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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A novel fluorescent sensor, namely F- 
SPE, is developed from solid-phase 
extraction (SPE) disk modified with 
perylene diimide (PDI) fluorophore. 

• F-SPE demonstrates effective detection 
of aniline and Kanamycin, with limit of 
detection (LOD) down to 67 and 32 nM, 
respectively. 

• The sensing mechanism is based on the 
donor-acceptor fluorescence quenching 
of PDI by amines. 

• The high detection sensitivity of F-SPE is 
mainly due to the high porosity of SPE 
substrate that helps concentrate the 
analytes from solution phase. 

• F-SPE significantly simplifies the anal
ysis process by eliminating the need to 
precisely meter the sample volume.  
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A B S T R A C T   

This paper describes the development and proof-of-concept testing of an easy-to-use trace analysis technique, 
namely F-SPE, by coupling fluorescent sensor with solid phase extraction (SPE). F-SPE is a two-step methodology 
that concentrates an analyte from a liquid sample onto a fluorophore-modified membrane and measures the 
amount of analyte from the extent the extracted analyte quenches the emission of the fluorophore. By applying 
the principle of negligible depletion (ND) intrinsic to SPE, the procedure of F-SPE for analyzing a sample can be 
markedly simplified while maintaining the ability to detect analytes at low limits of detection (LOD). The merits 
of this approach are demonstrated by impregnating a SPE membrane with a perylene diimide (PDI) fluorophore, 
N,N′-di(nonyldecyl)-perylene-3,4,9,10-tetracarboxylic diimide (C9/9-PDI), for the low-level detection of organic 
amines (e.g., aniline) and amine-containing drugs (e.g., Kanamycin). The sensing mechanism is based on the 
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donor-acceptor quenching of PDI by amines, which, when coupled with the concentrative nature of SPE, yields 
LODs for aniline and Kanamycin of 67 nM (~6 ppb) and 32 nM (~16 ppb), respectively.   

1. Introduction 

Driven by increases in the world’s population and industrial 
manufacturing, the need for simple and easy-to-use tests for the analysis 
of contaminated water at the point of access continues to be a global 
imperative [1–3]. Today’s most used approaches to water analysis 
include a range of hyphenated chromatographic-mass spectrometric 
techniques [4–8], electrochemistry [9–11], infrared (IR) and Raman 
spectrometry (including surface enhanced Raman scattering) [12–16], 
and other spectrometric methods [17]. However, the cost, footprint, 
power requirement and sample preparation processing often associated 
with these technologies limit their deployment beyond the formal lab
oratory setting. Electrochemical sensors, particularly those based on 
microfluidic [18] and 3D printed systems [19], hold great potential to 
address these technical limits regarding both form factor and portability, 
though the complications due to electrode surface modification and 
changes in background responses can impact repeatability and robust
ness when compared to spectrometry methods. In contrast, chemical 
sensors, like those based on fluorescence modulation have proven 
effective and robust in water quality monitoring by providing a simple, 
sensitive, and reliable means to detect a variety of organic and inorganic 
pollutants in water [1,20–24]. 

Like many other types of chemical sensors, quantitative detection 
with fluorescence sensors relies on stoichiometric interaction between 
fluorophore and analyte. As a result, these approaches require the ability 
to analyze an exacting volume of the sample. This requirement can 
complicate the practical use of fluorescence sensors, particularly in 
scenarios where quick, high throughput analysis may be a priority. 
Moreover, when the concentration of analyte in a sample is too low to 
produce a measurable fluorescence modulation, a preconcentration step 
is a necessity, which further magnifies the difficulty of onsite measure
ments. The development of approaches that eliminate the need for the 
analysis of a precise volume of sample would be an invaluable addition 
to field deployability. 

