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Room temperature synthesis of pH-switchable
polyaniline quantum dots as a turn-on fluorescent
probe for acidic biotarget labeling†

Yanfeng Liu,a,b Yin Ding,a Huilin Gou,a Xin Huang,a Guiyang Zhang,a,b Qi Zhang,a
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The synthesis of well-defined light-element-derived quantum dots (LEQDs) with advanced optical pro-

perties under mild conditions is highly desirable yet challenging. Here, a polyaniline (PANI) structure is

introduced into carbon-rich LEQDs to yield well-defined, fluorescent polyaniline quantum dots (PAQDs),

PAQD24, through a one-pot room temperature reaction. The mild synthetic conditions effectively mini-

mize the defects introduced during the conventional synthesis and endow PAQD24 with desirable optical

properties, including a narrow emission band (full width at half maximum = 55 nm), an optimal quantum

yield of 32.5% and two-photon fluorescence. Furthermore, the bandgap of PAQD24 is highly sensitive

toward pH variations in the near-neutral region, due to the proton doping and dedoping of the PANI

structure. Such unique properties together with its fine bio-compatibility enable the application of this

material as a turn-on fluorescent probe for the labeling of acidic biotargets from sub-cellular to organ

levels, providing potential applications in diagnosis and surgery guidance for certain diseases.

Introduction

Light-element-derived quantum dots (LEQDs) such as boron
nitride quantum dots (BNQDs), carbon nitride carbon dots
(CNQDs), and carbon quantum dots (CQDs) have drawn intense
research attention over the last decade.1–3 Compared with tra-
ditional inorganic semiconductor quantum dots (SQDs), LEQDs
present similar photonic and electronic properties while being
more biocompatible and environmentally friendly due to their
heavy-metal-free nature. Among the above LEQDs, CQDs, which
are mostly comprised of graphitic carbon, have attracted the
most attention owing to their excellent optical and chemical
stabilities, low cytotoxicity, and cost-effective, scalable
production.4–6 These appealing characteristics have encouraged
their vast applications in the bio-imaging field, including
imaging, sensing and theranosis.7–10 Unfortunately, the prepa-
ration of quantum-sized CQDs usually involves an energy con-
suming process like pyrolysis, solvent thermal treatment,

chemical/physical ablation, microwave irradiation, etc.4,7,11

These processes inevitably lead to the generation of multiple
chemical defects on the surface of CQDs through side reactions.
Such structural irregularities would influence the spectral pro-
perties of the products, resulting in broadened and excitation-
dependent emission,12–14 which in some cases may restrain
their implementation in imaging applications. In order to
obtain LEQDs with better optical properties, recently, efforts
have been made to achieve graphitic CQDs through a mild syn-
thetic process, yet the number of successful examples is rather
limited.15,16 Such a limitation therefore motivates us to explore
carbon-rich LEQDs besides graphitic CQDs.

Polyaniline (PANI) is a class of unique conductive polymers
with a conjugated structure that can lead to high conductivity
upon doping,17 which thus provides the possibility for its re-
placement for graphitic carbon in LEQDs. Compared with gra-
phitic carbon, the preparation of PANI required only mild con-
ditions,18 therefore might minimize the structural defects and
benefit the product in the respect of optical properties.
Moreover, PANI undergoes a reversible proton doping–dedop-
ing process that changes its bandgap and optical/electronic
properties,19 which have allowed its application as a chromatic
or electronic proton detector.20,21 With these aspects in mind,
we envisage that the introduction of PANI structures into
LEQDs may give rise to well-defined fluorescent LEQDs with
pH-switchable optical properties that can be prepared under
mild conditions.
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Herein, we describe the first preparation of well-defined
and highly fluorescent PANI quantum dots (denoted as
PAQD24 hereafter) from a rationally selected precursor 2,4-di-
aminotoluene (2,4-DAT) through a facile one-pot room tem-
perature reaction (Scheme 1a). As expected, the resultant
PAQDs showed desirable luminescence properties, as well as a
pH-switchable bandgap upon proton doping and dedoping,
leading to distinctively different optical properties under
different pH conditions. By virtue of such unique properties,
we subsequently utilized PAQD24 as a turn-on fluorescent
probe for labeling acidic biotargets from the sub-cellular to
the organ level (Scheme 1b). To the best of our knowledge, this
is the first report of fluorescent PAQDs with pH-switchable
optical properties to date.

Results and discussion
Synthesis and characterization

Generally, PANI is insoluble in most solvents including water
due to the strong π–π interaction and hydrogen bonding.22

Although granule and nano-fiber morphologies of PANI can be
obtained via controlled polymerization, their aggregation ten-
dency remained intense.23,24 To the best of our knowledge,
quantum-sized (<10 nm), especially, highly dispersible and
fluorescent PAQDs have not yet been reported.

