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� Fluorescent nanosensor is developed
for simultaneous pH and temperature
measurement.

� The nanosensors are carbon dots (CD)
synthesized via hydrothermal
method.

� Neural networks provide pH and
temperature measurement with
0.005 and 0.67 �C error.

� Developed CD-based nanosensor
operates in temperature range 22–
81 �C of environment.

� Developed nanosensor provides pH
measurement exceeding nanoscale
analogs accuracy.
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a b s t r a c t

The present study is devoted to the creation of optical nanosensors for pH and temperature of liquid
media based on carbon dots (CD) prepared via hydrothermal synthesis. The application of artificial neural
networks to the CD fluorescence spectra database provided simultaneous determination of pH and ambi-
ent temperature values with an accuracy of 0.005 pH units and 0.67 �C, respectively. The obtained results
are unique since they indicate the possibility of creating a multifunctional CD-based nanosensor that
operates in a wide temperature range (22–81 �C) and provides an accuracy of pH determination exceed-
ing the accuracy of nanoscale analogs by an order of magnitude.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Due to the rapid technological progress and continuous
improvement of knowledge in the field of natural sciences, the
most promising approaches are those involving the diagnosis and
treatment of diseases at the molecular level. To implement these
approaches, one requires special instrumentation to monitor the
state of the body at the cellular level. For example, in many cellular
processes, such as proliferation, apoptosis, ion transport, calcium
regulation, etc. [1], pH plays a crucial role. A shift in the human
blood pH by 0.1 units beyond the reference values (7.35–7.45)
causes severe respiratory, cardiovascular disorders, etc., and a shift
by 0.4 units often leads to a lethal outcome [2]. For a typical mam-
malian cell, the intracellular pH value ranges from 4.7 to 8.0, and
its change can lead to a functional disorder of the organelles [3].
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Usually, an abnormal intracellular pH value is a characteristic of
many common diseases, such as Alzheimer’s disease, apoplexy,
and cancer [4]. To date, several methods have been proposed for
monitoring the pH value at the cellular level. In [5], one used a flu-
orescent probe based on naphthalimide-rhodamine to determine
the pH value in cells. Its operational principle is based on fluores-
cence (FL) resonance energy transfer between various fluorophores
of the complex depending on pH. This sensor determines the pH
value in the range from 4.02 to 4.63 with an accuracy of 0.05 pH
units. In the study [6], a complex of 2-(6-(4-aminostiryl)-1,3-diox
o-1H-benzo[de] isoquinoline-2(3 h)-yl)-N, N-dimethylethanamine
was synthesized. It allows determining the pH value of the intra-
cellular environment by detecting the FL alterations of the com-
plex. The pH measurement span of the nanoprobe encompasses
the range from 3 to 6 units.

Another crucial factor characterizing the state of the cell is tem-
perature [7]. Monitoring the temperature at the cellular level is
essential for photothermal therapy [8]. Moreover, temperature
changes may indicate the presence of inflammatory processes in
the body [7]. To date, various methods for determining tempera-
ture at the cellular level have been proposed. For example, in [9]
one suggested using rare-earth-based nanoparticles to determine
the temperature in the biological media. The accuracy of tempera-
ture determination in [9] was 0.73�C in the temperature range of
24–44 �C. The paper [10] proposed to use green fluorescent pro-
teins to monitor the temperature in the cell volume. The authors
demonstrated high accuracy of temperature determination �
0.4�C in the temperature range of 20–60�C.

