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Abstract: Triple Negative Breast Cancer (TNBC) is difficult to treat since it lacks the three most 

commonly targeted hormone receptors. Patients with TNBC are treated with platinum core 

chemotherapeutics, such as Cisplatin. However, despite the anticancer effects of Cisplatin, TNBC 

attenuates its effect and develops a resistance eventually, which results in tumor reoccurrence. Hence, 

there is a critical demand for effective alternative and natural ways to treat TNBC. Towards this, 

inhibiting TNBC cell proliferation by blocking the key glycolytic enzyme Lactase Dehydrogenase B 

(LDHB) is one viable option studied in this research. Galloflavin (GF), a potent LDHB inhibitor 

synthesized from gallic acid, is utilized in this research. In addition, Electrochemotherapy (ECT), which 

involves the application of electrical pulses (EP), was utilized to enhance GF uptake. MDA-MB-231, 

human TNBC cells were used for this, with/out Galloflavin, and eight pulses of 600V/cm, 800V/cm, 

1000V/cm, and 1200V/cm, at 100μs and 1Hz. The cells were characterized using various assays, 

including viability, colony-forming, and reactive oxygen species (ROS). Results indicate a TNBC cell 

viability of as low as 22%, demonstrating the potential of this novel treatment.  
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1. Introduction 

With more than 2 million new cases of breast cancer and over 600,000 deaths in 2020, 

breast cancer is the most common cancer in women worldwide [1]. Out of this, 15 – 20% are 

TNBC [2]. TNBC lacks all the three most commonly targeted hormone receptors, namely, the 

estrogen receptor (ER), progesterone receptor (PR), and epidermal growth factor receptor 2 

(HER2/EGFR2) amplification. Hence, there are no targeted therapies, and it is also associated 

with poor prognosis. The 5-year survival rate of TNBC patients is 30% compared to 66% for 

other breast cancer phenotypes [3]. There is a critical need for effective and alternative ways 

to treat TNBC. TNBC cells have distinct metabolic characteristics to support high proliferation 

rates [4]. They are characterized by high Lactase Dehydrogenase (LDH) enzyme levels, 

increasing their lactate production in aerobic and anaerobic respiration during Adenosine 

triphosphate (ATP) production. Lactase dehydrogenase is classified into various subunits. 

Among LDH subunits, LDHB is significantly upregulated during TNBC proliferation [5]. 

LDHB is a critical metabolic enzyme as it catalyzes the change of pyruvate to lactate in the 

final stage of glycolysis. ATP production in tumor cells is dependent on glycolysis and is a 

promising avenue to target TNBC tumor cells selectively to inhibit LDHB [6]. 
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Towards this, Galloflavin is studied in this research. Galloflavin (3,8,9,10-

tetrahydroxypyrano benzopyran-2,6-dione), a potent inhibitor of LDHB [7–10], is a natural 

compound identified in 1897 by German chemists Bohn and Graeb in synthesizing gallic acid 

with potassium hydroxide at 0°C. Gallic acid is predominantly found in green tea leaves and 

extract. Its molecular formulae is C12H6O8 and its chemical name is 3,8,9,10-tetrahydroxy-

pyrano[3,2-c][2] benzopyran-2,6-dione.  

Galloflavin mainly binds to the free enzyme in the cytoplasm [11]. The binding to the 

free enzyme is with the help of hydrogen bonds. Galloflavin already blocks aerobic glycolysis 

and ATP production micromolar concentrations [12]. The inhibition of LDHB is by the binding 

of Galloflavin to the NADH. Galloflavin blocks aerobic glycolysis, where high differences in 

their energy metabolism were found in some human cancer cell lines. It also blocks the growth 

of cell lines resistant to other chemotherapeutics. The predominant form of action against 

cancer cells is apoptosis induction[11]. Galloflavin is shown to be effective in LDHB inhibition 

and blocks aerobic glycolysis without interfering with cell air intake and inducing cell death. 

