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ABSTRACT 
The production of tea dregs is continually increasing along with the growth of people's interest in ready-to-drink beverages. 
However, the recent development of research on the use of tea dregs is still very limited. The present study was aimed to 
identify the remnant photosynthetic pigments in tea dregs, determine their composition, and evaluate their potential use as 
natural antibacterial agents based on light-induced reaction (photosensitization). The tea dregs from six commercial teas, 
consisting of green and black teas, were analyzed using high-performance liquid chromatography (HPLC) with a photodiode 
array detector, and the spectroscopic data were analyzed from 350 to 700 nm. Pigment identification was performed based 
on spectral characteristics, and pigment composition in the extracts from the dregs was determined by a three-dimensional 
multi-chromatogram analysis method. The dominant pigment fractions in both tea types were pheophytin a and its isomers, 
as well as pheophytin b. Although the dregs of black teas generally contain fewer remnant pigments, they possess residual 
chlorophyll b, which is not found in the dregs of green teas. In thirty-minutes illumination under 50 W red light-emitting 
diode, the presence of pigments from tea dregs caused up to 0.87 and 0.35 log reduction of Staphylococcus aureus and 
Escherichia coli, respectively. The disparity of pigments composition among tea types does not strongly influence their 
photosensitization activity against both bacteria. Hence, upon further application, the amount of total remnant pigments in 
the dregs could be taken as substantial consideration instead of tea types. 
Keywords: antimicrobial photosensitization; chlorophyll; pigments; tea dregs

INTRODUCTION 
 Besides drinking water, tea is the most favored beverage 
consumed by at least 65% of people worldwide (Diby et al., 
2017). Tea beverages are prepared through the infusion of 
dried leaves of Camellia sinensis (L.) to extract therapeutic 
compounds, mainly polyphenols, as well as aromatic 
compounds (Rodrigues et al., 2015; Chaturvedula and 
Prakash, 2011). The remaining insoluble material is called 
tea dregs, which can be utilized as feed, fertilizer, or 
adsorbent (Chowdhury et al., 2016; Kabir et al., 2021). 
The global market of ready-to-drink tea beverages has 
continually increased, with a demand of 18 to 20 billion 
cups of tea per day, and this inevitably impacts the massive 
production of dregs and improper disposal (Dubey et al., 
2020; Hussain et al., 2018). 
 The other important metabolites in tea leaves are the group 
of non-polyphenolic pigments, chlorophylls, and 
carotenoids, which have an important role in capturing light 
energy for photosynthesis in tea plants. During tea 
manufacture, these pigments are disrupted into their 
derivatives as a result of the processing conditions, such as 

heat, light, and dehydration, as well as enzymatic reactions 
(Wei et al., 2020; Roshanak, Rahimmalek, and Goli, 
2016). This molecular alteration often determines the color, 
type, and quality of the tea (Wei et al., 2021; Chaturvedula 
and Prakash, 2011). Nevertheless, these pigments have 
poor solubility in water during tea infusion and allegedly 
remain in the dregs (Donlao and Ogawa, 2019). At the time 
of writing, most studies in the literature provide only data 
about the total amount of chlorophylls in tea through 
spectroscopic estimation. Few reports have specifically 
characterized pigment derivatives in the processed teas 
(Suzuki and Shioi, 2003; Yu et al., 2019), but none has 
detailed complete pigment composition in the dregs. 
 Chlorophyll derivatives have been targeted as potential 
natural photosensitizers for food disinfection (Gerola et al., 
2011; Ghate, Zhou, and Yuk, 2019). Chlorophyll 
derivatives have the absorption band at the red region (625 
– 700 nm). Upon light absorption, the excited energy can be 
transferred to O2 molecules through triplet-triplet (T-T) 
energy transfer, and make oxygens become radical species. 
Such radicals are cytotoxic and able to induce the rapid 
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inactivation of pathogens (Indrawati, Lolita, and 
Limantara, 2021). Most investigations used derivatives 
that were artificially modified from naturally occurring 
chlorophylls (Kustov et al., 2018; Zhang et al., 2019; 
Oktavia, Mulyani, and Suendo, 2021). However, natural 
sources of chlorophyll derivatives would be favored by 
consumers in food-related products. 
 Therefore, the present study aimed to (i) identify the 
photosynthetic pigments that are present in the dregs of teas, 
determine the composition of remnant pigments, and (ii) 
evaluate their potential use for bacterial inactivation 
through photosensitization. The content of pigments in the 
dregs was compared among several commercial green and 
black teas. Pigment separation and identification were 
performed using high-performance liquid chromatography 
(HPLC) and a diode array detector. The three-dimensional 
(3D) multi-chromatogram method was adopted to 
determine the distribution of pigments in a fast and accurate 
way (Indrawati et al., 2012; Brotosudarmo et al., 2018; 
Indrawati et al. 2019). Furthermore, the antimicrobial 
effect upon light induction was verified against 
Staphylococcus aureus and Escherichia coli. 
 
