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Abstract. In this work, we propose the results of pilot studies on using the 
modulated CMOS camera for the imaging of autofluorescence in murine 
hepatocellular carcinoma cells with excitation in UV light. Here, we assess the 
capabilities of the imaging system to detect changes in the NAD(P)H fractions 
produced and utilised in the glycolysis, pentose phosphate pathway and oxidative 
phosphorylation. Our results suggest that the camera and the system based on 
one possess a sufficient margin of SNR and sensitivity to detect the cellular 
metabolic changes associated with the metabolic pathways mentioned.  
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1 Introduction 
Liver cancer is characterized by its rapid progression, so 
the issues of timely diagnosis and further treatment do 
not lose their relevance [1]. Improvement of medical 
diagnostic technology and the introduction of new 
modern methods can help to identify pathological 
changes at the initial stages and increase the effectiveness 
of traditional diagnostic procedures [2]. Biophotonics 
methods can be used to obtain data on the metabolic state 
of the liver and tumour tissues. In particular, fluorescence 
methods demonstrate high sensitivity to changes in the 
metabolic state of tissues. For this reason, the evaluation 
of the spectral and temporal parameters of fluorescence 
can serve as a diagnostic criterion, including in 
oncology [3]. Modern technologies allow combining 
fluorescent measurements with standard tools for 
minimally invasive surgery [4–7]. An important step in 
developing this approach is a fundamental study of the 
metabolic state of malignant cells to understand their 
biochemical processes better and correctly interpret the 
data obtained at the tissue and organ levels. 

Uncontrolled tumour growth is accompanied by 
numerous disorders of redox balance and changes in 
metabolic pathways, including glycolysis and the pentose 

phosphate pathway [8]. The redox states of the NADH 
and NADPH pools play an important role in determining 
the activity of energy production paths, in managing 
oxidative stress and in maintaining antioxidant defence. 
Because the fluorescence spectra of NADH and NADPH 
are indistinguishable, interpretation of signals resulting 
from their combined fluorescence can be challenging [9]. 
At the same time, measurements of fluorescence intensity 
may be affected by inhomogeneous surface illumination, 
the presence of blood and photobleaching. Registering 
fluorescence lifetime can eliminate these limitations. 
This technology is sensitive to intermolecular 
interactions [10] and allows the recognition of 
endogenous fluorophores with overlapping spectra.  

This work aimed to study the imaging of NAD(P)H 
autofluorescence intensity and lifetime parameters by a 
setup for fluorescence lifetime microscopy (FLIM) based 
on a camera with two-tap CMOS sensor for 
measurements in the frequency domain (pco.flim, PCO 
GmbH, Germany). The implementation of measurements 
in the frequency domain with the camera benefits from 
significantly lower prices for the equipment when 
compared with the equipment for FLIM imaging in the 
time domain. Previously, the camera was successfully 
used for widefield imaging of protoporphyrins in brain 
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tumours in vivo [11]. Nevertheless, the capabilities of the 
CMOS-based FLIM technique in the frequency domain 
for the imaging of weak NADH autofluorescence signals 
from cells require dedicated studies in the aspects of the 
sufficiency of their signal-to-noise ratio and sensitivity. 

In this work, we evaluate NAD(P)H autofluorescence 
imaging using frequency domain, full-frame FLIM 
microscopy to identify changes in metabolic activity in 
the H33 hepatocellular carcinoma cell culture. The 
results obtained in this work may assist transition of the 
technique to medical practice to identify characteristic 
patterns of physiological parameters in hepatocytes and 
the cells of liver cancer, as well as to identify potential 
diagnostic criteria to distinguish them. 