Galloflavin is found to be less toxic and has the sole function of LDHB inhibition. Lethal side 

effects were not observed in Galloflavin. Some rare side effects may include irritation to 

respiratory membranes, which is harmful when in direct contact with skin and eyes [13].  

To enhance GF uptake, we utilized electrical pulses (EP) to open up pores in the plasma 

cell membranes, which are usually nonpermeable or less permeable. This technique is known 

as electroporation [14–21]. This research is used to study TNBC cells, MDA-MB-231, with 

the combination of EP and GF. The combination of electroporation and chemotherapy can 

target multiple factors, in addition to opening up pores in the cell plasma membrane [11]. The 

controlled local administration of the electric field opens up porous layers in the cells, which 

temporarily converts the usually non or less permeable membrane to permeable, in a 

phenomenon called electroporation [12]. When electroporation is used to upload a chemodrug, 

it is termed Electrochemotherapy (ECT), a clinically tested and proven treatment [13–26]. It 

can be effective against TNBC, without causing severe toxicity and drug resistance as ECT 

does not rely on the receptors or hormones which target cancer cells [27-38]. Figure 1 shows 

the flow of action of GF, with the putative binding mode of galloflavin at the human LDH 

binding site [12], combined with EP for enhanced uptake that induces apoptosis. 

 
Figure 1. The flow of action of GF shown with the putative binding mode of Galloflavin, combined with EP for 

delivery enhancement, induces apoptosis. 
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2. Materials and Methods 

2.1. Cell lines. 

MDA-MD-231, an epithelial, TNBC cell line, first deduced from a 51-year-old 

Caucasian female breast cancer patient, was used. The cells were incubated and cultured in 

DMEM containing 10% FBS along with 1% Penicillin-Streptomycin (PS) at suitable humidity 

and optimal growth conditions. They were cultured in optimal growth conditions with the 

presence of DMEM along with 10% FBS and 1% PS [39]. 

MCF10A cells (non-cancerous epithelial) were cultured in optimal growth conditions 

with DMEM:Ham’s F12 supplemented with 5% horse serum, 20ng/ml human epidermal 

growth factor (Sigma-Aldrich, USA), 0.5mg/ml hydrocortisone (Sigma-Aldrich), 100 ng/ml 

cholera toxin (Sigma-Aldrich), 10mg/ml bovine insulin (Sigma-Aldrich), 100 IU/ml penicillin 

and 100mg/ml streptomycin. The cells were incubated at 70%–80% humidity, 5% CO2, and 

37°C [40]. 

2.2. Galloflavin drug. 

Galloflavin (Cayman Chemical, USA) stock solution (35mM) was prepared using 

dimethyl sulfoxide. The stock was diluted to obtain 10-150μM Galloflavin treatment 

concentrations.  

2.3. Electric pulse application. 

A BTX ECM 830 square wave pulse generator (Genetronics Inc. San Diego, CA, USA) 

was used to apply eight unipolar, square wave pulses of 600-1200V/cm of 100µs long, at 1s 

intervals. The MDA-MB-231 cells were collected for electroporation at a concentration of 

1 × 106 cells/ml in appropriate cell culture media and suspended at 600μl per cuvette with 4mm 

gap between the cuvette walls. Depending on the assay type, the collected samples were 

dispensed to either 96-well plates or Petri dishes [41]. 

 

2.4. MT real-time viability assay. 

The Treated samples, including control (no treatment), GF only, EP only, and EP+GF, 

at 1 million cells/ml concentration, were seeded into 96-well plates, per Promega’s protocol. 

The cells were supplied with 55μl of prepared media in each well. They are then incubated 

with optimal growth conditions for 24h. To study the cell viability, RealTime-Glo MT Cell 

Viability Assay (Promega, USA) was used. Synergy LX Multi-Mode Reader (BioTek 

Instruments, USA) was utilized for recording the luminescence (Lum). Equation 2 was used to 

calculate the % cell viability. 

𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝑇𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙 𝐿𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒  𝑣𝑎𝑙𝑢𝑒

𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐿𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑠𝑒
 ×  100     (2) 

2.5. Colony Forming Assay (CFA). 

The MDA-MB-231 cells, after electroporation and drug treatments, were incubated 

with optimal growth conditions with appropriate media in 100ml Petri dishes with 1000 cells 

on each petri dish for a period of 9 to14 days. After the colonies were formed, they were stained 
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with 1.5ml of Crystal Violet (Sigma-Aldrich) and were counted using a custom MATLAB 

code, which thresholds, segments, and counts the number of colonies. A collection of cells of 

>50 cells was counted as one colony [42]. 

2.6. Reactive oxygen species. 

Reactive species, such as free radicals and molecules from oxygen, produced in cancer 

cells can cause oxidative stress and cell death. Here, the reactive oxygen species (ROS) 

assessment at 24h was done. 20µl (20,000 cells) of treatment samples were added to a 96-well 

plate, with an additional 60µl of cell media. After 18h incubation, 20µl of Hydrogen Peroxide 

(H2O2) substrate from ROS-GloTM (Promega) was added and further incubated for six hours. 

The Luciferin Precursor was formed by the direct reaction between the H2O2 present in the 

media and the H2O2 substrate added externally from the kit. Subsequently, a 100µl luciferase 

detection reagent is introduced to each well, and luminescence (RLU) measurement using 

Synergy HTX multi-mode microplate reader is taken after 20 minutes of incubation time [43]. 

During that period, the Luciferin Precursor is converted to luciferin in the presence of the ROS-

GloTM substrate detection solution. The H2O2 in the sample is proportional to the light signal. 

2.7. Statistical analysis. 

All experiments were done in triplicates. An analysis of variance was utilized to 

establish the significance between the different treatment data. The confidence level was set to 

95% along with constant variance; data following a normal curve was confirmed before the 

Analysis of Variance tests.  

Data from Assays were also subjected to Tukey’s comparison test to establish normality 

and homoscedasticity in TNBC cell treatments and activities. Based on the critical value from 

the Tukey significance test, samples are assigned letter grades. The same letter (s) means no 

statistical difference, and a different letter means they are statistically different. Brown-

Forsythe test was also performed along with the Analysis of Variance, which provides more 

robustness to the significance. 

3. Results and Discussion 

3.1. Dose curve. 

Galloflavin causes a dose-dependent reduction of MDA-MB-231 TNBC cell viability. 

Figure 2 displays how cell viabilities, relative to control (normalized to 100%), decrease with 

respect to the different dosages of Galloflavin at 24h. The dose curve (Figure 2) indicated a 

cell viability drop of only 20% at 25μM (compared to control) and ranged between 75% to 

85% for 25μM to 40μM. It is observed that there is steep drop-in viability after 40μM to 70%. 

GF at a dose of up to 125μM showed only a 40% reduction in viability, indicating that 

Galloflavin alone is less effective in causing cell death, necessitating the combination of the 

drug with an electric field for higher cell death. 
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Figure 2. The dose-dependent cell viability of MDA MB 231 cells with various concentrations of (25 µM, 

30µM, 35µM, 40µM, 50µM, 125µM) GF; The same letters indicate that there is no statistically significant 

difference between the treatments and different letters indicate a statistically significant difference.  

3.2. Electrical pulse only. 

Figure 3 shows the effect of electrical pulses on cell viability at 24h. As the electric 

field strength increases, the cell viability decreases, indicating that the electric field strength is 

inversely proportional to the viability of the cells-the higher the field strength, the lower the 

viability. There is a drop in the viability after 600V/cm and saturates after 1000V/cm. At 

800V/cm, the viability was 67% relative to control (normalized to 100%) at 24h. Tukey’s HSD 

test reveals that group means are different. The various electric field values are compared with 

control (at 100%), and the different letters ‘A’, ‘B’, ‘C’, ‘D’ indicate their significant 

differences (P<0.05).  

 
Figure 3. Viability of MDA-MB-231 when administered with electric pulses with 8 pulses of (600V/cm, 

800V/cm, 1000V/cm, 1200V/cm) 100µs at 1s interval. 