Scientific hypothesis  
 The study on pigment identification and composition was 
carried out as descriptive research, whereas the assay of 
antimicrobial photosensitization was conducted in an 
experimental framework. The proposed hypotheses were 
the following: (i) illumination causes a significant effect on 
the number of viable bacteria treated with dregs extract, and 
(ii) dregs extract from green and black teas have a different 
effect on the percentage of photosensitized inactivation. 
 
MATERIAL AND METHODOLOGY 
Samples 
 Six commercial teas were purchased from local 
supermarkets in Malang, Indonesia. The samples are three 
green teas (GT) and three black teas (BT), which belong to 
local tea products in Indonesia. The sample code, brand, and 
manufacturing factory are listed in Table 1. 

Chemicals 
 The chemicals used in pigment extraction and liquid 
chromatographic analysis were acetone, methanol, 
acetonitrile, and pyridine (Merck KGaA, Darmstadt, 
Germany, pro-analysis grade). The pigment standard 
(pheophytin a, chlorophyll b) was obtained from 
NatChrom® (Malang, Indonesia). The experiments with 
microorganisms used Tween-80 (Sigma- Aldrich, France, 
≥58.0% oleic acid) and microbiological media (nutrient 
broth, Mueller–Hinton broth, trypticase soy agar, buffered 
peptone water) from Merck KGaA (Darmstadt, Germany). 

Aldrich, France, ≥58.0% oleic acid) and microbiological 
media (nutrient broth, Mueller–Hinton broth, trypticase soy 
agar, buffered peptone water) from Merck KGaA 
(Darmstadt, Germany). 
Biological Material: 
 The antibacterial assay used Staphylococcus aureus 
ATCC 6538 and Escherichia coli ATCC 8739, acquired 
from the Department of Pharmacy, Widya Mandala 
Catholic University, Surabaya, Indonesia. 
Instruments 
 The analytical instruments used in this study were a UV- 
visible spectrophotometer (UV-1800, Shimadzu, Kyoto, 
Japan), an ultra-fast liquid chromatography instrument (LC- 
20A with an SPD-20MA diode array detector, Shimadzu, 
Kyoto, Japan) with a C8 column (Waters, Massachusetts, 
USA) for the separation of photosynthetic pigments, and an 
HPLC-UV/Vis detector (Agilent Technologies, Waldbronn, 
Germany) for the determination of polyphenol residues. The 
equipment used in the photosensitization experiments 
included a quantum meter (Apogee Instrument, MQ-200, 
USA) for measuring light photons, an orbital shaker (MaxQ 
2000, Thermo Scientific, Iowa, USA), and a red LED lamp 
(Yomiko YL-2550, 50 W, peak emission at 640 nm). 
Laboratory Methods 
Preparation of tea dregs and pigment extraction 
Each tea sample was subjected to the hot infusion (90 °C) 
for 5 and 20 min at a tea-to-water ratio of 1:100 (w/v). The 
dregs were then separated after filtration and dried 
overnight at room temperature to reduce their water content. 
Pigment extraction was carried out in acetone at a dregs-to-
solvent ratio of 1.5:10 (w/v). The extraction was repeated 
twice until the pellet turned pale. The acetone was 
subsequently removed by vacuum evaporation, and the 
pigments were stored in an inert gas (N2) in amber vials at 
a low temperature (-20 °C) until the time of analysis. The 
whole extraction procedure was completed under dim light 
to avoid any possible degradation of pigments. 
HPLC separation 
 The pigments were first redissolved in acetone, and then 
an aliquot (20 µL) was injected into the HPLC instrument. 
The gradient protocol for the mobile phase, lasting for  
50 min, was arranged according to a method described 
earlier (Zapata, Rodriguez, and Garrido, 2000). The 
diode array detector enabled the recording of the full 
spectrum of each separated fraction between 200 and 800 
nm, and the recordings were saved for later data processing.  
Determination of pigment composition 
 Ten dominant fractions with clear spectra were chosen for 
3D-multi-chromatogram analysis. The mathematical 
computation was performed using MATLAB R2015a 
software (MathWorks, Massachusetts, USA), adopting the 
trapezoidal rule to calculate the total peak area from every 
single wavelength with a resolution of 1 nm from 350 to 700 
nm (Indrawati et al., 2012). The equation of Lichtenthaler 
(1987) was applied to estimate the total content of 
pheophytins in plant leaves in which the chlorophylls were 
completely converted into their derivatives. 
Polyphenol residue analysis 
 The residues of two major polyphenols, epigallocatechin- 
3-gallate (EGCG) and epigallocatechin (EGC), were 
detected and quantified using an in-house validated HPLC 
method by PT Angler Biochemlab (Surabaya, Indonesia). 
 

