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ABSTRACT

Acetaminophen (AC) is a frequently used pharmaceutical which has been detected in water systems and is of concern due to its
potential environmental impacts. In this study, three quantum dot (QD)-ligand systems, namely L-cysteine (L-cys)-, N-acetylL-cysteine (NAC)- and glutathione (GSH)-capped CdSe/ZnS quantum dots, were synthesized and tested for the fluorescence
detection of acetaminophen. Among the synthesized aqueous core/shell quantum dots, L-cys-CdSe/ZnS QDs were found to be
optimal with high sensitivity for the fluorescence detection of acetaminophen. The L-cys-CdSe/ZnS QDs were of a zinc blende
crystal structure and displayed excellent fluorescence intensity and photostability and provided a photoluminescence quantum
yield of 77 % . The fluorescence of L-cys-CdSe/ZnS QDs was enhanced by the introduction of AC enabling the development of a
fast and simple method for the detection of AC. Under optimal conditions, F-F0 was linearly proportional to the concentration of
AC from 3.0–100 nmol L–1 with limits of detection and quantification of 1.6 and 5.3 nmol L–1, respectively. Some related pharmaceutical compounds including epinephrine hydrochloride (EP), L-ascorbic acid (AA), uric acid (UA), dopamine hydrochloride
(DA) and 4-aminophenol (4-AP) did not interfere with the sensing of AC. The probe was also successfully applied in the determination of AC in tap and river water matrices.
KEYWORDS

Acetaminophen, FRET, pharmaceuticals, quantum dots, fluorescence spectroscopy.

1. Introduction
Acetaminophen or paracetamol (N-acetyl-p-aminophenol,
Fig. 1) is an acylated aromatic amide with log Kow 0.46,1 which
was introduced in 1893 by Von Mering as antipyretic/analgesic
medicine. It has a pKa of 9.46,2 with a solubility of 1.4 × 104 mg L–1
in water at 25 °C.3
Acetaminophen (AC) is frequently prescribed or purchased
over the counter, and falls within the pharmaceuticals and
personal care products (PPCPs), a subclass of organic contaminants. Studies have shown that a large volume of pharmaceutical compounds is constantly entering the aquatic environment
as well as sewers and drains from hospital waste, improper
disposal of pharmaceutical waste, and from healthcare and
veterinary facilities.4 In spite of the fact that the detected concentrations thereof are low, a wide variety of potential deleterious
effects, including acute and chronic toxicity on the aquatic
environment5 and accumulation in tissues6 have been reported
even at these low levels.
In order to avoid adverse effects of PPCPs to humans, fast
and sensitive analytical methods are needed for detecting low
concentrations of PPCPs in water systems. AC has been reported
to occur within the 6.5–11.8 nmol L–1 range in river waters in
South Africa,7,8 while it was detected in Kenyan river waters up
to 708.0 nmol L–1.9 The concentration range of AC in water has
been found to range from 0.86–1627 nmol L–1 10,11 in wastewater
influent and 0.07–460 nmol L–1 12 in wastewater effluent.
At present, detection of PPCPs is carried out under laboratory
conditions utilizing highly expensive instruments, trained
personnel, environmentally unfriendly solvent use and long
analysis times. Techniques include high performance liquid
* To whom correspondence should be addressed. E-mail: patricia.forbes@up.ac.za

Figure 1 Structure of acetaminophen.

