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Abstract This contribution proposes an enzyme-assisted eco-
friendly process for the extraction of non-extractable polyphe-
nols (NEPPs) from black tea leftover (BTLO), an underutilized
tea waste. BTLO hydrolyzed with various enzyme formulations
was extracted using supercritical carbon dioxide and ethanol as
co-solvent (SC-CO2 + EtOH). A conventional solvent extrac-
tion (CSE) was performed using EtOH + H2O (80:20, v/v) for
comparison purposes. The results revealed that hydrolysis of
BTLO with 2.9% (w/w) kemzyme at 45 °C and pH 5.4 for
98 min improved the liberation of NEPPs offering 5-fold higher
extract yield (g/100 g) as compared with non-treated BTLO.
In vitro antioxidant evaluation and LC-MS characterization of
extracts revealed the presence of phenolic acids (mainly caffeic
and para-coumaric acid) of high antioxidant value. Scanning
electronmicrograph of the hydrolyzed BTLO samples indicated
noteworthy changes in the ultrastructure of BTLO. Moreover,
polyphenol extracts obtained by SC-CO2 + EtOH extraction
were found to be cleaner and richer in polyphenols as compared
to CSE. The devised enzyme-assisted SC-CO2 + EtOH extrac-
tion process in the present work can be explored as an effective

biotechnological mean for the optimal recovery of antioxidant
polyphenols.

Keywords BTLO . Green extraction . Non-extractable
polyphenols . Enzymatic hydrolysis . Scanning electron
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Introduction

Plant-based polyphenols are being increasingly focused due to
their established health benefits and protective effects against
various coronary and stress-initiated diseases [1, 2]. Black tea,
an exceptional source of polyphenols, constitutes more than
90% of tea beverages consumed in the western world.
Sometimes, misnomer Bfermentation^ is used to describe the
tea manufacturing, but actually it involves polyphenol oxidase
that catalyzes the oxidation of withered, crushed, and evenly
censored leaves of Camellia sinensis shrubs [3]. Ready-to-
drink tea infusion is usually prepared by brewing 1–2 g of
black tea per 100 mL of boiling water (90–95 °C) for 40–
80 s [4], and finally, black tea residues, which are a potential
source of polyphenols, are rejected as an underutilized leftover
[5, 6]. According to estimation, 3–3.5 million tons of black tea
is produced annually and thus generates an almost comparable
fraction of black tea leftover (BTLO) [7].

A thorough study of previously published data about plant
phenolics revealed that a predominant portion of plant pheno-
lic compounds, so-called non-extractable polyphenols
(NEPPs), are glycosidically linked with cellulosic and
hemicellulosic microfibrils and do not leach during simple
solvent extraction or in boiling water [8–10]. Several kinds
of pre-treatments like ultrasound [11, 12], microwave [13],
ohmic heating [14], and acid or alkaline hydrolysis [15, 16]
have been suggested to set free these bound phenolics. Some
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of these exhibited appreciable recovery rates, but concerns
have been conveyed regarding the antioxidant and nutritional
quality of leached polyphenols [16, 17].

Supercritical carbondioxide (SC-CO2) has turnedout to be an
alternative, green, eco-friendly solvent. Moreover, SC-CO2-
based technologyhas attracted researchers for its ability to extract
the compounds prone to thermal deterioration and oxidation due
to itsmildoperational temperature[18–20].However, thepolarity
ofSC-CO2hasbeenabarrier for theversatilityof this technique to
extract a diversity of phytochemicals, but this problem has been
overwhelmed by slotting in co-solvents such as methanol, etha-
nol, and water. To date, supercritical fluid-based extraction tech-
niques are considered expensive because of low extraction yield
when applied to the extraction of polyphenols from the complex
biological matrix. Enzymatic hydrolysis before SC-CO2 extrac-
tion is going to compensate for the capital cost because it can
improve mass transfer, reduce the particle size, increase the con-
tact area, enhance solvent distribution [21, 22], and aboveallmay
facilitate the liberation of NEPPs [23].

According to reports, most of the data available in the lit-
erature on Btotal polyphenol content^ refers only to extract-
able polyphenols (EPPs) and neglect a significant share of
NEPPs. In fact, the Btotal polyphenol content^ in a typical
food is essentially composed of EPP plus NEPPs [2, 24].
Conventionally practiced Bhot water tea boiling^ extracts
mainly free-form polyphenols (EPP), so BTLO is expected
to be a potential source of NEPPs. Therefore, the present study
was designed to screen out various enzymatic formulations for
hydrolysis of BTLO and subsequent extraction of polyphenols
(NEPPs) by a modified SC-CO2 extraction process.

