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Smart functional nanomaterials colorimetrically responsive to all-pH and a wide temperature range are urgently needed
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due to their widespread applications in biotechnology, drug delivery, diagnosis and optical sensing. Although graphene

quantum dots possess remarkable advantages in biological applications, they are only stable in neutral or weak acidic

solutions, and strong acidic or alkaline conditions invariably suppress or diminish the fluorescence intensity. Herein, we

report a new type of water-soluble, multicolor fluorescent graphene quantum dots which are responsive to all-pH from 1

to 14 with the naked eye. The synthesis was accomplished by electrolysis of graphite rod, followed by refluxing in a

concentrated nitric and sulfuric acid mixed solution. We demonstrate novel red fluorescence of quinone structures

transformed from the lactone structures in strong alkaline condition. The fluorescence of resulting graphene quantum

dots was also found to be responsive to the temperature changes, demonstrating the great potential as a dual probe of pH

and temperature in complicated environments such as biological media.

Introduction

Intelligent, stimulus-responsive functional materials have
drawn great interest in the last few years owing to the desire
to control complexity and to create systems that adapt or
respond to the environment such as pH, temperature,
chemical or mechanical stress.! pH papers as classic
intelligent responsive materials have been widely used since
they can rapidly and easily determine narrow pH ranges in
numerous applications by recognizing different colors with
the naked eye. Great efforts have been taken, ranging from
the initial synthesis to the optical characterization, in the
hope of finding luminescent intelligent materials that show
highly sensitive response to environment factors.

Graphene quantum dots (GQDs), a new type of quantum
dot system, have drawn great excitement for their
remarkably advantages in biological applications owing to
their stable photoluminescence (PL), excellent
biocompatibility and low cytotoxicity.z'11 There has been also
great interest in using GQDs as nanoscale probes and sensors
in biological electronics and optical devices because these
properties of GQDs are extremely sensitive to the
surrounding environments such as pH and
temperature. But up to now, GQDs are found to be only
stable in neutral or weak acidic solution, while strong acidic
or alkaline conditions always result in reduced PL
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recovered by varying pH value between 13 and 1 with almost
no shift in fluorescence emission peak.m'16 Yang et al.
reported that the PL peak of GQDs showed blue shift as the
pH value increases."”” GQDs that prepared using a two-step
cutting process from graphene oxides (GOs) showed a very
slight red shift about 10 nm in fluorescence peak by changing
pH between 1 and 10 due to the protonation or
deprotonation of the functional groups.18 It is critically
important but remains challenging to prepare GQDs that
chromatically respond to full pH-range, specially highly acidic
and alkaline condition.

Herein, we report on a novel multicolor fluorescent (MCF)
GQDs, whose colorimetric change in different pH from 1 to 14
can be easily perceived with the naked eye under ultraviolet
lamp. A new quinone structure in GQDs transformed from
lactone structure in strong alkaline condition found for the
first time is responsible for the red fluorescence in strong
More importantly, these MCF GQDs
simultaneously respond to temperature in a wide range,

alkaline condition.

making them an ideal candidate of dual sensing probe for
sensitive reversible fluorescence response to pH value and
temperature for bioimaging applications.

Experimental section

Reagents and materials

Graphite rods (Shanghai Carbon Co. Ltd),
tetrabutylammonium  perchlorate  (TBAP) (Lark  wei
technology Co. Ltd), dimethylsulfoxide (DMSO), C,H¢O,

concentrated sulphuric acid (98%), concentrated nitric acid
(68%), NaOH, Na,COs, citric acid, KH,PO,4, Na,B,0, Tris, KCl,
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HCI (68%) were all bought from Beijing Chemical Works. All
solvents and reagents were purchased and used without
further purification.

Synthesis of MCF GQDs

The thin and small sized graphenes were prepared through
an electrochemical approach performed on HDV-7C transistor
potentiostat, with graphite rod as working electrode inserted
into 5 ml DMSO solution which contained 0.01 M TBAP,
paralleled to a Pt foil used as counter electrode. After
electrolysis of graphite rod for 3 h with cathode current
about 10 mA, the resulting black suspension was washed with
ethanol and then centrifuged for several times to remove
TBAP and DMSO. Finally, it was dried at 75 °C in the oven for
one day. The graphenes obtained above (0.1 g) were first
added into a 50 ml flask, and then 5 ml concentrated nitric
acid, 10 ml concentrated sulfuric acid was slowly added
under ice water bath condition. The mixture was heated at 80
°C in the oil bath under magnetic stirring and reflux
condensation for 24 h. After the reaction, the reactors were
cooled to room temperature naturally, then the solution was
diluted with deionized water, neutralized by sodium
carbonate and the supernatant was collected by
centrifugation. Finally, the solution was subjected to dialysis
in order to obtain the MCF GQDs.