chromatography,13 electrochemical analysis14 spectrophotometry15 and chemiluminescence.16 To circumvent these issues,
simple analytical methods are being developed to detect low
concentrations of AC. Among them, optical measurement
methods have gained attention due to advantages including
high sensitivity, ease of implementation, and generally fast
response times.17 Fluorescence techniques are a popular subset
of optical methods, which use a fluorophore material as a sensing receptor to detect the analyte(s). Examples of fluorophore
nanomaterials are carbon nanoparticles (CNPs), graphene
quantum dots (QDs) and semiconductor QDs of the class of
group II–VI and III–V.18
QDs comprise a semiconductor core and a shell which protects
them against oxidation and photodegradation. In addition, QDs
are photo electrochemically active which make them reliable
optical labels in environmental analysis.19
Although the core QDs are toxic due to the use of Cd, stabilization thereof with an inorganic shell such as ZnS and also surface
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coating with a capping agent (e.g. L-cysteine or glutathione) can
reduce ion leakage, thereby reducing toxicity in use.20
QD-based sensing applications are due to Förster resonance
energy transfer (FRET) where QDs serve as donor, and reports of
their application as acceptor are less common. The photoluminescence (PL) ‘turn-on’ mode is more desirable compared to the
‘turn-off ’ mode, as many other factors can also induce the PL
‘off ’ state resulting in false positives.21
It has been previously shown that high lattice mismatch
(~16 %) between ZnS and CdTe may cause incomplete coating
of the core QDs with ZnS which makes the QDs susceptible to
degradation.22 Lower lattice mismatch (~12 %) for CdSe and
ZnS however, results in less degradation.23 Therefore, CdSe/ZnS
QDs are more stable and less toxic than CdTe/ZnS QDs. Moreover, CdSe/ZnS QDs have exhibited the least cytotoxicity and the
most biocompatibility with high sensing ability among CdSe,
CdSe/ZnS and CdSe/CdS QDs.24
Core/shell QDs have a number of advantageous properties
regarding their use as analytical sensors and they have found
many applications across disciplines.25,26
Even though AC has been detected by several analytical techniques, there is still a lack of a reliable, fast and cost-effective
screening method for this analyte. Herein, three QD-thiol ligand
combinations were synthesized and their sensitivity towards
AC detection was examined in order to find the optimum QDligand system. We then describe a simple turn-on fluorescence
detection approach for AC sensing based on L-cys-CdSe/ZnS
QDs as these provided the highest sensitivity. Although many
studies have been published regarding the application of
CdSe/ZnS QDs, there is no study to date regarding their use in
the determination of AC in environmental water samples.
2. Experimental Procedures
2.1. Materials
Cadmium oxide (99.5 %), octadec-1-ene (ODE, 90 %), L-cysteine (L-cys, 96 %), sulfur powder (³99.5 %), trioctylphosphine
oxide (TOPO, 90 %), zinc oxide (99 %), oleic acid (OA, 90 %),
N-acetyl-L-cysteine (NAC, ³99 %) and acetaminophen (AC,
analytical standard) were purchased from Sigma Aldrich
(St. Louis, MO, USA). Epinephrine hydrochloride (EP, 95 %),
L-ascorbic acid (AA, reagent grade), dopamine hydrochloride
(DA, ³98 %), and uric acid (UA, ³99 %) and 4-aminophenol
(4-AP, 99.9 %) as potential interfering analytes were also
purchased from Sigma Aldrich. Methanol (99.5 %), acetone
(99.5 %), sulfuric acid (98 %), potassium hydroxide (85 %),
chloroform (99 %), glutathione (GSH, ³98 %) and selenium
powder (99 %) were purchased from Merck (Darmstadt,
Germany). Water was provided by an ultrapure Milli-Q Water
System (18.0 W.cm at 25 °C).
2.2. Instrumentation
A Horiba Jobin Yvon Fluoromax-4 spectrofluorometer was
employed to record fluorescence emission spectra and UV-vis
absorption spectra were taken using a Cary Eclipse (Varian)
spectrophotometer.
The PL quantum yields of the QDs in Millipore water were
determined as previously reported.27 A PANalytical X’Pert Pro
powder diffractometer in q–q configuration with a X’Celerator
detector, variable divergence and receiving slits with Fe filtered
Co-Ka radiation (l = 1.789 Å) was used to analyze powder X-ray
diffraction (XRD) patterns. IR measurements were obtained
from a Spectrum RXI FT-IR System from Perkin Elmer. Transmission electron microscopy (TEM) images were recorded using
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a JEOL JEM 2100F operated at 200 kV. The particle size distributions of QDs were estimated using ImageJ software (http://
imagej.nih.gov/ij/, U.S. National Institutes of Health [NIH],
Bethesda, Maryland, USA). Raman spectra were recorded using
a WITec Alpha 300 micro-Raman imaging system with 488 nm
excitation laser and CCD detector at room temperature with
laser power below 2 mW in order to minimize heating effects. All
pH measurements were made with a Metrohm 780 pH-meter
that was calibrated with Accsen standards of pH 4.0 and 7.0.
Energy dispersive X-ray spectroscopy (EDS) analysis was
carried out using a HRSEM integrated EDS Zeiss Crossbeam 540
with software AZtech version 3 by Oxford Instruments.
PhotochemCAD was used to compute the Förster distance.28
2.3. Fabrication of Water-soluble CdSe/ZnS Core/Shell QDs
A one pot organometallic approach was utilized for the preparation of the CdSe/ZnS core/shell QDs which has previously
been reported by our group.27 Conversion of hydrophobic QDs
to water-soluble QDs was then carried out by a ligand exchange
reaction. A stock solution of thiol ligand–KOH in 40 mL methanol was prepared using 2 g of thiol ligand (L-cys, GSH or NAC)
and 3.0 g of KOH with ultrasonication. After purification, the
hydrophobic capped CdSe and CdSe/ZnS QDs were re-dispersed separately in chloroform and the ligand exchange solution