In order to enhance the solubility and control the mor-
phologies, aniline derivatives have been chosen instead of
aniline as monomers in previous studies.25 Here, we ration-
ally selected 2,4-DAT as the monomer for the synthesis of
PAQD24 with the concern of both solubility and the well-
defined structure of the product (Fig. S1†). The PAQD24 was
synthesized in auto-oxidized THF acidified with hydrochloric
acid, where a very low concentration of tetrahydrofuran
hydroperoxide (THF-HPO)26,27 served as the initiator
(Table S1†). As a result, after 8 h of room temperature reac-
tion, the reaction mixture gradually turned from a colorless,
non-fluorescent solution to a brown, highly fluorescent col-
loidal suspension (Fig. 1a). The fluorescent product was then

concentrated and purified by silica gel chromatography to
give a yield of ca. 60%.

Transmission electron microscopy (TEM) analysis revealed
that the morphology of PAQD24 consisted of nano-sized and
well-defined nanodots with a mean diameter of 4.2 nm
(Fig. 1b) and well-resolved lattice fringes with an interplanar
spacing of 0.18 nm (Fig. 1c), differing from the typical 0.24 nm
or 0.34 nm spacing corresponding to graphitic structures,
which is commonly reported for CQDs.28–30 The atomic force
microscopy (AFM) analysis also showed a typical height of
∼3 nm of the dots (Fig. S2†), indicating a quasi-spherical
shape of the product. Electrospray ionization mass spec-
trometry (ESI-MS) analysis of PAQD24 showed regular intervals
of ∼122 m/z, which corresponded to the molecular weight of
2,4-DAT, thus verifying the polymeric nature of this material
(Fig. S3†). The as-prepared PAQD24 exhibited an excitation-
independent emission peak at 490 nm with a small full width
at half maximum (FWHM) of 55 nm (Fig. 1b). Such a FWHM
value is smaller than that of most CQDs and LEQDs reported
(≥100 nm in most cases), implying that the mild synthetic
process had efficiently avoided surface defects influencing the
optical properties, according to our prior design. Meanwhile,
an intense excitonic absorption signal centered at 395 nm was
observed in the absorbance spectrum of PAQD24, implying the
band-edge nature of its emission.31,32 The abovementioned
characteristics indicate that PAQD24, in the aspect optical pro-
perties, is more similar to well-defined semi-conducting
quantum dots (SQDs) than CQDs with multiple surface states
processed under violent conditions.33 While avoiding the dis-
advantages of common CQDs, the PAQD24 is found to retain
one of the most-favored optical properties of CQDs, known as
the two-photon fluorescence (TPF) property.6,34–36 Unlike the
conventional down-converted fluorescence, the TPF process
allowed the emission center to be excited by two long-wave-
length near-infrared (NIR) photons rather than a short wave-
length photon, minimizing the photo-toxicity and enhancing
penetration depth in bio-imaging applications.34 To our
delight, an obvious upconversion PL signal was observed when
the PAQD24 solution was excited using an 800 nm femtose-
cond pulsed laser (Fig. 1e). The quadratic dependency of the
PL intensity on the laser power demonstrated that the emis-
sion was induced by a two-photon excitation process
(Fig. 1f).37 All the above results suggest that PAQD24 is a
bright fluorescence nanomaterial with optical properties com-
parable (and in some aspects more advanced) to those of gra-
phitic CQDs.

Based on the above results, we propose a plausible polymer-
ization-induced nucleation mechanism for the formation of
PAQD24: the monomer 2,4-DAT first undergoes oxyradical
polymerization to form oligomers, which later aggregate and
self-assemble into well-defined PAQDs (Fig. 1g). Notably, the
concentrations of reactants and the solvent played important
roles in the control of the morphology during this process, as
polymerization in water with higher concentrations of the
monomer and the initiator resulted in a non-fluorescent,
amorphous product (Fig. S4†). This result in turn also illus-

Scheme 1 (a) Synthesis of PAQD24 through a room temperature reac-
tion and the proton-doping induced bandgap and fluorescence switch-
ing of PAQD24. (b) The applications of PAQD24 for acidic biotarget
labelling.
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trates that the PL of PAQD24 is not an intrinsic property of the
polymer but rather results from the quantum-confined
morphology.

