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Abstract

In this study, an eco-friendly supercritical carbon dioxide (SC-CO,) extraction of polyphenolic compounds from Hippophae
salicifolia leaf was optimized to achieve the highest extraction yield with maximum total phenolic content (TPC) and mini-
mum IC50. The central composite design was used to establish an experimental design for RSM. The effect of the pressure,
temperature, carbon dioxide flow rate, and co-solvent amount was scrutinized using variance analysis (ANOVA). Under
optimized condition (25.13 MPa, 47.53 °C, 14.47 g/min, and 2.43%), the experimental data (yield of extraction: 4.38%, TPC:
84.31 mg GAE/g, and IC50: 41.94 pg/mL) showed good agreement with the predicted values (yield of extraction: 4.53%,
TPC: 83.37 mg GAE/g, and IC50: 40.2 pg/mL). Nine polyphenolic compounds: gallic acid, caffeic acid, ferulic acid, vanillic
acid, p-coumaric acid, quercetin, myricetin, kaempferol, and rutin were analyzed in SC-CO, extract using HPLC. SC-CO,
extraction was more selective for ferulic acid, myricetin, and quercetin extraction. The study results revealed that SC-CO,

extract had significant antibacterial activity against eight bacterial strains.
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Introduction

Sea buckthorn (SBT) is a dioecious thorny willow-like
shrub with distinct male and female plants that is economi-
cally important. Different vegetative parts of the male and
female SBT plants contain compounds with varying biologi-
cal activities, with the leaves having the highest phenolic
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content and antioxidant and antibacterial activities (Gérnas
et al. 2016). SBT leaves contain large quantities of phenolics,
flavonoids, tannins, carotenoids, tocopherols, free and esteri-
fied sterols, and triterpenols that have various health benefits
such as antioxidant, cytoprotective, antibacterial (Upadhyay
et al. 2010), antitumor (Zhamanbaeva et al. 2014), antivi-
ral, anticancer (Enkhtaivan et al. 2017), immunomodula-
tory, anti-inflammatory (Tanwar et al. 2018), radioprotective
(Bala et al. 2009), adaptogenic (Anbarasu et al. 2015), and
anti-cardiovascular activity (Padwad et al. 2006). Phenolic
compounds are described to be the major contributor to the
biological activity of SBT leaf (Kumar et al. 2013; Upad-
hyay et al. 2010). Despite the manifestation of nutritionally
and pharmaceutically valuable bioactive compounds, most
SBT leaves left as agricultural wastes after the berry harvest.
SBT leaves are rarely employed in food production because
they are yet to be widely recognized as a food and food sup-
plement. However, attempts have been made to introduce
the scope and procedure of Novel Food Regulation to use
sea buckthorn leaves as food, food supplement, or spice.
Therefore, it is worthwhile to extract, measure, and identify
bioactive compounds from the unused leaves and promote
consequent applications based on the antioxidant, antimicro-
bial, and anticancer properties.
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Since most of the phytochemicals are scarcely soluble
in water, biologically unstable, and delicate to high tem-
peratures, selecting an appropriate extraction method is a
crucial step. Supercritical fluid extraction with SC-CO,,
a compound with a low critical temperature of 31.1 °C
and pressure of 7.28 MPa, has been widely used to
extract natural products. SC-CO, is a non-toxic and eco-
friendly alternative approach that allows quicker extrac-
tion at a reduced temperature and provides solvent-free
extract. Nevertheless, pure CO, is innately non-polar and
not useful for extracting polar and high molecular mass
compounds. Employing co-solvent as a modifier and/or
entrainer to moisten/soak makes the extraction of polar
compounds possible by augmenting the solvation power
of SC-CO, (Herrero et al. 2006). The most commonly uti-
lized organic co-solvents are ethanol and methanol. Since
it is generally regarded as safe, ethanol was chosen as a co-
solvent and entrainer in 53% of studies on SC-CO, extrac-
tion from vegetable matrices. Water has recently received
a lot of interest as a co-solvent. However, ethanol is more
soluble in SC-CO, than water, avoiding the formation of
a biphasic solvent combination at low pressure (Solana
et al. 2014).

SC-CO, extraction of isorhamnetin (Jayashankar et al.
2014), oleoresin, fat-soluble vitamins, carotenoids (Saj-
frtova and Sovova 2012), and flavonoids (Ghatnur et al.
2012) from the leaves of H. rhamnoides have been studied.
SC-CO, extract of SBT leaves exhibits adjuvant activity by
effectively enhancing antibody and cell-mediated immunity
in response to inactivated rabies antigen (Jayashankar et al.
2016; 2017). Sajfrtova and Sovova (2012) have optimized
parameters for SC-CO, extraction of oleoresin, fat-soluble
vitamins, and carotenoids from the leaves H. rhamnoides
L. Various researchers have optimized the SC-CO, extrac-
tion of polyphenolic compounds from the leaves and bark
of plants in the range of 50-80 °C temperature, 18-46 MPa
pressure, and 1-5% co-solvent (Domingues et al. 2013; Liu
et al. 2009; Maran et al. 2015; Rodrigues et al. 2018; Saj-
frtova and Sovova 2012). H. salicifolia grown in the Hima-
layan regions of northeast India is an underutilized variety,
and no research has been reported on the extraction of poly-
phenol from leaves using SC-CO,.

