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Intracellular pH (pHi) is very essential for the function of cells and organisms. Thus, it is of great scientific and
technical significance to develop nanosensors for probing pHi. In this work, nitrogen-doped graphene oxide
quantum dots (N-GOQDs) with fluorescent efficiency of 54% are prepared. The fluorescent spectrum excited at
340 nm contains two remarkable bands at 430 and 520 nm. Interestingly, when pH value increases from 3.6 to

10.5, the blue band at 430 nm slightly changes, while the green band at 520 nm significantly quenches. The
change of fluorescent intensities also can be reflected by the variation of fluorescent color. The dual-emissive N-
GOQDs are developed as ratiometric fluorescent probes for pHi, which can avoid the influence of several de-
viations, such as probe concentration, optical path length, and detector efficiency. As a proof of concept, pHi of
Hela cells is monitored successfully. This work demonstrates the construction of nano-biosensors based on N-
GOQDs with bright fluorescence, high-stability, and good biocompatibility.

1. Introduction

Intracellular pH (pHi) constantly affects the function of the cell from
proliferation and metabolism to apoptosis [1, 2, 3]. The change of pH
value sensitively modifies various cellular actions, such as adaptation of
cellular volume, membrane polarity, signaling, and so on [4, 5, 6, 7]. The
functional disorder of cell is often related with abnormal pH values in
organelles because the structural stability of proteins are strongly
dependent on the pHi. For instance, the unusually low pH values will
denature proteins or activate enzymes [8]. Thus, the pHi is an important
indicator of the human physiologic state. For example, cancer and Alz-
heimer's disease will lead to an abnormal pHi [9, 10]. Therefore, pre-
cisely monitoring on pH distribution and fluctuation in living cells with
high temporal and spatial resolution is vital to the understanding of
cellular processes, which will gain a deep insight into the physiological
and pathological processes.

To date, a variety of techniques have been explored to detect the pHi,
such as the utilization of H" permeable microelectrodes, nuclear mag-
netic resonance (NMR), optical absorption spectroscopy, and fluores-
cence spectroscopy [7, 11, 12]. As well accepted, the optical signals can
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be recorded at a high spatial and temporal resolution without direct
contact. Thus, fluorescent technique based on pH-sensitive probes is a
sensitive, convenient, and noninvasive method, which provides a
powerful tool to measure the pHi of intact cells and subcellular regions.
In particular, ratiometric sensors based on fluorophores with two emis-
sion peaks can avoid the interference of variations in the local probe
concentration, temperature, and optical path length [13, 14, 15, 16, 17,
18]. In recent years, great efforts have been made to develop ratiometric
fluorescent pH sensors [19, 20, 21, 22, 23, 24, 25]. For examples, fluo-
rescent proteins and organic dyes have been extensively exploited for
intracellular pH detection [19, 20, 21, 22, 23, 24, 25]. Nevertheless,
these probes are facing severe limitations. In particular, the rapid pho-
tobleaching disallows continuous real-time tracking of cellular processes.

Recently, nanoparticle (NP) and quantum dot (QD)-based ratiometric
pH sensors have attracted growing awareness due to their notable ad-
vantages [23, 24]. Up to now, a large number of fluorescent nanosensors
based on silicon NP, polymers, QDs, InGaN-GaN nanowires and carbon
dots have been gracefully designed to quantify intracellular pH [19, 20,
21,22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34]. However, this type
of sensors are usually composed of two components, i.e. a photostable
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NP/QD and a pH-sensitive fluorescent protein/dye [19, 20, 21, 24, 25,
26, 27, 28]. The NPs/QDs in such sensors are just scaffolds to form the
composite while the NPs/QDs themselves are insensitive to pH, thus do
not take part in the fluorescent pH measurement. Moreover, limited by
the large size or low biocompatibility, most of these composite sensors
only can detect the pH value at a low spatial resolution. Therefore, the
development of pHi sensors with smaller size and higher biocompati-
bility will be highly desirable.