Mechanism study of the doping–dedoping behavior of
PAQD24

PANI, or more precisely, emeraldine PANI, is known to be
highly conductive upon proton doping but is almost insulating
when dedoped.17 The underlying mechanism behind this
unique behavior has been revealed as follows: the chain of
emeraldine PANI contains both benzenoid rings and quinoid
rings, which have distinct differences in the dedoped state and
therefore lead to relatively localized molecular orbitals.
However, upon proton doping, the emeraldine salt undergoes
an intra-chain charge transfer process that decreases the differ-
ences between the benzenoid and quinoid structures, giving
rise to more delocalized polaron and bipolaron orbitals and
rendering a lower bandgap energy (Fig. 2a).19,38

To obtain the doped and dedoped species of PAQD24, we
added excess HCl or sodium hydroxide (NaOH) to solutions of
PAQD24 in various solvents concerning different polarities
and hydrogen bonding properties (i.e., water, n-butanol
(BuOH), ethanol (EtOH), dichloromethane (DCM) and THF).
As a result, average bandgaps of 3.11 eV for the dedoped state
and 2.67 eV for the doped state were calculated from the UV-
vis absorption edge of PAQD24 in these solutions (Fig. 2b,
Table 1). Despite the wide differences among these solvents,
the absorption edges of the doped and dedoped PAQD24 were
very similar in the examined solvents. Meanwhile, the differ-
ences in the absorption edges of the doped and dedoped
PAQD24 were very distinct. Such results confirm that the
observed shift in the absorption edge of PAQD24 was induced
by the structural variations during the doping/dedoping pro-
cesses rather than by the solvatochromism effect. With respect
to the PL, the emission of PAQD24 in most of the tested sol-
vents redshifted from ∼425 nm to ∼490 nm upon proton
doping, corresponding to a change in the optical bandgap

Fig. 1 (a) Photograph of the starting material (left) and the resultant product mixture after 8 h of reaction (right) under ambient light (top) and 365
UV irradiation (bottom). (b) TEM image (magnification: ×200 000) and (c) HRTEM image of PAQD24 (magnification: ×2 000 000). (d) Absorbance,
excitation and emission spectra of the as-prepared PAQD24. (e) Two-photon fluorescence (TPF) intensity of PAQD24 under excitation by an 800 nm
femtosecond laser with different powers. (f ) TPF intensity of PAQD24 plotted against the square of laser powers. (g) Schematic illustration of the for-
mation of PAQD24.
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(Fig. 2c). For both states, the emission was found to be exci-
tation-independent (Fig. 2d and e), which implies that such a
shift in the emission wavelength was caused by a change in
the bandgap31 rather than multiple surface states.39

Notably, the proton doping–dedoping process of PAQD24
occurred not only in a solution reaction (Fig. 2f, video S1†),

but also in a gas–solid reaction, similar to that reported for
other PANI materials.40 When filter paper supporting doped
PAQD24 was exposed to alkaline ammonia gas, the green fluo-
rescence of the filter paper was quickly quenched, leaving a
much weaker blue fluorescence. The strong green fluorescence
was soon recovered after the filter paper was exposed to fresh
air, which caused the ammonia to evaporate (Fig. 2g, video
S2†). Such a phenomenon might have potential application as
fluorescence detectors for alkaline gas.

The properties of two emission centers of dedoped and
doped PAQD24 are further investigated with 3DPL contours
(Fig. 3). As shown in Fig. 3(a–d), either dedoped or doped
PAQD24 clearly has one emission center at 425/490 nm, and
the dedoped emission center is generally weaker than the
doped one, possibly due to its less delocalized nature. The

Fig. 2 (a) Scheme of the doping–dedoping process for PAQD24. (b) UV-vis spectra of doped and dedoped PAQD24 in different solvents (+ rep-
resents the doped state and − represents the dedoped state). (c) Fluorescence emission of doped and dedoped PAQD24 in different solvents (+ rep-
resents the doped state and − represents the dedoped state) under 365 nm excitation. (d) Fluorescence emission of dedoped PAQD24 in THF with
different excitation wavelengths (emission center: 425 nm). (e) Fluorescence emission of doped PAQD24 in THF with different excitation wave-
lengths (emission center: 490 nm). (f ) Reversible doping–dedoping process of PAQD24 in THF solution. (g) Reversible dedoping–doping process of
PAQD24 on filter paper.

Table 1 Optical bandgaps of doped and dedoped PAQD24 calculated
from absorbance in different solvents

EtOH DCM THF BuOH H2O Average

Dedoped
PAQD24

2.65 eV 2.72 eV 2.66 eV 2.64 eV 2.70 eV 2.67 eV

Doped
PAQD24

3.10 eV 3.11 eV 3.14 eV 3.09 eV 3.13 eV 3.11 eV
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emission of dedoped PAQD24 is completely quenched in
aqueous solution due to aggregation-induced quenching, as
supported by the TEM image (Fig. S5†). In addition, the PL
quantum yields (PLQY) of dedoped and doped PAQD24 were
found to be 1.54% and 32.5%, respectively (Fig. S6†). The PL
lifetime test showed that the doped PAQD24 had a longer PL
lifetime than the dedoped species, which is consistent with
the different quantum yields of the two states (Fig. S7,
Table S2†).