The objective of this study was to optimize polyphenols
extraction from H. salicifolia leaf using SC-CO, for the
highest yield of extraction with maximum TPC and best
IC50 and to understand the effect of extraction parameters.
Extraction was accomplished at process parameters rang-
ing from 40-60 °C, 18-32 MPa, 10-20 g/min (CO, flow
rate), and 1-3% (amount of co-solvent). Further, the extract
obtained under optimized conditions was characterized by
its phenolic and flavonoid content using HPLC. In addition,
in vitro antibacterial activity of the extracts was evaluated
and compared with conventional Soxhlet extract.
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Materials and methods
Plant materials and chemicals

Leaves of the male and female plant of Hippophae salicifolia
D. Don were collected from Arunachal Pradesh, Northeast
India, in November during its fruiting season when male
and female plants can morphologically be distinguished.
The leaves were dried at ambient temperature and milled to
the average particle size between 60 and 40 um mesh size.
The moisture content of the powdered leaf was recorded as
12.5%. The carbon dioxide required for experiments (99.9%)
was procured from Assam Air Products, India.

HPLC grade methanol, ethanol, acetonitrile, and other
solvents and chemicals including glacial acetic acid, phos-
phoric acid, gallic acid, caffeic acid, ferulic acid, vanillic
acid, and p-coumaric acid, quercetin, myricetin, kaempferol,
and rutin used were of analytical grade and were purchased
from Merck India Pvt. Ltd. and Himedia. Bacterial cultures
of Staphylococcus aureus (MTCC 9886), Micrococcus
luteus (MTCC 2848), Bacillus subtilis (MTCC 1133), Staph-
ylococcus epidermidis (MTCC 9040), Enterobacter aero-
genes IMTCC 8558), Klebsiella pneumonia (MTCC 4030),
Pseudomonas aeruginosa (MTCC 8727), and Escherichia
coli (MTCC 1687) were purchased from MTCC, Chandi-
garh, India.

Preliminary studies

Comparison between leaves from the male and female
plant

To select the best sample for the SC-CO, extraction study, a
comparison between the yield of extraction, TPC, and IC50
of Soxhlet extracts from female (FL) and male leaf (ML)
of SBT plant was made. Conventional Soxhlet extraction
of FL and ML of H. salicifolia was performed under reflux
conditions using ethanol. FL extract had a higher extraction
yield and higher TPC, TFC, and antioxidant activity than
ML extract (Table S1). Thus, FL was chosen for the optimi-
zation study due to the higher yield of extraction, TPC, and
antioxidant activity.

Effect of leaf powder-to-entrainer ratio

SC-CO, extraction of FL leaves was carried out at the mini-
mal extraction variables utilized in the optimization study
(18 MPa, 40 °C, 10 g/min CO, flow rate, and 1% co-solvent).
SC-CO, extract yielded much lower extraction yield, TPC,
and antioxidant activity than Soxhlet extract. As a result, an
attempt has been made to improve the yield of extraction,
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TPC, and the antioxidant activity of SC-CO, extract by soak-
ing the powdered FL in ethanol for 24 h at room temperature
(251 °C) before extraction. Ethanol was chosen as a co-
solvent and entrainer for SC-CO, extraction since it is gener-
ally regarded as safe and readily soluble in SC-CO,. In this
study, co-solvent is defined as a solvent mixed with SC-CO,,
whereas an entrainer is used to soak the sample. Conse-
quently, the solubility of the solute, TPC, and antioxidant
activity of the extracts as a function of powder-to-entrainer
ratios of 1:0, 1:0.5, 1:1, and 1:1.5 (w/v) were studied. The
extraction time was 1 h.

As the leaf-to-entrainer ratio varied from (1:0) to (1:1),
the extraction yield, the TPC, and the antioxidant activity of
extracts were progressively increased, as shown in Table S1.
FL(1:1.5) extract resulted in the highest extraction yield,
while the TPC, TFC, and antioxidant activity were lower
than the FL(1:1) extract. Further, it was also noticed that
the use of a higher entrainer (1:1.5) causes the accumulation
of liquid in the extraction vessel. The powder-to-entrainer
ratio (FL(1:1)), which gives a higher yield of extraction with
higher TPC, TFC, and lower IC50 value, was selected for
the optimization study.

Effect of extraction time

Following the determination of the best powder-to-entrainer
ratios, the influence of extraction time on extraction yield,
TPC, TFC, and IC50 was examined at 1 h, 2 h, and 3 h
(Table S1). When extraction time varied from 1 to 3 h, the
extraction yield increased from 1.16% to 3.82%, while TPC,
TFC, and antioxidant activity of the extract decreased as
extraction time was extended from 2 to 3 h. Finally, due
to the higher yield of extraction with maximum TPC and
minimum IC50, a 2-h extraction time was chosen for the
optimization study.

SC-CO, extraction procedure

The SC-CO, extraction was performed using a laboratory-
scale supercritical fluid extractor: SFE 500 Systems (Waters,
USA). The extractor was equipped with a 500-mL extrac-
tion vessel and separator, pumps, heat exchangers, and an

automated back pressure regulator (ABPR—to maintain the
CO, in the supercritical state).