Materials and methods

Black tea leftover (BTLO) was generated by boiling a suffi-
cient amount (100 g/L) of international brand Lipton

(Unilever, Karachi, Pakistan) in water using a glass kettle.
The tea fusion was filtered through a strainer to separate out
the residues (BTLO), washed thoroughly with distilled water,
dried under ambient conditions, and stored in airtight bags for
further processing. The enzymatic hydrolysis and SCF-based
extraction were executed at the Rizvi Laboratory, Department
of Food Science, Cornell University, NY, USA. The SEM-
based morphological and LC-MS-based polyphenol charac-
terization was performed at the Cornell Center for Materials
Research and Department of Ecology and Evolutionary
Biology, both at Cornell University. The Bioanalytical
Laboratory, Department of Chemistry, University of
Agriculture Faisalabad, Pakistan, had provided a facility for
antioxidant evaluation of polyphenols extracted.

Enzymes, standards, and reagents

Table 1 provides details of various enzyme formulations used,
their active ingredients, and their origin. The reagents and stan-
dards including 6-hydroxy-2,5,7,8-tetramethylchromane-2-car-
boxylic acid (Trolox), Folin-Ciocalteu reagent, 2,2-azinobis (3-
ethylbenzothiazoline-6-fulfonic acid) diammonium salt
(ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical, 3,4-di-
hydroxy benzoic, p-hydroxy benzoic, gallic, linoleic, vanillic,
caffeic, p-coumaric, ferulic, syringic, and sinapic acids, and bu-
tylated hydroxytoluene (BHT) were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA). All the other
chemicals such as potassium persulfate, ammonium thiocya-
nate, potassium ferrocyanide, Na2CO3, and acetic acid and sol-
vents including methanol, ethanol, and water used were of ana-
lytical and/or HPLC grade (Merck, Germany).

Enzymatic hydrolysis and SCFE

For enzymatic hydrolysis, accurately weighed 5 g of BTLO
was mixed with 10 mL phosphate buffer and blended with

Table 1 Extract yield (percentage) and polyphenol content of BTLO extracts produced under optimum enzymatic hydrolysis and extraction conditions

Enzyme formulation Hydrolysis conditions Extract yield (%) Total polyphenols (mg GAE/g of BTLO extract)

Concentration
(%)

T (°C) Time
(min)

pH EtOH + H2O SC-CO2 + EtOH EtOH + H2O SC-CO2 + EtOH

Kemzyme 2.9 45 90 5.6 29.15 ± 0.81d 21.44 ± 0.60d 283.45 ± 6.19d 521.44 ± 16.23d

Cocktail 3.9 41 75 6.2 24.36 ± 0.68cd 19.78 ± 0.55cd 232.47 ± 8.04cd 412.00 ± 11.57c

Alcalase 3.4 48 101 6.8 25.11 ± 0.70cd 19.71 ± 0.55cd 308.16 ± 9.28c 455.09 ± 15.11c

Acid cellulase 2.9 49 64 5.2 15.19 ± 0.42b 10.26 ± 0.28ab 277.06 ± 7.14bc 381.22 ± 11.96b

Pectinex 2.7 57 100 5.4 17.12 ± 0.47b 11.49 ± 0.43b
ab 255.38 ± 6.89b 343.19 ± 8.04b

Viscozyme 2.1 50 75 5.2 16.25 ± 0.45b 13.56 ± 0.37c 298.55 ± 9.56c 401.35 ± 10.30bc

Control – 35 120 7.0 8.02 ± 0.22a 3.15 ± 0.08a 197.14 ± 5.12a 301.34 ± 8.36a

The results were calculated as mean ± SD of triplicate experiments. EtOH +H2Owas used as conventional solvent for orbital shaking while supercritical
fluid extraction was accomplished using carbon dioxide and ethanol (SC-CO2 + EtOH). Various superscripted alphabets on mean value within the same
column indicate statistically significant (p < 0.05) difference among enzyme formulations applied
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different concentrations of selected enzyme formulations
[please see Electronic Supplementary Material (ESM)
Table S1] observing various reaction conditions (temperature,
pH, and withholding time). At the end of incubation, the en-
zyme formulation was deactivated by heating the slurry at
90 °C for 5 min and the contents were degassed in an ultra-
sonic reactor (UTECH, Albany, NY, USA). The enzymatical-
ly hydrolyzed BTLO was inserted to an extraction vessel of
SFT-250 (SFE/SFR System; Supercritical Fluid Technologies,
Newark, DE, USA) and polyphenols were extracted using SC-
CO2 with ethanol as co-solvent using SFT-250 Supercritical
Fluid Extractor/Reactor System (Supercritical Fluid
Technologies, Newark, DE, USA) equipped with a 100-mL
extraction vessel (Fig. 1). Polyphenols were extracted at 55 °C
and 300 bar pressure keeping the SC-CO2 and ethanol flow
rates at 2 and 0.2 g/min for 30–120 min, respectively.