This paper reports on a novel trace analysis technique, namely F-SPE, 
which couples fluorescent sensor with solid phase extraction (SPE) by 
modifying the SPE membrane with a fluorophore (Fig. 1), which, in this 
example, is a N,N′-di(nonyldecyl)-perylene-3,4,9,10-tetracarboxylic 
diimide or C9/9-PDI. When a water sample is passed through the SPE 
membrane, a certain amount of analyte will be absorbed, quenching the 

emission of the impregnated fluorophore. Herein, quantitative detection 
is based on the principle of negligible depletion (ND) intrinsic to SPE as 
applied to the extraction of analytes from solution [25–27]. With ND, 
the equilibrium amount of analyte extracted by the SPE membrane be
comes dependent on the analyte concentration once the volume of so
lution flowing through the SPE membrane passes a threshold value. At 
this threshold volume, the extraction process has reached equilibrium 
and the concentration of sample existing in the membrane matches the 
concentration of sample entering into the membrane. This threshold 
volume is defined as the ND volume. Under the condition of ND, the 
amount of measured fluorescence quenching can be readily correlated 
with the analyte concentration by means of a calibration curve, which 
normally follows the Langmuir adsorption model. This allows for 
convenient onsite analysis simply by passing through a large enough 
volume of water sample without worrying about the need to precisely 
control the volume of sample analyzed. Moreover, depending on the 
porosity and surface area of the SPE substrate used, high levels of ana
lyte preconcentration can be achieved, which enables lower levels of 
detection. 

The concept of ND was previously applied by Porter et al. in the 
colorimetric detection of aqueous iodine, arsenite, dyes and other 
chemicals using SPE membranes [25,28–33], for which the amount of 
surface absorbed analytes was determined by diffuse reflectance spec
trometry. One technical drawback of the method was that it could only 
be used for the detection of colored species or those with sufficient op
tical absorption in the UV–vis region. It is the aim of this study to expand 
the application of ND-SPE to the detection of essentially colorless ana
lytes like amines by replacing colorimetric sensing with fluorescence 
sensing. In general, fluorescence sensing provides higher sensitivity than 
colorimetric sensing, thereby pushing the LOD to much lower levels. 

In this study, we investigated the use of Empore™ SPE disks (a silica 
gel membrane modified with C18 groups) as a basis to access the merits 
of applying the ND-SPE to the fluorescence sensor (i.e., F-SPE) as 
described above (Fig. 1). The fluorophore used, C9/9-PDI, has the 
typical perylene diimide (PDI) molecular backbone structure. PDI mol
ecules are highly fluorescent (quantum yield close to 100%) when dis
solved in a solvent or immobilized on an inert surface, but can be 
quenched by photo-induced electron transfer (PET; Fig. 1), whereby PDI 
acts as an electron acceptor [34–37]. Using PDI as the fluorophore also 
takes advantage of the high thermal and photo-stabilities of the 

Fig. 1. Schematic of F-SPE by combining fluorescence sensing with SPE in a vacuum filtration setup. The sensing mechanism is based on fluorescence quenching via 
PET between amine and the fluorophore. Also, the molecular structure of C9/9-PDI used as the fluorophore, and aniline and Kanamycin (sulfate salt) are shown. 
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materials that have been extensively utilized in photovoltaics, 
light-emitting diodes, optoelectronics, and medical imaging and pho
totherapy [34–40]. 

For this study, we chose aniline and Kanamycin (an amine- 
containing antibiotic drug) (Fig. 1) as representative water pollutants. 
Organic amines usually function as strong electron donors and readily 
quench the fluorescence of PDIs through photoinduced electron transfer 
[34,41–43]. It is thus expected that the presence of amines in water can 
be detected by the SPE disk coated with PDI via fluorescence quenching. 
Moreover, amine-containing compounds constitute an important class of 
water pollutants which can be detrimental to the ecological environ
ment, biological health and economic security [44–46]. Aniline, for 
example, is highly poisonous to human and animals and can cause 
serious health and environment threats when is discharged into water 
systems. Aniline can also cause detrimental effects to the microorgan
isms used in the water treatment processes. Many drugs such as anti
biotics also have multiple amine groups in their large molecular 
structure, and can be classified as amine-containing compounds. When 
present in water, these drugs may cause even greater problems to the 
aquatic ecosystems than the normal amines due to the medical effects on 
humans and other living species [47,48]. Therefore, it is of significant 
interest to develop simple methods for quick onsite detection of these 
pollutants. High throughput monitoring of drugs, particularly antibi
otics, in various locations helps create dynamic mapping of the pollution 
in water systems including rivers and lakes, which is especially crucial 
for the countries where antibiotics are widely used. 

