



Detection of Nitroaromatics
by Pyrene-Labeled Starch Nanoparticles

Sanjay Patel, Jonathan Seet, Lu Li, Jean Duhamel*
Institute for Polymer Research, Waterloo Institute for Nanotechnology, Department of Chemistry, University of Waterloo, Waterloo, ON N2L 3G1, Canada





* To Whom correspondence should be addressed. E-mail: jduhamel@uwaterloo.ca


ABSTRACT
Starch nanoparticles (SNPs) were hydrophobically modified using 1-pyrenebutyric acid (PyBA) with degrees of substitution (DS) between 0.0006 and 0.11. Fluorescence quenching studies were conducted on the pyrene-labeled starch nanoparticles (Py-SNPs) in dimethyl sulfoxide (DMSO) and water with nitromethane (NM), 4-mononitrotoluene (MNT), 2,6-dinitrotoluene (DNT), and 2,4,6-trinitrotoluene (TNT) to assess the mode of quenching of the pyrene labels in the two solvents. In DMSO where pyrene, starch, and the quenchers were soluble, a decrease in fluorescence signal was the result of dynamic encounters between the excited pyrene labels and the nitrated quenchers. In water where starch could be dispersed but pyrene and the nitroaromatic compounds (NACs) were insoluble, quenching took place through the binding of NACs to pyrene aggregates. Py(11)-SNPs (Py-SNPs with a DS of 0.11) coated filter papers (Py-CFPs) were prepared as fluorescence sensors. The fluorescence emitted by Py-CFPs was quenched to 25% of its original value within 10 (± 2), 72 (± 20), and 23 (± 4) s upon exposure to vapors of MNT, DNT, and TNT, respectively. When known amounts of NACs were deposited onto Py-CFPs, their limit of detection (LOD) when the fluorescence decreased by more than three standard deviations (3) from its original value equaled 9.2 (± 0.8), 3.3 (± 0.5), and 0.20 (± 0.02) ng/mm for MNT, DNT, and TNT, respectively. These response times and LODs were among the best values reported to date in the scientific literature for fluorescence sensors. The selectivity of the Py-CFPs toward NACs was also investigated by comparing their response to the presence of non-nitrated aromatics, amines, and aromatic ketones. Quenching was only observed with the latter family of chemicals tested, but with much lower efficiency compared to TNT, thus reflecting some level of selectivity toward this specific NAC.

INTRODUCTION
[bookmark: _Ref534512151][bookmark: _Ref534512154][bookmark: _Ref534512312][bookmark: _Ref534512316][bookmark: _Ref534512393][bookmark: _Ref534512536][bookmark: _Ref534512538][bookmark: _Ref534514474][bookmark: _Ref534513724][bookmark: _Ref534512940][bookmark: _Ref534514044][bookmark: _Ref534514049][bookmark: _Ref534514493][bookmark: _Ref534513727][bookmark: _Ref534513730][bookmark: _Ref534514501][bookmark: _Ref534514506][bookmark: _Ref534514515][bookmark: _Ref535589794][bookmark: _Ref534514521][bookmark: _Ref534514524][bookmark: _Ref534514527][bookmark: _Ref534514056][bookmark: _Ref534514008][bookmark: _Ref534514059][bookmark: _Ref535589812][bookmark: _Ref535398508][bookmark: _Ref534814113][bookmark: _Ref534814248][bookmark: _Ref534814122][bookmark: _Ref534814124][bookmark: _Ref534814126][bookmark: _Ref534814130][bookmark: _Ref534814132][bookmark: _Ref534514384][bookmark: _Ref535828140]Nitroaromatic compounds (NACs) are well known for their explosive properties and are commonly used industrially. Unfortunately, NACs are also mutagenic to humans and toxic to the environment.[endnoteRef:1],[endnoteRef:2] Furthermore, as many NACs are explosives, they pose significant security risks in public areas.[endnoteRef:3] Consequently, the ability to detect their presence has become an urgent public need.1,2,[endnoteRef:4]-,[endnoteRef:5],[endnoteRef:6] Current methods employed for the detection of NACs include ion mobility spectroscopy, mass spectroscopy, or canine units.4,5,[endnoteRef:7] Although these methods offer high sensitivity, typically on the order of ppb and ppt, they suffer from at least one or more of the following drawbacks; high cost, non-portability, and complex instrumentation.4,5,7-,[endnoteRef:8],[endnoteRef:9] Within the realm of sensor-based techniques, the use of fluorescence has gained much popularity, due to its lower requirements in terms of relatively simple instrumentation, portability, low cost, and high sensitivity.5,7-,8,9,[endnoteRef:10],[endnoteRef:11] In these experiments, electron-rich dyes are exposed to electron-poor NACs resulting in efficient quenching of the dyes. The luminophores that have been employed so far in fluorescence sensors include conjugated polymers,[endnoteRef:12]-,[endnoteRef:13],[endnoteRef:14],[endnoteRef:15],[endnoteRef:16] nanodots,[endnoteRef:17] metal complexes,14,[endnoteRef:18],[endnoteRef:19] luminophores that undergo aggregation induced emission (AIEgens),[endnoteRef:20]-,[endnoteRef:21],[endnoteRef:22],[endnoteRef:23],[endnoteRef:24],[endnoteRef:25] and pyrene.[endnoteRef:26]-,[endnoteRef:27],[endnoteRef:28],[endnoteRef:29],[endnoteRef:30],[endnoteRef:31],[endnoteRef:32] Contrary to AIEgens whose fluorescence is dramatically enhanced upon aggregation in water, aggregation of pyrene induces pyrene excimer formation which shifts the strong purplish-blue fluorescence of the pyrene monomer (370 – 400 nm) to the strong green fluorescence of the excimer (450 – 600 nm).[endnoteRef:33] Beside the luminophore, the nature of the substrate used in a fluorescence sensor must be carefully considered as it must ensure that the luminophores be readily accessible upon exposure to NACs. Consequently, substrates which offer an open structure are often selected for fluorescence sensors. They include mesoporous silica films,13,18,19,[endnoteRef:34]-,[endnoteRef:35],[endnoteRef:36] or thin films of microspheres,28 nanofibers,15,16,27,29 dendrimers,16,[endnoteRef:37],[endnoteRef:38] and hyperbranched[endnoteRef:39]-,[endnoteRef:40],[endnoteRef:41] or linear polymers41 deposited on a glass, quartz, or paper substrate. However, the preparation of these fluorescent substrates is commonly based on multi-step syntheses that usually increase costs during the scale up process, limiting their potential applicability in an industrial setting. In this work, the fluorescence of pyrene-labeled starch nanoparticles (Py-SNPs) was applied to detect minute quantities of nitroaromatic compounds. Starch nanoparticles (SNPs) offer several advantages over the other polymeric scaffolds traditionally used in optical sensors. SNPs are derived from food grade starch. As such, SNPs are a cost-effective and nontoxic nanosized material. The SNPs used in this study were prepared from waxy corn starch which is 99% amylopectin, a biopolymer that has been described as Nature’s dendrimer,[endnoteRef:42] and thus offers an open structure. Furthermore, SNPs are already being employed industrially as natural alternatives to styrene butadiene latexes for paper coating.[endnoteRef:43],[endnoteRef:44] As such, they strongly interact with cellulose and adsorb tightly onto the surface of the cellulosic fibers constituting paper. However the development of an optical sensor based on SNPs requires that they be fluorescently labeled by one of the many fluorophores that have already been employed for the detection of NACs.12-,13,14,15-,16,17,18,19,20,21,22,23,24-,25,26,27,28,29,30,31,32,35-,36,37,39-,40,41,46,47 [1: REFERENCES
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[bookmark: _Ref535379624]In the present study, pyrene was chosen as the fluorescent dye to label SNPs owing to its hydrophobicity (solubility of pyrene equals 0.7 M in water)[endnoteRef:45] and its well-known photophysical properties33 such as high quantum yield and large molar absorption coefficient, which enable its detection at infinitely low concentrations, and its ability to form an excimer. Labeling of SNPs with pyrene induced the formation of hydrophobic pyrene-rich microdomains in water that emitted as excimer upon direct excitation. These hydrophobic microdomains could be exploited to drive sparingly water-soluble NACs to them. Since most NACs are well known quenchers of fluorescence,12,13,14,15-,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,35-,36,37,39-,40,41,46,47 the hydrophobic microdomains generated by pyrenyl aggregates within Py-SNPs adsorbed onto paper offered an inherent means to detect NACs in water by monitoring their sensitivity to fluorescence quenching. Consequently, the ability of Py-SNP coated filter paper (Py-CFP) strips to detect NACs and their selectivity toward NACs was investigated. Py-CFPs displayed a detection limit for NACs that was as good as the best sensors described so far in the literature while being much more cost-effective, non-toxic, and easy to prepare than most current sensing materials. Furthermore, they showed much enhanced response toward TNT compared to all other chemicals studied, which reflected some selectivity toward this specific NAC. Thus, Py-CFPs offer an appealing system for detecting minute quantities of NACs. [45: .	Yekta, A.; Duhamel, J.; Brochard, P.; Adiwidjaja, H.; Winnik, M. A. A Fluorescent-Probe Study of Micelle-like Cluster Formation in Aqueous-Solutions of Hydrophobically Modified Poly(Ethylene Oxide). Macromolecules 1993, 26, 1829–1836.] 