To further understand the structural variation of PAQD24
during the doping–dedoping process, bonding energies of
dedoped and doped PAQD24 were studied using X-ray photo-
electron spectroscopy (XPS). The XPS survey showed three
intense peaks at 284 eV (C 1s), 400 eV (N 1s) and 532 eV (O 1s)
for both dedoped and doped PAQD24. For the doped PAQD24,
a Cl 2p peak occurred at 201 eV, corresponding to the chlori-
dion introduced by a doping acid (Fig. 4a). Meanwhile, the Si
2p (100 eV) and Si 2s (150 eV) are assigned to the silica wafer
used to support the samples, as none of the starting materials
of PAQD24 contained the silica element. In the high resolution
C 1s spectra (Fig. 4b), bonding energies assigned to CvC

(284.45 eV) and CvN (286.3 eV) related to quinoid structures
are prominent in the dedoped PAQD24. Meanwhile, the C 1s
spectra of doped PAQD24 show fewer quinoid related peaks,
and a separated peak at 288.30 eV corresponding to the proto-
nation of N atoms in the conductive polymer chain
emerges.41–43 In high resolution N 1s spectra (Fig. 4c), the
peak at 400.80 eV corresponding to CvNH+ also enhanced
upon doping. The above results unambiguously validated a
structural variation related to the proton doping on the PANI
structure. Meanwhile, the component of O 1s remained
unchanged upon proton doping (Fig. 4d), suggesting that the
oxygen element is not majorly involved in this process. In fact,
the O 1s peak can be seriously influenced by absorbed oxygen
and thus might not reflect the oxygen content of PAQD24
truthfully.16

The structural differences between dedoped and doped
PAQD24 were also examined by FT-IR spectroscopy. As shown
in Fig. S8,† the peak at 1078 cm−1 corresponding to the benze-
noid-NH+vquinoid vibration blue-shifted to 1049 cm−1 upon
doping, while the N–H vibration at 3361 cm−1 and the C–H
vibration at 2922 cm−1 enhanced due to protonation on the

Fig. 3 3D-PL contour maps of dedoped (left) and doped (right) PAQD24 in (a) BuOH, (b) DCM, (c) EtOH, (d) THF and (e) water. The dedoped emis-
sion was missing in aqueous solution.
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arylamino groups.44 The peak at 1616 cm−1 for dedoped
PAQD24 and at 1644 cm−1 for doped PAQD24 should be
assigned to the benzenoid structure, while the multiple peaks
between 1300 cm−1 and 1500 cm−1 are related to the quinoid
structure and weakened after proton doping, as the doped
emeraldine structure contains fewer quinoid components.
Notably, a broad peak centered at 2593 cm−1 appears in the
spectrum of doped PAQD24, while it is totally missing in the
dedoped ones. The origin of this peak is related to the
increased intra-chain free carrier upon doping.45 Together
with XPS, the FT-IR spectra indicated a proton doping-induced
structural variation of PAQD24, similar to bulk PANI.

pH-Dependent PL properties of PAQD24

As mentioned above, the PAQD24 exhibited only one emission
peak at 490 nm in aqueous solution, which gradually
enhanced as the solution became more and more acidic

(Fig. 5a). By plotting the PL intensity of PAQD24 against the
pH value, a sigmoidal curve with a single transition between
pH = 5 and pH = 8 (Fig. 5b) was obtained. A similar pH–PL
relationship was also observed under 800 nm two-photon exci-
tation (Fig. 5c and d), as the TPF intensity increased with
decreasing pH value in the near-neutral region. The pKa of
PAQD24 was determined to be 6.52 from the PL–pH plot
(Tables S2 and S3†), suggesting that the material exhibits a
sensitive turn-on fluorescence response toward protons in the
near-neutral pH region, and therefore might be potentially
useful for bio-related detection, especially turn-on detection or
labelling of acidic targets.35

As for the bio-imaging agent for pH related detection, rever-
sibility and selectivity are always issues of concern. For this
reason, the reversibility and selectivity tests were run for
PAQD24. As a result, the proton doping process was proved to
be highly reversible (Fig. 5e) during multiple switches of the
pH between pH = 4 and pH = 10. The on–off ratios of down-
conversion PL Intensity and TPF Intensity between pH = 4 and
pH = 10 were calculated to be 263 : 1 and 308 : 1, respectively.
In addition, when different ions and biomolecules were added
to PAQD24 solutions with a pH of 6.5, the fluorescence inten-
sity of these solutions remained nearly unchanged (Fig. 5f).
Such a result indicated that the PL intensity of PAQD24 is
selectively sensitive to pH in a complex chemical environment,
and therefore has the potential to be applied as an intracellu-
lar pH reporter.

