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Selective visual detection of trace trinitrotoluene
residues based on dual-color fluorescence of
graphene oxide–nanocrystals hybrid probe†

Kui Zhang,‡a Lei Yang,‡b Houjuan Zhu,a Fang Ma,a Zhongping Zhanga

and Suhua Wang*a

Herein, for the detection of highly explosive 2,4,6-trinitrotoluene (TNT) instantly and on-site, a fluorescence

ratiometric probe using a dual-emission nanohybrid has been developed. The nanohybrid comprises blue-

colored fluorescent graphene oxide (FGO) being conjugated with red-emitting manganese-doped ZnS

nanocrystals (ZnS:Mn NCs), the latter being functionalized with hexamethylenediamine. The blue

fluorescence of FGO is insensitive to TNT and is used as an internal reference, whereas the red

fluorescence of ZnS:Mn NCs can be selectively quenched by TNT through electron transfer, resulting in

a unique red–purple–blue color response as the amount of TNT is increased. Thus, the probe could be

used for the quantitative measurement of TNT based on the fluorescence ratiometric method. We

demonstrated that the nanohybrid probe exhibited high visual detection sensitivity and reliability in

comparison with single-color fluorescence quenching probes. A fluorescence test paper was prepared

using the nanohybrid probe and was demonstrated to detect TNT residues directly on various surfaces

including rubber, a person's fingers and manila envelopes with a visual detection limit as low as 5.68

ng mm�2, showing its promising application for security screening.
Introduction

The detection of illegally transported explosives has become
more important since the rising threat of global terrorism.1–7

2,4,6-Trinitrotoluene (TNT) is a potent explosive for terror
attacks, so its detection on suspicious objects is important for
the safety of airports, mail sorting centers and other civilian
situations. Various methods involving in complex instrumen-
tation such as chromatography–mass spectrometry,8–11 ion
mobility spectrometry,12,13 Raman spectroscopy,14–16 terahertz
spectroscopy,17,18 and X-ray dispersion,19,20 have been developed
for the detection of TNT. These instrumental techniques are
highly selective and sensitive, but most of these devices are
rather bulky, expensive, and time-consuming, and the detection
process is usually to be analyzed in laboratory. Therefore,
instant detection and on-site identication of trace TNT resi-
dues on the surface of suspicious objects is still challenging
and in great demand. We previously reported a ratiometric
cademy of Sciences, Hefei, Anhui 230031,

ty of Science and Technology of China,

(ESI) available: Infrared transmission
of the nanohybrid probe, absorption
9/c3an02380j

o this work.

hemistry 2014
uorescence probe for the visual detection of TNT, which was
prepared through a complicated procedure of hybridizing two
different-sized CdTe quantum dots.31 Herein, we report a novel
probe for TNT detection which was synthesized through a
simplied procedure and used less toxic material, graphene and
manganese-doped ZnS nanocrystals. The uorescent red-
colored nanocrystal as the recognition unit specic for TNT and
uorescent blue-colored graphene oxide as a stable internal
reference. This probe generates ratiometric uorescence as a
signal output for the visual indication of TNT presence.

Fluorescence sensing of TNT has been developed widely
based on uorescent conjugated polymers, polymer lms,
nanoparticles, and other chemosensors.21–37 Most of these che-
mosensors contain uorescent organic dyes, which are usually
susceptible to photobleaching, low uorescence quantum yield
and low signal intensities. In addition, many researchers have
also focused on uorescence nanosensors employing lumines-
cent nanomaterials as the signal output such as quantum
dots,30–33 metal nanoclusters,34 dye-doped nanoparticles,35–37