2. Experimental section 

2.1. Reagents and chemicals 

n-Propanol, Kanamycin (C18H36N4O11, MW: 484.5 g/mol), and its 
sulfate salt, and acetic acid were purchased from Aladdin Reagent Co., 
Ltd (China). Aniline, NaCl, NaOH, Na2SO4, KH2PO4 were acquired from 
Macklin reagent Co., Ltd (China). All chemicals and reagents were of 
analytical grade quality, and used without further purification. Deion
ized (DI) water was prepared with a EPED-Smart-S2 water purification 
system (Nanjing Yipu Yida Technology Development Co., China). C9/9- 
PDI was synthesized and purified following a protocol previously 
developed in our laboratory [49]. Molecularly dispersed (i.e., non
aggregated) stock solutions (100 μM) of C9/9-PDI was prepared in 
n-propanol. Stock solutions of aniline (10 mM) and Kanamycin (100 
μM), and all the spiked samples used in the test were prepared with DI 
water. 

2.2. Fabrication of fluorophore modified SPE disks 

The fluorescent SPE disks were prepared by coating Empore™ SPE 
disks with C9/9-PDI. Empore™ disk consists of C18-modified silica 
particles (~12 μm diameter) enmeshed in fibril-based polytetrafluoro
ethylene (PTFE) membranes (0.5 mm thickness) at 90% silica:10% PTFE 
(w/w). Surface coatings were prepared by passing 10 mL of C9/9-PDI 
solution (10 μM in n-propanol) through the disk by using the vacuum 
filtration setup (Fig. S1) at a flow rate of 0.08 mL/min for a total time of 
~12 min; a few higher flow rates were tested, e.g., 0.7 and 1 mL/min, 
but yielded visually heterogeneous precipitates on the outer surface of 
the membrane. The hydrophobic nature and chain structure of the C18- 
modified silica particles strongly adsorb the fluorophore by interdigi
tating with the C9 side chains of C9/9-PDI, dispersing it across the silica 
surface with little observable aggregation (vide infra). A few other C9/9- 
PDI concentrations and flow rates were tested, but the above condition 
resulted in the most homogeneous distribution of the fluorophore across 
the membrane by visual inspection. 

2.3. Instrumentation, optical measurements, and data analysis 

The UV–vis absorption spectra of C9/9-PDI in n-propanol were 
measured using a Shimadzu spectrophotometer (UV-2600). The fluo
rescence spectra of the samples were acquired with an Edinburgh fluo
rometer (model FS5). A fluorescence microscope (OST-YW4000, Suzhou 
Oust Optical Instrument Co., Ltd.; China), set at a magnification of 400 
× (2 mm cylindrical spot size) was used to obtain fluorescence images of 
the samples. 

When used in F-SPE (Fig. 1), the fluorescence of the C9/9-PDI coated 
disk changes upon pulling aqueous amine-containing solutions through 
it by vacuum filtration. The changes in emission were measured using a 
field-portable fluorometer (USB4000-FL, Ocean Optics), which was 
equipped with a flexible optical fiber probe for optical excitation de
livery and emission collection (Fig. S2). The angle of incidence for the 
optical fiber bundle was set at 45◦ with respect to the SPE disk surface. 
The excitation beam had a diameter of 2 mm. The data collected by the 
fiber optic spectrometer were uploaded to a spreadsheet on a computer 
for calculation of relative fluorescence intensities, construction of cali
bration and Langmuir isotherm plots, and estimation of LOD. 

3. Results and discussion 

3.1. F-SPE disk preparation and spectral characteristics 

Spectra demonstrating the successful and reproducible impregnation 
of the fluorophore in the SPE disk and the stability of impregnation in 
wash-off tests are given in Fig. 2 and S3. Fig. 2A is the spectrum for C9/ 
9-PDI dissolved in neat n-propanol (10 μM), which shows three distinct 
emission maxima (540, 578, and 630 nm), corresponding to the 0 → 0, 0 
→ 1 and 0 → 2 transitions, respectively. This spectral profile, which 
includes the relative differences in the strength of the three bands, is a 
signature for C9/9-PDI when it is molecularly dispersed (i.e., non
aggregated) in a solvent like n-propanol [49,50]. 