Before any cellular imaging experiment was performed, the
cytotoxicity of PAQD24 was first examined by using a standard
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (Fig. S9†). As a result, the cytotoxicity of PAQD24
was proved to be negligible even at a relatively high concen-
tration of 250 μg mL−1 after 48 h of incubation. Judging from
the above results, the biocompatible PAQD24 material can
function as a suitable turn-on fluorescent probe for acidic bio-
target labeling.

Bio-imaging applications of PAQD24

Lysosomes, as acidic organelles with an inner pH value
(4.5–5.5) much lower than that of the surrounding cytoplasm
(7.0–7.4), play very important roles in cellular physiological
activities, including digestion, self-healing and apoptosis.46

Furthermore, a variety of diseases, including cancer, have been
proved to be strongly related to changes in the lysosomal func-
tion.47 Hence, the labeling and tracking of lysosomes are of
great importance in the field of cellular imaging. Considering
the turn-on PL properties of PAQD24 in acidic pH, a higher
intensity of PL in the acidic lysosomes is expected under cellu-
lar imaging conditions with PAQD24. To probe the feasibility
of using PAQD24 as a fluorescent probe for lysosome labeling,
we cultivated mice NIH3T3 cells in the presence of both
PAQD24 and LysoTracker Red (a commercial fluorescent probe
for lysosome labeling). Under both single-photon and two-
photon excitation, the green PL was found to be localized in
the lysosomal area, overlapping the red PL of LysoTracker Red
(Fig. 6A). The confocal Z-sectioning of the cellular image also

Fig. 4 XPS spectra of dedoped and doped PAQD24. (a) XPS survey of
dedoped/doped PAQD24. (b) High resolution C 1s bonding energy of
dedoped/doped PAQD24. (c) High resolution N 1s bonding energy of
dedoped/doped PAQD24. (d) High resolution O 1s bonding energy of
dedoped/doped PAQD24.
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confirmed the colocalization of red and green PL signals (Gif
S1–S4†).

To monitor the function of PAQD24 as a lysosome tracker
over time, we incubated cells in the presence of PAQD24 for
different durations. With a PAQD24 concentration of 50
μg mL−1, strong fluorescence appeared in the lysosomes
within 1 h of incubation with PAQD24. Meanwhile, the fluo-
rescence intensity in the lysosomal regions remained intense
without diffusion after 12 h. The Pearson’s coefficients in each
case were calculated to be 0.7823 and 0.6885, respectively
(Fig. S10†), suggesting a fine co-localization efficiency of
PAQD24 and LysoTracker Red. The above results confirmed
that PAQD24 can be used both for short and long-time track-
ing of lysosomes in living cells.

In terms of imaging at the organ level, tumors are typically
acidic biotargets of considerable interest. Due to their high
metabolic rate, solid tumors usually suffer from acidosis,
having a pH of 6.0–7.0, whereas the surrounding normal
tissues usually have a higher pH of 7.0–7.4.35,48 As mentioned
above, the pKa of PAQD24 is 6.52, making it highly sensitive to
pH variations between 6.0 and 7.4. Therefore, we anticipated
that PAQD24 would exhibit stronger fluorescence in the acidic
environment of a tumor and weaker or no fluorescence in the
normal organs and tissues due to their relatively higher pH. To
confirm this hypothesis, we intravenously injected a saline
solution containing PAQD24 into mice bearing A549 tumors at
a dose of 10 mg kg−1. The as-treated subjects were sacrificed
and dissected after different time points post-injection (1 h,
4 h, 16 h, and 24 h), and their major organs, muscle tissues

and tumors were imaged with a Cri maestro EX imaging
system at an excitation wavelength of 455 nm (Fig. 6B).

As a result, the tumors showed the highest fluorescence
intensity among the different organs and tissues in all four
groups. A plot of PL intensity in the tumor sites and liver
against the post injection time showed that the PL intensity in
tumors was found to be higher than that in the liver 1, 4, 16
and 24 hours post-injection (Fig. S11†). Such a result suggests
that the higher pH value in these normal organs and tissues
(like the liver) suppressed the fluorescence of PAQD24.
Interestingly, the PL intensity in tumor sites was partially
recovered from 16 h to 24 h. Such a phenomenon may be
related to the pH-switchable charge properties of PAQD24. As
suggested by the zeta potential analysis (Fig. S12†), PAQD24 is
neutrally charged when dedoped (zeta potential = 0.8 mV,
pH = 7.4) and positively charged when doped (zeta potential =
12.6 mV, pH = 6.0). As reported, positively charged nano-
particles with a small size are optimized for rapid transvascu-
lar transport in tumors, while the neutrally charged particles
tend to participate in long circulations.49,50 Therefore, the
apparent retention behavior of PAQD24 might be a combi-
nation effect concerning both dedoped and doped PAQD24.
That is to say, the doped species transported rapidly in and
out of the tumor, while the dedoped PAQD24 in the internal
environment took part in long circulation and re-accumulated
in the tumor due to the enhanced permeability and retention
(EPR) effect.51 In brief, PAQD24 can serve as a qualitative pH
reporter capable of labeling acidic tumor sites in a wide
range of time (1 h–24 h), which would have potential appli-