EXPERIMENTAL
[bookmark: _Ref534814137]Materials: Research grade SNPs were supplied by EcoSynthetix. They were prepared from waxy corn starch and had a hydrodynamic diameter in water of 46 (±3) nm, as determined by dynamic light scattering in a previous publication.[endnoteRef:46] They were first dispersed in DMSO and precipitated once in HPLC grade acetone to remove any remaining by-products resulting from their production. Unless otherwise stated, most chemicals were purchased from Sigma-Aldrich and used without any further purification. 2,4,6-Trinitrotoluene (TNT), which is a known explosive, was handled in very small quantities (< 50 mg) at a time. For vapour quenching studies TNT (~50 mg) was purchased from Chromatographic Specialties Inc.  [46: .	Kim, D.; Amos, R.; Gauthier, M. Duhamel, J. Application of Pyrene Fluorescence to the Characterization of Hydrophobically Modified Starch Nanoparticles. Langmuir 2018, 34, 8611-8621.] 

[bookmark: _Ref533986187]Synthesis of pyrene-labeled starch nanoparticles: The pyrene-labeled starch nanoparticles (Py-SNPs) used in this research were synthesized according to the reaction scheme shown in Scheme S1 in Supporting Information (SI) which was reported earlier for the pyrene-labeling of amylose and other SNPs.[endnoteRef:47],[endnoteRef:48] More details about the synthesis and characterization of Py(x)-SNPs, where x represents the molar percentage of pyrene-labeled anhydroglucose units, can be found in SI. [47: .	Zhang, Q.; Kim, D.; Li, L.; Patel, S.; Duhamel, J. Interactions between Pyrene- and Naphthalene-Labeled Starch Nanoparticles and two Surfactants Probed by Pyrene Excimer Fluorescence and Fluorescence Resonance Energy Transfer. Langmuir 2019, 35, 3432-3444.]  [48: .	Li, L.; Duhamel, J. Conformation of Pyrene-Labeled Amylose in DMSO Characterized with the Fluorescence Blob Model. Macromolecules 2016, 49, 7965–7974.] 

Quenching studies: Quenching studies conducted with freshly prepared solutions of nitromethane (NM), 4-mononitrotoluene (MNT), and 2,6-dinitrotoluene (DNT) in DMSO were carried out with a pyrene concentration of 2.6∙10M while those conducted with 2,4,6-trinitrotoluene (TNT) used a pyrene concentration of 1.2∙105 M, owing to the significantly higher molar absorption coefficient of TNT at 346 nm, the excitation wavelength for PyBA, compared to NM, MNT, and DNT. These pyrene concentrations were low enough to prevent any interaction between Py-SNPs in DMSO. In each case, a Py‑SNP dispersion was prepared, split in two halves and the required amount of the quencher solution in DMSO was added to only one half of the Py-SNP dispersion while the other half was diluted with the same amount of pure DMSO. The two halves had thus the same Py-SNP concentration, but one was without quencher and the other was with quencher. They were mixed in various proportions to obtain the desired range of quencher concentrations for the quenching study. This procedure ensured that increasing quencher concentrations did not dilute the Py-SNP dispersion so that a reduction in fluorescence intensity could be assigned to quenching only.
[bookmark: _Ref535334160][bookmark: _Ref535379695][bookmark: _Ref535378426]The quenching studies in water were conducted in the same manner. They were complicated by the fact that pyrene, MNT, DNT, and TNT were sparingly soluble in water. To circumvent this issue, a Py-SNP stock solution was prepared in DMSO with a pyrene concentration of 4.6∙10 M. The Py-SNP stock solution was then diluted with milliQ water to yield an aqueous Py-SNP dispersion with a final 2.6∙10 M pyrene concentration. All aqueous Py-SNP dispersions contained less than 1 wt% of DMSO. The Py-SNP aqueous dispersions were split into two halves, and the quencher solution in water was added to only one half at a concentration that was lower than the saturation limit in water equal to 361 at 24 oC,[endnoteRef:49] 204 at 24 oC,48 and 115 mg/L at 23 oC[endnoteRef:50] equivalent to concentrations of 2.6, 1.1, and 0.51 mM for MNT, DNT, and TNT, respectively. An equivalent amount of pure water was added to the other half of the Py-SNP dispersion.  The two halves containing the aqueous dispersions with a same Py-SNP concentration were mixed to adjust the quencher concentration for the quenching studies without affecting the Py-SNP concentration. The fluorescence spectra and decays acquired with the Py-SNP dispersions without quencher were used to determine the corresponding fluorescence intensity (Fo) and number average <>No and weight average <>Wo lifetime. The fluorescence intensity and number average decay time of the Py-SNP dispersions with quencher were referred to as F and <>N, respectively. Quenching studies with MNT, DNT, and TNT in DMSO were conducted with a triangular cell from Hellma in the front face geometry[endnoteRef:51] due to the strong absorbance of the solutions prepared with the nitroaromatic quenchers (see SI). All quenching studies in water were conducted using a normal geometry, since the NM, MNT, DNT, and TNT concentrations in water were sufficiently low that quencher absorption would not affect the steady-state fluorescence measurements. [49: .	Luning Prak, D. J.; O’Sullivan, D. W. Solubility of 4-Nitrotoluene, 2,6-Dinitrotoluene, 2,3-Dinitrotoluene, and 1,3,5-Trinitrobenzene in Pure Water and Seawater. J. Chem. Eng. Data 2007, 52, 2446–2450.]  [50: .	Phelan, J. M.; Barnett, J. Solubility of 2 , 4-Dinitrotoluene and 2 , 4 , 6-Trinitrotoluene in Water. J. Chem. Eng. Data 2001, 375–376.]  [51: .	Lakowicz, J. R. Principles of Fluorescence Spectroscopy; 3rd ed. Baltimore: Springer, 2006.] 

