in phosphate buffer 
(10 mM, pH 7.4), centrifuged and mixed. Each solution was diluted by transferring aliquots into a separate 
96-well plate containing the same phosphate buffer. Fluorescence endpoint measurements were taken for 
each DimerDye, the λex. and λem. that were used are listed below. A stock of nicotine prepared in phosphate 
buffer was added to each well (10 µL for final concentration of 10 µM) and fluorescence endpoint 
measurements were collected again. The fluorescence differences between after and before nicotine were 
used to evaluate each DimerDye.  
	  



 
Table S2. Excitation and emission wavelengths used for crude DimerDye screening 

 λex., nm λem., nm 
DD1 380 575 
DD2 390 575 
DD3 390 575 
DD4 480 560 
DD5 390 575 
DD8 380 575 
DD9 440 680 

DD10 450 600 
DD11 440 630 
DD12 410 615 
DD13 420 620 
DD14 470 565 
DD16 420 555 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	  



5. UPLC-MS data of crude DimerDye reactions 

 
Figure S2. UPLC-MS traces confirm the partial synthesis of DD1 (left) and DD2 (right).  

 
Figure S3. UPLC-MS traces confirm the partial synthesis of DD3 (left) and DD4 (right). 



 
Figure S4. UPLC-MS traces confirm the partial synthesis of DD5 (left) and a failed DD6 (right) reaction. 

 
Figure S5. UPLC-MS traces show trace signs of DD7 (left) and partial formation of DD8 (right). 



 
Figure S6. UPLC-MS traces confirm the partial synthesis of DD9 (left) and DD10 (right). 

 
Figure S7. UPLC-MS traces confirm the partial synthesis of DD11 (left) and DD12 (right). 



 
Figure S8. UPLC-MS traces confirm the nearly complete synthesis of DD13 (left) and trace formation of 
DD14 (right).  

 
Figure S9. UPLC-MS traces show no conversion of DD15 (left) and partial conversion of DD16 (right).  
 



6. 1H NMR titrations with nicotine 

 
Figure S10. Nicotine titration (10 mM) into DD1 (500 µM) shows broadening of resonances that support 
host-guest binding. The resonances of N-CH3, ortho and meta pyridinium resonances on DD1, highlighted by 
red stars, begin to broaden upon the addition of nicotine. While pyrrolidine protons of nicotine, highlighted 
with blue cross, barely become visible at 1.0 eq and remain broad throughout the titration.  Although 
resonances of a distinct DD1monomer-nicotine complex are not present the broadening is evidence of two 
equilibria (dimer dissociation and nicotine complexation) occurring together in an intermediate timescale 
relative to the NMR experiment.  
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Figure S11. Nicotine titration (10 mM) into DD4 (500 µM) shows shifts and broadening of resonances that 
support host-guest binding. The encapsulated aromatic indolinium protons on DD4, highlighted by red stars, 
broaden immediately upon the addition of nicotine. The methyl groups: N-CH3 and the 3-dimethyl protons, 
can be followed with red dashed lines and are in fast exchange relative to the NMR timescale.  The two 
equivalent dimethyl groups, found as a 6H singlet at 0.0 eq, split into two chemically inequivalent singlets 
upon the addition of nicotine.  



 
Figure S12. Nicotine titration (4 mM) into DD8 (200 µM) shows broadening of resonances that supports 
host-guest binding. DD8 resonances did not shift but only broadened completely into the baseline, indicated 
with red stars. Nicotine resonances began to appear at 2.0 eq. and remained broad throughout the titration.  
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Figure S13. Nicotine titration (25 mM) into DD9 (500 µM) shows shifts and broadening of resonances that 
support host-guest binding. DD9 quinolinium and N-CH3 resonances broadened and shifted downfield 
slightly (indicated with red stars and dashed lines) and eventually flattened into the baseline after 1.0 eq of 
nicotine was added. Nicotine pyrrolidine resonances appeared at 1.0 eq (marked with a blue cross) and 
remained broad throughout the titration.  
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Figure S14. Nicotine titration (10 mM) into DD12 (500 µM) shows shifts and broadening of resonances that 
support host-guest binding. The encapsulated aromatic pyridinium protons and 4’-CH3 on DD12, highlighted 
by red stars, broaden immediately upon the addition of nicotine. However, the less shielded N-CH3, can be 
followed with red dashed lines and is in fast exchange relative to the NMR timescale, shifting by 0.86 ppm.  
The nicotine pyrrolidine resonances appear as broad signals near 1.0 eq. and remain broad throughout the 
titration. 
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Figure S15. Nicotine titration (10 mM) into DD13 (500 µM) shows shifts and broadening of resonances that 
support host-guest binding. The encapsulated N-phenyl protons on DD13, highlighted by red stars, broaden 
immediately upon the addition of nicotine. However, the less shielded ortho-pyridinium resonances, can be 
followed with red dashed lines in fast exchange relative to the NMR timescale, shifting by 0.42 ppm.   
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a. Pictures of DimerDyes with and without nicotine under conditions of NMR experiments  