Fig. 5 (a) Variation of PL emission upon the change of pH value for PAQD24. (b) Normalized PL intensity of PAQD24 plotted against pH.
(c) Variation of TPF-PL emission upon the change of the pH value for PAQD24. (d) Normalized TPF intensity of PAQD24 plotted against pH.
(e) Reversibility test of the PL intensity response to pH between pH = 4 and pH = 10 of PAQD24 in HEPES buffer. (f ) Fluorescence responses of
PAQD24 solution in HEPES buffer (50 mM, pH = 6.5) upon the addition of 200 μM of various metal ions: K+, Na+, Cu2+, Zn2+, Mg2+, and Co2+;
100 μM of biomolecules: arginine (Arg), glycine (Gly), ornithine (Orn), citrulline (Cit), glutathione (GSH), glucose, and urea; or 5 mM hydrogen
peroxide.

Paper Nanoscale

6666 | Nanoscale, 2018, 10, 6660–6670 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 0
5 

M
ar

ch
 2

01
8.

 D
ow

nl
oa

de
d 

by
 N

A
N

JI
N

G
 U

N
IV

E
R

SI
T

Y
 o

n 
8/

29
/2

01
8 

3:
38

:5
2 

A
M

. 
View Article Online

http://dx.doi.org/10.1039/c8nr00381e


cation in surgery guidance for cancer treatment. Further cali-
brations and systematic study concerning the metabolism of
PAQD24 are well underway in order to push forward its quanti-
tative research in vivo.

Conclusion

In summary, we have successfully prepared polyaniline
quantum dots, PAQD24, using 2,4-DAT as a precursor through
a facile room temperature reaction. Remarkably, PAQD24
emitted bright green fluorescence under both one-photon and
two-photon excitation with a small FWHM of 55 nm with a
PLQY of 32.5% (doped), owing to its well-defined structure.

The quantum confined and conjugated PANI structure is
responsible for the bright fluorescence of the product, endow-
ing PAQD24 with the bandgap emission nature. Inherited
from the PANI structure, PAQD24 exhibited a sensitive switch
in the bandgap between the proton dedoped and doped states,
leading to switchable optical properties related to different
pH values. Last but not least, based on such unique properties
and its benign bio-compatibility, PAQD24 has been explored
as a qualitative probe for labelling acidic biotargets like lyso-
somes and tumor sites for in vitro and ex vivo studies. In prin-
ciple, the successful labelling of lysosomes (pH = 4.5–5.5) in
cellular imaging and tumor sites (pH = 6.0–7.0) in small
animal imaging would provide potential application in diagno-
sis and surgery guidance for certain diseases, including

Fig. 6 Imaging of acidic biotargets at the sub-cellular (a) and organ (b) levels. (a) Confocal microscopy images of NIH3T3 cells incubated with
PAQD24 and LysoTracker Red for 1 h and 12 h. Images were captured in the green channel (450–550 nm) for PAQD24 under both 405 nm excitation
(PAQD24) and 800 nm two-photon excitation (PAQD24-TPF) and in the red channel (550–650 nm) for LysoTracker Red under 543 nm excitation.
(b) Ex vivo imaging of the major organs and tissues of A549 tumor-bearing mice 1 h, 4 h, 16 h, and 24 h after intravenous injection of PAQD24.
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cancer. As the first report of highly dispersed, nano-sized fluo-
rescent PAQDs (to the best of our knowledge), this work high-
lights not only the development of a new class of well-defined
LEQDs with desirable optical properties, but also a new strat-
egy for introducing a pH-sensitive luminescence center into
bio-imaging agents.

Experimental
Materials

Reagent grade 2,4-diaminotoluene (2,4-DAT, 98%), tetrahydro-
furan (THF, AR) and ammonium persulfate (APS, 98%) were
purchased from Aladdin (Shanghai, China). 2,4-Dimethyl-5-
nitroaniline (98%) was purchased from TCI (Shanghai, China).
Hydrochloric acid (HCl) (36% by mass), sodium hydroxide
(NaOH), ammonium hydroxide (25–28% by mass), dichloro-
methane (DCM), methanol (MeOH), ethanol (EtOH), calcium
chloride, cobalt chloride, copper sulfate, ferrous sulfate, mag-
nesium sulfate, sodium chloride, potassium chloride, zinc
chloride, ascorbic acid, hydrogen peroxide, citrulline (cit), argi-
nine (Arg), glycine (Gly), ornithine (Orn), urea, glucose and glu-
tathione (GSH) were purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). n-Butanol (BuOH) was
purchased from Macklin Biochemical Co., Ltd (Shanghai,
China). LysoTracker Red and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from
Beyotime Biotech (Shanghai, China). All reagents were used as
received if not specified. Deionized (DI) water was used
throughout the study.

