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Tumor cell pH detection based on CdSe
quantum dots’ fluorescence charateristics

Quan Liu, Chao Zheng, Hui Zhao, Kan Wang and Wei Tao*
Department of Instrument Science and Engineering, School of Electronic Information and Electrical
Engineering, Shanghai Jiao Tong University, Shanghai, China

Abstract. The incidence of cancers has increased year by year and the early diagnosis for cancer is important to prevent cancers.
Due to abnormal metabolism of tumor cells, the acidification of extracellular environment is an important feature for cancer
cells. To achieve efficient and accurate pH measurement, this paper proposes a new detection method based on the fluorescence
characteristics of CdSe quantum dots detection, which uses CdSe QDs with unique optical properties as sensitive substances
for pH detection. PBS buffer (0.2 mol/L) with different pH has been used to simulate cell metabolites at different pH values
and use 365 nm laser source to excite mixture liquid. The emitted light was detected by a fluorescence detection device. A
mathematical model between fluorescence intensity and pH was finally obtained. The experimental results show the method
show better effectiveness than other pH detection methods and has a high resolution of 0.037 within a pH range of 6.1-7.8 and
a measurement resolution of 0.037 pH units. This method has high temperature stability and short testing time, which shows
high potential for pH detection. This method has its superiority in all the testing methods. It exhibits a new way of generalizing
to pH detection.

Keywords: Tumor cells, CdSe quantum dots, pH value of cell metabolites, fluorescence characteristics

1. Introduction

In recent years, as the incidence of cancer increases year by year, early diagnosis of cancer becomes
more important. The extracellular environment becomes acidified because more lactic acid is produced
by metabolism and excreted into the extracellular environment [1]. Therefore, acidification in the extra-
cellular environment is one of the important features to measure whether normal cells become cancer
cells. According to relevant clinical data, the vast majority of tumors has an extracellular pH of 6.0 to
7.0, which is much lower than normal cells (from 7.3 to 7.4). The reason is that rapid proliferation of tu-
mors leads to an insufficient supply of oxygen and the accumulation of acidic substances [2]. Therefore,
real-time monitoring for the pH and environmental changes of cancer cells can reveal whether the cells
have become cancerous and can provide important quantitative prior information for the early diagnosis
and treatment of cancer.

At present, common methods include magnetic resonance spectroscopy, chemical exchange satu-
rated transfer, amide proton transfer, microelectrode, fiber color modulation and fluorescence spec-
troscopy [3]. Among them, magnetic resonance spectroscopy, chemical exchange saturated transfer and
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amide proton transfer are magnetic resonance imaging (MRI) measurements. The measurement accu-
racy is low and MRI can only measure one pH unit. Microelectrode method is an electrochemical method
and the accuracy is higher than MRI. However, the method also has some problems such as complicated
operation, low reuse rate, long measurement time and so on. Fiber color modulation method has high
measurement accuracy but low measurement range (usually can measure only one pH unit) and the
cost of this method is too much. Fluorescence spectrometry has high measurement accuracy (can mea-
sure 0.01 pH unit), high time resolution (with millisecond time accuracy), simple operation technique
(without limitation of cell concentration and size) and multi-dimensional measurement of cells, but the
measurement range is very small (about 1 pH unit) [4]. Therefore, these pH detection methods can hardly
satisfy the needs of tumor cell detection.

Between these pH detection methods, fluorescence spectroscopy is the most promising method. How-
ever, its progress mainly depends on the development of fluorescent probes. Common fluorescent probes
are mostly various organic dyes, but they have the following disadvantages: (1) Organic dyes have a
problem of poor optical stability and organic dyes are easy to photobleach under strong light irradiation.
It is also difficult to obtain the signals during the test [5]; (2) The organic dye test results are closely re-
lated to the reaction temperature and are greatly influenced by the temperature. So test temperature must
be strictly controlled [6]. Therefore, it is imperative to choose better new fluorescent probe materials.

Among the fluorescent probe materials, quantum dots successfully solved the above problems. Semi-
conductor quantum dots are inorganic nanoparticles with unique photophysical properties and also have
some advantages such as excellent light stability, long lifetime, biocompatibility and insensitivity to
temperature. Because of these advantages, quantum dots are used as sensors to detect small molecules,
monitor DNA hybridization and test enzymatic activity [7]. Besides these, semiconductor quantum dots
are also used for biological imaging and sensing [8]. Because of the light advantages, semiconductor
quantum dots are used as an efficient photocatalyst to improve photocatalytic performance [9].