Morphological characterization of enzymatically
hydrolyzed BTLO

A small portion of BTLO hydrolyzed under the optimum con-
ditions of various enzyme formulations was dried under liquid
nitrogen, mounted on a specimen hold with magnet tape, coat-
ed with palladium using a sputter coater, and visualized in a
field emission scanning electron microscope MIRA3
(TESCAN Technologies, Brno, Czech Republic).

Determination of polyphenols

The polyphenol content of extracts obtained by conventional
solvent (EtOH + H2O) extraction and SC-CO2 + EtOH was
determined by modifying a frequently used Folin-Ciocalteu
reagent-based colorimetric assay [25]. In this experiment, an
accurately weighed 0.5 mg of each extract was mixed with
0.5 mL of 10% Folin-Ciocalteu reagent and diluted with
7.5 mL deionized water. The solution was maintained at
40 °C for 10 min and neutralized with 1.5 mL of 20% sodium

carbonate (w/v). The final aliquot was kept at 40 °C for a
further 20 min and then chilled in an ice bath. Different con-
centrations of gallic acid (10–200 ppm) were also processed
under the same conditions to plot the calibration curve
(R2 = 0.9978). Two hundred fifty microliters of all the samples
and standard solutions were transferred to 96-well plate and
measured read at λmax 755 nm (BioTek, High Land Park,
USA).

UHPLC-DAD-ESI-TQTOF-MS characterization
of phenolic acids

For individual phenolics, the extracts obtained were further
hydrolyzed by treating with 1% acidified methanol in the
presence of BHT as a preservative antioxidant. The upper
layer (250 μL), after passing through a 0.45-μm syringe filter
(Millipore), was delivered in an autosampler (Finnigan
Surveyor) of ultra-high-performance chromatography
(UHPLC) system equipped with a Phenomenex Gemini-NX
column (150 × 2 mm; 3 μm internal diameter). The separation
was executed using gradient mode elution system made up of
0.1% formic acid in water (A) and acetonitrile (B) and pro-
grammed at a flow rate of 0.2 mL/min. The optimum separa-
tion was observed when ratios of A and B components were
95A/5B, 35A/65B, and 25A/75B for 0–40, 40–45, and 45–
52 min, respectively. The identification and quantification of
eluted phenolics were accomplished by comparing the reten-
tion time and mass spectrum with external phenolic acid stan-
dards (see ESM Fig. S1). A diode array detector (DAD) was
set at 280 nmwhereas Quantum access triple quadrupole mass
spectrometer (MS) was scanned over 100.00–1200.00 MS
range under positive mode electrospray ionization (ESI).
The other mass spectrometer parameters were tuned as spray
voltage 5 kV, ion tube temperature 316 °C, sheath gas (N2)
flow 15 Arb, and auxiliary gas (N2) flow 20 Arb. The chro-
matographic data obtained was processed by Dionex
Chromeleon System.

Fig. 1 Process diagram for
supercritical fluid extraction
(SCFE)
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Antioxidant quality characterization of BTLO extracts

The antioxidant characteristics of extracts obtained by con-
ventional solvent and SC-CO2 + EtOH were evaluated for
their radical scavenging capacity (RSC), Trolox equivalent
antioxidant capacity (TEAC), ferric reducing power (FRP),
and linoleic acid peroxidation inhibition capacity (LPIC) fol-
lowing various in vitro assays.

RSC

For RSC, a previously described procedure [26] was modified
to micro levels and performed in a 96-well plate. Briefly,
100 μL of freshly prepared DPPH (1 mg/mL) was pipetted
out to the microwell of the plate and added up with 110 μL of
extracts containing 1000, 100, 10, and 1 μg/mL. The plates
were incubated at 30° for 15 min and measured at λmax

517 nm (BioTek, High Land Park, USA).

Radical scavenging capacity %ð Þ ¼ ΔDPPH∘−Δsample

ΔDPPH∘
� 100

The maximal inhibitory concentration (IC50) was appraised
from the plot of RSC (%) versus extract concentration (μg/
mL).

TEAC

To evaluate the antioxidant content of BTLO extracts obtained
against observed conditions, 10 μL of each extract (50 mg/
mL) was incubated at 30 °C with 190 μL of diluted ABTS
radical cations (ABTS•+) for 6 min [27]. The ABTS•+ were
generated by mixing 0.5/1 (v/v) solutions of 7 mM ABTS and
2.45 mM potassium persulfate. This mixture was incubated in
the dark for 8 h and diluted with 80% ethanol till an absor-
bance of 0.700 ± 0.050 at λmax 734 nm. The decrease in
absorbance at 734 nm caused by BTLO extract was compared
with Trolox (known antioxidant), and results were expressed
as milligrams TE per gram of extract.