The sample for SC-CO, extraction was prepared by soak-
ing 50 g powdered leaves in 50 mL ethanol [FL1:1 (w/v)] for
24 h. The soaked sample was packed in double-layered mus-
lin fabric and placed into a high-pressure SC-CO, extraction
vessel. The CO, cylinder's shut-off valve was open, allow-
ing CO, to flow through the chiller to the CO, pump. The
CO, and co-solvent were mixed and preheated before being
transferred to the extraction vessel, kept at a temperature
and pressure that maintained the mixture at a supercritical
state. Inside the extraction vessel, the mixture of solvents
(SC-CO, and co-solvent) meet the plant and breaks the tis-
sues of the plant matrix, allowing it to dissolve part of the
plant material. The solvent and the extract flow through
the ABPR and while exiting the system, the pressure was
reduced, and the extract was continuously precipitated in
the separator (cyclone) held at 30 °C. The extracts were col-
lected in amber-colored vials, and the extraction yield was
calculated using Eq. (1):

Yield = Weight — of — extract

x100%.
Weight — of — sample ’ M

Extraction experimental design

Four highly responsible variables: X, pressure (MPa); X,
temperature (°C); X5, CO, flow rate (g/min); and X,, amount
of co-solvent (%) were chosen to study their effect on extrac-
tion. The range of independent variables was: temperature
(X,), 40-60 °C, pressure (X,), 18-32 MPa, CO, flow rate
(X3), 10-20 g/min, and amount of co-solvent (X,), 1-3%.
The lower and upper limits of variables were decided based
on published literature (Ghatnur et al. 2012; Maran et al.
2015; Rodrigues et al. 2018; Sajfrtova and Sovova 2012). A
full factorial CCD technique was used to optimize extrac-
tion yield, TPC, and IC50. A 2* full factorial design CCD
of four independent variables coded at five levels (— 1.682,
— 1,0, +1, +1.682) was applied and gives 30 (2" +2n+6)
experiments (Table 1).

Table 1 Extraction process

. : Independent variables Symbol Unit Variable levels
variables and their levels for
central composite design -« -1 0 +1 +a
Pressure X, MPa 11 18 25 32 39
Temperature X, °C 30 40 50 60 70
CO, flow rate X g/min 5 10 15 20 25
Cosolvent flow rate X, mL/min 0 1 2 3 4
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ANOVA and model fitting

The response behavior as a function of independent vari-
ables was studied based on the experimental runs (Table S2).
Analysis of variance (ANOVA) was used to estimate the
effect of model coefficients and their interaction on the
extraction yield (%), TPC (mg GAE/g), and IC50 (ug/mL) in
the response surface multiple regression analysis. The inde-
pendent variables were mathematically related to depend-
ent variables using the following second-order polynomial
equation:

4 4 4
Y= 0,4+ D BXi+ ) BXe + ) BXX,, @)
i=1 i=1 ij=1

where Y stands for response variables [yield of extraction
(%), TPC (mg GAE/g), or IC50 (ug/mL)]; g;, p;;» and B
are linear, quadratic, and interaction coefficients, respec-
tively, and X; and X; are independent extraction variables. A
regression coefficient R? estimated the best fit and goodness
of the model. The response surface and contour plots were
obtained from the fitted quadratic equation generated from
regression analysis by varying two of the independent vari-
ables at a time while keeping the other two at their central
point (0).

Total phenolic and flavonoid content

The total phenolic content (TPC) and total flavonoid content
(TFC) were evaluated using the procedure outlined by Olay-
inka and Anthony (2010). The gallic acid calibration curve
ranging from 10 to 50 pg/mL was used to calculate the total
phenolic content present as milligram gallic acid equivalents
per gram of dried extract (mg GAE/g). Total flavonoid con-
tent in each extract was quantified from the standard curve
of quercetin (10-50 pg/mL), and results represented as mil-
ligram quercetin equivalents per gram of dried extract (mg

QE/g).
HPLC analysis

Quantification of phenolic (gallic acid, caffeic acid, feru-
lic acid, vanillic acid, and p-coumaric acid) and flavonoid
(quercetin, myricetin, kaempferol, and rutin) compounds
was carried out using HPLC (Shimadzu Corporation, Kyoto,
Japan) equipped with a UV-Vis detector and C18, 250 4.6
ID column kept at 25 +2 °C (Moges et al. 2021). The detec-
tion wavelengths were 280 nm for gallic acid, 270 nm for
vanillic acid, 296 nm for caffeic acid and ferulic acid, and
310 nm for p-coumaric acid. Quercetin, myricetin, kaemp-
ferol, and rutin were detected at 368 nm. The mobile phases
for phenolic compound analysis were Milli-Q water (63%)
and acetonitrile (37%) (v/v), each with 1% phosphoric acid
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(flow rate 1 mL/min), while for flavonoids it was a mixture
of methanol (40%): acetonitrile (15%): Milli-Q water (45%)
(v/vIv) with 1% glacial acetic acid (flow rate 0.5 mL/min).
Extracts were dissolved in HPLC-grade methanol and fil-
tered through a 0.45-um filter (Axiva). The injection volume
was 20 pL. The standard compounds were prepared in the
range of 10-100 pg/mL, and calibration curves (R>>0.99)
were established.

Limit of detection (LOD) and limit of quantification

(LOQ)

LOD (lowest concentration in a sample that can be detected)
and LOQ (lowest concentration of analyte that can be deter-
mined) were calculated using the formula LOD =3.3 x SD/S
and LOQ=10xSD/S, where SD =standard deviation of
response and S =slope of the calibration curve (Alquadeib
2019).

Antioxidant activity

The DPPH assay was performed using the method described
by Sen et al. (2013). Various concentrations of extract solu-
tion (3 mL) were vigorously mixed with 0.1 mM DPPH
(1 mL) reagent. After 30-min incubation, absorbance was
measured at 517 nm. The percentage scavenged was calcu-
lated using Eq. 3:

A

Asample
Percentage scavenged =

control

100%,
N x 3)

control

where A, =absorbance of control and A =absorb-
ance of sample.