Nowadays, luminescent graphene oxide quantum dots (GOQDs) have
attracted tremendous attention in the research community of physics,
chemistry, materials science, and biology, because of their unique
quantum effect caused by ultrasmall size, satisfactory stability, high
photoluminescent quantum yield, low-cost, and negligible bio-toxicity
[35, 36]. In addition, the oxygen related groups at the lateral sides are
hydrophilic, which not only endow the GOQDs with good solubility but
also facilitate the chemical modifications by different functional groups
[37, 38, 39, 40]. The applications of GOQDs in biosensing, bio-tracing,
drug delivery, light emitting devices, and solar cells have been demon-
strated [41, 42]. In this work, nitrogen-doped GOQDs (N-GOQDs) were
obtained by a facile solvothermal method. The fluorescence from
N-GOQDs exhibits remarkable pH dependent feature. The intensity ratio
between blue and green emissions increases as the pH value increases,
which can be used to ratiometrically monitor pH value in bio-system. The
good biocompatibility of the N-GOQDs is verified. And the monitoring of
pHi of Hela cells is then demonstrated.

2. Results and discussion

As illustrated in Figure 1a, the N-GOQDs were synthesized by using
the GO micro-sheets with lateral sizes about several micrometers as the
raw material. To dope nitrogen into GOQDs, the GO powder was
dispersed into N,N-dimethylformamide (DMF). Then the GO-DMF sus-
pension was treated in an autoclave at 200 °C for 24 h. DMF served as a
source of nitrogen could be decomposed to dimethylamine and carbon

(a) GO powder
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monoxide at such a high temperature. Then the decomposed dimethyl-
amine bonded with the epoxy group on the GO to yield 1,2-amino alcohol
via nucleophilic ring-opening reaction [43]. Figure 1b shows the trans-
mission electron microscopy (TEM) image of the as-prepared N-GOQDs.
Size distribution was acquired according to the TEM image (Figure 1c).
The sizes of N-GOQDs mainly distribute in the range from 3 to 7 nm. The
most probable size is about 5 nm. The ultrasmall size indicates an ul-
trahigh spatial resolution for biosensing, which also ensure the N-GOQDs
enter the cells smoothly.

The doping of nitrogen into N-GOQDs is evidenced by X-ray photo-
electron spectroscopy (XPS) results. The survey XPS spectrum of the N-
GOQDs is shown in Figure 2a. Three main peaks related to C 1s, O 1s, and
N 1s are noted. The corresponding content of each element is displayed in
the table. The doping content of N element is about 8.2 at%. The C 1s, O
1s, and N 1s core XPS spectra are shown in Figure 2b-d, respectively. The
C 1s spectrum includes three peaks, which are ascribed to C-C/C=C at
284.8 eV, C-0/CQO at 287.1 eV, and C=0 at 289.3 eV, respectively
(Figure 2b). The O 1s spectrum is divided to three sub-bands of C-O,
C=0, and —OH (Figure 2¢) [44]. The N 1s spectrum suggests the existence
of three different nitrogen species, i.e. N-C, N-H, and N-O (Figure 2d).
The main peak at 401.3 eV is attributed to the N-C bond of amino
alcohol, indicating the binding between decomposed dimethylamine and
aromatic ring of GOQDs [43].

The photoluminescence (PL) spectra of N-GOQDs aqueous solution
are measured by changing the excitation wavelength (Figure 3a). The PL
excitation (PLE) spectra relating to different emission wavelengths are
shown in Figure 3b. As displayed in Figure 3a, when the excitation
wavelength is increased, the fluorescent peak location gradually red-
shifts, which is similar to the PL of undoped GOQDs. For GOQDs, all the
PL spectra only exhibit a single peak as the excitation wavelength
changes from 320 to 420 nm. Whereas, the PL spectra of N-GOQDs
excited at 320-360 evidently contain two subpeaks. One fluorescent peak
locating at about 430 nm is designated as FL1 and the other fluorescent
peak appearing at 520 nm is designated as FL2. The FL1 peak has been
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Figure 1. (a) Schematic illustration for the preparation of N-GOQDs. (b) TEM image of the N-GOQDs. (c) Size distribution of the N-GOQDs calculated from the