Despite the active development of the cellular nanosensorics,
the task of creating a sensor that can simultaneously determine
several parameters of the cellular environment remains chal-
lenging. Carbon dots (CD) synthesized over the past decade
meet many requirements for biomedical agents, such as non-
toxicity, biocompatibility [11], sensitivity of their FL to changes
in the environment (in the presence of various ions [12], due to
the temperature [13] or pH changes [14], in various solvents
[15]), and have good prospects for application in biomedicine.
There are known studies investigating the possibility of using
CD as a cellular nanosensor of temperature [13] and pH [14].
Thus, CD prepared via microwave synthesis in [13] showed a
linear dependence of their FL intensity on the temperature in
the range of 5–60 �C. Under heating HeLa cells with incubated
CD, an increase in the brightness of the image in the micro-
scope was observed. In the paper [14], one demonstrated the
application of CD synthesized via hydrothermal method as a
pH sensor. The FL intensity of the obtained CD linearly
decreased with increasing pH from 4 to 8 units. The analysis
of fluorescent microscope images of HeLa cells incubated with
CD, allowed to establish the difference of pH values between
cytosol and lysosomes. However, the authors of the present
article could not find publications concerning the creation of
CD-based cellular fluorescent nanosensors that can simultane-
ously determine several environmental parameters. The way to
solve this multiparametric inverse problem of fluorescence
spectroscopy is to use artificial neural networks (ANN).

The recent decade witnessed ANN becoming actively imple-
mented to solve problems of medical diagnostics, including those
implying the solution of optical spectroscopy inverse problems.
Thus, in papers [16], Raman spectra of biological tissues were pro-
cessed via ANNs in order to improve the accuracy of brain cancer
diagnosis. Structural changes in proteins and lipids in cancer tissue
resulted in alterations of Raman spectra, which allowed to distin-
guish healthy cells from affected ones. There are numerous works
where ANNs are used to solve multiparametric inverse problems of
monitoring a biosystem state. In the paper [17], the content of
nutrients, metabolites, and viable cell concentration in culture
2

media of BHK-21 cell line was simultaneously determined using
perceptrons from the UV–VIS absorption spectra of phenol red.

The authors of the present study have numerously demon-
strated the success of the neural network approach in solving
inverse problems of optical spectroscopy – problems for determin-
ing the presence and concentration of carbon nanoagents based on
Raman spectra, fluorescence, and absorption of biological media
with nanoagents injected into them [18,19].

There are few studies applying ANNs to create fluorescent
nanosensors. In the article [20], the authors evaluated the perfor-
mance of CdSe/ZnS quantum dots as fluorescent thermometers
deposited on the surface of optical fiber. The inverse problem of
temperature determination from the FL spectra of quantum dots
was solved using experiment-based and quasi-model approaches.
In the first case, one used experimental data to train ANN – peak
and integral FL intensity values, the wavelength of FL maximum,
FWHM value, etc. In the second case, simulated spectra were used
in order to obtain representative data sets. The root mean squared
error (RMSE) for temperature detection was 1.1 K for the first
approach and 0.29 K for the quasi-model approach. In paper [21],
one developed an optical pH sensor based on N-doped CD, operat-
ing in pH values range from 2.0 to 14.0. Application of back-
propagation ANN allowed determining the pH of nanoparticles
aqueous suspension with an RMSE of cross-validation of 0.067
units, which was 0.85% of the average pH value.

This paper considers the possibility of simultaneous determina-
tion of the liquid medium pH and temperature values via CD FL
spectra. High sensitivity of CD fluorescence prepared via
hydrothermal synthesis towards changes in the specified environ-
ment parameters was found. In this study back-propagation ANNs
were used to solve the two-parameter inverse problem of pH and
temperature determination on the spectra of CD FL.
2. Materials and methods

2.1. Objects of research

In this study CD particles obtained via the method described in
[22] were used. Citric acid powder was dissolved in the aqueous
solution of ammonia (30%) and in 20 ml of deionized water. The
solution was processed in the ultrasonic bath for 5–10 min and
then the mixture was kept for 2 h at the temperature 190 �C in
autoclave. In order to isolate CD nanoparticles and remove synthe-
sis byproducts, the suspension was filtered through the track
membrane with the pore size of 100 nm and through the silica
gel with pore size of 15 nm. The obtained suspension was then
placed in the dialysis sack with the pore size of 1 kDa and mixed
in water for 8 h using magnetic stirrer for disposal of the residues
of various chemical reaction products. Deionized water (Millipore
Simplicity UV water purification system) was used for preparation
of CD aqueous suspensions.
2.2. Experimental section

The X-ray Photoelectron Spectroscopy (XPS) measurements of
dried CD were performed on a SPECS photoelectron spectrometer
(Berlin, Germany) with using PHOIBOS-150-MCD-9 hemispherical
analyzer and FOCUS-500 X-ray monochromator (AlKa radiation,
hm = 1486.74 eV, 200 W).