Py-SNP-coated papers: The filter papers were coated with Py-SNPs according to the drop method. In brief, a DMSO stock of Py-SNP was prepared with a pyrene concentration of 6.0∙10 M. The Py-SNP stock dispersion in DMSO (60 mg) was then diluted with milliQ water (9 g), to make a Py-SNP water stock dispersion with 0.66 wt% DMSO. The aqueous Py-SNP dispersion was directly deposited onto a piece of filter paper. The filter paper was dried under N2 until constant mass (typically within an hour) was reached. The Py-SNP-coated filter paper (Py-CFP) was then used for subsequent experiments and all Py-CFPs used in this work had a surface density of 1.6∙10 mol of pyrene per mm. 
[bookmark: _Hlk516486757]Vapor studies:  A given mass, namely 10 mg for all chemicals investigated except for TNT where 50 mg was used, was deposited at the bottom of a 20 mL vial. The chemical was covered by a cotton ball before the vial was sealed with a cap. The sealed vial was allowed to equilibrate for 24 hrs to saturate the vial with the vapors of the chemical. The fluorescence signal (Fo) of a 0.5 cm × 0.5 cm strip of Py-CFP humidified with 5 µL of MilliQ water was determined. It was then quickly introduced into the vial. The vial was rapidly closed and the Py-CFP was left in the vial for a set period of time. The exposed Py-CFP was removed from the vial and its fluorescence intensity (F) was recorded to determine the quenching efficiency, EQ = (1-F/Fo)×100%, which was plotted as a function of exposure time. The experimental data was parametrized with a form of the Michaelis-Menten equation (Equation S11 in SI). The parameters retrieved from the fit of the EQ-versus-exposure time profiles can be found in Table S50 in SI.   
[bookmark: _Hlk516485948]Direct Deposition Studies: A drop of water (10 L) was deposited on a 1 cm × 1 cm Py-CFP. The humidified Py-CFP was placed between two quartz plates and its fluorescence spectrum was acquired to obtain the fluorescence intensity without quencher (WFo) where the W index reflected the exposure of the Py-CFP to water. The Py-CFP was dried. The quencher solution (10 L) in ethanol or acetonitrile was deposited on the Py-CFP. The organic solvent (OS) was evaporated under a gentle flow of nitrogen and a drop of water (10 µL) was added to humidify the paper and drive the binding of the quencher to the pyrene aggregates. The humidified Py-CFP was placed between two quartz plates and the fluorescence spectra of the Py-CFP with quencher were acquired to yield the corresponding fluorescence intensity (OSF). In order to mimic the application of organic solvent to Py-CFP during quencher deposition, the same amount of organic solvent was applied a single time to all Py-CFPs after WFo had been determined. The organic solvent was evaporated and 10 L of water was added. The fluorescence signal was recorded to yield OSFo. For each quenching study, the WFo and OSFo intensities were recorded for four Py-CFPs prepared without quencher and their ratios were averaged to yield <WFo/OSFo>. The averaged <WFo/OSFo> ratio was found to equal 1.25 ± 0.05 indicating enhanced excimer emission from the Py-CFPs before application of the organic solvent. The ratio (WFo/OSF) obtained for each Py-CFP with quencher was compared to <WFo/OSFo> by plotting the quantity <WFo/OSFo>/(WFo/OSF) as a function of the amount of quencher added to the Py-CFP expressed in ng of quencher per mm2. All Py-CFP studies were conducted with Py(11)-SNP (SNPs labeled with 11 mol% of 1-pyrenebutyric acid) on Whatman filter paper No. 1. The experimental data were parameterized with the Hill equation (Equation S12 in SI) and the retrieved parameters were listed in Table S51 as SI. Detection limits for the NACs were reported when the fluorescence intensity of the quenched Py-CFP represented either 10% of the original Py-CFP fluorescence or when it had been reduced by more than three times the standard deviation in the fluorescence intensity (i.e. more than 3× where  is the standard deviation) before quenching was observed. 
UV-Vis absorption: A Varian Cary 100 Bio spectrophotometer was employed to acquire the absorption spectra of the Py-SNP dispersions and the quencher solutions. It was used to confirm the pyrene concentration of the Py-SNP dispersions and determine the pyrene content (Py) of the Py-SNPs according to Equations S1 and S2 in SI. 
Steady-state fluorescence: A PTI spectrofluorometer equipped with a xenon arc lamp was employed to acquire the fluorescence spectra by exciting the Py-SNP dispersions or Py-CFPs at 346 nm and scanning the emission from 350 to 600 nm. Front face measurements were carried out with a quartz triangular cell from Hellma for the Py-SNP dispersions in DMSO and with a solid-state sample holder for the Py-CFPs.50 Aqueous Py-SNP dispersions were studied with the right-angle geometry.50 The excitation and emission slit-widths were set at 2 and 1 nm, respectively. The Py-SNP dispersions in water and DMSO were not degassed.  The fluorescence intensity of the monomer (IM) and excimer (IE) were calculated using the area under the SSF spectrum from 373 to 379 nm and from 500 to 530 nm, respectively. 
Time-resolved fluorescence: The monomer and excimer fluorescence decays of the Py-SNP dispersions in water and DMSO were acquired with an excitation at 346 nm and at an emission wavelength of, respectively, 375 and 510 nm using an IBH TC-SPC fluorometer equipped with a NanoLED-340 laser and an excitation monochromator. Additionally, a cut-off filter at 370 and 495 nm was used during the acquisition of, respectively, the monomer and excimer fluorescence decays to prevent scattered light from reaching the detector. The decay obtained with a LUDOX dispersion whose emission was monitored at 346 nm was employed for the instrument response function (IRF) during the decay analysis. All fluorescence decays had 15,000 counts at the decay maximum to ensure a satisfying signal-to-noise ratio.
Fluorescence decay analysis: The fluorescence decays were analyzed with sums of two-to-three exponentials which were convoluted with the IRF. Pre-exponential factors and decay times were optimized with the Marquardt-Levenberg algorithm. The fits were deemed satisfactory when the 2 parameter was smaller than 1.3 and the residuals and autocorrelation of the residuals were randomly distributed around zero. Pre-exponential factors and decay times retrieved from these analyses are listed in Supporting Information in Tables S1-49. 