 Table 1 The identity and code of the tea samples. 
  Code  Brand  Manufacturing Factory  

GT1 
GT2 
GT3 

Sariwangi 
Teh Jawa 
Kepala 
Djenggot 

PT Unilever Indonesia 
PT Sari Melati Sejahtera 
PT Gunung Subur 
Sejahtera 

BT1 
BT2 

  BT3  

Sariwangi 
Teh Jawa 
Sosro  

PT Unilever Indonesia 
PT Sari Melati Sejahtera 
PT Sinar Sosro  
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Description of the Experiment 
 Sample preparation: The concentration of the pigment 
standard (positive control) was adjusted to 100 µg.mL-1 

according to the Lambert-Beer equation, with specific 
extinction coefficients 53.37 L.g-1.cm-1 (at 667 nm in 
acetone) and 62.00 L.g-1.cm-1 (at 643.3 nm in diethyl ether) 
for pheophytin a and chlorophyll b, respectively (Jeffrey, 
Mantoura, and Wright, 1997; Küpper, Spiller, and 
Küpper, 2000). The concentration of the pigments in the 
dregs (four samples) was equalized with the standard at the 
maximum absorption (667 nm). Moreover, the solvent was 
thoroughly evaporated and replaced with an aqueous 
solution (1% w/v Tween-80) with the aid of sonication. The 
sterile aqueous surfactant solution was employed as a 
negative control. 
 Briefly, from an inoculum of bacteria at 108 CFU.mL-1 in 
nutrient broth medium, a volume of 50 µL was pipetted and 
added into a 950 µL solution of photosensitizers in an 
Eppendorf. The suspension was divided into two identical 
volumes and transferred into the wells of two microplates. 
One microplate was used for illumination treatment, and the 
second was covered with aluminum foil for dark treatment. 
A red LED lamp was set 16 cm above the orbital shaker to 
give 300 ± 15 µmol.m-2.s-1 photons and the microplates with 
samples were gently agitated (100 rpm) for 30 min. 
Thereafter, each sample was supplemented with Mueller– 
Hinton broth, diluted, and plated in trypticase soy agar for 
the enumeration of the total number of viable cells. The 
percentage of dead cells was calculated based on the 
difference in the total number of survivors between the dark 
and illumination treatments.  
 Number of samples analyzed: The number of samples 
analyzed in the experiment were 84 samples. There were 
seven couple treatments (dark and illuminated) for each of 
the two indicator bacteria, which are one negative control, 
two positive controls using purified chlorophyll b and 
pheophytin a, and pigments extracts from the dregs of four 
tea brands. 
 Number of repeated analyses: Individual analysis of all 
samples were repeated in duplicate. 
 Number of experiment replication: The data for each 
treatment were taken from three replication. 
 