2 Materials and Methods 

2.1 Experimental setup 
The experimental setup (Fig. 1) included a frequency 
domain CMOS camera pco.flim (PCO AG, Germany) 
operated at the modulation frequency of 40 MHz and 
image resolution of 1008×1008 pixels. A 375 nm laser 
(PCO AG, Germany) was used to excite the 
autofluorescence in cells. The camera was connected to 
an inverted biological microscope, IX73 (Olympus 
Corporation, Japan) with a 40× objective. The exposure 
time of 500 ms was typically used for the images and 
results presented in the paper. The output power of the 
UV laser did not exceed 10 mW before coupling the 
microscopy system and was at the level of 0.7 mW in the 
field of view of the objective. The fluorescence lifetimes 
were estimated by the phase shift and the change in the 
modulation index of the recorded fluorescence radiation 
relative to the amplitude-modulated exciting radiation. 

2.2 Cell culture  
A cell culture of murine H33 hepatocellular carcinoma 
(HCC) was used as the object of study. H33 HCC were 
established from primary mouse tumours that were 
induced using a diethylnitrosamine/phenobarbital 

protocol and propagated by subcutaneous transfer 
between mice [12]. The cells were cultured in Dulbecco’s 
modified Eagle medium (DMEM), supplemented with 
10% of foetal bovine serum, penicillin and streptomycin, 
at 37 °C, 100% relative humidity, under an atmosphere 
containing 5% CO2 and 95% air. Cells were placed in 
35- mm dishes and measured after 3–4 days.  

For inducing changes in metabolism in the cell 
culture of murine H33, well-known pharmacological 
agents were used, which can simulate various metabolic 
changes, including influence on redox states of the 
NADH and NADPH pools. Dehydroepiandrosterone 
(DHEA), iodoacetic acid (IA), Carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) and 
rotenone were all purchased from Sigma-Aldrich. The 
concentrations of pharmacological agents were chosen 
by standard or slightly exceeding the concentrations used 
to alternate metabolism in cultured cells. DHEA is a 
known non-competitive inhibitor of glucose-6-phosphate 
dehydrogenase (G6PDH), the rate-limiting step in the 
pentose phosphate pathway [13]. Iodoacetic acid (IA) is 
reported as an inhibitor of glycolysis, acting primarily on 
the enzyme glyceraldehyde-3-phosphate dehydrogenase, 
which catalyses the conversion of glyceraldehyde-3-
phosphate into the high-energy phosphate compound, 1,3 
bisphosphoglycerate with the reduction of NAD to 
NADH [14]. FCCP is a known uncoupling agent of the 
mitochondrial electron transport chain [15]. FCCP can 
disrupt ATP synthesis through uncoupling the proton 
gradient generated by the mitochondrial membrane. 
Rotenone acts as a strong inhibitor of complex I of the 
mitochondrial respiratory chain [16]. 

The measured cells included the control group 
(N = 9), one treated with iodoacetic acid (20 μM, N = 4) 
2 h prior to measurements, and one treated with 
dehydroepiandrosterone (DHEA, 10 μM, N = 4) 15 min 
prior to measurements. The measurements included 
recording of the basal fluorescence signal, fluorescence 
signal after addition of oxidative phosphorylation 
uncoupler FCCP (0.2 mM), and complex I inhibitor 
rotenone (0.02 mM). The measurements lasted for 
15 min. 

 

Fig. 1 Schematic diagram of the FLIM setup used for the imaging of H33 cells. 
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2.3 Fluorescence Measurements 
Measurement of mitochondrial NADH autofluorescence 
in live cells was performed according to the algorithm 
described in Ref. [17]. After stabilizing the 
autofluorescence signal 1 μM FCCP was added to 
maximize mitochondrial respiration. Waited again to 
stabilize the autofluorescence signal and was added 
1 mM rotenone which blocks the mitochondrial electron 
transport chain. The total NADH pool value in cells is the 
difference between the average fluorescence values after 
application of rotenone and the average fluorescence 
values after addition of FCCP provides. The averaged 
maximum fluorescence values obtained after rotenone 
addition and the averaged minimum fluorescence values 
obtained after FCCP addition represent 100% and 0% 
respectively. The values within the 0–100% scale 
represent the NADH redox index.  