RESULTS AND DISCUSSION
Quenching studies of the Py-SNP dispersions were conducted in DMSO and water. While starch was soluble in both solvents, the pyrenyl labels were soluble in DMSO but sparingly soluble in water which led to their association into pyrene aggregates.47 Consequently, quenching was expected to occur in a dynamic or static fashion through diffusive encounters between individual pyrenyl labels and NACs in DMSO or through the binding of NACs to the pyrene aggregates in water, respectively. Since assessing the validity of these quenching mechanisms would help the design of the Py-CFPs fluorescence sensors, fluorescence quenching experiments were conducted on the Py-SNPs in DMSO and water. These experiments accounted for the fact that NACs absorb strongly where pyrene absorbs and emits for the quenching experiments in DMSO where NAC concentrations of up to 5 mM were employed to observe quenching. Consequently, the front face geometry was employed for all fluorescence measurements with NACs in DMSO and the quenching rate constants of the different NACs were determined from the analysis of Stern-Volmer plots obtained by TRF since the TRF results were not affected by the reduction in fluorescence intensity induced by NAC absorption. The absorption of NACs in water was not an issue due to their low solubility in water. Consequently, all fluorescence measurements in water were carried out with the right-angle geometry. More information about the absorbance of NACs and their implications on the fluorescence measurements can be found in SI.
Quenching of pyrene and Py-SNP by nitromethane in DMSO: Figures 2A and B illustrated the effect that an increase in NM concentration had on the fluorescence spectra and decays of pyrene, respectively. The fluorescence intensity decreased and the fluorescence decays shortened with an increase in quencher concentration. The fluorescence decays of pyrene in DMSO were quasi monoexponential, exhibiting a close to 90% pre-exponential contribution with a long decay time that was attributed to the lifetime of molecular pyrene (see Table S1). The fluorescence intensity with (F) and without (Fo) quencher as well as the number average decay time of the pyrene solution with <>N and without <>No quencher were calculated from the fluorescence spectra and decays shown in Figures 2A and B, respectively. Fo, F, <>No, and <>N were used to calculate the ratios Fo/F and <>No/<>N which were plotted in Figure 1C as a function of NM concentration. The plots shown in Figure 1C were linear as expected for a Stern Volmer plot which could be fitted to Equation 1 where kq is the rate constant for the quenching of pyrene by NM and <>Wo is the weight-average lifetime of pyrene without quencher. The derivation of Equation 1 for multiexponential fluorescence decays without quencher is provided in SI. According to Equation 1 which was derived for perfectly dynamic quenching, Fo/F should equal <>No/<>N. However, <>No/<>N was found to be slightly smaller than Fo/F in Figure 1C, probably because of residual static quenching. Fortunately, lifetime measurements are unaffected by static quenching and the slope of the <>No/<>N-vs-[Q] plot was used to determine kq, found to equal 2.9 (± 0.03)×109 M.s for molecular pyrene in DMSO.
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These quenching experiments were repeated for all Py-SNP samples, and the results obtained for Py(10)-SNP are shown in Figures 2D-F. The main differences were that the fluorescence spectra showed excimer fluorescence as would be expected from the high pyrene content of Py(10)-SNP and the monomer decays were clearly multiexponential due to the random labeling of the SNPs with PyBA. All the fluorescence data obtained with the Py-SNPs are presented in Figures S2-S9 in SI. The Stern-Volmer plots yielded linear plots of Fo/F and <>No/<>N as a function of quencher concentration. As for pyrene, Fo/F was slightly larger than <>No/<>N. The difference between Fo/F and <>No/<>N was most certainly the result of static quenching due to residual association between NM and the pyrenyl labels. Analysis of the Stern-Volmer plots based on the <>No/<>N ratio were linear and could be analyzed with Equation 1 to yield kq,SNP for the quenching of the pyrenyl labels of the Py-SNPs by NM. The kq,SNP values for all Py-SNPs and the kq values for pyrene quenched by NM were summarized in Figure 3.
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Figure 1. Fluorescence spectra of A) pyrene (ex = 338 nm) and D) Py(10)-SNP (ex = 346 nm) with increasing NM concentration. Time-resolved fluorescence decays of the monomer of B) pyrene (ex = 338 nm, em = 375 nm) and E) Py(10)-SNP (ex = 346 nm, em = 375 nm) with increasing concentration of NM. Stern-Volmer plots for () steady-state and () time-resolved fluorescence for C) pyrene and F) Py(10)-SNP. Solvent = DMSO. [Py] = 2.6×10 M; [NM] from 0 to 12.4 mM for pyrene and from 0 to 16.3 mM for Py(10)-SNP.[NM] 
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Quenching of pyrene and Py-SNPs by MNT, DNT, and TNT in DMSO: As observed for the quenching by NM in DMSO (Figures 2A and B), a decrease in the fluorescence intensity and a reduction in the lifetime was observed with increasing MNT concentration (see Figures 2A, B, D, and E). 
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Figure 2. Fluorescence spectra (ex = 346 nm) of A) pyrene and D) Py(10)-SNP with increasing MNT concentration. Time-resolved fluorescence decays (ex = 346 nm, em = 375 nm) of the monomer of B) pyrene and E) Py(10)-SNP with increasing concentration of MNT. Stern-Volmer plots for () steady-state and () time-resolved fluorescence for C) pyrene and F) Py(10)-SNP. Solvent = DMSO; [MNT] from 0 to 4.3 mM for pyrene and from 0 to 5.0 mM for Py(10)-SNP.