Statistical Analysis   
 The experimental data were analyzed with one-way nested 
ANOVA using Minitab software (Minitab LLC, 
Pennsylvania, USA) version 17.00 for Windows. The null 
hypothesis is rejected when the p-value is less than 0.05. 
Furthermore, the comparison and grouping information 
were given based on Fisher’s least significant difference 
(LSD) method at a 95% confidence level. 
 
RESULTS AND DISCUSSION 
Identification of pigments 
 The pigments extracted from the dregs of six commercial 
teas were separated by HPLC with a diode array detector to 
record the absorption intensity in the ultra-violet to the 
visible region. The photosynthetic pigments, chlorophylls, 
and carotenoids are mainly responsible for harvesting light 
energy across the visible solar spectrum (Son et al., 2019). 
 Hence, they are characterized by distinctive absorption 
spectra in the visible region, which can be used as a 
reference in identification (Suzuki, Kamimura, and 
Hooker, 2015). Likewise, any molecular conversion or 
degradation of pigments can cause a spectral shift (Chen, 
2014; Seifert, Pflanz, and Zude, 2014). 
 In this study, 13 signals were detected in the 
chromatograms belonging to the group of chlorophylls and 
carotenoids. Of these, 8 were identified as chlorophylls and 
2 as carotenoids based on the reference standard, 
spectroscopic data, and retention times of pigments in tea 
leaves (Suzuki and Shioi, 2003; Zapata, Rodriguez, and 
Garrido, 2000). Figure 1 depicts the chromatograms and 
absorption patterns of the pigment fractions in the dregs of 
six commercial green and black teas. Along with it, Table 2 
gives the list of fractions in comparison with the reference. 
The observed pigments, in descending order of polarity, 
were pheophorbide a, lutein, chlorophyll b, pheophytins b, 
pheophytins a, b-carotene, and pyropheophytin a. No signal 
was confirmed as belonging to chlorophyll a in all the 
samples. Some polyphenol residues were detected in the 
early minutes of separation (1.6 and 7.2 min) at 280 nm, but 
their presence will be discussed in the next section. 
 In the photosynthetic apparatus of higher plants, the 
primary light-harvesting pigments are chlorophyll a and b, 
while the accessory pigments are carotenoids (Croft and 
Chen, 2017).  

 Table 2 Peak identification of remnant photosynthetic pigments extracted from the dregs of green and black teas, 
separated on a C8 HPLC column, and their typical spectra (in the eluent) following diode array detection. 

Peak 
Number Pigment  Maximum (nm) 

tR (min) Observed Reported 
1 pheophorbide a 15.8 409 508 538 609 665 409 - - - 665 
2 lutein 28.4 (424) - 447  475 (422) - 446 - 474 
3 chlorophyll b 33.5 462 -  598 647 461 - 533 599 647 
4 pheophytin b sp. 34.5 434 - 524 598 652 436 - - - 654 
5 pheophytin b 34.9 434 - 527 598 652 436 - - - 654 
6 pheophytin a sp. 36.0 409 503 533 609 664 409 505 535 608 665 
7 pheophytin a 36.6 409 506 536 610 665 408 505 535 608 665 
8 pheophytin a ' 36.8 409 506 538 610 666 408 505 535 609 666 
9 b-carotene 37.2 (425) - 454 - 476 - - 452 - 474 
10 pyropheophytin a 37.8 409 508 538 - 665 411 505 534 609 667 

