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ABSTRACT: Herein, we report a facile, ultrasensitive, and selective
fluorescence turn-on sensing strategy based on green-light-emitting
functional nanodots for the detection of bacterial lipopolysaccharide
(LPS) endotoxin. In this protocol, first, the pure carbon dots (CDs) with a
fairly high quantum yield were prepared by microwave-assisted pyrolysis of
citric acid in the presence of urea. Subsequently, the carboxyl-group-rich
surfaces of the CDs were allowed to conjugate with the poly-L-lysine (PLL)
using an EDC−NHS amidization method to obtain the PLL-modified CDs
(PLL-CDs). The LPS could specifically bind to the PLL at the PLL−CD
surfaces, and this binding enabled an electron transfer from the phosphate
groups of LPS to the carbon core through the PLL bridge, thus resulting in
a fluorescence enhancement. Interestingly, this fluorescent turn-on sensor
provided a detection limit of 68.3 fM in PBS (pH 7.4), which is the lowest
ever reported among all of the synthetic assays for LPS detection. Furthermore, our fluorescent probe was able to show a remarkable
selectivity toward LPS over a range of commonly known interfering substances. Thus, this study demonstrated the feasibility of using
specific LPS binding to PLL to drive molecular recognition in aqueous medium and offered an effective fluorescence turn-on sensing
strategy to detect bacterial endotoxin in diverse clinical and biological applications.
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1. INTRODUCTION

Endotoxins, the major constituents in the outer cell membrane
of Gram-negative bacteria, are directly associated with
endotoximia, which can lead to septic shock and many other
health diseases.1−6 It is a lipopolysaccharide (LPS) composed
of three structural units such as O-antigen, core polysaccharide,
and glycophospholipid (called lipid A) (Figure 1a).7,8 A large
amount of this molecule is continuously shed into the
environment during the proliferation, division, and death of
bacterial cells, thereby making the lipid available for
detection.1−6 Endotoxin is an indicator of bacterial contami-
nation, and when it enters into the bloodstream, the immune
systems respond to endotoxin even in a very small quantity.
For intravenous applications, the threshold endotoxin level is
set to 5 endotoxin units (EU) per kilogram of body mass per
hour (1 EU = 0.1−0.2 ng).9 Therefore, detection and
quantification of bacterial LPS are important in clinical and
basic biomedical research,10,11 public and occupational
health,12,13 and device and agent safety.14,15

The most widely used method to determine the presence of
endotoxin is the so-called limulus amoebocyte lysate (LAL)
assay, which employs a labile mixture of enzymes obtained
from the blood of horseshoe crabs.1 However, the complexity
and variation in activity of the LAL enzyme mixtures that result

from numerous interfering compounds7,16 (including synthetic
surfactants, chelating agents, divalent cations, and lipids) as
well as changes in experimental conditions, particularly pH and
temperature,17,18 leads to semiquantitative results. Numerous
research efforts have been devoted to achieving an improved
method for endotoxin detection. Of particular recent interest
in this context, the synthetic LPS biosensing assays have drawn
particular attention as a promising approach due to simple
methods of preparation and high sensitivity. A functionalized
polydiacetylene liposome was the first reported synthetic
sensor for LPS that showed a detection limit of 100 μM.19

Another LPS-binding domain-derivative sensor was developed,
enabling LPS detection as low as nanomolar concentrations.20

LPS detection in the nanomolar range was also possible with
the lipophilic pyrene derivatives.21 Subsequently, yet another
peptide-functionalized polydiacetylene (PDA) liposome-based
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fluorescent biosensor was designed for the detection of LPS.22

In recent years, several fluorescent, colorimetric, and surface
plasmon resonance sensors based on small colloidal particles,
such as copolythiophene,23 functionalized gold, silver, platinum
or Fe3O4 nanoparticles,24−26 LPS-binding peptide-assembled
fluorescent probes,18,27,28 and aptamer−graphene oxide
conjugates,29,30 have been reported in the literature for
sensitive detection of LPS. Although these synthetic assays
have shown significant improvement of their individual
detection limit ranging between nanomolar and picomolar
concentrations, the current methods with their complicated
fabrications and requirement of expensive instrumentation are
still not robust and efficient enough for ultrasensitive detection
of LPS down to a subpicomolar or femtomolar regime. Given
the clinical importance of LPS, continued research effort is
required toward the development of more promising materials
that can offer a simple and specific sensing strategy with an
ultralow detection limit.
Recently, carbon dots (CDs) have attracted particular

attention as promising materials for bioimaging and biological
sensing due to their strong fluorescence, water solubility, low
photobleaching tendency, easy functionalization, nontoxicity,
and excellent biocompatibility.31−33 The excellent fluorescence
property allows the CDs to be used as fluorescent labels,
making them promising nanomaterials for specific biological
applications. A number of studies have been reported using the
CD labels to detect many substances such as metal ions,34

DNA,35 and thrombin.36 Moreover, CDs can be attached to
metal oxides,37 polymers,38 silica nanoparticles,39 and graphene
oxide nanosheets40 to construct fluorescent nanohybrids with

multiple functionalities. The strong fluorescence of CDs is
related to the surface defect-derived origin, which induces
electron−hole pair recombination.41 Thus, a high quantum
yield of CDs can be achieved by surface passivation42 and
doping with elements such as nitrogen,43 phosphorus,
sulfur,44,45 and gadolinium.45,46 The effective doping and
surface attachment of certain active species stabilize the surface
defects in the CDs with a favorable electron−hole pair
recombination, resulting in a fluorescence enhancement.47