The resulting Stern-Volmer plot for pyrene shown in Figure 2C yielded an exponential increase in the Fo/F ratio with increasing MNT concentration, while the <τ>No/<τ>N ratios increased linearly. The upward curvature in the Fo/F ratios could be attributed to the absorption of MNT (see Figure S1). The results obtained for Py(10)-SNP are shown in Figures 2D-F. Figure 2F did not indicate an exponential increase in the Fo/F ratio as in many Stern Volmer plots obtained with the Py-SNPs in DMSO (see Figures S3 – S5). These discrepancies were attributed to the difficulty associated with the handling of solutions whose absorbance increased substantially over the range of quencher concentrations where the fluorescence signal was being acquired. Fortunately, since TRF results were unaffected by the absorption of the quenchers, the <τ>No/<τ>N ratios were employed to determine the kq and kqSNP values for the different quenchers which were discussed in the following section. 
Comparison of the kq and kqSNP values obtained in DMSO: Since the <τ>No/<τ>N ratios used to build Stern-Volmer plots all yielded straight lines (see Figures S2 – S5), their slope was used according to Equation 1 to determine the kq and kqSNP values presented in Figure 3. kqSNP was found to remain constant regardless of the degree of substitution (DS) of the Py-SNPs in Figure 3A. This observation confirmed that the pyrene labels were accessible to the solvent, and thus the quencher, independently of the pyrene content. kq for molecular pyrene was found to equal 2.9 (± 0.03), 5.8 (± 0.1), 5.3 (± 0.2), and 5.3 (± 0.1) ∙10 Ms for NM, MNT, DNT and TNT, respectively. The kqSNP values averaged across all Py-SNPs were determined to equal 1.6 (± 0.1), 4.0 (± 0.2), 2.2 (± 0.2) and 1.6 (± 0.2) ∙10 Ms for NM, MNT, DNT and TNT, respectively, and they were plotted as a function of quencher type in Figure 3B. The kq values for molecular pyrene were consistently higher than the corresponding kqSNP values for any given quencher as depicted in Figure 3B. Since kq is proportional to the sum of the diffusion coefficients of both the pyrene labels and quencher,50 and since the covalent attachment of the pyrenyl labels to the SNPs brought the diffusion of the labels to a halt compared to the free pyrene molecules, kqSNP would be expected to take a lower value than kq, as observed experimentally.
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Figure 3. Plot of A) kq (hollow symbols) and kqSNP (filled symbols) as a function of DS and B) kq and averaged kqSNP values as a function of quencher type for (, ) NM, ( , ) MNT, ( , ) DNT, and ( , ) TNT in DMSO. 

	The enhancement in quenching experienced by molecular pyrene when going from nitromethane to MNT is clearly illustrated in Figure 3B. An argument based on size alone would suggest that kq should decrease from NM to MNT. That this is not observed in Figure 3B indicates that the probability of quenching molecular pyrene upon contact is much larger for MNT than NM. Additional nitro groups for DNT and TNT did not change kq much compared to MNT. The situation is different for the kqSNP values. As for molecular pyrene, kqSNP increased from NM to MNT reflecting the enhancement in the probability of quenching the pyrene labels upon contact with MNT. Somewhat surprisingly, additional nitro groups decreased kqSNP substantially, bringing the kqSNP value for TNT at the same level as for NM. This effect that had not been observed for molecular pyrene. This decrease was attributed to a decrease in mobility of the NACs with increasing number of nitro groups due to H-bonding between the nitro groups of the NACs and the SNP hydroxyls. Consequently, the quenching efficiency for the NACs towards the Py-SNPs in DMSO followed the sequence MNT>DNT>TNT whereby each addition of a nitro group to the benzene ring resulted in a decrease in quenching efficiency. Having completed the fluorescence quenching studies in DMSO, they were repeated in water.
Quenching of pyrene and Py-SNPs by NM in water: Similarly to the quenching studies conducted in DMSO, a decrease in the fluorescence intensity and shortening of the decays of the pyrene monomer was observed with the addition of NM to the aqueous pyrene solution and Py-SNP dispersions. The linear increase in Fo/F and <τ>No/<τ>N ratios shown in Figure S6 with increasing quencher concentration reflected dynamic quenching. The slightly larger Fo/F ratio compared to the <τ>No/<τ>N ratio indicated a little static quenching, probably due to some residual association between pyrene and NM in water. Linear Stern-Volmer plots were obtained for all Py-SNP samples except for those with a DS of 0.08 and higher. For these latter Py-SNP samples, the Fo/F and <τ>No/<τ>N ratios plateaued at high NM concentrations (see Figures 4A and S6). 
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Figure 4. A) Stern-Volmer plot for Py(8)-SNP quenched with nitromethane. () Steady-state and () time-resolved fluorescence. B) Plot of () kq for molecular pyrene and () kqSNP for Py-SNPs as a function of DS. C) Plot of fa as a function of DS for () molecular pyrene and () Py-SNPs.

This downwards curvature in a Stern-Volmer plot is indicative of protective quenching whereby a fraction of the pyrenyl labels has become inaccessible to the quencher. Equation 2 was applied to determine kqSNP and fa, the fraction of pyrene labels that are accessible to NM50 for the Py-SNP samples in water quenched by NM. The resulting kqSNP and fa values were plotted as a function of DS in Figures 4B and C, respectively. As previously observed in DMSO, kqSNP remained constant, within experimental error, regardless of the pyrene content and was found to equal 2.1 (± 0.5) ∙10 Ms in Figure 4B. kqSNP was smaller than kq for pyrene quenched by nitromethane in water equal to 6.7 (±0.1)×109 s1 due to the reduction in mobility of the pyrenyl labels upon their covalent attachment to the SNPs. The molar fraction fa, shown in Figure 4C, decreased with increasing DS, indicating that the pyrene labels were less accessible. With a solubility limit of ~ 0.7 µM in water,45 pyrene and its derivatives are very hydrophobic. Consequently, the pyrenyl labels of Py-SNPs were expected to form aggregates in water, as supported by the absence of a risetime in all excimer decays acquired for the Py-SNPs in water (see Figures S6 – S9). The decrease in fa with increasing DS suggests that hydrophobic aggregation of the pyrenyl labels reduces accessibility of the isolated pyrene labels to the quencher in solution, possibly because of a tightening of the interior of the SNPs that increases with increasing DS. 


				 			(2)

Quenching of the pyrene excimer in Py-SNPs by MNT, DNT, and TNT in water: The quenching studies were performed with Py-SNPs in the presence of MNT, DNT, and TNT. However since the NACs were little soluble in water,48,49 the quencher concentrations used in water were about 50 times lower than those used for NM in DMSO and water. At such dilute quencher concentrations, little change in the fluorescence intensity, and thus little quenching was observed for molecular pyrene and Py(0.06)-SNP (see Figures 5A-C). However, the Py-SNP samples with a DS of 0.0265 and higher showed a substantial decrease in the excimer fluorescence intensity (Figure 5D), accompanied by a much less pronounced decrease in the monomer fluorescence. Furthermore, the fluorescence decays for the pyrene monomer (Figure 5E) and excimer (Figure 5F) showed hardly any difference with increasing concentration of MNT, DNT, and TNT, resulting in a constant <τ>No/<τ>N ratio that remained near unity as shown in Figure 5G for MNT. 
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Figure 5. A) Fluorescence spectra, B) fluorescence decays, and C) Stern-Volmer plot of molecular pyrene quenched by MNT in water. D) Fluorescence spectra, fluorescence decays of E) the monomer acquired at 375 nm and F) excimer acquired at 510 nm, and G) Stern-Volmer plot for Py(10)-SNPs quenched by MNT in water. In C) and G) () and () are for the Fo/F and <τ>o/<τ> ratios; [MNT] from 0 to 0.9 mM for pyrene and from 0 to 0.25 mM for Py(10)-SNP.D)
C)