TEM image.
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Figure 2. (a) XPS survey spectrum and elemental contents. C 1s (b), O 1s (c), and N 1s (d) core spectra of the N-GOQDs.

frequently observed in GOQDs, which is generally attributed to the size
effect of sp2 clusters [45]. The additional FL2 fluorescent peak is ascribed
to the doped nitrogen. The dimethylamido is a strong electron-donating
group, which leads to a red shift of fluorescence, consequently an addi-
tional PL band with longer emission wavelength is induced [43]. As
shown in Figure 3b, the PLE spectra of N-GOQDs comprises three
sub-bands. The two PLE bands at about 250 and 330 nm are caused by
n—n* transitions of C=C and n-n* transitions of C=0, respectively, which
also can be discerned in PLE of GOQDs [45, 46, 47]. The additional PLE
band at 375 nm is caused by the doped nitrogen [45]. The fluorescent
quantum yield (QY) of N-GOQDs solution is about 54%. The high fluo-
rescent efficiency ensures the optical sensing based on N-GOQDs has a
high signal-noise ratio and high accuracy.

To make a calibration between pH value and fluorescent intensity of
N-GOQDs, the pH value of the cell medium is carefully changed by
adding NaOH or HCIL. Hepes is added in the cell medium to ensure pH
stability during the measurements. Then the same amount of N-GOQDs is
dispersed in cell media at a series of pH values. Fluorescence spectra from
the media excited by a 340 nm monochromatic light is recorded. As

revealed in Figure 4a, all the fluorescence spectra constantly contain FL.1
and FL2. When the pH value increases from 3.6 to 10.5, the intensity of
FL1 changes little while FL2 remarkably quenches. Thus, as plotted in
Figure 4b, the intensity ratio between FL1 and FL12 bands (defined as R)
monotonously increases with environmental pH value. The ratio slightly
changes in the acid conditions (pH = 3~7) then significantly increases in
the pH range of 7-11, suggesting the variation of physiological pH at
weak alkalinity can be sensitively monitored by the fluorescence of N-
GOQDs. To quantitatively determine the pH values, the experimental
results are fitted by the following Eq. (1),

pH=8.89124 + 0‘54351n< 1.45538 ) .

22727 —-R
Therefore, the pH of an unknown environment can be detected by the
R value. As shown in the inset of Figure 4b, this pH dependent behavior
of fluorescence can be highlighted by the color change. At a low pH value
of 3.6, the color of the solution was dominated by the green emission at
520 nm. Whereas, the color of the solution becomes blue due to the
dominant fluorescence at 440 nm when the pH increases to 10.5.
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Figure 3. (a) PL spectra of the N-GOQDs aqueous solution. The excitation wavelength is changed from 320 to 500 nm. (b) PLE spectra of the N-GOQDs aqueous

solution measured at different emission wavelengths.
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Figure 4. (a) PL spectra of the N-GOQDs in culture media at different pH values. A 340 nm UV monochromatic light was used as the excitation source. (b) The
intensity ratio between FL1 and FL2 bands is plotted as a function of pH value. Inset: Photographs of the N-GOQDs in culture media with the different pH values under

irradiation of a 365 nm UV lamp.