was added followed by Millipore water. In order to separate the
organic phase from the aqueous phase, the solutions were
stirred for 1 h. The water-soluble CdSe and CdSe/ZnS QDs were
then purified using ethanol and acetone to efficiently remove all
hydrophobic capping substituents. The purified water-soluble
QDs were finally dried in a fume hood.
2.4. Fluorescence Experiments
1.0 mg of water-soluble CdSe/ZnS QDs was dissolved in 3 mL
Millipore water and a standard solution containing a specific
amount of AC was added and after 5 min the resulting PL
spectrum was determined. The same conditions were applied
for all PL measurements: 5 nm slit width was chosen for the
excitation and emission of the spectrofluorometer with a 300 nm
excitation wavelength. An AC stock solution (1.4 × 10–3 mol L–1)
was prepared by dissolution of the solid in Millipore water and
was diluted to prepare standard solutions. Sensing was carried
out as follows: 2 mL of QDs solution was placed in a quartz
cuvette followed by addition of 500 µL of AC standard solution.
The PL intensity was taken after 5 min as F and F0 was PL intensity of QDs in 500 µL of water. A series of F-F0 values were
obtained by varying the AC concentration.
Real water samples for fluorescence measurements were
collected in pre-cleaned glass bottles from a river and municipal
tap in Pretoria, South Africa, and were transported to the laboratory in a cooler box filled with icepacks. The water samples were
centrifuged at 4500 rpm for 5 min and filtered using 110 mm pore
size filter paper prior to analysis.
3. Result and Discussion
3.1. Comparison of PL Intensity of L-cys-CdSe/ZnS,
NAC-CdSe/ZnS and GSH-CdSe/ZnS QDs
The synthesized CdSe/ZnS QDs capped with three different
capping agents, L-cys, NAC and GSH, respectively, were utilized
to investigate the optimum QD-ligand system for the determination of AC. The relative fluorescence intensity of the QDligand combinations was measured by the amount of enhancement observed for 5.0 nmol L–1 of AC relative to the fluorescence
signal of the QDs in the presence of Millipore water. It was
observed that the NAC-capped CdSe/ZnS QDs provided the
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lowest sensitivity while the fluorescence intensities of the L-cys
and GSH-CdSe/ZnS QDs were easily influenced by the addition
of AC and showed greater sensitivity (Fig. 2). There was a 23 %
increase in the relative PL intensity of the L-cys-capped
core/shell QDs while only an increase of 2 % was found for the
NAC-capped QDs and 21 % for the GSH-capped QDs. In contrast, GSH-CdSe/ZnS QDs were previously found to provide
sensitive detection of triclosan by our group.27 In this case,
L-cys-CdSe/ZnS QDs provided the most sensitivity and were
thus chosen as a fluorescent sensor for the determination of AC
and all subsequent characterizations and experiments were
performed on L-cys-CdSe/ZnS core/shell QDs.
In a previous study,27 the Förster distance was found to be
4.0 nm for the system of GSH-CdSe/ZnS QDs-TCS while this
distance in the case of L-Cys- and NAC-CdSe/ZnS QDs for TCS
was 7.9 nm and 7.8 nm, respectively. Therefore, GSH-CdSe/ZnS
QDs provided higher sensitivity with better energy transfer. In
this study, the calculated Förster distance for both L-cys- and
NAC-CdSe/ZnS QDs for AC target molecules were 6.1 nm (the
Förster distance of L-cys-CdSe/ZnS QDs-AC system is discussed
in Section 3.11). It was therefore concluded that the lower sensitivity of NAC-CdSe/ZnS QDs arose most likely from the structure of NAC which could not efficiently H-bond to AC molecules
relative to L-cys for which three H-bonds are possible.
3.2. Optical Characterization of Aqueous L-cys-CdSe and
L-cys-CdSe/ZnS QDs
An overlay of the emission and absorption spectra of core and
core/shell QDs is shown in Fig. S1. where a characteristic broad
absorption and narrow emission peak are evident. Table 1 compares the optical parameters of the water-soluble core and
core-shell QDs.
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Surface passivation with the ZnS shell increased the size of the
core-shell QDs, as evident from the red shift. Stokes shift is one
of the most important parameters of semiconductor QDs for the
elucidation of their optical properties which is known as the
red shift of the emission spectra in respect of the absorption
spectra.29 Accordingly, the Stokes shift of L-cys-CdSe and
L-cys-CdSe/ZnS QDs were determined to be 30 nm and 15 nm,
respectively. The significant fluorescence enhancement of
CdSe/ZnS QDs is a result of the influence of the larger band gap
induced by the ZnS shell which efficiently traps the electrons in
the core, and also due to the removal of dangling surface bonds
in the QD core upon addition of the shell (Scheme S1).30
The extinction coefficient of L-cys-CdSe and L-cys-CdSe/ZnS
QDs were calculated according to a published method.31 The
concentrations of L-cys-CdSe and L-cys-CdSe/ZnS QDs in Millipore water can be therefore calculated from the Beer-Lambert
law.
The calculated emission band gap values for the synthesized
QDs were calculated to be 2.18 and 2.09 nm for L-cys-CdSe and
L-cys-CdSe/ZnS QDs, respectively. The PLQY of core/shell QDs
increased dramatically due to the passivation of surface vacancies and non-radiative recombination sites after coating with the
ZnS shell.32 A red shift of 26 nm was observed in the PL emission
of L-cys-CdSe/ZnS QDs in comparison to the L-cys-CdSe core at
the optimum excitation wavelengths, which is due to the formation of the shell layer. The strong PL band with narrow FWHM of
L-cys-CdSe/ZnS QDs provides evidence for the formation of a
uniform particle distribution.24
3.3. Structural and Composition Characterization of
L-cys-capped Core/Shell QDs
EDS analysis was performed to prove the presence of the metal