As a control, the extract was replaced by 3 mL of metha-
nol. The antioxidant activity of extracts was presented in
IC50 obtained from the plot of percentage scavenged versus

extract concentration.

sample

Antibacterial activity
Minimum inhibitory concentration (MIC)

MIC was determined through the procedure outlined by
Sarker et al. (2007). Extracts were dissolved in 10% DMSO
and sterilized with a 0.22-um filter. A volume of 30 pL of
3.3X broth media, 50 uL sample, and 10 uL (5 x 10° CFU/
mL) of each bacterium was pipetted into 96 well plates. The
plate was kept in an incubator at the appropriate bacterium
growth temperature for 8 h. After the incubation period,
10 pL resazurin blue (1 mg/mL) was added to each well,
and the suspension was again kept in an incubator until the
color changed from blue to pink. The lowest concentration
at which the blue color did not change to pink was the MIC.
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Zone of inhibition (Zol)

Agar well diffusion assay was adopted to determine the
Zol (Purohit et al. 2021). The culture of the bacterium
was spread on the agar surface. After the spread had been
absorbed, three equidistant wells (0.5 mm in diameter) were
bored on the agar plate. 50 uL. of 1 mg/mL sterilized solu-
tions of extracts were drained into the wells and kept in the
laminar airflow until the solution was well diffused into the
solidified agar. Control experiments comprised 10% DMSO
and inoculums. The plates were incubated at respective incu-
bation temperatures (30 °C and 37 °C), and Zol was meas-
ured after 12 to 14 h.

Results and discussion
Fitting the models and analysis of ANOVA

The individual and combined effect of four independent vari-
ables X, pressure (MPa); X,, temperature (°C); X5, CO, flow
rate (g/min); and X,, amount of co-solvent (%) for SC-CO,
extraction from FL of SBT was examined. Evaluation of
yield of extraction, TPC, and IC50 of all experimental runs
was performed (Table S2), and the results were analyzed by
multiple regression analysis. Sources of variances were used
to determine optimum extraction conditions (Tables 2, 3).
This study aimed to attain the maximum yield of extraction
with maximum TPC and a minimum IC50. The quadratic
model equations fitted to the experimental data to predict the
yield of extraction, TPC, and IC50 are given in Egs. (4-6):

Table 3 Regression coefficients, standard deviation (std. dev.), and
coefficient of the variation (CV %) for extraction yield, total phenolic
content, and IC50 obtained from central composite design

Yield Total phenolic 1C50
content

Std. dev. 0.0576 0.3384 0.53
Mean 3.21 68.49 72.92
CV% 1.79 0.4942 0.7268
R? 0.9976 0.9994 0.9997
Adjusted R? 0.9954 0.9989 0.9995
Predicted R? 0.9914 0.9975 0.9988
Adeq precision 61.08 146.92 193.6

Yield(%) = —16.6 + 0.27X, + 0.37X, + 0.57X; + 3.47X, — 0.04X, X,
- 0.03X,X, — 0.01X? — 0.02X2 — 0.35X2,
“
TPC(mgGAE/g) = —177.8 + 4.04X, + 5.94X, + 6.05X; + 22.94X,
—0.04X,X, — 0.03X,X; — 0.02X, X, + 0.03X,X,
+0.16X,X, — 0.47X;X, — 0.03X; + 0.06X;
- 0.19X3 — 5.26X,
&)
1C50%(ug/mL) = +590.15 — 8.06X, — 13.75X, — 8.74X, — 68.39X,
+0.12X,X, — 0.49X, X, — 0.02X,X; + 0.2X,X,
+0.32X,X,+0.07X] +0.12X7 + 0.3X; + 14.81X;.
(6)
The results of second-order response surface models were
thoroughly analyzed with ANOVA to ensure the model fit

and estimate individual model coefficients test for lack-of-fit
(Table 2). The greater F values of the models for the yield of

Table2 ANOVA for extraction

c X Sources of variance Yield Total phenolic content 1C50

yield, total phenolic content,

and IC50 obtained from central F-value P-value F-value P-value  F-value P-value

composite design
Model 453.55 <0.0001 1887.07 <0.0001  3958.52 <0.0001
X,-pressure 23.59 0.0002 439.79 <0.0001  1110.02 <0.0001
X,-temperature 127.9 <0.0001 5392.32 <0.0001 12,700.9 <0.0001
X;-CO, flow rate 267.12 <0.0001 30.46 <0.0001 36.7 <0.0001
X,-ethanol flow rate  1585.13 <0.0001 1178.19 <0.0001  3794.59 <0.0001
X, X, 282.37 <0.0001 1006.6 <0.0001  4082.95 <0.0001
X, X5 1.81 0.1983 201.78 <0.0001 0.846 0.3722
X, X, 473.23 <0.0001 2.62 0.1265 659.6 <0.0001
X, X 28.52 <0.0001 301.09 <0.0001 46.71 <0.0001
X, X, 0.017 0.8981 357.89 <0.0001 219.77 <0.0001
X X, 130.41 <0.0001 766.12 <0.0001 147.52 <0.0001
X, 1102.94 <0.0001 430.73 <0.0001  1114.27 <0.0001
X,* 1468.97 <0.0001 9365.24 <0.0001 13,654.22 <0.0001
X,? 1316.28 <0.0001 5306.57 <0.0001  5553.69 <0.0001
X, 992.57 <0.0001 6637.92 <0.0001 21,406.42 <0.0001
Lack of fit 0.5324 0.8147 1.04 0.5145 0.9759 0.547