Universal buffer solution

The pH response experiment was carried out in universal
buffer solution. Universal buffer solution (0.1 M citric acid,
0.1 M KH,PO,, 0.1 M Na,B,0;, 0.1 M Tris, 0.1 M KCl) was
adjusted to corresponding pH using 37% HCI solution and
saturated NaOH solution determined by the pH meter. The
concentration of universal buffer solution finally used was 10
mM.

Quantum yields (QY) measurements

The QY was determined by the slope method using the
reference of Rhodamine 6G, i.e.,, comparing the integrated
photoluminescence intensity and the absorbance [several
values (< 0.1 at the excitation wavelength) gave the curve] of
the samples with those of the references. The GQDs and
Rhodamine 6G were dissolved in water and ethanol,
respectively. The following equation was used:

m

x )

ST ST

Oy =Dy (

Where @ is the QY, m is the slope determined by the curves
and n is the refractive index. The subscript “ST” refers to the
standards and “X” refers to the unknown samples. Here, n, /n
+=1.33/1.36=0.9779, ®=0.95. The QY of MCF GQDs was
determined to be about 9.1 % in neutral condition.

Characterization method

Atomic force microscopic (AFM) images were taken with
MultiMode V SPM (VEECO). A JEOL JEM 2100 transmission
electron microscope (TEM) was used to investigate the

morphologies of the GQDs. X-ray diffraction (XRD) patterns
were carried out by an X-ray diffraction using Cu-Ka radiation

2 | Nanoscale, 2015, 00, 1-3

Nanoscale

(XRD, PANalytical X’Pert Pro MPD). Absorption spectra were
recorded on UV-2450 spectrophotometry. The fluorescence
spectra of MCF GQDs at different pH solutions were
measured on a PerkinElmer-LS55 luminescence spectrometer
with slit width at 2.5-2.5 nm. The photographs were taken
with camera (Nikon, D7200) under UV light excited at 365 nm
(UV light: SPECTROLINE, ENF-280C/FBE, 8W). The FT-IR
spectra were measured using a Nicolet 380 spectrograph. X-
ray photoelectron spectroscopy (XPS) was performed with an
ESCALab220i-XL electron spectrometer from VG Scientific
using 300 W Al Ka radiation. The Raman spectrum was
measured using Laser Confocal Micro-Raman Spectroscopy
(LabRAM Aramis). The Zeta potential and DLS size of MCF
GQDs in different pH solutions were performed on ZetaPlus
Zeta Potential Analyzer (brookhaven, 100-240V, 50/60 Hz).
The fluorescence lifetimes of MCF GQDs were performed
with a time-correlated single-photon counting (TCSPC)
system under right-angle sample geometry. A 460 nm
picosecond diode laser (Edinburgh Instruments EPL375,
repetition rate 2 MHz) was used to excite MCF GQDs in
different pH solutions.

Cellular imaging for pH and temperature in living cells

The Human cervix carcinoma (Hela) cells were chosen to
assess the fluorescence properties of MCF GQDs. After
incubating for 24 h (37 °C, 5% CO,, in Dulbecco’s modified
Eagle’s medium (DMEM)), the culture medium was replaced
by DMEM high glucose containing the MCF GQDs at
predetermined pH value or temperature and further
incubated for 2 h at 37 °C. In order to equilibrate intracellular
pH values, 10° g/ml nigericin and Britton-Robinson buffer
solution with pH at 5, 7, 9 was added for 30 min to allow a
rapid exchange of K" and H® which resulted in a rapid
equilibration of external and internal pH values. Finally, the
Hela cells were analyzed by confocal laser scanning
microscopy. For the temperature sensitive cell imaging, the
Hela cells were analyzed by confocal laser scanning
microscopy at predetermined temperature controlled by
temperature controlled heater.