Fig. 2B presents fluorescence spectra for the SPE disk impregnated 
with C9/9-PDI measured after each rinse for a total of eight consecutive 
rinses (10 mL of DI water per rinse) using vacuum filtration. There are 
three points to draw from these spectra. First, the spectral profile for the 
impregnated fluorophore (emission maxima at 536, 578, and 626 nm) 
closely matches that for C9/9-PDI when dissolved in n-propanol. This 
confirms the ability to load the disk with C9/9-PDI. Second, the strong 
similarities of the spectral profiles of the spectra for the solution and 
immobilized fluorophore indicate that the impregnated C9/9-PDI is well 
dispersed in a molecular state [49]. This assessment is consistent with 
the visual uniformity of the green fluorescence intensity across the SPE 
disk shown in the inset to Fig. 2B. The molecular dispersion of 
impregnated C9/9-PDI is attributed to the strong intermolecular asso
ciation/interdigitation of the C9 chains of C9/9-PDI and the C18 chains 
coated on the silica particles of the Empore™ disk [51–53]. There is no 
detectable evidence for aggregated fluorophore, which otherwise has a 
single emission maximum at ~620 nm across the same spectral region 
[49]. Third, the fluorescence spectra measured for the same disk across 
eight separate water washes shows a high level of consistency. This 
consistency documents the stability of immobilized C9/9-PDI when 
rinsed with water. The stability against water is also ascribed to the 
strong surface association of C9/9-PDI as mentioned above. Moreover, 
C9/9-PDI is insoluble in water, also making it difficult to be washed 
away by water. The small fluctuations of fluorescence intensity shown in 
Fig. 2B is likely due to the rough surface of the disk, which may cause 
certain level of fluctuation for the emission measurement, especially via 
an optic fiber. In view of the observed measurement fluctuations, the 
averaged fluorescence intensity from 5 measurements at the same po
sition on the substrate was used in all subsequent analysises. 

The impregnation of C9/9-PDI was also proven reproducible as 
shown in Fig. S3. The fluorescence spectra measured for the five sepa
rately modified disks demonstrate a high level of consistency, e.g., the 
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emission intensities of the 536 nm band for the five samples differ by 
only ~4%. This low variability confirms the reproducibility of impreg
nation. The high reproducibility is attributed to the intrinsic homoge
neous matrix of Empore™ disk and the effectiveness of the impregnation 
process facilitated by the strong surface association of C9/9-PDI. Highly 
repeatable fabrication of sensor materials is critical for translating a 
sensor technique to practical applications. 

3.2. F-SPE and ND 

3.2.1. Sampling volume as defined by the principle of ND 
The results from measurements to determine the ND volume for 

aniline at two different aqueous solution concentrations (1 and 10 μM) 
with C9/9-PDI modified SPE disks are presented in Fig. 3. Sample vol
umes from 0 to 60 mL (10 mL increments) were tested. As is apparent, 
the fluorescence intensities for both aniline concentrations decrease as 
the volume of sample passed through the disk increases, reach limiting 
values at ~40 mL, and remain effectively unchanged at larger sample 
volumes. These results indicate a ND volume of 40 mL for this combi
nation of analyte and fluorophore-modified disk. The change in signal 

with volume of solution passed through the impregnated membrane also 
shows that the amount of fluorescence quenching for the 10 μM aniline 
solution is greater than that for the 1 μM solution. Both observations 
follow expectations for a well-behaved system operating under the 
condition of ND, i.e., the fluorescence quenching of the disk can be 
correlated with the equilibrium concentration of solution as defined by 
the Langmuir adsorption model and static quenching mechanism (vide 
infra). 