Poly-L-lysine (PLL), an extensively investigated linear
polyelectrolyte, has been used to surface functionalize a
number of materials for cellular adhesion and drug delivery
applications.48,49 In addition, PLL has been shown to possess
excellent properties, including functional versatility, biodegrad-
ability, and low cytotoxicity.50,51 The multiple aminobutyl
groups in PLL impart both a positive charge of the primary
amines (−NH3

+) and a hydrophobic characteristic of the butyl
spacer between the primary amines (Figure 1b), making this
polyelectrolyte unique in its chemical behavior. Most
importantly, PLL is known to specifically bind with endotoxin
via both ionic and hydrophobic interactions.52−54 This specific
binding as the primary driving force for molecular recognition
along with other advantageous properties allow us to combine
the PLL with CDs forming a fluorescent probe for LPS
detection. In particular, the combination of PLL as LPS
receptor and CDs as fluorescent labels exhibits great potential
to develop a novel LPS biosensor. Nevertheless, to the best of
our knowledge, such synthetic assay format (CD-labeled PLL
receptor) has not been explored yet in the literature.
We therefore sought to explore the opportunity to exploit

the specific LPS binding to the PLL for detection of bacterial
LPS. In this work, a biosensing platform using a green-light-
emitting CD-labeled receptor was designed for the LPS
detection based on the specific binding-triggered fluorescence
turn-on strategy. Specifically, the CDs were first prepared by
microwave-assisted pyrolysis of citric acid and urea, and then
the carboxyl-group-rich surfaces of the CDs were conjugated
with PLL using an amidization method in the presence of 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-
hydroxysucciniimde (NHS) to construct the PLL-modified
CDs (PLL-CDs). In the sensing process, the LPS complex-
ation at the PLL-CD surfaces enabled an electron transfer from
the LPS to the carbon core through a PLL bridge, leading to
fluorescence enhancement. We found that the developed
fluorescent probe offered highly sensitive LPS detection, down
to the femtomolar concentration. Moreover, LPS sensing in
the presence of a number of coexisting interferents revealed
that our assay was capable of showing remarkable selectivity
toward LPS. Thus, this specific LPS-binding-triggered
fluorescence turn-on approach provided considerable promise
for bacterial endotoxin detection in clinical and biomedical
relevancies.

2. EXPERIMENTAL SECTION
2.1. Materials. Citric acid was purchased from Fisher-Scientific.

Urea, sodium citrate, and glucose were purchased from CDH, India.
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-
hydroxysucciniimde (NHS) were purchased from Alfa-Aesar. Poly-L-
lysine hydrobromide (PLL), lipopolysaccharide (LPS, molecular
weight = 10 kDa), sodium dodecyl sulfates (SDS), cetyltrimethyam-
monium bromide (CTAB), dodecyl tetraethylene glycol ether
(C12E4), bovine serum albumin (BSA), and quinine sulfate (QS)
were obtained from Sigma-Aldrich. Ethylenediamine tetraacetic acid
(EDTA), sodium chloride (NaCl), magnesium chloride (MgCl2), and

Figure 1. Chemical structure of (a) bacterial endotoxin (LPS) and
(b) poly-L-lysine (PLL).
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calcium chloride (CaCl2) were purchased from Merck, India. Sodium
phosphate (Na3PO4) was obtained from SRL, India. Phosphatidylcho-
line lipid was purchased from PHOSPHOLIPON. Milli-Q water
(resistivity = 18.2 MΩ cm at 25 °C) was used to prepare the
solutions.
2.2. Preparation of Native Carbon Dots (CDs). CDs were

prepared by microwave treatment of citric acid in the presence of urea
as reported elsewhere.55 Briefly, 0.5 g of citric acid and 5 g of urea
were dissolved in 10 mL of Milli-Q water and then ultrasonicated at
100 W for 5 min. The reaction mixture was placed in a 100 mL beaker
and heated at 800 W in a microwave oven (IFB, 20PG4S) for 3 min.
During microwave irradiation, a dark green solid was formed. After
cooling down to room temperature, the solid was dispersed in 10 mL
of Milli-Q water. The resulting green-colored solution was then
centrifuged at 14 000 rpm for 40 min to remove the large particles.
The clear greenish supernatant was collected and lyophilized for
storing. The freeze-dried CDs were redispersed for further studies.
2.3. Preparation of Poly-L-lysine-Modified CDs (PLL-CDs).