Results and discussion

MCF GQDs are prepared by electrolysis of graphite rod in
0.01 M tetrabutylammonium perchlorate (TBAP)
dimethylsulfoxide (DMSO) solution with cathode current
about 10 mA for 3 h, which is followed by refluxing the
resulting powder in concentrated nitric and sulfuric acid
mixed solution at 80 °C for 24 h. After diluted with deionized
water, neutralized by sodium carbonate and finally subjected
to dialysis in deionized water, a yellow transparent solution
could be obtained as shown in Figure 1a (pH=7).

Interestingly, upon varying the pH value from 1 to 14, as
prepared MCF GQDs solution displays a clear color
appearance change from light yellow to brown and to red as
shown in Figure 1a. Moreover, the fluorescence of MCF GQDs
chromatically responds to the pH value under UV light, which
is easily perceived with the naked eye. Figure 1b shows the

This journal is © The Royal Society of Chemistry 2015
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photograph of the MCF GQDs with the pH value from 1 to 14,
which is recorded by a digital camera under illumination with
UV light. A gradual color change from yellow-green, yellow,
yellow-orange, orange to red was clearly observed (Figure S1
in the supporting information). This pH-chromatism of MCF
GQPDs is highly reversible as pH of the solution is cycled in a
wide range.

a | pH=t pH=7 I pH=9 ‘ pH=11 pH=14

b 12 13 14

Figure. 1 Photographs showing color appearance (a) and
fluorescence images under UV light (excited at 365 nm) (b) of

values.

Transmission electron microscopy (TEM) and atomic force
microscope (AFM) (Figure 2) images reveal that MCF GQDs
are uniform in size with an average diameter about 10.6 nm
(Figure S2), topographic height below 1.4 nm and the lattice
spacing of 0.21 nm (in-plane lattice spacing of graphenelg),
indicating that most of the MCF GQDs consist of ca. 1-3
graphene layers. Raman and XRD spectra (Figure S3)
demonstrate that there are numerous defects on MCF
GQps.”%*
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Figure. 2 TEM (a) and HRTEM (inset) images and the
corresponding size distribution (b) of MCF GQDs. AFM (c) and
corresponding height image (d) of MCF GQDs.

The most distinctive feature which sets them apart from
other previously reported GQDs is the specific chromatically
responsive to the pH value from 1 to 14. A detailed PL
investigation was carried out with different pH solutions
(Figure S4-S6 and Table S1). As shown in Figure 3a, there are
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obviously two parts in the normalized PL spectra. For the first
part, the PL peak position red shifts monotonically from 522
to 575 nm as the pH value increases from 1 to 11 (excited at
365 nm), which should most likely arise from the
deprotonation of oxygen containing functional groups, such
as epoxy, hydroxyl and carboxyl groups, and the consequent
electrostatic doping/charging of the GQDs and shifting of the
Fermi level.”** The second part reveals essentially a different
phenomenon from the first part. When the pH is higher than
11, the second PL part displays an markedly strong emission
centered at about 625 nm (pH 12 : 619 nm, pH 13 : 623 nm,
pH 14 : 625 nm) corresponding to red fluorescence color.
Owing to the overlap with the spectrum in the first part, the
left side of the second part exhibits decreased emission
intensity and the blue-shift emission peak from 536 nm (pH
12) to 520 nm (pH 13) and then to 493 nm (pH 14). The red
fluorescence emission peak remains almost unshifted with
excitation wavelengths from 360 to 560 nm (Figure S7),
indicating the PL origin here is obviously dissimilar to that of

dependent pLBY Comparing the absorption spectra of MCF

GQDs in the solution of pH from 1 to 14 (Figure 3b, S8), it can
be seen that an increase of pH from 1 to 11 induces a red
shift of the maximum absorption from 292 to 316 nm, but a
notable new wide absorption peak at about 520 to 560 nm is
observed from pH 12 to 14. It is quite evident that a new
fluorophore group in MCF GQDs is responsible for the red
fluorescence color.

Z
3
2
£
K]

Waveiengin (nm)
Figure. 3 Normalized fluorescence spectra excited at 365 nm

(@) and UV-vis absorption spectra (b) of MCF GQDs in
universal buffer solution at different pH values.