In this study, we measured bound and unbound 
NAD(P)H ratio using the phasor approach to FLIM  
[18–20]. The autofluorescence emitted in cells after 
excitation at a wavelength of 375 nm originates from 
NAD(P)H (free and bound) and FAD. When using an 
optical filter (400 nm), the fluorescence of NADN can be 
separated from the FAD contribution. Analysis of 
fluorescence lifetime in each pixel was carried out 
following the phasor approach to the FLIM. The phasor 
coordinates G and S in a pixel with coordinates i, j were 
calculated in the frequency domain: 

 
(1) 

where  and are the measured modulation index 
and the phase shift of the emission with respect to the 
excitation. For each pixel, the lifetimes are calculated 
based on modulation index ( ) and the phase shift  
( ) as follows: 

 (2) 

2.4 Statistical Analysis and Images 
Fluorescence lifetime parameters and final phasor plots 
were obtained using NIS-Elements software (Nikon 
Instruments Inc.). Comparisons between the studied 
groups were performed using the one-way analysis of 
variance (ANOVA test). Statistics tests and histograms 
generation were performed using OriginPro 2015 
(OriginLab). Fluorescence intensity images and lifetime 
maps were processed using ImageJ (National Institutes 
of Health).  

3 Results and Discussion 
First, the imaging system was calibrated with a fresh 
0.1 mM NADH solution. Representative examples of the 
phasor plot of autofluorescence were obtained from the 
NADH solution. Representative examples of the phasor 
plots of autofluorescence obtained from the NADH 
solution and HCC cells after the calibration procedures 
are shown in Fig. 2(a) and Fig. 2(b), respectively. The 
allocation of the points on the universal circle (Fig. 2(a)) 
suggests the pure single-exponential decay of the 
measured signal from the NADH solution. The 
distribution of the data points in images obtained from 
H33 cells had the shape of an oval inside the universal 
circle, which points to two-exponential decay in the time 
domain and the presence of two independent lifetimes in 
the mix of fluorescence agents in the cells.  

Fig. 3 shows the fluorescence intensity (first column) 
and lifetime maps (colour) of phase shift (second 
column) and modulation index (third column) of murine 
H33 cells in the control (first line), IA (second line) and 
DHEA (third line) experiments.  

The analysed parameters included NADH pool, 
NADH redox index, and phase and modulation indexes 
characterizing the first and second components of 
fluorescence lifetime decay (Fig. 4). The statistical 
significance of the differences was assessed using the 
one-way ANOVA test (p < 0.05). 

	
Fig. 2 Representative examples of the phasor plots of autofluorescence obtained from the NADH solution (a) and HCC 
cells (b). 
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Fig. 3 Fluorescence intensity and lifetime maps (colour) of cells of murine H33 in control (a, b, c), iodoacetic acid (IA) 
(d, e, f) and dehydroepiandrosterone (DHEA) (g, h, i) experiments. 

The results demonstrated a decrease in the average 
NADH pool, in both IA and DHEA groups (41 ± 27 a.u., 
37 ± 7 a.u., 30 ± 18 a.u., respectively), while the NADH 
redox index increased by more in the IA group 
(53% ± 27%, 76% ± 16%, 70% ± 17%). Lower values of 
the redox index indicate more significant respiratory 
activity of cells. FCCP was used to uncouple ATP 
phosphorylation from the electron transport chain, 
resulting in unregulated, increased oxidation of NADH 
back to NAD. Uncoupling phosphorylation caused a 
decrease in the first and second components of the 
fluorescence lifetime in the control, IA and DHEA 
experiments. Inhibition of the activity of the electron 
transport chain by adding rotenone, a blocker of NADH 
dehydrogenase (complex I), increased the weighted 
lifetimes of the two components in all experiments. 
Therefore, it can be concluded that the application of 