The PLL was functionalized on carboxyl-rich CD surfaces via EDC/
NHS coupling. As described in the literature,56 1 mg of CDs was
dispersed with EDC (75 mM) and NHS (15 mM) in 10 mL of PBS
buffer (0.1 M, pH 7.4), and stirred in the dark for 1 h. Then 1 mg of
PLL dissolved in 1 mL of PBS was added to the proceeding solution
with simultaneous addition of 2 mL of 0.2 M NaCl. The reaction
mixture was incubated with constant stirring for 2 h. Addition of NaCl
was essential to reduce the electrostatic repulsions between the amino
groups of the functional CDs during the reaction. Finally, the solution
was dialyzed (1 kDa MWCO) to remove the unreacted species. The
purified solution was lyophilized for storing.
2.4. Characterization. The prepared nanodots were characterized

by various physical methods, viz., Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), thermogravimetric
analysis (TGA), X-ray photoelectron spectroscopy (XPS), proton
nuclear magnetic resonance (1H NMR), transmission electron
microscopy (TEM), and dynamic light scattering (DLS). A Thermo
Fisher Scientific Nicolet iS50 instrument was used to record the FTIR
spectra in the range of 500−4000 cm−1. The powder XRD studies
were conducted on a PANalycital X’Pert PRO diffractometer at a 8
°C/min scanning rate with Cu Kα radiation (λ = 1.5418 Å) in the
temperature range of 0−80 °C. The thermal stability of the samples
was determined using a SDT-Q-600 TGA instrument, and the
analysis was performed in the temperature range of 0−1000 °C at a
heating rate of 10 °C/min under a N2 atmosphere. For detailed
elemental analysis, the XPS experiments were performed on a Thermo
Fisher Scientific Nexsa system. 1H NMR was conducted on a Bruker
Advance NEO 500 MHz NMR spectrometer. The lyophilized CDs or
PLL-CDs were redispersed in deuterated DMSO for sample
preparation. The chemical shifts were measured using tetramethylsi-
lane (TMS) as the initial standard. TEM measurements were carried
out with a JEM-2100Plus (JEOL) microscope. To avoid particle
aggregation, the sample solutions were ultrasonicated for 12 h prior to
the measurements. The DLS experiments were carried out using a
Malvern instrument (Zetasizer Nano S90). The ζ potentials of the
materials at different pH values were determined using a Malvern

Panalytical (Zetasizer Nano ZS) system. The absorbance spectra were
collected on a Thermo Fisher Scientific (Genesys 180) UV−vis
spectrophotometer. Fluorescence spectra were recorded on a
PerkinElmer LS-55 spectrometer with a slit width of 10 nm for
both excitation and emission.

2.5. Quantum Yield (QY) Measurements. The QYS of CDs and
PLL-CDs were determined according to the described comparative
procedure using quinine sulfate (QS) as the reference standard.41 The
QS solution was prepared in 0.1 M H2SO4 (QY = 54%). The
absorbances of QS, CD, and PLL-CD solutions were kept below 0.1.
Their fluorescence spectra were recorded at the same excitation
wavelength. The QYS of the unknown samples were calculated by
means of the integrated photoluminescence (PL) intensities and
corresponding absorbances using the following equation
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where the subscripts QS and S represent the reference compound and
the sample, respectively, m is the slope obtained from a linear plot of
the integrated fluorescence intensity vs absorbance (0.01−0.1), and η
is the refractive index of the solvent (water, η = 1.33).

2.6. Detection of LPS. For sensing experiments, LPS stock
solutions of different concentrations (10 μM, 1 μM, and 100 nM)
were prepared in Milli-Q water. Prior to further dilution, the LPS
stock solutions were vortexed and incubated at 37 °C to avoid any
aggregates formation. The LPS of different concentrations were added
to the solution of PLL-CDs or CDs (5 μg/mL in PBS, pH 7.4),
vortexed for 30 min, and incubated at 37 °C for 2 h. The fluorescence
emission spectra of each sample were recorded at 520 nm with an
excitation wavelength of 390 nm. To perform the experiments at
different pH values, the samples were prepared in Milli-Q water and
the pH was adjusted by adding 0.1 M HCl or 0.1 M NaOH to the
solutions. In order to study the interference effect of the potential
interfering agents on PLL-CD probe, the LPS-spiked samples (160
pM) were prepared in the presence of different interfering
compounds. Then the PL intensities of the LPS-spiked samples
were recorded and compared with those of nonspiked samples.

2.7. Bacterial Assays. The E. coli (0157:H7) cells were cultivated
in the nutrient broth media. The culture was allowed to grow
overnight at 37 °C until the absorbance at 600 nm (OD600) reached
1.0. An optical density of 1.0 at 600 nm corresponded to ∼8.8 × 108

cells/mL. The cell mixture was centrifuged at 7800 rpm for 10 min
and washed twice with PBS buffer. The bacterial cells were
resuspended in PBS buffer and diluted to final concentrations ranging
between 5.1 × 106 and 3.8 × 108 cells/mL. The OD600 of each sample
was measured. The bacterial cell concentration was determined using
a standard calibration curve. Prior to the fluorescence measurement,
the diluted cells were incubated with the PLL-CDs at 37 °C for 2 h
under gentle shaking.