The same procedure was used to establish the ND volume for the 
analysis of Kanamycin (1 and 10 μM aqueous solutions) using the same 
SPE disk modified with C9/9-PDI. These results are presented in Fig. 4. 
Like the dependence found for aniline (Fig. 3), the strength of the 
fluorescence decreases with the volume of sample passed through the 
disk. In the case of Kanamycin, however, the responses plateau at a 
sample volume of ~20 mL, which is roughly half that required for ani
line. The smaller value of ND volume found for Kanamycin is attributed 
to the stronger intermolecular interaction with C9/9-PDI, for which the 
binding constant is about 2.5 times higher than that for aniline as 
deduced from the fluorescence quenching data (vide infra). The stronger 
affinity allows Kanamycin to reach the equilibration (as probed by the 

Fig. 2. (A) Fluorescence spectra measured for a 10 μM solution of C9/9-PDI in n-propanol (λex: 490 nm). The inset shows the fluorescence photograph of the solution 
in a quartz cuvette. (B) Fluorescence spectra recorded for an Empore™ disk coated with C9/9-PDI for each of eight consecutive rinses with 10 mL of deionized water 
(via vacuum filtration). The inset shows the fluorescence microscopy image (400 × ) of the disk. 

Fig. 3. Fluorescence intensity measured for the C9/9-PDI coated Empore™ 
disk after filtering with varying volumes of water solutions of aniline under 
vacuum, for which two series of experiments were performed with two different 
concentrations of aniline, 1 and 10 μM. 

Fig. 4. Fluorescence intensity measured for the C9/9-PDI coated Empore™ 
disk after filtering with varying volumes of water solutions of Kanamycin under 
vacuum, for which two series of experiments were performed with two different 
concentrations of Kanamycin, 1 and 10 μM. 
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fluorescence quenching) more effectively at lower ND volumes. 

3.2.2. Binding equilibrium and LOD 
When the volume of a sample passing through the SPE disk is at or 

above ND value, the uptake of analyte by the disk is at equilibrium, and 
the surface concentration of analyte (Cs) can be correlated with the so
lution concentration (C) following the classic Langmuir adsorption 
model [54], [[,55]. 

Cs =
C0

s KC
1 + KC

(1)  

where Cs
o is the maximum surface concentration of analytes when all the 

adsorption sites are occupied, and K is the adsorption equilibrium con
stant. For a given SPE disk, Cs

o is a constant. 
The surface adsorbed analytes will interact with the fluorophore 

embedded in the SPE disk, resulting in fluorescence quenching, which 
can be described as a typical static process in the format of Stern-Volmer 
equation [56]. 

I0

I
= 1 + K ′Cs (2)  

where I0 is the fluorescence intensity measured in the absence of ana
lytes, I is the intensity at a given surface concentration of analytes, and 
K′ is the binding constant between the analyte and fluorophore. 

Combining Eqs. (1) and (2) gives 

I0 − I
I0

=
C0

s K ′ KC
1 +

(
1 + C0

s K ′
)
KC

(3)  

Eq. (3) correlates the fluorescence quenching efficiency, defined as of 
(I0–I)/I0, directly with the concentration of analytes, thus enabling 
quantitative detection of analytes simply by measuring the fluorescence 
intensity change. 

Fig. 5 presents the results and analysis of data from measuring the 
fluorescence of C9/9-PDI impregnated disks as a function of aniline 
concentration. Fig. 5A shows the expected decrease in fluorescence as 
the concentration of aniline increases. These spectra were used to 
generate the plot of (I0–I)/I0 as a function of aniline concentration 
presented in Fig. 5B, for which the fluorescence quenching data ob
tained can be fitted very well with Eq. (3) (with a R2 value of 0.998), 
producing values of K (3.7 ± 0.5 × 105 M− 1) and Cs

oK’ (0.83 ± 0.04) for 
aniline. The fit can be used as a calibration curve to estimate the LOD, 
which is defined as the concentration of sample that corresponds to the 
blank signal plus three times its standard deviation [57–59]. 