Efforts were made to characterize the origin of red
fluorescence emission of MCF GQDs solution at pH 12 to 14.
The FTIR spectrum of MCF GQDs in neutral condition is
revealed in Figure 4a, where the stretching vibration bands of
O-H, C=0 and C=C are observed at 3435, 1728 and 1620
cm’l, respectively. The strong band at 1427 cm™is attributed
to the bending vibration of O-H. It is worth noting that two
typical bands at 1260 and 1140 cm™ are ascribed to the
asymmetric stretching vibration band of C=0 and stretching
vibration band of C-O-C in lactone structure.”” The epoxy
group (C-O-C) stretching vibration band at 1062 cm™ shows
smaller wavenumber compared to the stretching vibration
band of C-O-C in lactone structure. Further support of the
lactone structure is demonstrated by XPS spectrum in neutral
condition (Figure 4b and S9). Except the highest peak at 284.8
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eV corresponding to the C-C group, the peak at 288.8 eV

corresponding to the O=C-O group confirms the presence of

lactone structure with a relatively high amount. Other groups

such as C-OH (286.0 eV), C-O-C (286.7 eV), C=0 (287.6 eV) are

also observed clearly, in good agreement with the results of
26-28

FTIR spectrum.
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Figure. 4 FTIR (a) and Cl1s XPS (b) spectra of MCF GQDs in
neutral condition.

The lactone groups and color appearance change are
reminiscent of the structure of phenolphthalein whose
appearance color changes from colorless to red when the
solution changes to alkaline condition, which is caused by the
transforming of the lactone structure into quinone structure
(Figure S10a). Correspondingly, the new absorption peak at
520-560 nm of MCF GQDs from pH 12 to 14 is in consistence
with the absorption peak at 550 nm of quinone structure of
phenolphthalein transformed from the lactone structure in
alkaline condition (Figure S10b). The transformation of the
quinone structure from lactone structure was further
demonstrated by the FTIR and XPS spectra of MCF GQDs in
strong alkaline condition of pH 13 (as shown in Figure 5). It
could be seen that the two typical bands at 1260 and 1140
cm™ for lactone structure of MCF GQDs in neutral condition
disappeared (Figure 5a), while a new wide band at 1655 cm™
appeared in strong alkaline condition, which could be
ascribed to the stretching vibration band of C=0 in quinone
structure. Compared with XPS spectra of MCF GQDs in
neutral condition, the intensity of Cls spectra in strong
alkaline condition increased at 288.1 eV (C=0 group) and
decreased at 286.6 eV (C-O-C group) (Figure 5b), which
further demonstrates the transformation of the lactone
structure to quinone structure. Moreover, the red shift of the
peak from 288.8 to 289.1 eV indicates the transformation of
0=C-0 group of lactone structure to COO™ group. »

a b

——C-C(284.8 eV)
——C=0(288.1 eV)

— C00(289.1 &V)
— C-OH(286.0 eV)
— C-0-C(286.6 eV)

1655 cm”!

/

Transmittance (%)
Counts

4000 3000 2000 1000 282 284 286 288 200
Wavenumber cm™) Binding energy (eV)

Figure. 5 FTIR (a) and C1s XPS (b) spectra of MCF GQDs in pH
13 solution.
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On the basis of the results presented above, the local
structure responsible for the special red PL of MCF GQDs was
confirmed by density functional theory calculations (B3LYP/6-
31G*). The main geometric parameters (A) for ground and
excited structures are shown in Figure 6a and 6b. It is notable
that Na atom in COONa is also bounded to O atom in C=0 of
quinone structure. The HOMO (Figure 6¢) and LUMO (Figure
6d) energy gaps of ground and excited structures of one
luminescent unit obtained from theoretical calculation are -
5.37 and -2.70 eV, respectively. The calculated absorption
wavelength is at 532 nm with an oscillator strength of 0.165,
and the corresponding PL wavelength is 632 nm with an
oscillator strength of 0.142 (Figure 6 and Table S2), which is
very close to the experimentally measured 625 nm. This is
also confirmed from the change of C=C bond length from
1.388 to 1.441 A (Figure 6a, 6b).

HOMO (e=- 5.37eV) LUMO (e=-2.70 eV)

Figure. 6 The main geometric parameters (A) for ground (a)
and excited (b) structures, HOMO (c) and LUMO (d) energy
gaps of ground and excited structures of one luminescent
unit of MCF GQDs responsible for the red fluorescence color
obtained from theoretical calculation with density function
theory calculations (B3LYP/6-31G*).