LPIC

The ability of extract to shield peroxidation in linoleic acid
(C18:2) system was assessed following the protocol described
previously [28]. In this assay, 5 mg of BTLO extract was
mixed with 130 μL linoleic acid (10%), 1 mL of ethanol
(99.8%), and 1 mL of 0.2 M sodium phosphate buffer of
pH 7. The aliquot was incubated at 40 °C for 72 h and the
extent of linoleic acid oxidation assessed by the thiocyanate
method of Beker and Bakir [29]. Briefly, 200μL of the sample
solution, 1 mL of 75% ethanol, 1 mL of 30% ammonium
thiocyanate, and 200 μL of 20 mM FeCl2 solution in 3.5%
HCl were mixed with constant stirring. After 3 min of

incubation at 40 °C, absorbance was measured at λmax

500 nm that represents peroxide content formed.

FRP

For ferric reducing power, different amounts of BTLO ex-
tracts (2.5–10.0 mg) were separately dissolved in 5.0 mL of
phosphate buffer (0.2 M sodium phosphate) of pH 6.6 and
incubated with 5.0 mL of 1.0% potassium ferricyanide at
50 °C for 20 min. Now, 5 mL of 10% trichloroacetic acid
was added and the reaction mixture was centrifuged at
980 rpm in a refrigerated centrifuge (5 °C) for 10 min.
Finally, 100 μL of the upper layer was transferred to a well
of the 96-well plate, added up with an equal volume of dis-
tilled water, 50 μL of 0.1% ferric chloride (FeCl3), and absor-
bance measured at 700 nm.

Statistical analysis

Triplicate experiments were conducted for enzymatic hydro-
lysis and in vitro antioxidant capacities to report data as
mean ± SD at 95% confidence interval. The results were fur-
ther analyzed by Minitab Software Package version 16.0
(Minitab, Inc., State College, PA, USA) to check the statistical
variation between means. A probability (p) value <0.05 indi-
cated statistically significant differences.

Results and discussion

Enzymatic hydrolysis

Extraction has been considered one of the key steps in the prep-
aration of analytical samples and phytochemical extracts as well
as for the related characterization of chemical compounds. The
complexity and importance of this process have recently been
realized when analytical laboratories were equipped with state-
of-the-art spectroscopic and chromatographic instruments.
Moreover, an increased understanding of the health and thera-
peutic benefits of phytochemicals has prompted the researchers
to innovate intelligent extraction and isolation techniques.
Supercritical carbon dioxide (SC-CO2) has been known as a
reliable, alternative, green, and eco-friendly solvent among an-
alytical and organic chemists. However, limited recovery rates
are main restrictions against the versatility of these techniques.
Enzymatic hydrolysis prior to SC-CO2 can liberate covalently
bound plant polyphenols and again go greener as compared to
ultrasound [11, 12], microwave [13], ohmic heating, and acid/
alkaline hydrolysis [14].

Meanwhile, the use of enzymes owing to their selective
hydrolytic abilities is becoming popular in the food and bev-
erages sectors. Nevertheless, the effectiveness of enzymes as
valuable biocatalysts is decidedly influenced by the nature of
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the substrate and process parameters. In the present study,
various enzyme formulations were tested and optimized for
the maximum liberation of polyphenols. The extraction of
polyphenols from hydrolyzed black tea leftover (BTLO) was
subsequently accomplished by SC-CO2 + EtOH maintaining
an extraction time of 120 min, CO2 flow rate 2 g/min, ethanol
injection 0.2 g/min, pressure 300 bar, and temperature 50 °C
[30] as well as by conventional solvent (EtOH + water).
Enzymatic hydrolysis parameters such as enzyme concentra-
tion (%), withholding time (min), temperature (°C), and pH
were optimized to gain effective breakdown of BTLO
material.

Figures 2 and 3 provide a comparison of the quantities of
crude extracts obtained from enzymatically hydrolyzed BTLO
during supercritical solvent (SC-CO2 + EtOH) and conven-
tional solvent (EtOH + water), respectively. It is obvious from
these figures that quantities of crude extracts obtained during
enzyme-assisted solvent extraction were higher as compared
to enzyme-assisted supercritical fluid extraction. On the
whole, kemzyme formulation produced larger amounts of
crude extracts rich in polyphenols. The quantities of the ex-
tracts obtained by SC-CO2 + EtOH were significantly lesser
than conventional solvent, but HPLC-DAD-ESI-MS and