These results were a clear demonstration that quenching took place in a static manner through ground-state associations between the pyrenyl labels, either isolated or aggregated, and the NACs. It is worth pointing out that the low MNT, DNT, and TNT concentrations used for the trends shown in Figure 5 ruled out re-absorption by the quenchers as the cause for the reduction in fluorescence intensity (see SI).50 When a combination of static and dynamic quenching is at play, Equation 3 can be used. In the present case however, the absence of significant dynamic quenching, inferred from the unchanged fluorescence decays, implied that kqSNP equaled zero over the range of quencher concentrations. Since the Stern-Volmer plots based on Fo/F in Figure 5G for the excimer yielded a straight line, the slope equaled KS, the equilibrium constant for the formation of ground-state complexes between pyrene and the quenchers. Similar trends were observed for all quenching studies carried out with the Py-SNPs having a DS of 2.65 or higher for MNT, DNT, or TNT (Figures S7 – S9). In all cases, the slopes of the Stern-Volmer plots obtained for the pyrene excimer were determined to obtain KS which was plotted as a function of DS for the Py-SNPs in Figure 6.
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The trends shown in Figure 6 indicated that an increase in pyrene content resulted in an exponential increase in KS. This observation was certainly a result of the formation of more hydrophobic microdomains at higher DS, which favored the binding of MNT, DNT, and TNT to the pyrenyl aggregates, as reflected by the Ks trends in Figure 6. Interestingly, KS for DNT was about twice as large compared to MNT and Ks for TNT was close to an order of magnitude higher compared to DNT. Consequently, the quenching efficiency of the NACs based on the KS values followed the sequence TNT>DNT>MNT, which is opposite to the trend observed for the kq values in DMSO, but similar to what is typically reported in the scientific literature for quenching of pyrene by NACs in water.29,31,[endnoteRef:52] The solubility of TNT (115 mg/L),49 DNT (204 mg/L),48 and MNT (361 mg/L)48 in water were not sufficiently different to explain the much larger Ks values obtained for TNT. Rather it seems that the third nitro group of TNT results in a much stronger affinity between TNT and the pyrenyl aggregates.  [52: .	Kumar, A.; Pandith, A.; Kim, H.-S. Pyrene-Appended Imidazolium Probe for 2,4,6-trinitrophenol in Water. Sens. Actuators, B Chem. 2016, 231, 293-301.] 

A)

	[image: ]
	[image: ]B)



Figure 6. Plot of Ks as a function of DS for MNT ( ), DNT ( ), and TNT ( ). A) Full scale and B) zoomed in section of Figure 6A.

[bookmark: _Ref535380811]Vapour Quenching Studies of Py-CFPs: Having characterized how NACs quenched the fluorescence of molecular pyrene and Py-SNPs in DMSO and water, quenching studies of Py-SNPs adsorbed at the surface of Whatman No1 filter paper were carried out. All quenching studies performed with Py-CFPs were conducted with SNPs labeled with 11 mol% pyrene (Py(11)-SNP). As described in the Experimental section, the Py-CFPs were humidified with 10 L of milliQ water to promote binding of NACs to pyrene aggregates as revealed by the fluorescence quenching experiments. Since the efficiency of many optical sensors for NACs is characterized by monitoring their response as a function of time upon exposure to NAC vapours,22,25,32,35,36,[endnoteRef:53] vapour quenching studies were conducted on Py-CFPs. Py-CFPs were placed in a vial whose headspace had been saturated with NAC vapours and their quenching efficiency (EQ = (1 – F/Fo)×100%) was monitored as a function of exposure time. [53: .	Aparna, R. S.; Anjali Devi, J. S.; Sachidanandan, P.; George, S. Polyethylene Imine Capped Copper Nanoclusters- Fluorescent and Colorimetric Onsite Sensor for the Trace Level Detection of TNT. Sens. Actuators, B Chem. 2018, 254, 811–819.] 

Before vapor quenching studies were conducted, the stability of the Py-CFPs upon irradiation with UV-light needed to be investigated since the Py-CFPs were going to be irradiated at least twice, before and after exposure to NAC vapors. To this end, the quenching efficiency was monitored for a single Py-CFP (1×1 cm2) as a function of the number of irradiations by light at 346 nm. Each irradiation lasted 30 s, which is the time needed to acquire a fluorescence spectrum. When plotted against the number of 30-s irradiations, EQ was found to increase linearly with increasing irradiation number (see Figure S10 in SI). This trend indicated that the fluorescence intensity of Py-CFPs decreased with each irradiation at 346 nm. This decrease was attributed to the degradation of the Py-CFPs and not quenching. It is worth noting that the protocols employed hereafter for all Py-CFP studies required only two irradiations which should correspond to a maximum 5% decrease in the fluorescence intensity based on the trends shown in Figure S10. Since all reported limits of detection (LODs) with the Py-CFPs corresponded to a reduction in intensity of at least 50% from the original fluorescence intensity without quencher, the small 5 % decrease in fluorescence intensity due to photobleaching would introduce a negligible error for LOD determination.
Having assessed the stability of the Py-CFPs upon irradiation by light, vapor quenching studies were conducted. Although vapour studies are commonly used to determine the response time of optical sensors, the procedures that are being applied in the scientific literature vary from study to study. The vapour studies were conducted with MNT, DNT, TNT and naphthalene. The quenching efficiency (EQ) of the vapor quenching studies conducted with MNT, DNT, TNT and naphthalene were plotted as a function of exposure time in Figure 7. The EQ-vs-t profiles in Figure 7 were fitted according to the Michaelis-Menten equation (see Equation S11 in SI) which was used to parametrize the quenching profiles and find the exposure time corresponding to a 75% EQ value. This time was taken as the response time of Py-CFP to a given quencher. The fitting procedure was described in SI and the parameters retrieved from the fits were listed in Table S50. Response times of 10 (± 2), 72 (± 20), and 23 (± 4) s were obtained for MNT, DNT, and TNT, respectively. Vapour pressures of 4.9∙10, 6.2∙10 and 5.5∙10 mmHg at 25oC are reported for MNT, DNT, and TNT, respectively.[endnoteRef:54] The much larger vapor pressure of MNT suggests that its concentration in the head space of the vial would be much larger compared to DNT and TNT, respectively, resulting in a significantly faster response time for MNT. This was indeed observed in Figure 7. Interestingly, despite the much lower vapour pressure of TNT compared to DNT, the response time was 2-fold lower. This suggests that the limit of detection (LOD) of TNT must be lower than that of DNT. [54: .	Östmark, H.; Wallin, S.; Ghee, H. Vapor Pressure of Explosives : A Critical Review. Propellants Explos. Pyrotech. 2012, 12–23.] 
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Figure 7. Plot of quenching efficiency as a function of exposure time for Py-CFPs exposed to () MNT, () DNT, () TNT, () 1,4-benzoquinone, () benzophenone, () cyclohexyl phenyl ketone, () naphthalene, () anthracene, () triphenylamine, () melamine, () 1,4-dimethyl piperazine, and () 4-dimethylaminopyridine. The dash horizontal line indicates the efficiency where 80% quenching occurs. The solid lines represent the line of best fit according to Michaelis-Menten equation. All studies were conducted with 10 (± 2) mg of chemical with the exception of TNT where 50 mg of chemical was used.