3.3. MT cell viability assay. 

Electroporation at various voltages or GF at a dose of up to 125µM alone did not 

produce the desired decrease (<50%) in viability; this indicates that electric field and 

Galloflavin alone are less effective in killing the cells, necessitating the combination of the 

drug with the electric field. 
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(a)  

(b)  

(c)  
Figure 4. Viability of MDA-MB-231 cells at (a) 10μM and 25μM along with 800V/cm and 1000V/cm 

compared to control and drug only treatments; (b) 100μM+EP compared with drug only and control treatments. 

(c) MDA-MB-231 live-cell images at 24h after treatments showed (i) control, (ii) GF only, and (iii) EP+GF. 

Figure 4a shows the viability decrease caused by the combination of Galloflavin at 

concentrations of 10 or 25μM, combined with 800V/cm or 1000V/cm pulses, for up to 72h 

(control normalized to 100%). The viability of MDA-MB-231 cells was reduced at 24h initially 

for all conditions. Still, they eventually increased, at 48, 60, and 72h, indicating that GF+EP 
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does not cause cell death over a prolonged period at the doses of 10 and 25μM. Hence, further 

experiments were conducted at 800 and 1000V/cm and at 100 µM combinations (Fig. 4b).  

With a higher dose of 100μM and at 800V/cm or 1000V/cm, there was a consistent 

time-dependent decrease in cell viability associated with each combination treatment, after 24h, 

unlike those at lower GF concentrations. Figure 4b displays this viability decrease caused by 

the combination of 100μM Galloflavin with 800V/cm or 1000V/cm, at multiple time points of 

24, 48, 60, and 72h. The viability decrease of the combination of Galloflavin and 800V/cm was 

not significantly different compared to a combination of 1000V/cm with Galloflavin. Hence, 

further assays were done using 800V/cm and 100μM GF. 

As shown in Table 1, ANOVA analysis indicates the p-value is <0.05. This illustrates 

that the treatments are significantly different from each other. The Brown-Forsythe test 

confirms this with a P-value of 0.0192; the observed viability values are significantly different 

from each other. The Sum of Squares indicates the variation between individual values and the 

mean along with Mean Square values for error calculation.  

Table 1. Summary of ANOVA analysis on MDA-MB231 cell line to assess the MT cell viability assay with all 

the treatments. 
ANOVA table Sum-of-squares 

(SS) 

Degree of 

Freedom 

(DF) 

Mean Square 

(MS) 

F (DFn, DFd) P value 

Treatment 13239 4 3310 F (4, 15)=75.22  P<0.0001 

Residual 660.0 15 44 
  

Total 13899 19 
   

ANOVA summary  
F 75.22 

P value <0.0001 

Significant different (P < 0.05) Yes 

R squared 0.9525 

Brown-Forsythe test  

F (DFn, DFd) 4.107 (4, 15) 

P value 0.0192 

Significantly different (P < 0.05) Yes 

 

Figure 4c displays the MDA-MB-231 live-cell images using a microscope at 24h after 

treatments (i) is control, (ii) GF only, and (iii) EP+GF. 4c (i) displays the control with the 

maximum number of cells among the treatments, and 4c (ii) represents the drug-only treatment, 

where it depicts more confluency among the MDA-MD-231 and thereby shows a lesser 

decrease in viability caused by 100μM GF compared to EP+GF treatment. It was observed in 

Figure 4c (iii) that after 24h, there was a steady decrease in cell viability associated with each 

combination treatment of 800V/cm with 100μM of GF.  

3.4. MT cell viability assay of MCF-10A non-cancerous mammary cell line. 

In order to compare the effect of this GF+800V/cm combination on nearby non-tumor 

cells, experiments were also conducted on the non-cancerous mammary cell line, MCF-10A. 

The results show (Figure 5) the regaining of MCF10A cell viability after 24h with GF only or 

with EP only, or with E+GF, revealing that individually, GF or EP treatments or together with 

both, they have only a minimal impact on non-cancerous MCF10A cell viability. It can be seen 

that after 48h of all treatments regained their viability, indicating the resiliency and less effect 

on the nearby cells due to the EP+GF treatments. 
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Figure 5. Viability of MCF10A at a combination of 100µM Galloflavin and 800V/cm. 