antioxidant quality characterization revealed that extracts pro-
duced by the former method (SC-CO2 + EtOH) contained
higher amounts of high-value polyphenols. It is obvious from
Figs. 2a and 3a that acidic pH (4–6) is more favorable for
kemzyme while cocktail enzyme was effective over pH 5.5–
6.5. A small shift in pH beyond the optimum caused a sharp
decrease in the amount of extract obtained which can be
linked to the fact that activities of the enzyme are pH depen-
dent. Similarly, Figs. 2b and 3b indicate that kemzyme con-
centration up to 4% satisfactorily hydrolyzed the substrate as a
further increase in enzyme concentration reduces its efficiency
(as happened in the case of alcalases). Next to kemzyme,
cocktail and alcalase formulations were found to be effective
when applied in the range of 2–3% (by weight of BTLO). The
optimum values of temperature and incubation time were
found to be 35 °C and 60 min for kemzyme while alcalase
was noted to be more effective at a higher temperature with
longer withholding time. Prolonged incubation may deterio-
rate the antioxidant quality of extract in addition to economic
losses. A summary of the optimum hydrolysis conditions
against each enzyme formulation is provided in Table 1. The
results observed during the present attempt agreed with a pre-
vious study conducted by Li and Smith [31], who observed

a b

c d

Fig. 2 Effect of enzymatic hydrolysis parameters: pH (a), enzyme concentration (b), temperature (c), and incubation time (d) on extract yield (g/100 g of
BTLO) obtained for SCFE
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that extract yield of polyphenols in citrus peel obtained from
five different species varied with nature of enzyme applied,
pH, incubation time, and temperature.

The plot of SC-CO2 + EtOH consumed with extraction
time (Fig. 4) revealed that enzymatic hydrolysis not only

enhanced the extract yield but also reduced extraction time
(consumption of SC-CO2, energy, and labor) that may out-
weigh the cost of enzymes. Moreover, it is obvious from the
data plotted in Fig. 4 that the maximum amount of total crude
extract (20.74 g) was extracted from 100 g of BTLO

a b

c d

Fig. 3 Effect of enzymatic hydrolysis parameters: pH (a), enzyme concentration (b), temperature (c), and incubation time (d) on extract yield (g/100 g of
BTLO) obtained by CSE

Fig. 4 Effect of enzymatic
hydrolysis on extraction of BTLO
polyphenols as function of CO2

passed and ethanol used
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hydrolyzed with enzyme formulation within 45 min while
untreated BTLO offered only 2.97 g of total crude extract/
100 g at the end of 60 min.

The subsequent LC-MS analysis and in vitro antioxidant
testing authenticated that extracts produced via SC-CO2 were
rich in polyphenols of good antioxidant powers. Among the
enzyme formulations applied, alcalases were second to cause
a rapid liberation of bound polyphenols from BTLO, but the
extract yields were significantly (p < 0.05) lower than
kemzymes. It is clear from the figure that the incorporation
of enzymatic hydrolysis during conventional and supercritical
solvent extraction not only enhanced the production of crude
extract but also attenuated the extraction time.

Total polyphenols (TPs)

It would be of practical interest to know what kinds of bioac-
tives are present in BTLO extracts obtained by SCFE and CSE
and what would be the extent of the antioxidant character of
these polyphenols. Therefore, the extracts obtained from en-
zymatically hydrolyzed BTLO were processed for total and
individual polyphenol profile and antioxidant capacities.
Table 2 provides a summary of optimum enzymatic hydrolysis
conditions for each enzymatic treatment, the quantity of crude
extract produced (extract yield), and total polyphenols (mg
GAE/g of BTLO extracts). It was interesting to note that quan-
tities of crude extracts produced were higher for CSE, but the
levels of polyphenols were larger in the extracts obtained by
SC-CO2. Furthermore, the mean values of polyphenols varied
significantly in response to enzymatic formulation applied as
indicated by various superscripted letters. In all the cases, the
amounts of crude extracts and their polyphenol contents were
higher than the conventional CSE extracts obtained by
soaking BTLO in a buffer of pH 7 and extracting under the
same conditions of both techniques.

Overall, kemzyme comprising mainly α-amylase and
endoglycosidases (endo-1,3(4)-beta-glucanase, endo-1,4-be-
ta-xylanase) was found to be more efficient to liberate bound

polyphenols from BTLO. The hydrolysis of BTLO with 2.9%
(w/w) of said enzyme formulation at 45 °C, pH 5.6, and
90 min produced 29.15 ± 0.81 and 21.44 ± 0.60 (g/100 g of
BTLO) crude extracts containing 283.45 ± 6.19 and
521.44 ± 16.23 mg (GAE/g of extract) during conventional
and supercritical fluid-based extraction, respectively. Alcalase
enzyme formulation was found to be second to produce
amounts of crude extracts rich in polyphenols. The higher
extract yield and subsequent total polyphenol liberation can
be ascribed to hydrolytic activity of enzymes [8, 32].
Enzymatic pretreatment is reported to swiftly cleave the cel-
lulosic network, improve mass transfer, reduce the particle
size, and allow the liberation of bioactives that were not ac-
cessible during conventional solvent extraction [33, 34].