aﬁ#’iﬁﬁ'ﬂw @ Springer
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extraction, TPC, and IC50 (453.55, 1887.07, and 3958.52,
respectively) with very fewer P-values (<0.0001) indicate
that the three models are extremely important to represent
the relationship between the independent variables and
responses. All the linear terms (X, X,, X5, and X,); all the
quadratic terms (X 12, X22, X32, X42); and the majority of the
cross-terms (X, X,, X, Xy, X,X;, X3X,) are significantly impor-
tant parameters with lower P-values. On the other hand, the
interaction between X, X5, X,X, on the yield of extraction,
X,X,on TPC, and X,X; on IC50 are not significant. The lack
of fit for each response was insignificant, with F-value and
P-value of 0.5324 and 0.8147 (for extraction yield); 1.04
and 0.5145 (for TPC); and 0.9759 and 0.547 (for IC50),
indicating that the developed model was suitable for the
experimental data and showed good correlations between
the reproducible results.

Regression coefficients, standard deviation (Std. dev.),
and coefficient of the variation (CV %) for responses
obtained from CCD are shown in Table 3. The model's
accuracy was judged by the regression coefficient (R?), and
the suitability of the model was confirmed by its value. The
values of R? implied that 99.76%, 99.94%, and 99.97% of
the model behavior could be interpreted for the extraction
yield, TPC, and IC50, respectively. The predicted R* agreed
with the adjusted R?, which signifies the noticeable statistical
correlation between each response's actual and predicted val-
ues. The plot of model-predicted values against experimental
data of the yield of extraction, TPC, and IC50 envisioned the
fitting qualities of the developed model equations, as shown
in Fig. la—c.

Influence of extraction variables on the yield
of extraction, TPC, and 1C50

Effect of pressure and temperature

The effect of extraction variables on the yield of extraction,
TPC, and IC50 is presented in Fig. 2a-1, and Fig. Sla—d,
respectively. The regression analysis of the source of vari-
ances of the yield of extraction and TPC and IC50 of leaf
extract data revealed that the extraction yield was signifi-
cantly (P <0.05) affected by pressure, temperature, and the
interaction between pressure and temperature. Increasing
pressure at lower temperatures reduces SC-CO, diffusivity,
initiates solid matrix compaction, lowers the void fraction,
minimizes solvent interaction with matrix pores, and hence
hinders solute dissolution and solubility. Because of this
reason, at a lower temperature (40 °C) the increase in pres-
sure from 25 to 32 MPa resulted in a gradual reduction in
extraction yield (Fig. 2a). At higher temperatures (60 °C),
however, the opposite phenomenon was observed, since
the increase in pressure at elevated temperatures upsurges
the density of the solvent and the solvating power. The
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Fig.1 Plots of model-predicted values versus actual experimen-
tal values for a yield of extraction, b TPC, and ¢ IC50 of SC-CO,
extracts

extraction yield improved with an increase in temperature
up to 55 °C at higher pressure (32 MPa), while the extraction
yield was best around 50 °C at lower pressure (18 MPa). At
25 MPa and 50 °C, the maximum extraction yield achieved
was 4.35%. Gadkari et al. (2013) observed similar behav-
ior while studying SC-CO, extraction from fresh frozen tea
leaves.

The effect of pressure and temperature on TPC of extracts
is related to alterations in the selectivity of SC-CO, to sol-
utes, which depends on amendments in the polarity and
density of SC-CO,. TPC was highest at higher pressures
and lower temperatures and decreased with temperature
(Fig. 2g). In the temperature range from 40 to 50 °C, the
increase in pressure resulted in a slight increase in TPC, and
beyond 50 °C, TPC decreased with increased pressure. Even
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Fig.2 Influence of extraction
variables on a—f extraction
yield, and g-1 total phenolic
content of SC-CO, extracts
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though an increase in temperature favors the extraction of
phenolic compounds from plant tissues, the TPC of extracts
was limited because of the thermal degradation that occurs
above 50 °C. Zulkafli et al. (2014) have reported that the
phenolic compound extraction was reduced by increasing
the temperature at reduced pressure and vice versa.

The concentration of phenolic compounds contained
in the extracts usually ascribed to the antioxidant activ-
ity. Therefore, the IC50 value reached its highest point at
the higher pressure and lower temperature, where TPC
was lowest, as shown in Fig. Sla—d. At lower pressure, the
IC50 value decreased when the temperature increased from
45 to 60 °C. A similar phenomenon was reported on the
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antioxidant activity of SC-CO, rosemary extract by Genena
et al. (2008).

Effect of pressure and CO, flow rate

The interaction of pressure and CO, flow rate significantly
impacted TPC but not extraction yield. The best yield was
achieved at around 25 MPa and 14.5 g/min CO, flow rate.
The RSM plateau of pressure versus CO, flow rate indi-
cated that an increase in the pressure at a lower CO, flow
rate (10 g/min) improved TPC extraction (Fig. 2h). As
reported by Roberto et al. (2010), the increase in pressure at
a constant temperature increases the CO, density, resulting
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Fig.2 (continued)
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in increased solvation power and hence solubility of poly-
phenolic compounds, whereas variation in the pressure at
a higher CO, flow rate (20 g/min) did not affect the TPC.