 
Figure S16. DimerDyes (500 µM) without nicotine (-) are not fluorescent. With addition of 10 mM nicotine 
(+), DimerDyes 1, 4, 8, 12 and 13 become fluorescent while DD9 remains dark, as predicted by the screening 
of crude DD reaction mixtures. Each tube is irradiated with a hand-held UV lamp (λex. 364 nm ± 20 nm). 
Solutions are prepared in NaH2PO4/Na2HPO4 buffered D2O, (50 mM, pD 7.4).  
	  



 
7. 1D DOSY calculations (1, DD4, DD4 + 20 eq. nicotine) 

 
Table S3. Diffusion coefficients measured, and hydrodynamic radii calculated from indicated resonances in 
DD4 from 1D DOSY.  

Atom D (m2/s) r (Å) 
H8 1.944E-10 12.64 
H7 1.986E-10 12.37 
H2 1.99E-10 12.35 
H1 1.952E-10 12.59 
H6 1.924E-10 12.77 

DD4 (4.34 mM) was NaH2PO4/Na2HPO4 (50 mM, pD 7.4) in D2O. P1 = 8.35 µs, D1 = 18.75 s, δ = 1800 µs, 
Δ = 100 ms.  
 
The average hydrodynamic radius of DD4 (rH) was calculated as 12.53 ± 0.15 Å and the average diffusion 
coefficient (D) is 1.96 x10−10 m2/s. 
 

 
Table S4. Diffusion coefficients measured, and hydrodynamic radii calculated from indicated resonances in 
DD4—nicotine complex from 1D DOSY.  

Atom D (m2/s) r (Å) 
H1 2.469E-10 9.95 
H6 2.517E-10 9.76 
H6' 2.58E-10 9.52 

DD4 (500 µM) and nicotine (10 mM) were dissolved in NaH2PO4/Na2HPO4 (50 mM, pD 7.4) in D2O. P1 = 
8.35 µs, D1 = 10 s, δ = 1200 µs, Δ = 100 ms. 
 
The average hydrodynamic radius of DD4—nicotine complex (rH) was calculated as 9.74 ± 0.21 Å and the 
average diffusion coefficient (D) is 2.52 x10−10 m2/s. 
 



 
Table S5. Diffusion coefficients measured, and hydrodynamic radii calculated from indicated resonances in 1 
from 1D DOSY.  

Atom D (m2/s) r (Å) 
H1 3.3E-10 7.45 
H2 3.28E-10 7.50 
H3 3.27E-10 7.52 
H4 3.29E-10 7.48 
H5 3.28E-10 7.49 

Compound 1 (4 mM) was dissolved in NaH2PO4/Na2HPO4 (100 mM, pD 7.4) in D2O. P1 = 9.4 µs, D1 = 15.2 
s, δ = 2500 µs, Δ = 50 ms.  
 
The average hydrodynamic radius of 1 (rH) was calculated as 7.49 ± 0.02 Å and the average diffusion 
coefficient (D) is 3.28 x10−10 m2/s. 
 
 
	  



8. Fluorescence titrations of DD4, DD8, DD9, DD12, DD13 with nicotine, MDMA and cocaine 
All intensity values are plotted as the mean of duplicate experiments. Error bars corresponding to the 
standard deviation are present on all data points in all dose-response graphs (but in many cases are similar in 
size to the data point markers themselves). Spectra represent mean of duplicate experiments and are 
processed with second order smoothing function. 
 

a. Nicotine  

Figure S17. DD1 turns-on fluorescence upon the addition of nicotine in buffered water and diluted saliva. 
Nicotine titration into DD1 (12 µM) monitored by fluorescence spectroscopy in (left) NaH2PO4/Na2HPO4 
buffered water (10 mM, pH 7.4, λex. = 385 nm) and in (right) diluted saliva (1:1, saliva:water, λex. = 390 nm) 
show DD1 is capable of detecting nicotine in both media. Red line indicates maximum nicotine concentration 
= 240 µM and black line indicates no nicotine added. Insets show binding isotherms monitored at 
fluorescence maximum, λmax. = 590 nm in both saliva and water.  