Figure 2. (a) FTIR, (b) XRD, and (c) TGA thermogram of CDs and PLL-CDs.
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3. RESULTS AND DISCUSSION

3.1. Material Characterization. Successful functionaliza-
tion of PLL on the CD surface was confirmed by FTIR
spectroscopy (Figure 2a). The FTIR spectra of bare CDs
exhibited two characteristic peaks at 1064 and 1720 cm−1

corresponding to C−O and CO stretching vibrations of the
−COOH groups, respectively. The peaks appearing at 1168
and 1590 cm−1 were ascribed to the C−O−C stretching
vibration and CC stretch of the sp2 carbon skeletal network
of the CDs, respectively. The absorbance bands at 1419 and
2950 cm−1 corresponded to the CH2 bending and symmetric
as well as asymmetric C−H stretching, respectively. The peaks
appearing between 3200 and 3460 cm−1 were attributed to
−OH and −NH2 stretching, respectively. In the case of PLL-
CDs, the peak corresponding to the CO stretch of −COOH
disappeared while the characteristic peaks at 1560 and 1650
cm−1 associated with the N−H bending and CO stretching
of the amide groups, respectively, appeared. This suggests the
progress of the amidization reaction between the −COOH
groups of CDs and the −NH2 groups of PLL. Other
characteristic peaks associated with C−O, C−O−C, C−H,
O−H, and N−H stretching of PLL-CDs appeared at their
respective wavenumbers as observed in case of bare CDs,
indicating the presence of CDs in the functionalized materials.
Thus, the PLL molecules that were covalently anchored with
the CDs via amide linkage could act as receptors for bacterial
LPS.
The XRD patterns of CDs and PLL-CDs are presented in

Figure 2b. Both materials exhibited a broad peak at 25°, which
could be assigned to the (002) plane of graphite. In addition,
the sharp diffraction peaks at 28° for CDs and 31°, 45°, 56°,
and 75° for PLL-CDs appeared due to the presence of
disordered carbon atoms in the materials. The interlayer
distances between the (002) planes of CDs and PLL-CDs were
calculated by Bragg’s equation to be 0.488 and 0.538 nm,

respectively, larger than that of pure graphite (0.335 nm). The
broad diffraction peak with a higher interlayer distance was
indicative of the amorphous nature of CDs/PLL-CDs, which
could be attributed to the formation of defect sites through
oxygen-containing groups or/and PLL functionality in the
crystal lattice. Overall, the XRD patterns suggested that the
microwave-assisted synthesis of the materials led to the
formation of a turbostratic carbon structure with highly
disordered carbon atoms.
The thermal stability of the prepared nanodots was

determined using TGA measurements. The thermograms of
both CDs and PLL-CDs (Figure 2c) showed an initial weight
loss of 8−10% up to ∼100 °C due to the evaporation of
physiosorbed water. Consistent with the previous reports,57,58

a two-stage degradation pattern between 160 and 330 °C was
observed for CDs, suggesting the decomposition of amino- and
oxygen-containg groups. The weight loss after 330 °C
indicated a gradual degradation of the carbon core of CDs.
A remarkable enhancement of the thermal stability was
observed for PLL-CDs. The TGA thermogram of PLL-CDs
exhibited a gradual weight loss in the temperature range of
160−800 °C corresponding to decomposition of the PLL
functionality. The weight loss between 800 and 1000 °C was
due to the degradation of unreacted functional moieties and
the carbon core of PLL-CDs.
The elemental composition and chemical bonds present in

the as-prepared PLL-CDs were determined using XPS
measurements, and the results are presented in Figure 3.
The full-scan XPS spectrum (Figure 3a) revealed the presence
of carbon (C 1s), nitrogen (N 1s), and oxygen (O 1s) as the
three major elements in the PLL-CDs with the characteristic
peaks at 284.9, 400.5, and 531.8 eV, respectively. The high-
resolution C 1s spectrum (Figure 3b) showed three major
deconvoluted peaks at 284.5, 286.1, and 288.2 eV correspond-
ing to C−C/CC, C−N/C−O, and CO, respectively.
Similarly, the deconvoluted N 1s spectrum (Figure 3c)

Figure 3. (a) XPS full-scan survey and deconvoluted high-resolution XPS spectra of (b) C 1s, (c) N 1s, and (d) O 1s of PLL-CDs.
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revealed two major nitrogen peaks at 399.8 and 401.4 eV,
reflecting the presence of amino and pyrrolic N, respectively.
In the deconvoluted O 1s spectrum (Figure 3d), the two main
peaks with binding energies at ca. 531.6 and 532.4 eV were
assigned to C−O−C/C−OH and CO, respectively. Hence,
the XPS survey of PLL-CDs is consistent with the FTIR
spectra.
In order to further confirm the PLL functionalization on the

CD surfaces, 1H NMR analysis of CDs and PLL-CDs was
carried out as presented in Figure 4a and 4b. The 1H NMR
spectrum of CDs (Figure 4a) was dominated by aromatic
resonance peaks ranging between 6.5 and 9 ppm with an
intense chemical shift at 5.45 ppm corresponding to the

phenolic protons. A broad peak appearing around 10.2 ppm
(Figure 4a, inset) confirmed the existence of active protons of
the aromatic carboxylic groups in CDs. PLL-CDs showed a
number of proton peaks in the range of 1.0−2.2 ppm (Figure
4b), indicating the presence of aliphatic hydrogens originating
from the PLL functionality. Interestingly, the resonance peak
associated with the protons of the aromatic carboxylic acid
disappeared, while the signals in the range of 6.2−6.5 ppm
corresponding to the amide protons appeared in the 1H NMR
spectra of PLL-CDs (Figure 4b, inset). These results suggested
that the −NH2 groups of PLL reacted with the −COOH
groups of CDs to form the amide linkages, thus confirming the
PLL functionality on the surfaces of CDs.

Figure 4. 1H NMR spectra of (a) CDs and (b) PLL-CDs. (c) HR-TEM image and (d) particle size distribution by DLS measurement of PLL-CDs.