Characterization

Transmission electron microscopy (TEM) was performed on a
JEM 1011 instrument (JEOL, Japan) (acceleration voltage: 100
kV; magnification: 200 000×). High-resolution transmission
electron microscopy (HRTEM) was performed on a JEM 2800
instrument (JEOL) (acceleration voltage: 200 kV; magnifi-
cation: 2 000 000×); atomic force microscopy (AFM) was per-
formed on a Dimension Icon™ (Bruker, USA); ESI-MS was per-
formed on an LCQ Fleet mass spectrometer (Thermo
Scientific™, USA); UV-vis spectra were recorded on a
UV-1800PC spectrophotometer (Mapada, China); photo-
luminescence (PL) emission and excitation spectra were
measured on a FluoroMax-4 fluorospectrophotometer
(HORIBA, Japan); the PL lifetime was measured with a Tem
Pro 01 fluorescence lifetime system (HORIBA, Japan); two-
photon fluorescence (TPF) spectra were obtained with an
800 nm femtosecond pulsed laser (Coherent, Mira OPO, USA)
and measured with a spectrometer (Ocean Optics USB 2000+,
USA); Fourier transform infrared (FT-IR) spectra were obtained
with a TENSOR27 FT-IR spectrometer (Bruker, Germany); X-ray
photoelectron spectroscopy (XPS) was performed on a PHI
5000 VersaProbe (UlVAC-PHI, Japan); two-photon confocal
microscopy was performed with a TCS SP5 laser confocal
microscope (Leica, Germany) equipped with a 3000 mW femto-
second pulsed laser (800 nm). Cytotoxicity assessment was

carried out on an Enspire™ multimode plate reader
(PerkinElmer, USA). Zeta potential analysis was performed
with a Zetasizer Nano Z (Malvern, UK).

Auto-oxidation of THF

Distilled THF was sealed in a transparent vessel with 1/2 the
volume filled with air left under ambient conditions (298 K, 1
atm, ambient light) for 1 month to generate tetrahydrofuran
hydroperoxide (THF-HPO). The content of THF-HPO was quan-
titated by a titration method described as follows: 100 mL of
acetic acid and about 25 g of oxidized THF were mixed in an
iodine flask. Followed by the addition of 2 mL of 100 g L−1 pot-
assium iodide, the solution was kept in dark for 15 min. After
that, 0.02 M sodium thiosulfate aqueous solution was used to
titrate the solution until it turned colorless.

Synthesis of PAQD24

61 mg (0.5 mmol) of 2,4-diaminotoluene purified by vacuum
sublimation was dissolved in a mixture of 95 mL of auto-oxi-
dized THF and 5 mL of DI water under gentle stirring in a
conical flask to obtain a homogeneous solution. To this solu-
tion was added 100 μL of HCl (36% by mass) in a single
portion, and the solution was vigorously stirred under ambient
conditions (298 K, 1 atm) for 8 h. After that, 40 mg of NaOH
was added to quench the reaction. The dedoped quantum dot
suspension was then concentrated and purified by silica
column chromatography using a mixture of 95% DCM and 5%
MeOH as the eluent.

Synthesis of 1,3-diamino-4,6-dimethylbenzene (DADMB)

1 g of 2,4-dimethyl-5-nitroaniline was dissolved in 20 mL of
methanol. To this solution was added 10% Pd/C (0.1 eq.)
before exchanging the air in the flask 3 times with H2 at 1 atm.
The mixture was stirred overnight at room temperature (298 K)
and then filtered, concentrated and purified by vacuum subli-
mation to obtain DADMB.

Comparison with different aniline derivatives as monomers

0.1 mmol portions of aniline, ortho-phenylenediamine (o-PA),
meta-phenylenediamine (m-PA), para-phenylenediamine
(p-PA), DADMB and 2,4-DAT were individually dissolved in
19 mL of auto-oxidized THF containing 1 mL of DI water. To
these solutions was added 20 μL of HCl (36% by mass). After
8 h of reaction at room temperature (298 K) and ambient
pressure (1 atm), the PL intensities of the reaction solutions
were measured under 365 nm UV irradiation.