The optimized local structure of MCF GQDs from lactone
to quinone structure in strong alkaline condition is shown in
Figure 7a and 7b. The former is composed of hydroxy, epoxy,
and lactone groups which are generated by numerous
tertiary alcohols reacting with nearby carboxylic acids on the
periphery of GQDs. The later is associated with the red PL,
which arises from the quinone structures transformed from
the lactone ring opened in strong alkaline condition. The
structural model of MCF GQDs in neutral and strong alkaline
conditions is shown in Figure 7c and 7d. The strong red
luminescence from the GQDs is emitted by a high
concentration of modified quinone structures chemically
linked to the GQDs after absorption through the graphene n—
n* and n—mt* transitions. Such GQDs stand out of the acid-
base indicator phenolphthalein (no fluorescence could be
observed in phenolphthalein) by the unique feature that the
light absorbers and the robust structural base is the graphene

This journal is © The Royal Society of Chemistry 2015
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framework modified with quinone structures, giving rise to
the red PL with excellent stability when maintaining pH at
about 12 to 14.

Figure. 7 Schematic representation of local structural
transformation of MCF GQDs from lactone (a) to quinone (b)
modeled by theoretical calculation. The structural model of
MCF GQDs in neutral (c) and strong alkaline (d) conditions.

To verify that the quinone structures of GQDs were
coming from their lactone structures in the strong alkaline
condition, control experiments were carried out. When the
GQDs solution at pH 7 were first reduced by NaBH, at 75 °C
for 2 h (called rGQDs), the strong blue fluorescence instead

A

~ NaRH,75°C ,2h

N == |
/ _

Intensity (a.u.)

Wavelength (nm)

Figure. 8 (a) The fluorescence spectra of rGQDs in strong
alkaline condition. (b) The appearance color under daylight
(above) and fluorescence color under UV light (below) of MCF
GQDs (left) and rGQDs (right) in alkaline condition.

of red fluorescence was observed in alkaline condition (Figure
8), and the appearance color was light yellow at pH 13 rather
than red-brown (Figure 8b). As reported, NaBH,; can
apparently eliminate the lactone in graphene,29 which
indicates that the red PL must be associated with the quinone
structures transformed from the lactone structures in MCF
GQDs in the strong alkaline condition.

In terms of the MCF GQDs synthesis, two facets of control
have been believed to lead to achieve a strong MCF GQDs
aqueous solution. First, the electrochemical method
facilitates the preparation of thin and small sized graphene
sheets with a high amount of oxygen functionalities and
associated charges, which conduces to the controlled
reaction of groups at the edge of GQDs later. Second,

This journal is © The Royal Society of Chemistry 20xx
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refluxing the resulting powder from electrolysis in
concentrated nitric and sulfuric acid mixed solution at certain
temperature plays a vital role in generating large number of
lactone groups by facilitating the reaction between tertiary
alcohols and nearby carboxylic acids. When the reflux
temperature was tuned from 80 to 100 and 140 °C, the
average diameter about 10.6, 4.9, 2.8 nm could be obtained,
and emitted strong orange-yellow, yellow-green and green
fluorescence at pH 7, respectively (Figure S11, S12) (when the
temperature was lower than 80 °C, e.g., 60 °C, almost no
fluorescence could be observed). However, despite different
color due to different size at pH 7, upon raising pH > 11, these
two GQDs solutions (at 100 and 140 °C) both emitted similar
strong red fluorescence (Figure S13) to that at 80 °C,
indicating that these three different sized GQDs share the
same origin of the red fluorescence in the strong alkaline
condition. On the other hand, if the graphite powder were
refluxed in nitric and sulfuric acid mixed solution at 120 °C for
24 h but without the electrolysis procedure, no obvious red
fluorescence color could be observed although a very weak
emission peak at 622 nm presented in very strong alkaline
condition (Figure S14). This clearly demonstrates that the
small and thin GQDs with numerous lactone groups were
obtained by the electrolysis of graphite and further reaction
are critical for the generation of MCF GQDs at different pH
conditions.