and so on, in which the sensing method is highly attractive
because their sensitivity and selectivity are signicantly
improved by chemical modication on the surface of nano-
sized materials. Most of these sensors based on single-color
uorescence intensity changes tend to suffer interference from
a variety of factors, such as the probe molecule concentration,
excitation intensity, instrumental efficiency, and environmental
conditions, and also do not provide good opportunities for
Analyst, 2014, 139, 2379–2385 | 2379
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visualization of the detection. By contrast, methods based on
dual-color uorescence for ratiometric measurement are less
prone to suffering such problems due to their self-calibration of
two emission bands.38–43 Furthermore, these sensing methods
not only allow more precise measurement and quantitative
analysis by changing in the ratio of the uorescence intensities
at two wavelengths, but can also achieve visual identication by
observing color changes when the analyte leads to a change of
the two emissions with different colors of a ratiometric sensor.
Therefore, although the uorescence-based protocol has been
widely used for TNT sensing, the development of a novel dual-
color uorescence sensor based on a ratiometric signal output
for the naked eye detection of TNT is of particular interest
because of its practical demand for public security.

We design a novel uorescence probe comprising manga-
nese-doped ZnS nanocrystals (ZnS:Mn NCs) and uorescent
graphene oxide (FGO) with dual-emission bands and establish
its utility for the rapid and visual identication of TNT. As
illustrated in Scheme 1, the dual-color uorescence nanohybrid
probe has two peaks under a single wavelength excitation, in
which the blue-colored uorescence of FGO is insensitive to TNT
and the red-colored uorescence of the NCs is specically
sensitive to TNT. The ratiometric uorescence responses are
therefore realized upon quenching of the red uorescence of
NCs by TNT while the blue-colored uorescence intensity of FGO
is relatively stable. A small variation of the ratio of the two
intensities leads to distinct change in the uorescence color of
the probe, which can be easily observed by the naked eye under a
UV lamp. We further demonstrate the utility of the nanohybrid
probe for the visual detection of TNT residues on various
surfaces including rubber, a person's ngers and manila enve-
lopes through the uorescence color changes. This method
Scheme 1 Schematic illustration of the architecture of the nanohybrid
probe and the working principle for the visual detection of TNT. The
red-emissive 3-mercaptopropionic acid-capped nanocrystal is
attached to the blue-emissive FGO surface. The hexamethylenedi-
amine-bearing primary amino groups specifically reactive to TNT to
form a Meisenheimer complex. The bottom panel shows the fluo-
rescence changes of the probe upon exposure to a certain amount of
TNT and the corresponding digital photos of the probe solution
recorded under a UV lamp.
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shows high selectivity and sensitivity with a visual detection limit
as low as 11.35 ng mm�2 on the surface of the manila envelope.

Experimental
Chemicals and materials

Zinc sulfate (ZnSO4$7H2O), manganese acetate (Mn(CH3-
COO)2$4H2O), sodium sulde (Na2S$9H2O), natural graphite
akes, N,N-dimethylformamide (DMF), dichloro sulfoxide,
hexamethylenediamine (HMD), tetrahydrofuran (THF) and
nitrobenzene (NB) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). 2,4,6-Trinitrotoluene
(TNT) and 1,3,5-trinitro-1,3,5-triazinane (RDX) were supplied by
the National Security Department of China, and were recrys-
tallized with ethanol before use. 2,4-Dinitrotoluene (DNT) was
purchased from Merck-Schuchardt (Hohenbrunn, Germany).
3-Mercaptopropionic acid (MPA), N-hydroxysuccinimide (NHS),
and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDC) were used as received from Sigma-Aldrich.
Ultrapure water (18.2 MU cm) was obtained from a Millipore
water purication system.