Note: Data in parentheses denote the shoulder. * The data were reported by Suzuki and Shioi (2003) the same eluent as 
used in the present study. 
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Pheophytin is a magnesium-free derivative of chlorophyll, 
which can be further converted into pheophorbide after 
detachment of the phytol tail.  
These catabolites of chlorophyll are often formed by 
enzymatic processes during leaf senescence (Zepka, 
Jacob-Lopes, and Roca, 2019). Besides, these derivatives 
can be produced by heat and acid treatment during food 
processing (Amaya, 2016). Strong heat treatment may lead 
to the decarbomethoxylation of pheophytin, which yields 
pyropheophytin (Pareek et al., 2017). Heat treatment and 

the liberation of organic acid from tea leaves are inevitable 
during the manufacture of green and black teas, so many 
chlorophyll derivatives can be found in processed tea. 
 The absence of chlorophyll a in all the samples and the 
intense pheophytins a signal confirmed the total 
derivatization of chlorophyll a in both green and black teas. 
Interestingly, the apparent signal of chlorophyll b (peak 
number 3) was found only in black teas. This difference 
might be influenced by the different ways of processing tea 
leaves. The major steps in the manufacturing of green tea 

 
 Figure 1 HPLC profiles of pigments extracted from the dregs of green teas (GT1, GT2, GT3) and black teas (BT1, BT2, 
BT3), monitored at 410 nm. The visible absorbance spectrum of each pigment in the eluent solution is depicted on the right-
hand side, and the identification is listed in Table 1. 
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are heating (steaming or roasting), rolling, and drying, 
whereas those of black tea comprise withering, rolling, 
oxidation, and drying (Deb and Pou, 2016). The early 
steaming in green tea processing is presumed to hasten the 
thermal degradation of both chlorophylls a and b, whereas 
the withering in black tea processing leads to a gentler 
biochemical conversion of chlorophylls. According to the 
catabolism pathway of chlorophylls, chlorophyll b can first 
be converted into chlorophyll a before further derivatization 
(Sato et al. 2018). Meanwhile, the degradation rate of 
chlorophyll a is 2.5 times higher than that of chlorophyll b 
(Koca, Karadeniz, and Burdurlu, 2006). The presence of 
chlorophyll b residue is more likely than the presence of 
chlorophyll a residue. This finding is in line with a study 
by Wijaya et al. (2010), who compared the presence of 
chlorophyll b in fresh tea leaves, green teas, and black teas. 
 From the collation of the elution data, pheophytin b existed 
in two species whose absorption spectra and peak intensities 
were almost alike, while pheophytin a noticeably 
predominated over its another species and its epimer. Fu et 
al. (2012) and Hong et al. (2020) have reported the mass 
spectra of pheophytin species and epimer, in which the more 
polar species could be differentiated from pheophytin by the 
loss of two hydrogen molecules (divinyl pheophytin) or the 
addition of an oxygen molecule (hydroxy pheophytin). On 
the other hand, the epimerization of pheophytin a into 
pheophytin a’ as well as its conversion into a pyro-form 
derivative (removal of the −CO2CH3 moiety) is known to 
reduce its polarity (Lefebvre et al., 2020). 
 
Pigment composition 
 As shown in Figure 1, each pigment exhibits a particular 
absorption pattern, so the selection of the monitoring 
channel greatly influences the peak intensity that appears in 
the chromatogram. The 430 nm channel is conventionally 
used in single detection for both chlorophylls and 
carotenoids because it gives a peak-rich chromatogram 
(Suzuki and Shioi, 2003). Some studies applied different 
channels to optimize the detection: 410 nm for pheophytin 
a and certain carotenes, 430 nm for chlorophyll a and 
pheophytin b, and 450 nm for chlorophyll b and most 
carotenoids (Stinco et al., 2019; Wojdyło et al., 2021). 
Alternatively, the 3D-multi-chromatogram approach, which 
adds up every single peak intensity at a 1-nm resolution over 
a specified range of wavelengths, has recently been applied 
to overcome the need for detection at multiple channels. 
This method offers higher accuracy and a practical 
assessment of pigment abundance in extract mixtures 
without the quantification of individual fractions 
(Indrawati et al., 2012; Brotosudarmo et al., 2018; 
Indrawati et al. 2019). 
 Here, the composition of pigments in the dregs of tea 
samples was elucidated to determine the differences among 
tea types and to evaluate their antibacterial activity through 