In fact, enzymatic hydrolysis facilitated the liberation of
non-extractable polyphenols (that do not leach during simple
organic or aqueous extraction), and this can be evident by the
scanning electron micrographs of BTLO taken after enzymat-
ic hydrolysis. It is obvious from Fig. 5 that various enzyme
formulations macerated the BTLO microfibrils up to varying
extents. The comparison of enzymatically hydrolyzed BTLO
(Fig. 5b–d) with control (5a) indicates that the kemzyme thor-
oughly digested the BTLO microfibrils and caused cleavage
of glycosidic linkages that eventually eased the liberation of
polyphenols. Other enzyme formulation also cleaved the cel-
lulosic network, reduced the particle size, and improved the
mass transfer, but their effectiveness was found too limited as
compared to kemzyme, particularly in the case of BTLO
polyphenols.

HPLC-DAD-ESI-MS analysis of BTLO extracts

The conventional and SC-CO2 extracts from BTLO obtained
under optimum conditions of enzymatic hydrolysis were fur-
ther hydrolyzed to characterize phenolic acids by refluxing
with dilute HCl, which were then separated, authenticated,
and quantified by UHPLC-DAD-QA-ESI-TQTOF-MS set in
positive ion mode. In this mode, species are detected as

Table 2 Major phenolic acid constituents of BTLO extracts authenticated by HPLC-DAD-ESI-MS

Phenolic acid Molecular ion (M + 1) BTLO hydrolyzed by kemzyme BTLO

SC-CO2 + EtOH EtOH + H2O SC-CO2 + EtOH EtOH + H2O

Gallic acid 170.50–171.50 1.05 ± 0.04 0.22 ± 0.01 0.75 ± 0.02 0.18 ± 0.01

p-Coumaric acid 164.50–165.50 237.44 ± 4.51 208.33 ± 8.35 104.12 ± 2.54 87.56 ± 3.5

Vanillic acid 168.50–169.50 11.58 ± 0.51 1.88 ± 0.01 7.96 ± 0.32 1.41 ± 0.01

Caffeic acid 180.50–181.50 218.36 ± 6.33 112.36 ± 3.21 115.11 ± 2.89 12.87 ± 1.02

Ferulic acid 194.50–195.40 74.58 ± 3.66 19.35 ± 1.47 18.43 ± 0.89 7.21 ± 0.14

Syringic acid 198.50–199.50 187.88 ± 3.47 147.25 ± 2.14 89.21 ± 1.78 85.36 ± 1.14

Sinapic acid 224.50–225.50 0.71 ± 0.01 0.54 ± 0.01 0.59 ± 0.01 0.28 ± 0.01

Data are mean of triplicate experiments
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protonated molecules (M + 1) instead of true molecular mass.
Each polyphenol standard was scanned for 100–1200.00 m/z
and stored in UHPLC-mass spectral data. Table 2 provides the
detail of major phenolic acids and their corresponding M + 1
values, along with the concentration determined. It was inter-
esting to note that p-coumaric acid (208.33 ± 8.35–
237.44 ± 4.51 μg/mL) was the major phenolic acid in BTLO
extracts obtained by SC-CO2 and CSE, followed by caffeic,
ferulic, and syringic acids. The phenolic acid derivatives in
SC-CO2 extracts were generally higher than those of CSE. It
might be hypothesized that the phenolic compounds linked
glycosidically to cellulosic and hemicellulosic moieties do
not leach during conventional aqueous or organic solvents.
Moreover, a thorough review of previously documented re-
search showed that none of the analytical chemists attempted
to extract NEPPs from BTLO. However, plenty of data is
available to authenticate the presence of polyphenols in tea
infusions [35].

Antioxidant activities of BTLO extracts

The reason for the ever-increasing interest in plant phenolics,
so far considered, is their ability to provide first-line protection
against coronary and stress-initiated health disorders.
Therefore, the efficiency of an extraction technique should
be measured in terms of antioxidant quality of the extracts:
their ability to retard or regulate the process of oxidation [36].
A number of methods have been used to evaluate the antiox-
idant potential of different plant foods and other medicinal and
functional food products. In order to provide reliable data on
antioxidant quality of extract, the researchers mostly assessed
free radical scavenging capacity (RSC), reducing power (RP),
total antioxidant equivalents (comparative to standard antiox-
idant Trolox or ascorbic acid), and inhibition of peroxidation
in the linoleic acid system [37, 38]. A single assay could not
ensure the complete antioxidant behavior of the extracts ob-
tained; therefore, it is recommended to evaluate the

a bb

c d

Fig. 5 Changes in the
ultrastructure of BTLO (a) when
hydrolyzed by alcalase (b),
cocktail (c), and kemzyme (d)

Table 3 Antioxidant quality of BTLO extracts obtained under optimum conditions of various enzymatic formulations