Synthesis of uorescent graphene oxide (FGO)

FGO was synthesized using our previous method.44 Typically, the
dried graphene oxide (20 mg) was dispersed in 5 mL of DMF.
Then 20 mL of dichloro sulfoxide was added into the solution
and the mixture was reuxed at 80 �C for 48 h. Aer centrifu-
gation at 10 000 rpm for 10 min, the supernatant was discarded
and the remaining solid was washed with anhydrous tetrahy-
drofuran two times through centrifugation. The activated GO–
acyl chloride (GO–COCl) and hexamethylenediamine (2 mL)
were mixed and heated at 60 �C for 72 h. The resultant reaction
solution was dispersed in ultrapure water (20 mL). A yellow
supernatant was obtained aer centrifugation at 8000 rpm for 10
min. The supernatant was then dried by rotary evaporation. The
resultant hexamethylenediamine-modied FGO was re-
dispersed in ultrapure water (20 mL). FGO showed bright blue
uorescence under UV illumination and the maximum uores-
cence intensity was located at 440 nm with a 320 nm excitation.

Preparation and surface modication of manganese-doped
ZnS nanocrystals (ZnS:Mn NCs)

14.775 g of ZnSO4$7H2O was dispersed in 80 mL of ultrapure
water. An amount of 0.98 g manganese acetate was added into
the above solution. The mixture was stirred under the protec-
tion of nitrogen for 0.5 h, and then 20 mL of aqueous solution
containing 12.009 g of Na2S was added into the reaction
mixture. The resultant mixture was vigorously stirred for 3 h.
The product ZnS:Mn NCs were obtained aer centrifugation at
10 000 rpm for 10 min and then washed with ultrapure water
several times through centrifugation. For the further surface
modication, the product was re-dispersed in 120 mL of ultra-
pure water. 5 mL of the above solution was mixed with 0.36 mL
of MPA (Zn–MPA ¼ 1 : 2), and the mixture was stirred for 24 h
under nitrogen atmosphere. The product was collected through
centrifugation at 10 000 rpm for 10 min and washed with
This journal is © The Royal Society of Chemistry 2014



Fig. 1 Fluorescence emission spectra of (a) FGO, (b) MPA-capped NCs
and (c) the dual-color fluorescence nanohybrid probe solution, and
the corresponding fluorescence colors under a 312 nm UV lamp,
respectively.
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ultrapure water several times to remove the residual MPA.
Finally, the obtained nanocrystals were re-dispersed in 20 mL of
ultrapure water for further use.

Synthesis of dual-color uorescence nanohybrid probe

50 mL of HMD was mixed with 800 mL of mercaptoacetic acid-
capped NCs and then 10 mL of a solution of EDC–NHS
(1 mg mL�1) was added. The mixture was stirred for 1 h at room
temperature in the dark. Then, 1 mL of FGO was added, and the
mixture was stirred for another 1 h. The resulting nanohybrids
were obtained through centrifugation at 10 000 rpm for 10 min
and then washed with ultrapure water to remove the excess
FGO, free HMD and other chemicals. The nanohybrid probe
was re-dispersed in 5 mL of ultrapure water (the concentration
of probe solution is 15.2 mg mL�1) for further use.

Measurements of uorescence response to explosives

Typically, 10 mL of the stock probe solution was added to a
spectrophotometer quartz cuvette. Subsequently, the solution
was diluted to 2.0 mL by solvent (ethanol–acetonitrile, 4 : 1, v/v).
The nal concentration of probe solution for the uorescence
measurements was 76 mg mL�1. The uorescence spectra were
recorded using a 320 nm excitation wavelength. All uorescence
measurements were performed at room temperature under
ambient conditions. Meanwhile, the uorescence responses of
FGO and HMD-capped NCs were also measured by an identical
procedure.