Table 1 Optical characterization values of the water-soluble L-cys-CdSe and L-cys-CdSe/ZnS QDs.
QDs

L-cys-CdSe QDs

L-cys-CdSe/ZnS QDs

Excitonic peak
/nm

PL peak
/nm

Extinction coefficient
/L mol–1 cm–1

PLQY
/%

Stokes shift
/nm

FWHM
/nm

Calculated band gap
energy value/eV

460
(shoulder)
539

569

9.3 × 104

5.4

30

40.0

2.18

580

595

2.04 × 105

77

15

38.5

2.09

Figure 2 Comparison of the sensitivity of three QD-ligand systems (L-cys-CdSe/ZnS, NAC-CdSe/ZnS and GSH-CdSe/ZnS QDs) towards 5.0 nmol L–1
of AC.
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components in the structure of the L-cys-CdSe and L-cys-CdSe/
ZnS QDs (Fig. S2). The signals of Cd and Se were found in the
core while the presence of Zn and S in the core/shell QDs confirmed the addition of the ZnS shell on the core. In the EDS spectra additional C, N and O signals arose from the capping ligand
L-cys. For these core QDs, the capping agent also resulted in a
S signal.
The X-ray diffraction patterns of L-cys-CdSe and L-cys-CdSe/
ZnS QDs were compared. Fig. S3 indicates a typical zinc blende
crystal structure with planes at {111}; 2q = 31.56, {220}; 2q =
52.71 and {311}; 2q = 62.74 for CdSe/ZnS QDs. The peaks for
CdSe QDs were at 29.57°, 49.18° and 58.44° corresponding to
{111}, {220} and {311} according to the standard JCPDS (Card
No.19-0191) of bulk cubic CdSe. The diffraction peaks for the
CdSe/ZnS QDs were shifted slightly to higher Bragg angles
compared to the CdSe core. The broadening of the diffraction
peak can also be attributed to the nano-sized dimensions of the
nanocrystals.33 The zinc blende crystal structure was still
predominant for CdSe QDs but with weaker diffraction peaks
compared to CdSe/ZnS QDs.
FT-IR analysis allowed for the characterization of the functional groups on the surface of the QDs (Fig. 3). Functional
groups and IR absorption bands of L-cys-CdSe and L-cysCdSe/ZnS QDs are summarized in Table S1. Carboxylic acid and
amino groups were found on the surface of the L-cys capped
CdSe/ZnS and CdSe QDs while the S–H group vibration was
absent on the surface of the QDs, which is attributed to the
formation of ZnS onto the surface of the core, and core/shell
QDs.
3.4. Raman Analysis
The Raman spectra of L-cys CdSe and L-cys-CdSe/ZnS QDs
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are shown in Fig. S4. Generally, nanomaterials with small
dimensions from group II–VI show broad spectra. The Raman
lines of the CdSe core illustrate longitudinal optical LO and 2LO
phonons in the region of 200 cm–1 and 400 cm–1, respectively
while a weaker mode of the second-order transverse acoustic
(TA) appeared at around 103 cm–1.34 This multi phonon scattering
in semiconductor QDs is characteristic of the resonantly excited
Raman processes.35 The Raman lines of LO and 2LO phonons in
CdSe/ZnS QDs are located at around 190.5 cm–1 and 577 cm–1,
respectively. Moreover, the LO line of the ZnS shell was
observed at about 300 cm–1. The D-band at 1350 cm–1 confirms the
presence of disorder in sp2-hybridized carbon systems and the
G-band (1580 cm–1) arises from the stretching of the C-C bond of
all pairs of sp2-hybridized carbon atoms in both the rings and
chains,36 which are evidence of the presence of graphitic carbon
from L-cys.
3.5. Comparison of Particle Size of the Water-soluble
L-cys-CdSe/ZnS QDs
The particle size of L-cys-capped core and core/shell QDs were
estimated by using three approaches including first excitonic
absorption peak, XRD and TEM (Table 2).
The particle size of the L-cys-CdSe and L-cys-CdSe/ZnS QDs
determined from the first excitonic absorption peak using a
published method31 and the average crystallite size of the
L-cys-CdSe and L-cys-CdSe/ZnS QDs were estimated from the
Debye Scherrer ’s equation.37 The average particle size of the
core/shell QDs shows that each particle of the synthesized
L-cys-CdSe/ZnS QDs consists of two or more individual crystallites.
In addition, the average particle size distributions ± standard
deviation of the QDs were estimated to be 2.1 ± 0.5 and 5.1 ±