ANOVA analysis, as shown in Table 2, indicates the p-value >0.05, which means that 

the treatments are not significantly different from each other. The Brown-Forsythe test 

confirms this with the P value of 0.3684 and fails to reach significant levels. The Sum of 

Squares indicates the variation between individual values and the mean, along with Mean 

Square values for error calculation.  

Table 2. Summary of ANOVA analysis on the MCF10A cell line to assess the viability assay with all the 

treatments. 

ANOVA table 
Sum-of-squares 

(SS) 

Degree of 

Freedom 

(DF) 

Mean Square 

(MS) 
F (DFn, DFd) P value 

Treatment 20111 3 315 F (3, 8) = 23  0.4636 

Residual 109.3 8 13.67   
Total 1054 11    

ANOVA summary  
F 23.05 

P value >0.001 

Significant different (P < 0.05) No 

R squared 0.9025 

Brown-Forsythe test  

F (DFn, DFd) 1.205 (3, 8) 

P value 0.3684 

Significantly different (P < 0.05) No 

3.5. Cologenic assay. 

Figure 6 shows the clonogenic assay results. It can be seen that the combination of 

100µM Galloflavin and 800V/cm produced the least colonies (601 colonies) compared to the 

control (1089 colonies). 800V/cm or 100µM Galloflavin alone did not significantly reduce the 

number of colonies (847 and 780 colonies, respectively). The highest reduction of colonies 

(55% of control) was seen with the combination of drug and electroporation. The colony-

forming assay results corroborated the MT cell viability results, that with the combination of 

EP+GF, there was maximum cell death, indicating the potency of this technique. All the 

treatments were done in triplicates, and the letters A, B, and C denote that they are significantly 

different from each other. 
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Figure 6. Colonies of MDA MB 231 cells formed with 100μM and with and without EP. The same letters 

indicate no significant difference between the treatments, whereas different letters indicate a statistically 

significant difference. 

3.6. Reactive oxygen species assessment. 

The quantitative results of ROS levels in the MDA-MB-231 cells are shown in Figure 

7. EP at 800V/cm along with GF at 100µM produced the maximum ROS production, with 

more than a 4-fold increase over control. The GF-only treatment produced lower than the 

EP+GF combination. The EP-only treatment produced the lowest, almost at the same level as 

the control. The letters A, B, and C denote that they are significantly different from each other. 

Electroporation-only treatment does not reduce ROS levels, while the combination of E+GF 

treatment increased ROS production the most. This causes more oxidative stress in the MDA-

MB-231 cells, leading to apoptosis [28-31]. 

 
Figure 7. ROS levels for various treatments in MDA-MB-231 The letters A, B, and C denote significantly 

different values between treatments. 

In summary, in this research, we investigated the efficacy of GF with and without 

electrical pulses. A comparison with the previous publication [33] indicates a very good 

correlation with viability at various concentrations, both at 24h and 48h (Figure 8).  
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Figure 8. Comparison and good correlation of observed cell viability results (*) with the results (**) of [11]. 

Findings from [11] suggest that GF constitutes both anti-proliferative properties and the 

ability to induce cell death also suggests that 16 hours of incubation resulted in increased 

expression of proteins involved in apoptosis signals. All other assays corroborate these 

findings, indicating the efficacy of the synergy of electrical pulses and the GF, with the viability 

of as low as 22%. 

4. Conclusions 

Our results indicate that GF has the potential as an anti-TNBC agent and that EP+GF 

can significantly enhance cell death to reduce MDA-MB-231 cell viability and colony 

formation. We also observed the selectivity of this treatment mode, by showing that GF+EP 

does not impact non-cancerous mammary cell viability as much in TNBC cells. Further, 

EP+GF treatment caused increased ROS, a measure of increased cell death. In general, there 

were no substantial changes in viability or ROS levels when TNBC cells were treated with 

either GF or EP alone, indicating the potential of this novel combination treatment for possible 

future clinical applications. 
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