inhibitors worsened the condition of the cells to different 
degrees. The observed changes may indicate that liver 
cancer cells use the process of glycolysis for glucose 
oxidation and energy production in the form of ATP to a 
greater extent than the pentose phosphate pathway. 
Inhibition of glycolysis is more critical for the viability 
of this cell culture. Inhibition of glycolysis IA led to a 
significant decrease in the first and second components 
of fluorescence lifetime decay in basal measurements 
(53.8% and 7.4%, respectively). In contrast, inhibition of 
the pentose phosphate pathway using DHEA led to a 
statistically significant increase in these parameters in the 
basic test (22.2% and 11.4% respectively). All three 
groups showed similar dynamics of changes. However, a 
significant scatter of the obtained values was observed in 
the control group, which made it difficult to assess in 
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more detail possible changes in the ratio of bound and 
unbound NAD(P)H. 

In 1979, B. Chance described the idea that NADH 
autofluorescence can be used as a marker of the redox 
state of cells and cellular energy metabolism [21]. The 
intensity of autofluorescence with UV excitation mostly 
indicates the total amount of NADN. At the same time, 
NADH has short and long lifetime components, 
depending on its protein binding status. According to 
changes in the relative ratio of free and bound NADH, it 
is possible to estimate the cellular metabolic redox 
status [22]. In this study, we show that the frequency 
domain FLIM technique based on the two tap CMOS 
image sensor can be used as a valuable tool for non-
invasive and marker-free study of metabolic changes in 
living cell cultures in vitro. Fluorescence lifetime is 
specific to molecular species, so the ratio of free/bound.  
 

	
Fig. 4 Computed parameters NADH pool (a-left axis), 
NADH redox index (a-right axis), and phase shift (b) and 
modulation index (c) based fluorescence parameters 
characterizing the first and second components of 
fluorescence lifetime under varied metabolic conditions 
(IA – iodoacetic acid, DHEA – dehydroepiandrosterone, 
FCCP – carbonyl cyanide-4-(trifluoromethoxy) 
phenylhydrazone). A single SE was taken to plot error 
bars. 

NADH can be measured in each pixel. This is 
important for expanding the understanding of tumour 
metabolic mechanisms. Earlier results obtained in the 
study of liver tumours using multiphoton microscopy 
FLIM with TCSPC system showed that Time-Domain 
FLIM can simultaneously display and quantify the 
cellular morphology and microenvironment of the living 
liver without fluorescent dyes [23, 24]. The key 
advantage of frequency-domain FLIM is its fast lifetime 
image acquisition; moreover, frequency-domain FLIM 
can be implemented without the use of costly pulsed 
lasers. 

Raman microscopy can also be noted among the 
methods for studying the metabolic features of 
tumours [25]. Raman imaging allows one to examine 
cellular conditions in a non-invasive and non-destructive 
way. However, it is difficult to quantify metabolic 
changes in a single cell using only Raman microscopy. 
Most disadvantages of Raman spectroscopy are related to 
the weakness of the Raman effect, which leads to longer 
measurement times and possible damage to cells by 
thermal heating from the laser. However, it is worth 
mentioning the promising development of the combined 
Raman imaging and fluorescence lifetime imaging 
microscopy systems for diagnosis of cancer state and 
metabolic monitoring [26] and surface-enhanced Raman 
scattering (SERS) technique in Raman microscopy [27]. 

4 Conclusion 
The obtained data on the application of the new type of 
frequency domain FLIM camera showed the feasibility 
of imaging the endogenous fluorescence and 
fluorescence lifetime parameters to be used for 
evaluating metabolic processes in cells. The preliminary 
studies with the imaging system allowed us to observe 
the criticality of glycolysis for the functioning of 
malignant cells. 

The obtained results of the work and further research 
can become a scientific basis for the development of 
diagnostic methods for assessing mitochondrial function 
in liver tissues using in vivo fluorescence spectroscopy 
with time resolution. 
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