Visual detection of TNT residues on various surfaces

In order to prepare the test paper, 200 mL of probe solution was
added into 10 mL of ultrapure water. The mixture was shaken for
5 min until the solution was evenly mixed. A piece of lter paper
(40 mm � 35 mm; 40 mm � 25 mm) was immersed into the
above mixture with ultrasonic agitation for 2 min. Then, the lter
paper was removed from solution and kept still for 10 min in the
dark. As the lter paper dries, it displays a strong red-colored
uorescence under a 312 nm UV lamp, indicating the successful
preparation of the test paper. To visually detect TNT residues on
surfaces, the test paper was contacted with the suspicious TNT-
contaminated spots on these surfaces. In addition, 2.5 mL of
different concentrations of TNT/acetonitrile solutions (0.5, 1, 2, 5
mM) were added dropwise on to the test paper and manila
envelope, respectively. Spots of about 8 mm in diameter
(contaminated area of about 50 mm2) were formed aer each
deposition. The concentrations of TNT deposited on the surfaces
(C: ng mm�2) were estimated based on the TNT concentration in
solution (C0: mmol L�1), solution volume (V: mL), and spot size
(R: mm) formed aer drying, according to the equation: 227C0V/
(pR2). For each test, the test paper was contacted on all contam-
inated spots. The uorescence color responses of the indicating
paper were observed under a UV lamp (8 W, lmax ¼ 312 nm).

Characterizations

The uorescence spectra were recorded using a Perkin-Elmer
Luminescence Spectrometer LS-55 at room temperature.
This journal is © The Royal Society of Chemistry 2014
UV-visible absorbance spectra were obtained using a UNIC
UV-4802 diode array spectrometer. The morphology of the
nanohybrid was examined using a JEOL 2010 transmission
electron microscope (TEM). All photographs were taken with a
Canon 350D digital camera.
Results and discussion

In this work, we use FGO and ZnS:Mn NCs as luminescence
units to construct the dual-color uorescence nanohybrid
probe. Compared with uorescent semiconductor quantum
dots (CdTe QDs, CdSe QDs, CdS QDs, and so forth), FGO and
ZnS:Mn NCs are less toxic and greener for practical applica-
tions. The probe was obtained by simply mixing hexamethyle-
nediamine (HMD)-modied graphene oxide44 and MPA-capped
NCs in water. The FGO was conjugated with the NCs among
their surface capping molecules. Importantly, the amino groups
of the HMD molecules act as the specic recognition sites for
TNT. The uorescence spectra of blue-emissive FGO, red-
emissive MPA-capped NCs and the as-prepared dual-color
uorescence nanohybrid probe are shown in Fig. 1. FGO shows
a uorescence maximum at 440 nm and exhibits strong blue
uorescence under a UV lamp (lmax ¼ 312 nm). The NCs show
two uorescence maxima at 600 nm and 430 nm which are
attributed to the characteristic 4T1/

6A1 transition of Mn2+ ions
in the ZnS matrix and the defect-related emission of the ZnS,
respectively.47 Fortunately, the uorescence intensity at 430 nm
is much lower and does not interfere with the detection
(Fig. 1b). Aer hybridization, the resultant nanohybrid probe
displays well-resolved dual-emission bands under a single
wavelength excitation at 320 nm (Fig. 1c). The nanohybrid probe
exhibits a bright pink uorescence color which is very different
from the blue emission of FGO and the red emission of the NCs
(inset images). These results indicate that the blue-emissive
FGO is successfully conjugated with the red-emissive NCs and
that both are photoluminescent under a single excitation.
Investigations using infrared transmission spectroscopy have
Analyst, 2014, 139, 2379–2385 | 2381
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been carried out in order to prove the assumption of the
formation of an amide bond between the primary amino group
and the carboxyl group (Fig. S1 in ESI†). The IR absorption
bands occur at 1550 cm�1 (nasCOO

�) and 1390 cm�1 (nsCOO
�)

for the mercaptoacetic acid-capped nanocrystals.52 Whereas the
spectra of HMD-capped NCs and the nanohybrid probe show a
broad band around 3200 cm�1 (nOH, H2O and nNH3

+), the
bands at 3250 cm�1 (nNH(CONH)) and 1160 cm�1 (nas(C–N–C))
in the spectra indicate the existence of the amide bond. TEM
images of the MPA-capped NCs and the nanohybrid probe are
shown in Fig. S2 (see ESI†). As it can be seen, the NCs of 4–8 nm
in diameter are well dispersed and then slightly aggregated
before and aer hybridization with FGO, respectively. The
stability of the nanohybrid probe against photobleaching is
systematically investigated in aqueous solution. Aer ve
consecutive illuminations at 320 nm (30 min for each time), the
relative uorescence intensity has no apparent change,
implying its good photostability in aqueous solution (Fig. S3
in ESI†).