 
Figure S18. DD4 turns-on fluorescence upon the addition of nicotine in buffered water and diluted saliva. 
Nicotine titration into DD4 (12 µM) monitored by fluorescence spectroscopy in (left) NaH2PO4/Na2HPO4 
buffered water (10 mM, pH 7.4, λex. = 475 nm) and in (right) diluted saliva (1:1, saliva:water, λex. = 485 nm), 
show DD4 is capable of detecting nicotine in both media. Red line indicates maximum nicotine concentration 
= 240 µM and black line indicates no nicotine added. Insets show binding isotherms monitored at 
fluorescence maximum, λmax. = 570 nm in buffered water and λmax. = 585 nm in diluted saliva.  
 



 
Figure S19. DD8 turns-on fluorescence upon the addition of nicotine in buffered water and diluted saliva. 
Nicotine titration into DD8 (12 µM) monitored by fluorescence spectroscopy in (left) NaH2PO4/Na2HPO4 
buffered water (10 mM, pH 7.4, λex. = 375 nm) and in (right) diluted saliva (1:1, saliva:water, λex. = 380 nm) 
show DD8 is capable of detecting nicotine in both media. Red line indicates maximum nicotine concentration 
= 240 µM and black line indicates no nicotine added. Insets show binding isotherms monitored at 
fluorescence maximum, λmax. = 580 nm in both buffered water and diluted saliva.  

 
Figure S20. DD12 turns-on fluorescence upon the addition of nicotine in buffered water and diluted saliva. 
Nicotine titration into DD12 (12 µM) monitored by fluorescence spectroscopy in (left) NaH2PO4/Na2HPO4 
buffered water (10 mM, pH 7.4, λex. = 415 nm) and in (right) diluted saliva (1:1, saliva:water, λex. = 415 nm) 
show DD12 is capable of detecting nicotine in both media. Red line indicates maximum nicotine 
concentration = 240 µM and black line indicates no nicotine added. Insets show binding isotherms monitored 
at fluorescence maximum, λmax. = 640 nm in both buffered water and diluted saliva.  
	  



 

 
Figure S21. DD13 turns-on fluorescence upon the addition of nicotine in buffered water and diluted saliva. 
Nicotine titration into DD13 (12 µM) monitored by fluorescence spectroscopy in (left) NaH2PO4/Na2HPO4 
buffered water (10 mM, pH 7.4, λex. = 420 nm) and in (right) diluted saliva (1:1, saliva:water, λex. = 420 nm) 
show DD12 is capable of detecting nicotine in both media. Red line indicates maximum nicotine 
concentration = 240 µM and black line indicates no nicotine added. Insets show binding isotherms monitored 
at fluorescence maximum, λmax. = 635 nm in buffered water and λmax. = 625 nm in diluted saliva.  
 

b. MDMA 

 
Figure S22. DD1 turns-on fluorescence upon the addition of MDMA in buffered water and diluted saliva. 
MDMA titration into DD1 (12 µM) monitored by fluorescence spectroscopy in (left) NaH2PO4/Na2HPO4 
buffered water (10 mM, pH 7.4, λex. = 385 nm) and in (right) diluted saliva (1:1, saliva:water, λex. = 385 nm) 
show DD1 is capable of detecting MDMA in both media. Red line indicates maximum MDMA concentration 
= 240 µM and black line indicates no MDMA added. Insets show binding isotherms monitored at 
fluorescence maximum, λmax. = 595 nm in buffered water and λmax. = 590 nm in diluted saliva.  



 
Figure S23. DD4 turns-on fluorescence upon the addition of MDMA in buffered water and diluted saliva. 
MDMA titration into DD4 (12 µM) monitored by fluorescence spectroscopy in (left) NaH2PO4/Na2HPO4 
buffered water (10 mM, pH 7.4, λex. = 475 nm) and in (right) diluted saliva (1:1, saliva:water, λex. = 480 nm) 
show DD4 is capable of detecting MDMA in both media. Red line indicates maximum MDMA concentration 
= 240 µM and black line indicates no MDMA added. Insets show binding isotherms monitored at 
fluorescence maximum, λmax. = 595 nm in buffered water and λmax. = 590 nm in diluted saliva.  