Before the measurements of intracellular pH, the reliability and ac-
curacy of pH sensing by fluorescence of the N-GOQDs are examined.
Unknown quantities of NaOH or HCI are randomly added into a culture
medium containing the N-GOQDs. PL spectra are measured at each step
as indicated by the order number (Figure 5a). The intensity ratios be-
tween FL1 and FL12 bands at each step are plotted in Figure 5b. When
NaOH is added, the intensity ratio increases. Whereas, when HCI is
added, the intensity ratio decreases. The observation is consistent with
the relationship shown in Figure 4b. As shown in Figure 5c, the pH values
of the unknown experiments are determined by Eq. (1). To validate the
fluorescent method, the pH values are also comparatively tested by a
commercial pH meter. As compared in Figure 5c, the pH values deter-
mined by the two different methods are very close, indicating fluorescent
method developed in this work is accurate and reliable. The accuracy is

defined as A = 1— WMT;V"‘, where V), is the pH value measured by the

fluorescent sensor and Vg is the real pH value. As shown in Figure 4d, the
accuracy is generally higher than 0.97, which is a very competitive
performance.
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To demonstrate the applicability of N-GOQDs for intracellular pH
monitoring, the pHi value of Hela cell is detected as an example. As
shown in Figure 6a, bright field microscopic image after incubation with
N-GOQDs shows the clear outlines of the living cells. Figure 6b shows a
fluorescent micrograph of the HeLa cells incorporated with N-GOQDs
excited by the 340 nm UV light. As shown by the bright spots, fluores-
cence of N-GOQDs is observed. Figure 6¢ displays the merged image of
Figure 6a,b, demonstrating that N-GOQDs are distributed in the HeLa
cells. A standard MTT assay (MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide) was carried out to evaluate the cytotox-
icity of the N-GOQDs. The viabilities of Hela cells were tested after being
incubated with N-GOQDs at different concentrations. As shown in
Figure 6d, the cell viability exhibits a negligible deterioration after
treatment with the N-GOQDs at a concentration of up to 60 pg/mL, un-
doubtedly indicating the N-GOQDs are bio-compatible.

To determine the pHi of Hela cells, fluorescence spectrum of HeLa
cells incorporated with N-GOQDs was measured. The fluorescent
microscopic image suggests no fluorescence is observed from the cell
medium. Moreover, to ensure the detected fluorescence is mainly from
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Figure 5. (a) Fluorescent spectra acquired from culture media containing N-GOQDs at unknown pH. (b) Plots of the FL1/FL2 intensity ratios corresponding to panel
(@). (c) Comparasion of pH values measured by the fluorescence of N-GOQDs (black) and a commercial pH meter (red). (d) Accuracy of the pH sensing by N-GOQDs.



X. Zhang et al.

Heliyon 8 (2022) e09411

140
120
=100+
80+
60+
40+
20+

(d)

10 pg/mL]|
N30 pg/mL

,,.,.
XK
R

%
%

60 pg/mL
60 pg/mL

dBlank

_ 10 pg/mL]
N-' 30 pg/mL

3 TRRIITIRIIIIIR)

b SO O 0 00 0 0 0 000020 909

£ L0000 020 0-0- 000 9 0-0°0 004 .

B KRR

- Blank

73

o
33

%%

TRTIILLIIS,
IR
ZRRKIIKL
o202 %6202 %62 % %%

=

X
20

o2

o
X

%
25

‘v

X
%%

R

%
o0
%!

Relative cell viability (%)

5%
%
XX

2%

(e)

Intensity (a.u.)

R=0.887
pH=7.266

12h 24 h

350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 6. Cell imaging under bright field (a) and 365 nm UV excitation (b). (c) The merged image of panel (a) and panel (b). All scale bars are 100 pm. (d) Cell
viability after incubation with N-GOQDs for 12 and 24 h. (e) Fluorescent spectrum of N-GOQDs within normal HeLa cells excited at 340 nm.

incellular N-GOQDs, the Hela cells were washed with phosphate buffer
solution (PBS) to remove the residual extracellular N-GOQDs. Therefore,
the detected fluorescent signal indeed comes from the intracellular N-
GOQDs. The fluorescence spectrum is plotted in Figure 6e. According to
the relationship presented in Figure 4b, the averaged pHi of Hela cell is
determined to be 7.266, which is in good agreement with the pHi of Hela
cell detected by other methods (7.2-7.4) [24]. In addition, there is a
negligible photobleaching after continuous irradiation, indicating these
N-GOQDs are highly photostable. Thus, these fluorescent N-GOQDs are
very promising for applications in vivo imaging and biosensors.