Synthesis of bulk poly (2,4-diaminotoluene), or PDAT

Bulk PDAT was synthesized at room temperature according to
the typical synthesis of bulk PANI as follows:52 1.22 g
(10 mmol) of 2,4-DAT was dissolved in 100 mL of DI water con-
taining 1 M HCl to form a homogeneous solution. To this
solution was added 2.88 g of APS (10 mmol) under stirring to
initiate polymerization. The mixture was left to stir at room
temperature for 8 h before the product was collected and puri-

Paper Nanoscale

6668 | Nanoscale, 2018, 10, 6660–6670 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 0
5 

M
ar

ch
 2

01
8.

 D
ow

nl
oa

de
d 

by
 N

A
N

JI
N

G
 U

N
IV

E
R

SI
T

Y
 o

n 
8/

29
/2

01
8 

3:
38

:5
2 

A
M

. 
View Article Online

http://dx.doi.org/10.1039/c8nr00381e


fied by dialysis against DI water with a 10 000 D cutoff Mw for
2 days.

Quantum yield (QY) measurements

The QYs of the obtained PAQD24 were determined by a relative
method,53 where quinine sulfate (QY = 55% in 0.1 M H2SO4)
was used as a standard reference.

The QYs of the samples were calculated from the following
equation:

1 ¼ 1′� A′
I′
� I
A
� n2

n′2
ð1Þ

In this equation, ∅ refers to the QY, I refers to the inte-
grated PL intensity, n refers to the refractive index (1.33 for
water and 1.36 for EtOH) and A refers to the absorbance at the
excitation wavelength. The prime symbol refers to the data of
the standard reference. In this study, the absorbance of each
sample was measured at 365 nm, and the PL intensity was
measured following excitation at 365 nm.

Calculation of the pKa of PAQD24

The pKa of PAQD24 was calculated by fitting the pH–PL plot
with the following equation:

log½ðImax � IÞ=ðI � IminÞ� ¼ pH� pKa ð2Þ
where I is the emission intensity of the PAQD24 solution at
490 nm (λex = 400 nm) at a given pH, and “Imax” and “Imin” are
the maximum and minimum limiting values of I, respectively.
The fitting produced a pKa value of 6.52 for doped PAQD24
(R2 = 0.99601).

Cytotoxicity assessment

To evaluate the cytotoxicity of PAQD24, NIH3T3 cells were first
seeded in 96-well cell-culture plates at a concentration of 104

cells per well in 100 μL of Dulbecco’s modified Eagle’s
medium (DMEM) with different concentrations of PAQD24 for
48 h (37 °C, 5% CO2). After this, the culture medium was
replaced with the same amount of fresh DMEM without
PAQD24, and 10 μL of MTT (5.0 mg mL−1 in PBS) was added to
each well. After another 4 h of incubation (37 °C, 5% CO2), the
growth medium was removed, and 100 μL of dimethylsulfoxide
(DMSO) was added to each well to dissolve the MTT. The
absorbance of each well at 570 nm was read on a PerkinElmer
Enspire™ microplate reader to assess the cell viability.

Cellular imaging

Before imaging, NIH3T3 cells in 1 mL DMEM were seeded in a
dish at a concentration of 104 cells per dish overnight to
ensure adhesion of the cells. Then, PAQD24 dissolved in
DMEM was added to give a final PAQD24 concentration of
50 μg mL−1, and the cells were incubated for another 1 h or
12 h to stain the cell. After that, the cells were further stained
with LysoTracker Red with a concentration of 100 nM for 1 h.

Single-photon fluorescence (SPF) and two-photo fluo-
rescence (TPF) microscopy were performed with a TCS-SP5

laser confocal microscope (Leica, Germany) equipped with a
3000 mW femtosecond pulsed laser. The PAQD24 SPF channel
was excited with a 405 nm laser, and the emission was col-
lected between 450 and 550 nm; the PAQD24 TPF channel was
excited with an 800 nm pulsed laser, and the emission was col-
lected between 450 and 550 nm; the LysoTracker Red channel
was excited with a 543 nm laser, and the emission was col-
lected between 550 and 650 nm.

Ex vivo imaging

All animal studies were performed in compliance with the
guidelines set by the Animal Care Committee of Nanjing
University and approved by the Medical Ethics Committee of
the Affiliated Drum Tower Hospital of Nanjing University
(Nanjing, China). Balb/c nude female mice bearing A549
tumors were purchased from Nanjing KeyGen Biotech. Co. Ltd
and maintained under standard housing conditions. When
the average volume of the tumor reached approximately
150 mm3, 1 mg mL−1 PAQD24 in normal saline was injected
intravenously with a dose of 10 μL g−1 (10 mg kg−1). The mice
were later sacrificed and dissected 1 h, 4 h, 16 h and 24 h
respectively after injection (n = 3 for each time interval), and
their major organs (heart, lungs, spleen, kidneys, and the
liver), muscle tissue and tumors were acquired for ex vivo
imaging under 455 nm irradiation.
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