Control Acid cellulase Pectinex Viscozyme Cocktail Kemzyme Alcalase

TEAC SCF 577.15 ± 18.63a 627.55 ± 17.33b 592.30 ± 15.19a 622.68 ± 13.47b 789.53 ± 20.44bc 1156.56 ± 46.88d 936.47 ± 31.26c

CSE 358.11 ± 16.32a 489.55 ± 17.44b 451.22 ± 10.55b 470.15 ± 13.99b 525.37 ± 14.35bc 897.45 ± 26.44d 689.04 ± 15.36c

RSC SCF 37.22 ± 1.48d 25.14 ± 1.29c 32.05 ± 1.88c 10.31 ± 0.56ab 3.04 ± 0.02a 0.21 ± 0.01a 5.39 ± 0.04a

CSE 95.16 ± 4.32d 55.34 ± 2.17bc 61.08 ± 2.07c 35.09 ± 1.89b 115.89 ± 1.42d 10.35 ± 0.03a 40.78 ± 1.32b

INH SCF 88.14 ± 2.78c 90.49 ± 2.45cd 88.05 ± 2.44c 95.17 ± 2.18d 94.06 ± 1.89d 95.05 ± 2.01d 93.37 ± 2.11d

CSE 76.25 ± 2.93a 79.74 ± 3.23a 81.89 ± 3.49c 74.96 ± 3.31b 90.48 ± 2.09d 92.28 ± 2.09d 91.32 ± 2.63d

Control: untreated BTLO. Alphabets as superscripts on the means within the same row show significant differences (p > 0.05) among enzyme
formulations applied

TEAC Trolox equivalent antioxidant capacity (μM TE/g), RSC DPPH free radical scavenging capacity of extracts (IC50, μg/mL), INH inhibition of
linoleic acid peroxidation (%), SCF extracts of enzymatically hydrolyzed/untreated BTLO obtained by supercritical carbon dioxide and ethanol (SC-
CO2 + EtOH), CSE extracts of enzymatically hydrolyzed/untreated BTLO obtained by conventional organic solvent (EtOH + H2O)
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antioxidant potential of plant foods using multiple antioxidant
assays [39]. Table 3 provides an overview of the observed
antioxidant activities of SC-CO2 + EtOH and EtOH + H2O
extracts from enzymatically hydrolyzed BTLO. It is obvious
from the observed data that enzymatically hydrolyzed BTLO
has liberated a greater amount of ABTS radical cations com-
parative to Trolox. BTLO, when hydrolyzed applying
kemzyme formulation under optimized reaction conditions
a n d e x t r a c t e d v i a SC -CO 2 + E tOH , o f f e r e d
1156.56 ± 46.88 μM TE/g TEAC. Alcalase formulation also
produced extracts of BTLO with a good quantity of retained
antioxidants (936.47 ± 31.26 μM TE/g) as compared to un-
treated BTLO (577.15 ± 18.63 μM TE/g). Similarly, extracts
obtained by SC-CO2 + EtOH exhibited higher Trolox equiv-
alent antioxidant capacities as compared to conventional sol-
vent extracts (EtOH + H2O). The variation in antioxidant ac-
tivity in response to hydrolytic enzyme formulation might be
linked to the liberation of NEPPs while the difference in anti-
oxidant behavior of extracts obtained by CSE and SCFE sup-
ports the higher selectivity of SC-CO2 + EtOH. The variations
in antioxidant quality of the extract produced by various en-
zymes can be linked to variable hydrolytic activities and
substrate-enzyme specificity of the enzyme formulations
employed. Overall, the tested enzyme formulations having
endoglycosidases (endo-1,3(4)-beta-glucanase, endo-1,4-be-
ta-xylanase) produced extracts with higher antioxidant activi-
ties. Henceforth, it can be claimed that incorporation of enzy-
matic maceration has improved the antioxidant quality of
black tea by increasing the liberation of NEPPs. Moreover,
observed trends in Trolox equivalent antioxidant capacities
were strongly correlated (r2 > 90%) with a concentration of
phenolic constituents of the related extracts.

A comparison of the observed TEAC values with previous-
ly reported data revealed that antioxidant quality of NEPPs
was comparable with certain standard antioxidants such as
ascorbic acid (161 ± 4.8 M TE/g), gallic acid (90.5 ± 2.7 M

TE/g), β-carotene (240 ± 21.2 M TE/g), and higher than the
frequently investigated fruit residues, i.e., grape seeds, kinnow
peel and seeds, and litchi [40, 41].