This paper proposes a method for measuring pH of metabolites in tumor cells with CdSe quantum
dots and fluorescence spectroscopy. The method has a wide range of pH detection (from 6.1 to 7.8).
The measurement resolution is 0.037 and it can meet the needs of pH measurement. At the same time,
the method is insensitive to temperature. The measurement speed is fast and the testing time is about
10 minutes. The test efficiency is high and the method can achieve rapid measurement for pH of tumor
cells.

2. Materials and methods
2.1. Materials

Cadmium oxide (CdO, AR), stearic acid (98%), (OA, 99%), selenium powder, octylamine, HAD
and diethylzinc (ZnEt2) (Aladdin), TOPO (98%), TOP (95%), poly (acrylic acid) (PAA, molecular
weight (MW) 1,800), 1-ethyl-3-[3-dimethylaminoporpyl] carbodiimide hydrochloride (EDC, 98.5%),
NHS (98%), Bovine serum albumin (MP Biomedicals Company), Bis sulfide (Tokyo Chemical Indus-
try), Liquid paraffin, chloroform, ethanol, hydrochloric acid (HCl), 2-(4-morpholino) ethanesulfonic
acid, Ndimethylformamide, paraformaldehyde, Tween-20 (Sinopharm Chemical Reagent).

2.2. Fluorescence spectrophotometer

For the fluorescence detection device, we use the fluorescence spectrophotometer for fluorescence
testing. The fluorescence spectrophotometer is Hitachi FL-4600. The detection device has high precision
and high sensitivity.
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Fig. 1. Quantum dot mixture to be tested.
2.3. Experimental method

2.3.1. Preparation of CdSe quantum dots

In this paper, a highly luminescent CdSe quantum dot-containing ZnS core-shell is made by a py-
rolysis method of an organometallic reagent in a coordination solvent at a temperature of 200°C. The
molar ratio of CdO/Se/ stearic acid in liquid paraffin is 1:1:4 and prepared crude quantum dot product is
purified by using chloroform and ethanol. ZnS core shell is prepared by using equimolar ratios of ZnEt2,
TOP and TOPO at ambient temperature of 90°C. The resulting core shell product is purified again and
redistributed into aliquots of chloroform for subsequent use. Finally, in order to prevent chloroform
evaporation and for long-term storage, add 10 ml of deionized water [10—12].

2.3.2. pH test method

For each test, mix 2 pL of the quantum dot with 298 uL of PBS buffer (0.2 mol/L) of different pH
values and mix them up in a small test tube. Then use tin foil to keep light away. As shown in Fig. 1,
after thoroughly mixed, use fluorescent test device to test.

After sufficient reaction, transfer solution to the slit cuvette. The cuvette is placed in the fluorescence
test apparatus and continuously irradiated for 10 min by 365 nm ultraviolet laser. The excitation light
wavelength is 365 nm. Read data each 1 minute and test for 10 minutes. Finally, record the fluorescence
intensity.

2.3.3. Temperature characteristics test

Because the traditional organic solvent is greatly affected by temperature, as an excellent pH-testing
material-quantum dot, we investigate the influence of temperature on the performance of the quantum
dot test. Due to temperature, it is difficult to perform extremely precise control during the actual experi-
mental operation. The experiments are carried out on four groups of buffers with pH of 6, 6.5, 7 and 7.5
respectively at different temperatures. Each group of buffers is measured at three temperatures of 4°C,
17°C, and 25°C. Repeat the measurement for 10 times and record the fluorescence intensity.

3. Results and analysis
3.1. Fluorescence data processing
The wavelength of light absorbed by CdSe quantum dots in paper is 365 nm and the wavelength of

the fluorescence spectrum is about 625 nm. The fluorescence spectrum of the quantum dots is analyzed
by using the fluorescence detection device. The synthesized quantum dots show strong fluorescence in
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Fig. 2. Quantum dots fluorescence spectroscopy.
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Fig. 3. Moving average filtered fluorescence spectra of quantum dots.

Fig. 2. With the signal and narrow emission spectra, CdSe QDs synthesized by this method have narrow
particle and normal size.

Because the quantum dot fluorescence intensity at 625 nm is the largest and the data is the most accu-
rate and easy to analyze, the fluorescence intensity data used in this test is derived from the fluorescence
intensity data at 625 nm in the QD photoluminescence spectrum.