Effect of pressure and amount of co-solvent

The interaction between pressure and amount of co-solvent
significantly (P <0.05) affected the yield of extraction and
IC50. The increase in co-solvent concentration resulted
in a greater extraction yield across all pressure ranges, as
presented in Fig. 2c. Co-solvent had a maximum effect
on the yield of extraction (4.5%) toward the maximum
percentage (3%) and minimum pressure (18-20 MPa). The
extent of yield increment as a function of the amount of
the co-solvent was faster at a lower pressure. This means
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co-solvent at lower pressure improves extraction efficiency,
while an increase in the pressure decreases the diffusivity
of co-solvent into the matrix and deteriorates the extrac-
tion efficiency. This could be considered an economic
benefit of using co-solvent in the SC-CO, extraction.
On the other hand, the interaction between pressure and
co-solvent amount did not significantly affect TPC. TPC
was at its peak at approximately 2.4% co-solvent, as pre-
sented in Fig. 2i. The co-solvent was found to be the most
important factor in extracting biologically active phenolic
compounds from SBT leaf. The addition of co-solvent
influences the extraction by distorting the matrix—analyte
diffusion process and increasing the analyte’s solubility
and desorption. However, the incorporation of surplus
co-solvent might alter the state of SC-CO, and lead to
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a decrease in extraction selectivity and efficiency. That
might be the reason for a slight decrease in TPC after
2.4% co-solvent. Amount of co-solvent showed the most
substantial affirmative effect on the radical scavenging
activity. These results granted the findings of Floch et al.
(1998) and Sajfrtova and Sovova (2012) on the SC-CO,
extraction yield of a polar component from leaves of Olive
and SBT, respectively.

Effect of temperature and CO, flow rate

The effect of the CO, flow rate on the extraction yield is
depicted in Fig. 2d. As the CO, flow rate increased up to
16 g/min, the extraction yield increased. This could be
attributed to the enhancement of mass transfer of the sys-
tem by SC-CO,. However, a further increase in CO, flow
rate moderated the yield of extraction. This could be due to
a reduction in the required contact time between CO, and
the plant matrix for the equilibrium separation process. Yet,
at higher temperatures, the extraction yield decreased due
to the reduced density of SC-CO.,.

The effect of temperature and the CO, flow rate was one
of the most critical factors for the extraction of phenolic
compounds. TPC was at its highest around 47 °C, with a
CO, flow rate of 14 g/min, as presented in Fig. 2j. The iden-
tical effect of temperature on the extraction of bioactive
compounds from Camellia sinensis L. leaves was reported
by Maran et al. (2015). A rise in temperature results in an
upsurge of solute vapor pressure which eventually increases
the solubility of phenolic compounds with the increase in
vapor pressure. Though the solvating power of SC-CO,
decreased with density, an increase in temperature improved
the extraction rate, perhaps due to the dominance effect of
vapor pressure over density.

Effect of temperature and co-solvent

The yield of extraction was highest at around 47 °C and
2.4% co-solvent (Fig. 2k, ). An increase in the co-solvent up
to around 2.4% augmented the TPC of extracts in all ranges
of extraction temperatures. Though the increase in co-sol-
vent intensifies the extraction yield, TPC was not eternally
in an affirmative proportion to the yield. As ethanol is polar,
it is expected that the solubility of polyphenols increases
with the increase in the density of the binary mixture. The
increase in the density of the binary mixture enhances co-
solvent—solute interactions, assists matrix swelling, improves
the osmotic diffusion process, and the solubilization of polar
compounds (Veggi et al. 2014). Hence, extraction with bet-
ter TPC and antioxidant activity could be achieved. Our
findings on the effect of co-solvent are in favor of reports

of various researchers on the extraction of bioactive com-
pounds (Maran et al. 2015; Rodrigues et al. 2018; Solana
et al. 2014; Song et al. 2019; Valadez-Carmona et al. 2018;
Zulkafli et al. 2014).

Effect of CO, flow rate and co-solvent

Figure 2f shows that a higher percentage of extraction yield
was viewed when the amount of co-solvent reached its
highest level at the lower ranges of CO, flow rate. This is
because, at a lower CO, flow rate, the lipid can efficiently be
removed from the sample matrix. The inner matrix contain-
ing desired polyphenolic compounds can be extracted with
co-solvent. Figure 21 shows that a continuous rise in the
co-solvent percentage increased the extraction yield but not
the content of polyphenolic compounds. Ariff et al. (2018)
have reported the effect of CO, and co-solvent flow rate in
the range from 15 to 35 g/min and 5-30%, respectively, for
the extraction yield from Mariposa Christia Vespertilionis
leaves. They reported that extraction yield decreased above
25 g/min CO, flow rate and increased with co-solvent flow
rate from 5 to 30%.

Process optimization for higher extraction yield,
TPC, and lower IC50

Among the 30 experimental sets, maximum and the mini-
mum yield, TPC and IC50 achieved were (4.53% and
1.92%), (83.06 +3.8 mg GAE/g and 47.58 + 8.1 mg GAE/g),
and (115.17+0.3 pg/mL and 42.11 + 1.3 pg/mL), respec-
tively. The desirability function tool chose the optimum
extraction conditions that gave the highest yield of extrac-
tion with maximum TPC and minimum IC50. The optimum
SC-CO, extraction conditions were pressure: 25.13 MPa,
temperature: 47.53 °C, CO, flow rate: 14.47 g/min, and
amount of co-solvent: 2.43%. At this condition, the predicted
yield of extraction, TPC, and IC50 was 4.53%, 83.37 mg
GAE/g, and 40.2 pg/mL, respectively.