Scheme 1 illustrates the dual-color uorescence nanohybrid
probe structure and the working principle for the visual detec-
tion of TNT. The nanohybrid probe shows unique and well-
resolved dual-emission bands under a single wavelength
excitation (Scheme 1). As shown in our previous work,36,37,45–47

the electron-withdrawing analyte, TNT, readily reacts with the
electron-donating primary amino groups due to charge transfer
from the amino groups to aromatic rings leading to the
formation of Meisenheimer complexes, which oen has a
strong absorption in the visible range. The HMDmolecules near
the surface of the NCs thus have great reactivity to TNT to form a
Meisenheimer complex, evidenced by UV-visible absorbance
spectroscopy (Fig. 2). The anionic form of TNT can strongly
absorb the visible light, leading to the color change of the
solution (from colorless to pink). The TNT molecule is a
Brønsted–Lowry acid and is deprotonated by interaction with an
amino-group, leading to the formation of the anion–cation pair
of TNT� and RNH3

+ in the solution. The charge of the complex
Fig. 2 Evolution of absorbance spectra of 2 mM of TNT solution (a)
before and (b) after adding 10 mL of HMD. Inset image shows the
corresponding color changes in natural light.
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is distributed throughout the TNT molecule and stabilized by
resonance. Therefore, the amino groups at the surface of the
NCs specically recognize TNT molecules through the interac-
tion. The resultant TNT anions bound to the surface of the
nanohybrid probe quench the red uorescence intensity of
the NCs through electron transfer from the conductive band of
ZnS to the lowest unoccupied molecular orbital of the TNT
anions.47 Meanwhile, the blue uorescence intensity of FGO
remains almost constant. The decrease of the red emission
of the nanohybrid probe results in the color change of the
total emission (from pink to blue), facilitating the visual
detection of TNT.

The working principle of visual detection has been
conrmed through monitoring the response of the dual-color
uorescence of the nanohybrid probe to TNT, as shown in
Fig. 3. The nanohybrid probe exhibits two independent emis-
sion peaks, at 440 nm mainly from FGO, and 600 nm from the
ZnS:Mn NCs. The intensity of the red emission is gradually
decreased by the addition of TNT whereas the intensity of the
blue emission remains almost unchanged. The changes in the
uorescent intensity ratio of the two emission wavelengths
result in continuous color changes (a unique red–purple–blue
uorescence color response, as shown in the inset image of
Fig. 3) which can be easily observed by the naked eye. Obviously,
even a slight decrease of the red uorescence leads to an
obvious color change of the probe. Additionally, we have
investigated the effect of pH values on the uorescence process,
and the results show that the ratio of the uorescence
quenching intensity was almost unaffected by pH values in the
range of 6.06–8.05, as shown in Fig. S5.† These results
demonstrate that the ratiometric measurement can avoid false-
negatives generated by the pH change of the solution due to
self-calibration of the two emission bands.

To demonstrate the more sensitive visual detection of the
nanohybrid probe over that of the single-color uorescence-
based method, we have examined and compared the quenching
effects of TNT on the uorescence of FGO and HMD-capped
Fig. 3 The fluorescence spectra and the corresponding fluorescence
color changes of the probe solution upon exposure to different
concentrations of TNT. The concentrations of TNT from top to bottom
are 0, 25, 50, 75, 100, 125 mM, respectively.