3. Conclusion

In summary, highly fluorescent N-GOQDs were prepared by a sol-
vothermal treatment of GO in DMF. The fluorescence spectrum excited at
340 nm contains two noticeable bands at 430 nm and 520 nm. The 520
nm-FL2 band is introduced by the doping of nitrogen. We found that the
430 nm-FL1 band changes slightly while the FL2 band remarkably
quenches when pH value increases from 3.6 to 10.5. Therefore, the in-
tensity ratio between FL1 and FL2 bands monotonously increases with
environmental pH value, indicating pH can be easily monitored by
reading out the fluorescent intensities. These fluorescent probes are
suitable for a wide range of intracellular pH-dependent imaging appli-
cations. As a demonstration, pHi of Hela cells is probed successfully.
Therefore, the fluorescent N-GOQDs with high-stability and low-toxicity
are developed as promising biosensors for practical applications.

4. Experimental section

Synthesis of N-GOQDs: A modified Hummer's method was used to
prepare graphene oxide powder [48]. Concentrated HySO4 (360 mL) and
H3PO4 (40 mL) were added to a mixture of graphite power (3.0 g) and
KMnOg4 (18.0 g) under stirring. Then, the mixture was heated to 50 °C for
12 h. After it was cooled to room temperature, the mixture was subse-
quently poured onto ice (~400 mL) with hydrogen peroxide (3 mL). After

the reaction, the supernatant was dropped while the solid was collected
after washing. Aqueous solution of the N-GOQDs was fabricated by a
solvothermal process. Firstly, 80 mg GO were dispersed in 80 mL DMF by
an ultrasonic treatment. Then NaOH was added to adjust pH of the GO
solution to 7. The suspension was then transferred to a Teflon lined
autoclave (100 mL), which was heated to 200 °C for 24 h. After that, the
obtained suspension was treated by ultrasonic vibration for 1 h. The
N-GOQDs solution was collected by centrifugation at 9000 rpm for 20
min. The N-GOQDs solution was then dialyzed in a dialysis bag with a
molecular weight cut-off of 3500 Da for one day to remove the residual
reactants. The solvent was removed by vacuum-rotary evaporation.
Finally, N-GOQDs were dispersed in deionized water.

Characterizations: A JEOL-2100F transmission electron microscopy
was used to capture TEM images. XPS results were obtained on a PHI
5000 Versa Probe. PL and time-resolved PL were measured on an Edin-
burgh FLS-920 spectrometer. Microscopic images were captured using an
Olympus IX-71 microscope. The fluorescence of N-GOQDs was excited
with a 375 nm UV light, which was obtained by a bandpass filter.
Emission was collected with a 400 nm long-pass filter. The fluorescence
quantum yield was measured by an absolute method, which is defined as
the ratio between number of emitted photons and absorbed photons. The
number of photons was measured by an integrating sphere equipped on a
FluoroMax-4 spectrometer.

Cytotoxicity evaluation: The MTT assay was conducted to evaluate
the relative cytotoxicity of the N-GOQDs. The HeLa cells were seeded on
96-well culture plates and allowed to attach overnight. Afterward, the
indicated concentrations of N-GOQDs were added. The cells were incu-
bated at 37 °C for 12 or 24 h. Then 20 pL of 5 mg/mL MTT solution in PBS
was added to each well and incubated for an additional 4 h under 5%
CO». After incubation, the supernatants were cautiously removed. Then
to dissolve the formazan product, 200 pL. DMSO was added into each
well. An ELISA plate reader was used to measure the absorbance at 570
nm of each well. The reference wavelength was 630 nm.

Intracellular pH measurement by N-GOQDs: HeLa cells were incubated
with N-GOQDs in medium at 37 °C for 1.5 h. The cells were then collected
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by centrifugation at 2000 rpm and washed thrice with PBS. After that, the
Hela cells were dispersed in PBS buffer for PL measurements.
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