Because fluorescence spectrum obtained by fluorescence detection device still has noise, to obtain a
more accurate fluorescence emission peak of the quantum dot, use a moving average filter to perform
filtering to obtain the emission peak of the quantum dot accurately and the result is shown in Fig. 3.
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Table 1
The raw data for the 10 minutes test
pH The fluorescence intensity (a.u) Average
1 2 3 4 5 6 7 value

6.13 1546 1562 1488 1496 1502 1498 1522 1516
6.22 1597 1600 1612 1578 1623 1589 1622 1603
633 1895 1885 1864 1905 1882 1903 1917 1893
6.4 1998 1969 1907 1911 1960 1956 1948 1950
6.5 1998 2037 2039 2063 2053 2001 2026 2031
6.65 2077 2063 2016 2027 2018 2047 2022 2039
6.75 2127 2148 2156 2187 2150 2108 2207 2155
69 2170 2112 2254 2148 2206 2148 2168 2172
7 2221 2234 2290 2265 2292 2267 2218 2255
7.15 2366 2610 2571 2554 2445 2477 2487 2501
7.3 2635 2577 2578 2639 2640 2698 2658 2632
7.58 2889 2844 2731 2717 2683 2743 2689 2757
7.67 3069 3054 2997 2962 2976 3028 3014 3014
7.8 3888 3940 3897 3835 3789 3763 3783 3842
79 3650 3677 3589 3700 3679 3623 3625 3649
8 3422 3448 3389 3500 3484 3427 3422 3442
82 3200 3222 3299 3188 3233 3212 3216 3224

Relationship between fluorescence intensity and pH
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Fig. 4. Experimental results.
3.2. pH results

The raw data for the 10 minutes test is shown in Table 1.

The average value of test data for 10 minutes is calculated as the fluorescence intensity at the corre-
sponding pH value. Figure 4 shows the test results of pH ranging from 6.1 to 8.2.

While the pH value of the solution is between 6.1 and 7.8, the fluorescence intensity of the quantum
dots increases gradually with the increase of the pH value. At pH = 7.8, it reaches a maximum value of
3842. By the end of the rising trend, the quantum dot fluorescence intensity gradually decreases.

The reason is that the stabilizer on the surface of the quantum dot is affected by the change of hydrogen
ions in the solution. The quantum dots prepared in paper are in an optimal stable state when the pH is
close to 7.8, so the overall fluorescence intensity is the highest when pH decreases. When it increases,
the surface stabilizer changes and the defect is weakened, the fluorescence intensity is weakened.
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Table 2
Data of experiments under different temperatures

Temperature (°C) pH=6 pH=65 pH=7 pH=75

4 1648 2105 2300 2866
17 1502 2000 2255 2759
25 799 1635 1897 2657

Relationship between fluorescence intensity and pH
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Fig. 5. pH = 6.1-7.7 linear fitting analysis results.

The quantum dot reaches the maximum fluorescence intensity at pH = 7.8. Because the fluorescence
intensity of quantum dot is abruptly changed at this time, the test point of pH = 7.8 is removed and a
mathematical model is obtained shown in Fig. 5. The mathematical model expression for linear fitting
is: Y = 847.68 X —3582.2.

At this point, the mathematical model R? = 0.9617 and the linearity of the fitting line are smooth.

The linear fitting results of pH = 6.1-7.7 is selected and the obtained model error bars for analysis.
The maximum deviation in each point data is 32 and the maximum standard deviation is 83. The slope
of the fitted straight line is 847.68 and the measurement sensitivity limit is about 1/847.68 = 0.037.

According to literature research, fluorescence sensitivity of fluorescence spectrometry is about 0.1. So
the quantum dot has a higher sensitivity limit and more accurate measurement than organic solvents [13].

According to the experimental process, the quantum dot reaction process can reach the millisecond
level. The time required for the whole experimental operation process is around 10 minutes. It can
measure the pH of tumor cells quickly. Fluorescence spectroscopy by using an organic solvent needs at
least 10 minutes to finish the test. If this operation become more automatically, the test time will continue
to be shortened [14].

3.3. Temperature impact test results and analysis

The results show that during the temperature rise from 20°C to 50°C, the fluorescence intensity of
ZnSe quantum dots in PBS buffer at the excitation wavelength of 289 nm is reduced by 37.5% because
the thermal activation of surface traps leads to non-radiation of excitons [15]. CdSe quantum dots have
similar structure and properties to ZnSe quantum dots and the effect of temperature on their fluorescence
characteristics is the same.
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Temperature characteristic curves of different pH
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Fig. 6. Temperature characteristics at pH values.