Figure 3 The FT-IR spectra of (A) L-cys, (B) L-cys-CdSe QDs and (C) L-cys-CdSe/ZnS QDs.
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Table 2 Comparison of the particle size of L-cys-CdSe and L-cys-CdSe/
ZnS QDs.
Method

First excitonic peak
XRD
TEM

L-cys-CdSe QDs
/nm

L-cys-CdSe/ZnS QDs
/nm

2.8
3.00
2.1 ± 0.5

4.0
3.03
5.1 ± 0.8

0.8 nm for L-cys-CdSe and L-cys-CdSe/ZnS QDs, respectively
from the TEM micrographs, which were in agreement with the
sizes estimated from the first excitonic absorption peak. As an
indirect approach38 the shell thickness of ZnS was calculated to
be 1.5 nm. The morphological display of the QDs showed that
they were nearly homogenous in nature, monodispersed and
also spherical in shape (Fig. 4A,B). TEM also showed narrow
particle size distributions for L-cys-CdSe and L-cys-CdSe/ZnS
QDs with a standard deviations below 1 % (Fig. 4A1–B1).
3.6. Fluorescence Properties of AC
The possible influence of AC on the PL spectrum of L-cysCdSe/ZnS QDs was evaluated by recording its PL using different
excitation wavelengths as AC itself fluoresces. The highest emission intensity was around 400 nm at the excitation wavelength of
300 nm (Fig. S5). FRET is therefore a possible mechanism for the
fluorescence enhancement noted upon interaction of AC with
the QDs, because there are overlapping bands between the
absorption spectrum of the QDs and the emission spectrum of
AC in the range 350–650 nm.
3.7. Investigation of Photostability
The fluorescence intensity of L-cys-CdSe/ZnS QDs in
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Millipore water increased over time and became stable after 24 h.
No major changes in the fluorescence intensity of 1.0 mg 3.0 mL–1
QD solutions were noted even after storage for 5 days in solution
under ambient light conditions (Fig. S6) although the band gap
of the L-cys-CdSe/ZnS QDs decreased which can be seen from
the red shift in the PL emission of the QDs. Aggregation can
induce such a red shift in the QD fluorescence which would also
be accompanied by PL quenching. The slight decrease in fluorescence intensity between day 1 to day 5 may also be due to
desorption of L-cys from the surface of CdSe/ZnS QDs, as L-cys
acts as a surface passivating agent, which eliminates surface
defects.39 Subsequent analytical measurements were thus
performed after the fluorescence intensity of QDs had become
stable after one day.
3.8. Optimization of Aqueous L-cys-CdSe/ZnS QD
Concentration and Incubation Time
Taking into consideration that the concentration of QDs can
influence the fluorescence intensity, different concentrations of
L-cys-CdSe/ZnS QDs (1.0, 1.5, 2.0, 2.5, and 3.0 mg in 3.0 mL
water) were prepared and 5.0 nmol L–1 of AC was added to each.
Briefly, 500 µL of a fixed concentration of AC was added to 2 mL
of each concentration of QDs and the fluorescence intensity was
recorded after 5 min. It was observed that the sensitivity reduced
at high concentrations of water-soluble L-cys-CdSe/ZnS QDs
likely due to self-quenching or agglomeration effects, whereas
very low concentrations of QDs led to a narrowing of the linear
range. The optimum concentration of 1.0 mg of L-cys-CdSe/ZnS
QDs in 3.0 mL water was found, indicating an increase in the
interaction of AC with QDs in solution (Fig. 5).
In order to determine the optimum interaction time of
L-cys-CdSe/ZnS QDs with AC, the fluorescence intensity of the
system was examined at different time intervals in the presence