light induction. Figure 2 shows the composition of the 
remnant pigments extracted from the dregs of green and 
black teas after hot water infusion at 90 °C for 5 and 20 min. 
The percentage of abundance was calculated relative to the 
total pigment fractions found in the dregs. 
 The dominant fraction in all the samples was pheophytin 
a, ranging from 34% to 41%, as the main derivative from 
chlorophyll a. In the group of chlorophylls, the order of 
abundance of the remnant pigments recovered from the 
dregs of green teas was as follows: pheophytin a > 
pheophytin a sp. > pheophytin b > pheophytin b sp. > 
pheophytin a’ > pheophorbide a > pyropheophytin a > 
chlorophyll b. This order is slightly different for the remnant 
pigments recovered from the dregs of black teas, in which 
either chlorophyll b or pheophytin b was always found as 
the second most abundant pigment. This is in line with our 
previous statement that the different processing of green and 
black teas affects mainly the remaining chlorophyll b. 
Generally, since the chlorophyll a/b ratios in vegetation are 
usually around 2.5 – 4.0 (Croft and Chen, 2017), the total 
abundance of the derivatives from chlorophyll a should 
normally be higher than that of chlorophyll b. 
 In the group of carotenoids, the percentage of lutein found 
in the dregs varied among the tea samples, while that of β- 
carotene was comparable. The presence of lutein and β- 
carotene has been known to be important in tea grading as 
the precursors of aroma (Zhou, Li, and He, 2017). These 
two major carotenoids are usually found at a ratio of 5:3 of 
lutein to β-carotene in fresh tea leaves (Zhang et al., 2020), 
but according to the findings in the present study, this ratio 
might be higher after tea processing, particularly in black 
tea samples. 
 Table 3 provides the quantification of the total amount of 
pheophytins recovered from the dregs of green and black 
teas. The order of abundance of the pigments was as 
follows: GT1 > GT2 > GT3 > BT1 > BT2 > BT3. The 
pigments extracted from the dregs of green teas were nearly 
twice as abundant as those of black teas. The longer 
processing steps in the black tea manufacture presumably 
cause more degradation of leaf pigments. The fermentation 
and drying procedures are indeed aimed at reducing the 
chlorophyll content, which can cause black teas to have a 
grassy aroma and inferior quality (Pou, Paul, and 
Malakar, 2019). 
 When the infusion time was increased from 5 to 20 min, 
the total amount of remnant pheophytins was reduced by 
about 10%. This reduction could be influenced by the 
further extraction of tea saponins, which are weak 
surfactants; hence it can facilitate the dissolution of some 
photosynthetic pigments (Suzuki and Shioi, 2003; Safdar 
et al., 2016).  

 Table 3 Total amount of pheophytins found in the dregs of green and black teas after hot water infusion at 90 °C for 5 and 
20 min. 

Infusion 
Time 

Total Amount of Pheophytins in the Dregs (mg g-1 of Dry Basis) 
GT1 GT2 GT3 BT1 BT2 BT3 

5 min 3.23 ±0.12 3.08 ±0.07 2.84 ±0.06 1.50 ±0.04 1.15 ±0.01 0.76 ±0.00 
20 min 2.90 ±0.04 2.76 ±0.14 2.14 ±0.02 1.24 ±0.25 1.07 ±0.02 0.69 ±0.00 

Note: Values are expressed as means ±SD. 
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In addition, advanced degradation of chlorophylls into small 
colorless compounds possibly takes place during prolonged 
thermal treatment (Samide and Tutunaru, 2017). 
 

 Despite such a reduction in the total amount of 
pheophytins (Table 3), no extreme change in the 
distribution of pigment fractions was observed, as can be 
seen in Figure 2. Some alterations in the percentage of 

 
 Figure 2 Composition of the remnant pigments extracted from the dregs of green teas (GT1, GT2, GT3) and black teas 
(BT1, BT2, BT3) after hot water infusion at 90 °C for 5 and 20 min. For each fraction, the total area was calculated based on 
a multi-chromatogram approach, summing up consecutive peak areas from 350 to 700 nm. Values are expressed as means 
±SD of duplicate analyses. The data label denotes the abundance of each fraction in the extract. 
 