Validation of SC-CO, extraction parameters

Following optimization, a verification experiment was con-
ducted under optimal extraction conditions to confirm the
experimental and theoretical values of the yield of extrac-
tion, TPC, and IC50. Validation experiments at the optimum
condition revealed that extraction yield, TPC, and IC50 of
4.38% and 84.31+3.98 mg GAE/g, and 41.94 +3.13 pg/
mL, respectively (Table 4). These results were very close
to the projected results. This suggests that the formulated
models were supposed to be precise and reliable. The per-
centage recovery described the contrast between SC-CO,
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Table 4 Extraction yield, TPC, TFC, IC50, and HPLC analysis of extracts obtained at optimized conditions

FL(Sox) ML(Sox) FL ML MIX Recovery
(%) from
FL
Yield (%) 8.97 8.27 4.38 39 3.83 48.83
TPC (mg GAE/g) 221.28+3.8 158.69+6.11 84.31+3.98 70.47 +4.41 67.79+2.64 38.1
TFC (mg QE/g) 120.29+2.7 73.2+0.67 77.95+1.53 59.46+0.86 62.27+1.96 -
IC50 (ug/mL) 4.78+0.05 6.62+0.28 41.94+1.13 53.17+1.62 46.05+1.39 96.35
Gallic acid (mg/g) 95.49+0.76 85.4+0.32 61.95+0.24 39.35+0.33 53.95+0.27 64.88
Caffeic acid (mg/g) 17.73+0.14 7.55+0.19 0.02 0.19+0.01 0.04 0.11
Ferulic acid (mg/g) 0.13+0.01 0.06+0.01 0.19+0.01 0.27+0.01 0.17 146.15
p-Coumaric acid (mg/g) 0.12+0.02 0.11 0.03+0.01 0.01+0.03 0.02 25
Vanillic acid (mg/g) ND ND ND ND ND -
Myricetin (mg/g) 448+1.2 4.07+0.04 5.05+0.97 4.46+0.01 4.07+0.33 112.72
Quercetin (mg/g) ND ND 0.13 0.05 0.08+0.01 -
Rutin (mg/g) 0.33+0.01 0.24+0.01 ND ND ND -
Kaempferol (mg/g) ND ND ND ND ND -

FL(Sox) and ML(Sox)—extracts from female and male leaf obtained by Soxhlet extraction, respectively. FL—female leaf, ML—male leaf,
MIX-50-50% mixture of FL and ML—extracts obtained from SC-CO, extraction at optimum condition

extract under optimum conditions and Soxhlet extract. The
ratio of the targeted component in SC-CO, extract to Soxhlet
extract is the SC-CO, extract recovery. At optimum condi-
tions, SC-CO, extraction from FL led to the recovery of
48.83%-yield of extraction and 38.1%-TPC.

Characterization of extract obtained at optimum
SC-CO, extraction conditions

FL extract obtained at optimum SC-CO, extraction con-
ditions was further characterized for its total flavonoid
content (TFC), quantitative HPLC analysis of phenolic
acids and flavonoids (Table 4), and antibacterial proper-
ties (Table 6). FL's optimal SC-CO, extraction setup was
also used to extract ML and a 50-50% blend of male and
female leaves (MIX). The TFC of FL. SC-CO, extracts was
77.95 £1.53 mg QE/g, encompassing 64.8% of the conven-
tional extract. The HPLC chromatograms of phenolic acids

and flavonoids in the extract obtained by Soxhlet and the
optimum SC-CO, extraction process from FL, ML, and mix-
ture of leaves (MIX) are given in Fig. S2 and Fig. S3. The
linearity of the established HPLC method was determined
with the standard solutions with the concentration range of
10-100 pg/mL at five concentration levels. The retention
rime, regression equation, the limit of detection (LOD), and
the limit of quantification (LOQ) values of investigated com-
pounds are listed in Table 5. The standard curves revealed
good linear regression (R*>>0.99) within test ranges. The fla-
vonoids method was more sensitive than phenolic acids, as
indicated by the lower values of the LOD and LOQ values.

Gallic acid (61.95 + 0.24 mg/g) was found to be the
most abundant phenolic acid in SC-CO, extracts, fol-
lowed by ferulic acid (0.19 + 0.01 mg/g), p-coumaric acid
(0.03 + 0.01 mg/g), and caffeic acid (0.02 mg/g). SC-CO,
extracted ferulic acid better than Soxhlet, with a 146.2%t
recovery. This prove the benefit of SC-CO, selectivity and

Table 5 Retention time, regression equation, LOD and LOQ of analyzed compounds

Compounds Retention time Regression equation R? LOD (ug/mL) LOQ (ug/mL)
Gallic acid 37 Y=38127X+10° 0.998 1.16 3.54

Caffeic acid 4.1 Y=100213X — 716173 0.997 1.57 4.76

Ferulic acid 53 Y=97291X — 386832 0.9974 0.58 1.76
P-coumaric acid 5.1 Y=152227X+97,936 0.99 0.05 0.16

Vanillic acid 44 Y=46548X+ 125,323 0.979 0.43 1.3
Myricetin 18 Y=9877X — 15460 0.998 0.03 0.1

Quercetin 27 Y=49994X — 142127 0.996 1.56 4.7

Rutin 10.2 Y=47766X — 299204 0.995 2.02 6.11
Kaempferol 40.8 Y=166604X — 570934 0.998 0.23 0.71
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the drawback of thermal degradation using Soxhlet. Gal-
lic acid, p-coumaric acid, and rutin were, in fact, better
extracted using Soxhlet extraction. SC-CO, extraction, how-
ever, remains a safer option than Soxhlet extraction because
of its shorter extraction time, lower extraction temperature,
and higher selectivity for extracting specific compounds.
Rutin was identified only in Soxhlet extract.