This journal is © The Royal Society of Chemistry 2014
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NCs (Fig. 4). It can be seen that TNT (125 mM) can only quench
the blue uorescence of FGO by 17%, which is ascribed to the
strong molecular interaction between TNT and surplus hex-
amethylenediamine and/or the delocalized p-bond of graphene
oxide. Although 17% of the uorescence of FGO is quenched,
the change of uorescence color is negligible (inset images of
Fig. 4A). Similarly, the uorescence of HMD-capped NCs is
greatly quenched by TNT, but the change of the uorescence
color is still hard to be distinguished by the naked eye (Fig. 4B
inset images). In contrast, the same amount of TNT can
generate a distinct uorescence color change of the nanohybrid
probe. Therefore, the comparison clearly demonstrates that the
dual-color uorescence method is more sensitive for the visual
detection of TNT than the single-color uorescence method.
Actually, the detection of TNT with the mixture of FGO and
HMD-capped NCs has been studied previously. Compared with
the covalent conjugation probe, however, the simply mixed
probe is less sensitive to TNT with the same concentration, as
evidenced by the smaller changes in the intensity ratio (I600/I440)
of the mixed probe (Fig. S6†).

The nanohybrid probe reacts with TNT in a dose–response
manner, which can be utilized for quantitation of the analyte.31

With the process of adding TNT, the intensity ratios of the two
Fig. 4 The fluorescence spectra and the corresponding fluorescence
color changes of (A) FGO and (B) HMD-capped NCs solution upon
exposure to different concentrations of TNT. The concentrations of
TNT from top to bottom are 0, 25, 50, 75, 100, 125 mM, respectively.
The digital photos were taken under a UV lamp.

This journal is © The Royal Society of Chemistry 2014
uorescence peaks at 600 nm and 440 nm decrease gradually.
As shown in Fig. 5, there is a highly linear calibration plot with a
correlation coefficient R2 ¼ 0.9998 between the uorescence
emission intensity ratio (I600/I440) and the concentration of TNT
at the micromolar level, allowing TNT to be monitored ratio-
metrically. Moreover, the nanohybrid probe also exhibits
selectivity for TNT over other nitro-containing compounds
including 2,4-dinitrotoluene (DNT), nitrobenzene (NB), and
cyclotrimethylenetrinitramine (RDX). It can be seen in Fig. 5
that these nitro-compounds affect the uorescence intensity
ratio much less, even at higher concentrations, and hence no
obvious uorescence color changes result. In contrast, the
uorescence intensity ratio of the probe solution is decreased by
about 60% by TNT with the concentration of 125 mM, resulting
in remarkable uorescence color changes under the UV lamp
(see the inset image of Fig. 5). The results imply the high
selectivity of the dual-color uorescence nanohybrid probe for
the visual identication of TNT over other nitro-containing
explosives. These nitro-compounds show a quenching efficiency
in the order: TNT [ DNT > NB > RDX, which suggests that the
quenching efficiency is dependent upon the nitro-number,
which is related to the electron-withdrawing ability of the ana-
lytes. As a non-aromatic compound, RDX has the lowest elec-
tron-withdrawing ability and does not have a specic acid–base
interaction with the amino ligands at the surface of the NCs.
Thus the probe can obviously distinguish TNT from these
explosive compounds.

It is well documented that TNT can stick to and contaminate
solid surfaces even with extremely cautious handling due to its
strong adsorption and low vapor pressure.48,49 So the instant,
on-site, and visual detection of trace TNT residues on suspi-
cious objects surfaces is crucial for security screening needs.
For this purpose, we make test papers using the nanohybrid
probe and common lter paper to detect trace TNT residues on
various surfaces. We choose lter paper for it is inexpensive,
available, easy to store and transport, and can be burned at the
Fig. 5 Fluorescence emission intensity ratio (I600/I400) of the nano-
hybrid probe as a function of different concentrations of nitro-con-
taining compounds, respectively. The inset image shows the
corresponding color changes with the addition of 125 mM of different
analytes.