After linear fitting, we find that the fluorescence intensity of CdSe quantum dots shows a slight de-
crease when the temperature increases (in Fig. 6). Temperature coefficient is approximately —17.6 a.u/°C
= —0.02/°C. According to literature research, in the fluorescence spectroscopy using organic solvents,
organic solvents are greatly affected by temperature and have a significant downward trend with tem-
perature increase. The temperature coefficient is —2000 a.u/°C, far greater than this. The method is less
sensitive to temperature and higher efficiency than the fluorescence spectroscopy by using an organic
solvent.

4. Discussion
4.1. Mechanism analysis of pH influence on quantum dots fluorescence intensity

The photoluminescence mechanism of quantum dots is that the low-level electrons of quantum dots
are excited by excitation light [16]. The surface modification of quantum dots has a large number of
stabilizers. When a physical or chemical reaction causes a change in the surface properties of a quantum
dot, the fluorescence or electrochemiluminescence of the quantum dot changes. So the change of hydro-
gen ion concentration in the solution easily leads to the loss of the surface stabilizer of the quantum dot.
The change of the charge of the surface stabilizer leads to surface defects, which causes the quantum
yield of the quantum dot to decrease and the fluorescence intensity to decrease. So the pH of liquid to
be tested is finally measured.

4.2. The possibility of detecting the pH of cancer cells’ metabolic fluid

Many studies have speculated that hypoxia increases the body’s glucose consumption. The adaptation
of cells to the acidic home environment is through the use of a potassium exchanger and other proteins,
such as carbonic anhydrase, to regulate the pH upregulation. A decrease in pH can result in a variety of
protein and structural abnormalities such as DNA helicase and polymerase which plays important roles
in DNA replication.
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In addition, the acidic microenvironment can promote tumor invasion. As early as 1965, Warburg
proposed that tumor cells can undergo strong anaerobic glycolysis to obtain energy. This way produce
a large amount of H + and make malignant tumor tissue acidic. In 1984, Wike-Hooley used micro-
electrode method to determine the pH value of malignant solid tumors which provided a preliminary
experimental basis for Warburg’s hypothesis. The most convinced experiment is the application of P
magnetic resonance and finds that the extracellular H + of the tumor is higher than that of the cell. The
extracellular pH of the malignant tumor is 67 and the corresponding normal extracellular pH is 7.1-7.6.
The intracellular pH of the malignant tumor is higher than that of the extracellular, but lower than the
corresponding normal intracellular pH [17].

The effective test range of the CdSe quantum dots made by the test preparation is 6.1-7.7 and the test
range covers the external environment pH of normal cells and tumor cells. The extracellular environ-
mental metabolic fluid is simulated by using PBS buffers of different pH values and finally the CdSe
quantum dots are tested for the pH value of the tumor cells.

4.3. The possibility of using quantum dot materials to increase the efficiency of pH testing

In the present method, the time for the experiment is not more than 15 minutes (consisted of contin-
uous laser irradiation for 10 minutes and preparation for 5 minutes). However, in practical applications,
since the quantum dot fluorescence intensity is stable at the same pH, the actual test does not require
continuous laser irradiation for 10 minutes and we can only use one irradiation to obtain the test result.
At the same time, because the experimental preparation is currently manual operation, after we mecha-
nize the operation of the method in the future, we can shorten the time for the experiment to 1-2 minutes.
Finally, we can measure pH quickly.

5. Conclusion

In this paper, we propose a pH detection method based on the analysis of fluorescence characteristics
of CdSe quantum dots. The experiment results show that the sensitivity limit of the measurement method
can reach 0.037 in the range of pH 6.1-7.8, which is better than other methods. At the same time, the
method has a fast operation process and good stability. The method can solve the problem that the test
results of other methods are unstable. The resolution of the method can reach 0.037 pH unit and it
is a relatively excellent result in the relevant measurement methods. The measured pH range perfectly
conforms to the external environment metabolites of the cells and tumor cells. The method is less affected
by temperature and solves the problem that the traditional dyes of organic fluorescence are more affected
by temperature and have poor stability. The method is simple in operation. The local detection time
can reach the millisecond level. The time for the experiment only takes 5 minutes and the test speed
is fast and the measurement result is stable. In summary, the method can realize the measurement of
the extracellular environment metabolic fluid with high precision, high stability and high speed. It also
realizes the detection of pH of the tumor cells and can realize the early diagnosis of cancer. So this
method has very high practical meaning.
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