The fluorescence spectra of the prepared CD suspensions were
excited by diode laser radiation (wavelength 405 nm, laser power
in the sample 50 mW) and recorded using CCS200 spectrometer
(Thorlabs). The practical spectral resolution was 2 nm. The sample
temperature in the cuvette varied from 22�C to 81�C using Peltier
elements located on two opposite faces of the cuvette. Tempera-
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ture control/measurement was performed using thermocouple
placed directly in the suspension. The accuracy of the suspension
temperature measurement was 0.3�C.

The value of the Zeta potential and size of nanoparticles in the
suspension were determined using the Malvern ZetaSizer Nano ZS
(Malvern, Worcestershire, UK).

Measurements of CD aqueous suspensions pH value were car-
ried out using the ionometric converter Aquilon I-500 equipped
with pH electrode (pH InLab Nano (Mettler Toledo)).

3. Results and discussion

3.1. CD aqueous suspensions characterization

To analyze the CD surface, XPS was used. Data obtained by XPS
demonstrates that in the studied samples there are nitrogen (about
7% of total amount of atoms) and oxygen atoms (about 30%) in
addition to carbon atoms. The XPS spectra analysis (spectral peaks
of C1s (285 eV), N1s (399 eV), O1s (531 eV)) have revealed the
presence of the following surface functional groups: C-H, C-N, C-
OH, C = O, HO-C = O, O = C-OH, O-H, C-N-C (part of pyrolytic rings),
N-H, N-C3.

To study the effect of pH value changes on the CD FL, samples of
CD suspensions with different pH values – from 5 to 9.21 - were
prepared. For change the pH values, aqueous solutions of NaOH
(Dia-M, concentration 10 mM, pH = 12) and 37% HCl (Sigma
Aldrich, concentration 10 mM, pH = 2) were used. Measurements
showed that the studied CD in the prepared aqueous suspension
have negative Zeta potential (-30 mV) and hydrodynamic radius
of 20 nm.

3.2. Dependence of fluorescence of CD aqueous suspensions on pH and
temperature

This article studies the dependence of aqueous suspensions FL
on the pH value ranging from 5 to 9.21 and on the temperature
ranging from 22 to 81�C.

Fig. 1 shows the FL spectra of CD aqueous suspensions at differ-
ent pH values of the suspensions. The FL spectra of CD aqueous
suspensions under excitation by radiation with 405 nm wave-
length represent broad structureless bands in the visible spectrum
region with the maximum located near 520 nm. To process the FL
spectra of CD aqueous suspensions one removed outliers, divided
the signal intensity channel-by-channel by the area of the valence
vibrations of water OH groups (460–476 nm) and smoothed the
Fig. 1. FL spectra of CD aqueous suspensions a) suspension
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spectra via the Savitsky-Goley method [23] (1st order polynomial,
the window width was 51 channels – 11.4 nm). Presented data
indicates a decrease of the FL intensity of CD aqueous suspensions
at a constant temperature corresponding to an increase of the pH
value of the suspension.

To analyze quantitatively the changes in the CD FL caused by
the change of suspension pH value one used F0 parameter, equal
to the ratio of the integral FL intensity to the integral intensity of
the Raman band, originating from valent vibrations of OH-groups
[24].

Fig. 2 shows the CD FL intensity decreasing linearly with the pH
value increasing from 5 to 9.21 at the constant temperature. Such
dependence of CD FL on pH value can be explained by the fact that
pyridine nitrogen atoms in CD can gradually protonate under the
pH value decrease. As a result, the possible proton transfer from
protonated nitrogen to the conjugated carbon structure of CD
increases the CD fluorescence [25].