Figure 5. (a) UV−vis absorption, PL excitation at 410 nm, and PL emission at 520 nm spectra of PLL-CDs. (Inset) Photographs of aqueous PLL-
CDs dispersion under normal light (left) and 365 nm UV irradiation (right). (b) PL emission spectra of PLL-CDs at different excitation
wavelengths.
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The morphology and particle size of PLL-CDs were assessed
by TEM measurements as shown in Figure 4c. It could be seen
that the particles were well dispersed and exhibited a spherical
shape morphology with an average particle size of ∼3.2 nm.
Corresponding size distribution analysis by DLS (Figure 4d)
showed a narrow size distribution. The average particle size of
the PLL-CD nanodots as obtained from the DLS measure-
ments was ∼5.6 nm. Thus, the particle size obtained from
TEM study was shown to have good agreement with that
measured by DLS.
The optical properties of the as-synthesized CDs and PLL-

CDs were determined by UV−vis absorption and PL spectra.
Figure 5a presents the UV−vis spectra, PL excitation, and
emission spectra of PLL-CDs with the inset showing its
pictures under different light (the optical behaviors of pure
CDs are presented in Figure S1). The UV−vis spectrum of
both CDs (Figure S1a) and PLL-CDs (Figure 5a) showed
three absorption peaks at 258, 330, and 410 nm. Specifically,
the peak arising at 258 nm was attributed to the π−π*
transition of the aromatic moieties of the carbon core, while
the peak at 330 nm was ascribed to the n−π* transition of the
functional groups (e.g., CO) present on the surface of the
nanodots. The absorption band at 410 nm was due to the
π−π* transition of the core pyridone ring.59,60 The aqueous
dispersion of PLL-CDs was shown to be a transparent yellow
solution when viewed under normal light, whereas it emitted a
green luminescence under UV irradiation (inset, Figure 5a).
The nanodots exhibited a maximum emission at 520 nm upon
excitation at 410 nm (Figure 5a and Figure S1a).
The PL emission spectra of CDs and PLL-CDs under

different excitation wavelengths ranging between 330 and 440
nm are depicted in Figure S1b and Figure 5b, respectively. The
nanodots showed characteristic excitation-independent fluo-
rescence emission as reported in a recent study for green
luminescent nanodots prepared by microwave treatment of
citric acid in the presence of urea.61 The observed excitation-
independent PL properties suggested a relatively uniform
emission from the nanodots. Notably, the prepared nanodots
were sufficiently small in size (<10 nm) with a narrow particle
size distribution, and they formed a good dispersion in water;
therefore, the size and solvent were expected to have no
influence on the PL properties. Further, it can be seen that
with increasing excitation wavelength the emission increased
and reached an emission maximum at 420 nm, and then the
emission intensity gradually decreased.
The QY of PLL-CDs was determined to be 3.53%, which

was lower than that of pure CDs (8.42%) (Figure S2). This
decrease of QY in the case of PLL-CDs was likely due to the
emission quenching by polymeric loading. However, the

florescence property was sufficient enough to meet the needs
for quantitative determination of aqueous analytes.
The pH of the solution strongly influenced the PL properties

of CDs and PLL-CDs as it changed the degree of protonation/
deprotonation of the surface functional groups and thus the
electron-donating efficiency of the nanodots. The inherent pH
values of CDs and PLL-CDs in Milli-Q water were found to be
3.2 and 5.8, respectively. The PL intensity of CDs increased
with increasing pH, reached a maximum at pH 7, and then
decreased with a further increase of pH (Figure 6a and Figure
S3a). The lower fluorescence intensity in acidic medium (pH <
7) might be due to the particle aggregation via hydrogen
bonding between the hydroxyl and the carboxylic moieties.
Thus, the CDs underwent electron exchange with each other,
resulting in a decreased electron-donating efficiency.61 At
higher pH (pH > 7), the decrease of PL intensity could be
explained by the extensive deprotonation of the oxygen-
containing surface functional groups (−OH and −COOH) of
CDs. The repulsive interaction under such condition increased
the dynamic motion of the nanodots, causing friction with the
solvent media. This suggested a transformation of photonic
energy to thermal energy, which resulted in a radiationless
relaxation of excitons,62−65 thus reducing their PL emission.
Interestingly, PLL-CDs maintained almost the same PL

property over a range of pH values from 2 to 8 with a
maximum emission efficiency at pH 7 (Figure 6a and Figure
S3b), implying a good PL stability of PLL-CDs. A large
number of carboxyl groups of CDs were engaged in the
formation of amide linkage with PLL in PLL-CDs. Therefore,
the pH dependency of PLL-CD emission was mainly
controlled by the protonation−deprotonation of amino groups
originating from PLL or CDs, amide groups formed after
functionalization, and hydroxyl groups originated from CDs. In
addition, the electron availability in the carbon core of PLL-
CDs decreased dramatically due to migration of electrons to
the PLL chains, leading to suppression of the emission
intensity as shown in Figure 6a.
The results of the ζ-potential measurements as presented in