 
 Table 4 Residues of polyphenols jointly extracted with the remnant pigments from the dregs of green and black teas, after 
hot water infusion at 90 °C for 5 min. 
 

Fraction 
Polyphenol Residue in the Dregs (mg.g-1 of Wet Basis) 

GT1 GT2 BT1 BT2 
EGCG 4.25 ±0.66 3.26 ±0.03 0.45 ±0.02 0.126 ±0.01 
EGC 0.55 ±0.03 0.76 ±0.08 not detected not detected 

Note: Values are expressed as means ±SD. EGCG – epigallocatechin-3-gallate; EGC – epigallocatechin. 
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pigment fractions from 5 to 20 min tea brewing were 
probably the result of intraspecies conversion or 
epimerization in the group of pheophytins a and b.  
Likewise, further derivatization of chlorophyll b in samples 
of black teas compensated the increase in the percentage of 
pheophytin b. 
 From these results, two samples with the highest content 
of pheophytins were chosen among each group of green and 
black teas (i.e., GT1, GT2, BT1, and BT2) for the 
antibacterial assay. The dregs extract was used as a mixture 
of pigments with a determined composition. As mentioned 
before, some residual polyphenols were jointly extracted 
with the pigments and detected in the UV region (280 nm) 
of the chromatogram. Table 4 provides the quantification of 
the polyphenol residues in the dregs extracts. 
 
Antibacterial photosensitization 
 The principle of antibacterial photosensitization also 
referred to as photodynamic inactivation, is based on 
interactions among light, a photosensitizer, and oxygen, 
which produce radical oxygen species that are highly 
cytotoxic (Cieplik et al., 2018). This method has been 
intensively explored not only in medicine but also in the 
fields of fisheries, pest control, and food disinfection (Alves 
et al., 2015). The light source can be an incandescent lamp, 
a laser, or a LED that emits light in the same wavelength 
range as the absorption spectrum of the photosensitizer. 
Moreover, the photosensitizer itself must be non-toxic, and 
a naturally occurring compound is preferred when it is used 
in food products (Ghate, Zhou, and Yuk, 2019). 
 In the present study, the dregs extracts were applied to 
bacterial cultures and parallelly incubated under dark and 
illumination conditions. Purified pheophytin a and 
chlorophyll b were used as positive controls, representing 
the most dominant fractions in the remnant pigments from 
the dregs as well as in the residual pigments from tea leaves. 
The dispersing medium, an aqueous solution of 1% (w/v) 
Tween-80, was used as a negative control to verify the light 
effect against bacteria in the absence of a photosensitizer. 
The numbers of living cells after 30 min treatments are 
provided in Figure 3. 
 After incubation under dark conditions, there was no 
reduction in the total number of viable cells of S. aureus and 
 E. coli in the negative and positive controls and the 
treatments using dregs extracts. This result revealed that in 
the dark, the pigments at a concentration of 100 µg mL-1 had 
no toxic effect against the pathogen. 
 The red LED, emitting at 640 ±60 nm, was applied in the 
illumination treatment to stimulate the photosensitization of  
pheophytins and chlorophyll b, which also have an 
absorption spectrum in the red region. The exposure to red 
light was expected to have a low antibacterial effect. The 
longer wavelength of visible light has lower energy and 
hence little impact on bacterial growth (Ghate et al., 2013; 
Prasad et al., 2020). 
 Figure 3 shows the apparent reduction in the number of 
living cells when the photosensitizer was applied to the 
bacterial suspension, both with the positive controls and 
with the dregs extracts. The occurrence of antibacterial 
photosensitization was confirmed by nested ANOVA 
analysis, which gave a p-value <0.05 for the illumination 
treatment. In other words, the first hypothesis was accepted, 