It worth noting that the F0(pH) dependences differ for different
temperatures (Fig. 2), indicating the intensity of CD FL in water is
sensitive to changes of both pH and temperature of the samples.
The complex dependence of CD FL on pH and temperature also fol-
lows from experiments on the influence of temperature on the FL
intensity at constant pH values.

Fig. 3 indicates that, at the constant pH value, the intensity of
CD FL decreases monotonously with increasing temperature. This
may be caused by thermal activation of surface traps or defective
CD states, as well as by thermally induced increase of the non-
radiative excitation relaxation probability. At low temperatures,
the non-radiative channel is disactivated, therefore, the transition
of electrons from the excited state to the main state with emission
of photons is possible. As soon as the temperature rises, non-
radiative channels are activated, resulting in surface, defective,
and ionized impurity states [26,27]. In this case, the probability
of photon radiation during the transition of electrons to the ground
state decreases.

The presented results on the influence of sample temperature
on the CD FL intensity in water at different pH values demon-
strated the complex nonlinear dependence of the CD FL on these
two parameters. Thus, the dependences of CD FL in the aqueous
suspension on pH and temperature indicate the high sensitivity
of CD FL to changes of these parameters. And, therefore, CD can
be used as fluorescent nanosensors of pH and ambient tempera-
ture. In order to develop such nanosensors, one has to solve the
two-parameter inverse problem of fluorescence spectroscopy of
CD aqueous suspensions. As it follows from Figs. 2 and 3, it is hard
temperature 25 �C; b) suspension temperature 50 �C.



Fig. 2. CD aqueous suspension F0 parameter depending on the pH value at different
temperatures: the temperature of the CD suspensions was 40 �C, 50 �C, 60 �C.

Fig. 3. Dependencies of the F0 parameter of the CD aqueous suspension on the
temperature for different pH values.
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to describe the complex dependencies F0(pH, T) by a specific ana-
lytical function and therefore to solve the specified inverse prob-
lem using conventional mathematical methods. That is why
artificial neural networks were used to solve the problem.
3.3. ANNs application to solve the inverse problem of simultaneous
determination of liquid medium pH and temperature values via CD
fluorescence spectra

3.3.1. Preparing data for working with ANNs
As the result of fluorescence spectroscopy experiments, a total

of 5600 FL spectra of CD aqueous suspensions with various pH
and temperature values were obtained. The entire set of spectra
consisted of 15 series, each corresponding to a fixed pH value from
the following array: 5.53, 5.79, 6.01, 6.19, 6.39, 6.57, 6.98, 7.21,
7.36, 7.52, 8.28, 8.58, 8.79, 9.00, 9.21. Within each series with the
same pH, the temperature of the suspensions varied between 22
4

and 81�C with an uneven step that was hundredths of a degree.
Each series with the same pH included between 234 and 462
examples.

The values of the FL intensity at the wavelengths ranging from
420 to 750 nm – a total of 1473 input features - were fed to the
input of the ANN. Implementing supervised learning approach
[28], one considered CD water suspension temperature and pH
index to be the output features (Fig. 4). The entire dataset was ran-
domly divided into training, validation, and test sets in the ratio of
70:20:10, respectively. One obtained experimental spectra of the
training set - the spectrum of CD photoluminescence at
pH = 6.98 and the temperature 24.7 - is presented in Supplemental
Materials in Fig. S2 and full feature set for five experimental spec-
tra used for ANNs training are present in Supplementary File.
3.3.2. ANN training
The authors used the model of a fully connected neural network

(Sequential), implemented in the keras library [29]. This implies
that each network neuron from the previous layer was connected
to each neuron from the next layer. The configurations of networks
with one hidden layer, two, and three hidden layers were consid-
ered. Multi-layer perceptrons (MLP) (for additional information
the reader is referred to Supplementary materials) with one hidden
layer (128, 64, 32, 16 neurons in it), two hidden layers (128 + 64,
64 + 32, 32 + 16 neurons in them) and three hidden layers
(128 + 64 + 32, 64 + 32 + 16 neurons) were trained. Sigmoid was
used as the activation function in the hidden layers, and a linear
function was used in the output layer. We used ‘adam’ optimizer
for the network training and mean absolute error as a loss function.