 
Figure S24. DD8 turns-on fluorescence upon the addition of MDMA in buffered water and diluted saliva. 
MDMA titration into DD8 (12 µM) monitored by fluorescence spectroscopy in (left) NaH2PO4/Na2HPO4 
buffered water (10 mM, pH 7.4, λex. = 375 nm) and in (right) diluted saliva (1:1, saliva:water, λex. = 375 nm) 
show DD8 is capable of detecting MDMA in both media. Red line indicates maximum MDMA concentration 
= 240 µM and black line indicates no MDMA added. Insets show binding isotherms monitored at 
fluorescence maximum, λmax. = 585 nm in buffered water and λmax. = 580 nm in diluted saliva.  
	  



 

 

Figure S25. DD12 turns-on fluorescence upon the addition of MDMA in buffered water and diluted saliva. 
MDMA titration into DD12 (12 µM) monitored by fluorescence spectroscopy in (left) NaH2PO4/Na2HPO4 
buffered water (10 mM, pH 7.4, λex. = 420 nm) and in (right) diluted saliva (1:1, saliva:water, λex. = 420 nm) 
show DD12 is capable of detecting MDMA in both media. Red line indicates maximum MDMA 
concentration = 240 µM and black line indicates no MDMA added. Insets show binding isotherms monitored 
at fluorescence maximum, λmax. = 630 nm in both buffered water and in diluted saliva.  

 

Figure S26. DD13 turns-on fluorescence upon the addition of MDMA in buffered water and diluted saliva. 
MDMA titration into DD13 (12 µM) monitored by fluorescence spectroscopy in (left) NaH2PO4/Na2HPO4 
buffered water (10 mM, pH 7.4, λex. = 420 nm) and in (right) diluted saliva (1:1, saliva:water, λex. = 420 nm) 
show DD13 is capable of detecting MDMA in both media. Red line indicates maximum MDMA 
concentration = 240 µM and black line indicates no MDMA added. Insets show binding isotherms monitored 
at fluorescence maximum, λmax. = 630 nm in both buffered water and in diluted saliva.  



c. Cocaine 

Figure S27. DD1 turns-on fluorescence upon the addition of cocaine in buffered water and diluted saliva. 
Cocaine titration into DD1 (12 µM) monitored by fluorescence spectroscopy in (left) NaH2PO4/Na2HPO4 
buffered water (10 mM, pH 7.4, λex. = 390 nm) and in (right) diluted saliva (1:1, saliva:water, λex. = 390 nm) 
show DD1 is capable of detecting cocaine in both media. Red line indicates maximum cocaine concentration 
= 240 µM and black line indicates no cocaine added. Insets show binding isotherms monitored at 
fluorescence maximum, λmax. = 585 nm in both buffered water and in diluted saliva.  

 

Figure S28. DD4 turns-on fluorescence upon the addition of cocaine in buffered water and diluted saliva. 
Cocaine titration into DD4 (12 µM) monitored by fluorescence spectroscopy in (left) NaH2PO4/Na2HPO4 
buffered water (10 mM, pH 7.4, λex. = 490 nm) and in (right) diluted saliva (1:1, saliva:water, λex. = 490 nm) 
show DD4 is capable of detecting cocaine in both media. Red line indicates maximum cocaine concentration 
= 240 µM and black line indicates no cocaine added. Insets show binding isotherms monitored at 
fluorescence maximum, λmax. = 565 nm in both buffered water and in diluted saliva.  



 

Figure S29. DD8 turns-on fluorescence upon the addition of cocaine in buffered water and diluted saliva. 
Cocaine titration into DD8 (12 µM) monitored by fluorescence spectroscopy in (left) NaH2PO4/Na2HPO4 
buffered water (10 mM, pH 7.4, λex. = 390 nm) and in (right) diluted saliva (1:1, saliva:water, λex. = 380 nm) 
show DD4 is capable of detecting cocaine in both media. Red line indicates maximum cocaine concentration 
= 240 µM and black line indicates no cocaine added. Insets show binding isotherms monitored at 
fluorescence maximum, λmax. = 575 nm in both buffered water and in diluted saliva.  

 

Figure S30. DD12 turns-on fluorescence upon the addition of cocaine in buffered water and diluted saliva. 
Cocaine titration into DD12 (12 µM) monitored by fluorescence spectroscopy in (left) NaH2PO4/Na2HPO4 
buffered water (10 mM, pH 7.4, λex. = 420 nm) and in (right) diluted saliva (1:1, saliva:water, λex. = 420 nm) 
show DD12 is capable of detecting cocaine in both media. Red line indicates maximum cocaine 
concentration = 240 µM and black line indicates no cocaine added. Insets show binding isotherms monitored 
at fluorescence maximum, λmax. = 620 nm in buffered water and λmax. = 615 nm in diluted saliva.  