Measuring cellular temperature can help to explain
intricate biological processes and to develop novel
diagnoses.30 The water soluble, all-pH range pH responsive
MCF GQDs, coupled with their durability and biological
compatibility are compelling and have prompted us to
explore their potential in the thermoresponse. Therefore, it
would be expected that the fluorescence properties of the
novel MCF GQDs could be tuned by changing the pH as well
as temperature. The fluorescence spectra of MCF GQDs in
neutral condition in the temperature range 10-80 °C are
shown in Figure 9a. With an increasing temperature, the
intensity of fluorescence ideally exhibits a monotonous
decrease with a good linear relationship in a wide
temperature range. This could be attributed to the thermal
activation of surface trap / defect states as well as to a
thermally-induced increase in the nonradiative excitation
recombination probability which are often observed in
semiconductor quantum dots, and core-shell structured
quantum dots.>** The fluorescence spectrum of MCF GQDs
was almost completely recoverable in a heating—cooling cycle
between 10 and 80 °C (Figure 9b). The reversible process in
the temperature range 10-80 °C can be readily repeated up
to 6 cycles (Figure 9c) with a relatively slight decrease in the
PL intensity. Moreover, as shown in Figure 9d, the emission
intensity as a function of temperature at different pH
condition exhibits a good linear relationship, indicating its
potential application as dual sensing probe for highly
sensitive reversible fluorescence response to pH value and
temperature simultaneously (Figure 515).1'33'34
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Figure. 9 Fluorescence spectra of MCF GQDs at neutral
condition in the temperature range of 10-80 °c (inset: the
emission intensity as a function of temperature) (a) and at
the two temperatures 10 and 80 °c for heating-cooling cycle
experiments (b). (c) The reversible fluorescence response
curve over six consecutive heating-cooling cycles between 10
and 80 °c. (d) The emission intensity of MCF GQDs as a
function of temperature in different pH conditions.

Hela cells were used as a model to check that MCF GQDs
could image the cells at different pH and temperatures. The
cellular internalization of the MCF GQDs was investigated at
different predetermined pH and temperature conditions.
After incubating for 24 h (37°C, 5% CO,, in Dulbecco’s
modified Eagle’s medium (DMEM)), the culture medium was
replaced by DMEM high glucose containing the MCF GQDs at
predetermined pH value or temperature and further
incubated for 2 h at 37°C. In order to equilibrate intracellular
pH values, 10° g/ml nigericin and Britton-Robinson buffer
solution with pH at 5, 7, 9 was added for 30 min to allow a
rapid exchange of K* and H* which resulted in a rapid
equilibration of external and internal pH values. Finally, the
Hela cells were analyzed by confocal laser scanning
microscopy. As the results shown in Figure 10, pH-induced
fluorescence changes can be clearly observed. The
fluorescence color red shift obviously from light yellow to
dark orange with increasing cell culturing pH value from 5 to
9, in good agreement with the results obtained above.
Meanwhile, the fluorescence signal of the MCF GQDs
decreased as increasing the temperature from 24 °C to 40 °C
in Hela cells (Figure S16), demonstrating the MCF GQDs in
cells augurs well for practical applications in bioimaging and
clinical diagnosis.35
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temperature conditions (excitation at 405 nm). Bright field (a,
b,, c1) and fluorescence field (a,, b,, c,) of Hela cells cultured
at predetermined pH value. Bright field (d,, e;, f;) and

fluorescence field (d,, e, f,) imaging of Hela cells at
predetermined temperatures.

Conclusions

In summary, we have successfully prepared water-
soluble, all-pH responsive, multicolor fluorescent graphene
quantum dots (MCF GQDs) by electrochemical exfoliation of
graphite followed by refluxing the resulting powder in
concentrated nitric and sulfuric acid mixed solution. The
colorimetric change at different pH from 1 to 14 can be easily
perceived with the naked eye under ultraviolet lamp. We
have demonstrated for the first time that the novel red PL
results from the quinone structures transformed from the
lactone structure in strong alkaline condition. To our
knowledge, this is the first time such all-pH responsive GQDs
indicators are invented and the root molecular structure
elaborated. The PL of MCF GQDs was also found to respond
to temperature changes, rendering the GQDs an ideal
candidate of dual sensing probe for sensitive, reversible
fluorescence response to pH value and temperature for
bioimaging applications. Detailed follow-up work is underway
in our laboratory and will be reported in due course.
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