To prevent random data splitting into sets from affecting the
results, the cross-validation method was implemented: the split-
ting was performed five times, and the results of ANN performance
were averaged in these five cases.

To prevent overtraining of the ANN, the absence of error reduc-
tion on the validation set during 500 training epochs on the train-
ing set was used as a criterion for training termination.

In each case, 5 neural networks were trained in order to offset
the impact of the weights initialization. Statistical indicators of
the problem solution for all five networks were averaged in each
case.
3.3.3. Approaches to solving the inverse problem and their
comparative analysis

In general, different approaches can be used to solve N-
parametric inverse problem of determining the values of N param-
eters: (1) simultaneous determination – all of the N output fea-
tures are determined simultaneously via single ANN; (2)
autonomous determination – N output feature are determined
independently via N ANNs with one output each; (3) sequential
determination – first of all, one determines the parameter that is
best defined in the autonomous approach, the next parameter is
determined by selecting examples from the database that corre-
spond to the value of the first parameter determined at the previ-
ous step, and so on.; (4) group determination (N � 3) – an
intermediate approach between simultaneous and autonomous
ones, which involves combining output features into groups where
features are defined simultaneously. The quality of the simultane-
ous determination of several output features is dependent on two
factors: similarity of the defined dependencies for the features to
be grouped, and coincidence of significant input features sets for
the output features to be grouped [30].

The present paper compares the performance results of the
ANNs trained according to (1) – (3) approaches. At the first stage,
in all approaches (1) – (3), a perceptron with 16 neurons in a single
hidden layer was trained. The mean absolute errors (MAE) (on the



Fig. 4. Schematic representation of the ANN performance.
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test set) of determining pH and temperature values corresponding
to these approaches are shown in Fig. 5.

The results indicate that the sequential approach provides the
smallest MAE of the output features determination (3) in compar-
ison with simultaneous (1) and autonomous (2) ones. Thus, in the
sequential approach, the pH error is 60% lower than the corre-
sponding value in the simultaneous approach, and the temperature
error is 70% lower. In terms of these results, the simultaneous
approach was further used to solve the two-parameter inverse
problem. At the first stage, the full dataset (5600 examples) was
used to determine the hydrogen index of the medium. Then, exam-
ples corresponding to a certain pH value were selected from the
full dataset, and a new dataset comprising the selected examples
was formed. It was used to determine the suspension temperature
(Fig. 6). Note that from the user’s point of view, the simultaneous
approach will not affect the device’s operating time in any way.

Next, we conducted the selection of the optimal ANN architec-
ture to solve the task. The training results are shown in Fig. 7.

By the analysis of the results presented in Fig. 8, the optimal
perceptron architecture was selected for further research i.e.
Fig. 5. Mean absolute error in pH and temperature determination for different approach
hidden layer.
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architecture with a minimumMAE in determining pH and temper-
ature. Thus, all further computations were performed with a per-
ceptron with two hidden layers of 128 and 64 neurons in each.
The use of this perceptron provided pH and temperature detection
errors on the test set of 0.01 units and 1.36�C, respectively.

It should be noted that the obtained values represent already
quite satisfactory results for simultaneous determination of pH
and ambient temperature values from the CD FL spectra, as well
as for biological tissue diagnostics. Recall that in living organisms,
the pH varies from 4 to 8, and the temperature during inflamma-
tory processes can vary up to 7�.