Figure 4 ( A) TEM images of L-cys-CdSe QDs and (B) L-cys-CdSe/ZnS QDs, scale bar 100 nm; and (A1) particle size distribution of L-cys-CdSe QDs
and (B1) L-cys-CdSe/ZnS QDs.
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Figure 5 Effect of the concentration of aqueous L-cys-CdSe/ZnS QDs on fluorescence in the absence and presence of 5.0 nmol L–1 AC at excitation
wavelength 300 nm (values are the average of three measurements).

of 5.0 nmol L–1 AC (Fig. S7). The data obtained showed the highest fluorescence enhancement after 5 min incubation time and
thereafter a quenching effect of the PL intensity of the QDs was
observed after 10 min, indicating a potential reversible interaction. The results show that although AC can be detected within
5 to 35 min of incubation time, a shorter incubation time is more
effective.
3.9. Influence of AC on the Fluorescence Behaviour of
L-cys-CdSe/ZnS QDs
Under optimal conditions (i.e. 1.0 mg 3.0 mL–1 of L-cys-CdSe/
ZnS QDs and 5 min as incubation time), the introduction of
acetaminophen to the L-cys-CdSe/ZnS QDs solution led to luminescence enhancement (Fig. 6A). This signal enhancement
could be due to FRET from analyte which served as donor to
QDs. The emission of the acceptor enhances and simultaneously
the luminescence of the donor quenches. In this case, due to
the weak fluorescence intensity of the AC, the quenching of AC
fluorescence could not be seen in Fig. 6A.
3.10. Analytical Figures of Merit
The fluorescence calibration curve of F-F0 versus AC concentration is illustrated in Fig. 6B, where F and F0 are the fluorescence
intensities of the QDs in the presence and absence of different
concentrations of acetaminophen, respectively. A good linear
relationship between F-F0 and [AC] was found from 3.0–100
nmol L–1 at an emission wavelength of 595 nm (r2 = 0.99). Thus,
AC can be sensed fluorescently using this method.
The limit of detection (LOD) and quantification (LOQ) are
defined as 3d/m and 10d/m, respectively, where d is the standard
deviation of blank measurement (with n = 10) and m is the
slope of the calibration curve. LOD and LOQ were found to
be 1.6 nmol L–1 and 5.3 nmol L–1, respectively. The data thus
revealed that the proposed method is suitable for the determination of AC at environmentally relevant levels. The LOD value is
lower than the guidance value of 1.3 × 103 nmol L–1 (or 200 ppb)
for acetaminophen in drinking water given by the Department
of Health in Minnesota.40
The linear range and detection limit of some other methods for
the detection of AC in water samples are summarized in Table 3
for comparison purposes. The results indicate the potential of
our sensor for detecting the low concentrations of AC typically
present in water samples.