Accordingly, the LOD for aniline is projected to be 67 nM (~6 ppb). The 
LOD thus obtained is lower than most of the values reported recently for 
many other fluorescence sensors, such as those based on 
metal-organic-framework (MOF) [60–62], hydrogen-bonded organic 
framework [63], and modified BODIPY fluorophores [64]. Even lower 
LOD (3 nM) was reported on a fluorescence turn-on sensor based on 2D 
coordination network constructed from hexacopper(I)-iodide clusters 
and cage-like aminophosphine blocks [65]. However, the construction 
of this type of sensor materials requires an often tedious series of mo
lecular and polymeric syntheses and intricate structural engineering. 
Summary comparisons of these sensors with our F-SPE sensor regarding 
LOD and other performance metrics can be found in Table S1. To further 
test the adaptability of F-SPE for analysis of real water samples, the same 
experiments shown in Fig. 5 were repeated for the samples prepared in 
tap water. The results obtained (Fig. S4) demonstrate a strong consis
tency with respect to with Fig. 5 in terms of both fluorescence quenching 
measurement and fitting of data with Langmuir adsorption model (Eq. 
(3)), implying that the detection of amine with F-SPE is not significantly 
affected by the interferents like inorganic ions commonly present in tap 
water. 

In completing our concept assessment of F-SPE, we tested its exten
sibility by analyzing water samples spiked with Kanamycin. The results 
of these experiments are shown by the spectral data in Fig. 6A and 
fluorescence quenching dependence as a function of Kanamycin con
centration in Fig. 6B. As observed for aniline, the fluorescence 
quenching data obtained for Kanamycin shown in Fig. 6B can also be 
fitted very well with Eq. (3) (with a R2 value of 0.999), producing values 
of K (2.9 ± 0.3 × 105 M− 1) and Cs

oK’ (2.09 ± 0.06) for Kanamycin. The 
value of K obtained for Kanamycin is slightly lower than that for aniline, 
which is consistent with its slightly higher hydrophobicity of aniline, as 
implied from the solubility of aniline and Kanamycin in water, 35 and 
50 g/L [66,67]. Since Empore™ disk is composed of C18-modifed silica 
gel embedded in PTFE matrix, the surface adsorption would be more 
preferred for hydrophobic molecule. The value of K’ obtained for 
Kanamycin is about 2.5 times larger than that for aniline, indicating the 
stronger electron donor-acceptor binding interaction between Kana
mycin and C9/9-PDI, which is in turn consistent with the fact that there 
are four amine groups (acting as the electron donor) contained in 
Kanamycin, while there is only one amine group in aniline. 

Using the fitting data from Fig. 6B, we can estimate a LOD of 32 nM 
for Kanamycin. This level obtained is comparable to or even better than 
that achieved with the sophisticated detection technologies developed 
previously for Kanamycin, such as those based on surface plasmon 
resonance (SPR) spectroscopy [68], liquid chromatography coupled 

Fig. 5. (A) Fluorescence spectra of the Empore™ disk coated with C9/9-PDI measured before and after passage of 60 mL of aniline solution of varying concen
trations. (B) The corresponding fluorescence quenching efficiency was plotted as a function of the concentration of aniline, and all the data points can be fitted well 
with Eq. (3). The sample volume used, 60 mL, is above the ND volume (40 mL) determined for aniline with the Empore™ disk (Fig. 3). 
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with pulsed electrochemical detection [69], liquid chromatography 
combined with SPE and tandem mass spectrometry [70]. While even 
lower LODs (<10 nM) were reported for some other sensor systems, 
most of the sensors are either challenging for operation and control, or 
involve complicated material synthesis and engineering [71–73], thus 
not suited for immediate deployment in practical applications. To this 
regard, the F-SPE technique developed herein may find an easy practical 
path in the detection or screening of antibiotics and other drugs in water 
environments, taking combined advantages of the low LOD and simple 
process intrinsic of the ND concept of SPE. It is interesting to see from 
Figs. 5 and 6 that the extraction of both aniline and Kanamycin reaches 
saturation in fluorescence quenching as the concentration increases, and 
the saturated value is apparently dependent on the analytes. This can be 
interpreted as a limited condition of Eq. (3). When the solution con
centration C increases to be sufficiently high, i.e., KC ≫ 1, Eq. (3) can be 
approximated as Eq. (4), 

I0 − I
I0

=
C0

s K ′

C0
s K ′

+ 1
(4)  

which implies that the fluorescence quenching efficiency will become 
saturated, reaching a plateau with the value determined only by the two 
constants, Cs

o and K′, when the concentration of analytes increases. 
Apparently, for a given SPE disk (with Cs

o fixed) the saturated quenching 
efficiency would depend solely on the intermolecular binding constant 
K’. 