stating that illumination causes a significant effect on the 
number of viable bacteria treated with dregs extract. The 
differences in the number of survivors between dark and 
illumination treatments were 0.16 – 0.87 log and 0.22 – 0.35 
log for S. aureus and E. coli, respectively. The greatest 
effect was found in the dregs extract of GT2, which caused 
a reduction of nearly one log cycle in the S. aureus culture. 
Furthermore, the magnitude of photodynamic inactivation 
was calculated as the percentage of dead cells in 
illumination treatments, in which the dark treatment was 
assumed to have zero death (Table 5). The percentage of 
dead cells in the negative control groups was below 5%, 
whereas that in the positive controls and the treatments with 
dregs extract was higher. The small photo-killing effect 
observed in the negative control group was probably due to 
antibacterial photosensitization by an endogenous 
photosensitizer in the bacterial cells.  
Several metabolites inside bacterial cells, such as 
protoporphyrin IX, coproporphyrin III, and uroporphyrin, 
have been recognized as visible-light sensitive compounds 
(Hoenes et al., 2020; Fyrestam et al., 2015). 
 The presence of an exogenous photosensitizer caused 
significantly greater inactivation of bacterial cultures, as 
confirmed by Fisher’s LSD test against the negative control 
group. Nevertheless, the magnitude of photosensitization 
among the four tea types was comparable in both bacteria, 
with the same alphabetical notation and acceptance of the 
null hypothesis. Despite the antimicrobial 
photosensitization of GT2 being somewhat higher than that 
of the other samples, the small difference in pigment 
composition between the dregs extracts of green and black 
teas might not greatly affect their inactivation capacity. In 
this experiment, the concentration of the dregs extracts has 
been calibrated so that they have a light absorption intensity 
equal to that of pheophytin a at 100 µg mL-1. However, the 
percentage of dead cells in the treatments of 
S. aureus with dregs extract was markedly higher than that 
in the positive controls. A similar difference was found in 
the experiments with E. coli, although it was not statistically 
significant. This finding was presumably caused by the 
synergistic effect of several chlorophyll derivatives in the 
dregs extract. Acedo et al. (2014) reported the beneficial 
effect of using a combination of photosensitizers to increase 
the efficacy of photosensitization. In addition, another 
possible ancillary effect came from the presence of residual 
EGCG, which enhanced the cytotoxic effect of 
photosensitization (Raish et al., 2010; Senapathy, George, 
and Abrahamse, 2020). This ancillary effect could be 
investigated in further studies. 
 In general, the attractiveness of antimicrobial 
photosensitization in modern research arises from its 
potency in rapid non-thermal disinfection using non-UV 
light (Purushothaman and Mol, 2021). Investigations into 
novel photosensitizers are ongoing to increase the efficacy 
of photosensitization, along with the determination of the 
optimum photosensitizer concentration, irradiation dose, 
and incubation time (Amaral, Azevedo, and Perussi, 
2018). Although photodynamic treatment is capable of 
killing a broad spectrum of pathogenic bacteria, the 
sensitivity varies depending on the membrane 
characteristics of the bacteria. The Gram-positive bacteria 
are often more susceptible to photosensitization because of 
their single-cell wall with high porosity.  
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The complexity of the cell wall in Gram-negative bacteria 
might hamper the attachment and absorption of 
photosensitizers (Mesquita et al., 2018). Our findings are 
in line with this, as S. aureus (Gram-positive) exhibited a 
higher susceptibility than E. coli (Gram-negative) to 
antimicrobial photosensitization. 
 
CONCLUSION 
 In conclusion, the presence of eight chlorophylls and two 
carotenoids has been identified in the dregs extracts from 
six commercial green and black teas. The total amount of 
remnant pigments in the dregs of green teas was generally 
higher than that of black teas. The pigment distribution in 
both tea types was comparable, except for the presence of 
residual chlorophyll b in black teas. The most dominant 

pigment in all the samples was pheophytin a, followed by 
other species of pheophytins a and b, the epimer of 
pheophytin a, and pyropheophytin. The dregs extract had a 
significant effect on the antimicrobial photosensitization 
against S. aureus and E. coli. The magnitude of the killing 
effect was comparable among the tea types and could even 
be higher than that of a single purified pigment. In the 
utilization of pigments from dregs, the suggested selection 
ought to be pointed to the amount of total remnant pigments 
rather than tea types. 
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