Figure 6b further explain the pH-dependent PL behaviors of
CDs and PLL-CDs. The surfaces of CDs remained negatively
charged within the entire pH range (pH 2−11) due to the
presence of oxygen-containing functional groups (−OH and
−COOH). In contrast, the PLL-CD surfaces were found to be
positively charged up to pH 7.4, after which the ζ potentials
became negative. The positive ζ-potential values of PLL-CDs
at pH ≤ 7.4 were consistent with protonation of the amino or
amido groups originating from the PLL functionality. In fact,
PLL-CDs exhibited a favorable electron transport from the
carbon core to the PLL chains, resulting in a reduced PL

Figure 6. (a) Effect of pH on the PL emission, (b) ζ-potentials at different pH values, and (c) effect of ionic strength on PL emission of CDs and
PLL-CDs.
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intensity compared to pure CDs. In alkaline condition (pH >
7.4), the hydroxyl groups originating from CDs underwent
deprotonation, making the PLL-CD surfaces negatively
charged.
The effect of ionic strength on the PL emission of CDs and

PLL-CDs was studied in a set of NaCl solutions with different
concentrations (0−1.4 M). The PL intensity of both CDs and
PLL-CDs remained constant over a wide range of NaCl
concentrations as shown in Figure 6c and Figure S4, suggesting
that the nanodots were fairly stable against particle−particle
interactions such as van der Waals forces. These results
revealed that PLL-CDs had a relatively stable emission in a
broad range of pH values and excellent tolerance for high ionic
strength, which made them a promising candidate for
fluorescence-based detection of biological analytes.
3.2. LPS Detection. The potential of PLL-CDs to

determine the presence of LPS in aqueous medium was
evaluated by measuring the fluorescence response of the

nanodots to LPS extracted from E. coli. As shown in Figure 7a,
introduction of LPS to the aqueous PLL-CD dispersion in PBS
(pH 7.4) resulted in a remarkable enhancement of the PL
intensity without a spectral shift. Furthermore, upon
incremental addition of LPS from 0 to 160 pM, the PL
intensity was found to gradually increase. In contrast, pure
CDs did not show any significant change in the PL intensity
(no enhancement or quenching) upon addition of LPS (Figure
S5). These findings suggest that the specific LPS binding to
PLL via electrostatic as well as hydrophobic interactions led to
the formation of a complex-coated layer, which reduced the
surface defects of the nanodots.66 The fluorescence response
could be easily detected by the naked eye under UV light (365
nm) at a LPS concentration of 160 pM (Figure 7a, inset).
In order to quantify the amount of LPS present in the

aqueous solution, the Stern−Volmer plot of the normalized PL
intensity (F/F°) − 1, where F° is the PL intensity in the
absence of LPS, versus the LPS concentration was prepared

Figure 7. (a) Fluorescence titration of PLL-CDs upon addition of various concentrations of LPS in PBS buffer (pH 7.4). (Inset) Photographs of
the corresponding color change without (left) and with (right) 160 pM LPS under 365 nm UV light. (b) Stern−Volmer plot of PL intensity change
versus LPS concentration. F and F° are the PL intensities at 520 nm with and without LPS, respectively.

Table 1. Analytical Parameters for Determination of LPS Using PLL-CDs

parameters pH 7.4 pH 4 pH 9 1 M NaCl

linear dynamic range 0−160 pM 0−160 pM 0−160 pM 0−120 pM
regression equation y = 0.0076x - 0.106 y = 0.0088x − 0.14 y = 0.0051x − 0.04 y = 0.0083x − 0.01
R2 0.9917 0.9922 0.9901 0.9927
LOD (fM) 68.3 67.2 74.1 72.4
binding constant (M−1) 4.9 × 109 4.6 × 109 2.3 × 109 2.9 × 109

Table 2. Comparison of the LPS Detection Performance of PLL-CDs with Other Synthetic Assays

sensors bacteria LOD ref

PLL-CDs E. coli O157:H7 68.3 fM present study
amino acid-functionalized polydiacetylene liposomes E. coli O26:B6. 100 μM 19
CD14 peptides E. coli 055:B5 150 nM 20
pyrene derivatives E. coli 055:B5 100 nM 21
peptide-functionalized polydiacetylene liposomes E. coli DH5α 100 μM 22
peptide-assembled GO E. coli DH5α 130 pM 67
copolythiophene CPT1-C E. coli, K. pneumoniae 270 pM 23
cysteamine-modified Au NPs E. coli 055:B5 330 pM 24
CTAB-capped Au nanospheres E. coli 055:B5 560 pM 25
polymyxin B-functionalized Ag−NPs 2 nM 26
Janus Pt−micromotors Salmonella enterica 7 pM 27
CuFeO2@chitosan/Fe3O4@chitosan Pseudomonas aeruginosa 45 μM 28
peptide-functionalized Fe3O4@SiO2 core−shell MNPs E. coli DH5α 28 nM 18
peptide (P16)−fluorophore (CTPY) conjugates E. coli 0111:B4 6.97 nM 68
aptamer−GO conjugates E. coli 055:B5 1.57 nM 29
aptamer−CdSe/ZnS QD E. coli 055:B5 0.87 nM 69
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(Figure 7b). The corresponding analytical parameters are listed
in Table 1. The curve showed a good linear relationship
(correlation coefficient, R2 = 0.9917) between the PL intensity
ratio and the LPS concentration in the studied range. The limit
of detection (LOD) was calculated using the standard
equation, LOD = 3Q/slope, where Q is the standard deviation
of blank samples. The LOD was determined to be as low as
68.3 fM. The Job’s plot-based fluorescence analysis as shown in
Figure S6 indicated a 1:2.3 stoichiometric binding ratio
between PLL-CDs and LPS. Moreover, we compared the
sensing performance of PLL-CDs toward LPS with the
literature values obtained using other synthetic LPS sensors
and tabulated the results in Table 2. It can be clearly seen that
the LOD for PLL-CDs was at least one/two orders of
magnitude lower than that of many other synthetic assays
reported in the literature for LPS detection. Therefore, PLL-
CDs can act as excellent cost-effective materials for ultra-
sensitive detection of LPS in aqueous solution.
Furthermore, the sensing performance of the PLL-CD probe