3.11. Proposed Mechanism
In theory, Förster resonance energy transfer (FRET) is a nonradiative process and if the emission spectra of target compounds overlap with the absorption spectra of the QDs, energy
transfer from the analyte to the QDs could occur upon excitation.44 In this study, the absorption spectrum of L-cys-CdSe/ZnS
QDs at 430–650 nm (the highest absorbance is at 580 nm)
(Fig. 7A) overlaps with the emission spectrum of acetaminophen
at 350–650 nm (Fig. 7B). Hence the QDs can absorb the emission
energy from acetaminophen resulting in the enhancement of
the PL emission of QDs, which was also found experimentally.
Scheme 1 shows the enhancement mechanism of the QDs in
the presence of the AC via FRET. The electrons of AC can absorb
energy resulting in an excited state. When the excited electron
of AC returns to the ground state, the electrons of the QDs can
transit to the excited states due to the polar–polar resonance of
the donor acceptor. The coupled transitions result in quenching
of the fluorescence of donor (AC molecules) and enhancement
in fluorescence intensity of the acceptor (L-cys-CdSe/ZnS
QDs).45
The distance between donor and acceptor is also a critical
parameter of FRET processes since FRET depends on the donor
quantum yield and will occur over a limited distance (Förster
distance (Å)) when the overlap between the emission spectrum
of the donor and the absorption spectrum of the acceptor is
greater than 30 % and the distance is less than 10 nm.46 The
Förster distance in the L-cys-CdSe/ZnS QDs-AC system was
found to be 6.1 nm which meets this distance requirement for
FRET to occur.
3.12. Effect of Potential Interfering Analytes on the
Fluorescence of L-cys-CdSe/ZnS QDs
The possible influence of other related pharmaceutical
analytes was assessed under optimum conditions of 2 mL of
1.0 mg 3.0 mL–1 L-cys-CdSe/ZnS QDs and 5 min equilibrium
time. Although the photoluminescence intensity of the
L-cys-CdSe/ZnS QDs was slightly enhanced in the presence of
these pharmaceutical analytes (Fig. 8), it is clear that the prototype QD probe is the most sensitive to AC which provided the
highest relative fluorescence intensity whereas the other
analytes investigated did not produce as significant a fluorescence enhancement with the QDs (Table S2). These compounds
therefore do not interfere significantly with the detection of AC.
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Figure 6 (A) PL ‘turn-on’ emission spectra for the determination of AC using L-cys-CdSe/ZnS QDs for different concentrations of AC at an excitation
wavelength of 300 nm and (B) linear graph of F-F0, versus AC concentration (values are the average of three measurements).

The selectivity of the QDs sensor could be enhanced by the
application of a surface molecularly imprinted polymer, for
example, should other structurally related compounds be found
to interfere with the detection of AC.

3.13. Sensing Application
The method was applied to AC in water from a river and tap to
investigate the effectiveness of the fluorescence sensor for AC
determinations in real samples. As can be seen from Table 4, the

Figure 7 (A) UV-Vis absorption spectrum of L-cys-CdSe/ZnS QDs and (B) fluorescence spectrum of acetaminophen (1.0 × 10–5 mol L–1) at excitation
wavelength 300 nm.
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Scheme 1
Fluorescence resonance energy transfer from AC to the L-cys-CdSe/ZnS QDs.

recoveries of different known amounts of AC spiked in both
types of water ranged from 95 to 108 % and 90 to 108 %, respectively. The fluorescence sensing method developed in this study
was thus found to be practical and reliable for the determination
of AC in the aqueous environment.
Regarding the effect of pH, the average three replicate pH
value of L-cys-CdSe/ZnS QDs in Millipore water was 7.6 while
after addition of 500 µL of tap or river water into 2 mL of L-cysCdSe/ZnS QDs solution (containing 0.67 mg of L-cys-CdSe/ZnS
QDs), the pH values changed to 7.1 and 7.5, respectively. Therefore, no significant pH changes took place upon addition of real
water samples to the L-cys-CdSe/ZnS QDs solution and the

effect of sample pH can consequently be considered negligible.
HPLC-MS/MS analysis confirmed that AC was not found in tap
and river water samples prior to spiking. Therefore, different
amounts of AC were spiked to tap and river water samples in
order to investigate the applicability of the method.
4. Conclusion
A comparison study was performed by applying three watersoluble L-cys, NAC and GSH functionalized CdSe/ZnS QDs to
optimize a QD-ligand system for acetaminophen fluorescence
sensing. L-cys-CdSe/ZnS QDs were selected due to their
enhanced sensitivity for use as a fluorescence sensor for the

Figure 8 Fluorescence intensity change of 1.0 mg/3.0 mL of L-cys-CdSe/ZnS QDs in the presence of AC and various analytes (100 nmol L–1) at an
excitation and emission wavelengths of 300 nm and 595 nm, respectively. Epinephrine hydrochloride (EP), L-ascorbic acid (AA), uric acid (UA),
dopamine hydrochloride (DA), 4-aminophenol (4-AP), (values are the average of three measurements).