In addition to vapour quenching studies conducted with MNT, DNT, and TNT, similar experiments were performed with naphthalene and anthracene (two non-nitrated aromatics), four different amines (triphenylamine, melamine, 1,4-dimethyl piperazine, and 4-dimethylaminopyridine), and three aromatic ketones (cyclohexyl phenyl ketone, benzophenone, and 1,4-benzoquinone) to investigate the selectivity of the Py-CFPs towards NACs. As shown in Figure 7, exposure of Py-CFPs to benzophenone and to a lesser extent, 1,4-benzoquinone, resulted in quenching. Consequently, it could be concluded that non-nitrated aromatics and amines did not quench the Py-CFP, but that Py-CFPs were quenched by NACs and some aromatic ketones. The time of detection of the different quenchers of the Py-CFPs has been reported in Table S50.
To the best of our knowledge, the fastest response time reported for DNT vapor in the literature is 0.5 min for reaching 80% quenching. This response time was achieved with a 90 nm thick pyrene-doped polyether sulfone film.29 Although it is faster than the 72 (±20) s response time to DNT of the Py-CFPs, the 72 s response time remains reasonable for rapid screening of samples. It is also much better than most response times reported in the literature. For example, an electro-spun poly(triphenyl ethene) film with a thickness of 1.6 ± 0.06 µm, was found to have a response of 4 minutes with only 75% quenching.22 A response time of 5 minutes with 100%25 and 87%35 of fluorescence quenching, and thus longer than the response time obtained for the Py-CFPs, was found for films prepared by spin coating AIE-active pentiptycene-derived polymers and organically modified silica doped with pyrene, respectively. To the best of our knowledge, the largest response time for DNT vapors was found to equal 16 hrs to achieve 95% fluorescence quenching with an electrochemically etched n-type silicon wafer doped with phosphorous.36 From this broad range of response times to DNT vapour, it can be argued that the response time of Py-CFPs is among the best response times reported in the scientific literature.22,25,32,35,36,52
Although vapour quenching studies are commonplace, and invaluable to assess how quickly optical sensors respond to minute quantities of NACs, they are associated with three main problems. First the mass of quencher adsorbed onto the film cannot be determined without a more complex protocol in which temperature, flow rate, flow cell volume, and additional parameters must be carefully controlled. Second vapour quenching studies reported in the literature apply different experimental protocols, making a direct comparison of the various response times quite challenging. Finally, almost all vapor quenching studies suffer from the same flaw, that introduction of the film acting as a fluorescence sensor to the head space saturated with NAC vapors requires to unseal the container, allowing some of the NAC vapor to escape, and resulting in the head space being no longer saturated. Therefore, the response time reported in a given vapor study should also account for the time required for the NAC vapor to re-saturate the head space of the container which depends, among other parameters, on the headspace volume. A proper report of the LOD of a given NAC for an optical sensor should provide the lowest possible mass of quencher adsorbed onto a film that can still be detected. This is the purpose of the following section.
Filter paper-based quenching studies: Py-CFPs were exposed to increasing amounts of NACs as described in the Experimental section. Their fluorescence was recorded to yield the quantity <WFo/OSFo>/(WFo/OSF) which was plotted in Figure 8 as a function of the amount of quencher, expressed in ng of quencher per mm of filter paper, that had been deposited on the paper. Beside MNT, DNT, and TNT, these experiments were also conducted with naphthalene and anthracene, two amines (1,4-dimethyl piperazine and 4-dimethylaminopyridine), two aromatic ketones (1,4-benzoquinone and benzophenone), and two other nitrated compounds (picric acid and trinitroglycerine). 
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Figure 8. Plot of <WFo/EFo>/(WFo/EF) as a function of the amount of chemical expressed in ng/mm2 deposited on the Py-CFPs for () MNT, (), DNT, () TNT, () picric acid, () trinitroglycerin, () 1,4-benzoquinone, () benzophenone, () naphthalene, () anthracene, () 1,4-dimethyl piperazine, and () 4-dimethylaminopyridine. The solid lines represent the lines of best fit according to the Hill equation.

The profiles shown in Figure 8 were fitted to the Hill equation (see Equation S12 in SI) which was applied to parametrize the experimental profiles and provide a mathematical means to determine the mass of quencher adsorbed to the Py-CFPs required to achieve a given <WFo/OSFo>/(WFo/OSF). Taking the amount of quencher density where 90% of the fluorescence was quenched as the limit of detection (LOD) yielded values of 30 (± 6), 11 (± 4), and 2.0 (± 0.5) ng per mm for MNT, DNT, and TNT, respectively. If the statistically significant LOD (ssLOD) was taken as the quencher density where <WFo/OSFo>/(WFo/OSF) was smaller than 3 times the standard deviation (3σ) obtained for the data where no quenching was observed according to the protocol described in SI,[endnoteRef:55] the ssLODs for MNT, DNT, and TNT equaled 9.2 (± 0.8), 3.3 (± 0.5), and 0.20 (± 0.02) ng per mm, respectively. These ssLODs were obviously substantially lower as they were obtained for a surface density of quencher that resulted in quenching that was less efficient but remained clearly detectable and avoided false positives. For either case, the decrease in the LOD for the quenching of the Py-CFPs by NACs mirrored the trend found with Ks in Figure 6 for the Py-SNPs in water which was significantly higher for TNT than for MNT and DNT.  [55: .	Zamora, D.; Amo-Gonzales, M.; Lanza, M.; Fernández de la Mora, G. ; Fernández de la Mora, J. Reaching a Vapor Sensitivity of 0.01 Parts per Quadrillion in the Screening of Large Volume Freight. Anal. Chem. 2018, 90, 2468-2474.] 

	As for the vapor quenching study, the selectivity of the Py-CFPs toward NACs was investigated by repeating these experiments with other chemicals as shown in Figure 8. The non-nitrated aromatics and the amines did not quench the fluorescence of the Py-CFPs. Picric acid and trinitroglycerine quenched the fluorescence of the Py-CFPs effectively, but with a much higher ssLOD of, respectively, 47 (± 7) and 26 (± 3) ng/mm2, compared to the ssLOD of 0.20 ng/mm2 obtained for TNT. Similarly, 1,4-benzoquinone and benzophenone were able to quench the fluorescence of the Py-CFPs effectively with ssLODs of, respectively, 9 (± 1) and 6 (± 1) ng/mm2, but significantly larger than the ssLOD obtained with TNT. In summary, although other chemicals were able to quench the Py-CFPs effectively, TNT had a 10 lower ssLOD compared to any other chemicals. The LODs and ssLODs for the quenching of the Py-CFPs by different chemicals have been summarized in Table S51.	 
Figure 9 also shows how Py-CFPs changed in color from blue to dark upon irradiation with a hand-held UV-lamp when the amount of NAC was increased from, respectively, below to above the LOD. The clear difference in fluorescence signal, combined with the sharp transition around the LOD illustrated in Figure 8, should enable the rapid assessment of whether the Py-CFP has come in contact, or not, with a small quantity of NACs. Furthermore, simply dipping the Py-CFP in ethanol to wash the adsorbed NAC away from the Py-CFP showed a substantial recovery in fluorescence after exposure to NACs.