Analyst, 2014, 139, 2379–2385 | 2383
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conclusion of an assay for disposal.50,51 The lter papers were
immersed into the well-homogenized probe solution to adsorb
the probe particles due to the hydrophilic and hydrogen-
bonding interactions. The lter paper was then taken out and
kept in the dark for 10 min before the test. The as-prepared test
paper displays red uorescence under a 312 nm UV lamp, as
illustrated in Fig. 6A. Aer contacting with a rubber surface with
the ‘TNT’ pattern made of TNT residues, an apparent pattern of
‘TNT’ of a different color was seen against the red background
of the test paper. A ngerprint of a nger contaminated with
TNT residues was also clearly visualized on the test paper
(Fig. 6B). The contaminated ngerprint shows an obvious blue
color whereas the negative control ngerprint without TNT
shows no trace on the test paper. These results clearly demon-
strate the utility of the test paper for visualizing the detection of
trace residues of TNT. The visual detection limit, dened as the
least amount of TNT on the surface capable of producing a
different colored spot that can be noted by independent
observers, is used for evaluating the analytical performance of
the test paper. Trace TNT residues on the surface are simulated
by depositing TNT/acetonitrile solution on a test paper, fol-
lowed by drying in air. Different amounts of TNT were deposited
on the surface and were estimated to be 56.75, 22.70, 11.35,
5.68 ng mm�2, respectively. From Fig. 6C, it can be seen that
each spot is distinct and displays the color change from dark
blue (on the top-le corner) to shallow blue (on the bottom-right
corner), and the visual detection limit of the test paper could be
estimated to be 5.68 ng mm�2. Moreover, trace TNT residues on
a manila envelope surface are also clearly visualized using a
similar procedure. TNT residues deposited on a manila enve-
lope are captured by the formation of a Meisenheimer complex
Fig. 6 The color images of test papers for the visual detection of trace
TNT residues on various surfaces. (A) TNT print on rubber surface; (B)
fingerprints with and without TNT contaminant pressed onto the test
paper; test papers capture TNT residues deposited on (C) a test paper
surface, and (D) a manila envelope surface with different amounts of
56.75, 22.7, 11.35, and 5.68 ng mm�2; (E) a test paper is burned after
sensing to avoid TNT pollution in the environment.
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and lied from the surface to the test paper. As shown in
Fig. 6D, trace TNT residues are clearly revealed as different
colored spots against the clear red background under the illu-
mination of the UV lamp. Obviously, the patterns of the color
spots are consistent with the corresponding areas of TNT resi-
dues. The visual detection limit for TNT on the manila envelope
is measured to be 11.35 ng mm�2, which is higher than that on
the test paper. This could be due to the diffusion of TNT
molecules into the depth of the envelope surface and they are
hard to be adsorbed by the test paper. Furthermore, as nitro-
aromatic compounds are harmful to the environment, it is
preferable for the test substrates to be destroyed by complete
burning aer sensing. So such test papers are considerably
greener and more eco-friendly to avoid environmental
contamination (Fig. 6E).
Conclusions

In summary, we have demonstrated a novel method and utility
for the visual detection of TNT residues in solution and on
various surfaces. The method based on the dual-color uores-
cence nanohybrid probe comprising the blue-emissive FGO and
red-emissive NCs could be utilized for the quantitative
measurement of TNT based on uorescence ratiometry and
color changes. Compared with a single-color uorescence
probe, this method exhibits signicantly enhanced visual
detection sensitivity and reliability. Moreover, the nanohybrid
probe has been successfully made into test papers for detecting
trace TNT residues on various surfaces including rubber, a
person's ngers and manila envelopes, which validate the effi-
ciency of instant, on-site, and visual identication of TNT and
could be extended to the visual detection of a wide range of
organic and inorganic molecules.
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