Figure S31. DD13 turns-on fluorescence upon the addition of cocaine in buffered water and diluted saliva. 
Cocaine titration into DD13 (12 µM) monitored by fluorescence spectroscopy in (left) NaH2PO4/Na2HPO4 
buffered water (10 mM, pH 7.4, λex. = 430 nm) and in (right) diluted saliva (1:1, saliva:water, λex. = 425 nm) 
show DD13 is capable of detecting cocaine in both media. Red line indicates maximum cocaine 
concentration = 240 µM and black line indicates no cocaine added. Insets show binding isotherms monitored 
at fluorescence maximum, λmax. = 625 nm in both buffered water and in diluted saliva.  

 

 



 
9. Limits of Detection 

Limits of detection were found through the linear regression of each data set and calculating: 
LOD = σ/slope*3.3  
Where, σ and slope are the standard deviation and slope obtained from the regression line 
All LOD were measured with purified DDs, [DD] = 12 µM.   
 
Table S6. Limits of detection (LOD) determined of each DimerDye for nicotine, MDMA and cocaine in 
sodium phosphate buffer 
 Nicotine   MDMA   Cocaine   

 σ SLOPE 
LOD 
(µM) σ SLOPE 

LOD 
(µM) σ SLOPE 

LOD 
(µM) 

DD1 45.91 43.42 3.489245 16.2 19.65 2.720611 12.87 46.51 0.913158 
DD4 64.27 44.19 4.799525 90.93 18.82 15.94416 52.02 92.76 1.850647 
DD8 21.43 26.94 2.625056 15.25 10.07 4.997517 32.12 80.26 1.320658 
DD12 82.56 33.99 8.015534 82.56 33.99 8.015534 57.65 91.09 2.088539 
DD13 58.65 97.59 1.983246 12.15 12.08 3.319123 54.44 67.62 2.656788 

 
Table S7. Limits of detection determined of each DimerDye for nicotine, MDMA and cocaine in diluted 
saliva 
 Nicotine   MDMA   Cocaine   

 σ SLOPE 
LOD 
(µM) σ SLOPE 

LOD 
(µM) σ SLOPE 

LOD 
(µM) 

DD1 17.38 2.08 27.57404 30.36 2.428 41.26359 28.54 22.23 4.236707 
DD4 134.8 6.003 74.10295 120.8 10.97 36.33911 94.71 41.11 7.602603 
DD8 23.88 4.233 18.61658 22.43 3.682 20.10293 45.95 30.63 4.950539 
DD12 26.85 5.149 17.2082 26.26 8.699 9.961835 47.81 38.76 4.070511 
DD13 52.71 9.283 18.7378 32.75 12.68 8.523265 35.11 43.05 2.691359 

 
	  



10. PCA and LDA analysis 

Stocks of each DimerDye (13.4 µM) were prepared in NaH2PO4/Na2HPO4 (10 mM, pH 7.4) and aliquoted 
(90 µL) into a 96-well plate to account for 6 replicates of each drug and 2 blanks. This was followed by 
additions of each drug/buffer (10 µL) to make a final [DD] = 12 µM, [drug] = 100 µM or 0 µM (blank) with a 
final volume of 100 µL. The fluorescence was measured with λex. and λem. tabulated below. The raw 
fluorescence was subtracted from the blank before analysis. The PCA (type: covariance) and LDA analysis 
(cross-validation) were conducted with XLSTAT and Minitab 18.  
 
Table S8. Excitation and fluorescence emission wavelengths used for each DimerDye 

 λex. (nm) λem. (nm) 
DD1 385 590 
DD4 475 570 
DD8 375 580 

DD12 415 640 
DD13 420 635 

 

 
Figure S32. Average fluorescence data from each DD with respect to COC (cocaine), BZE 
(benzoylecgonine), LC (lidocaine), PC (procaine), MDMA (3,4-methylenedioxymethamphatamine), MA 
(methamphetamine), A (amphetamine), MDA (3,4-methylenedioxoamphetamine), DEX (dextrorphan), 
OXY-M (oxymorphone), 6-MAM (6-acetylmorphine), OXY-C (oxycodone), HER (heroin), NICO 
(nicotine), TY (acetaminophen).  
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