toward LPS was investigated in different solution conditions
such as acidic (pH 4) and alkaline (pH 9) media and in the
presence of salt (1 M NaCl). Figure 8a,c shows the PL
emission spectra of PLL-CDs in the presence of different LPS

concentrations at pH 4 and 9, respectively. The good linear
relationships between the PL intensity ratio and the LPS
concentrations were recorded at both pH values of the
solutions (Figure 8b and 8d). The corresponding analytical
performance data are tabulated in Table 1. In acidic medium
(pH 4), the LOD (67.2 fM) was found to be a little lower than
that of other studied solution conditions. At lower pH, the
amino or amido groups of PLL in PLL-CDs could be easily
protonated, consistent with the positive ζ-potential values
(Figure 6b), leading to a favorable electrostatic interaction
with the negatively charged LPS in addition to hydrophobic
interaction. This suggested a strong LPS binding at the surface
of PLL-CDs, which induced a large fluorescence enhancement.
In contrast, the PLL-CDs possessed negative ζ-potentials at
high pH (Figure 6b), and hence, the LPS molecules
experienced difficulty to occupy the surface sites of PLL-CDs
due to electrostatic repulsion, resulting in a relatively less
pronounced fluorescence enhancement. The PL intensity
enhancement in this case was attributed to the LPS
complexation via hydrophobic interaction only. The LPS
sensing performance of PLL-CDs was also evaluated at a fairly
high ionic strength. In the presence of 1 M NaCl, the PLL-CDs
provided a similar fluorescence response (Figure 8e) with a

Figure 8. Fluorescence titration of PLL-CDs upon addition of different concentrations of LPS (left) at (a) pH 4 and (c) pH 9 and (e) in the
presence of 1 M NaCl. Stern−Volmer plot of PL intensity change vs LPS concentration (right ) at (b) pH 4 and (d) pH 9 and (f) in the presence
of 1 M NaCl. F and F° are PL intensities at 520 nm with and without LPS, respectively.
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good linear relationship (Figure 8f) as in LPS-spiked PBS
buffer, suggesting an excellent tolerance for high ionic strength.
The binding constants of PLL-CDs toward LPS in neutral (pH
7.4), acidic (pH 4), and alkaline (pH 9) conditions and in the
presence of 1 M NaCl were calculated using a Benesi−
Hildebrand plot (Figure S7) to be 4.9 × 109, 4.6 × 109, 2.3 ×
109, and 2.9 × 109 M−1, respectively (Table 1).
The mechanistic insight underlying the fluorescence turn on

of PLL-CDs and the role of PLL in the sensing of LPS are
demonstrated on the basis of the electron transfer effect as
shown in Scheme 1. We hypothesized that the LPS was
attached to the surface of PLL-CDs as the LPS is known to
bind specifically to the PLL via both ionic and hydrophobic
interactions, particularly at pH ≤ 7.4.52 This complex
formation at the particle surface that induced an electron
transfer from the phosphate groups of LPS to the carbon core

through the PLL bridge was the principle behind the
fluorescence turn-on sensing of LPS. The migration of
electrons might reduce the surface defects of the nanodots.
This led to an effortless electron−hole pair recombination,
thus resulting in an enhancement of the fluorescence
intensity.70 On the contrary, the LPS experienced a repulsive
interaction by the deprotonated oxygen-containing groups of
PLL-CDs at higher pH (i.e., pH > 7.4), which in turn made the
LPS binding weak. Only the hydrophobic interaction
contributed to the binding between LPS and PLL, and
hence, electron transfer was less effective in alkaline condition.
In support of the proposed mechanism as described above,

complex formation at the particle surface was evaluated by ζ-
potential, UV−vis, and FTIR spectra. Addition of LPS resulted
in a change of the ζ-potential value of aqueous PLL-CDs
dispersion from +0.167 to −2.63 mV at pH 7.4. The UV−vis

Scheme 1. Formation of PLL-CDs and Its Working Principle for Fluorescence Turn-on Detection of LPS