The findings of the present work disclosed that BTLO ob-
tained by boiling black tea in water for sufficient time still
contains a substantial level of phenolics with higher radical
scavenging capacity (0.21 ± 0.01 μg/mL DPPH IC50).
However, the quantity and quality of polyphenols liberated
varied significantly (p < 0.0) within the employed enzyme
formulation that can be linked to their hydrolyzing potential
(see ESM Table S1). It was further observed that extracts
obtained by SCFE were good scavengers of DPPH free radi-
cals (smaller IC50) as compared to those produced through
CSE. The results observed regarding DPPH free radical scav-
enging of BTLO extracts encouraged the utilization of en-
zyme complexes for the valorization of such underutilized
materials into potent phenolic antioxidants. Other pre-treat-
ments, which can compete for enzymatic maceration, include
the application of ultrasound frequency, exposure to micro-
wave, and acid and alkali hydrolysis. Researchers have ob-
served that acid hydrolysis produced a good quantity of ex-
tract with higher levels of total phenolics, but their ability to
scavenge DPPH free radical declined that might be due to
protonation (acidic hydrolysis) or deprotonation of phenolics
[15, 16].Meanwhile, the extracts obtained from enzymatically
hydrolyzed materials have exhibited an appreciable level of
anti-radical activities [9, 42, 43].

Lipid peroxidation, a process responsible for many chronic
diseases, is mainly initiated by some changes in the cell mem-
brane of mammals and plants. Mechanistically, these changes
in cell membrane activate lipase enzymes, which in turn lib-
erate polyunsaturated fatty acids (PUFAs) mainly linoleic ac-
id. The presence of lipoxygenases converts these PUFAs into
free radicals and finally results in aging, cell injury, or cell
proliferation. Antioxidants have been successfully used to in-
hibit the formation of peroxides [44, 45]. The potential of

Fig 6 Comparison of reducing
power of BTLO extracts obtained
by CSE (EtOH + H2O) and
supercritical carbon dioxide and
ethanol (SC-CO2 + EtOH) from
enzymatically hydrolyzed BTLO
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enzymatically hydrolyzed and untreated BTLO extracts ob-
tained by SC-CO2 + EtOH and EtOH + H2O is depicted in
Table 3. It is clear from the results obtained that BTLO when
hydrolyzed with kemzyme, cocktail, and alcalase formulation
and extracted using SCFE offered relatively higher protection
(95.05 ± 2.01%) against the formation of lipid peroxidation in
the linoleic acid system. Overall, extracts obtained by SCFE
from hydrolyzed BTLO were found to be stronger preserva-
tives and protectors toward linoleic acid peroxidation.
Nevertheless, conventional solvent extracts (CSE) obtained
from untreated (control) BTLO were observed least effective
(76.25 ± 2.93) against linoleic acid peroxidation.

The previously cited literature indicates that ferric ions are
involved in the physiology of free radicals. Therefore, the
metal ion concentration above approved level may produce
free radicals above the threshold limit. Hence, material either
chelating with a metal ion or reducing oxidants may be equal-
ly beneficial for a biological system. The RP of a typical
compound can be linked to its ability to transfer electrons
and is therefore taken as a good indicator of the antioxidant
activity/potential. The presence of reductones is detected by
the breakdown of free-radical chain caused by hydrogen
atoms donated. In this assay, the presence of reductones in
the antioxidant sample reduces Fe3+/ferricyanide complex to
Fe2+/ferrous ions with a change in absorbance. The observed
reducing power results were in accordance with their phenolic
contents and antioxidant activities. On the whole, in the pres-
ent experiment, the reducing power increased linearly with the
increase in extract concentration (2.5–10 μg/mL) as shown in
Fig. 6. Secondly, the extract obtained by SCF (SC-CO2 +
EtOH) exhibited a higher reducing power as compared to
those obtained by CSE (EtOH + H2O). Hydrolysis of BTLO
with various enzyme formulation improved the reducing pow-
er of BTLO extracts following an overall order as
kemzyme > alcalase = pectinex = cocktail > control > acid cel-
lulase > viscozyme. The observed trend for reducing power
revealed that the entire enzyme formulations did not produce
the extracts of equivalent antioxidant quality. Therefore, more
comprehensive studies are required to understand the mecha-
nisms of action of hydrolyzing enzyme formulations and es-
tablish a structure-activity relationship to support and eluci-
date a superior antioxidant quality of the polyphenols
extracted.

Conclusion

Hydrolysis of black tea leftover (BTLO) under the optimum
conditions using different enzyme formulations caused effec-
tive liberation of non-extractable polyphenols (NEPPs).
However, the antioxidant ability of extracted polyphenols var-
ied significantly depending upon active constituents of en-
zyme formulation and extraction solvent applied.

Supercritical carbon dioxide with ethanol as co-solvent (SC-
CO2 + EtOH) produced extracts rich in polyphenols of potent
antioxidant attributes. It can be concluded from the findings of
the present contribution that enzymatic hydrolysis of black tea
can be a viable biotechnological route to improving its anti-
oxidant quality and maximize potential health benefits.
Moreover, hydrolytic activities of appropriate enzyme formu-
lations might render supercritical fluid extraction as an alter-
native, intelligent, and green technology for food, pharmaceu-
tical, and cosmetic industries.
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