3.2.3. Fluorescent sensing selectivity towards amines 
As discussed above, C9/9-PDI is a typical electron acceptor, and the 

fluorescence quenching is usually a result of interaction with an electron 
donor like aniline or other amines. In the water environment under 
ambient conditions, there are few molecules or ions that can compete 
effectively with amines functioning as an electron donor to enable 
fluorescence quenching of PDI. It is thus expected that the PDI sensor 
should demonstrate high selectivity towards amines vs. other common 
chemicals present in water environment such as alcohols, aldehydes, 
acetone, phenols, nitroaromatics, alkanes, surfactants, acetic acid, metal 
ions, anions, which can be considered as potential interferents to the F- 
SPE detection. To test such sensing selectivity, we performed the fluo
rescence quenching of PDI in ethanol solution by five different amines 
(aniline, benzylamine, phenethylamine, cyclohexylamine and butyl
amine) in comparison to 16 common interferents in water under the 
same condition (Fig. 7). All the five amines showed significant 
quenching, though the quenching efficiency of aniline was found about 
4 × times higher than that of the other four amines, which is mainly due 

to the aromatic nature of aniline that increases its strength as an electron 
donor. In contrast to the amines, all of the 16 interferents exhibit a 
minimal signal response (with quenching efficiency at or below 0.25%) 
when tested at the same concentration. This indicates a high level of 
selectivity by the PDI fluorophore towards amines as a class of analytes. 
Nonetheless, it is not possible for a single fluorophore to discriminate 
amines among a broad range of analogues due to their close structure 
and chemical properties. In general, a more realistic approach to 
achieving detection specificity would be incorporating different fluo
rophores onto a F-SPE disk patterned as an array, which will enable 
differential sensing. By coupling with automated machine learning, the 
differential sensing based on an array can usually provide high level 
discrimination power, even for the chemical analogues with very similar 
structure or properties, as evidenced in many other studies [74–77]. 

4. Conclusions 

We have developed a new SPE-based detection technology, namely 
F-SPE, by combining fluorescent sensor with solid phase extraction 
(SPE). The F-SPE technology developed can detect trace level of aniline 
and Kanamycin in water, with LOD down to 67 nM and 32 nM, 
respectively. The LODs obtained compare favorably to those reported 
for the fluorescence sensors based on different materials and sensing 

Fig. 6. (A) Fluorescence spectra of an Empore™ disk (C) coated with C9/9-PDI measured before and after passing through 40 mL of Kanamycin solution of varying 
concentrations. (B) The corresponding fluorescence quenching efficiency was plotted as a function of the concentration of Kanamycin, and all the data points can be 
fitted well with Eq. (3). The sample volume used, 40 mL, is above the ND volume (20 mL) determined for Kanamycin with the with the Empore™ disk (Fig. 4). 

Fig. 7. Fluorescence quenching efficiency of C9/9-PDI fluorophore measured 
in ethanol solution (2 μM) for 5 amines in comparison to 16 other chemicals 
commonly found in environmental water samples. All of the chemicals were 
tested under the same concentration (5 mM). 
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mechanisms. The main innovation of this work and the associated 
impact to chemical and biochemical analysis lie in coupling the intrinsic 
high sensitivity of fluorescent sensors to two unique features of SPE, i.e., 
the strong concentrative nature of SPE (usually with a concentrative 
factor of >1000) and the principle of negligible depletion (ND) that 
significantly simply the analysis process by eliminating the need to 
precisely control the volume of sample analyzed. Combining the high 
sensitivity, simplicity of use, and low cost, the F-SPE technology has 
great potential to be applied in detection of broad range of water pol
lutants by taking advantage of the extensibility of the design of fluo
rophores to target different types of chemicals. 
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