CNTPE, carbon nanotubes paste electrode; DPV, differential pulse voltammetry; LC-MS/MS, liquid chromatography/tandem mass spectrometry; NR, not reported; SPE/CZE-DAD, solid phase extraction/capillary zone electrophoresis
diode array detector; SWV, square wave voltammetry.

This work
90–108
5.3
Fluorescence using L-cys-CdSe/ZnS QDs

3.0–100

1.6

Tap and river water

43
57.04 ± 6.53
NR
SPE/CZE-DAD

6.6–97.0
3.4–11.0

3.04

Influent wastewater
Effluent wastewater

42
NR
0.06
LC-MS/MS

<LOQ-0.23

0.01

Surface water

41
98–103
960 (DPV)
14 800 (SWV)
CNTPE/surfactant system

15 000–180 000 (DPV)
15 000–120 000 (SWV)

290 (DPV)
4 400 (SWV)

Tap and domestic wastewater

15
88–112
8300
550
Biocatalytic spectrophotometry

2 000–14 000

Recovery
/%
Quantification limit
/nmol L–1

Commercial potable bottled water,
tap water and
treated wastewater effluent
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Detection limit
/nmol L–1
Linear range
/nmol L–1
Detection method

Table 3 Comparison of some published analytical methods for the determination of AC in water.

Sample matrix

Reference
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Table 4 Analytical results for the determination of recoveries of AC
spiked in tap and river water samples using L-cys-CdSe/ZnS QDs.
AC spiked
/nmol L–1

Determined AC
/mean ± RSD; n = 3,
nmol L–1

Recovery
/%

Tap water

10
50
100

10.1 ± 0.1
54.0 ± 0.1
95.0 ± 0.2

101
108
95

River water

10
50
100

10.8 ± 0.7
53.0 ± 0.1
90.0 ± 0.2

108
106
90

determination of acetaminophen in water for the first time. The
operating mechanism of the designed probe was based on
the fluorescence ‘turn-on’ mode. Advantages of this method
include its simplicity, as well as stability and resistivity of QDs
against photobleaching under ambient light conditions. Under
optimum conditions, with the addition of acetaminophen to
QDs in aqueous solution, the original PL intensity of the QDs
was enhanced most likely due to fluorescence resonance energy
transfer from analytes to QDs which was found to be linear
within the concentration range of 3.0–100 nmol L–1 AC with
detection and quantification limits of 1.6 and 5.3 nmol L–1,
respectively. The method could therefore be applied to detect
AC at environmentally relevant nanomolar concentrations.
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1

Fig. S1.Absorption spectra of the water-soluble (A) L-cys-capped CdSe/ZnS QDs; (B) L-cys-CdSe
QDs in Millipore water;(C) PL emission spectra of the water-soluble L-cys-capped CdSe QDs at
excitation wavelength 470 nm;(D) L-cys-capped CdSe/ZnS QDs at excitation wavelength 410 nm
measured in Millipore water.

Fig. S2.EDS spectra of (A) L-cys-CdSe QDs and (B) L-cys-CdSe/ZnS QDs.

2

Fig. S3.Powder XRD pattern of the (A) L-cys-CdSe and (B) L-cys-CdSe/ZnS QDs.

3

Fig. S4.Raman spectra of (A) L-cys-CdSe/ZnS QDs and (B) L-cys-CdSe QDs.

4

Fig. S5.Florescence spectrum of acetaminophen in water (1.0×10-5 mol L-1) at an excitation
wavelength of 300 nm.

Fig. S6.PL stability of the hydrophilic QDs measured before and after 5 days of exposure to ambient
light (300 nm excitation).

5

Fig. S7.Effect of interaction time on the fluorescence intensity of the L-cys capped CdSe/ZnS QD-AC
system at an excitation wavelength of 300 nm (values are the average of three measurements).

6

Scheme S1. Schematic representation of the influence of the larger band gap induced by the ZnS
shellover the core QDs.
Table S1
IR absorption bands of the L-cys-CdSe and L-cys-CdSe/ZnS QDs.
Functional group

IR band (cm−1)

–COO−

1550-1600 (strong)
1400 (medium)

–OH

3000–3500

–NH2

2900–3420

C–S

600–800

S–H

2550–2750

7

Table S2
Chemical structures of potentially interfering analytes.
Name

Structure

Epinephrine
hydrochloride (EP)

L-ascorbic acid (AA)

Uric acid (UA)

Dopamine
hydrochloride (DA)

4-aminophenol
(4-AP)

8