Figure 9. (a) UV−vis and (b) FTIR spectra of LPS, PLL-CDs, and LPS-loaded PLL-CDs. (c) HR-TEM image and (d) particle size distribution by
DLS measurement of LPS-loaded PLL-CDs.
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spectra presented in Figure 9a revealed that the intensities of
the absorption bands at 258 and 410 nm associated with the
π−π* transitions of the core aromatic moieties of PLL-CDs
significantly increased after addition of LPS. The FTIR study
(Figure 9b) of the aqueous dispersion of LPS, PLL-CDs, and
LPS-loaded PLL-CDs provided further evidence of successful
attachment of LPS on the PLL-CD surfaces. Furthermore, the
size and morphology of the LPS-loaded PLL-CD conjugates
was characterized by TEM and DLS measurements. Interest-
ingly, the size of the nanodots remained more or less the same
(∼3.7 nm) after LPS complexation as observed in the TEM
image (Figure 9c) of PLL-CDs in the presence of 160 pM LPS.
In agreement with the TEM results, the DLS data (Figure 9d)
shows that the average particle size of the LPS-loaded PLL-
CDs was ∼7.4 nm. These findings confirmed that the complex
formation between LPS and PLL at the PLL-CD surfaces
induced an electron transfer from the LPS to the carbon core,
resulting in a fluorescence enhancement.
3.3. Selectivity. The selectivity of the prepared fluorescent

sensor was evaluated by monitoring the fluorescence response
of the PLL-CDs to a number of coexisting species that are
known to interfere with the LAL assay such as surfactants
(anionic SDS, cationic CTAB, and nonionic C12E4), lipid
(phosphatidylcholine), chelating agents (EDTA and citrate),
divalent cations (Mg2+ and Ca+2), protein (BSA), and
functional groups found in LPS (phosphate, glucose, starch,
and O-antigen). We found that the interfering substances at
relatively high concentrations (1 mg/mL for BSA and 10 μM
for other compounds) hardly altered the PL intensity of PLL-
CDs (no enhancement or quenching) as shown in Figure 10
(red bars), indicating a limited influence of the interferents on
the probe. The exclusive response to LPS could be explained
by the obvious selective binding of LPS to PLL at the PLL-CD
surfaces. Interestingly, a significant enhancement of the
fluorescence emission of the PLL-CDs was observed on
subsequent addition of LPS (160 pM) to all of the above
systems (Figure 10, blue bars). However, in the presence of
these interfering compounds, our fluorescent probe exhibited
minimal false positives or negatives with very small enhance-
ment/inhibition of the fluorescence turn-on-based biosensing
of LPS. These results confirmed the excellent selectivity of the
PLL-CDs toward LPS, even in the presence of potential
interfering compounds.
3.4. Detection of Living E. coli Cells. To determine the

potential of this fluorescent probe in practical applications, we
further extended our study for the detection of living E. coli
cells. As shown in Figure 10b, the PL intensity gradually
increased with increasing E. coli cell concentration, suggesting
that similar to LPS, the E. coli cells were able to induce a
fluorescence enhancement of PLL-CDs. In the high-concen-
tration regime (e.g., 3.8 × 108 cells/mL), the response was
clearly visible under illumination from a UV lamp (Figure 10b,
inset I). The fluorescence signal exhibited a good linear
relationship (R2 = 0.9824) with E. coli concentration ranging
from 5.1 × 106 to 3.4 × 108 cells/mL (Figure 10b, inset II).
Thus, the PLL-CD probe with excellent sensing performance
offers great promise to detect living bacterial cells in clinical
and biological relevance.

4. CONCLUSIONS
We demonstrated a facile design and synthesis of PLL-
functionalized green-light-emitting CDs (PLL-CDs), which
can act as a robust fluorescence turn-on sensor for selective

and ultrasensitive detection of bacterial endotoxin (LPS). This
approach involved the preparation of pure CDs from citric acid
precursor in the presence of urea by microwave-assisted
pyrolysis followed by the attachment of PLL on the carboxyl-
group-rich surface of the CDs through EDC/NHS coupling.
The LPS binding to PLL at the PLL-CD surfaces induced an
electron transfer from the phosphate groups of LPS to the
carbon core through the PLL bridge, resulting in an
enhancement of the PL intensity. The PLL-CDs exhibited a
linear relationship between the PL intensity change ratio and
the LPS concentration in the studied region (0−160 pM),
enabling the quantitative determination of the LPS. Interest-
ingly, the LOD was found to be 68.3 fM in PBS buffer (pH
7.4), which is the lowest among all of the synthetic assays
reported for LPS detection to date. Moreover, our results
revealed that this fluorescent probe was shown to have
excellent sensing performance toward LPS in a range of
solution conditions including different pH values and ionic

Figure 10. (a) Fluorescence responses of the PLL-CDs to various
potential coexisting interferents. Red bars represent the change in the
PL intensity ratio (F/F°) upon addition of interferents (1 mg/mL for
BSA and 10 μM for other compounds) to the probe. Blue bars
represent the change in the PL intensity ratio upon addition of 160
pM LPS to the solutions in the presence of interferents. (b)
Fluorescence titration of PLL-CDs upon addition of various
concentrations of living E. coli cells in PBS (pH 7.4). (Inset I)
Photographs of the corresponding color change without (left) and
with (right) 3.8 × 108 cells/mL E. coli under 365 nm UV irradiation.
(Inset II) Plot of PL intensity ratio (F/F°) versus E. coli
concentration. F and F° are the PL intensities at 520 nm with and
without LPS or E. coli, respectively.
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strengths. This probe was specific for LPS, and thus, it allowed
selective detection of LPS over a range of potential coexisting
interferents. The assay format could also be used to detect
living E. coli cells. Overall, this specific LPS-binding-triggered
fluorescence turn-on strategy provided a promising platform
for the development of LPS biosensors, thus offering great
potential for the detection of bacterial endotoxin in biological
samples, medical devices, and pharmaceutical products.
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