3.3.4. Reducing input data dimensionality
The quality of the inverse problem solution depends signifi-

cantly on the input data dimensionality. Generally, not all input
features are equally informative [31]. As the perceptron configura-
tion selected at the previous step has a large number of synaptic
weights, considering redundant uninformative features may lead
to excessive complexity of the approximation function (i.e. ANN),
which, eventually, may result in a decrease in the quality of the
es to solving the inverse problem. Test set, a perceptron with 16 neurons in a single



Fig. 6. Illustration of the simultaneous approach (3) implementation to determining the required parameters of the suspension used in the study.

Fig. 7. MAE of pH and temperature determination, obtained on the test set after training MLPs of various architectures.

Fig. 8. MAE in determining pH and temperature obtained on the test set after reducing the input data dimensionality.
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inverse problem solving. Indeed, note that the difference in wave-
length between two neighboring channels is 0.22 nm (from the cal-
culation that the spectral range of 330 nm accounts for 1473
spectral channels). However, a strong relationship between the
values of the spectrum amplitude in closely spaced channels, aris-
ing from the actual spectrometer resolution is 2 nm (see 2.2.),
means that their separate consideration does not lead to an
increase in the amount of information received by the neural net-
work. From the above, one can assume that reducing the number of
input features by 10 times will simplify the approximation func-
tion, and, therefore, will reduce the error in determining pH and
temperature of the suspensions.

To reduce the input dimensionality, an aggregation procedure
was applied to the spectral data. It consisted of forming a new
set of input features where every 10 input features values corre-
sponding to 10 neighbouring spectral channels, were replaced with
one, equal to the arithmetic average these 10 input features values.
Thus, the input data dimensionality decreased from 1473 to 148.
The results of ANN training on a corresponding dataset are shown
in Fig. 8.

The presented results indicate that the aggregation procedure
allowed to reduce MAE of temperature determination by 50.7%,
pH – by 53.6% comparing to the use of a full input features set.
Thus, the application of MLP (128 + 64 neurons in hidden layers)
to the database of CD FL spectra, complemented with input dimen-
sionality reduction procedure via aggregation of spectral channels,
provided the determination of temperature and pH index of the
medium from the single database with an error of 0.67�C and
0.005, respectively.

Comparing the obtained errors in determining pH and ambient
temperature values with the literature data allows one to conclude
that the results of the method proposed in this article are unique.
According to the references, other groups have developed nanop-
robes providing the determination of pH index as accurate as hun-
dredths of a unit [4,5], while probes’ temperature determination
sensitivity varies from 0.4 to 0.7�C [8]. However, the nanoprobes
determine these parameters separately: either only pH or only
temperature. ANN application performed in the study provides
simultaneous determination of these parameters (using the same
experimental spectrum). Moreover, in our case, the sensor’s oper-
ating temperature range is 1.5–2 times wider than in the above
publications. This enables CD usage as pH and temperature sensors
not only in biology and medicine, but also in various technological
processes where it is necessary to control the conditions for the
course of reactions, for example, in the process of molecular DNA
calculations [32]. Obviously, narrowing the temperature range
increases the accuracy of determining the medium temperature.
4. Conclusion

The paper demonstrates the successful application of fluores-
cence spectroscopy and ANNs to create a carbon-based nanosensor
of environmental pH and temperature. We showed that the fluo-
rescence of CD prepared via hydrothermal synthesis is sensitive
to pH and water temperature changes. The ANN application for
solving the two-parameter inverse problem of fluorescence spec-
troscopy provided simultaneous measurement of these parameters
from CD FL spectra with high accuracy.

The optimal MLP architecture was found. It provided the small-
est MAE values in determining temperature and pH, equal to 1.3
6 ± 0.16�C and 0.010 ± 0.003 units respectively, for the full features
set.

Aggregation of input features over 10 channels allowed reduc-
ing MAE of temperature determination by 50.7%, pH – by 53.6%.
Thus, the MLP application to the database of CD aqueous suspen-
7

sion FL spectra together with input dimensionality reduction pro-
vided simultaneous determination of environmental temperature
and pH values with an accuracy of 0.67�C and 0.005, respectively.
These results provide broad prospects for creating an optical mul-
tifunctional CD-based nanosensor.
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