[image: ]
Figure 9. Py-CFP exposed to 2 ng/mm of TNT and then subsequently dipped into ethanol.

[bookmark: _Ref535385564]Comparison with LODs reported in the literature: Although many reports can be found in the literature dealing with quenching experiments conducted with fluorescence sensors, no standardized procedure has yet been agreed upon on how quenching studies should be conducted and their results reported. Examples of reported LODs include parts per million (ppm) of quencher adsorbed onto the optical sensor, molar concentrations (mol/L) of a quencher solution into which an optical sensor was immersed, or response times (s) for an optical sensor quenched by a variable amount of quencher, to name but a few of the parameters being employed. This complicates the direct comparison of LODs reported in different publications. Some LODs and Stern Volmer constants (KSV) reported in the literature for TNT and other NACs have been summarized in Table S52. LOD for TNT when the <WFo/OSFo>/(WFo/OSF) ratio was less than 0.1 or 13× was found to equal 2.0 (± 0.5) or 0.20 (± 0.02) ng/mm, respectively, for Py-CFPs prepared with Py(11)-SNP. Unfortunately, LODs are almost never reported in terms of quencher mass per unit area. In one rare example, an LOD for TNT of 1 ng per mm was reported by using a poly(triphenyl ethene) film spray coated onto Whatman filter paper.22 It should be noted that the detection of the poly(triphenyl ethene) paper sensor was only determined by visual inspection, which prevented the determination of error bars on the LOD, and that the polymer was electro-sprayed onto paper contaminated with NACs. By contrast, the present study provided experimental data that were parametrized, which enabled the determination of error bars for the LODs, and the quencher was added onto a strip of paper that had been coated with Py-SNPs beforehand. A 0.14 ng/mm LOD for TNT was reported by using a polyaniline coated filter paper.[endnoteRef:56] However the LOD was determined with an infrared camera, and the mass of quencher per unit area was determined by dipping a known area of a gloved finger into a TNT solution with a known concentration and volume and subsequently pressing the contaminated finger onto the polyaniline film. Nevertheless, the reported LODs of 122 and 0.1455 ng/mm for TNT were comparable in magnitude to the ssLOD of 0.20 (± 0.02) ng/mm for TNT using Py-CFPs. In fact, the ssLOD obtained in this report for the quenching of Py-CFPs by TNT were among the lowest found for fluorescence sensors in the scientific literature. Additionally, the synthesis of Py-SNPs used to prepare the Py-CFPs is significantly simpler compared to many polymers used in other fluorescence sensors reported in the literature. In particular, dendrimers which are often favored for sensor applications due to their open structure, are much more expensive to prepare compared to SNPs, which are prepared from waxy corn starch which is mainly amylopectin, a form of starch that has been described as Nature’s dendrimer.42 Furthermore, SNPs bind very tightly to paper thus providing an easy and cost-effective method to prepare Py-CFPs.  In addition to Py-CFPs having comparable detection limits as the most sensitive fluorescence sensors, the Ks values for the binding of NACs to the Py-SNPs in water were found to be similar to, if not better than, those reported in the literature for other substrates used to prepare optical sensors (Table S52). Unfortunately, the Ks values of the Py-CFPs could not be directly compared, as Ks depended on the pyrene content (see Figure 6). However, the KS value of 1.2 (± 0.1) ∙105 M for the quenching of Py(3.7)-SNP by TNT was similar to those reported in the literature for TNT, typically found to be in the 1 - 5∙105 M range.21,27,29,39,41,[endnoteRef:57],[endnoteRef:58] The KS value of 5.8 (±0.2) ∙105 M for Py(11)-SNPs was larger than this range, and the continuously increasing trend found for KS in Figure 6 suggests that a better detection limit and response time could be obtained with Py-SNPs having a higher pyrene content. [56: .	Huang, S.; He, Q.; Xu, S.; Wang, L. Polyaniline-Based Photothermal Paper Sensor for Sensitive and Selective Detection of 2,4,6-Trinitrotoluene. Anal. Chem. 2015, 87, 5451–5456.]  [57: .	Giri, D.; Islam, S. N.; Patra, S. K. Synthesis and Characterization of 1,2,3-Triazole Appended Polythiophene Based Reusable Fluorescent Probe for the Efficient Detection of Trace Nitroaromatics. Polym. 2018, 134, 242–253.]  [58: .	Xu, B.; Wu, X.; Li, H.; Tong, H.; Wang, L. Selective Detection of TNT and Picric Acid by Conjugated Polymer Film Sensors with Donor-Acceptor Architecture. Macromolecules 2011, 44, 5089–5092.
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CONCLUSIONS
This report has successfully demonstrated that the fluorescence of Py-SNPs can be employed to detect minute quantities of nitroaromatic compounds with excellent detection response time via fluorescence quenching. The mechanism of quenching, namely static quenching of the pyrene aggregates through binding of NACs induced by hydrophobic interactions, was established by a thorough photophysical study of the Py-SNPs in DMSO and water. The performance of the Py-CFPs was established first by vapor studies which yielded rapid response times to achieve 75 % quenching of 10 (± 2), 72 (± 20), and 23 (± 4) s for MNT, DNT, and TNT vapours, respectively. More quantitative quenching studies were conducted by direct deposition of NACs onto Py-CFPs. The LODs obtained where 90% of the fluorescence was quenched were found to equal 30 (± 6), 11 (± 4), and 2.0 (± 0.5) ng/mm for MNT, DNT, and TNT, respectively. Statistically significant LODs determined from a decrease in fluorescence intensity greater than three times the standard deviation (3σ) were found to equal 9.2 (± 0.8), 3.3 (± 0.5), and 0.20 (± 0.02) ng/mm for MNT, DNT, and TNT, respectively placing the ssLODs of the Py-CFPs among the lowest values reported for fluorescence sensors in the literature. Furthermore, the Py-CFPs showed no sensitivity to naphthalene and anthracene, two non-nitrated aromatics, four amines, and reduced sensitivity toward some aromatic ketones. Nevertheless, the ssLOD obtained for TNT was more than ten times lower than for any of the other chemicals investigated in this study which suggests some selectivity of the Py-CFPs toward this specific NAC. Consequently, the excellent performance and low cost of Py-CFPs make them promising candidates to use as fluorescence sensors for the detection of NACs. Another aspect of this study, that might be even more important than the demonstration that Py-CFPs are good fluorescence sensors, is the introduction of the Michaelis-Menten and Hill equations to parametrize the quenching profiles shown in Figures 7 and 8, respectively. This procedure provides a mathematical means for other researchers to compare their results against ours. As such, it represents a major improvement since comparison of quenching results obtained from different research groups is currently complicated by the lack of standardized protocol to describe quantitatively the experimental results.
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