The most abundant flavonoids in FL extract were myrice-
tin (5.05+0.97), followed by quercetin (0.13 mg/g). SC-CO,
extract had significantly greater myricetin contents than Sox-
hlet extract, with a recovery rate of 112.72%. Only SC-CO,
extracts contained quercetin. HPLC analysis confirmed that
SC-CO, extraction was more selective for the extraction of
flavonoids than phenolic compounds. This demonstrates that
SC-CO, is a promising alternative over conventional solvent
extraction for obtaining flavonoid-rich extracts from SBT
leaves. Vanillic acid and kaempferol were not detected in all
extracts. Similar investigations were reported by researchers
(Pereira et al. 2016; Song et al. 2019).

Antibacterial activity of extract obtained
at optimum SC-CO, extraction conditions

The antibacterial activities of Soxhlet extracts from the
leaves of H. salicifolia are given in Table 6. The FL extract
obtained at optimized SC-CO, extraction condition showed
significant antibacterial activity against eight bacterial
strains as evaluated by MIC (125-500 pg/mL) and Zol (3 to
12.1+0.6 mm) assays. SC-CO, extract showed the highest
activity against E. aerogenes at 125 MIC. There were no
substantial differences in the MIC of the extract against other
bacterial strains. Soxhlet extract of FL. showed the highest
antibacterial efficacy with the lowest MIC of 62.5 ug/mL

against S. aureus, E. aerogenes, and B. subtilis, eightfold
lower than SC-CO, extract of FL. The difference in antibac-
terial activity of SC-CO, and Soxhlet extracts is attributed
to the variation in the content of polyphenol compounds,
especially gallic acid and caffeic acid (Ouattara et al. 2011).

The Zol trend bears consistent with the MIC. SC-CO,
extract showed the highest activity against S. epidermidis
with the highest Zol (12.1 £ 0.6 mm) and the smallest activ-
ity against E. aerogenes with the lowest Zol (3 mm). Gram-
negative bacteria were most resistant to the extract, and
lower values of Zol were obtained for these bacteria. Gram-
positive bacteria lack basic lipopolysaccharide components
on their outer membranes and were more vulnerable to anti-
bacterial agents than Gram-negative. Information regarding
the polyphenolic content, antioxidant and antibacterial prop-
erties of SBT leaf extract using SC-CO, in the literature is
rather limited.

Comparison between SC-CO, extracts of FL, ML,
and the mixture of leaves

The yield and TPC of ML extract were 3.9% and
70.47 +4.41 mg GAE/G, respectively, which was lower
than the FL extract, whereas TFC of ML, 59.46+0.86 mg
QE/g; and MIX, 62.27 +1.96 mg QE/g were slightly higher
than FL. The TFC, antioxidant activity, and the gallic acid
content of MIX extract lie between the extracts from ML
and FL. No difference was observed in the MIC of FL, ML,
and MIX extracts. The Zol of MIX was found to be slightly
higher than FL and ML extracts for B. subtilis. Cumula-
tively, the extracts from MIX showed higher antibacterial
activity than ML in Zol assay. This may be due to the benefit

Table 6 Antibacterial analysis of extracts obtained at optimized conditions

Bacteria MIC (ug/mL) Zol (mm)
FL(Sox) ML(Sox) FL ML MIX FL(Sox) ML(Sox) FL ML MIX Control
S. aureus  62.5 125 500 500 500 9.2+0.3 82+03 52+01 4.1+03 51+01 0
B. subtilis 62.5 62.5 500 500 500 11+0.5 105+15 83+06 7.0 85+05 0
S. epider- 250 250 500 500 500 13.2+0.8 10+0.5 12.1+0.6 88+03 93+06 O
midis
M. luteus 125 250 500 500 500 11.2+03 62+03 6+0.5 5.0 0
E.coli 125 500 500 500 500 12.3+0.6 10.5£0.5 49+0.1 4.0 39+0.1 O
E. aero- 625 125 125 125 125 16.7+1.2 16+1 3.0 41+0.1 4.0 0
genes
K. pneumo-500 500 500 500 500 6.8+0.3 6.7+03 6.1+0.1 51+0.1 5.0 0
nia
P. aerugi- 500 500 500 500 500 9.3+0.6 82+03 69+03 58+03 6+0.5 0
nosa

MIC—minimum inhibitory concentration, Zol—zone of inhibition, FL(Sox) and ML(Sox)—extracts from female and male leaf obtained by
Soxhlet extraction, respectively. FL—female leaf, ML—male leaf, MIX-50-50% mixture of FL and ML—extracts obtained from SC-CO,

extraction at optimum condition
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of the synergistic effect of bioactive compounds from the
leaves of female and male plants.

Conclusions

Optimization of SC-CO, extraction of polyphenol from Hip-
pophae salicifolia D. Don leaves collected from northeast
India is reported. The optimum condition for maximum
yield of extraction with maximum TPC and minimum IC50
occurred at 25.13 MPa, 47.53 °C, 14.47 g/min CO, flow rate,
and 2.43% co-solvent. The validation experiment at this con-
dition resulted in 4.38% yield of extraction, 84.31+3.9 mg
GAE/g TPC, and 41.94 +3.13 pg/mL IC50. Soxhlet extrac-
tion performed better to yield of extraction, TPC, IC50, and
antibacterial activity than SC-CO, extraction. However,
SC-CO, extraction was more selective for ferulic acid, myri-
cetin, and quercetin extraction. Further research needs to be
done on the selectivity of SC-CO, extraction for flavonoids.
The research results indicate the status of utilizing SC-CO,
extract of Hippophae salicifolia leaf as functional foods and
ingredients, food supplements, and food preservatives.
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